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国家自然科学基金资助项目批准通知

（包干制项目）

王洋   先生/女士：

根据《国家自然科学基金条例》、相关项目管理办法规定和专家评审意见，国

家自然科学基金委员会（以下简称自然科学基金委）决定资助您申请的项目。项目

批准号： ，项目名称：  ，22105078 再生纤维素基光学膜材料的构建及其构效调控策略

资助经费： 万元，项目起止年月： 年 月至 年 月，有关项目的30.00 2022 01 2024 12

评审意见及修改意见附后。

请您尽快登录科学基金网络信息系统（https://isisn.nsfc.gov.cn），认真

阅读《国家自然科学基金资助项目计划书填报说明》并按要求填写《国家自然科学

。对于有修改意见的项目，请您按修改基金资助项目计划书》（以下简称计划书）

意见及时调整计划书相关内容；如您对修改意见有异议，须在电子版计划书报送截

止日期前向相关科学处提出。

请您将电子版计划书通过科学基金网络信息系统（https://isisn.nsfc.gov.c

n）提交，由依托单位审核后提交至自然科学基金委。自然科学基金委审核未通过

者，将退回的电子版计划书修改后再行提交；审核通过者，打印纸质版计划书（一

式两份，双面打印）并在项目负责人承诺栏签字，由依托单位在承诺栏加盖依托单

位公章，且将申请书纸质签字盖章页订在其中一份计划书之后，一并报送至自然科

学基金委项目材料接收工作组。纸质版计划书应当保证与审核通过的电子版计划书

内容一致。自然科学基金委将对申请书纸质签字盖章页进行审核，对存在问题的，

允许依托单位进行一次修改或补齐。

向自然科学基金委提交电子版计划书、报送纸质版计划书并补交申请书纸质签

字盖章页截止时间节点如下：

1． 提交电子版计划书的截止时间（视为计划书正式提2021年10月22日16点：

交时间）；

2． 提交修改后电子版计划书的截止时间；2021年10月29日16点：

3． 报送纸质版计划书（其中一份包含申请书纸质签字盖2021年11月5日16点：

章页）的截止时间



4． 报送修改后的申请书纸质签字盖章页的截止时间。2021年11月25日16点：

国家自然科学基金委员会

2021年10月12日

请按照以上规定及时提交电子版计划书，并报送纸质版计划书和申请书纸质签

字盖章页，未说明理由且逾期不报计划书或申请书纸质签字盖章页者，视为自动放

弃接受资助；未按要求修改或逾期提交申请书纸质签字盖章页者，将视情况给予暂

缓拨付经费等处理。

附件：项目评审意见及修改意见表



附件：项目评审意见及修改意见表

项目批准号  22105078 项目负责人  王洋 申请代码1  B0509

项目名称  再生纤维素基光学膜材料的构建及其构效调控策略

资助类别  青年科学基金项目 亚类说明  

附注说明  

依托单位  华南农业大学

直接费用  30.00 万元 起止年月  2022年01月 至 2024年12月

 通讯评审意见:
<1>具体评价意见：
一、该申请项目的研究思想或方案是否具有新颖性和独特性？请详细阐述判断理由。
该申请方案具有一定的独特性。通过纤维素在其浓溶液中分散良好和溶质调控、表面模板调控
、水分蒸发诱导自聚集行为调控及凝固浴调控等四个调控策略，为纤维素基光学材料构建及调
控提供解决方案。

二、请评述申请项目所关注问题的科学价值以及对相关前沿领域的潜在贡献。
该申请的关键是如何实现纤维素链的可控自组装及宏观所得再生纤维素基材料微结构形貌的精
确可控，探究制备工艺对膜材料结构的影响规律和原理，揭示膜材料微观结构与光学性能的内
在关系，将对纤维素制品的结构调控提供参考。
研究方法系统性较强。在已有体系的基础上提出了从“调控浓溶液组成”、“模板法”、“水
分蒸发诱导自组装”和“凝固浴”四种研究策略，可以提取不同影响因素的作用规律，形成比
较完善的研究体系。

三、请评述申请人的创新潜力与研究方案的可行性。
申请人前期工作扎实。该研究根植与张俐娜、张军等人对于纤维素溶液的调控手段，同时将关
注点聚焦在成膜的工艺上，兼具可实现性与创新性。
研究目标聚焦在“如何通过制备工艺实现对纤维素基膜材料的透明度和雾度的调控”，比较充
分地论述了不同制备方法对膜微观结构的影响，而这些微观结构是决定材料光学性质的关键因
素，研究思路比较清晰。

四、其他建议
1,建议加强不同调控策略对微观结构影响研究，不要局限在提取宏观的不同因素的影响规律。
对于光学材料，只有解析清楚了微观结构才能把握清楚宏观的性质。
2,可行性分析中的“壳聚糖、甲壳素”在研究方案了没有体现，申请者应明确其作用。
3,不能说“填补再生纤维素工艺中系统构建可控雾度光学膜材料策略的空白”，这部分工作有
张军课题组在进行研究，且取得了较大进展。

<2>具体评价意见：
一、该申请项目的研究思想或方案是否具有新颖性和独特性？请详细阐述判断理由。
该课题提出利用纤维素和甲壳素等天然高分子，通过溶解-凝固浴再生法构建再生纤维素基光
学膜材料，通过不同手段对材料结构与行能的作用方式进行调控，试图实现对材料任意、连续
尺度的结构调控和性能调控，对于纤维素材料的结构设计、可控制备来说是一条新思路。

二、请评述申请项目所关注问题的科学价值以及对相关前沿领域的潜在贡献。
纤维素是地球上储量最丰富且可再生的天然高分子资源。对于纤维素的拓展性和创新性使用是
今年来的研究热点。对于可持续发展有重要作用。但由于纤维素溶解困难，对于纤维素基功能
材料的结构与性能研究还不够深入。该课题关注的方向正是对于纤维素的拓展性使用，具有一
定的应用潜力。同时该课题还拟对材料性能与结构、工艺之间的关系进行研究，具有一定的科
学价值。

三、请评述申请人的创新潜力与研究方案的可行性。



化学科学部

2021年10月12日

申请人在纤维素方向上已有一定的积累，具有良好的研究基础。提出的实验方案详细可行。

四、其他建议
光学材料对材料的均匀性、平整性有较高要求，申请书中没有给出控制方案，建议对此问题进
行思考，并提出解决方案。

<3>具体评价意见：
一、该申请项目的研究思想或方案是否具有新颖性和独特性？请详细阐述判断理由。
本项目提出以纤维素为主要原料，通过碱溶液在低温环境下进行溶解，再利用筑膜或凝固浴等
形式获得光学性能可控的膜材料。拟通过纤维素溶解条件、筑膜基板表面微结构、溶液蒸发条
件和凝固浴参数等环节考察对获得的再生纤维素膜材料微观结构的影响关系。但申请人对提出
的光学薄膜材料具体哪些性能及其与上述四个环节直接的相互关系没有做出明确论述。

二、请评述申请项目所关注问题的科学价值以及对相关前沿领域的潜在贡献。
该项目关注开发纤维素类光学薄膜材料具有一定的科学探讨价值，对开拓生物质高值化利用和
转化具有帮助。

三、请评述申请人的创新潜力与研究方案的可行性。
申请人在纤维素溶解及薄膜材料制备环节具有较好的基础，申请书也做了较为详细的描述，但
建议申请人对该材料的光学薄膜应用环节进一步凝练科学问题。

四、其他建议
 修改意见:











































































































项目批准号 22478142

申请代码 B0811

归口管理部门

依托单位代码 51064208A0499-0932

    

国家自然科学基金

 资助项目计划书

（预算制项目）

资助类别：面上项目

亚类说明：

附注说明：

项目名称：
植物油基伯羟基化亲水扩链剂及其全生物基水性聚氨酯可控制备与构
效关系

直接费用：50万元 执行年限：2025.01-2028.12

负 责 人：张超群 BRID：05927.00.97525

通讯地址：
广东省广州市天河区五山路483号（华南农业大学）材料与能源学院31
1

邮政编码：510642 电 话：话电 02085280319

电子邮件：zhangcq@scau.edu.cn

依托单位：华南农业大学

联 系 人：唐家林 电 话：话电 020-85280070

填表日期： 2024年08月30日

国家自然科学基金委员会制 Version：1.001.213



国家自然科学基金资助项目计划书填报说明

（预算制项目）

一、项目负责人收到《国家自然科学基金资助项目批准通知》（以下简称《批准通知》）

后，请认真阅读本填报说明，参照国家自然科学基金相关项目管理办法和新修订的《

国家自然科学基金资助项目资金管理办法》（以下简称《资金管理办法》，请查阅国

家自然科学基金委员会官方网站首页“政策法规”栏目），按《批准通知》的要求认

真填写和提交《国家自然科学基金资助项目计划书》（以下简称《计划书》）。

二、填写《计划书》时要科学严谨、实事求是、表述清晰、准确。《计划书》经国家自然

科学基金委员会相关项目管理部门审核批准后，将作为项目研究计划执行、检查和验

收的依据。

三、《计划书》各部分填写要求如下：

（一）简表：由系统自动生成。

（二）摘要及关键词：各类获资助项目都应当填写中、英文摘要及关键词。

（三）项目组主要成员：计划书中列出姓名的项目组主要成员由系统自动生成，与申

请书原成员保持一致，不可随意调整。如果《批准通知》所附“项目评审意见

及修改意见表”中“修改意见”栏目有调整项目组成员相关要求的，待项目开

始执行后，按照项目成员变更程序另行办理。

（四）资金预算表：根据批准的项目资助额度，按规定调整项目预算，并按照《国家

自然科学基金项目计划书预算表编制说明》填报资金预算表和预算说明书。

（五）正文：

1. 面上项目、地区科学基金项目：如果《批准通知》所附“项目评审意见及修改

意见表”中“修改意见”栏目没有修改要求的，只需选择“研究内容和研究目

标按照申请书执行”即可；如果《批准通知》中上述栏目明确要求调整研究期

限或研究内容等的，须选择“根据研究方案修改意见更改”并填报相关修改内

容。

2. 重点项目、重点国际（地区）合作研究项目、重大项目、重大研究计划重点支

持项目、重大研究计划集成项目、国家重大科研仪器研制项目、联合基金项

目、原创探索计划项目：须选择“根据研究方案修改意见更改”，根据《批准

通知》的要求填写研究（研制）内容，不得自行降低、更改研究目标（或仪器

研制的技术性能与主要技术指标、验收技术指标等）或缩减研究（研制）内

容。此外，还要突出以下几点：

（1）研究的难点和在实施过程中可能遇到的问题（或仪器研制风险），拟采用

的研究（研制）方案和技术路线；

（2）项目主要参与者分工，合作研究单位（如有）之间的关系与分工，重大项

目还需说明课题之间的关联；

（3）详细的年度研究（研制）计划。

3. 创新研究群体项目：须选择“根据研究方案修改意见更改”，按下列提纲撰

写：
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（1）研究方向；

（2）结合国内外研究现状，说明研究工作的学术思想和科学意义（限两个页

面）；

（3）研究内容、研究方案及预期目标（限两个页面）；

（4）年度研究计划；

（5）研究队伍的组成情况。

4. 基础科学中心项目：须选择“根据研究方案修改意见更改”，根据《批准通

知》的要求和现场考察专家组的意见和建议，进一步完善并细化研究计划，按

下列提纲撰写：

（1）五年拟开展的研究工作（包括主要研究方向、关键科学问题与研究内

容）；

（2）研究方案（包括骨干成员之间的分工及合作方式、学科交叉融合研究计划

等）；

（3）年度研究计划；

（4）五年预期目标和可能取得的重大突破等；

（5）研究队伍的组成情况。

5. 数学天元基金项目：天元前沿重点专项项目和数学与其他学科交叉联合资助项

目，参照重点项目的方式进行选择和填写；其他类型项目，参照面上项目的方

式进行选择和填写。

6. 对于其他类型项目，参照面上项目的方式进行选择和填写。
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简表

项
目
负
责
人
信
息

姓      名 张超群 性 别 男
出生
年月

1986年10月 民 族 汉族

学      位 博士 职称 教授

是否在站博士后 否 电子邮件 zhangcq@scau.edu.cn

电      话 02085280319 个人网页

工 作 单 位 华南农业大学

所 在 院 系 所 材料与能源学院

依
托
单
位
信
息

名      称 华南农业大学 代码
51064208A04
99

联  系  人 唐家林 电子邮件 kycjhk@scau.edu.cn

电      话 020-85280070 网站地址 http://kjc.scau.edu.cn/

合
作
单
位
信
息

单 位 名 称

项
目
基
本
信
息

项  目  名  称
植物油基伯羟基化亲水扩链剂及其全生物基水性聚氨酯可控制
备与构效关系

资  助  类  别 面上项目 亚 类 说 明

附  注  说  明

申  请  代  码
B0811:生物质转化与轻工
制造

基  地  类  别

执  行  年  限 2025.01-2028.12

直  接  费  用 50万元
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项目摘要

中文摘要：
以植物油基多元醇为主要原材料合成的水性聚氨酯具有优异的综合性能及独特的链结构和相结构

，是一类新型的环境友好型高分子材料。但是所需的亲水扩链剂仍然以高熔点的石化基2,2-二羟甲基
丙酸或2,2-二羟甲基丁酸为主，导致制备过程中大量有机溶剂的使用及其引发的溶剂去除与残留等问
题且制备的聚氨酯材料生物基含量有限。本项目拟通过结构设计和可控合成含有伯羟基的新型植物油
基亲水扩链剂；并研究其与典型植物油基多元醇的混溶性，建立植物油基单体的汉森溶解度参数库；
进而通过本体聚合法构建全生物基的水性聚氨酯体系，实现聚氨酯涂膜力学性能和耐水性能的协同调
控。从分子水平上揭示甘油三酯及其碳碳双键空间位构对化学选择性和区域选择性的调控机制，阐明
脂肪酸长链及其官能度等对水性聚氨酯乳液结构特征的影响以及与涂膜性能之间的构效关系，探索生
物质资源高效转化和高附加值利用的新方法，为新型水性聚氨酯的设计和可控制备提供新思路。

Abstract：
Waterborne polyurethanes derived from plant oil based polyols demonstrate superior
performance as well as unique chain structures and phase structures, and therefore become
a new type of environmental-friendly polymeric materials. However, the common used
hydrophilic chain extenders still relied on thepetroleumbased
(2,2-Bis(hydroxymethyl)propionic acid or 2,2'-Bis(hydroxymethyl)butyricacid). Their high
melting temperatures and poor compatibility with polyols led to the use of large amount
of organic solvent in the production associated with the issue of solvent removal and
residue. In this proposal, plant oil based hydrophilic chain extenders with low melting
temperature will be developed through molecular design and controllable synthesis, then
its compatibility with typical palnt oil based polyols will be investigated and a
database of Hansen solubility parameters will be constructed. Finally, fully renewable
waterborne polyurethanes will be constructed from above monomers by solvent-free process.
The regulation mechanism of the spatial configuration of triglyceride and carbon carbon
double bonds on the chemoselective and regioselectivity will be revealed. The effect of
fatty acid chains and functionalities of the monomers on the properties of polyurethane
dispersions and films will be investigated to achieve the synergic regulation of
mechanical properties and water resistance of the resulting polyurethanes. The objective
of this proposal is to provide a new strategy for the transformation of biomass into
high-valued chemicals and for the design of new waterborne polyurethanes and their
solvent-free production.

生物质基材料；植物油；水性聚氨酯；高值化利用；生物质关键词(用分号分开)：

Bio-based materials; Plant oils; WaterborneKeywords(用分号分开): 
polyurethanes; High value-added utilization; Biomass
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项目组主要成员

编号 姓名 出生年月 性别 职称 学位 单位名称 电话 证件号码 项目分工
每年工
作时间
（月）

1 张超群 1986.10 男 教授 博士 华南农业大学 02085280319
61010319861015
431X

项目负责人 8

2 罗颖 1979.10 女 副教授 博士 华南农业大学 020-85280325
44140219791009
1060

植物油亲水扩链衍
生化

8

3 王洋 1993.03 男 讲师 博士 华南农业大学 18707148906
42060619930329
6057

高分子结构-性能构
效

8

总人数 高级 中级 初级 博士后 博士生 硕士生

8 2 1 0 0 2 2
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国家自然科学基金预算制项目预算表

项目批准号：22478142 项目负责人：张超群 金额单位：万元  

序号 科目名称 金额

1 一、科学基金资助项目直接费用合计 50.0000

2 1、 设备费 0.0000

3 其中：设备购置费 0.0000

4 2、 业务费 40.8800

5 3、 劳务费 9.1200

6 二、 其他来源资金 0.0000

7 三、 合计 50.0000

注：请按照项目研究实际需要合理填写各科目预算金额。
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预算说明书

（请按照《国家自然科学基金项目申请书预算表编制说明》等的有关要求，按照政策相符性、目标相关性和经济合

理性原则，实事求是编制项目预算。填报时，直接费用应按设备费、业务费、劳务费三个类别填报，每个类别结合

科研任务按支出用途进行说明。对单价≥50万元的设备详细说明,对单价＜50万元的设备费用分类说明，对合作研究

单位资质及资金外拨情况、自筹资金进行必要说明。）

本项目申请直接经费为50.00万元，依据项目的研究内容和相关政策，对各项支出的用途和测算

理由做如下说明：

一、项目直接经费合计：50.00万元

1. 设备费：无

2. 业务费：40.88万元，占总经费81.76%

2.1. 材料费：16.60万元，占总经费33.2%

主要购置用于材料合成、性能检测的化学原材料和溶剂等。其中

（1）原材料及化学试剂 （10.02万元）

植物油（如棕榈油、亚麻籽油等，均价30元/瓶×200瓶=0.60万元）、环氧植物油（如环氧大豆

油等，均价850元/瓶×20瓶=1.70万元）、核磁测试用试剂（如氘代氯仿和氘代二甲基亚砜，200

元/瓶×10瓶+200元/盒×10盒=0.40万元）、二月桂酸二丁基锡（500元/瓶×2瓶=0.10万元）、2,2-

二羟甲基丙酸和2,2-二羟甲基丁酸（300元/瓶×5瓶+1200元/瓶×5瓶=0.75万元）、1,8-二氮杂二

环十一碳-7-烯（750元/瓶×2瓶=0.15万元）、异氰酸酯（如Tolonate X FLO 100等，均价3760

元/瓶×10瓶=3.76万元）、甘油（50元/瓶×20瓶=0.10万元）、乙醇胺（350元/瓶×10瓶=0.35万

元）、碳酸氢钠（50元/瓶×50瓶=0.25万元）、三乙胺（500元/瓶×1瓶=0.05万元）、甲酸（80

元/瓶×30瓶=0.24万元）、氢氧化钠（20元/瓶×50瓶=0.10万元）、双氧水（350元/瓶×10瓶=0.35

万元）、盐酸（30元/瓶×40瓶=0.12万元）、无水硫酸镁（60元/瓶×40瓶=0.24万元）、其他色

谱流动相0.76万元。

（2）其它实验用消耗品（6.58万元）

常用玻璃仪器（如三口瓶、锥形瓶、烧杯等，平均50元/个×200个=1.00万元）、聚四氟乙烯搅

拌棒、离心管、样品袋、一次性滴管、移液枪、聚酯膜等耗材合计1.00万元、手套（80元/包

×60包=0.48万元）、口罩（50元/包×60包=0.30万元）、保鲜膜（50元/盒×40盒=0.20万元）、

各类气体（氢气、氩气和液氮总共按照每年7500元，四年共计7500元/年×4=3.00万元）、DSC

用坩埚（3000元/100个×2=0.60万元）。
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2.2. 测试化验加工费：16.20万元，占总经费32.4%

团队拥有的设备免费检测。主要包括在华南农业大学测试中心和外单位测试所发生的各种表

征、测试和分析等费用。

（1）显微分析（TEM、AFM）：100次×2000元/次＋100次×2000元/次＝4.00万元；

（2）核磁共振波谱（NMR）：300次×120元/次=3.60万元；

（3）傅里叶红外光谱（FTIR）：300次×50元/次=1.50万元；

（4）热裂解气质联用：100次×200元/次=2.00万元；

（5）凝胶渗透色谱：100次×250元/次=2.50万元；

（6）差示扫描量热仪：40次×200元/次=0.80万元；

（7）动态热机械分析仪：80次×150元/次=1.2万元；

（8）热重分析仪：40次×100元/次=0.40万元；

（9）接触角测定仪：40次×50元/次=0.20万元。

2.3. 燃料动力费：无

2.4. 差旅/会议/国际合作与交流费：5.84万元，占总经费11.68%

（1）主要用于项目组成员国内调研、学习等，费用2.12万元；

往返交通费（机票、火车票）：2人次/年×1500元/人次×4年=1.20万元

住宿费：2人次×350元/天/人次×2天/年×4年=0.56万元

伙食及交通补助：2人次×150元/天/人次×3天/年×4年=0.36万元

（2）主要用于项目组成员参加国内学术会议等，费用3.72万元；

会议注册费：2人次×2000元/人次/年×4年=1.60万元

往返交通费（机票、火车票）：2人次/年×1500元/人次×4年=1.20万元

住宿费：2人次×350元/天/人次×2天/年×4年=0.56万元

伙食及交通补助：2人次×150元/天/人次×3天/年×4年=0.36万元
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2.5. 出版/文献/信息传播/知识产权事务费：2.24万元，占总经费4.48%

（1）文件资料费、科技查新费：1.44万元；

（2）打印费、复印费、装订费等：0.80万元。

2.6. 其他支出：无

3. 劳务费：9.12万元，占总经费的18.24%

主要是研究生的助学金，测算如下：

（1）博士生2人，每人每月800元，每人每年参与8个月；

800元/人/月×2人×8月/年×4年=5.12万元

（2）硕士生2人，每人每月500元，每人每年参与10个月。

500元/人/月×2人×10月/年×4年=4.00万元

二、自筹资金来源：无
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报告正文

研究内容和研究目标按照申请书执行。
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国家自然科学基金项目负责人、依托单位承诺书

国家自然科学基金项目负责人承诺书

本人郑重承诺：我接受国家自然科学基金的资助，严格遵守中共中央办公厅、国务院办公厅《

关于进一步加强科研诚信建设的若干意见》《关于进一步弘扬科学家精神加强作风和学风建设的意

见》《关于加强科技伦理治理的意见》《科技伦理审查办法（试行）》等规定，和国家自然科学基

金委员会关于资助项目管理、项目资金管理等各项规章，在《计划书》填写及项目执行过程中：

（一）按照《批准通知》《国家自然科学基金资助项目计划书填报说明》的要求填写《计划

书》，未自行降低、更改目标任务或约定要求，或缩减研究（研制）内容；

（二）树立“红线”意识，严格履行科研合同义务，按照《计划书》负责实施本项目（批准

号：22478142），切实保证研究工作时间，按时报送有关材料，及时报告重大情况变动，不违规将

科研任务转包、分包他人，不以项目实施周期外或不相关成果充抵交差；

（三）遵守科研诚信、科技伦理规范和学术道德，认真开展研究工作，对资助项目发表的论著

和取得的研究成果按规定进行标注，不在非本项目资助的成果或其他无关成果上标注本项目批准

号，反对无实质学术贡献者“挂名”，不在成果署名、知识产权归属等方面侵占他人合法权益，并

如实报告本人及项目组成员发生的违背科研诚信要求的任何行为；

（四）尊重科研规律，弘扬科学家精神，严谨求实，追求卓越，反对浮夸浮躁、投机取巧，不

人为夸大学术或技术价值，不传播未经科学验证的现象和观点；

（五）将项目资金全部用于与本项目研究工作相关的支出，并结合科研活动需要，科学合理安

排项目资金支出进度；

（六）做好项目组成员的教育和管理，确保遵守以上相关要求。

如违背上述承诺，本人愿接受国家自然科学基金委员会和相关部门做出的各项处理决定。

项目负责人（签字）：

年    月    日

 依托单位科研管理部门：

 负责人（签章）：

年    月    日

 依托单位财务管理部门：

 负责人（签章）：

年    月    日

国家自然科学基金项目依托单位承诺书

    我单位同意承担上述国家自然科学基金项目，将保证项目负责人及其研究队伍的稳定和研究项

目实施所需的条件，严格遵守中共中央办公厅、国务院办公厅《关于进一步加强科研诚信建设的若

干意见》《关于进一步弘扬科学家精神加强作风和学风建设的意见》《关于加强科技伦理治理的意

见》《科技伦理审查办法（试行）》等规定，和国家自然科学基金委员会有关资助项目管理、项目

 资金管理、科研诚信管理和科技伦理管理等各项规定，并督促实施。

 依托单位（公章）

年    月    日
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由
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填
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Construction of Carboxymethyl Chitosan Hydrogel with Multiple
Cross-linking Networks for Electronic Devices at Low Temperature
Yang Wang, Wenbo Zhang, Xinhu Gong, Caimei Zhao, Yiying Liu,* and Chaoqun Zhang*

Cite This: ACS Biomater. Sci. Eng. 2023, 9, 508−519 Read Online
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ABSTRACT: On the basis of the original hydrogen bonding
interaction and physical entanglement, covalent cross-linking and
ionic cross-linking were additionally introduced to construct a
carboxymethyl chitosan/allyl glycidyl ether conductive hydrogel
(CCH) through a one pot method by a graft reaction, an addition
reaction, and simple immersion, successively. The multiple cross-
linking networks significantly increased the strength of CCHs and
endowed them with ionic conductivity and an antifreezing
property at −40 °C, which showed stable, durable, and reversible
sensitivity to finger bending activity at subzero temperature. The
CCHs could even be assembled into a triboelectric nanogenerator
(TENG) to provide electric energy, which demonstrated stability
against temperature variation, multiple drawing, long-term storage,
or large quantities of contact-separation motion cycles. CCH-TENG can also be used as a tactile sensor within the pressure range
from 0.4 kPa to higher than 8000 kPa. This work provided a simple route to fabricate antifreezing conductive hydrogels based on
carboxymethyl chitosan and to find potential applications in soft sensor devices under a low temperature environment.
KEYWORDS: carboxymethyl chitosan hydrogel, multiple cross-linking, ionic conductive, antifreezing, sensor

1. INTRODUCTION
Hydrogels are water-rich 3D networks composed of cross-
linked hydrophilic polymer chains, which exhibit a solid-like
mechanical property as well as a liquid-like fast diffusion
property.1−3 Especially, conductive hydrogels have become a
global hot topic as potentially flexible conductors and
electronics due to their excellent elasticity, good electrical
characteristics, and tunable mechanical properties.4−8 More
demands such as transparency, durability, sustainable raw
materials, a simple preparation process, and wide application
conditions have been proposed gradually of conductive
hydrogel for their practical use in the fields of sensor, soft
robot, touch panel, electronic skin, and even energy harvest-
ing.9−16

Many efforts have been made to specifically improve some
properties, which provide ideas for comprehensively combin-
ing these performances with desirable functions for conductive
hydrogels. For improvement of mechanical properties,
introduction of composite networks and the use of diversified
cross-linking methods are feasible strategies, such as inter-
penetrating network (IPN) hydrogels,17 semi-interpenetrating
network (SIPN) hydrogels18,19 and physical-chemical double
cross-linking hydrogels,2,20,21 etc. All interactions between
polymer chains could be used for potential cross-linking points
in building three-dimensional network of hydrogel. Physical
cross-linking includes polymer chain entanglement, hydrogen

bonding, ionic bonding, while chemical cross-linking includes
reversible and irreversible covalent bonding. Besides, antifreez-
ing property is a remarkable new performance of hydrogels
who would maintain flexibility and fast diffusion property at
low temperature. Effective strategies to achieve this include
adding electrolyte salts and polyols to the hydrogel medium, or
even developing ionic liquid gels.22−26 However, polyols are
poor solvents for metal salt ions and might have negative
effects to conductivity of ionic conductive hydrogel. Ionic
liquid gels own the advantages of good physical and chemical
stability and high conductivity. However, unless the ionic
liquids have good compatibility with the polymer networks,
ionic liquid gels are usually troubled by insufficient mechanical
strength.27,28 At present, a salt inducing strategy has been
developed. However, it remains a challenge to achieve an
antifreezing effect at ultralow temperature (such as −40 °C or
lower).29−31

Natural polymers have the advantages of abundance,
renewability, biocompatibility, and biodegradability and are
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regarded as the most promising raw materials to replace the
traditionally nondegradable polymers.32,33 Carboxymethyl
chitosan (CA), as an important derivative of chitosan, is
nontoxic and has an excellent hydrophilic property and water
solubility and thus is an ideal raw material for hydrogel
construction via chemical or physical cross-linking.34−37

Furthermore, amino and hydroxyl groups on CA are conducive
to formation of a large number of hydrogen bonds. The
carboxyl group has the potential to cross-link with divalent
cations to further improve the mechanical properties of
hydrogel, inspired by sodium alginate cross-linked with
calcium ions.38,39

Herein, on the basis of the original hydrogen bonding
interaction and physical entanglement, CA chains were grafted
with allyl glycidyl ether (AGE), followed by an addition
reaction of a double bond on AGE, to realize covalent cross-
linking between CA chains. The obtained carboxymethyl
chitosan/allyl glycidyl ether hydrogels (CAHs) were immersed
in MgCl2, CaCl2, or ZnCl2 aqueous solutions to induce ionic
cross-linking and construct carboxymethyl chitosan/allyl
glycidyl ether conductive hydrogels (CCHs) with ionic
conductivity and an antifreezing property at −40 °C. CCHs
showed stable, durable, and reversible sensitivity as strain
sensors at subzero temperature. When assembled into a
triboelectric nanogenerator (TENG) to provide electric
energy, the CCH-TENG demonstrated stability against
temperature variation, multiple drawing, long-term storage,
or large quantities of contact-separation motion cycles. CCH-
TENG can also be used as tactile sensor within the pressure
range from 0.4 kPa to higher than 8000 kPa. The present work
was expected to provide a simple route for the preparation of
antifreezing conductive hydrogels with enhanced mechanical
properties based on carboxymethyl chitosan, demonstrating
great potential among natural polymer functional materials.

2. EXPERIMENTAL SECTION
2.1. Materials. The O-carboxymethyl chitosan (CA) powder (BR,

Product No. C804727) was supplied by Shanghai Maclin
Biochemistry Technology Co., Ltd.; the degree of deacetylation
(DE) was 90% and the substitution degree of carboxymethylation was
80%, as determined by the supplier. Allyl glycidyl ether (AGE),
ammonium persulfate (APS) and calcium chloride (CaCl2) were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Magnesium chloride (MgCl2) and zinc chloride (ZnCl2) was provided
by Shanghai Adamas Reagent Co., Ltd. Deionized water from
Millipore-Milli-Q Pure Water System was used to prepare the
aqueous solutions. All chemicals reagents were used without further
purification.
2.2. Fabrication of Carboxymethyl Chitosan/Allyl Glycidyl

Ether Hydrogels (CAHs) and Carboxymethyl Chitosan/Allyl
Glycidyl Ether Conductive Hydrogels (CCHs). CAH with a
covalent cross-linking network was prepared by a one pot method.
First, CA was dissolved in deionized water under mechanical stirring
at room temperature to form a 10.0 wt % homogeneous solution. A
certain amount of AGE was then added to the above CA solution, and
the mixture was stirred at 50 °C for 48 h to conduct grafting reaction.
APS, for thermal initiator, was then added at room temperature and
dispersed with continues stirring for 5 min followed by centrifugation
at a speed of 8000 rpm for 10 min to remove air bubbles. The
obtained precursor mixture solution was poured into a polytetra-
fluoroethylene mold (40 mm in width, 10 cm in length and 3 mm in
height) for rectangular shape, or into a 8-well plate (20 mm in
diameter and 20 mm in height for each well) for cylindrical shape.
The mold with its surface covered (to avoid water evaporation) was
placed at 60 °C for 1 h to obtain CAH. CAHs were completely
washed with deionized water after being removed from the mold.

Then the CAHs were further immersed in MgCl2, CaCl2, or ZnCl2
aqueous solutions to construct CCH. CAH samples were marked as
Gel(CA1/AGEa), CCH samples were marked as b M X2+@Gel(CA1/
AGEa), where a was the molar ratio of AGE to active groups (−OH
and −NH2) in CA, X2+ referred to the divalent cation used in chloride
salt aqueous solution (including Mg2+, Ca2+ or Zn2+), and b was the
concentration (M or mol L−1) of the divalent cation X2+. The sample
names of CAHs and their corresponding raw material ratios are listed
in Table S1.
2.3. Characterization. For Fourier transform infrared spectros-

copy (FT-IR) and wide-angle X-ray diffraction (WAXD), CAH
samples were freeze-dried before tests. For FT-IR, test specimens
were prepared by the KBr disk method and scanned in the range of
500−4000 cm−1 on a VERTEX 70 infrared spectrometer (Bruker,
Germany) and normalized. The crystal patterns of CAHs were
determined by WAXD; on a XD-2X/M4600 X-ray diffractometer, the
tube voltage was set as 40 kV, the tube current was 35 mA, and the
scanning speed was 2° min−1 within the 2θ range between 10° and
50°.

For measurement of the swelling ratio, cylindrical-shaped CAHs
were soaked in deionized water and placed in an airtight oven with a
constant temperature (30 °C) for 72 h, the weight of the swollen
CAH was recorded as W1, and then the swollen CAH was dried to a
constant weight, which was recorded as W0. The swelling ratio could
be calculated by eq 1:

= W W WSwelling ratio ( )100%/1 0 0 (1)

The optical transmittances of CAHs were scanned within the
wavelength of 200−800 nm using a UV-2550 ultraviolet−visible
spectrophotometer (Shimadzu Corporation, Japan), and air was used
as reference.

The water loss behavior of CAHs were tested at 30 °C and relative
humidity (R.H.) around 40%. Saturated MgCl2 solution were put into
DZF-6020 vacuum drying oven (Kangheng Instrument Co., Ltd.) to
achieve constant temperature and relative humidity (RH) condition.40

The real value of RH and temperature were measured to be 42% and
30 °C accordingly by a commercial TH101B thermometer and
hygrometer (Guangdong Medex Instruments Co., Ltd.). The real-
time weight of the hydrogel sample was recorded hourly. The water
loss ratio was calculated by eq 2:

= W W WWater loss ratio ( )/0 0 (2)

where W′ refers to the real-time weight of sample and W′0 represents
the initial weight of the sample. Hydrogel samples were weighed and
recorded until the weight was constant. At least 3 parallel samples
were tested to prevent accidental errors.

Surface and cross-section images of freeze-dried CAHs were
scanned by a field emission scanning electron microscope (FE-SEM,
Zeiss, SIGMA, Germany) at acceleration voltage of 5 kV. When
measuring the pore size of the freeze-dried CAHs, all pores in a SEM
image were employed. At least two hundred pores in several SEM
images were employed in calculating the number-average pore size
and its distribution. The number-average diameter was calculated by
eqs 3 and 4:41

=D ND N/i i iN (3)

=
=N

D D
1

1
( )2

i

n

i
0

N
(4)

where DN is the number-average diameter and Ni is the number of
pores with a diameter of Di, σ is the standard deviation of the
calculated pore size, N is the total mesh number involving calculation.
Thus, the pore size is defined as DN± σ.

The storage modulus (G′) and loss modulus (G)′′ of cylindrical-
shaped CAHs (40 mm in diameter and 2 mm in height) at 25 °C
were analyzed using a TA Discovery HR-2 Hybrid Rheometer (TA
Instruments Ltd., USA) with a parallel plate geometry (40 mm in
diameter), under dynamic oscillation mode for frequency (ω) sweep
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at a constant strain (γ) of 1%. The rheometer was equipped with a
Julabo FS18 cooling/heating bath that was calibrated to maintain the
temperature of the sample chamber within a ± 0.5 °C difference of
the set value.

To prove the occurrence of graft reaction of CA chain and AGE, we
recorded 1H nuclear magnetic resonance (1H NMR) spectra on a
Bruker AV 600 M spectrometer (Germany), using heavy water as
solvent.

Mechanical tests of CAHs and CCHs at 25 °C were performed
using an Instron 5967 universal testing machine (Instron Ltd.,
America) with a 500 N load cell. For the tensile test, the rectangular-
shaped samples were 10 mm in width, 2.5 mm in thickness, and the
distance between the two clamps was 50 mm, the stretch rate was 10
mm min−1. For the compression tests, the cylindrical-shaped samples
were 20 mm in diameter, 20 mm in height, and the compressing rate
was 5 mm min−1. All the tests were repeated at least 5 times and were
terminated when fracture occurred. The temperature of the
environment was controlled by an Instron 3119−600 environmental
chamber supplied with liquid nitrogen.

Dynamic mechanical properties of CCHs were carried out on a
dynamic thermomechanical analyzer (Netzsch DMA 242C, Ger-
many) in a cooling process from 25 °C at a cooling rate of 10 °C
min−1, in inert dry N2 gas medium with a flow rate of 60 mL min−1.
2.4. Electric Conductivity and Strain Sensing Performances

of the CCHs. Electric resistances of CCHs were recorded in real time
on a UC2684A Insulation Resistance Tester (UCE Technologies.,
Ltd., China). The CCH surface was carefully wiped and dried with N2
gas for 1 min before attached to aluminum foil, and tape was also used
to ensure a good contact.

The CCH samples were directly used as strain sensors. To study
the strain sensing response of the CCH, the rectangular-shaped CCH
samples were fixed between the tensile fixtures of universal testing
machine and each aluminum foil electrode of the sensor was
connected with resistance tester by insulated copper wires. The
resistance change of CCH strain sensors were recorded by software
under 1 V, which could eliminate the electrochemical reaction during
the functioning of ion conductor. The tensile deformation rate was set
as 5 mm min−1 for standard resistance change-strain curve of CCH
strain sensors. To demonstrate the response of the CCH strain
sensors in monitoring the finger bending, both ends of a rectangular-
shaped CCH was bound by aluminum foil to index finger (covered by
heat insulating rubber glove). When bending the index finger, the

resistance change of the strain sensor under 1 V at both 25 °C and
−40 °C were recorded by software.
2.5. Assembly and Performances of the CCH Based

Triboelectric Nanogenerator (CCH-TENG). CCH-TENG was
assembled by one layer of CCH that sandwiched by two layers of
VHB (VHB 4905, 3M). The surfaces of the CCH sample were dried
with N2 gas for 1 min before assembling. Copper foil tape was used as
an electrode to ensure a good contact, and each device was connected
to a tester by insulated copper wires. Open circuit voltage (VOC) was
recorded by a Keithley electrometer 6514 as the main output signal
parameter of CCH-TENG. The contact-separation motion was
controlled by placement and removal of a certain weight on and off
CCH-TENG which was fixed on an insulation plane, to provide
certain pressures with frequency about 0.5 Hz. The weight was
wrapped with nylon, which had larger difference in the ability of
losing/gaining electrons compared with VHB among the available
materials, thus the more electrostatic charges generated at the
interface and the higher VOC was obtained.9 For the measurement of
VOC at different temperatures, CCH-TENG was fixed on a Standard
Peltier Plate and the temperatures were controlled by a computer
system.

3. RESULTS AND DISCUSSION
CAHs were synthesized via a facile and simple one pot method
including three steps: the dissolution of CA, the grafting
reaction of AGE on a CA molecular chain, and the addition
reaction between double bonds of AGE. As the final product,
the transparent antifreezing conductive CCHs (5 M Mg2+@
Gel(CA1/AGE1.68), as shown in Figure 1a, were obtained by a
simple immersion strategy, which contained certain concen-
trations of electrolyte solutions. As shown in Figure 1b, 3D
hydrogel network of CCH was constructed by multiple cross-
linking interactions between CA chains, where hydrogen
bonding came from the large number of hydroxyl groups,
amino groups and carboxylate groups carried by CA chains,
while physical entanglement of CA chains easily occurred in
sol−gel transition of CA solution. In addition to the two
physical cross-linking interactions mentioned above, covalent
cross-linking and ionic cross-linking interactions were designed
specially and introduced into the network of CCH, as shown in

Figure 1. (a) Photograph of 5 M Mg2+@Gel(CA1/AGE1.68). (b) Schematic diagram of multiple cross-linking networks of CCH. (c) Detailed
schematic diagram showing covalent cross-linking and ionic cross-linking within the network of CCH.
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Figure 1c. Ionic cross-linking interactions happened between
divalent cations and carboxyl groups after the immersion of
CAHs in MgCl2, CaCl2, or ZnCl2 solutions.

The covalent cross-linking could be confirmed by FT-IR
spectra of AGE, pure CA, and CAHs in Figure 2. For the

spectrum of AGE, the absorption band at 1255 cm−1 belonged
to the symmetrical stretching vibration (νs) of the C−O−C
bond of epoxy group, while the absorption band at 848 cm−1

belonged to the asymmetrical stretching vibration (νas) of the

same bond; the absorption band at 2994 cm−1 belonged to the
stretching vibration of C−H in terminal alkenyl, the absorption
band at 1646 cm−1 belonged to the stretching vibration of C�
C in terminal alkenyl, while the absorption bands at 997 and
919 cm−1 belonged to the out-of-plane bending vibration (γ)
of C−H in terminal alkenyl. All these absorption bands above
disappeared in CAHs, indicating that epoxy groups and
terminal alkenyl groups had fully participated in reactions,
respectively. On the other hand, the absorption band at 1104
cm−1 of AGE belonged to the asymmetrical stretching
vibration of C−O−C in an ether bond, which could also be
found in CAHs and became stronger with increasing amounts
of AGE, indicating the successful graft reaction between AGE
and CA chains. Similarly, the absorption band around 3356
cm−1 was observed to become stronger with increasing
amounts of AGE, which was the overlap of the stretching
vibration of O−H and N−H in hydroxyl and amino (primary
and secondary) groups accordingly. It had to be mentioned
that both hydroxyl and amino groups on CA chains would
participate in the graft reaction between AGE and CA chains
through the ring opening of the epoxy group, especially when
AGE was excessive, which resulted in the increase of the total
number of hydroxyl and amino groups (when a hydroxyl group
reacted with an epoxy group, the number of hydroxyl groups
would not change; when a primary amino group reacted with
an epoxy group, it would turn into a secondary amino group
and a new hydroxyl group would form). The 1H NMR spectra
of raw material CA, AGE, and the grafted CA are shown in
Figure S1a, b and c, accordingly. The characteristic peaks in
Figure S1b at δ = 2.766 and 2.956 ppm (epoxy protons)

Figure 2. FT-IR spectra of AGE, pure CA and freeze-dried CAHs.

Figure 3. (a) Photograph of CA solution and CAHs in glass bottles. (b) Storage and loss modulus as a function of angular frequency for CAHs. (c)
Optical transmittance of CAHs in the wavelength range of 200−800 nm, the inset are photographs of CAHs. (d) Swelling ratio of CAHs.
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disappeared in Figure S1c, indicating the successful ring
opening graft reaction between epoxy group of AGE and CA
chains. Meanwhile, peaks in Figure S1b at δ = 5.530 and 5.967
ppm (double bond protons) appeared in Figure S1c, which
also confirmed the success of graft reaction. Briefly, the FT-IR
and the 1H NMR spectra suggested that AGE had successfully
grafted on the CA chains, through the ring opening of epoxy
that hydroxyl and amino groups participated in, and the grafted
CA molecular chains were covalently cross-linked through the
addition reaction between the terminal alkenyl groups of AGE,
as the detailed schematic diagram shown in Figure 1c.

Although graft reaction and covalent cross-linking of CA
chains had been successfully proceeded, sufficiency of sol−gel
transition from precursor solution to CAHs remained further
verification. As shown in Figure 3a, it seemed that all series of

CAHs had their gelation sufficiently proceeded except
Gel(CA1/AGE0.42). The same result could be concluded
from frequency scanning of rheological test in Figure 3b. For
all series of CAHs except Gel(CA1/AGE0.42), their storage
modulus was much higher than their storage modulus,
exhibiting typical behaviors of elastic solid. For Gel(CA1/
AGE0.42), however, storage modulus was not much higher or
even lower than loss modulus, indicating that the sample stood
between the viscous fluid and elastic solid. This result could be
due to the insufficient covalent cross-linking points caused by
low content of AGE in Gel(CA1/AGE0.42). The XRD patterns
revealed that CA raw material and all of CAHs presented
amorphous structure (Figure S2). As shown in Figure 3c, all
series of CAHs exhibited excellent transparency within visible
light range and even reached transparency over 96% at 550 nm

Figure 4. SEM images of surfaces, detailed surfaces, and cross sections of pure CA gel and CAHs.
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(Table S2), indicating uniform internal structure of CAH, and
there had been no microphase separation during preparation
process. The high transparency laid a good foundation for
CAHs to further obtain highly transparent devices, which
might be able to work without interfering with the optical
signal, that were suitable for applications as transparent ionic
conductors placed on the optical path. The water loss curves
(Figure S3) of CAHs at a relative humidity of 42% and a
temperature of 30 °C revealed that it would be necessary to
package the CAHs to maintain the stability of their properties
for long-term use. Swelling ratios of CAHs in Figure 3d
suggested that CAHs with higher contents of AGE would have
a denser covalent cross-linking network and thus resulted in a
lower swelling ratio. Differences of cross-linking networks and
micro morphologies among CAHs were further revealed
visually through SEM images in Figure 4 and Table S3. It
could be seen from the surface and cross-section morphologies
that with increase of the AGE content, the network structure
became denser, number and diameter of the pores significantly
reduced, pores that diameter larger than 10 μm were rare in
Gel(CA1/AGE1.68), Gel(CA1/AGE2.10), and Gel(CA1/
AGE2.52). This result suggested that the covalent cross-linking
that AGE participated in played a key role in the densification
of the CAH network and would have a strong impact on the
performance of CAHs.

Compression behaviors of CAHs are shown in Figure 5.
With increase of covalent cross-linking points that AGE
participated in, compressive stress of CAH was significantly
improved. Although CAHs were very soft, and compressive
stress was not high, CAH exhibited excellent mechanical
fatigue resistance, which was confirmed by the loading−
unloading cyclic compression tests. As shown in Figure 5b−f,
under a cyclic strain of 70%, no substantial plastic deformation
or strength degradation occurred to CAHs after 200
consecutive loading−unloading compression cycles. According
to the data shown in Table S2, Gel(CA1/AGE2.52) exhibited
the lowest hysteresis ratio of compressing (16.0%). This
phenomenon was consistent with the existing researches,
which suggested that more permanent cross-linking points
(covalent cross-linking, for example) were beneficial to lower

hysteresis, while reversible cross-linking points (reversible
bond, physical chain entanglement, coordination interaction,
etc.) were unbeneficial to it.42 The results mentioned above
indicated that the improvement of mechanical properties was
attributed to the introduction of AGE along with covalent
cross-linking, forming a denser network structure, higher cross-
linking density, and smaller pores, which helped to make
CAHs tougher and more durable.

Ionic cross-linking was introduced into CCHs in this work
by a simple immersion strategy, the purpose of which was not
only to further improve mechanical properties of CA based
hydrogels but also to endow the hydrogels with freezing
resistance and ionic conductivity, in order to develop functions
of the hydrogels as conductive sensing devices at low
temperature. However, as the result revealed in Figure S4, an
overly dense cross-linked network hindered ion migration,
resulting in decreased conductivity. Based on all the results
above, Gel(CA1/AGE1.68) was finally chosen from CAH series
to be soaked in different concentrations (from 1 to 5 M) of
MgCl2, CaCl2, or ZnCl2 aqueous solutions respectively, to
fabricate CCHs. As shown in Figure 6 and Table S4,
mechanical properties of CCHs were significantly improved
by the introduction of Mg2+. It was worth noting that tensile
strength of CAHs were too weak to conduct tensile test, but a
rectangular shaped 5 M Mg2+@Gel(CA1/AGE1.68) was able to
lift a 500 g weight and to be knotted, rolled up, twisted, and
stretched (shown from Figure 7a−h). As presented in Figure
6b, compressive stress of CCH also increased from 0.42 to 6.33
MPa with increasing of Mg2+ concentration from 1 to 5 M. As
shown in Figure 7c−f, under cyclic strain of 60%, no
substantial plastic deformation or strength degradation
occurred to CCHs after 200 consecutive loading−unloading
compression cycles. However, the hysteresis ratio of
compressing increased with increasing of Mg2+ concentration,
indicating the increasing of reversible ionic cross-linking points
consisted of Mg2+ and carboxylate group on CA chains.42 The
excellent compressive strength and compression recovery
performance of 5 M Mg2+@Gel(CA1/AGE1.68) made it
completely recover even after being trampled by adults
(shown in Figure 7i−k). Similar mechanical properties of

Figure 5. (a) Compressive stress−strain curves of CAHs. (b−f) Compressive stress−strain curves at 70% strain during loading−unloading cycles of
CAHs.
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CCHs soaked in Ca2+ or Zn2+ are shown in Figures S5 and S6,
and specific parameters are listed in Tables S5 and S6.

Normally at subzero temperatures, the conductive hydrogels
lose their elasticity as a large number of ice crystals formed.
Here in this work, it could be calculated from the curves of
DMA tests in Figure S7 that the modulus began to rise
significantly at a certain subzero temperature during the
cooling process, indicating the temperature at which tiny ice
crystals began to form. Calculations showed that only when the
salt concentrations were higher than 4 M would ice crystals not
form yet in CCHs at −40 °C. However, when the
concentration was higher than 5 M, salt would precipitate on
the surface of CCH, affecting its uniformity and transparency.
Taking 5 M Mg2+@Gel(CA1/AGE1.68), for example, due to
free diffusion of ions in the porous network of the hydrogel,
the CCH gained an electrical conductivity of 1.48 S m−1 at 25
°C and of 0.47 S m−1 at −40 °C (Figures S8 and S9), making it
an ideal candidate as a sensor at subzero temperature. CCH

strain sensors (4 M Mg2+@Gel(CA1/AGE1.68) and 5 M
Mg2+@Gel(CA1/AGE1.68)) were thus assembled and the
relative resistance variation (ΔR/R0 = (R0 − R)/R0, where R
and R0 correspond to the resistance with and without
stretching, respectively) as a function of tensile strain was
recorded. As shown in Figure 8a, the ΔR/R0 value changed
linearly with the tensile stain, due to the geometric
deformation under stretching and releasing; the gauge factors
(GFs) were calculated and listed in Table S7, indicating the
stable sensitivity both at 25 °C and −40 °C. To evaluate the
practical performance, we closely fitted CCH strain sensors
(soaked by 4 or 5 M Mg2+) to a finger knuckle, to detect the
bending motion. One single cycle tensile test on finger bending
at −40 °C was shown in Figure 8b. As for Figure 8c, d, the
finger underwent rapid bending-releasing repetition for 6
cycles in 12 s, and ΔR/R0 of CCH strain sensors synchronized
perfectly with the finger motions to corresponding peak levels
or back to zero without any hysteresis, noise fluctuation, or

Figure 6. (a) Tensile and (b) compressive stress−strain curves of CCHs soaked by different concentrations of Mg2+. (c−f) Compressive stress−
strain curves of CCHs soaked by different concentrations of Mg2+ at 60% strain during loading−unloading cycles.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.2c01243
ACS Biomater. Sci. Eng. 2023, 9, 508−519

514

https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig6&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


permanent deformation, revealing instantaneity and good
stability both at 25 °C and −40 °C. Furthermore, the CCH
strain sensor presented long-term durability in Figure S10.
Similar sensing performance of CCHs soaked by Ca2+ and
Zn2+ solutions are shown in Figures S11 and S12. Thus, CCH
strain sensor maintained stable mechanical and electrical

properties and excellent strain sensitivity, so can be used as a
promising material for flexible devices, motion monitoring, and
soft robots.13,43−45

The triboelectric nanogenerator (TENG) is a device for
collecting mechanical work and converting it into electrical
energy.46−49 Here in this work, CCH-based triboelectric
nanogenerator (CCH-TENG) was assembled according to
“single electrode mode” to examine its output performance. As
presented in the inset of Figure 9, a piece of CCH (5 M

Mg2+@Gel(CA1/AGE1.68), 0.5 cm in width and 2.0 cm in
length) was packaged by two layers of VHB, and was
connected to external circuit by copper foil tape. A constant
weight covered by nylon was put in contact with the CCH-
TENG and a stable pressure of about 20 kPa was applied with
a frequency of about 0.5 Hz. The open circuit voltage (VOC) of

Figure 7. (a) A 500 g weight could be hung by a rectangular shaped 5
M Mg2+@Gel(CA1/AGE1.68) (3.6 cm in length, 0.5 cm in width, 2
mm in thickness). (b−d) Rectangular shaped 5 M Mg2+@Gel(CA1/
AGE1.68) could be easily knotted and rolled up. (e−h) Rectangular
shaped 5 M Mg2+@Gel(CA1/AGE1.68) could be easily stretched and
twisted. (i−k) Cylindrical shaped 5 M Mg2+@Gel(CA1/AGE1.68) (2
cm in diameter and 2 cm in height) was pressed under the plank with
an adult weighing 60 kg upon it and recovered after releasing. The
surface of the hydrogel was easily abraded under external friction and
presented a hazy appearance.

Figure 8. (a) Relative resistance variations (ΔR/R0) of CCHs (soaked in 4 or 5 M Mg2+ solution) as functions of tensile strain, at 25 °C or −40 °C.
(b) Response of 5 M Mg2+@Gel(CA1/AGE1.68) in monitoring finger bending and releasing at −40 °C. Response of (c) 4 M Mg2+@Gel(CA1/
AGE1.68) and (d) 5 M Mg2+@Gel(CA1/AGE1.68) in monitoring finger bending and releasing at 25 °C or −40 °C, with finger motions repeated at
the same amplitude.

Figure 9. Open circuit voltage (VOC) curve of CCH-TENG (with 5
M Mg2+@Gel(CA1/AGE1.68), 2.0 cm in length, 0.5 cm in width, and 2
mm in thickness) within a contact-separation motion cycle, the inset
is the structure and schematic working mechanism of CCH-TENG in
the single-electrode mode.
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CCH-TENG was recorded as the output signal, and the signal
curve within a working cycle is shown in Figure 9. When the
nylon layer (or other dielectric materials) contacted the VHB
layer on CCH-TENG, the sliding friction between these layers
would produce an equal amount of heterogeneous charges. At
this moment, no electrons flow through the wire in the external
circuit and VOC was 0. As nylon and VHB were separating, a
capacitor was formed between the two layers and its
capacitance decreased continuously. Thus, a positive charge
was induced to form a layer on the copper electrode to balance
the negative charges on VHB surface, during which the
electrons would flow though copper to the ground, represented
as a macroscopic and transient electrodynamic potential (VOC
reached a peak value of 68 V). As nylon was moving back and
approaching VHB, the whole process that happened above
would be reversed.9

As shown in Figure 10a−d, CCH-TENG presented excellent
mechanical durability and stable output behavior during long-

term use (5000 contact-separation cycles during 2.4 h), dry
storage (at 30 RH%, 25 °C for 90 days), and temperature
variation (from 25 °C to −40 °C). It seemed that as an ideal
insulating transparent elastomer, VHB not only provided
encapsulation for CCH-TENG but also conjointly prevented
the evaporation of water, which may be a general concern for
the ionic semiconducting hydrogels. Furthermore, a larger
difference in the ability to lose/gain electrons between the two
contacting materials would cause more electrostatic charges to
be generated at the interface and thus result in a higher output
VOC. Compared with paper, aluminum foil, cotton, and
polyester (PET), nylon lost electrons the easiest when in
contact with VHB, as shown in Figure S13.

Consistent with the reports in the existing literature, the
output of CCH-TENG was observed to be pressure sensitive.
Herein, a resistor (10 MΩ) was connected to CCH-TENG
(with CCH of 0.5 cm width and 2.0 cm length) to form a
loaded circuit, the voltage across the resistor was recorded with

Figure 10. (a) VOC of CCH-TENG before and after elongated motion cycles (200% strain of 800 cycles). (b) VOC of CCH-TENG before and after
storing in the dry environment (30 RH%, 25 °C) for 90 days. (c) VOC of CCH-TENG during ∼5000 cycles of contact-separation motions (for
about 2.4 h). (d) VOC of CCH-TENG measured at different environment temperatures (25 °C, 0 °C, −10 °C, −20 °C, and −40 °C).

Figure 11. (a) Various peak amplitudes of voltage across the resistor (10 MΩ) with different contact pressure applied. (b) Voltage curves across
the resistor (10 MΩ) measured at six different pressures applied on CCH-TENG with a contact-separation motion.
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different levels of pressure applied on CCH-TENG. As shown
in Figure 11a, the peak value of voltage increased linearly with
applied pressure. The sensitivity (S), typically defined as the
slope of voltage-contact pressure curve, was calculated as 0.045
kPa−1 at pressure lower than 800 kPa, and was 0.001 kPa−1 at
pressure between 800 and 10000 kPa; the lowest pressure
detection limit was about 0.4 kPa. As shown in Figure 11b,
within a wide pressure range, CCH-TENG presented no
obvious hysteresis or attenuation as a tactile sensor. These
results demonstrated the great potential of CCH-TENG as a
highly stretchable and transparent multifunctional device for
future integrated intelligent wearable electronics.

4. CONCLUSIONS
In summary, a series of carboxymethyl chitosan/allyl glycidyl
ether conductive hydrogels (CCHs) with multiple cross-
linking networks were constructed by a one pot method.
Covalent cross-linking was introduced by the grafting reaction
of allyl glycidyl ether (AGE) on a carboxymethyl chitosan
(CA) molecular chain, the addition reaction occurred between
the double bonds of AGE, and ionic cross-linking was
introduced by simple immersion of carboxymethyl chitosan/
allyl glycidyl ether hydrogels (CAHs) into MgCl2, CaCl2, and
ZnCl2 aqueous solutions. The obtained CAHs reflected high
transparency (transparency >96% at 550 nm), elasticity
(hysteresis ratio of 16.0%), and durability, with similar
properties for CCHs. Five molar Mg2+@Gel(CA1/AGE1.68)
even presented a freezing resistance lower than −40 °C and a
high conductivity of 1.48 S m−1 at 25 °C and 0.47 S m−1 at
−40 °C. Meanwhile, CCHs demonstrated stable sensitivity,
high reliability, and reversible resistance transitions as well as a
fast response time and no obvious hysteresis behavior as strain
sensors in detecting finger bending, both at 25 °C and −40 °C.
The relative resistance variation of CCH strain sensors
changed linearly with tensile stain, with various gauge factors
(ranging from 0.07 to 1.99, depending on temperature and
ions soaked). Furthermore, CCH-TENG was assembled for
energy harvesting and functioned well in a wide temperature
range and demonstrated stability against multiple drawing,
long-term storage, or large quantities of contact-separation
motion cycles. CCH-TENG also had a wide pressure detection
range from 0.4 kPa to higher than 8000 kPa, which made it
sensitive to contact motion as a tactile sensor. In combination
with all the properties above, CCHs exhibited promising
applications at subzero temperatures as flexible sensors,
wearable devices, and energy harvesting devices. This work
demonstrated great sustainability in the unitization of biomass
resources and broadened the method for construction of
carboxymethyl chitosan based functional materials.
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ABSTRACT: Through a simple strategy of immersion in a mixed
solution of water/ethylene glycol (EG)/lithium chloride (LiCl), self-
healing carboxymethyl chitosan (CA) hydrogels, that is, CA/N-
vinylpyrrolidone-EG-Li+ hydrogels (CEH) with an ultra-low-temper-
ature freezing resistance below −70 °C were fabricated. The
introduction of electrolyte ions and small-molecule polyol also
made these hydrogels highly conductive (0.8 S m−1) and imparted
antidrying property to them, showing stable and reversible sensitivity
to finger-wrist bending as well as 150 cycles of stretching. Such
hydrogels also presented highly efficient self-healing ability, with a
stress−strain healing efficiency of over 90%. Furthermore, the CEH-
based sensors maintained a stable sensing performance over a wide
range of temperatures below the freezing point (from −10 to −70
°C) and exhibited stable sensitivity to temperatures with fast response and no significant hysteresis. The present work is expected to
provide a simple and sustainable route for the preparation of multifunctional antifreezing conductive hydrogels based on CA, leading
to a wide range of potential applications in soft sensor devices.
KEYWORDS: carboxymethyl chitosan, antifreezing, conductive hydrogel, sensor, self-healing, antidrying

1. INTRODUCTION
Hydrogels are physically or chemically cross-linked networks
composed of hydrophilic polymer chains with a water-rich
three-dimensional structure. To date, many advances have
been made in the study of hydrogels for wound dressing, drug
delivery, energy storage, water treatment, water-retaining of
soil, enhanced oil recovery, and even concrete admixtures.1−7

Hydrogels have a wide range of applications as sensors, such as
temperature sensors,8 strain sensors,9 gas detection sensors,10

and so forth. Among hydrogel sensors, conductive hydrogels
enable the conversion of external stimulation signals into
electrical signals, gaining the advantages of strong immediacy,
low hysteresis, high repeatability, and high stability, and have
demonstrated great potential in the fields of wearable devices,
flexible electrodes, and even artificial ionic skins. Dai and his
colleagues used butanediol (BD) and N-hydroxyethyl acryl-
amide (HEAA) monomers with a multi-hydrogen bond
structure to construct a LiCl/p(HEAA-co-BD) conductive
hydrogel as a strain sensor.11 Yang and his colleagues used
polyfunctional trypan blue (TB) as a cross-linking agent to
construct a poly(acrylic acid)-polypyrrole self-healing hydrogel
sensor for the detection of large strains and subtle vibrations.12

Liu and his colleagues introduced carbon nanotubes during the
preparation process to achieve a conductive sensing effect
(gauge factor of 5.9).13 However, traditional hydrogels

containing pure water in the matrix lose their ideal properties
at temperatures below the freezing point of water or at
excessively high temperatures, which severely limits their
applications within a certain temperature range.14−16 There has
been an increasing urgency and demand for the development
of multifunctional hydrogels that can work in a wide
temperature range, especially conductive hydrogels. In a recent
study, a mixed solution of alcohols and inorganic salt was used
to soak the hydrogel to achieve the effect of antifreeze and
conductivity. Wen and his colleagues used ethylene glycol
(EG)/water/AlCl3 to give hydrogels the antifreezing property
(−30 °C) and a sensing effect.17 Similarly, Lu and colleagues
studied a novel antifreezing system based on ice structuring
proteins where CaCl2 was introduced to enable a conductive
hydrogel with low-temperature adaptability. Supported by such
an antifreezing system, the hydrogel revealed good flexibility
(890% at −20 °C), recovery, and conductivity (0.50 S m−1 at
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−20 °C) at both room temperature and sub-zero temper-
ature.18

Natural polymers with abundance and renewability are
regarded as the most promising raw materials to replace the
traditionally non-degradable polymers. The use of natural
polymers to fabricate hydrogels is a burgeoning area of
research. As one of the most abundant natural polymers,
carboxymethyl chitosan (CA) has been widely used in various
applications.19,20 Derived from the second most abundant
natural polymer chitin, CA can be easily prepared into
hydrogels from solutions via chemical or physical cross-linking.
CA inherits the good biocompatibility, biodegradability, and
non-toxic properties of chitosan while developing new
properties with high water solubility and antibacterial proper-
ties. Furthermore, CA is an ideal raw material for preparing
self-healing hydrogels. At present, the internal self-healing
performance of hydrogels usually comes from their hydrogen
bonds, coordination bonds, ionic bonds, Diels−Alder reac-
tions, disulfide bonds, Schiff base bonds, boron-oxygen bonds,
or in a combination.21−28 A self-healing hydrogel can repair its
damage automatically and keep the structure and performance
of the material intact, thereby extending its service life;
improving the durability, safety, and reliability; and saving the
cost as well, and has become a research hotspot for scientists.
Therefore, self-healing hydrogels constructed by dynamic non-
covalent bonds (hydrogen bonds) with widely involved groups
and mild conditions and can achieve high-efficiency recovery at
room temperature have become one of the focuses in this field.
Here, multifunctional conductive CA/N-vinylpyrrolidone

(NVP)-EG-Li+ hydrogels (CEH) were prepared, with CA as
the network backbone and lithium chloride (LiCl)/EG/water
as the antifreeze medium. For the first step, CA chains were
grafted with allyl chloride (AC) and N-ethylene pyrrolidone,
which gave the CA/NVP hydrogel (CNH) self-repairing
properties at room temperature, due to the hydrogen bonds
formed by carbonyl groups of NVP. In the second step, high
transparency (89% at 550 nm), excellent antifreeze perform-
ance (below −70 °C), high-efficiency antidrying, and excellent
electrical conductivity (0.8 S m−1) were achieved by immersing
the CNH in a LiCl/EG/water solution. The resulting CEH
possessed the comprehensive properties of fast and efficient
self-healing, ultra-low-temperature antifreezing, antidrying,
high ionic conductivity, and multifunctional sensing capa-
bilities. This method would provide a practical route for the
preparation of biomass-based self-healing conductive hydrogels
for multifunctional electronic and sensing devices and showed
great potential for the sustainability and utilization of biomass
resources.29−34

2. EXPERIMENTAL SECTION
2.1. Materials. CA (BR, water soluble, degree of deacetylation was

90%) was purchased from Shanghai Macklin Biochemical Technology
Co., Ltd (China); AC (98%, contains 600 ppm propylene oxide
stabilizer) was provided by Shanghai Aladdin Biochemical Technol-

ogy Co., Ltd (China); NVP (99.5%) was provided by Shanghai
Merrill Chemical Technology Co. Ltd.; LiCl (AR 99.0%) and EG
were provided by Tianjin Yongda Chemical Reagent Co., Ltd.;
ammonium persulfate (APS) and MgCl2·6H2O were purchased from
Aladdin Reagent Co., Ltd. The reagents were used without further
purification.

2.2. Fabrication of CEH. The antifreezing-conductive CEHs were
synthesized using a simple one-pot method. CA was dissolved in
deionized water, followed by the addition of AC; the molar ratio of
AC to amino groups in CA was 1:1, and the mixture was continuously
stirred at room temperature for 2 h to conduct the substitution
reaction. After that, NVP and the thermal initiator APS were added to
the above solution and dispersed with continuous stirring and
centrifuged at a speed of 8000 rpm for 10 min at room temperature to
remove air bubbles. The precursor mixture solution was poured into a
rectangular polytetrafluoroethylene mold and placed in an oven at 60
°C for 1 h to obtain CNH. Then, the CNHs were further immersed in
a mixed solution of LiCl/EG/water to construct CEH, the mass ratio
of EG to water in a LiCl/EG/water solution was 2:1. CNH samples
were marked as GEL(CA1/NVPx), CEH samples were marked as
GEL(CA1/NVPx-EG-YLi+), where x was the molar ratio of NVP to
amino groups in CA, and Y was the volume molar concentration (M
or mol L−1) of LiCl in the EG/water mixed solvent. Sample codes of
CNHs and their corresponding raw material ratios are shown in Table
1.

2.3. Characterization. CNH samples were freeze-dried for
Fourier transform infrared spectroscopy (FT-IR), thermogravimetric
analysis (TGA), and wide-angle X-ray diffraction (WAXD). For FT-
IR tests, samples were scanned in the range of 500−4000 cm−1 using a
VERTEX 70 infrared spectrometer (Bruker, Germany). TGA
measurements were conducted on a TGA 550 thermal analyzer
(Nctzsch, Germany) in nitrogen at a scan heating of 10 °C min−1

from 30 to 700 °C. The crystal pattern of CNHs were determined by
WAXD, on a XD-2X/M4600 X-ray diffractometer, the tube voltage
was set as 40 kV, the tube current was 35 mA, and the scanning speed
was 2° min−1 within the 2θ range between 10 and 70°.
The water loss tests of CNH and CEH samples were carried out at

relative humidity (RH) around 40% and a temperature around 30 °C.
The saturated MgCl2 solution was put into a DZF-6020 vacuum-
drying oven (Kangheng Instrument Co., Ltd.) to achieve constant
temperature and RH conditions for the water evaporation experiment
of CNH and CEH samples. The real values of RH and temperature
were measured to be 43% and 33 °C, respectively, using a commercial
TH101B thermometer and hygrometer (Guangdong Medex Instru-
ments Co., Ltd.). The real-time weight of the hydrogel sample was
recorded hourly. The water loss rate was calculated by eq 1

W W Wwater loss rate ( )/0 0= (1)

where W′ refers to the real-time weight of the hydrogel and W0′
represents the initial weight of the hydrogel. Hydrogel samples were
weighed and recorded until the weight was constant. At least three
parallel samples were tested to prevent accidental errors.
Swelling ratios of the CEHs were measured by a gravimetric

method. Samples were immersed in deionized water at 30 °C for 57 h
and weighed. The swelling ratio was calculated according to eq 2

W W Wswelling ratio ( )/1 0 0= (2)

where W1 refers to the real-time weight of the hydrogel and W0
represents the initial weight of the hydrogel.

Table 1. Sample Codes of CNHs and Corresponding Raw Material Ratios

sample codes CA/g H2O/g AC/g NVP/g APS/g weight ratio of carbon in dry/%

GEL(CA1/NVP1) 1.36 10.0 0.4235 0.478 0.018 52.15
GEL(CA1/NVP2) 1.36 10.0 0.4235 0.956 0.028 55.39
GEL(CA1/NVP3) 1.36 10.0 0.4235 1.434 0.037 57.31
GEL(CA1/NVP4) 1.36 10.0 0.4235 1.912 0.047 58.58
GEL(CA1/NVP5) 1.36 10.0 0.4235 2.390 0.056 59.48
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The molecular structure of the compound originated from 1H
nuclear magnetic resonance (1H NMR) spectra recorded on a Bruker
AV 600 M spectrometer (Germany) using deuterated DMSO and
heavy water as a solvent.
Cross-section and surface scanning electron microscopy (SEM)

images of freeze-dried CNHs were taken with field-emission scanning
electron microscopy [FE-SEM (Zeiss, SIGMA, Germany)] operating
at an acceleration voltage of 5 kV. When measuring the pore size of
the freeze-dried CNHs, all pores in a SEM image were employed. At
least 200 pores in several SEM images were employed in calculating
the number average pore size and its distribution. The number
average diameter was calculated by eqs 3 and 4

D ND N/i i iN = (3)

1
N 1

D D 2( )
i 0

n

i N=
= (4)

where DN is the number-average diameter, Ni is the number of pore
with a diameter of Di, σ is the standard deviation of the calculated
pore size, and N is the total mesh number involving calculation. Thus,
the pore size is defined as DN ± σ.
Rheological behaviors of the original hydrogel and self-healed

hydrogel were analyzed with a DHR-2 Rheometer (TA Waters, USA)
by using a parallel plate geometry with a diameter of 8 mm. The
storage moduli (G′) and loss moduli (G″) of the hydrogel were tested
by frequency scanning.
The optical transmittances of CNH and CEH samples were

scanned within the wavelength of 400−800 nm using a UV-2550
ultraviolet−visible spectrophotometer (Shimadzu Corporation,
Japan).

Figure 1. (a) Schematic diagram of CEH. (b) FT-IR spectra of pure CA and freeze-dried GEL(CA1/NVP5) washed with ET or not. (c) XRD, (d)
TGA, and (e) derivative thermogravimetry curves of pure CA and CNHs.
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For tensile tests, all hydrogel samples were cut into a rectangular
shape (5 cm in length, 1 cm in width, and 0.5 cm in height). The tests
were performed using a universal testing machine (Shimadzu AGS-X,
Japan), and the deformation rate was set to be 5 mm min−1.
Dynamic mechanical properties of CEHs were tested using a

dynamic thermomechanical analyzer (Netzsch DMA 242C, Ger-
many) in the temperature range of −80 to 25 °C at a heating rate of
10 °C min−1, in an inert gas medium with a flow rate of 60 mL min−1.
CEHs were also characterized using a differential scanning calorimeter
(NETZCH DSC, Germany). The differential scanning calorimeter
was operated under a 60 mL min−1 nitrogen flow rate. Samples were
first equilibrated at 25 °C, then cooled at a rate of 5 °C min−1 to −70
°C, and then back to 25 °C.

2.4. Electric Conductivity and Characterization of CEH-
Based Sensors. The conductivity of CEH was measured by a
UC2684A Insulation Resistance Tester (UCE Technologies, Ltd,
China) with copper foil as electrodes. Both ends of the CEH were
wrapped by a thin layer of copper foil and fixed with insulating tape to
ensure a good contact, and the CEH sample was directly used as a
strain sensor (9 cm in length, 1 cm in width, and 0.5 cm in thickness).
In order to study the sensing behavior of the CEH strain sensor, the
sensor was fixed to a universal testing machine, and the copper wires
were connected to a resistance tester, the resistance change was
recorded by the software under 1 V, which could eliminate the
electrochemical reaction during the functioning of an ion conductor.
The tensile deformation rate was set to be 5 mm min−1 for the
standard curve of a CEH strain sensor. Furthermore, a CEH strain
sensor was fixed on the finger or wrist while being recorded by a
resistance tester to monitor the movement of different joints.
Likewise, the CEH temperature sensor was placed in a variable low-
temperature environment while being recorded by a resistance tester
to monitor the changes in resistance with temperature.35−37

3. RESULTS AND DISCUSSION
CNHs were synthesized using a one-pot method, then the
transparent antifreezing conductive CEHs were obtained by a
simple immersion strategy. For the network structure of CEH

(same as CNH) shown in Figure 1a, the substitution reaction
occurred between the amino group on the CA molecular chain
and the chloro group of AC, then the addition reaction
occurred between the double bonds of AC and NVP. As shown
in SEM images of Figure S1, the 3D network structure of the
hydrogel was constructed and all of the obtained CNHs
exhibited porous structures; with the increase of the NVP
concentration, the network structure became denser and the
pore size gradually decreased (Table S1). Such a reaction was
proved by FT-IR spectra of pure CA and CNHs before and
after being washed by EG in Figure 1b, where two
characteristic peaks were observed at 3322 and 1693 cm−1

for all three samples, corresponding to the stretching vibrations
of N−H in the amino group and the stretching vibration of
C�O in the carbonyl group, respectively. For the curves of
pure CA and GEL(CA1/NVP5), the peak at 3322 cm−1 was
significantly reduced with the addition of AC, indicating that
the substitution reaction between CA and AC. Compared with
the unwashed CNH, the peak at 1693 cm−1 of CNH washed
with ethanol (ET) was weaker but still existed, indicating that
the double bond on AC successfully reacted with the double
bond on NVP. The 1H NMR spectra of NVP, AC, CA, and
GEL(CA1/NVP1) are shown in Figure S2 (a, b, c, and d,
respectively). The characteristic peaks in Figure S2a at δ = 4.38
ppm (double-bonded proton) and Figure S2b at δ = 4.38 ppm
(double-bonded proton) disappeared in Figure S2d, indicating
the successful reaction of the double bond on NVP and AC.
The characteristic peak in Figure S2c at δ = 1.21 ppm (amino
proton) disappeared in Figure S2d, indicating that the
substitution reaction occurred successfully. As shown in Figure
1c, all the CNHs were amorphous, the same as pure CA. The
TGA results are shown in Figure 1d,e. The residual mass of
thermal decomposition increased with the increase of NVP
content, which could be explained by the calculation of weight

Figure 2. (a) Conductivity of GEL(CA1/NVPx-EG-5Li+). (b) Tensile stress−strain curves of GEL(CA1/NVPx-EG-5Li+). (c) Visible light
transparency transmittance of GEL(CA1/NVP2-EG-5Li+) and CNHs. (d) Water loss rate of GEL(CA1/NVP2-EG-5Li+) and CNHs at a RH of 43%
and a temperature of 33 °C.
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ratio of carbon element in dry CNH (in Table 1). CNHs had a
similar maximum decomposition temperature at around 250
°C, which referred to the destruction of three-dimensional
network structure of hydrogels.38

As shown in Figure 2a, the conductivity of CEHs did not
change significantly with the increase of NVP content,
indicating that the addition of NVP did not hinder the
migration of ions. For tensile properties of CEH in Figure 2b,
GEL(CA1/NVP2-EG-5Li+) showed the highest toughness
compared with other NVP ratios and thus was chosen in the
following tests. Compressive stress−strain curves of GEL-
(CA1/NVPx-EG-5Li+) are shown in Figure S3, and the
maximum compressive stress of GEL(CA1/NVP4-EG-5Li+)
was found to be 1.01 MPa. In UV−vis spectra in Figure 2c, the
transparency of CNH decreased gradually with the increase of
NVP content. Interestingly, after the CNH was soaked in the
LiCl/EG/water solution, the transparency of CEH increased
sharply to 89% or higher. A possible reason was that the
residual AC was slightly soluble in water, which led to a low
transparency of CNH, and the residual AC diffused out during
the soaking process, thereby improving the light transmittance.
As shown in Figure 2d, at a constant temperature of 33 °C and
a constant RH of 43%, all of the CNHs and GEL(CA1/NVP2-
EG-5Li+) reached the equilibrium state of water evaporation.
However, the significant difference was that CNHs had a water
loss ratio of over 75%, while GEL(CA1/NVP2-EG-5Li+) had
only 15%. The main reason was that both EG and the high
concentration of LiCl acted as excellent humectants and
prevented significant water evaporation by hydration inter-
action. This antidrying property enabled CEH to be used for a
long time in a relatively dry environment without being
concerned about the negative effects caused by water
evaporation. As shown in Figure S4, the swelling ratios of

GEL(CA1/NVPx-EG-5Li+) tended to be stable after 45 h, and
they decreased with the increase of NVP content.
As shown in Figure 3d, the cleaved CEH was tightly fitted

without external pressure or a repairing agent at room
temperature. Five minutes after the incised parts were brought
back together, the entire hydrogel could fully support its own
weight without cracking, indicating rapid self-healing. After 2 h,
the incision had basically healed, which could be proved by
stress−strain curves in Figure 3b,e.39,40 However, the incision
was not fully aligned, in which place a linear shadow could still
be seen under a microscope (Figure 3a). The same also had
self-healing properties at −35 °C. The calculation formula used
was E = S/S0 (where E is the healing efficiency, S is the stress
or strain before cutting, and S0 is the stress or strain after being
cut and then healed). The tensile stress healing efficiency was
found to be 98.28% and tensile strain healing efficiency was
98.53%. The compressive stress healing efficiency was 92.78%
and the compressive strain healing efficiency was 95.09%. As
shown in Figure 3f, the storage moduli (G) of both samples
were significantly higher than their loss moduli (G″),
indicating a typical gel behavior. The storage moduli (G′)
and loss moduli (G″) of the healed hydrogel highly overlapped
with that of the original hydrogel, indicating excellent self-
healing properties. From the above tests, it could be seen that
CEH had good self-healing properties and could perform
efficient self-healing at room temperature and low temper-
atures without additional reagents.41 CEH had been cross-
linked through hydrogen bonds to form a three-dimensional
network structure. By grafting AC and NVP on CA, a
hydrogen bond network was formed between the carbonyl
groups on CA and NVP, the hydrogen bond was dynamically
reversible and could be rebuilt at room temperature and low
temperatures, endowing CEH with the self-healing ability,
while pre-experiments showed that CA hydrogels without AC

Figure 3. (a) Self-healing behavior of GEL(CA1/NVP2-EG-5Li+) under a microscope. (b) GEL(CA1/NVP2-EG-5Li+) tensile stress−strain curves
before and after healing. (c) Self-healing mechanism of CEHs (d) Photographs showing self-healing: (i−iii) maple leaf shape, (iv−vi) square, (vii−
ix) photographs of self-healing of GEL(CA1/NVP2-EG-5Li+) at −35 °C. (e) GEL(CA1/NVP2-EG-5Li+) compressive stress−strain curves before
and after healing. (f) Storage modulus (G′) and loss modulus (G″) of original GEL(CA1/NVP2-EG-5Li+) and self-healed GEL(CA1/NVP2-EG-
5Li+).
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grafting did not have self-healing properties. The self-healing,
conductive, and transparent properties of CEHs are superior to
similar hydrogel materials, as shown in Table 2.
In order to prevent the hydrogel from freezing in extremely

cold environments, this work used the synergistic effect of ion
and polyol to prepare antifreezing hydrogels.48,49 Here, EG and
LiCl were chosen because EG could form molecular clusters by
forming hydrogen bonds with water, while Li+ and Cl− could
effectively form hydrated ions, thereby remarkably reducing
the freezing point of the solvent. As shown in Figure 4a, the
GEL(CA1/NVP2-EG-5Li+) sample could be easily twisted and
bent at −70 °C, and no ice crystals were visible. In contrast,
the GEL(CA1/NVP2) sample, which was not immersed in the
H2O/EG/LiCl mixed solution and totally frozen at −70 °C
lost its transparency and became fragile. This phenomenon
directly proved the effectiveness of the antifreezing strategy of
immersing in a H2O/EG/LiCl mixed solution, through which
the CEH still maintained considerable elasticity and trans-
parency at extreme low temperatures. In order to further
investigate the mechanical properties and thermal effect of
CEHs at low temperatures, dynamic mechanical analysis
(DMA), and differential scanning calorimetry (DSC) tests

were conducted, respectively. In Figure 4b, as the temperature
continued to decrease, the modulus trends of CEHs with
different ion concentrations were basically the same, and all
CEHs remained soft over −50 °C. It could be calculated from
the curves in Figure 4b that the modulus began to rise as the
temperature went down from −56 °C, indicating the
appearance of tiny ice crystals. However, until −80 °C,
CEHs had not complete frozen yet, for the moduli were lower
than 1 MPa, suggesting a certain degree of flexibility. As shown
in Figure 4c, an endothermic peak appeared around −70 °C,
which could be the result of the appearance of tiny ice crystals.
This conclusion was consistent with the DMA test. Therefore,
CEHs had excellent performance in ultra-low temperature and
freezing resistance. The antifreezing and dry resistance
performance of CEH were superior to similar hydrogel
materials, as listed in Table 3.
The conductivity of CEHs immersed in H2O/EG/LiCl

mixed solutions with different LiCl concentrations (0, 3, 4, and
5 M) is shown in Figure 5a. CEHs containing LiCl had high
conductivity of about 0.8 S m−1, which was significantly higher
than that without LiCl (0.03 S m−1). CEHs exhibited excellent
electrical conductivity due to the free diffusion of ions in the

Table 2. Self-Healing, Transparency, and Conductive Properties of the Reported Hydrogels

samples healing efficiency (%) transparency (%) conductivity (S m−1) ref.

GEL(CA1/NVP2-EG-5M Li+) 98 89 0.8 this work
PVA-PEDOT/PSS 85 2
PVA/glycerol/NaCl hydrogels 88 35
PAA m/PAA−1.1% Fe3+/NaCl hydrogels <98 0.72 39
AAm/ChCl--MA/ChCl 94 95.1 0.04 42
(NAGA-co-AAm) (PNA) 85 0.69 43
and 92.2 0.25 44
xylan/PVA/Borax DN 85.5 45
P(AMPS-NIPAm)/CS 98.51 46
poly(vinyl/alcohol)/borax (PVA/borax) hydrogels 90 47

Figure 4. (a) Photograph of GEL(CA1/NVP2) (left) and GEL(CA1/NVP2-EG-5Li+) (right) at 16 °C and −70 °C. (b) DMA and (c) DSC
diagram characterization of GEL(CA1/NVP2-EG-Li+) after soaking in different concentrations of LiCl.
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hydrogel network. Furthermore, CEH was able to conduct self-
healing and recover the circuit and light up the LED after being
cut off, as shown in Figure 5b.52,53

Through the grafting modification of the CA chain and
simple immersing strategy in the H2O/EG/LiCl mixed
solution, CEH combined excellent electrical conductivity,
antifreezing, antidrying, and self-healing properties, making
them ideal candidates for multifunctional electrical devices. To
demonstrate the potential sensing application of CEH, it was
assembled as a strain sensor and directly connected to the test
circuit.54−56 Because CEH could be regarded as an ionic
conductive hydrogel with an electrolyte solution within the
flexible hydrogel framework, it was a macroscopic homoge-
neous conductor. The strain sensing mechanism could be
explained by the change of resistance caused by the change of
length and cross-sectional area during conductor deformation.
The relative resistance change (ΔR/R0 = (R − R0)/R0, where
R and R0 correspond to the resistances of the CEH strain
sensor with or without tensile force) were recorded as a
function of its tensile strain. As the tensile strain increased
from 0 to 130% in Figure 6a, gauge factor of the CEH strain
sensor showed a slight increase from 0.835 (strain from 0 to
70%) to 1.210 (strain from 70 to 130%). To evaluate the
practical performance, the CEH strain sensor was closely fitted
to the wrist joint and finger knuckle to detect the bending, as

shown in Figure 6b,c, respectively. As shown in Figure 2b, the
wrist joint underwent bending−releasing repetition for 8 cycles
in 20 s, and ΔR/R0 of the CEH strain sensor synchronized
perfectly with the wrist joint motions, revealing instantaneity
and good stability. Similar response behavior occurred to the
rapid finger bending−releasing repetition for 21 cycles in 20 s
(Figure 6c). As shown in Figure 6d, the detection could even
reveal more details. As the sensor stretched with different
amplitudes and was held, the ΔR/R0 reached the correspond-
ing peak levels simultaneously and remained stable, without
noise fluctuation or hysteresis and no permanent deformation.
Furthermore, because CEH could resist water evaporation
during long-term storage and could conduct self-healing, the
CEH strain sensor still functioned well after 12 h at 33 °C or
after incision and healing, as shown in Figure 6e,f, respectively.
As shown in Figure 6g, GEL(CA1/NVP2-EG-5Li+) exhibited
excellent stability at 10% strain during 150 tensile cycles. As
shown in Figure 6h, the GEL(CA1/NVP2-EG-5Li+) main-
tained excellent sensing behavior at −50 °C. Thus, the CEH
strain sensor maintained stable strain-sensitive performance
and low-temperature sensing, which could be applied as a
promising material in flexible electronics, motion monitoring,
and soft robotics.57−59

In addition to the strain-resistance response mode, the CEH
sensor could also exhibit a temperature-resistance response,
such potential was proved by Figure S5, conductivity of
GEL(CA1/NVP2-EG-5Li+) decreased with decreasing temper-
ature.60 The temperature resistance sensitivity of the CEH was
analyzed in the temperature range of −10 and −70 °C.61
Interestingly, the function relationship between the logarithm
of relative resistance [ln(R/R0)] and temperature is revealed in
Figure 7a, where R0 referred to resistance at −10 °C. It could
be observed that the cooling and heating testing curves nearly
coincide with each other. The resistance of CEH decreased
with increasing of temperature, the mechanism may be due to
the more active ion migration at higher temperatures. From the
multiple heating and cooling cycles in Figure 7b, the CEH
temperature sensor exhibited excellent circular reliability and
testing stability over a wide temperature range, with a fast
response time and no obvious hysteresis. These results
demonstrated that the CEH-based multifunctional sensor
had a stable strain and temperature sensitivity and had great
potential as a soft artificial intelligence device in the complex
temperature environment in the future.50,51,62

Table 3. Antifreezing and Dry Resistance Properties of
Reported Hydrogels

samples
freezing

temperature (°C)
balanced remaining

weight (%) ref.

GEL(CA1/NVP2-EG-
5M Li+)

−70 85 (at 33 °C) this
work

PVA−PEDOT/PSS −55 2
PAM/CMC6.6−Fe3+5‑1 −16 60 (at 35 °C) 14
PVA/GLY/WO3NC
OGHs

−40 29

PVA/H2SO4/ARS/
EG

−37 31

PAA m/PAA−1.1%
Fe3+/NaCl

−24.7 39

TA−CNT−glycerol−
PVA

−30 70 (at 25 °C) 50

PVA−B−TA−CNTs −60 78 (at 25 °C) 40
PVA−DMSO and
PVA−water

−50 51

PVA/PEO/Na CMC −70 38

Figure 5. (a) Conductivity of GEL(CA1/NVP2-EG-Li+) after soaking in 0 M, 3 M, 4 M, and 5 M LiCl. (b) Circuit includes a conductive self-
healing GEL(CA1/NVP2-EG-5Li+) hydrogel in a series with a diode: (i) original, (ii) cut off completely, (iii) room-temperature electrical healing,
(iv−vi) and circuit diagram of GEL(CA1/NVP2-EG-5Li+) before and after the diode is healed under a voltage of 5 V.
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Figure 6. (a) Resistance change ratio (ΔR/R0) as function of tensile strain applied on GEL(CA1/NVP2-EG-5Li+). A wearable hydrogel sensor to
monitor the subtle human activities such as (b) wrist bending and (c) finger bending. (d) ΔR/R0 curve as the strain changed from 10% to 60% (e)
ΔR/R0 curve after the sensor was placed for 12 h at 33 °C (f) ΔR/R0 curve as the sensor was bent 180°repeatedly at the site of healing incision. (g)
Resistivity change of GEL(CA1/NVP2-EG-5Li+) in 150 tensile cycles. (h) ΔR/R0 curve as the sensor conducting 180° bending repeatedly at −50
°C.

Figure 7. (a) Change of ln(R/R0) of the CEH temperature sensor during the heating and cooling processes. (b) ln(R/R0) of the CEH temperature
sensor was tested for multiple cycles between −10 and −70 °C.
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4. CONCLUSIONS
In conclusion, a highly ionic conductive carboxymethyl
chitosan hydrogel was prepared using water/EG/LiCl as the
antifreezing and conductive media. The CEH hydrogel
[GEL(CA1/NVP2-EG-5Li+)] maintained a high flexible
performance and visual transparency (transparency over
80%) at an ultra-low temperature (−70 °C), which might be
beneficial to its application in a low-temperature environment
widely. Due to the existence of hydrogen bonds between the
carbonyl groups on CA and NVP, CEHs had efficient self-
healing properties (repair efficiency up to 98%). The
introduction of EG/water not only improved the antifreezing
performance of CEHs but also possessed excellent antidrying
performance. In addition, GEL(CA1/NVP2-EG-5Li+) also
showed high ionic conductivity (0.8 S m−1) and softness,
which could be used as a stable and reliable strain sensor for
detecting human movements on fingers and wrists. Meanwhile,
due to the temperature sensitivity and fatigue resistance of
GEL(CA1/NVP2-EG-5Li+) at a low-temperature environment,
the hydrogel could be used as a small temperature sensor with
a fast electrical signal response. Combining the above
advantages, such multifunctional CEH is believed to have
great potential for application in wearable devices and
temperature sensors.
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ABSTRACT: By a simple strategy of immersion in a CaCl2
solution, carboxymethyl chitosan hydrogels exhibited ultralow-
temperature freezing resistance below −50 °C. In addition, the
introduction of electrolyte ions endowed the hydrogels with
electrical conductivity, showing stable and reversible sensitivity to
human activity, such as finger bending, pressing, and pharyngeal
swallowing. The conductive carboxymethyl chitosan hydrogels
could even be assembled into a two-dimensional integrated array of
contact sensors, which successfully perceived the contour and
pressure distribution of an object with a certain resolution. These
transparent biological-based antifreezing conductive hydrogels are
promising to find applications in integrated wearable sensing
devices under extremely low temperature environments.

KEYWORDS: carboxymethyl chitosan, antifreezing, biobased material, conductive hydrogel, sensor

1. INTRODUCTION

Intelligent wearable electronic devices have attracted growing
attention due to their broad application prospects in the fields
of sensors, soft robots, touch panels, and electronic skins,
which put forward a higher request for flexible electronics, such
as environmental compatibility, durability, and strong integra-
tion compatibility.1−8 However, it remains a challenge to
balance these requirements with the desirable function
performance. Hydrogels are a kind of water-rich material
composed of hydrophilic polymer chains with a three-
dimensional cross-linked network. The polymer network
enables hydrogels to have mechanical properties similar to
solids, while the aqueous media give hydrogels fast diffusion
performance similar to liquids. These characteristics make
hydrogels the most potential raw material for flexible
electronics.9,10

However, at subzero temperatures, a traditional conductive
hydrogel with pure water will inevitably freeze, losing its
flexibility, optical transparency, and conductivity, which
seriously affects its applications at low temperatures.11,12

Therefore, it is urgent and necessary to develop conductive
hydrogels with antifreezing properties that can work in a wide
low-temperature range. In recent part of studies, a glycol/water
binary system has been employed to replace a pure water
medium, giving the hydrogels certain freezing resistance and
stable flexibility at temperatures as low as −40 °C.12 However,
polyols are poor solvents for metal salt ions and are not
favorable for the construction of ionic conductive hydrogels,
which affects the conductivity of hydrogels to some

extent.13−15 In other studies, carbon nanotubes or graphene
oxides were introduced into hydrogels to achieve high
electrical conductivity, but optical transparency was thus
sacrificed.16,17 Inspired by the survival strategies of hardy
plants, people spread salt on roads in winter to melt snow and
ice. Ionic conductive hydrogels containing a large amount of
polyelectrolytes or additional salts have attracted considerable
attention due to their characteristics of oriented transport of
free ions similar to those of biological systems, which generally
meet the requirements of high optical transparency and high
conductivity. Morelle and co-workers introduced calcium ions
into the hydrogel, which not only improved its mechanical
properties but also endowed it with excellent antifreezing
properties.18 The strategy of reducing the freezing point of
water by utilizing the colligative property of ionic compounds
can both solve the problems of the limited application of
hydrogels in low-temperature environments and the limited
conductivity. At present, this salt-inducing strategy of
preventing hydrogels from freezing has been developed to a
certain extent, but the antifreezing effect at ultralow temper-
atures (such as −45 °C or lower) still remains a challenge that
has rarely been achieved.19−21 In this work, a conductive
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hydrogel that could remain unfrozen at ultralow temperatures
(−50 °C) was successfully realized using carboxymethyl
chitosan as the network skeleton that was rich in hydrophilic
groups and aqueous CaCl2 as an antifreezing agent.
Natural polymer-based hydrogels are considered one of the

promising materials to replace traditional nondegradable
polymer hydrogels due to their multiple advantages such as
the abundance of raw materials, reproducibility, biocompati-
bility, and biodegradability.22 Carboxymethyl chitosan (CA),
an important derivative of chitosan, is a kind of amphoteric
polyelectrolyte and has nontoxicity and high biocompatibility.
CA exhibits excellent hydrophilic properties, and thus it is easy
to disperse in the water phase and has a wider range of pH
adjustment.23,24 According to previous reports, CA is usually
used as a filler to enhance mechanical strength to prepare
hydrogels, but the application and properties of hydrogels with
high CA contents as the basic skeleton are rarely reported in
the literature.25,26

Here, in this work, a simple method was used to design a CA
hydrogel with freezing resistance at ultralow temperatures. The
CA powder was dissolved in water to prepare a homogeneous
solution, and pure CA hydrogels were directly obtained by
chemical cross-linking with epichlorohydrin (ECH). The ionic
conductive hydrogels were prepared by simply immersing the
pure CA hydrogel into the calcium chloride (CaCl2) aqueous
solution. The CA0.5:1−3 M Ca2+ conductive hydrogel had an
electrical conductivity of more than 0.12 S m−1 and high
transparency (>90% at 550 nm). It could work at an ultralow
temperature of −50 °C without freezing and did not lose
elasticity and optical transparency.27 The sensors based on
CA0.5:1−3 M Ca2+ conductive hydrogels presented stable
sensitivity and reliability with no obvious hysteresis or
attenuation in human motion detection. The CA0.5:1−3 M
Ca2+ conductive hydrogels could even be assembled into a
two-dimensional integrated array contact sensor, which
successfully perceived the contour and pressure distribution
of the object with a certain resolution. The present method
gave a simple and practical way for the preparation of the
antifreezing conductive hydrogel for applications in multifunc-
tional electronic and sensory devices and also demonstrated
great potential in sustainability and utilization of biomass
resources.

2. MATERIALS AND METHODS
2.1. Materials. Carboxymethyl chitosan (CA) with a degree of

deacetylation above 90% (Brookfield viscosity was 75−80 mPa s (1%
w/w, in water, 25 °C)) was purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. (China). Calcium chloride
(CaCl2) (99% metals basis) was supplied by Shanghai Macklin
Biochemical Technology Co., Ltd. (China). Epichlorohydrin (ECH)
(99% metals basis) was provided by Shanghai Aladdin Biochemical
Technology Co., Ltd. (China). All reagents were of analytical grade
and used as received without further purification.
2.2. Preparation of Carboxymethyl Chitosan (CA) Hydro-

gels. CA was dispersed in deionized water and stirred at room
temperature to obtain a homogeneous solution with a concentration
of 10 wt %. The amount of ECH added was adjusted to obtain a series
of mixed solutions with different cross-linking ratios. The resulting
mixture was continuously stirred for 15 min and centrifuged at a
speed of 8000 rpm for 5 min at room temperature to remove air
bubbles. The obtained transparent and viscous mixed solution was
poured into a poly(tetrafluoroethylene) mold (10 mm in width, 50
mm in length, 3 mm in height) for a rectangular shape or
polypropylene mold (15 mm in diameter, 10 mm in height) for a
cylindrical shape. The mixed solution in the mold was covered with

glass and placed at 27 °C, 60% relative humidity for 9 h, to control the
evaporation rate of water during chemical cross-linking. The obtained
hydrogels were directly removed from the mold for characterization
without further treatment, marked as CAx:1 (x represents the molar
ratio of the dehydrated glucose unit of CA to the cross-linking agent
ECH, abbreviated as the CA/ECH ratio, valuing from 4 to 0.5); the
detailed ratios of raw materials used in preparation are listed in Table
S1.

2.3. Fabrication of CA−Ca2+ Hydrogels. The obtained CA
hydrogels were directly soaked in a CaCl2 aqueous solution at 37 °C
for 24 h to reach the equilibrium of the salt inside the hydrogels.
Afterward, the obtained hydrogels were used as the conductive
hydrogel, marked as CAx:1−y M Ca2+ (y represents the concentration
of CaCl2 aqueous solution, ranging from 1 to 4 M).

2.4. Assembly and Sensing Test of CA−Ca2+ Hydrogel-
Based Sensors. For the tension sensor and pressure sensor, one
piece of the rectangular-shaped CA0.5:1−3 M Ca2+ hydrogel was
sandwiched between two transparent dielectric layers (VHB 4905,
3M), and the conductive copper tape was attached to the surface of
the hydrogel; a copper electrode and wires were also used in the
connection test circuit. The surface of the CA hydrogel was carefully
wiped and dried with nitrogen gas for 1 min before attachment to
copper tape to ensure full contact.

Furthermore, a two-dimensional integrated array contact sensor
was designed. Cylindrical-shaped CA0.5:1−3 M Ca2+ hydrogels were
fixed on an insulating substrate board to form a 5 × 5 planar array,
and each of them was connected into an independent loop and their
real-time resistances were recorded by software.

The response-resistance change was measured in various tension
and pressure sensing experiments on a UC3545 Insulation Resistance
Tester (UCE Technologies., Ltd., China). The voltage applied was
kept below 1 V during the whole testing process to eliminate the
electrochemical reaction on the electrode. Here, conductive hydrogels
were homogeneous networks containing electrolyte solutions, which
could be regarded as uniform conductors. Thus, the electric
conductivities of CA−Ca2+ hydrogels were measured on the
UC3545 Insulation Resistance Tester (UCE Technologies., Ltd.,
China). The voltage applied was kept below 1 V during the whole
testing process to eliminate the electrochemical reaction on the
electrode. The ionic conductivity (S m−1) of the hydrogel was
calculated according to eq 1.

L A Rconductivity /( )= × (1)

where L (m) is the length of the hydrogel and A (m2) is the cross-
sectional area of the hydrogel.

The resistance change rate was calculated as eq 2

R R Rresistance change rate / 100%0 0= | − | × (2)

where |R − R0| refers to the resistance change (ΔR), while R and R0
correspond to the real-time resistance and the original resistance,
respectively.

2.5. Characterizations. Infrared absorption spectra of CA raw
materials and CA hydrogels were determined on a VERTEX 80FT-IR
spectrometer (BRUKER, Germany), in the range of 450−4000 cm−1,
with a resolution of 4 cm−1. The thermal decomposition behavior of
CA raw materials and CA hydrogels was characterized using a
Discovery TGA-550 (TA Instruments), at the temperature range from
30 to 700 °C and a heating rate of 10 °C min−1. The crystals of CA
raw materials and CA hydrogels were determined by X-ray diffraction
(XRD, SmartLab), in the continuous scanning mode from 10 to 50°.
Samples used for FT-IR, TG, and XRD tests were freeze-dried in
advance and stored in a dryer. The optical transmittance of the CA−
Ca2+ hydrogels with a size of 50 mm × 10 mm and a thickness of 2.5
mm was measured by a DU800 UV/visible spectrophotometer
(Beckman Coulter) in the range from 200 to 800 nm. Swelling ratios
of the CA hydrogels were measured by a gravimetric method. Samples
were immersed in deionized water at 30 °C for 72 h and weighed. The
swelling ratio was calculated according to eq 3

W W Wswelling ratio ( )/1 0 0= − (3)
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where W1 is the weight of the CA hydrogel that had reached swelling
equilibrium and W0 is the weight of the same CA hydrogel that was
thoroughly dried.28

The water loss test of the CA hydrogels was conducted under a
relative humidity of 30−50% and a temperature of 30 °C. The real-
time weight of the hydrogel sample was recorded per hour. The water
loss ratio and swelling ratio could synergistically characterize the
cross-linking density of the CA hydrogels. The water loss ratio was
calculated by eq 4

W W Wwater loss ratio ( )/0 0= ′ − ′ ′ (4)

where W′ refers to the real-time weight of hydrogel and W′0
represents the initial weight of the hydrogel.
Compressive and tensile tests of CAx:1−3 M Ca2+ hydrogels were

performed using an MTS universal testing machine with a 250 N load
cell. The deformation rates of rectangular-shaped samples in tensile

tests and cylindrical-shaped samples in compression tests were both 5
mm min−1. All of the mechanical tests were repeated more than three
times.

The dynamic mechanical behaviors of CA0.5:1 and CA0.5:1−3 M
Ca2+ hydrogels were measured by a dynamic mechanical analyzer
(Netzsch DMA 242C) in the temperature range from −75 to 25 °C,
the heating rate was 3 °C min−1, and the frequency was 1 Hz. Test
samples had a rectangular shape with dimensions of 9 mm in length, 7
mm in width, and 2 mm in thickness. The hydrogel samples used for
DMA and DSC tests required no additional treatment and were
directly used for testing. The storage modulus (G′) was determined
and recorded versus temperature during the tests. CA0.5:1 and CA0.5:1−
y M Ca2+ hydrogels were also characterized by differential scanning
calorimetry (DSC, NETZCH, Germany) at a nitrogen flow rate of 60
μL min−1. The samples were first cooled from 25 to −70 °C at a rate
of 5 °C min−1, then kept at −70 °C for an hour to ensure that the

Figure 1. Preparation and network structure of CA−Ca2+ hydrogels.

Figure 2. (a) FT-IR spectra, (b) XRD profiles, (c) TGA weight loss curves, and (d) derivative curves of CA raw material and CA hydrogels with
different CA/ECH ratios.
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sample was completely cooled, and then back to 25 °C at a rate of 1
°C min−1.

3. RESULTS AND DISCUSSION

Simply, as shown in Figure 1, the antifreezing conductive CA−
Ca2+ hydrogels were prepared in three steps: CA was dissolved
in deionized water, then the cross-linking agent ECH was
added to conduct chemical cross-linking, and finally, the Ca2+

ions were introduced into the hydrogel by simple immersion.
Since CA had excellent solubility in the neutral water system,
the CA chains were well dispersed. In the FT-IR spectra in
Figure 2a, the characteristic band at around 3498 cm−1 was
attributed to the stretching vibration of O−H groups on the
CA chain, and the intensity absorption band at around 2902
cm−1 was attributed to the asymmetrical stretching vibration of
C−H. The peaks at 1425 and 1598 cm−1 were assigned to the
stretching vibration of CO (symmetric) and CO
(asymmetric), respectively. The FT-IR spectra of CA hydro-
gels showed that as the content of the chemical cross-linking
agent (ECH) increased, the absorption band from 3760 to
3003 cm−1 widened, which was attributed to a large number of
O−H generated in the reaction of CA and ECH. Compared
with the FT-IR spectrum of CA raw material, the characteristic
bands of −OH in the spectrum of CA hydrogels shifted to a
lower wavenumber, which may be due to the decrease in the
number of the formed hydrogen bonds caused by the
consumption of carboxylate ions in cross-linking, similar to
the results previously reported in the literature.29 A new peak
appeared at 1731 cm−1 because the COO− bond was
formed by the substitution of ECH and C = OOH.30 With the
decrease of the CA/ECH ratio, the COO− peak increased
and the asymmetric tensile vibration peak of the CO group
gradually moved from 1731 cm−1 to a higher wavenumber. In
summary, it was proved by FT-IR spectra that COOH
groups on glucopyranose units participated in the chemical

cross-linking initiated by ECH; one of the possible cross-
linking patterns is shown in Figure 1.
To understand the crystal structural changes, XRD patterns

of CA raw material and CA hydrogels are shown in Figure 2b.
All of the diffraction patterns of CA hydrogels showed broad
peaks from 15 to 30°. CA raw material was amorphous due to
the deacetylation and carboxymethylation of chitin, and CA
hydrogels maintained the amorphous structure after chemical
cross-linking, indicating a soft mechanical property. The TGA
and loss derivative cures of CA hydrogel networks are shown in
Figure 2c,2d; all samples showed three stages of thermal
degradation. The first stage of weight loss, which occurred at
30−200 °C, corresponded to the slow pyrolysis, associated
with the volatilization of water. The second stage, which
occurred at 200−355 °C and which was the fastest among the
whole weight loss process, was attributed to the broken CA
macromolecule chains.31 The thermal decomposition temper-
ature of CA hydrogels in this stage increased from 258.69 to
285.80 °C with an increase of ECH. The increase of cross-
linking agents caused a denser network, which made it difficult
for the destruction and decomposition of CA chains. All CA
hydrogels with analogous carbon chain skeletons had a similar
trend of the curve under the maximum weight loss temper-
ature.
High transparency allows hydrogels to carry out functions

without blocking optical signals, expanding potential applica-
tions in smart devices such as tunable optics and local tactile
devices that place transparent ion conductors in optical
paths.32 Figure 3a shows the visual appearance of CA
hydrogels and corresponding UV transmission spectra. CA
hydrogels demonstrated excellent transparency, transmittance
at 550 nm reaching more than 90% (Table S2), due to the
homogeneous structure, which verified the high uniformity of
CA in the dispersion and cross-linking reaction process. As
shown in Figure S1, the water loss ratio of hydrogels with

Figure 3. (a) UV−vis transmission curves of CA hydrogels, (b) swelling ratios, (c) conductivities of CA0.5:1 hydrogels soaked in different
concentrations (1−4 M) of CaCl2, and (d) writing picture of CA0.5:1−3 M Ca2+as a touch-screen pen.
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higher contents of CA would relatively decrease because there
were more hydrogen bonds and electrostatic interactions
between CA chains. However, when the CA/ECH ratio
reached 4:1, the three-dimensional network structure was too
loose to block the evaporation of water. The swelling behaviors

of CA hydrogels are shown in Figure 3b. Generally, the
swelling behavior of hydrogels depends on the cross-linking
density. As water molecules invade the gel network in the
aqueous environment, the hydrophilic network skeleton will
swell and disperse, but the covalent cross-linking points cannot

Figure 4. Mechanical properties of CAx:1−3 M Ca2+ hydrogels: (a) photograph of CA0.5:1−3 M Ca2+ when it was reversed (i) and folded (ii) and
(b) representative tensile stress−strain curves, (c) toughness, and (d) Young’s modulus of CAx:1−3 M Ca2+ hydrogels.

Figure 5. (a) DMA curves of CA0.5:1 and CA0.5:1−3 M Ca2+ at the temperature range from 25 to −75 °C, (b) DSC curves of CA0.5:1 and CA0.5:1−
Ca2+ at the temperature range from 25 to −75 °C, and (c, d) photographs of CA0.5:1 and CA0.5:1−3 M Ca2+ bending at −50 °C, respectively.
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be destroyed by water. For CA0.5:1 hydrogels, CA had fully
reacted with the cross-linking agent, the network was the
densest, and thus, the swelling ratio was the lowest. CA0.5:1
hydrogels were taken as an example and were immersed in
different concentrations of calcium ions to obtain antifreezing
property and electrical conductivity. As shown in Figure 3c, the
conductivity of the hydrogel achieved maximum (0.129 S m−1)
at a CaCl2 concentration of 3 M and decreased to 0.082 S m−1

when the concentration reached 4 M. It was because the
hydrogel shrank at excessively high ion concentrations due to
water loss in osmosis and the polymer network became denser,
which hindered the free movement of ions. Furthermore, the
ionic conductive CA0.5:1−3 M Ca2+ could be used as a touch-
screen pen, as shown in Figure 3d.
The above results showed that a series of highly transparent

CA hydrogels were successfully prepared. By soaking the CA
hydrogel in a solution of calcium chloride, the toxic residual
cross-linking agent was removed, while at the same time giving
the hydrogel excellent freezing resistance and electrical
conductivity. In Figure 4a, the CA0.5:1−Ca2+ hydrogel could
be twisted and folded easily without fracture, showing excellent
flexibility. The typical tensile stress−strain curve and relevant
mechanical parameters of CAx:1−3 M Ca2+ hydrogels are
shown in Figure 4b−d. In Figure 4b, CA0.5:1−3 M Ca2+ showed
the strongest toughness. Young’s modulus played a key role in
reflecting the cross-linking density of hydrogel network. As
shown in Figure 4c, Young's modulus of CAx:1−3 M Ca2+

hydrogels decreased with an increase of the CA/ECH ratio. In
addition, toughness was also an important parameter, which
could be obtained by calculating the area of the stress−strain
curve. However, with the continuous increase of the CA/ECH
ratio, CA−Ca2+ hydrogels became soft and weak, their
toughness and tensile strength decreased, while elongation at
break increased, which might due to the lower cross-linking
density.33 However, after the introduction of high concen-
trations of calcium ions, the cross-linking density of the
polymer network is strong, and the contrast CA0.5:1 shows
higher strength (Figure S4), which was known from the
previously reported literature that the introduction of high
contents of calcium ions would coordinate with amino and
carboxyl groups in the polymer network to provide certain
cross-linking sites, thus increasing the strength of hydrogels.34

It could be seen from Figure S3 that the electrical resistivity
of CA0.5:1−3 M Ca2+ hydrogel gradually decreases as the
temperature decreases, but it still had certain conductivity at
−40 °C, indicating that the hydrogel was not frozen at this
temperature. DMA curves in Figure 5a showed the mechanical
behavior of CA0.5:1 and CA0.5:1−Ca2+ hydrogels at subzero
temperatures. When the temperature decreases from 0 °C, the
storage modulus (G′) of the CA0.5:1 began to increase sharply
because of the crystallization behavior of water. It was worth
noting that only a slow increase occurred to the G′ of the
CA0.5:1−3 M Ca2+ hydrogel in the range from 25 to −75 °C,
which maintained high flexibility, indicating its excellent
antifreezing property at extremely low temperatures. Fur-
thermore, DSC was used to measure the freezing temperature
of CA0.5:1−Ca2+ hydrogels. Due to the interaction between
hydrophilic groups on CA and water molecules, CA0.5:1 showed
a freezing temperature of −20 °C, lower than that of pure
water. With the increase of the molar concentration of the
introduced calcium ions, the freezing temperature of CA0.5:1−
Ca2+ hydrogels shifted from −27 to −51 °C. It is worth noting
that when the concentration increased to 4 M, the peak of the

heat flow curve disappeared. The result demonstrated that the
introduced inorganic salt ions successfully inhibited the
freezing behavior of water through the colligative properties
of substances, which was consistent with the law mentioned in
the literature. Especially, at high ion concentrations, most
water molecules were involved in the formation of hydrated
ions, while the free water content was low, making it difficult to
form large ice cores, which effectively prevents the freezing of
hydrogels.35 As shown in Figure 5c, under −50 °C, CA0.5:1−3
M Ca2+ could still maintain certain flexibility and withstand
various deformations, such as bending and stretching, without
any damage, while CA0.5:1 became rigid and could not be bent.
No obvious ice crystals could be observed on the surface of
CA0.5:1−3 M Ca2+, while CA0.5:1 lost optical transparency.
Here, CA0.5:1−3 M Ca2+ was compared with other antifreezing
hydrogels, and the results are listed in Table 1.

The relationship between the ΔR/R0 of CA0.5:1−3 M Ca2+

and different strain levels was investigated to discuss the
application prospect of CA0.5:1−3 M Ca2+ as wearable sensors.
A certain linear relationship between the resistance change of
CA0.5:1−3 M Ca2+ and the degree of deformation is shown in
Figure 6b. The reduction of cross-sectional area and the
increase of length during the stretching process of CA0.5:1−3 M
Ca2+ led to an increase in the resistance of this conductor. The
slope of the curve that represents the gauge factor was
calculated as 0.2253 within the strain range. The results
indicated that the CA0.5:1−3 M Ca2+ hydrogel could be
designed as a deformation sensor with resistance response; its
operating mode is shown in Figure 6a.45 In Figure 6c,d, by
attaching CA0.5:1−3 M Ca2+ to the finger joints and throat with
copper tape and wire, the tiny movements of the human body
were detected and the real-time electrical response was
displayed on the computer. It could be observed that with
the increase of angle, the change of resistance of CA0.5:1−3 M
Ca2+ also gradually increased, which showed that CA0.5:1−3 M
Ca2+ could sensitively monitor the change of slight angle of
human joints. In addition, the sensing response of CA0.5:1−3 M
Ca2+ on subtle pressures was evaluated. As shown in Figure 6e,
the CA0.5:1−3 M Ca2+ hydrogel was fixed on the PET substrate
and connected to a working circuit. Slight pressure was applied
on the surface of CA0.5:1−3 M Ca2+, and a rapid electrical

Table 1. Reported Antifreezing Properties of Hydrogels

samples
antifreezing properties

(°C) ref

CA0.5:1-3 M Ca2+ hydrogel −50 this work
PVA-TA-EGaIn hydrogel −10 36
PVA/PAA-W/G hydrogela −15 37
PGN ionic hydrogelb −20 21
CS-P(AM-co-AA) DN hydrogel −20 38
PIL gelc −20 39
Al-NC-G gelsd −20 40
PAAm/Casein hydrogel −21 41
HPMC-g-P(AM/AA/C18)−ZnCl2
hydrogele

−32 42

PVA/EMImAc/H2O hydrogel −50 43
M-PVA hydrogelf −50 44
aPVA/PAA-W(water)/G(glycerol) hydrogel. bPVA/glycerol/NaCl
gels (PNG). cPoly(1-vinyl-3-(carboxymethyl)-imidazolium). dAl-
(OH)3 nanoparticles−nanocomposites−glycerol organohydrogels.
eHydroxy propyl methyl cellulose (HPMC). fMulti-cross-linked
PVA hydrogel.
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response could be observed synchronously. In application,
encapsulation of hydrogel-based sensors with adhesive tape
could effectively prevent the influence of water evaporation
during the use of hydrogels.
As shown in Figure 7a, the columnar CA0.5:1−3 M Ca2+

hydrogel was tested for 300 compression cycles at a maximum
compressive strain of 20%, showing good stability. The curve
of hydrogel resistance change in Figure 7b with an increase of
compressive strain could be divided into three regions, and the
gauge factor of each corresponding region was calculated. The
gauge factor within 5% strain was 0.739, higher than that in
larger strain, showing additional sensitivity under tiny strain
and small pressure. Furthermore, the CA0.5:1−3 M Ca2+-based
sensor could be pixelated into a 5 × 5 pixel sensor array and
connected by a conductive copper tape. Figure 7c shows a
digital photograph of the assembled CA0.5:1-3 M Ca2+-based
array. The CA0.5:1−3 M Ca2+-based pixel sensor array was set
on the PTFE thin film substrate.46,47 When pressure with
certain two-dimensional distribution was applied to the array,
it could finely identify the position according to the resistance
change of each sensing primitive, thus clarifying the pressure
distribution and the profile of the object. As shown in Figure
7d, the resistance change at each corresponding primitive was

recorded and the pressure at each site was identified; the
sensor array accurately reproduced the outline of the pressure
applicator (palm). In this paper, the high biobased hydrogel
prepared from polysaccharide was used to monitor microstrain
and could adapt to a harsh low-temperature environment. It
was expected to have potential application prospects in
biomedical applications and other fields in the future.

4. CONCLUSIONS

In summary, a simple and facile method to prepare
antifreezing, high transparent conductive hydrogels was
proposed. The introduction of CaCl2 endowed the hydrogels
with excellent antifreezing property and highly electric
conductivity. The prepared hydrogels (CA0.5:1−3 M Ca2+)
could be kept unfrozen at −50 °C and remained highly
transparent over 90%, which is promising to extend these
applications in a low-temperature environment. In addition,
CA0.5:1−3 M Ca2+ also exhibited ionic conductivity (0.129 S
m−1) and flexibility and could be used as stable and reliable
strain sensors through the assembly of conductive tape, which
were successfully used to detect human activities, such as
different angle changes at joints and vibration changes at the

Figure 6. (a) CA0.5:1−3 M Ca2+ hydrogels are used as sensors to monitor human activity when stretched or bent; (b) resistance change ratio (ΔR/
R0) as a function of the tensile strain applied on CA0.5:1−3 M Ca2+; and wearable hydrogel sensors to monitor the subtle human activities such as
(c) finger bending, (d) pharyngeal swallowing, and (e) finger pressing.
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throat. The hydrogel with low modulus could be used in the
application of small strain sensors with a fast electrical signal
response and excellent stability. Furthermore, the CA0.5:1−3 M
Ca2+-based sensor could be pixelated into a 5 × 5 pixel sensor
array. When the pressure was applied, it could finely identify
the position according to the resistance change of each sensing
primitive and thus determine the pressure distribution and the
profile of the object. These biobased hydrogels prepared from
polysaccharides were expected to have potential application
prospects in biomedical applications and other fields in the
future.
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ABSTRACT: Two series of semi-interpenetrating network hydrogels (P(AAN-co-AAM)-SF and P(AA-co-AAM)-SF) were
constructed through one-step blending of silk fibroin with sodium acrylate or acrylic acid followed by ultraviolet (UV)-initiated free-
radical copolymerization. The resulting silk fibroin composite hydrogels exhibited excellent mechanical properties due to the semi-
interpenetrating network hydrogel formed by sodium polyacrylate and silk fibroin. Specifically, the P(AAN-co-AAM)-SF hydrogel
showed a high fracture stress of 1.01 MPa, an elongation at break of 2000%, a high compressive strength of 17 MPa, and could be
compressed up to 200 cycles without damage. Compared with other silk fibroin hydrogels, this work was in a leading position in
terms of mechanical properties and antidrying ability. In addition, silk fibroin-based hydrogels showed no cytotoxicity, certain UV-
shielding ability, and were specifically poured into pig tracheal sections, indicating the potential for future use as biological materials.
KEYWORDS: silk fibroin-based hydrogel, semi-interpenetrating network, dry resistant, high strength and toughness

1. INTRODUCTION

Silk is a kind of precious animal-originated protein that
consists of 18 amino acids.1 Among the main components of
silk, silk fibroin (SF) accounts for about 70 wt %, while sericin
accounts for about 25 wt %. With its unique fiber structure,
skin affinity, and medical efficacy, SF has been used in high-
value-added products and functional materials such as
anticoagulant equipment, water-retaining materials, artificial
tendons, wound protection accessories, beauty and healthcare
products, decorative coatings, etc.2,3 In frontier researches, SF
has been designed to form a hydrogel, which aims to fully
develop its plasticity, biocompatibility, and application in tissue
engineering, drug delivery, biosensors, cell culture, and artificial
skin.4,5 Kaplan et al. realized the sol−gel transition of SF
solution by pH or temperature controlling and ultrasonic
treatment;6,7 the compressive stress of the obtained SF
hydrogel was 2.8 MPa.8−10 However, the poor mechanical
properties of SF gels limited their applications.
To further improve the mechanical properties of SF

hydrogels, varied strategies have been applied such as semi-
interpenetrating networks (SIPN),11−13 double cross-linking

networks,14 nanocomposite hydrogels,15 microgel-reinforced
hydrogels,16 and polyelectrolyte hydrogels.17 Kundu et al.
reported an SIPN hydrogel made of silk fibroin/polyacryla-
mide, and its compressive strength was 0.2 MPa.18 Lu et al.
reported a light-cured silk fibroin hydrogel and reached a
compressive strength of 0.6 MPa.19 Khademhosseini et al.
developed a light-curing interpenetrating polymer network
(IPN) hydrogel based on methacrylic gelatin and silk fibroin,
with a compressive strength of 0.07 MPa.12 Furthermore, SF
has been blended with various synthetic polymers like
poloxamer 407, polyurethane, poly(vinyl alcohol) (PVA),
and natural macromolecules like gelatin, collagen, elastin,
etc.20−22 Although much progress has been made in the
mechanical enhancement of silk fibroin-based hydrogels, the
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mechanical properties of the resulting hydrogels are still
insufficient for practical application.
Among these strategies, the semi-interpenetrating network

(SIPN) leads to improved mechanical strength due to the
synergy between the two polymers,23−25 which has received
widespread attention for its simple preparation and the ability
to preserve the characteristics of different polymers.9,20 In this
study, two series of semi-interpenetrating network hydrogels
were constructed through one-step blending of silk fibroin with
sodium acrylate or acrylic acid followed by ultraviolet (UV)-
initiated free-radical copolymerization. The obtained SF
composite hydrogels comprehensively showed improved
strength and toughness due to the entanglement between SF
chains and the copolymerization cross-linking network.
Furthermore, the constructed SF composite hydrogels
exhibited remarkable nondrying ability and the potential of
future replaceable regenerated tissue. In particular, the P(AAN-
co-AAM)-SF composite hydrogel could be injected into a
predetermined model, and it was expected to develop into
functional materials with a specific shape.

2. MATERIALS AND METHODS
2.1. Materials. Bombyx mori cocoons were obtained from the

silkworm gene bank (Southwest University, Chongqing, China).
Anhydrous calcium chloride, sodium acrylate (AAN), and acrylamide
(AAM) were purchased from Aladdin Industrial Corporation
(Shanghai, China). Acrylic acid (AA), 2-hydroxy-4′-(2-hydroxye-
thoxy)-2-methylpropiopheno (KA), and dialysis tubes were purchased
from Solarbio Science & Technology Co., Ltd. (Beijing, China). All
reagents except B. mori cocoons were analytical level (Analytical
Reagent, AR) and used without further purification.
2.2. Preparation of a Silk Fibroin Solution. Silkworm cocoons

were boiled at 100 °C for 30 min in a 0.1 M sodium carbonate
aqueous solution to remove the sericin. The obtained degummed silk
was rinsed and dried in an oven at 60 °C for 12 h to get silk fibroin
(SF) protein.26 The dried SF was dissolved in a 9.3 M LiBr aqueous
solution at 60 °C with continuous stirring for 4 h, and the obtained
solution was dialyzed against deionized (DI) water for 3 days and
centrifuged (at 8000 rpm, 10 min); the final concentration of SF was
adjusted to 8 wt % for hydrogel preparation, which was determined by
weighing the remaining solid after drying.27

2.3. Fabrication of SF Composite Hydrogels. Two series of SF
composite hydrogels were prepared using the “one-step” method.
Here, P(AA-co-AAM)-SF was taken as an example to briefly introduce
the preparation process. Various amounts of deionized (DI) water
were added to the SF solution to form a series of homogeneous
aqueous solutions with various SF concentrations (2, 4, 6, and 8 wt
%). Then, AAM, PAA, and KA (ultraviolet-light initiator) were added
to the SF solutions to reach the concentration of 7, 5, and 0.001 M,
respectively. The mixture solutions were gently stirred by a magnetic
stirrer at 30 °C for 15 min to prevent air bubbles. Afterward, the
solution was introduced into the mold and irradiated by UV light
(365 nm wavelength, 1 J m−2; UVP CL-1000) at room temperature
for 5 min to complete photoinitiated polymerization.
2.4. Scanning Electron Microscopy (SEM) Observation. The

SF composite hydrogels were cut into small pieces and quickly frozen
in liquid nitrogen before freeze-drying at −80 °C. A Hitachi S-4800
SEM was used to observe the morphology of the prepared samples
under a voltage of 10 kV.
2.5. Wide-Angle X-ray Diffraction (XRD). The crystalline

properties of the SF composite hydrogels were tested by XRD
(XD-2X/M4600, China). The tube voltage was set as 40 kV, 35 mA
for tube current, and 2° min−1 for scanning speed. For all freeze-dried
samples, XRD diffracted grams were recorded in the 2θ range
between 10 and 70°.
2.6. Mechanical Properties. The mechanical properties of SF

composite hydrogels were determined by an AGS-X electronic tensile

machine (Shimadzu, Japan) at a deformation rate of 5 mm min−1 in
air at room temperature. All of the tests were repeated at least five
times, and the environmental temperature and humidity were
obtained under the same conditions. Before the tensile test, SF
composite hydrogels were trimmed to a rectangular shape (50 mm ×
10 mm × 3 mm), and tests were terminated when the fracture
occurred. For compression tests, a pre-experiment showed that no
obvious fracture happened to the cylindrical-shaped hydrogel samples
(10 mm in diameter and 30 mm in height) before 100% strain, thus
the compression tests were terminated at a 95% strain.

2.7. Rheological Tests of SF Composite Hydrogels. Dynamic
rheological tests were carried out on a TA Discovery HR-2 rheometer
with a circular parallel-plate geometry at 30 °C. The rheometer was
equipped with a Julabo FS18 cooling/heating bath that was calibrated
to maintain the temperature of the sample chamber within ±0.5 °C
difference of the set value. The storage modulus (G′) and loss
modulus (G″) of the CCH were measured at a frequency sweep mode
at an angular frequency (ω) from 0.1 to 100 rad s−1. In a pre-
experiment, the linear viscoelastic region of the hydrogel samples was
determined by the amplitude test, and thus the testing strain (γ) was
set as 1%.

2.8. Water Loss Behavior of SF Composite Hydrogels.
Certain pieces of an SF composite hydrogel were placed in an airtight
oven with constant temperature and relative humidity of 27 °C and
40%, respectively. The initial weight of the hydrogel sample was
marked as W0. The real-time weight (W) of hydrogel samples was
recorded every hour during the first 12 h, and then every 6 h for the
remaining time. Three parallel samples were measured simulta-
neously, and the water loss rate was calculated by eq 1

= − ×W W Wwater loss rate ( ) 100%/0 0 (1)

2.9. Water Swelling Performances of SF Composite Hydro-
gels. Every hydrogel sample was soaked in deionized water at room
temperature to achieve their equilibrium swelling. The weight of the
hydrogel that reached swelling equilibrium was recorded as Ws. Then,
the fully swollen hydrogel was freeze-dried and weighed as Wd. Three
parallel samples were measured simultaneously, and the equilibrium
water content was calculated according to eq 2

= −W W Wequilibrium water content ( )/s d d (2)

2.10. Ultraviolet (UV) Shielding Test of SF Composite
Hydrogels. SF composite hydrogel films with a thickness of 0.32 mm
were cast specially for the UV-shielding tests. The optical trans-
mittances of the film samples were measured in a range of 200−800
nm using a DU 800 UV−visible spectrophotometer (Beckman
Coulter).

2.11. Cytotoxicity Assay. According to the biological evaluation
of medical Devices-Part 5: In an in vitro cytotoxicity test, the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) meth-
od was applied to analyze the toxicity of an SF composite hydrogel to
L929 mouse fibroblasts. The lyophilized hydrogel samples were
cultured in serum-free Dulbecco’s modified Eagle’s medium (DMEM)
for 48 h, and the supernatant was collected and used as an extract
(extraction ratio was 0.02 g mL−1) without further dilution. L929
mouse fibroblasts that had been passaged to at least the fourth passage
were used for experimental analysis. Cells were inoculated in each well
(5 × 104 cells per well) and were incubated for 24 h. Then, 100 μL of
the extract was added to the medium and the cells were incubated for
another 24 h. After that, the MTT solution (5 mg mL−1) was poured
into each well and the cells were incubated for another 4 h. After the
supernatant was removed by centrifugation, dimethyl sulfoxide
(DMSO) was added to each well to fully dissolve the crystals. An
enzyme-linked immunosorbent assay (ELISA) microplate reader
(Thermo) was used to record the absorbance at 570 nm in each
well, and the percentage of viable cells was calculated according to eq
3

= I Icell viability (%) /sample control (3)

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.1c01670
ACS Appl. Polym. Mater. 2022, 4, 735−745

736

pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c01670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where Isample is the absorbance of the test samples and Icontrol is the
absorbance of the controlled group.14

3. RESULTS AND DISCUSSION

As shown in Scheme 1, SF composite hydrogels were obtained
via a facile and simple approach: dissolution of SF in a 9.3 M
LiBr aqueous solution, addition of a monomer (AAM along
with AA or AAN) followed by homogeneous mixing, and
photoinitiated chemical cross-linking. Particularly, the mixed
precursor solutions before UV-light curing could remain
physically and chemically stable for more than 1 week at
ambient (around 25 °C) or more than 2 months at 4 °C in a
refrigerator, which allows them to be prepared a long time in
advance rather than temporarily. In addition, the rapid UV-
light curing of SF composite hydrogels would also bring
convenience to their use. After being fully soaked and rinsed,
the weight loss of the SF composite hydrogel was less than 0.2
wt %, thus proving the sufficiency of a cross-linking reaction,
and almost no monomer remained. The proportion of the dry
weight of each monomer in P(AAN-co-AAM)-SF and P(AA-
co-AAM)-SF hydrogels is shown in Table S1.
As shown in SEM images of Figure 1, all of the obtained

P(AAN-co-AAM)-SF hydrogel series exhibited porous struc-
tures, which gave the hydrogels large deformation potential
(Figure 1a−c). For P(AAN-co-AAM)-SF0% in Figure 1a−c, it
had a loose structure consisting of large pores of a 10 μm
diameter. As shown in detailed SEM images (Figure 1d−f), the
pores were gradually filled up with the increase in the SF
concentration, which made the porous structure denser; the

same phenomenon was also observed in the P(AA-co-AAM)-
SF hydrogel series (shown in Figure S1). Therefore, adding a
proper content of SF could obtain a uniform and dense porous
structure and further improve the performance of these
composite hydrogels.
The mechanical properties of SF composite hydrogels were

significantly influenced by the SF content. Figure 2 shows the
tensile stress−strain curves of P(AAN-co-AAM)-SF and P(AA-
co-AAM)-SF hydrogels. The tensile strength of the P(AA-co-
AAM)-SF hydrogel material increased with the increase in the
SF content, which was consistent with the result of SEM
images. The silk fibroins added were attached to the skeleton
of the hydrogel, causing denser structures and could effectively
dissipate energy under stress, thereby improving tensile
properties. Figure 2a shows that the P(AAN-co-AAM)-SF8%
hydrogel had the highest tensile strength while P(AAN-co-
AAM)-SF2% had the best toughness. For P(AAN-co-AAM)-
SF2%, the elongation at break was 1978.1%, nearly 5 times that
of P(AAN-co-AAM)-SF0% (489.17%). Furthermore, P(AAN-
co-AAM)-SF8% gained the highest tensile strength of 1.01 MPa,
more than 5 times that of the strength of P(AAN-co-AAM)-
SF0% (0.18 MPa). Similar improvements also occurred in the
P(AA-co-AAM)-SF hydrogel series. For P(AA-co-AAM)-SF4%,
the elongation at break was 408.99%, nearly 4 times that of
P(AA-co-AAM)-SF0% (98.14%). The sample of P(AA-co-
AAM)-SF8% gained the highest tensile strength of 0.25 MPa,
more than 3 times that of the strength of the P(AA-co-AAM)-
SF0% hydrogel without silk fibroin (0.08 MPa). The detailed
mechanical properties of SF composite hydrogels are shown in

Scheme 1. Preparation and the Network Structure of SF Composite Hydrogels

Figure 1. SEM image of the cross-sectional morphology of P(AAN-co-AAM)-SF hydrogels. For (a)−(c) P(AAN-co-AAM)-SF0% and (d)−(f)
P(AAN-co-AAM)-SF2%, P(AAN-co-AAM)-SF4%, and P(AAN-co-AAM)-SF6%, respectively.
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Table S2. Although there was no obvious difference in the
crystal structure (shown in Figure S2), it was clear that with
the increase in the SF content, the tensile strength, elongation
at break, and toughness of two series of SF composite
hydrogels had been improved comprehensively due to the tight
semi-interpenetrating network formed by the entanglement of
silk fibroin molecules and polyacrylamide chains. In addition,
the overall tensile performance of P(AAN-co-AAM)-SF
hydrogels was better than that of the P(AA-co-AAM)-SF
hydrogel. This might be because of the formation of denser
networks during the copolymerization of P(AAN-co-AAM),

where alkaline sodium acrylate would cause the conformational
changes of silk fibroin to form a tighter structure and obtain
better mechanical properties.28

The compression behavior of SF composite hydrogels is
shown in Figure 2. The addition of SF improved compression
resistance of composite hydrogels (from 14.66 to 16.45 MPa,
for compressive strength of P(AAN-co-AAM)-SF series), which
was similar but not as significant as that of tensile performance.
It was worth noting that all of the test samples were not
damaged during the compression process, and both P(AAN-co-

Figure 2. Tensile stress−strain curve of (a) P(AAN-co-AAM)-SF hydrogels and (b) P(AA-co-AAM)-SF hydrogels. Compressive stress−strain
curves of (c) P(AAN-co-AAM)-SF hydrogels and (d) P(AA-co-AAM)-SF hydrogels. The storage modulus (G′) curve of (e) P(AAN-co-AAM)-SF
hydrogels and (f) P(AA-co-AAM)-SF hydrogels.
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AAM)-SF and P(AA-co-AAM)-SF hydrogels had extremely
high compressive strength above 15 MPa.
As shown in Figure 3e,f, the SF composite hydrogels were

typical elastic materials. When the SF content increased from 0
to 8 wt %, the storage modulus (G′) of the P(AAN-co-AAM)-
SF and P(AA-co-AAM)-SF hydrogel series was both increased
by about 10 times, which confirmed that the mechanical
properties of the semi-interpenetrating network were much
better than a single network. In addition, P(AAN-co-AAM)-SF
hydrogels generally had higher G′ values than P(AA-co-AAM)-
SF, which was consistent with both tensile and compression
tests.
The SF composite hydrogels exhibited excellent mechanical

fatigue resistance, which was confirmed by the loading−
unloading cyclic compression test. As shown in Figure 3b,d,
under the periodic strain of 80%, no substantial plastic
deformation or strength degradation occurred to the SF
composite hydrogels after at least 200 consecutive loading−
unloading compression cycles. As a comparison, when the
compression cycles went on, increasing permanent deforma-
tion could be observed both on P(AA-co-AAM)-SF0% and
P(AAN-co-AAM)-SF0%, indicating their weaker elastic resil-
ience. The photograph in Figure 4b,c shows that the
cylindrical-shaped P(AAN-co-AAM)-SF8% hydrogel immedi-
ately returned to its original shape after 200 consecutive
loading−unloading compression cycles. The shape recover-
ability of a rectangular-shaped P(AAN-co-AAM)-SF8% hydrogel
was also proved by Figure 4a,d. The P(AAN-co-AAM)-SF8%
hydrogel did not break even after being stepped on by an adult.

The hysteresis rates of SF composite hydrogels in loading−
unloading compression cycles are shown in Table S3. The
abovementioned results indicated that the SF composite
hydrogel with a semi-interpenetrating network exhibited
excellent fatigue resistance and shape recovery performance.
The improvement of mechanical properties was attributed to
the introduction of SF along with physical cross-linking,
forming a denser network structure, higher cross-linking
density, and smaller pores, which helped to avoid stress
concentration, crack propagation, and to make the hydrogel
tougher.29 SF composite hydrogels could be effectively cross-
linked and dissociated during the deformation process, thereby
effectively consuming energy. The reversible reorganization of
the silk fibroin physical network gave the hybrid semi-
interpenetrating network in SF composite hydrogels rapid
shape recovery ability and significant fatigue resistance. Here,
P(AAN-co-AAM)-SF8% and P(AA-co-AAM)-SF8% were com-
pared with other silk fibroin hydrogels, and the results are
listed in Table 1. Obviously, P(AAN-co-AAM)-SF8% and
P(AA-co-AAM)-SF8% both had a leading performance in
compression and tensile properties and mechanical durability
among the reported silk fibroin composite hydrogels,
demonstrating wider application potentials.
Generally, the hydrogel will lose water due to evaporation in

long time storage, causing degradation of physical or chemical
performance, unless it is sealed. To prevent this, nondrying or
dehydration-resisting hydrogels were developed by researchers,
the most common strategy among which was to introduce
glycerol or ethylene glycol to obtain an organic hydrogel.

Figure 3. Compressive stress−strain curves for the 1st, 100th, 200th cycle at 80% strain under loading−unloading cycles.
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However, dehydration-resisting hydrogels containing only pure
water were rarely reported. Here, in this work, the P(AAN-co-
AAM)-SF and P(AA-co-AAM)-SF hydrogels maintained over
60% of their weight after 250 h under 27 °C and 40 RH%, as
shown in Figure 5a,b, which were comparable to many of the
current dehydration-resisting hydrogels (shown in Table 2),
without the introduction of any organic liquid, preventing
potential side effects. Especially for P(AAN-co-AAM)-SF
hydrogels, water loss stabilized at 150 h, and the remaining
weight was still more than 70% at 275 h, indicating excellent
dehydration-resisting ability. For P(AAN-co-AAM)-SF, how-
ever, the water loss rate stabilized rapidly after 50 h and
stabilized after 100 h. It had to be mentioned that both
P(AAN-co-AAM)-SF and P(AA-co-AAM)-SF had water
content above 50% at initial preparation, and their equilibrium
water swelling behavior is shown in Figure 5c. The swelling
behavior of the SF composite hydrogel varied with the ratio of
the component and the addition of SF. The equilibrium water
swelling ratio of the P(AAN-co-AAM)-SF hydrogel decreased
rapidly from 120 to 33 times with the increase in the SF
content from 0 to 8 wt %, while the equilibrium water swelling
ratio of the P(AA-co-AAM)-SF hydrogel remained stable
around 5 times with the increase in the SF content from 0 to 8
wt %. The increase in the content of silk fibroin molecules in
the hydrogel structure resulted in the compactness of the
hydrogel network and the filling of the original pores, causing a
significant decrease in the swelling rate and the formation of a
dense structure between polymer chains. In the hydrogel, these
large amounts of interconnected macromolecular silk fibroin
and sodium polyacrylate also play a key role, resulting in a
rapid swelling rate and a water retention effect,46 while SF
would affect the swelling capacity of semi-interpenetrating

Figure 4. (a) P(AAN-co-AAM)-SF2% hydrogel was not broken when
stretched to the limit strain (2000.1%). P(AAN-co-AAM)-SF4% before
(b) and after (c) 500 consecutive loading−unloading compression
cycles. (d) Simulation comparison after the tensile test, with excellent
recovery. (e) P(AAN-co-AAM)-SF8% did not break even after being
stepped on by an adult man.

Table 1. Reported Mechanical Properties of the SF Hydrogel

samples compression (MPa) strain (%) tensile (MPa) elongation at break (%) cycle test (times) ref

P(AAN-co-AAM)-SF8% 15.5 not broken 0.58 380 <200 this work
P(AA-co-AAM)-SF8% 15.5 not broken 0.26 310 <200 this work
SF/CMCS hydrogela 0.14 50 <5 30
MeHA/SF hydrogelb 5 not broken 0.067 380 <5 31
SF/HA hydrogelc 0.58 80 7
SF/PL hydrogeld 0.023 60 32
EA-RSF hydrogele 1.74 not broken 0.58 95 33
SF/PVP hydrogelf 0.069 90 34
RB/SF hydrogelg 0.067 90 35
MASF hydrogelh 0.005 20 <3 36
RSF/GO hydrogeli not broken 22.02 6.35 <5 37
GelMA-SF hydrogelj 0.024 70 12
SF-GT hydrogelk 7.7 90 38
PEG-SF hydrogell 3 96 39
RSF/SDS hydrogelm 6.5 not broken 0.7 90 40
EDTA-SF hydrogeln 0.020 75 41
B1-SF hydrogelo 0.026 47 42
SF-mHA hydrogelp 0.15 70 <5 43
P75/F25 hydrogelq 0.007 70 44
BSICT-SF hydrogelr 0.77 50 <5 45

aSilk fibroin (SF)/carboxymethyl chitosan (CMCS). bMethacrylated hyaluronic acid (MeHA)/silk fibroin (SF). cSilk fibroin (SF)/hyaluronic acid
(HA). dSilk fibroin (SF)/pullulan (PL). eEnzyme and alcohol-treated regenerated silk fibroin hydrogels (EA-RSF). fSilk fibroin (SF)/1-vinyl-2-
pyrrolidone (PVP). gPhotocurable riboflavin (RB)/silk fibroin (SF). hMethacrylate silk fibroin (MASF). iRegenerated silk fibroin (RSF)/graphene
oxide (GO). jGelatin methacrylate (GelMA)-silk fibroin (SF). kSilk fibroin (SF)-gelatin-tyramine (GT). lPoly(ethylene glycol) (PEG)-silk fibroin
(SF). mRegenerated silk fibroin (RSF)/sodium dodecyl benzene sulfonate (SDS). nEthylenediaminetetraacetic acid (EDTA)-silk fibroin (SF). oB1
(liposomes)-silk fibroin (SF). pSilk fibroin (SF)/tyramine-modified hyaluronic acid (mHA). qPectin 75% (P75)/silk fibroin 25% (F25). rBinary-
solvent-induced conformation transition (SICT)-silk fibroin (SF).
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network hydrogels.21 P(AA-co-AAM)-SF hydrogels had a
similar swelling trend but had smaller ratios. In addition, the
SF composite hydrogel showed extraordinary resistance to acid
swelling, as shown in Figures S3 and S4.
Ultraviolet rays could be subdivided into UVC (100−280

nm), UVB (280−315 nm), and UVA (315−400 nm).55 In

particular, excessive exposure to UVB radiation could cause
sunburn and even skin cancer.56 UVA was once considered far
less harmful than UVB, but now it has been found to induce
skin cancer through indirect DNA damage. In addition, UVA
radiation could promote the rapid accumulation of melanin in
human skin. Current commercial sunscreen products mainly

Figure 5. Water loss rate curve of (a) P(AAN-co-AAM)-SF hydrogels and (b) P(AA-co-AAM)-SF hydrogels. (c) Equilibrium swelling ratio of SF
composite hydrogels.

Table 2. Reported Properties of Hydrogels for Drying Resistance

samples temperature (°C) humidity (RH%) time to reach stability (h) remaining weight (%) ref

P(AAN-co-AAM)-SF6% 30 40 250 75 this work
P(AA-co-AAM)-SF6% 30 40 100 62 this work
DCN hydrogela 50 20 15 60 47
CPA hydrogelb 20 50 72 60 47
PVA-B-CNT organohydrogelsc 25 32 200 52 48
AHS hydrogeld 25 32 80 20 49
EG/MoS2-PAAM-Fe3+ organohydrogele 25 40 2 75 50
MoS2-PAAM-Fe3+ hydrogelf 25 40 24 28 50
EG/H2O-based organohydrogelg 25 35 144 80 51
PGN gelh 28 40 48 60 52
iSkin hydrogeli 28 38 220 75 53
HEC hydrogelj 28 38 100 70 54
OHEC hydrogelk 28 38 100 77 54

aDual-conductive network (DCN). bCryoprotectants (CPA). cPoly(vinyl alcohol)-borate (PVA-B)-carboxylic carbon nanotubes (CNTs).
dPoly(vinylpyrrolidone) and 2,2′-azobis(2-methylpropionitrile) (AHS). eEthylene glycol (EG)/molybdenum disulfide (MoS2)-PAAM
(acrylamide)-Fe3+. fMolybdenum disulfide (MoS2)-PAAM-Fe3+ hydrogel. gEthylene glycol (EG)/H2O.

hPGN {gelatin/poly(N-hydroxyethyl
acrylamide)/glycerin}. iIonic skin (iSkin). jHydrogel electrolytes (HEC). kOrganohydrogel electrolyte of poly(2-acrylamido-2-methylpropane-
sulfonic acid)/polyacrylamide (OHEC).
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contain TiO2 or ZnO that could adequately shield UVB.57

However, due to their large optical band gap, the shielding
effect for UVA was not satisfactory. Here, the UV−vis
transmission spectra (200−800 nm) of P(AAN-co-AAM)-SF
and P(AA-co-AAM)-SF hydrogel films are shown in Figure 6.
For UVC and UVB, the P(AA-co-AAM)-SF hydrogel shielded
most of the ultraviolet light (wavelength <315 nm, trans-
mittance <0.5%). For UVA, as the SF content in the composite
hydrogel increased from 0 to 8%, the P(AA-co-AAM)-SF
hydrogel shielded more than 80% of UVA, and the SF
composite hydrogel maintained excellent visible light trans-
parency (up to 70%). The comprehensive UV-shielding rates
of SF composite hydrogels are shown in Table S4.
For the potential application of SF composite hydrogels in

medical and tissue engineering material, an in vitro cytotoxicity
experiment was conducted on the hydrogels. According to ISO
10993-5-2009, both series of SF composite hydrogels could be

considered nontoxic and highly secure since the cell survival
rate of each group was higher than 80% after 48 h compared
with the control groups (shown in Figure 7a,b).49 This
experiment preliminarily proved the feasibility of SF composite
hydrogels for biological tissue materials. Using a simple casting
method, a P(AAN-co-AAM)-SF tough hydrogel could easily be
constructed from a preprepared precursor solution into various
shapes imitating natural soft tissues, such as tendons, cartilage,
trachea, and could be customized according to individual
differences. Here, as a demonstration, a hollow-shaped
P(AAN-co-AAM)-SF6% hydrogel was obtained, simulating pig
trachea (shown in Figure 7c−e). Because of nontoxicity,
P(AAN-co-AAM)-SF6% provided great convenience for sub-
sequent animal or human tissue regeneration and organ
transplantation.

Figure 6. UV−vis transmittance curve of (a) P(AAN-co-AAM)-SF hydrogel films and (b) P(AA-co-AAM)-SF hydrogel films.

Figure 7. Cell viability of fibroblasts on SF composite hydrogels (a, b). Cast samples of trachea-shaped P(AAN-co-AAM)-SF6% (c−e).
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4. CONCLUSIONS
In this study, by incorporating silk fibroin (SF) into an
acrylamide copolymerization network, two series of strong,
tough, dehydration-resisting, and nontoxic semi-interpenetrat-
ing hydrogels were fabricated through a simple and fast “one-
step” method. Due to the semi-interpenetrating networks
(SIPN), both series of hydrogels exhibited excellent mechan-
ical properties. The P(AAN-co-AAM)-SF6% hydrogel exhibited
excellent tensile properties of 1.01 MPa and a high
compressive strength of 17 MPa. P(AAN-co-AAM)-SF2%
could reach up to 2000% elongation at break and could be
compressed up to 200 cycles without damage. In addition, SF
composite hydrogels showed noncytotoxicity and had good
resistance to dehydration. The P(AAN-co-AAM)-SF hydrogels
were proved with excellent UV-shielding ability (80% for UVA,
90% for UVB, 99% for UVC) while maintaining high visible
light transparency (up to 70%). These high-strength and high-
toughness hydrogels could be cast into a section of pig trachea.
This new type of biocompatible silk fibroin-based hydrogel
with integrated strength and toughness might be suitable for
fast and easy construction.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.1c0670.

SEM images, XRD curve, compression test curve,
compression test curve of P(AAN-co-AAM)-SF8%
after being soaked in HCl, phosphate buffer solution,
and stroke-physiological saline solution, P(AAN-co-
AAM)-SF8% soaking in NaOH solution after 3 days
and 5 days was disintegrated, weight of each monomer
in P(AAN-co-AAM)-SF and P(AA-co-AAM)-SF hydro-
gels, mechanical properties of SF composite hydrogels,
hysteresis rates of SF composite hydrogels in loading−
unloading compression cycles, and comprehensive UV-
shielding rates of SF composite hydrogels (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Yang Wang − Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Guangdong Laboratory for Lingnan Modern
Agriculture, Guangzhou 510642, China; orcid.org/0000-
0003-4239-8566; Email: wangyang@scau.edu.cn

Chaoqun Zhang − Key Laboratory for Biobased Materials
and Energy of Ministry of Education, College of Materials
and Energy, South China Agricultural University, Guangzhou
510642, China; Guangdong Laboratory for Lingnan Modern
Agriculture, Guangzhou 510642, China; orcid.org/0000-
0001-5754-8729; Email: zhangcq@scau.edu.cn,
nwpuzcq@gmail.com

Huichao Yan − Guangdong Provincial Key Laboratory of
Agro-Animal Genomics, National Engineering Research
Center for Breeding Swine Industry, College of Animal
Science, South China Agricultural University, Guangzhou
510642, China; Email: yanhc@scau.edu.cn

Authors
Qian Chen − Guangdong Provincial Key Laboratory of Agro-
Animal Genomics, National Engineering Research Center for

Breeding Swine Industry, College of Animal Science, South
China Agricultural University, Guangzhou 510642, China;
Key Laboratory for Biobased Materials and Energy of
Ministry of Education, College of Materials and Energy,
South China Agricultural University, Guangzhou 510642,
China

Yuanhao Sima − Guangdong Provincial Key Laboratory of
Agro-Animal Genomics, National Engineering Research
Center for Breeding Swine Industry, College of Animal
Science, South China Agricultural University, Guangzhou
510642, China; Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China

Zhihao Liu − Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Joint Laboratory of Guangdong Province
and Hong Kong Region on Marine Bioresource Conservation
and Exploitation, College of Marine Sciences, South China
Agricultural Universtiy, Guangzhou 510641, China

Lan Shen − Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Guangdong Laboratory for Lingnan Modern
Agriculture, Guangzhou 510642, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsapm.1c01670

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was sponsored by the Guangdong Province Science
& Technology Program (2018B030306016), the Guangdong
Provincial Innovation Team for General Key Technologies in
Modern Agricultural Industry (2019KJ133), the Key Projects
of Basic Research and Applied Basic Research of the Higher
Educa t ion Inst i tu t ions o f Guangdong Prov ince
(2018KZDXM014), the Guangzhou Municipal Key Labora-
tory of Woody Biomass Functional New Materials
(201905010005), and the Special Funds for the Cultivation
of Guangdong College Students’ Scientific and Technological
Innovation (“Climbing Program” Special Funds, No.
pdjh2020a0087).

■ REFERENCES
(1) Lee, O. J.; Lee, J. M.; Ji, H. K.; Jin, K.; Kweon, H. Y.; You, Y. J.;
Chan, H. P. Biodegradation behavior of silk fibroin membranes in
repairing tympanic membrane perforations. J. Biomed. Mater. Res., Part
A 2012, 100A, 2018−2026.
(2) Hakimi, O.; Knight, D. P.; Vollrath, F.; Vadgama, P. Spider and
mulberry silkworm silks as compatible biomaterials. Composites, Part B
2007, 38, 324−337.
(3) Zhang, Y. Q. Applications of natural silk protein sericin in
biomaterials. Biotechnol. Adv. 2002, 20, 91−100.
(4) Nagarkar, S.; Patil, A.; Lele, A.; Bhat, S.; Bellare, J.; Mashelkar, R.
A. Some Mechanistic Insights into the Gelation of Regenerated Silk
Fibroin Sol. Ind. Eng. Chem. Res. 2009, 48, 8014−8023.
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A B S T R A C T   

In this study, cellulose composite films (CCFs) were fabricated through controllable dissolution and regeneration 
process of cellulose with the addition of polyvinyl alcohol (PVA). The competition of hydrogen bond site between 
cellulose and PVA led to partial dissolution of cellulose and maintained morphology of micron fibers with width 
range from 14.55 to 16.16 μm, which served as in-situ visible light scatterers. With this unique micron structure, 
the obtained CCF exhibited high transparency up to 90.5 % at 550 nm and ultrahigh haze up to 96 %. Inter
estingly, CCF could be used as hazy and flexible substrate, such as scattering lamp covers for indoor light 
management, anti-glare screen protectors and anti-reflection layers of solar cell devices. Among them, the ef
ficiency of the solar cell device could be improved by 10.38 % with the help of a low-cost, excellent-performance 
CCF.   

1. Introduction 

Continuous developments of optoelectronics and optical devices 
require constant advancements of optical materials with combination of 
high transparency and high haze (Baek et al., 2016; Dudem et al., 2019). 
Haze is defined as the intensity percentage of forward scattered light to 
total transmitted light, where the transmitted light that scatters at more 
than 2.5◦ is defined as the forward scattered light (Zhu et al., 2013). 
Such materials are considered as light management materials, which can 
change the transmission light path while maintain the total luminous 
flux constant and can be used in various applications, such as solar cell, 
backlight unit of liquid crystal display, organic light-emitting diode light 
system, signage, etc. (Wu et al., 2015). 

Historically, glass and plastic have been extensively utilized in op
toelectronic devices because of their mechanical strengths and optical 
transparency (Bouchard et al., 2022). But the rigid characteristic of glass 
and thermal instability of plastic limited their applications. In addition, 
the non-degradability of petroleum-based plastic has raised much 
concern about environmental pollution and attracted much interest in 
the development of advanced optical materials from natural resources 
(Zhao et al., 2021). 

Cellulose is widely available, low-cost and biodegradable and can be 
used as promising alternative raw material for flexible devices with high 
transparency and haze (Guan et al., 2022; Nogi et al., 2009). As one 
common strategy, TEMPO-oxidation, mechanical stirring and high- 
pressure homogenization were employed to obtain cellulose micro/ 
nano fibers (Hou et al., 2022). Dense structure of film materials 
conducive to optical transmission was further achieved by self-assembly 
of cellulose micro/nano fibers (Chen et al., 2018). Another commonly 
used strategy to improve transmission and haze is to modify paper 
directly. The high opacity of the common paper is due to loose accu
mulation of cellulose which forms a large number of cavities that cause 
light refraction and scattering, and a certain amount of light fails to pass 
through paper (Hou et al., 2020). In order to reduce refraction and 
scattering caused by refractive index difference between air and cellu
lose, the polymer with refractive index similar to that of cellulose has 
been used as the infiltration of the mesoporous structure of paper to 
ensure less scattering at the interfaces (Reimer & Zollfrank, 2021). 
Therefore, transparent fillers are impregnated to fill the cavities, thus 
improving optical transparency of the paper while retaining its cellulose 
fibers that scatter light. However, the two mainstream processes for 
preparation of cellulose-based hazy films mentioned above have some 
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defects. The cellulose micro/nano fiber assembly process inevitably 
needs high-pressure homogenization treatment, which is limited in 
production scale and efficiency and requires a specific equipment which 
costs a lot and consumes huge energy. Paper processing and modifica
tion technologies inherit environmental problems such as large 
pollutant discharge in papermaking (Malucelli et al., 2018). 

The regenerated cellulose processes have been successfully 
commercialized and some of which have been applied to large-scale roll- 
to-roll manufacture of cellulose-based materials. Through dissolution in 
derivative or non-derivative solvents, shaping and regeneration by 
coagulation bath systems, regenerated cellulose materials with special 
forms and functions can be manufactured. So far, only a small number of 
studies have attempted to simplify the preparation of cellulose hazy 
films and to reduce energy consumption through regenerated cellulose 
process. For example, regenerated cellulose composite films with high 
haze (about 90 %) through ionic liquid (1-allyl-3-methylimidazolium 
chloride) solvent system were reported. However, these films had 
transparency no higher than 85 % (at 550 nm) (Cheng, Tian, Mi, Zheng, 
& Zhang, 2020). 

In this study, a simple and effective method to manufacture cellulose- 
based composite films with high transparency and high haze was ex
pected to be presented through the regenerated cellulose process, which 
conformed to the concepts of pollution avoiding and energy saving. 
Hydroxyl-rich PVA was added into the solvent which might compete 
with cellulose for hydrogen bond sites of hydrated solvent molecules, 
causing partial dissolution of cellulose. The effect of PVA content on the 
optical and mechanical properties of the obtained composite films was 
studied and discussed. Specially, the cellulose solvent used in this study 
was benzyltrimethyl ammonium hydroxide (BzMe3NOH) aqueous so
lution, which had been proved as recyclable solvent in the previous 
studies (Wang et al., 2018; Wang et al., 2019). This simple method might 
be conducive to the continuous large-scale roll-to-roll manufacturing of 
high transparency and high haze cellulose film which has potential ap
plications in optical and photoelectric devices. 

2. Materials and methods 

2.1. Materials 

Cellulose (wood pulp) with a certain viscosity–average molecular 
weight (Mη) of 98 kDa containing α-cellulose no less than 94.7 % was 
supplied by Hubei Chemical Fiber Co., Ltd. (Xiangfan, China) and was 
vacuum-dried at 60 ◦C for more than 24 h to remove moisture before 
use. BzMe3NOH (40 wt% aqueous solution) was purchased from 
Shanghai Macklin Biochemical Technology co., Ltd. (China). PVA with 
an average degree of polymerization of 1700 and degree of hydrolysis 
from 87.0 % to 89.0 % (Brookfield viscosity was 20.5–24.5 mPa s (4 % 
w/w, in water, 20 ◦C)) was purchased from Shanghai Titanchem Co., 
Ltd. (China). Tertiary butyl alcohol (TBA) was purchased from Fuchen 
Chemical Reagent Co., Ltd. (Tianjin, China). All reagents were of 
analytical level and were used without further purification. 

2.2. Preparation of cellulose-based composite films (CCFs) and pure 
cellulose film (CE) 

PVA was dispersed in BzMe3NOH aqueous solution (1.88 mol L− 1) 
and stirred at 75 ◦C to obtain a homogeneous solution and then cooled 
back to room temperature. The cellulose was dispersed in the prepared 
PVA solution at room temperature, the resulted mixture was stored at 
low-temperature (− 40 ◦C) for 30 min to ensure complete freezing and 
then thawed at 27 ◦C to obtain liquid mixture with cellulose concen
tration of 6 wt% (to BzMe3NOH aqueous solution). The cellulose was 
dispersed in BzMe3NOH aqueous solution (1.88 mol L− 1) directly to 
obtain a pure cellulose solution. The prepared liquid mixture was 
continuously centrifuged at 3000 rpm for 5 min at room temperature to 
remove air bubbles and was cast onto a glass plate to form a liquid layer 

with an initial thickness of 0.50 mm. Subsequently, the cast liquid 
mixture was placed without cover in an environment with a relative 
humidity of 55 % and temperature of 27 ◦C for 3 h, and then soaked in 
TBA coagulation bath for 12 h. The obtained CCFs in hydrogel state were 
washed by deionized water to remove any residual TBA or solvent and 
were fixed on a plastic plate to prevent shrinkage and air-dried at room 
temperature for 12 h to obtain CCFs in dry state. The film made by pure 
cellulose solution was coded as CE. According to the different weight 
percent of PVA to BzMe3NOH aqueous solution (valuing from 1 wt% to 
4 wt%), the obtained CCFs were coded as 1 % PVA-CE, 2 % PVA-CE, 3 % 
PVA-CE and 4 % PVA-CE respectively. Ten rectangular (10 cm wide and 
10 cm length) films were prepared for each sample and used for all tests 
and characterizations. 

2.3. Characterization 

Infrared absorption spectra of CCFs were determined on a VERTEX 
80FT-IR spectrometer (Bruker, Germany), in the range of 450–4000 
cm− 1, with a resolution of 4 cm− 1 and each group was scanned 3 times. 
A BM2100OPL polarizing microscope (POM) (Olympus Corporation, 
Japan) was used to view the images of PVA, cellulose and cellulose-PVA 
liquid mixture in BzMe3NOH, and each group was photographed under a 
certain magnification for 5 vision fields and the most representative 
result was displayed. 

The thermal stability of CCFs were tested by a Discovery TGA-550 
(TA Instruments, USA), at a heating rate of 10 ◦C min− 1 from 30 ◦C to 
700 ◦C under the protection of nitrogen with a flow rate of 60 mL min− 1, 
3 parallel samples were tested for each group. 

A DU800 UV–visible spectrophotometer (Beckman Coulter, USA) 
was used to measure the optical transmittance curves of the CCFs, in the 
range from 200 to 800 nm. The instrument to measure the haze of CCFs 
was a Haze Meter TH-100 equipped with integrating sphere to collect 
luminous flux (Hangzhou CHNSpe, China) which based on standard 
ASTM D 1003 and GB/T 2410-2008 test methods. 5 parallel samples 
were tested for each group. 

Tensile tests of cellulose films were performed using an electrome
chanical universal testing machine (MTS Systems Co., Ltd., China) with 
500 N load cell. The deformation rate of rectangular-shaped samples in 
tensile tests was 10 mm min− 1 and 5 parallel samples were tested for 
each group. 

An EVO 18 scanning electron microscope (Carl Zeiss Jena, Germany) 
was used to examine the surface and cross-sectional morphology of 
CCFs, under a voltage of 10 kV. The surface roughness was measured by 
a Dimension Edge AFM (Bruker, Germany) in tapping mode, 3 parallel 
samples were tested for each group and the most representative result 
was displayed. 

The XRD spectrogram of CCFs were recorded by a SmartLab Ultima 
IV X-ray diffraction (Rigaku Corporation, Japan), whose wavelength 
was 0.15406 nm, and the continuous scanning mode from 5◦ to 50◦. The 
degree of crystallinity (Xc) was calculated from the XRD curves with Eq. 
(1): 

Xc = Fc/(Fc +Fa)× 100% (1)  

where Fc and Fa are the areas of crystalline and non-crystalline regions 
respectively. The diffraction peaks corresponding to three main crystal 
planes of cellulose II ((1− 10) crystal plane, (110) crystal plane and (020) 
crystal plane) in XRD were integrated by peak separation method. The 
apparent crystallite size (Dhkl) of CCFs was calculated by Scherrer for
mula in Eq. (2): 

Dhkl = kλ/βcosθ (2)  

where k is generally 0.89, λ is the wavelength of the incident X-ray 
(0.15604 nm), β is the half-peak width of the diffraction peak corre
sponding to each crystal plane, and θ is Bragg angle. The CCFs used for 
the above tests were stored in vacuum oven before testing and 3 parallel 
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samples of each group were scanned. 
The current density-voltage (J-V) characteristics of dye-sensitized 

solar cells (DSSC) were measured by a Keithley 2400 source measure
ment at the temperature of 25 ± 2 ◦C and the relative humidity of 40 ±
5 %. An AM 1.5 G sunlight simulator (Pecell-L15, Japan) with 100 mW 
cm− 2 was used as the light source to simulate sunlight, and a standard 
silicon battery (BS-520, Japan) was used for calibration. 3 parallel 
samples were tested for each group. 

The light power density was measured by an OHSP-350UV Ultravi
olet Spectrum Analyzer (HopooColor, Technology Co., Ltd., China). The 
Xenon lamp light was emitted by a 350 W Xenon Lamp Light Source 
(Bocheng Photoelectric Technology Co., Ltd., China), 5 parallel samples 
were tested for each group. 

3. Results and discussions 

3.1. Preparation CCFs 

As shown in Fig. 1a, CCFs were fabricated by the dissolution- 
regeneration process through the “from bottom to top” approach. In 
Fig. S1, it was proved by visual observation that CCFs had high trans
parency and certain haze. Obviously, when CCFs were placed close to 
substrate paper, the word “transparent” could be clearly seen, indicating 

their high transparency. As CCFs were taken some distance away from 
the substrate paper, the word “transparent” on the substrate paper 
became blurred due to light scattering. The light scattering effect of 
CCFs became more and more obvious with the increase of the PVA 
content in the BzMe3NOH solution. This phenomenon was consistent 
with the test results measured by UV–visible spectrophotometer and 
haze meter. As shown in Fig. 1b, the transmittance of CE and CCFs 
remained above 86 %, which was benefitted from the strategy in pre
vious study (Wang et al., 2019). Through simple water evaporation 
induced dense packing, cellulose chains condensed to form a dense 
structure, resulting in high transmittance of CE and CCFs. As shown in 
Fig. 1c, with the increase of PVA content, the haze of CCFs increased 
significantly, eventually reaching the ultrahigh haze of 96.00 %, while 
the haze of CE prepared under the same condition was only 61.73 %. The 
ultrahigh haze of CCF was certainly caused by the addition of PVA in 
dissolution and regeneration process of cellulose. 

3.2. Microscopic morphology, XRD curves and optical performance of 
CCFs 

The effect of PVA addition on cellulose dissolution was investigated 
by POM, as the undissolved cellulose showed bright areas under the dark 
field of POM due to the birefringence effect of its crystal structure. As 

Fig. 1. (a) Schematic diagram of CCFs preparation process (taking 4 % PVA-CE for example): (i) photograph of 4 % PVA-CE with high transmittance and haze in close 
contact with letters underneath and far away from the substrate paper, (ii) photograph of 4 % PVA-CE in hydrogel state. (b) UV–vis transmission curves of CE and 
CCFs ranged from 400 to 800 nm. (c) Statistically average haze of CE and CCFs at the wavelength of 550 nm. 
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shown in Fig. 2a, 6 wt% cellulose was dissolved in 1.88 mol L− 1 

BzMe3NOH aqueous solution, and only a few bright particles were 
observed due to the polydispersity of cellulose molecular weight. 
Comparing Fig. 2b and c, substantial amount of cellulose in cellulose- 
PVA mixture dissolved during freezing-thawing while there were still 
quite a few fibrous shaped bright areas remained. Fig. S6 showed that 
only a few PVA raw material powders showed bright areas under dark 
field, but neither dissolved nor regenerated PVA showed bright areas, 
which proved that all bright fibers in Fig. 2c belonged to undissolved 
cellulose. This result suggested that the addition of PVA led to incom
plete dissolution of cellulose in the mixture. The probable reason was 
that both PVA and cellulose were rich in hydroxyl groups and could form 
large number of hydrogen bonds with solvent molecules. Since the 
initially dissolved PVA occupied a certain number of solvent molecules 
by hydrogen bonding, which was insufficient for the remaining solvent 
molecules to disrupt cellulose hydrogen bond network, causing incom
plete dissolution of cellulose. The undissolved cellulose retained its 
microfiber morphology (hereafter, CMF is used as an abbreviation of 
cellulose microfiber). In summary, the presence of CMFs was attributed 
to competitive dissolution of PVA and cellulose. During the regeneration 
process, CMFs were retained and fixed in CCFs to act as scatterers. 
Fig. 2d showed that fibrous bright areas still remained in the 4 % PVA- 
CE. In addition, refractive index of PVA was about 1.49 to 1.52, while 
that of cellulose was 1.54. This slight difference of refractive index also 
caused strong forward light scattering at the microphase interface of 
PVA and cellulose. Therefore the increase of PVA content led to the 
increase of haze (Leppänen et al., 2022). 

The addition of PVA affected not only the dissolution of cellulose, but 
also the regeneration process of CCFs. XRD curves showed the crystal
lization performance of CE and CCFs. As shown in original XRD curves in 
Fig. 3 and Fig. S3, each of the samples owned three strong peaks at 2θ =
11.8◦ (1–10 crystal plane), 20.1◦ (110 crystal plane) and 22.2◦ (020 
crystal plane), which indicated the presence of cellulose II (Pang et al., 
2014). Additionally, the insoluble cellulose in basic solvent would be 
mercerized, which would also appear as cellulose II in XRD. As shown in 
Table 1, with the increase of PVA content, the crystallinity of CCFs 
increased from 62.37 % to 74.12 %, but then decreased to 55.78 %. The 

increase in crystallinity was attributed to the increasing number of 
crystallized CMFs remained in CCFs, while the decrease in total crys
tallinity was attributed to larger presence of CMFs which destroyed the 
dissolved cellulose regeneration process by disrupting the regularity of 
self-assembly. Furthermore, Fig. 3 demonstrated four theoretical 
diffraction peaks after peak fitting, which corresponded to the crystal 
planes of (1–10), (110), (020) and the amorphous region. Notably, the 
apparent crystallite size of (020) crystal plane showed a trend of 
increasing at first and then decreasing, and the apparent crystallite size 
of 1 % PVA-CE was up to 4.34 nm, which was the highest. During the 
cellulose regeneration process, intra-plane self-assembly of cellulose 
chains (such as (1–10) and (110) crystal planes) was driven by hydro
philic hydrogen bonding, while inter-plane (020) self-assembly was 
influenced by hydrophobic stacking of glucose ring planes, resulting in 
staggered arrays of hydrogen-bonded cellulose chains along the (020) 
crystal plane (Heinze, 2015; Kolpak & Blackwell, 1976). Since hydro
phobic interaction was relatively weaker than hydrogen bonding, the 
hydrophobic accumulation of cellulose chains on (020) plane was more 
sensitive to the self-assembly environment and more easily disturbed by 
the addition of PVA chains. The results above proved that the addition of 
PVA affected the self-assembly behavior of cellulose chains during 
regeneration, which explained the decrease in crystallinity of 3 % PVA- 
CE and 4 % PVA-CE. 

The contribution of CMFs to the haze performance of CCFs was 
further illustrated by observing the surface and cross-section 
morphology through SEM, as shown in Fig. 4. Due to the loose and 
porous structure of common paper, light scattered between different 
media with different refractive indexes, resulting in low transmittance. 
However, no microscale holes but only a few CMFs were observed on the 
surface of CE, which was beneficial for the transmission of light within 
the range of 400–800 nm. After the evaporation of water, the dissolved 
cellulose concentrated to form a physically cross-linked network with a 
denser structure, resulting in homogeneous and dense surface and cross 
section of CE, as shown in Fig. 4a. Similarly, Fig. 4b to e illustrated that 
CCFs had no micro-scale pores on their surfaces. But with the increase of 
PVA content in BzMe3NOH solution, the surfaces of CCFs became 
obviously rougher. The length and width of CMFs distributed on the 

Fig. 2. (a) POM image of 6 wt% cellulose dissolved in BzMe3NOH aqueous solution after freezing and thawing. POM images of 4 wt% PVA and 6 wt% cellulose 
mixed in BzMe3NOH aqueous solution (b) before and (c) after freezing and thawing, respectively. (d) POM image of 4 % PVA-CE. 
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surface of CCFs in the same field of view were counted by software, as 
shown in Table S2. As the length of CMFs increased from 177.4 μm to 
318.6 μm and the width of CMFs increased from 14.55 to 16.16 μm, the 
haze of CCF increased from 61.73 % to 96 %. In a word, those significant 
morphological differences among CCFs and CE suggested that the exis
tence of undissolved CMFs contributed to the special optical haze of 

CCFs (Yang et al., 2018). Generally, to control the transmission haze of 
films without affecting the transparency, scatterers in materials should 
not only have refractive index different from that of the substrate, but 
more importantly, their size should satisfy the range calculated ac
cording to Michaelis scattering equation. According to the theory of 
Michaelis scattering, the forward light scattering would only affect the 
transmission haze, but would not reduce the transparency of the mate
rial, and the scattering intensity would increase with the increase of the 
size of the scatterer. 

Moreover, the cross-sectional structure of CE and CCFs showed a 
gradual and significant trend of layer stacking, indicating that the 
addition of PVA affected the internal structure of CCFs. Except for the 
undissolved CMFs, the remaining part of CCFs was composed of cellu
lose and PVA that completely dissolved and regenerated. Undissolved 
CMFs were evenly distributed in the inner part and surface of CCFs. The 
PVA, rich in hydroxyl groups, destroyed the integrity of the interlayer 
stacking of dissolved cellulose during the regeneration process and 

Fig. 3. XRD curves of CE and CCFs, including the three fitted crystal reflections and the amorphous region background.  

Table 1 
Crystallinity and apparent crystallite size of CE and CCFs.  

Sample Xc (%) Dhkl (nm) 

(1–10) (110) (020) 

CE  62.37  3.29  4.66  3.98 
1 % PVA-CE  68.58  3.19  3.84  4.34 
2 % PVA-CE  74.12  3.13  4.71  3.40 
3 % PVA-CE  69.09  3.21  4.28  3.46 
4 % PVA-CE  55.78  3.33  4.20  3.90  

Fig. 4. SEM images of surface and cross section of CCFs: (a) CE, (b) 1 % PVA-CE, (c) 2 % PVA-CE, (d) 3 % PVA-CE and (e) 4 % PVA-CE, in dry state, respectively.  
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caused the layered structure in the cross section. The CMFs and regen
erated cellulose were stacked alternately, making the surface rougher. 

To further reveal the correlation between surface morphology and 
haze, the microscopic structure of CCFs was observed. Subsequently, the 

3D AFM with 10 × 10 μm2 scan area was further magnified to analyze 
the roughness of CCFs, as shown in Fig. 5, and the corresponding root 
mean square (RMS) roughness was calculated accordingly. The 3D AFM 
measurements showed that all the CCFs had no pores with diameter 

Fig. 5. AFM 3D surface plots of upper surfaces (surface contacted with TBA coagulation bath) of CCFs: (a) CE, (b) 1 % PVA-CE, (c) 2 % PVA-CE, (d) 3 % PVA-CE and 
(e) 4 % PVA-CE, respectively. (f) AFM 3D surface plot of bottom surface (surface contacted with glass) of 4 % PVA-CE. (g) to (l) AFM topographic images of surfaces 
of CCFs, corresponding to the AFM 3D surface plot. (m) to (s) RMS roughness of CCFs, corresponding to the AFM topographic images. 
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larger than 100 nm. With the increase of PVA content, the RMS 
roughness of upper surfaces of CCFs increased from 46.0 nm to 96.4 nm, 
much smaller than the wavelength of visible light. This result could 
explain the reason why CCFs showed high optical transparency. Fig. 5a 
and g showed that CE had a smoother surface morphology than those of 
CCFs, as was consistent with the SEM images. The structure with 
rougher surface might cause stronger light scattering effect at the air- 
solid interfaces, resulting in higher haze. The addition of PVA resulted 
in the increase of insoluble CMFs destroying the continuous accumula
tion of cellulose and increasing the RMS roughness. Notably, the AFM 
image of the bottom surface (contacting with glass) of 4 % PVA-CE was 
also measured, and the difference could be clearly seen by comparing 
Fig. 5e and f. This might benefit from the flat and smooth surface of glass 
plate, which helped to form a flat surface on CCFs through template 
transfer (Yang et al., 2019). Further AFM information revealing the 
surface morphology was shown in Fig. S2. 

CCFs obtained in this study were compared with other cellulose- 
based films, considering the performances of transparency and haze, 
and the results were listed in Fig. 6 and Table S3. CCFs prepared by 
regenerated cellulose process in this study were of high transmission 
(over 86 % at 550 nm) and of high haze (up to 96 %) at the same time, 
and avoided the use of expensive equipment and high energy con
sumption during preparation. 

The mechanical properties of CCFs were shown in Fig. 7a and b. The 
addition of PVA improved the originally poor mechanical properties of 
CE. 1 % PVA-CE showed the highest toughness (up to 27.16 MJ m− 3). 
The highest self-assemble regularity of molecular chains of 1 % PVA-CE 
and the proper content of CMFs in it did not destroy its dense structure, 
thus further enhancing its mechanical property. However, as shown in 
Fig. 4, larger amount of PVA would lead to layered structure, and 
decreased the compactness of films, resulting in the decline of me
chanical properties of CCFs. 

3.3. Application simulation of high transparent and high hazy CCFs 

CCFs with high transparency and tunable haze could be used in the 
field of optics and optoelectronics for various applications, such as 
promising candidates for optical diffusors in lighting. Fig. 8a showed the 
diffusion effect of LED light source increased with the increase of the 
haze of CCFs. The corresponding pictures in Fig. 8b showed the light 
scattering effect of CE and CCFs. In comparison to the dazzling circular 
area illuminated by the bare light source, larger circular illuminations 
were formed with CCFs. The light passing through CCFs formed larger 
lighting area resulting from strong light scattering. Fig. 8b showed that 
with the increase of PVA content, the light power density demonstrated 

a declining trend because of the light scattering. Fig. S4 exhibited similar 
result that light spots behind CCFs changed from concentrated points to 
scattered ones, which visually confirmed the light scattering effect of 
CCFs. In the case of miniature indoor lighting in Fig. 8c and d, the same 
room model and xenon lamp with the same power showed different 
illumination effects. In Fig. 8d, the light source which was covered with 
4 % PVA-CE scattered light and changed the propagation path of light 
without obvious intensity attenuation. As a result, illumination area was 
increased without more energy consumption, realizing uniform illumi
nation from point to a broader area and reducing lighting dead corners. 
Hazy films could also be used for LED screen veneering of electronic 
products, which had the effects of anti-reflection and anti-glare. As 
shown in Fig. 8e, 4 % PVA-CE was placed on the touch screen of bracelet 
and showed excellent clarity and anti-glare property. These simple ap
plications indicated that CCFs with light management performance were 
beneficial to the use of display screen equipment outdoors or even in 
direct light. 

The application of hazy and transparent films could be extended to 
efficiency improvement of solar cells or other optical energy receiving 
and converting equipment. The 4 % PVA-CE with ultra-high haze had 
large light scattering angle and could transmit most of the light in the 
way of forward scattering and was suitable for optoelectronic devices 
which required high optical coupling efficiency. The 4 % PVA-CE was 
covered on the upper surface of DSSC and the schematic structure of the 
device was shown in Fig. 9a. Benefiting from scattering effect of 4 % 
PVA-CE, the light absorption at the active layer of DSSC was improved, 
as shown in the inset scheme of Fig. 9b. The characteristics of the J-V and 
other critical parameters were exhibited in Fig. 9b. More information 
about DSSC covered with CCFs was shown in Table 2 and Fig. S7. By 
covering with 4 % PVA-CE, an improvement in the output parameters of 
DSSC was observed, including a short circuit current density (Jcs) of 
16.31 mA cm− 2, an open-circuit voltage (Voc) of 0.71 V, a fill factor (FF) 
of 70.29 %. As a result, by comparing with the bare DSSC, the corre
sponding power-conversion efficiencies (PCE) was significantly 
improved by 10.38 %, from 7.42 % to 8.19 %. Those key performances 
were ascribed to the combined effect of high optical transparency and 
ultrahigh haze of 4 % PVA-CE, revealing its excellent light trapping ef
fect. In addition, simple processing methods and easy availability had 
further proved the potential of CCFs as natural polymer based functional 
materials. This work would provide a new idea for designing of biode
gradable materials and their applications in optical and photoelectric 
devices. 

4. Conclusions 

In summary, a series of CCFs with high transparency (over 86 % at 
550 nm) and ultrahigh haze (up to 96 %) were successfully prepared by a 
simple and facile method of controllable dissolution and regeneration 
process of cellulose. The introduction of PVA with large amounts of 
hydrogen bonds competed the hydrogen bond sites with cellulose, 
causing partial dissolution of cellulose that maintained the morphology 
of micron fibers with width range from 14.55 to 16.16 μm, which served 
as in-situ visible light scatterers. Thus, the prepared CCFs showed 
excellent light management performance, and the adjustable range of 
optical haze, which not only provided anti-glare management for the 
screen of an electronic equipment, but also improved the conversion 
efficiency of solar cell by 10.38 % in PCE. The present work provided a 
simple and facile strategy for manufacturing cellulose-based films with 
high transmittance and high haze. 
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Fig. 7. (a) Mechanical properties of CE and CCFs, representative stretching stress-strain curves, (b) toughness and Young's modulus.  

Fig. 8. Application demonstration of CCFs. (a) Scattering effect and (b) light power density of light source covered by with different films. The far-left was LED light 
without cover, from second to right LED were covered with CE and CCFs, respectively. Room model simulated the illuminating conditions before (c) and after (d) the 
LED light source covered with 4 % PVA-CE. (e) Anti-glare effect of 4 % PVA-CE on the screen of electronic equipment. 

Fig. 9. (a) Schematic diagram of DSSC covered with 4 % PVA-CE on the upper surface. (b) J-V curves of bare DSSC and DSSC covered with 4 % PVA-CE.  
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A B S T R A C T   

Although current technology related to transformation of carbon‑carbon double bonds and ester groups of plant 
oils into hydroxyl groups have created variety of polyols for bio-based polyurethane, the resulting polyurethane 
always demonstrated poor mechanical properties and low glass transition temperature (Tg) due to lack of rigid 
units of these plant oil-based polyols. In this study, a strategy was proposed to utilize sucrose stearates with rigid 
pyran-furan ring and flexible side chains as plant-derived polyols which long-flexible fatty acids extracted from 
vegetable oils were bound to sucrose through ester bonds. These sucrose stearates could be directly used as Plant- 
derived polyols without any modification step for introducing hydroxyl groups on fatty acid chains applied by 
traditional technology in which the residual hydroxyl groups in the sucrose unit acted as the reactive sites for the 
following polymerization. A series of sucrose stearate-based polyurethanes were synthesized by reacting sucrose 
stearates with 1,6-diisocyanatohexane in a stoichiometric ratio. The resulting polyurethane membranes showed 
high transparency (>90 %, colorless), high friction resistance (7H), high water resistance, high glass transition 
temperature (105 ◦C) and excellent mechanical performance due to synergistic effect of rigid main chains of 
sucrose and flexible side chains of stearates. This study reported a new strategy for bio-based polyols and high 
performance polyurethanes which could find potential applications as functional and renewable biomass-based 
coatings, membranes or plastics.   

1. Introduction 

The fossil fuels and their derived chemical products are significantly 
concerned due to their non-renewable nature, fluctuated prices, the 
difficulty in degradation and the environmental pollution. Poly
urethane, a polymer material synthesized from isocyanate and polyol, 
possesses exceptional physical properties and has extensive applications 
in the construction, automobile, furniture, and other industries. How
ever, it should be noted that the raw materials of traditional poly
urethane are from fossil sources. To address this issue, a range of bio- 
based chemicals from renewable resource have been developed and 
utilized. Among them, plant oils have received widespread attention due 
to their renewability, low cost and availability. [1,2] As well known, 

palm oil and soybean oil have the highest global production compared 
with other plant oils and accounted for 64 % of global production of 
plant oils. [3–6] Soybean oil has a high degree of unsaturation (about 
4.6 per triglyceride) and palm oil has a lower degree of unsaturation 
(about 1.7 per triglyceride). Both of them need to be modified into 
polyols before utilization for bio-based polyurethane through trans
formation of carbon‑carbon double bonds or ester groups of plant oils 
into hydroxyl groups. However, the above transformation needs addi
tional epoxidation and ring opening reactions and results in the gener
ation of an acidic waste stream, which raises potential safety concerns. 
[7] Additionally, unwanted by-products would compromise the purity 
and yield of product. Castor oil is the only one of the vegetable oils that 
naturally contains hydroxyl groups, making it suitable for the direct 
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production of bio-based PU foams and coatings and thus reducing en
ergy and resource consumption. [8,9] However, PU prepared from 
vegetable oil-based polyols and hexamethylene diisocyanate (HDI) 
typically have low stiffness, low glass transition temperature (Tg) and 
low Young’s modulus, which could not meet the requirements of most 
rigid materials. PUs prepared from vegetable oil-based polyols and HDI 
rarely have tensile strengths higher than 10 MPa. [10–12] Therefore, 
rigid PU materials are often obtained by reacting vegetable oil-based 
polyols with aromatic isocyanates, but aromatic isocyanate-based PUs 
have disadvantages of degradation and yellowing under UV irradiation, 
the degradation products are harmful to the human body, which limited 
the application of this PUs. [13] In addition, the chain extender can react 
with isocyanate to increase the molecular weight of the molecular chain 
extension, resulting in an increase in the hard section of the PUs. The 
chain extenders typically include diols and diamines. However, the re
action between diamine chain extender and isocyanate is more intense, 
often leading to uncontrolled production. Additionally, the extenders 
usually need to undergo pre-polymerization, making the process more 
complex compared to the one-pot method. Ultimately, the use of chain 
extenders increases additional steps and the energy consumption in the 
production process. [14–17] Overall, common vegetable oils used as 
polyols provide good hydrophobicity and flexibility to polyurethanes, 
but they have the disadvantages of insufficient hydroxyl groups, low 
reactivity, and the inherent non-rigid molecular structure of tri
glycerides, resulting in PU materials with less rigidity. Presumably, the 
long flexible fatty acids derived from plant oils attached into a rigid core 
unit instead of glycerol could be a new strategy to take advantage of 
flexible fatty acid chains and improve the rigidity of the resulting 
polyurethane. 

Sucrose, as a type of disaccharide, is a primary component of table 
sugar, and is commonly found in various parts of plants such as leaves, 
flowers, stems, seeds and fruits. In 2022, global sucrose production 
reached 1.821 million tons per year. Using sucrose as the core unit, 
sucrose stearates can be prepared through transesterification with fatty 
acid esters or plant oils, which possess exceptional properties including 
emulsification, antioxidant activities and anti-microbial activities. 
Large-scale industrial production of sucrose fatty acid esters have been 
achieved by a series of internationally renowned chemical enterprises, 
which are widely used in food additives, cosmetics and lubricants. 
[18–26] If sucrose was partly esterified and some of hydroxyl groups are 
left intact by controlling transesterification condition, the residual hy
droxyl groups in the sucrose unit could act as the reactive sites and can 
theoretically participate in the construction of bio-based PUs without 
any modification step for introducing hydroxyl groups on fatty acid 
chains applied by traditional technology. [27–31] These polyols with 
rigid pyran-furan ring and flexible side chains could overcome the 
drawbacks of traditional plant oil-based polyols for bio-based poly
urethanes with enhanced mechanical and thermo-physical properties. 

In order to verify the above assumption, the commercial sucrose 
stearate (S-170, S-270, S-370, S-770 and S-1170) with different substi
tution degree was applied to prepare polyurethanes (SS-PUs) using a 
one-step reaction with HDI. The tensile and dynamic mechanical prop
erties, thermophysical properties, hydrophobicity, gel content ratio, 
coating hardness and adhesion of the obtained SS-PUs were systemati
cally characterized. Compared to PU films prepared from palm oil-based 
polyols and HDI, the SS-PU membranes demonstrated higher cross- 
linking density, higher gel contents, higher mechanical strength, 
higher glass transition temperature, and higher transparency. The SS-PU 
coatings also exhibited certain hydrophobicity, adhesion, and hardness. 
This research expanded the range of polyols used in PU materials and 
provided new ideas for enhancing the performances of PU materials, 
which were expected to be promising in plastic and coating applications. 

2. Materials and methods 

2.1. Materials 

A series of commercial sucrose stearate raw materials, coded as S- 
170, S-270, S-370, S-770 and S-1170, were purchased from Mitsubishi 
Chemical Corporation, Japan. In all sucrose stearate raw materials, the 
proportion of stearic acid chains to all fatty acid chains was 70 %，and 
the remaining (30 %) was palmitic acid chains. HDI (99.0 %) was pur
chased from Shanghai Macklin Biochemical Technology Co., Ltd. 
Dibutyltin dilaurate (DBTDL, chemically pure) was purchased from 
Fuchen (Tianjin) Chemical Reagent Co., Ltd. Tetrahydrofuran (analytial 
reagent) was purchased from Tianjin Fuyu Fine Chemical Co., Ltd. 
Acetic anhydride (analytial reagent) was purchased from Hengyang 
Kaixin Chemical Reagent Co., Ltd. 0.5 % phenolphthalein indicator so
lution was purchased from Phygene Biotechnology Co., Ltd. Standard 
potassium hydroxide titration solution (C(KOH) = 0.5000 mol L− 1) was 
purchased from Xiamen Haibiao Technology Co., Ltd., and pyridine 
(analytial reagent) was purchased from Tianjin Fuyu Fine Chemical Co., 
Ltd. All chemicals were used without further purification except that 
sucrose stearate raw materials were vacuum dried for 12 h at 80 ◦C. 

2.2. Preparation of the sucrose stearate-based polyurethane (SS-PU) 
membranes and coatings 

For each batch of reaction, 1.00 g of sucrose stearate was dissolved in 
3.0 mL of tetrahydrofuran at 68 ◦C with continuous stirring, then a 
certain amount of HDI and 10 μL of DBTDL (as catalyst) were added for 
subsequent reaction. The mixtures were stirred at 68 ◦C for a certain 
time (the accurate HDI amount and stirring time can be seen in Table S1) 
before being poured into a mold or onto a smooth and clean surface or 
added dropwise with a plastic pasteurized straws onto a smooth and 
clean tinplate surface (120 × 50 × 0.28 mm, the tinplate was wrapped 
with rawhide tape around the circumference), and it was then placed in 
oven at 60 ◦C for 12 h to ensure sufficient curing. The exact synthesis 
parameters could be found in Table S1. The obtained SS-PUs were 
named as PU-x, where x followed the code of sucrose stearate (e.g., PU- 
170 was prepared from S-170). For coatings, the initial thickness was 
2–3 mm and the final thickness was 10–40 μm; for membranes, the 
rectangular mold was 6 cm wide and 6 cm long. Approximately 15 
membranes and 20 pieces of coating were prepared for each sample and 
used for all tests and characterizations. 

2.3. Characterization 

Infrared absorption spectra of sucrose stearate raw materials and SS- 
PUs were determined on a Nicolet IS10 spectrometer (Thermo Fisher, 
USA) under attenuated total reflection (ATR) mode. Each group of 
samples was scanned 3 times and the most representative result was 
displayed. 

For 1H NMR spectroscopy, approximately 5 mg of sucrose stearate 
raw material was dissolved in 700 μL deuterated chloroform in a NMR 
tube, and the solution were tested on a Bruker Ascend 300 spectrometer. 
3 parallel samples were scanned for each group and the most repre
sentative result was displayed. 

The molecular weight distribution curves of sucrose stearate raw 
materials were determined by a gel permeation chromatography (Wa
ters e2695) at a flow rate of 1.0 mL min− 1 (tetrahydrofuran as eluting 
solvent) at 30 ◦C. 3 parallel samples were scanned for each group and the 
most representative result was displayed. 

Hydroxyl values of sucrose stearate raw materials were determined 
using the same titration method as Unilever to calculate the amount of 
hydroxyl groups remaining on sucrose stearate. [32] 6.00 g of acetic 
anhydride and 54 g of pyridine were mixed to obtain the acetylation 
reagent. 10.00 g of the acetylation reagent was weighed in a conical 
flask, and was magnetic stirred and refluxed at 95 ◦C for 1 h, then 25 mL 
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of pyridine and 10 g of water were added and the reaction continued at 
95 ◦C for 20 min. After cooling, 4 μL of phenolphthalein was added to 
the above system and the solution was titrated using a standard potas
sium hydroxide titration solution (C(KOH) = 0.5000 mol L− 1), as blank 
sample. For polyol sample, 1.00 g of sucrose stearate was mixed with 10 
g of the acetylation reagent, and the subsequent steps, including titra
tion, were identical to those performed for the blank sample. All titration 
processes were repeated three times. The hydroxyl value (I(OH), 
mgKOH g− 1) was calculated according to the Eq. 1: 

I (OH) = [(V1 ×m2/m1 − V2)×C×MKOH ]/m3 (1)  

where V1 is the volume of potassium hydroxide solution consumed by 
the blank sample (mL), V2 is the volume of potassium hydroxide 
consumed by polyol sample (mL); m1 is the mass of blank sample added 
to acetylation reagent (g), m2 is the mass of acetylation reagent added to 
polyol sample (g), m3 is the mass of polyol added (g), C is the concen
tration of standard potassium hydroxide solution (mol L− 1), MKOH is the 
molar mass of potassium hydroxide. 3 parallel samples were tested for 
each group. 

Tensile tests of SS-PU membranes were performed using a Universal 
Tensile Machine (UTM-4204) with 500 N load cell at 26.1 ◦C, 64.1 % 
relative humidity. The deformation rate was 100 mm min− 1, and 5 
parallel samples were tested for each group. 

The optical transmittances of SS-PU membranes were measured 
using an UV-2550 UV–Visible spectrophotometer (Shimadzu, Japan) 
within the wavelength range of 200–800 nm. The instrument to measure 
the haze of SS-PU membranes was a Haze Meter TH-100 equipped with 
integrating sphere to collect luminous flux (Hangzhou CHNSpe, China) 
which based on standard ASTM D 1003 and GB/T 2410–2008 test 
methods. 3 parallel samples were tested for each group. 

SS-PU membranes were cut into rectangular shape (20 mm long, 5 
mm wide) and were tested on a Netzsch DMA 242C dynamic mechanical 
analyzer at 1 Hz and with a heating rate of 5 ◦C min− 1 from − 70 ◦C to 
150 ◦C. 5 parallel samples were tested for each group. 

About 5 mg of SS-PU piece was tested on a Perkin Elmer DSC 6000 
thermal analyzer at a rate of 10 ◦C min− 1 from − 70 ◦C to 150 ◦C. The 

glass transition temperature (Tg) is identified as the midpoint of the 
second curve after elimination of thermal history in the DSC curve. 3 
parallel samples were tested for each group and the most representative 
curve was displayed. 

Small pieces (1 cm wide, 1 cm long) of SS-PU membranes were 
extracted by a Soxhlet extractor for 48 h with tetrahydrofuran. The SS- 
PU membrane pieces after extraction was dried in an oven at 60 ◦C for 
48 h. The gel content was calculated by the Eq. 2: 

Gel content (%) = m2/m1 ×100% (2) 

m1 is the initial mass of the sample, m2 is the mass of the sample after 
extraction in the soxhlet extractor. 5 parallel samples were tested for 
each group. 

About 5–10 mg of SS-PU pieces were tested for thermo stability using 
a Wetzsch STA449C thermogravimetric analyzer, heated from 30 ◦C to 
700 ◦C at a rate of 20 ◦C min− 1. 3 parallel samples were scanned for each 
group and the most representative result was displayed. 

The contact angle of the SS-PU membranes were measured by the 
drop seat method at 25 ◦C, the SS-PU membranes were tested using a 
contact angle angular meter (Powerreach JC2000C1). 3 parallel samples 
were tested for each group and the most representative result was 
displayed. 

The SS-PU membranes were cut into square shape (1 cm wide, 1 cm 
long) for the test of water absorption ratio. Samples were immersed in 
deionized water for 72 h at 25 ◦C. The water absorption ratio (WA) was 
calculated according to the Eq. 3: 

WA = (m1 − m0)/m0 ×100% (3)  

where m0 is the initial weight of the sample, m1 is the real time weight 
and was recorded for each 12 h. 5 parallel samples were tested for each 
group. 

Fig. 1. (a) Chemical structure, (b) GPC chromatograms and (c) 1H NMR spectra of sucrose stearate raw materials, detailed 1H NMR spectra of chemical shifts at 
4.0–4.6 was shown within the blue dashed box in. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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3. Result and discussion 

3.1. Characterization of sucrose stearate raw materials 

As depicted in Fig. 1a, the flexible fatty acid chain and the rigid 
sucrose linked by ester bonds allowed for potential utilization of the 
flexible fatty acid chain while enhancing the rigidity of the sugar ring. In 
this study, we conducted a series of investigations using commercial 
sucrose stearates to verify the hypotheses mentioned above. For sucrose 
stearate raw materials, different HLB values indicated their different 
degrees of substitution and different molecular weights. Commercial 
sucrose stearates are typically mixtures of several sucrose stearates with 
different degrees of substitution. The average degree of substitution and 
specific composition of sucrose stearate were determined by GPC and 1H 
NMR, accordingly. As shown in Fig. 1b, retention times of sucrose 
stearate on GPC spectra decreased with the decrease of HLB values, 
indicating an increase in molecular weights and degree of substitutions. 
1H NMR spectra of S-170, S-270, S-370, S-770 and S-1170 were shown in 
Fig. 1c, the chemical shift of peaks of these sucrose stearate were 
essentially the same. Peaks with chemical shift value of 4.0–4.6 ppm (s- 
z) corresponded to the signal of protons on the sucrose ring, and were 
used for normalization. Peaks with chemical shift value of 0.8–1 ppm (a) 

corresponded to the terminal methyl groups of fatty acid chains on su
crose stearate of raw materials. The number of substituted fatty acid 
chains on sucrose stearates could be calculated by the number of hy
drogens on the methyl group, which allowed for the calculation of the 
average degree of substitution of sucrose stearates. [25] As the HLB 
value decreased, intensity of the terminal methyl peak (0.75–1 ppm) 
increased gradually, demonstrating an increase in the average degree of 
substitution, which verified with GPC results. Besides 1H NMR spectra, 
the average degree of substitution could also be calculated using the I 
(OH) value of sucrose stearate. Generally, the hydroxyl groups in sucrose 
stearates are consumed through an exchange reaction with the fatty acid 
ester, and the remaining hydroxyl groups can be determined by titra
tion. As shown in Table 1, sucrose stearate with lower HLB values 
exhibited lower I(OH) values and higher degree of substitution. [32,33] 
Among these sucrose stearates with different HLB values, S-170 had the 
highest average degree of substitution, with approximately 5 fatty acid 
chains substituted on the sucrose sugar ring, while the other sucrose 
stearates had less fatty acid chains (1.6–3.5) as the degree of substitution 
decreased. The differences between the two substitutions results calcu
lated from I(OH) and 1H NMR spectra were not significant, which 
indicated the reliability of these tests. 

3.2. Preparation and characterization of SS-PU materials 

Sucrose stearates were reacted with HDI at 68 ◦C for the appropriate 
times (according to Table S1) and the obtained products were then cured 
for 12 h in an oven at 60 ◦C. In Fig. 2a, the polymer chains were extended 
through urethane bonds, the rigid sugar rings of sucrose stearates 
located at the cross-linking point of the polymer networks. The cross- 
linking network structure mentioned above was confirmed by the FT- 
IR spectra shown in Fig. 2b. The absorption peaks at 2254–2256 cm− 1 

that belonged to the stretching vibration of N=C=O in the isocyanate 
could not be observed in spectra of SS-PUs, which indicated that the 
isocyanate had been reacted completely. The absorption peaks at 
3330–3350 cm− 1 belonged to the stretching vibration of the N–H bonds 
in the urethane bonds; the absorption peaks at 1540–1550 cm− 1 

belonged to the plane bending of N–H in the urethane bond; the ab
sorption peaks at 1630–1648 cm− 1 belonged to the stretching vibration 
of C––O bond in the urethane bond, the above observations provided 
evidences for the formation of urethane bonds. The absorption peaks at 
2920 cm− 1 and 2850 cm− 1 belonged to the antisymmetric and sym
metric stretching vibrations of sp3 C–H single bonds in the fatty acid 
chains. The absorption peaks at 1700–1737 cm− 1 belonged to the 
stretching vibration of the C––O bond in the ester group, which were the 
characteristic of sucrose stearates. The presence of these peaks in the 
spectra of SS-PUs confirmed that the reactions between sucrose stearates 
and isocyanate were completed. [34,35] 

The DSC and DMA test results were shown in Fig. 3. In the DSC 
curves in Fig. 3a, PU-170 and PU-270 exhibited heat-absorbing melt 
peaks before the glass transition region, while PU-370, PU-770 and PU- 
1170 showed only one glass transition region. Fig. 3b and c showed that 
PU-270 had two peaks at − 25 ◦C and 96.6 ◦C (Tgh and Tgs peaks, rep
resenting the glass transition temperatures of the hard and soft sections, 
respectively). The accumulation of grafted fatty acid chains on sucrose 
stearate caused the microphase separation of PU-270. However, for PU- 
370, PU-770 and PU-1170, the high content of rigid sugar ring resulted 
in the overlapping of Tgh and Tgs peaks within the range of 80–105 ◦C, 
forming a higher Tg. [36–38] the analysis of the DMA curves revealed 
that the SS-PU membranes were in the glassy state at temperatures 
below 95 ◦C. The E’ decreased within the temperature range of 
40–140 ◦C, which was attributed to the relaxation process of the SS-PUs. 
To further investigate the network structure of the SS-PU membranes, 
cross-linking density (Ve) of the PU membranes were calculated ac
cording to classical rubber elasticity theory in Eq. 4: 

E’ = 3VeRT (4) 

Table 1 
I(OH) values and degrees of substitution of sucrose stearate.  

Sample I(OH) 
(mgKOH 
g− 1) 

Degree of 
substitution 
(calculated from I 
(OH)) 

Degree of substitution (calculated 
from 1H NMR spectra) 

S-170 
99.77 ±
4.92 4.78 5.01 

S-270 
201.40 ±
4.71 

3.36 3.46 

S-370 338.08 ±
0.88 

2.35 2.28 

S-770 408.95 ±
3.85 

1.99 1.87 

S-1170 
463.60 ±
0.77 1.64 1.62  

Fig. 2. (a) The schematic diagram of network structure of SS-PUs. (b) FT-IR 
spectra of sucrose stearates and SS-PUs. 
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where T is the absolute temperature at Tg + 30 K, E’ is the storage 
modulus corresponding to T, and R is the gas constant, Tg in the above 
equation is derived from DMA test results. The analysis of the Ve curves 
of SS-PUs in Fig. 3c demonstrated that an increase in hydroxyl 

functionality promoted the formation of the cross-linking network. 
Additionally, the number of stearic acid side chains decreased with the 
increase of hydroxyl functionality, and the blocking effect of fatty acid 
side chains on the cross-linking network weakened accordingly, leading 
to the increase in both Ve and Tg of SS-PUs. 

Fig. 3. (a) DSC curves of SS-PUs, the glass transition temperatures were marked with numbers beside the arrows. (b) Storage modulus and (c) tan δ curves of SS-PUs 
from DMA tests. (d) Histogram of cross-linking density of SS-PUs. 

Fig. 4. (a) Photograph of PU-370 membrane and UV–vis transmission curves of SS-PU membranes ranged from 400 to 800 nm (The membrane was mainly in the 
area within the white dotted line). (b) Statistically average haze of SS-PU membranes at the wavelength of 550 nm. (c) Tensile curves and (d) gel contents of SS- 
PU membranes. 
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PU-270, PU-370, PU-770 and PU-1170 exhibited high transparency 
(>90 %) and low haze (<15 %), as depicted in Fig. 4a, Fig. 4b and 
Table S2. Different from vegetable oil-based PUs, SS-PUs were colorless, 
which might be advantageous for optical applications. Fig. 4c demon
strated that all SS-PU membranes exhibited the tensile behavior of hard 
plastics, the tensile strength increased from 6 MPa to 32 MPa as the I 
(OH) of sucrose stearate increased, while the elongations at break were 
in the range of 6 %–20 %. The results of mechanical properties of SS-PU 
membranes could be attributed to the rigid structure of sugar ring and 
increased cross-linking density. PU-170, as shown in Fig. S1, could be 
completely dissolved in tetrahydrofuran solution, indicating its non- 
cross-linked structure, for which the gel content could not be tested. 
As the I(OH) of sucrose stearate increased, a significant increase in the 
gel contents of the SS-PU membranes was observed in Fig. 4d. The gel 
content of PU-270 was only 71 %, while the gel contents of the other SS- 
PU membranes were higher than 91 %. These results suggested that as 
the average degree of substitution of sucrose stearate decreased, more 
reactive hydroxyl groups remained available for reaction with HDI, and 
the cross-linking network became more compact, resulting in the in
crease of Ve, ultimately causing a higher strength. As listed in Table S3, 
with the increase of hydroxyl value of sucrose stearate, the Young’s 
modulus of SS-PU membranes increased from 108.4 MPa to 288.4 MPa 
and toughness increased gradually from 0.2 MJ m− 3 to 6.6 MJ m− 3. 
[39,40] 

The thermal stability of the SS-PUs was analyzed using TGA, and the 
results were shown in Fig. S3. The decomposition of SS-PUs could be 

divided into three main stages. The first stage primarily indicated the 
decomposition of the urethane bond into alcohols, primary amines, 
secondary amines and carbon dioxide. [41] The second stage 
(300–460 ◦C) was attributed to the degradation of the saturated fatty 
acid chains on the sugar ring, finally above 460 ◦C the free radical 
decomposition of the polymer dominates, which led to the formation of 
methane, ethane, propane, carbon dioxide and other substances. 
[42–44] In Fig. 5a and b, the SS-PUs exhibited hydrophobicity on the 
surface (ranging from 90◦ to 110◦) and low water absorption ratio 
(lower than 6.6 wt%) which were comparable to mainstream vegetable 
oil-based PU materials, due to the presence of hydrophobic fatty acid 
chains and the depletion of hydrophilic hydroxyl groups during the re
action. [45,46] In water absorption curves of SS-PUs, three water ab
sorption stages were observed: a fast absorption stage, a slow absorption 
stage and an equilibrium absorption stage, this water absorption 
behavior was consistent with reported studies. [47] Water absorption 
properties are important for membranes and coatings, particularly in the 
field of corrosion protection, as highly absorbent materials could 
accelerate the corrosion cycle of metallic materials. Therefore, SS-PU 
membranes and coatings were advantageous for anti-corrosion appli
cations due to their hydrophobicity, high hardness, and low water 
absorption. 

Fig. 6a showed photograph of PU-1170 coating on glass surface. The 
raw materials S-370, S-770 and S-1170 could be utilized to produce SS- 
PU coatings with a certain degree of hardness (up to 7H) and trans
parency (no lower than 93.2 %), and could fulfill the requirements of 
abrasion resistance and hydrophobicity such as coatings on car window 
or electronic screens, to protect the substrates from corrosion and 
scratches. Fig. 6b demonstrated the excellent transparency of the PU- 
1170 membranes in water, allowing for clear visibility of the flower 
details, suggesting its application potentials on underwater optic de
vices. Furthermore, SS-PUs could also be processed and shaped like 
plastic material through compression molding. In Fig. S4, PU-1170 was 
molded into knife, fork and spoon shapes as representatives of daily 
plastics. SS-PUs offered promising prospects for the future application as 
membranes, coatings and plastic materials in various fields. 

Fig. 5. (a) Water contact angles and (b) water absorption curves of SS-PUs.  

Fig. 6. (a) Photograph of PU-1170 coating on high transparent glass surfaces (The coating was applied to the area within the white dotted line). (b) Flowers 
photographed through PU-1170 membrane under water. (The membrane was mainly in the area within the white dotted line). 
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4. Conclusions 

In this study, bio-based PU materials with enhanced rigidity were 
prepared using commercial sucrose stearates by a one-step reaction with 
HDI. As the hydroxyl value of sucrose stearate increased, the tensile 
strength of the SS-PUs increased from 6 MPa to 32 MPa and the elon
gation at break increased from 6 % to 20 %, the Young’s modulus also 
increased from 108.4 MPa to 288.4 MPa, and toughness increased from 
0.2 MJ m− 3 to 6.6 MJ m− 3. The high cross-linking density and the 
inherently rigid sugar ring structure, enabled SS-PUs to exhibit superior 
stiffness compared to vegetable oil-based PUs, while flexible fatty acid 
side chains endowed SS-PUs with hydrophobicity and flexibility. The 
transparent and hydrophobic structure of SS-PU membranes made them 
promising materials for underwater optics. SS-PUs could be molded into 
tableware, showing potentials of rigid plastic products for daily use. SS- 
PU coatings exhibited advantageous properties such as high pencil 
hardness, adhesion, transparency, hydrophobicity and low water ab
sorption ratio, showing potentials in metal corrosion protection, coat
ings on automobile glass windows and screen protection for electronic 
devices. This study proposed the sucrose stearates as plant-derived 
polyols that combined rigid sucrose ring and flexible fatty acid chains 
for the performance optimization of bio-based PUs. 
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A B S T R A C T

The energy-intensive and time-consuming process required for disassembling natural materials into nanoblocks 
are the major obstacles for the practical applications of biopolymer nanomaterials. Herein, a one-pot, energy- 
efficient and directional preparation method for gently exfoliating cellulose into nanosheets was achieved by 
surface modification assisted swelling process. The resulting cellulose nanosheets (CNSs) exhibited diameters 
ranging from 100 to 480 nm and thicknesses of approximately 5 nm, with a maximum yield of 97.9 %. This 
method could be widely applicable to common cellulose raw materials. Contrary to other nanocellulose reported 
previously, CNSs could be dried and stored in solid state, and re-dispersed in aqueous phase, thereby convenient 
for storage and transportation. Cellulose nanosheets films (CNSFs) obtained from CNSs showed high trans
parencies (>90 %) and excellent gas barrier properties, especially for the water vapor permeability of only 
0.0072×10− 10 cm3 cm cm− 2 s− 1 Pa− 1, which were superior to other cellulose based films. In the simulation 
experiment of dry food packaging, CNSF10 possessed remarkable water vapor and oxygen blocking capabilities 
comparable to commercial cling films and met the practical requirements. The preparing process of CNSs re
ported here had the advantages including easy implementation, energy efficiency, and environmentally 
friendliness, and expanded possibilities for large-scale and widespread utilization of nanocellulose.

1. Introduction

Nanomaterials refer to materials with at least one dimension below 
100 nm. Biomass-based nanobuilding blocks, such as cellulose nano
fibers (CNFs), chitin nanofibers (ChNFs), silk nanofibers (SNFs), cellu
lose nanosheets (CNSs), cellulose nanoparticles (CNPs) and cellulose 
nanocrystals (CNCs), have provided excellent mechanical supports, 
structural functions, and biological activities for living organisms. In 
recent years, they have been applied in a series of advanced materials 
and widely used in biomedicine, optics, energy and electronic devices 
(Bai et al., 2022; Gogurla and Kim, 2021; He et al., 2022; Pandey, 2021; 
Pritchard et al., 2022; Yan et al., 2021). Nanostructures can theoretically 
be prepared using either bottom-up or top-down approaches. The 
traditional bottom-up approaches are to synthesize nanomaterials 

through reactions occurring at the interface of two phases, which have 
faced limitations of complex synthesis processes, stringent reaction 
conditions, high cost, and low productivities. The prevalence of nano
assemblies in natural organisms makes them highly suitable for the 
preparation of nanobuilding blocks using top-down approaches, which 
is expected to achieve efficient large-scale production of organic nano
materials at a lower cost.

Nanocellulose obtained through physical, chemical, or biological 
treatments possesses non-toxicity, renewability, and degradability that 
are inherent to natural cellulose, and shows unique properties as 
nanomaterials, including high strength, low density, dimensional sta
bility and facile surface modification. The synthesis of bacterial nano
cellulose (Samyn et al., 2023), which naturally has a nanofibrous 
structure, belongs to the biologically-driven bottom-up synthesis of 
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nanocellulose and this approach is significantly limited by long pro
duction cycles, resulting in overall inefficiency as well as low yields, 
making it difficult to satisfy the demand for large-scale industrial ap
plications. Nanocellulose can also be assembled from molecularly 
dispersed (usually dissolved) cellulose under specific physicochemical 
conditions. The assembly of cellulose nanofibres and the shaping of the 
macroscopic materials are often done in one piece, while accompanied 
by the sol-gel transition. The network of cellulose nanofibers constitutes 
the main body of the macroscopic materials with high-strength and 
high-toughness properties. These processes usually include wet spin
ning, dry spinning, electrospinning, microfluidic spinning, self-assembly 
and 3D printing (Kim et al., 2024; Li et al., 2023; Pasaoglu and Koyuncu, 
2021; Ren et al., 2023), which strictly requires dissolution of cellulose, a 
step that is essential but undoubtedly will introduce additional cost. 
There are two mainstream top-down methods for preparing nano
cellulose. One is the hydrolysis of the amorphous cellulose region using 
acids or enzymes to obtain cellulose nanocrystals, which has disadvan
tages including the risk of equipment corrosion, difficulty in recovering 
degraded monosaccharides, and low utilization of raw materials 
(Barbash and Yashchenko, 2020; Zhang et al., 2020). The other method 
is chemical modification pretreatments followed by mechanical 
post-treatments like high-pressure homogenization, ultra-sonication, 
steam explosion or ball milling (Mehanny et al., 2021; Rashid and 
Dutta, 2020; Wang et al., 2019a; Wu et al., 2021). Due to the strong intra 
and inter molecular interactions of cellulose, it is difficult to directly 
deconstruct natural cellulose into nanocellulose by a one-step method, 
leading to the requirement of combining pretreatment and mechanical 
post-treatment under existing technical conditions. However, the me
chanical post-treatments are generally energy intensive and time 
consuming. The dependence on expensive specialized equipment, high 
cost and low stripping efficiency hinders the large-scale production and 
wide application of nanocellulose and other biomass-based nano
building blocks (Huang et al., 2024; Song et al., 2018). Nevertheless, 
existing research progress still provided useful inspirations, that the key 
to obtaining nanocellulose by exfoliating natural cellulose lay in the 
efficient methods to weaken the hydrogen bonding network, disrupt 
advanced structures and further reducing cohesion of cellulose. Chang 
et al. used alkali/DMSO systems as a swelling agent to break the 
hydrogen bonds and van der Waals interactions among the surfaces of 
the cellulose elementary fibrils (Zhou et al., 2024). Yu et al. pretreated 
bamboo powders with ionic liquids, and the cellulose in the bamboo was 
destroyed and underwent a crystalline transformation (Ren et al., 2022). 
Wang et al. constructed a cooperative ternary mechanism consisting of 
oxidation, swelling and acid hydrolysis using H3PO4 and H2O2 to cause 
intergranular swelling of cellulose (Wang et al., 2020). It was hypoth
esized that a proper swelling agent would directionally loose the 
advance structure of cellulose and increase the accessibility of surface 
modification reagents; while grafting ionizable groups on cellulose 
could increase the electrostatic repulsion and reduce cohesion of cellu
lose, similar to the electrostatic repulsion provided by the carboxyl 
group obtained from 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) 
oxidation.

The objective of this study was to energy-efficiently and directionally 
prepare cellulose nanosheets (CNSs) under mild and fast conditions, 
without the use of energy intensive mechanical post-treatments. Thus, 
the preparation of CNSs was expected to be presented through the 
swelling of cellulose in a ternary swelling agent consisting of tetrabu
tylammonium fluoride (TBAF), tetrahydrofuran (THF) and dimethyl 
sulfoxide (DMSO), followed by esterification reaction with phthalic 
anhydride. The swelling effect and exfoliating process of cellulose and 
the morphology of the obtained CNSs were characterized and discussed. 
Furthermore, a simple attempt was made to prepare functional films 
(CNSFs) using a casting method for CNSs. The barrier performances of 
CNSFs against multiple common gases and their potential as packaging 
materials for drugs and foods that are sensitive to moisture and oxygen 
were investigated and presented. The one-pot surface modification 

assisted swelling method in this work might be conducive to the 
convenient, efficient, energy-saving and universal preparation of CNSs, 
which might provide feasible ideas for the green large-scale industrial
ization process and widespread utilization of nanocellulose.

2. Materials and methods

2.1. Materials

Cotton linter with degree of polymerization (DP) of 534 (containing 
α-cellulose no less than 95 %) was supplied by Hubei Chemical Fiber Co., 
Ltd (Xiangfan, China). Bleached hard wood pulps (with DP of 1012, 
α-cellulose no less than 95 %) and bleached soft wood pulps (with DP of 
1370, α-cellulose no less than 95 %) were purchased from Dalian Yan
grun Trading Co., Ltd (Dalian, China). Bleached bagasse pulps (with DP 
of 710, α-cellulose no less than 95 %) was purchased from Jinan Lex
iuzhibao E-commerce Co., Ltd. (Jinan, China). Microcrystalline cellulose 
Avicel PH-101 (prepared from cotton linter, with DP of 254) was pur
chased from Sigma-Aldrich Co., Ltd. All cellulose samples were dried at 
60 ◦C for 48 h to remove any moisture before use. 1 mol L− 1 tetrabu
tylammonium fluoride (TBAF) solution in tetrahydrofuran (THF) was 
purchased from Energy Chemical Co., Ltd. Dimethyl sulfoxide (DMSO) 
was purchased from Macklin Co., Ltd. Phthalic anhydride was purchased 
from Aladdin Chemical Reagent Co., Ltd. Ethanol, acetone, sodium hy
droxide (NaOH), phenolphthalein and anhydrous copper sulfate 
(CuSO4) were purchased from Guangzhou Chemical Reagent Factory. 
The oxygen indicators were purchased from Mitsubishi Gas Chemical. 
All reagents except cellulose were of analytical level and were used 
without further purification.

2.2. Preparation of cellulose nanosheets (CNSs) by surface modification 
assisted swelling

TBAF/THF solution was added into DMSO by different mass per
centages to obtain swelling agents. 2.0 g of cellulose raw material was 
soaked in 132 g swelling agent, and the mixture was gently stirred 
(lower than 200 rpm) at 100 ◦C for 0.5 h. 18.3 g of phthalic anhydride 
was added to the above mixture and the reaction went for a further 0.5 h 
at 100 ◦C under continuous stirring (lower than 200 rpm). The molar 
ratio of phthalic anhydride to cellulose anhydroglucose unit (AGU) was 
10. The obtained mixture was centrifuged at a speed of 8000 rpm for 
5 min at room temperature to remove the cellulose that had not un
dergone exfoliation. The obtained CNSs in the supernatant were 
completely precipitated with deionized water and washed thoroughly 
with ethanol three times (approximately 30 mL for each time) to remove 
the residual swelling agents and reactants to get purified CNSs. After 
washing with ethanol, the CNSs were completely dried by vacuum ro
tary distillation. CNSs could be dispersed in aqueous solution with 
pH≥10 or acetone to form a homogeneous and transparent solution 
(with concentration up to 5 wt%) for temporary use. CNSs can be dried 
for long-term storage. The TBAF/THF/DMSO swelling agents were 
coded as TBAFx, where x represented the weight percentage of TBAF/ 
THF solution to DMSO (from 6 wt% to 18 wt%). CNSs were coded as 
CNSx-y, where x had the same meaning as that in TBAFx, and y denoted 
the type of cellulose raw materials (G for bleached bagasse pulp, H for 
bleached hardwood pulp, S for bleached softwood pulp, M for micro
crystalline cellulose, and unmarked for cotton linter). Approximately 
10 g (dry weight) of each group of CNSs samples was prepared and used 
for all tests and characterizations.

2.3. Preparation of cellulose nanosheet films (CNSFs)

The CNS10 dispersion in acetone solution (with concentration of 5 wt 
%) was poured into a circular flat bottom mold (20 cm in diameter) with 
an initial liquid layer thickness of 0.2 cm and was dried for 20 min at 70 
◦C to volatilize all acetone to obtain a CNSF. CNSs from different raw 
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materials were prepared into CNSFs by the same method. 3 circular 
(about 18 cm in diameter) films were prepared for each group and used 
for all tests and characterizations.

2.4. Characterization

A BM2100OPL polarizing microscope (POM) (Olympus Corporation, 
Japan) was used to view the images of cellulose before and after swelling 
and esterification reaction, and each group was photographed under a 
certain magnification for 5 vision fields and the most representative 
result was displayed.

The XRD spectrogram of cellulose raw materials and CNSs were 
recorded by a SmartLab Ultima IV X-ray diffraction (Rigaku Corpora
tion, Japan), with wavelength of 0.15406 nm and under the continuous 
scanning mode from 5◦ to 50◦. The degree of crystallinity (Xc) was 
calculated from the XRD curves with Eq. 1: 

Xc = Fc/(Fc + Fa)×100%                                                                (1)

where Fc and Fa are the areas of crystalline and non-crystalline regions 
respectively. The diffraction peaks corresponding to three main crystal 
planes of cellulose II ((1− 10) crystal plane, (110) crystal plane and (020) 
crystal plane) in XRD were integrated by peak separation method.

The solid-state 13C NMR spectra of cotton linter and CNS10 were 
obtained on a Bruker 600 M with 5 mm MAS BBO probe. The spec
trometer was operated at 100 MHz. The acquisition time was 0.034 s, 
the delay time 2 s, and the proton 90◦ pulse time was 4 μs. Each spectrum 
was obtained with an accumulation of 5000 scans.

Fourier transform infrared spectroscopy (FT-IR) of CNSs were 
determined on a VERTEX 80FT-IR spectrometer (Bruker, Germany), in 
the range of 500–4000 cm− 1, with a resolution of 4 cm− 1, each group 
was scanned 3 times.

Rheology measurements were performed on a TA Discovery HR-2 
Hybrid Rheometer (TA Instruments Ltd, USA) with a cone-plate geom
etry (60 mm in diameter, 0.5◦ cone angle). The rheometer was equipped 
with a Julabo FS18 cooling/heating bath that was calibrated to maintain 
the temperature of the sample chamber within a ± 0.5 ◦C difference of 
the set value. Dynamic frequency sweep test (0.1–100 rad s− 1) was 
carried out to compare the rheology behavior of cellulose suspension in 
TBAF/THF/DMSO swelling agent before and after the esterification re
action with phthalic anhydride. For each measurement, the temperature 
was set as 25 ◦C, and the strain amplitude was set as 10 %, which was 
within the linear viscoelastic regime.

In this work, the back-titration method was chosen to determine the 
degrees of substitution (DS) for its simplicity, reliability, and low cost (Li 
et al., 2012). A certain amount of dried CNSs were uniformly dispersed 
in 10 mL of 0.10 mol L− 1 NaOH solution (in excess) and were continu
ously stirred for 2 h at 60 ◦C. After the reaction, the excess NaOH was 
titrated by 0.05 mol L− 1 HCl, using phenolphthalein as indicator. The 
titration was repeated three times, and the result was determined by 
average value. The DS was calculated by the following Eqs. 2 and 3: 

DS = mAGU×W/[mPA×(1-W)]                                                         (2)

W = mAGU×(V1-V2)×CHCl /(2×mCNS×1000)                                    (3)

where mAGU is the molar mass of an AGU (162 g mol− 1), mPA is the net 
increase in the mass of an AGU for each substituted phthalic anhydride 
(148 g mol− 1), CHCl is the concentration of HCl solution (0.05 mol L− 1), 
V1 and V2 (mL) are volumes of HCl used for unmodified and modified 
samples, respectively, mCNS (g) is the weight of CNSs samples, the W in 
Eq. 2 is the molar ratio of phthalic anhydride participating in the reac
tion to AGU and is calculated according to Eq. 3.

A field emission scanning electron microscope (Verios 460, Ther
moFisher, America) was used to study the morphology of CNSs (under a 
voltage of 5 kV) and the surface and cross-sectional morphology of 
CNSFs (under a voltage of 10 kV). The thickness of CNSs were measured 

by Bruke Dimension Icon atomic force microscope (BRUKER, Germany).
The zeta potentials of CNS10 dispersed in aqueous solutions with 

various pH were measured by a Zeta-sizer Nano ZSE (Malvern In
struments, UK). 5 parallel samples were tested for each group.

A DU800 UV–visible spectrophotometer (Beckman Coulter, USA) 
was used to measure the optical transmittance curves of the CNSFs, in 
the range from 300 to 800 nm. 5 parallel samples were tested for each 
group.

A haze meter TH-100 equipped with integrating sphere to collect 
luminous flux (Hangzhou CHNSpe, China) was used to measure the haze 
of CNSFs, which based on the standards of ASTM D 1003 and GB/T 
2410–2008. 5 parallel samples were tested for each group.

Tensile tests of CNSFs were performed using an electromechanical 
Universal Testing Machine (MTS Systems Co., Ltd, China) with 500 N 
load cell. CNSFs were cut into rectangular-shape (1 cm wide and 5 cm 
length). The deformation rate in tensile tests was 10 mm min− 1 and 5 
parallel samples were tested for each group.

Carbon dioxide, nitrogen and oxygen gas permeabilities (pg) of 
CNSFs in the dry state were measured by a GTR-701R gas transmission 
rate tester (Jinan, China) according to the standard of GB/T 1038–2000. 
The pg of the films was calculated by Eq. 4: 

pg =
Δp
Δt

×
V
S
×

Τ0
p0Τ

×
D

(p1 − p2)
(4) 

where pg is the gas permeability (cm3 cm cm− 2 s− 1 Pa− 1), Δp/Δt (Pa s− 1) 
is the average value of the pressure change of the low pressure chamber 
in unit time after gas permeation is stable, V (cm3) is the volume of the 
low-pressure chamber, S (cm2) is the test area of the test film, T0 is 
standard temperature (273.15 K), p0 is standard pressure (1.0133×105 

Pa), T (K) is the temperature of test (273.15 K), D (cm) is the thickness of 
the test film, (p1-p2) is the pressure difference between the two sides of 
test film (Pa). All the pg of the films were measured at relative humidity 
(R.H.) of 52 %.

Water vapor permeability (WVP) of CNSFs was measured with the 
same gas transmission rate tester according to the Chinese National 
Standard GB/T 1037–1988. The WVP of the films was calculated by Eq. 
5: 

WVP=Δm×d/(A×t×Δp)                                                                 (5)

where WVP is the water vapor permeability (g cm cm− 2 s− 1 Pa− 1), Δm 
(g) refers to the weight change at the time of t (h), d (cm) is the average 
film thickness, A (m2) is the tested area of the exposed film surface, Δp is 
the pressure difference between the two sides of test film (Pa).

In the oxygen barrier assay, the oxygen indicators were placed in 
glass vials in an anaerobic glove box and sealed with cling film and 
CNSF10, or left unsealed. The glass vials were then placed in air to 
observe the color change of the oxygen indicators. In the water vapor 
barrier experiment, the same mass of anhydrous CuSO4 was placed in 
glass vials, which were then placed in a sealed box at 98 % R.H. (at 25◦C, 
with a cup of saturated K2SO4 solution in the box to keep the R.H. 
constant) and the color change of the anhydrous CuSO4 was observed. In 
the food packaging experiment, seaweed and wafer cookies were 
packaged with cling film and CNSF10, or left unpackaged and left 
naturally in the room to observe change.

3. Results and discussion

TBAF⋅3H2O/DMSO solution with TBAF concentration about 10 wt% 
had been reported as a non-aqueous and non-derivative cellulose solvent 
system that did not cause significant degradation of cellulose (Köhler 
and Heinze, 2007). The dissolution mechanism was reported to be that 
TBAF would ionize in polar solvent DMSO to obtain fluoride ions, which 
competitively interacted with hydroxyl groups on cellulose through 
hydrogen bonding, disrupting the intramolecular and intermolecular 
hydrogen bonding networks of cellulose (Köhler and Heinze, 2007). In 
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the cellulose I crystal type of natural cellulose, cellulose chains are 
driven by the hydrophobic effect of the dehydrated glucose ring (the C-H 
surface) to stack interlayer along the (020) crystal plane. Previous 
studies had reported that quaternary ammonium cations with hydro
phobicity exhibited a tendency to aggregate on the C-H surface during 
the swelling and dissolution processes of cellulose, due to hydrophobic 
interactions, which effectively broke down the advanced structure of 
cellulose and prevented the re-aggregation of cellulose chains (Wang 
et al., 2018). As a hydrophobic quaternary ammonium cation, TBA+

would directionally loosen cellulose (020) crystal plane, where hydro
phobic phthalic anhydride could subsequently conduct grafting re
actions and disrupt the cohesion of cellulose, ultimately resulting in 
nanocellulose with sheet shape. Based on the above considerations, the 
TBAF/DMSO system was selected as cellulose swelling agent to direc
tionally prepare CNSs, but some adjustments were made in this study. 
The concentration of TBAF in swelling agent was far less than that in 
solvent, ensuring that cellulose would only undergo swelling rather than 
being dissolved. Furthermore, any water molecules should be excluded 
in the swelling agent, to avoid interfering with the subsequent anhydride 
esterification reaction. It was worth noting that, when the concentration 
of TBAF in the swelling agent was too low, the internal structure of 
cellulose would not be sufficiently loosened, which would limit the 
accessibility phthalic anhydride as it reacted with cellulose, and would 
cause decrease in DS, insufficient electrostatic repulsion, inadequate 
exfoliation of cellulose into nanosheets, and thus a decrease yield of 
CNSs. On the contrary, if the concentration of TBAF was too high, it 
would cause the partial dissolution of cellulose. This excessive disas
sembly of cellulose would cause significant decrease in purity and yield 
of CNSs. Therefore, maintaining a moderate concentration of TBAF 
could appropriately balance the swelling demand with the need to 
maintain the structural integrity of CNSs, enabling high yields 

(>85.8 %) at low DS.
As shown in Fig. 1a, CNSs were prepared by a surface modification 

assisted swelling method. In detail, cellulose raw materials were swelled 
in the swelling agent, followed by esterification reaction with phthalic 
anhydride. As a result, cellulose was ultimately grafted with negatively 
charged carboxylic acid groups and was exfoliated into CNSs by elec
trostatic repulsion. Here, TBAF/THF solution and DMSO were used to 
prepare the cellulose swelling agents. The weight percent of TBAF/THF 
solution to DMSO ranged from 6 wt% to 18 wt%, and the concentration 
range of TBAF was only 1.36 wt%-4.09 wt%, far lower than those re
ported in above TBAF⋅3H2O/DMSO cellulose solvents (Köhler and 
Heinze, 2007). The morphology changes of cellulose crystalline regions 
during the preparation process of CNSs could be observed in the POM 
images (Figs. 1b-1d). In Fig. 1b, the fibrous bright spots in the dark field 
were the crystalline regions of the cotton linter cellulose, and the 
diameter of these fibers was about 30 μm. In Fig. 1c, after being stirred at 
100 ◦C for 0.5 h in TBAF/THF/DMSO swelling agent, the diameter of 
cellulose fibers increased to about 90 μm, but fibrous bright spots 
became bleak and fragmented. The result indicated that the crystalline 
regions of cellulose were swelled and destroyed, and turned into loose 
amorphous structure. Furthermore, the cellulose was poorly swelled 
within 1 h in the absence of heating, as shown in Figure S1. The 
pre-experiments showed that increasing temperature (from room tem
perature to 100 ◦C) could promote the penetration of fluoride ions into 
the cellulose molecular network and improve the swelling effect within 
a short time, which would benefit the subsequent penetration of phthalic 
anhydride and improve the accessibility and substitution of the grafting 
reaction. According to the results of pre-experiment, the swelling time, 
reaction time and temperature for high yield have been optimized to 
obtain higher yields in the shorter possible time and at lower possible 
temperature. As shown in Fig. 1a, after the reaction of cellulose with 

Fig. 1. Cotton linter cellulose and TBAF10 swelling agent were taken for example. (a) Illustration procedures of one-pot and energy-efficient exfoliation from cel
lulose to CNSs by surface modification assisted swelling method: the destruction of cellulose hydrogen bond network in swelling agent, the loosening of cellulose 
layers driven by hydrophobic actions, and the esterification grafting reaction of phthalic anhydride on cellulose chains. The red dots in images represented the grafted 
phthalic anhydride on cellulose chains. POM image of (b) untreated cotton linter, (c) cotton linter after being swelled in swelling agent at 100 ◦C and (d) cotton linter 
after esterification reaction with phthalic anhydride (almost no bright spots could be seen in the field of vision).
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phthalic anhydride, negatively charged groups were grafted onto the 
cellulose. The exfoliation of cellulose was facilitated by electrostatic 
repulsive forces, and almost no bright spot was visible in the field of 
view, as shown in Fig. 1d, indicating that the crystalline regions of 
cellulose were almost destroyed. Similar results could be observed for 
the cellulose in other concentrations of TBAF/THF/DMSO swelling 
agents.

The 13C NMR chemical shifts of carbonyl ester group (C7, C14) at 
168.6 ppm and aromatic ring (C8-C13) at 131.4 ppm in Fig. 2a and the 
FT-IR signals of esterified C––O (stretching) at 1720 cm− 1 in Fig. 2b 
confirmed the successful esterification of cellulose. The esterification 
process induced slight chemical shifts in the C1-C6 positions of cellulose 
in Fig. 2a. Rheological behavior of cellulose suspension in TBAF/THF/ 
DMSO swelling agent before and after phthalic anhydride esterification 
was further studied, and the results were showed in Figs. 2c and 2d. In 
Fig. 2c, the G’ curves could be fitted according to a scale equation of 
G’=ωn, where n could reflect the interconnected network strength 
formed by nano structures (Nechyporchuk et al., 2016). For cellulose 
suspension in TBAF10, the n value decreased (from 2.49 to − 2.67) and G’ 
decreased remarkably (from 3.06×102 to 2.14×10− 3) at low angular 
frequency of 1 rad s− 1 after phthalic anhydride esterification, indicating 
an obvious reduction of cohesive force between CNSs after esterification 
reaction. As shown in Fig. 2d, after the reaction with phthalic anhydride, 
the repulsion of carboxylic ion groups (-COO-) on cellulose increased the 
distance between cellulose chains, giving a remarkable decrease of the 
complex viscosity, which meant that cellulose was split to smaller size. 
The XRD curve of untreated cotton linter in Fig. 2e had peaks at 2θ 
values of 15.0◦, 16.7◦, 22.8◦ and 34.5◦, assigned to the (1− 10), (110), 
(200) and (004) planes of cellulose I, respectively, and with a total 
crystallinity of 60.7 % (French, 2013; Tang et al., 2012). Comparably, 
the XRD curve of CNS10 showed a typical amorphous state, indicating 
that the crystalline structure of cellulose was destroyed. Due to the short 
reaction time (0.5 h) and the limited reactivity of hydroxyl groups on 
cellulose during phthalic anhydride esterification, the degrees of sub
stitution of CNSs were in the range of 0.15–0.26, as shown in Fig. 2 f (Liu 
et al., 2007). However, these substitutions were sufficient to obtain high 

yields of CNSs (no less than 85.8 %). The low concentration of TBAF in 
swelling agent would cause insufficient swelling of cellulose, while the 
high concentration of TBAF would cause the dissolution of cellulose 
fraction with low molecular weight. Both of the above situations would 
lead to a lower yield of CNSs. Consequently, CNS10 prepared from 
TBAF10 with a moderate concentration of TBAF presented the highest 
yield of 97.9 %.

For the first time under the microscope, Zhao et al. observed thin and 
flat cellulose particles with irregular transverse shape (hundreds of 
nanometers wide) with thickness about 4.2 nm, which were thus defined 
as cellulose nanosheets (Zhao et al., 2016). Here in this work, as shown 
in SEM images in Fig. 3a, the morphology of CNS10 was presented to be 
sheet shape, similar to CNSs prepared from different swelling agents (in 
Figure S2). The particle size diameter distribution of CNS10 was 
analyzed from SEM images, and the results were presented in Fig. 3b. It 
was observed that approximately 71.4 % of CNS10 exhibited a diameter 
below 220 nm. In Figs. 3c and 3d, the morphological characteristics of 
CNS10 was confirmed under AFM, with diameter about 250 nm and 
thickness about 5 nm. CNSs could be dispersed in aqueous solutions 
(pH≥10, in Fig. 3f) or in acetone to form transparent solutions for 
further material preparation. The zeta potential of CNSs aqueous 
dispersion ranged from − 30 mV to − 43 mV, indicating high stability, as 
shown in Figure S3. It had to be noted that, although the CNSs disper
sions were homogeneous and transparent in appearance, the CNSs did 
not dissolve, since the sizes of CNSs in the dispersions were all about 
200 nm (according to the test by particle size analyzer), which were 
close to their size before dispersion.

Generally, nanocellulose is preserved in the form of liquid disper
sion, and generally its concentration does not exceed 2 wt% (very few 
could reach up to 20 wt%) to maintain its long-term stability (Shi et al., 
2024). However, the low net content greatly increases the cost and re
duces the efficiency of storage and transportation of nanocellulose (Peng 
et al., 2011). Therefore, storing nanocellulose in solid state represents a 
viable approach to solve the above problem. Current dehydration and 
drying techniques for nanocellulose including spray-drying, freeze-
drying and supercritical drying are of high energy consumption and high 

Fig. 2. (a) 13C NMR spectra and (b) FT-IR spectra of cotton linter and CNS10. (c) The storage modulus (G’) and (d) viscosity of cellulose suspension in TBAF10 before 
and after phthalic anhydride esterification. (e) XRD curves of CNS10 and cotton linter. (f) The degrees of substitution of CNSs.
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cost, leading to the limited laboratory scale (Wang et al., 2019b). Oven 
drying or air drying is energy and cost saving, and does not need 
expensive equipment, resulting in easily for scale-up production. How
ever, nanocellulose at dry state in traditional method obtained by oven 
drying can easily be aggregated by strong hydrogen bonding, which 
makes it difficult to be uniformly re-dispersed into liquid dispersion (Xu 
et al., 2022). Interestingly, CNS10 prepared by oven drying or naturally 

air drying in this work could be re-dispersed into aqueous dispersion, 
possible due to the electrostatic repulsive forces of negatively charged 
carboxyl groups grafted on cellulose (Fig. 4). The re-dispersion of CNS10 
appeared transparent and homogeneous, with a zeta potential of 
− 32 mV, which was similar to that of the primary dispersion (-34 mV). 
This indicated good stability of CNS10 and suggested that CNS10 did not 
aggregate into large cellulose particles, maintaining its original 

Fig. 3. (a) SEM images and (b) corresponding distribution of diameter of CNS10. (c) AFM image, and (d) corresponding height curves along the indicated lines. (e) A 
radar chart illustrated the advantages of the strategy proposed in this work. (f) CNSs dispersed in aqueous solutions (pH=10, CNSs concentration of 5 wt%).

Fig. 4. The demonstration of the redispersion property of CNSs. (a) CNS10 dispersed in aqueous solution (pH=10). (b) Dried CNS10. (c) Dried CNS10 redispersed in 
aqueous solution (pH=10).
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nano-size. The unique chemical structure and re-dispersion character
istic exhibited various advantages in practical application, thereby 
reducing the cost of industrial storage and transportation.

Unlike conventional methods for the preparation of nanocellulose, 
CNSs were prepared using a one-pot energy-saving and time-saving 
method in this study, which contained only chemical methods and did 
not require additional mechanical treatments. The representative 
mainstream preparation methods of nanocellulose and their energy 
consumption and processing time for a single batch were calculated and 
listed in Table S1. Most of these processes contained a two-step 
approach, where reagents (acids, bases, or enzymes) were often used 
in the first step to reduce the energy and cost of the subsequent me
chanical processes (high-pressure homogenization, ultra-sonication, or 
high-pressure steam treatment). Most of these methods had high energy 
consumption, except for a simple and fast double asymmetric centrifu
gation method that significantly reduced the energy consumption 
(176.4 kJ g− 1), as reported by Agate et al. (2020). In this work, the 
processing time and the energy consumption of single batch was 1.0 h 
and 169.9 kJ g− 1, accordingly, which were lower than other nano
cellulose preparation processes listed in the Table S1. The simplicity and 
low energy consumption of the method in this work enabled an easy 
preparation of CNSs in most laboratories, facilitating the extensive and 
in-depth research. Low energy consumption and simple equipment re
quirements also contributed to the large-scale production and market 
promotion of CNSs.

The surface modification assisted swelling method in this work could 
be universally applicable to a wide range of cellulose raw materials. The 
morphology changes of cellulose crystalline regions of CNSs prepared 
from bleached bagasse pulp, bleached hardwood pulp, bleached soft
wood pulp and microcrystalline cellulose observed in the POM images 
were similar to those of cotton linter, as shown in Figure S4. The 
morphology of CNSs prepared from various cellulose raw materials was 
shown in SEM images in Figure S5, similar to CNS10. The exfoliation of 
cellulose was facilitated by electrostatic repulsive forces after swelling, 
and almost no bright spot was visible in the field of view. Cellulose raw 
materials have various crystallinities from 52.1 % to 72.1 %, while all of 
CNSs after surface modification assisted swelling method were amor
phous structure, as shown in Figs. 5a and 5b. CNSs prepared from 
different cellulose raw materials (including cotton linter) had high 
yields from 80.3 % to 97.9 %, representing high utilization ratio of raw 
materials. Overall, as shown in Fig. 3e (Jaekel et al., 2021; Liu et al., 
2007; Song et al., 2018; Zhang et al., 2023), the one-pot surface modi
fication assisted swelling method in this work was demonstrated to be a 
convenient, efficient, energy-saving and universal method for the 
preparation of CNSs. There had been attempts to prepare nanocellulose 
by swelling/esterification method with low energy consumption, but 
still inevitably the cellulose raw material was pre-treated with soaking, 
grinding, freeze-drying or long term vigorous stirring (about 24 h), 
which increased the process steps and energy consumption, and failed to 

realize fast and simple preparation without high-energy mechanical 
treatment and special equipment, hindering large-scale production; 
furthermore, high yield and high storage stability in aqueous suspension 
of nanocellulose produced by this method could not be achieved 
simultaneously.

In summary, a ternary swelling agent consisting of tetrabuty
lammonium fluoride (TBAF), tetrahydrofuran (THF) and dimethyl 
sulfoxide (DMSO) successfully directionally loosened the advance 
structure of cellulose and increased the accessibility of surface modifi
cation reagents and the subsequently esterification reaction with 
phthalic anhydride increased the electrostatic repulsion and reduced 
cohesion of cellulose, leading to energy-efficient and directional prep
aration of cellulose nanosheets (CNSs). Furthermore, the resulting CNSs 
combined the advantages of high yield, low energy consumption, 
simplicity, universality, and various storage methods and provided 
feasible ideas for the large-scale and green industrialization process and 
high value utilization of nanocellulose.

The CNSs prepared could be used to construct functional materials 
through simple processes, and the construction of films was shown in 
this work. After being dried at 70 ◦C, 5 wt% CNSs in acetone dispersion 
could form into transparent and smooth CNSFs. As shown in Fig. 6a, 
Figure S6 and Table S2, except for microcrystalline cellulose, the light 
transmittances of CNSFs prepared from various cellulose raw materials 
were higher than 71.8 % at 550 nm, and their hazes were in the range 
from 3.38 % to 9.35 %. The light transmittance at 550 nm of CNSF10 
made from cotton linter was up to 91 %, and the haze was 4.22 %. 
CNSFs had good flexibility and could be bent and folded easily, as shown 
in Fig. 6b. In Figure S7, CNSFs prepared from cotton linter and other 
cellulose raw materials had the tensile strength from 7.4 MPa to 
22.5 MPa, the elongation at break from 21 % to 135 %. The CNSF10 was 
immersed in deionized water for at least 6 months, and then no disas
sembly or deformation was observed, as shown in Figure S8, indicating 
that the self-assembled CNSs were tightly clustered together through 
hydrogen bonding. Similar to other literatures reported, nanocellulose 
prepared in this study could be self-assemblied into highly transparent 
and flexible cellulose-based films, which had represented potential ap
plications in wearable optical and optoelectronic devices 
(Horta-Velázquez and Morales-Narváez, 2022; Kaschuk et al., 2024).

As shown in Fig. 6c, the surface of CNSF10 exhibited a dense structure 
without micron-sized pores. In Fig. 6d, CNSF10 represented a hetero
geneous sandwich morphology: dense surface layers on each side and a 
loose layer in the middle cross-sectional structure. This unique struc
tures of the CNSFs were attributed to the self-assembly of CNSs induced 
by solvent evaporation. During solvent evaporation, the evaporation 
speed on the both sides of CNSFs was faster than that occurred in the 
inner layer, thus resulting in the heterogeneous morphology. The dense 
layers on both sides had the potential for gas barrier, while the loose 
layer in the middle provided elasticity and flexibility support for CNSFs, 
making it suitable as a gas barrier material for flexible packaging 

Fig. 5. XRD curves of (a) CNSs and (b) corresponding cellulose raw materials.
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applications. As well known, cellulose, a promising candidate for 
packaging materials, is non-toxic, environmentally friendly, biocom
patible and biodegradable. However, due to the large amounts of hy
drophilic hydroxyl groups of cellulose, cellulose based packaging 
materials generally exhibited poor water vapor barrier performance, 
unless hydrophobic substances were applied to form composite mate
rials. CNSF10 prepared in this study showed excellent water vapor bar
rier property (WVP=0.0072×10− 10 cm3 cm cm− 2 s− 1 Pa− 1) due to 
hydrophobicity of phthalic acid groups grafted on cellulose, and ultra
low O2 permeability (pg=300×10− 17 cm3 cm cm− 2 s− 1 Pa− 1), satisfying 
the requirements for protecting moisture-sensitive and oxygen-sensitive 
foods, drugs or electronic equipments. The comprehensive gas barrier 
performances of CNSF10 and other cellulose-based films were listed in 

Table S3. Specially, a series of experiments were designed to demon
strate the good gas barrier performances of CNSF10 against oxygen and 
water vapor in this study, as shown in Fig. 7. The glass bottles in Fig. 7a 
were unsealed, sealed with cling film and with CNSF10, from left to right 
respectively, and were filled with dry nitrogen gas. The oxygen in
dicators inside the bottles were pink at oxygen concentrations lower 
than 0.1 % and would turn purple or even blue at oxygen concentrations 
over 0.5 % or higher. After being exposed to air for about 5 minutes, 
only the oxygen indicator in the unsealed bottle changed from pink to 
purple, while the remaining bottles exhibited negligible changes in the 
color of their oxygen indicator. This observation suggested that CNSF10 
possessed remarkable oxygen-blocking capabilities that comparable to 
commercial cling film, rendering them suitable for practical 

Fig. 6. (a) UV–vis transmittance curve of CNSF10. (b) The photographs of bended and twisted CNSF10. SEM images of (c) the top surface and (d) the cross-sectional 
surface of CNSF10.

Fig. 7. The appearances of chemicals and foods under different packaging conditions. (a) The oxygen indicators (pink tablets) before and after exposure to air 
(constantly at 68 R.H.%) for approximately 5 minutes. (b) The anhydrous CuSO4 (white powder) before and after 5 days of exposure to air (constantly at 98 R.H.%). 
(c) The dried seaweed slices after 2 days of exposure to air (constantly at 68 R.H.%). (d) The dried wafer cookies after 6 days of exposure to air (constantly at 50 R. 
H.%).
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applications. The glass bottles in Fig. 7b contained equal amounts of 
anhydrous CuSO4 powder and were unsealed, sealed with cling film and 
with CNSF10, from left to right respectively. After being placed in a 98 R. 
H.% environment for 5 days, only the anhydrous CuSO4 in the unsealed 
bottle turned from white to blue due to moisture, and there were no 
obvious changes to sealed bottles, indicating that the CNSF10 possessed 
remarkable water vapor blocking capabilities that was comparable to 
commercial cling film and met the practical requirements. The results in 
Fig. 7c demonstrated that the unpackaged dried seaweed slice softened 
after being placed in the air (constantly at 68 R.H.%) for 2 days. 
Conversely, the seaweed slices packaged by the cling film or CNSF10 still 
maintained the crispy texture. Similar results occurred to the dry wafer 
cookies in Fig. 7d, the wafer cookie without package absorbed moisture 
and became pliable under the pressure of 500 g weight. Overall, CNSFs 
with superior multi-gas barrier properties were expected to realize that 
the packaged products would maintain their original quality and func
tion during processing, storage, transportation and sales aspects as they 
finally reach the hands of consumers.

4. Conclusions

An energy-efficient and directional preparation of CNSs was ach
ieved by one-pot surface modification assisted swelling method. The 
swelling agents disrupted the hydrogen bonding interaction between 
cellulose chains and selectively loosed the cellulose interlayer stacking 
through hydrophobic interaction. Cellulose was subsequently grafted 
with negatively charged groups in the esterification reaction, the elec
trostatic repulsion generated by the negatively charged groups caused 
the cellulose to be directionally exfoliated into nanosheets. Such method 
demonstrated several advantages, such as high yield (up to 97.9 %) of 
CNSs, low energy consumption (169.9 kJ g− 1), rapid process (1 h), low 
equipment requirement, and various storage options of CNSs. CNSs were 
uniformly in the range of 100–480 nm in diameter and about 5 nm in 
thickness, and could be dried and re-dispersed in the aqueous phase, 
which was beneficial for stable, convenient storage and transportation. 
These CNSs could be widely used for the construction of a variety of 
functional materials, such as flexible transparent film substrates and gas 
barrier packaging materials, with excellent water vapor barrier property 
(WVP=0.0072×10− 10 cm3 cm cm− 2 s− 1 Pa− 1) and ultralow O2 perme
ability (pg=300×10− 17 cm3 cm cm− 2 s− 1 Pa− 1). In the simulation 
experiment of dry food packaging, CNSF10 possessed remarkable water 
vapor and oxygen blocking capabilities that comparable to commercial 
cling film and met the practical requirements. Such process provided a 
new way for large-scale and widespread utilization of biomass 
nanomaterials.
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ABSTRACT: A simple and feasible method to prepare fully
biobased hydrogels with high mechanical strength and toughness
remains a great challenge. Herein, different types of biobased long-
chain chemical cross-linking agents, epoxy vegetable oils, were used
in combination with a double cross-linking strategy to prepare fully
biobased cellulose hydrogels, and their feasibility as electrolyte
materials for flexible energy storage devices was investigated.
Through continuous chemical and physical cross-linking, these
hydrogels achieved high water contents (60−80%) and excellent
mechanical properties (under the same conditions, the maximum
strain can reach 290% under tension and the toughness was 9.8 MJ
m−3 and the maximum strain was 58% and 0.6 MJ m−3 under
compression). At the same time, due to the inherent hydro-
phobicity of vegetable oil, the hydrophobic stacking of cellulose chains was increased, thereby promoting self-assembly and
recrystallization in the subsequent cross-linking process, resulting in a unique nanoporous structure of the internal cross-linked
network. After being fully immersed in the electrolyte, the ionic conductivity at room temperature was as high as 35.4 mS cm−1. In
addition, the assembled corresponding flexible zinc-ion hybrid capacitor showed the ability to power wearable electronic devices.
Hence, this study provides a new approach for the construction of strong and tough fully biobased hydrogels and their applications
in the field of flexible or wearable electronic devices.
KEYWORDS: cellulose, vegetable oil, polymer network, double cross-linking, hydrogel electrolyte

■ INTRODUCTION
Hydrogel is an important type of polymer material.1 Due to its
three-dimensional (3D) cross-linked hydrophilic network
structure, hydrogel can maintain solid-like shape stability and
liquid-like fast diffusion property,2 which play important roles in
biomedicine,3 food industry,4 environmental protection5 as well
as novel device technologies such as smart response,6 sensing
detection,7 and flexible electronics.8 However, traditional
hydrogels lack effective energy dissipation mechanisms, and
their mechanical strength is usually poor, limiting their use in
applications that require high mechanical properties. Attempts
have been made to develop hydrogels with high strength and
high toughness, such as increasing cross-linking density;
designing multiple cross-linking network structures (inter-
penetrating and semi-interpenetrating networks);9,10 incorpo-
rating multiple cross-linking interactions (e.g., ionic cross-
linking, coordination cross-linking, hydrogen bonding cross-
linking, and covalent cross-linking);11−13 applying post-treat-
ment methods (e.g., freeze-drying, annealing);14,15 and
introducing nanofillers (e.g., nanosilica, cellulose nanocryst-
als).16,17 Despite some breakthroughs, developing hydrogels
with improved strength and toughness remains a challenge.

Today, driven by the “carbon peak and carbon neutrality”
policy, countries around the world are actively reducing their
dependence on fossil energy and promoting the transformation
of their energy structure toward clean and renewable sources.18

As the most abundant renewable biomass resource on Earth,
cellulose is an ideal candidate for hydrogel construction due to
its excellent biocompatibility and biodegradability.19 Benefiting
from its hydrophobic pyranose ring plane and abundant
hydrophilic hydroxyl groups on the anhydroglucose unit
(AGU), cellulose can form materials with multiscale, ordered
hierarchical structures through noncovalent interactions, such as
hydrogen bonding, electrostatic attraction, and hydrophobic
interaction, or chemically cross-linked by agents.20 The most
commonly used chemical cross-linking agents for cellulose
hydrogels include epichlorohydrin (ECH), glutaraldehyde,
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isocyanate, and ethylene glycol diglycidyl ether.21 However, the
strength and toughness of cellulose hydrogels simply cross-
linked by chemical or physical interactions are very limited when
they are subjected to large stress or strain. After deformation,
noncovalent interactions within the hydrogel network are
destroyed and difficult to recover. Constructing chemical and
physical double cross-linking (DC) has been an effective
strategy to enhance the mechanical properties of cellulose
hydrogels.22 As an optimized process, this method used ECH as
the chemical cross-linking agent and ethanol aqueous solution as
the coagulating bath for regeneration (physical cross-linking or
self-assembly), so that the fracture energy (the parameter
describing toughness) of cellulose hydrogel reached 0.65 MJ
m−3, which was 1150 times higher than that of chemically cross-
linked cellulose hydrogel. Although the uniformity of the cross-
linked network has been improved and an effective energy
dissipation mechanism has been introduced, ECH is a typical
petroleum-based product, and its toxicity and irritation cannot
be ignored.23 Biomass resources (including polysaccharides,
polyphenols, proteins, citric acid (CA), polyhydroxy com-
pounds, etc.) have gradually come into people’s view and have
been used in the development of high-performance green
materials.24 Among them, vegetable oils show great potential in
the preparation of cellulose-based materials due to their unique
triglyceride structure, flexible and long fatty acid chains, and
active carbon−carbon double bonds. The introduction of fatty
acid chains can not only solve the challenge of insufficient
hydrophobicity of cellulose materials but also act as a plasticizer,
thereby improving processability and producing materials
suitable for various applications.25 Although great progress has
been made in high-biobased cellulose hydrogels, most reports
still focused on the functional improvement of cellulose, and the
materials exhibited low mechanical properties, posing a
considerable obstacle to practical applications.

The field of electrochemical energy storage is a crucial
component of renewable energy development.26 Among them,
zinc-ion-based energy storage devices are highly safe due to the
use of aqueous electrolytes and are expected to be widely used in
portable electronic devices, energy storage systems, and electric
vehicles, making them favorable competitors for future electro-
chemical energy storage solutions.27 In addition, when metallic
zinc is used as an anode material, it is highly valued due to its
excellent performance: a theoretical capacity of up to 823 mAh
g−1, volume capacity of 5851 mAh cm−3, and redox potential of
−0.76 V (compared with the standard hydrogen electrode).28

Compared with aqueous electrolytes, hydrogels have greatly
improved the stability of the electrode interface due to their
internal 3D network and quasi-solid properties, making them
more suitable for flexible and wearable devices. For example,
conductive hydrogels are made by incorporating conductive
polymers, carbon nanomaterials, or ion-conductive liquids into
the hydrogel matrix and are widely used in flexible electronic
devices.29−32 Hydrogel electrolytes, which are mainly used in
energy storage devices, are usually composed of hydrophilic
polymers (such as polyacrylamide, poly(acrylic acid), cellulose,
etc.) and ion-containing electrolyte solutions, which greatly
enhance the transmission of ions in the cross-linked network.33

However, poly(acrylic acid) has weakmechanical properties and
high water absorption, which is not conducive to maintaining
the stability of the gel shape. Acrylamide has potential
carcinogenic risks and requires special attention and handling
when used.34 Compared with the petroleum-based electrolyte
materials used in most of the reported zinc-ion energy storage

devices, cellulose-based biobased electrolyte materials offer
greater advantages in environmental protection, resource
utilization, health, and safety and are in line with policy
promotion and market demand.35 Based on the current
requirements, a simple and feasible strategy is needed to prepare
fully biobased hydrogel electrolytes with high mechanical
strength, flexibility, and safety for constructing flexible energy
storage devices.

In this study, fully biobased double cross-linked (FBDC)
cellulose hydrogels with high mechanical strength and tough-
ness were prepared using epoxy vegetable oils as the chemical
cross-linking agent and 75% ethanol aqueous solution as the
coagulation bath and utilized as gel electrolytes in zinc-ion
hybr id capac i tors (ZIHCs) . Based on the 1 ,8 -
diazabicyclo[5.4.0]undec-7-ene (DBU)-carbon dioxide (CO2)
switchable solvent system, a one-pot method was employed for
the homogeneous dissolution and derivatization of cellulose.
The effects of the types and molar ratios of epoxidized vegetable
oil to cellulose on the properties of FBDC were discussed. The
introduction of epoxidized vegetable oil could form soft domains
through covalent cross-linking to withstand large deformations,
while hydrogen bonding between cellulose chains and chain
entanglement effectively disperse stress. An FBDC hydrogel
electrolyte with high mechanical properties (maximum tensile
stress of 6.1 MPa, elongation at break of 290%), high ionic
conductivity (35.35 mS cm−1), and stable electrochemical
window (2.4 V) was obtained for flexible wearable power supply
component. This work provides a new strategy for constructing
green and sustainable biobased macromolecular hydrogel
materials and holds potential application prospects in the field
of wearable energy storage electronic devices.

■ EXPERIMENTAL SECTION
Materials. Cellulose pulp (CP) with α-cellulose content not less

than 94.4% and viscosity-average molecular weight of 1.2 × 105 was
purchased from Yibin Haister Fiber Co., Ltd. (China). Before use, the
CP was dried in a vacuum oven at 80 °C for 24 h to remove moisture.
Epoxidized soybean oil (ESO, approximately 4 oxirane rings per
triglyceride), DBU, dimethyl sulfoxide (DMSO), and deuterated
chloroform (CDCl3-d) were purchased from Macklin Biochemical
Co., Ltd. (Shanghai, China). Triethylamine (TEA, 99%) was purchased
from Tianjin Fuyu Fine Chemical Co., Ltd. Cannabis oil (CaO,
approximately 5 carbon−carbon double bonds per triglyceride) was
purchased from Shanxi Hanenpu Biotechnology Co., Ltd. Epoxidized
linseed oil (ELO, approximately 6 oxirane rings per triglyceride) was
purchased from ACS Technical Products, Inc. (IN). Formic acid was
purchased from Tianjin Baishi Chemical Industry Co., Ltd. Sodium
bicarbonate (NaHCO3) and anhydrous magnesium sulfate (MgSO4)
were purchased from Fuchen Chemical Reagent Co., Ltd. (Tianjin,
China). Ethanol anhydrous, diethyl ether anhydrous, and H2O2 were
purchased from Guangzhou Chemical Reagent Factory. (China).
Carbon cloth (CC, W0S1009) was purchased from Tianjin Yongda
Chemical Reagent Co., Ltd. Activated carbon YP-50 (AC) was
purchased from Taiwan CeTech Co., Ltd. Zinc foil (thickness: 0.1
mm) was purchased from Guangdong Canrd New Energy Technology
Co., Ltd. Acetylene black (ACET), poly(vinylidene fluoride) (PVDF),
and zinc sulfate heptahydrate (ZnSO4·7H2O) were purchased from
Shanghai MacLean Biochemical Co., Ltd. All chemicals except cellulose
were of analytical grade and were used directly without further
purification. In addition, CO2 (≥99%) was purchased from Guangzhou
Sheng ying Gas Co., Ltd. Deionized water was used in all of the
experiments.
Synthesis of Epoxidized Cannabis Oils (ECaO).CaO and formic

acid (molar ratio of 1:4.5) were mixed in a three-necked flask with
mechanical stirring (300 rpm). H2O2 was added dropwise at a constant
rate over 2 h (the molar ratio of double bonds of cannabis oil to H2O2
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was 1:1.8). After that, the mixture was reacted for 8 h at 50 °C. Then,
the remaining formic acid in the mixture was neutralized with saturated
NaHCO3 solution, and the obtained solution was extracted with ethyl
ether several times. Subsequently, anhydrous MgSO4 was used to
remove the remaining water. After filtration and rotary evaporation,
ECaO was obtained in a yield of about 84%.
Preparation of FBDC Cellulose Hydrogels. CP (0.5 g, 3 mmol)

was placed in a three-necked flask, DBU (1.8 g, 12mmol, approximately
4 equiv per AGU) was added, and then DMSO (12 mL) was added.
The flask was transferred to a magnetic stirring heater (stirring speed of
300 rpm) in a 50 °Cwater bath, 5 bar of CO2 (flow rate of 1 NLmin−1)
was applied, and the clarified cellulose solution was obtained after 15
min. Different masses of ESO were mixed with an appropriate amount
of TEA (about 2 wt % of ESO, as a catalyst of the ring-opening reaction
of epoxy) and were added to the flask through a constant-pressure
dropping funnel until the desired molar ratios of ESO to AGU of
cellulose (i.e., 0.33, 0.66, 0.75, 1, 2, and 3) were reached. Air bubbles
were removed by centrifugation after rapid stirring at 50 °C for 30 min.
The obtained transparent viscous solution was poured into a mold and
kept in a 90 °C oven for 24 h to allow the hydroxyl groups on the
cellulose chains to undergo a chemical cross-linking reaction with ESO,
and then the obtained cellulose gels were removed from the mold and
immersed into a 75% (v/v) aqueous ethanol solution for 6 h at room
temperature to terminate the chemical cross-linking reaction and
simultaneously induce physical cross-linking. After thoroughly washing
with deionized water, we obtained the cellulose-ESO DC hydrogels.
Cellulose-ECaO and cellulose-ELO DC hydrogels were prepared by
the same procedure. The control group samples of pure physically
cross-linked (ESO/AGU = 0) and pure chemically cross-linked (ESO/
AGU = 1, not immersed in ethanol aqueous solution) cellulose
hydrogels were prepared and noted as PC hydrogels and CC hydrogels,
respectively. The sample codes and molar ratios of oil to AGU of the
above-mentioned cellulose hydrogels are shown in Table 1.

Assembly of ZIHCs. AC@CC and Zn@CC were used as the
cathode and anode materials of ZIHC, respectively. Activated carbon
served as the active material, acetylene black as the conductive agent,
and PVDF as the binder, which weremixed accordingly in a weight ratio
of 8:1:1 to form a uniform mixture. The mixture was evenly coated on
acid-treated carbon cloth and dried in a vacuum oven at 80 °C to obtain
the cathode. For the anode, the acid-treated carbon cloth was used as
the working electrode, and the polished zinc sheet was used as the
reference electrode. Zn@CC was electrodeposited at a constant
potential of −0.8 V (vs Zn) in 1 mol L−1 ZnSO4 solution for 2400 s,
washed with deionized water, and dried for use. CR2032-type button
cells were assembled in air, and a 1 mm thick circular FBDC 1-2
hydrogel (16 mm in diameter) was used as the hydrogel electrolyte for
most electrochemical measurements. All electrochemical measure-
ments were performed at 25 °C unless otherwise stated. Flexible ZIHCs
were assembled by sandwiching the hydrogel electrolyte between a zinc
foil and activated carbon-loaded stainless steel. All FBDC cellulose

hydrogel electrolytes were activated with 2 mol L−1 ZnSO4 electrolyte
before use.
Characterization. Fourier transform infrared spectroscopy (FTIR)

of cellulose hydrogels (freeze-dried before testing) and raw materials
was carried out with a Nicolet IS10 FTIR (Thermo Fisher) with 32
scans at a spectral resolution of 4 cm−1 throughout a scan range of
4000−400 cm−1.

1H NMR spectra were recorded with a Bruker AV 600 M
spectrometer (Germany) at room temperature. All samples were
prepared using CDCl3-d as solvent and were dissolved with the
concentrations of 5−10 mg mL−1.

X-ray photoelectron spectroscopy (XPS) was recorded on a Thermo
SCIENTIFIC Nexsa spectrometer with a monochromatic Al target as
the excitation source. The analyzer pass energy was 150 eV for the
spectra and 30 eV for the high-resolution C 1s scans.

Cross sections of hydrogels were observed using a scanning electron
microscope (SEM, Carl Zeiss Jena, Germany) at a voltage of 10 kV.
Before observation, the hydrogels were brittlely fractured in liquid
nitrogen and were freeze-dried.

The nitrogen adsorption/desorption isotherms of freeze-dried
FBDC cellulose hydrogels were analyzed by using a surface area and
pore analyzer (GEMINI VII 2390, Micromeritics). The Brunauer−
Emmett−Teller (BET) surface area was calculated by using the
adsorption data, and the pore size distribution of the sample was
determined based on the desorption data of the isotherms by the
Barrett−Joyner−Halenda (BJH) method.

Wide-angle X-ray diffraction (WAXD) was performed on an X-ray
diffractometer (Ultima IV, Japan). The tube voltage was set to 40 kV,
the tube current was 35 mA, the wavelength was 0.15406 nm, the
scanning speed was 1° min−1, and the scanning range was from 5 to 40°.
The crystallinity (χc) of FBDC cellulose hydrogel samples was
estimated based on the ratio of the crystal area of cellulose II to the
entire area diffracted by the sample, and the apparent crystal size (ACS)
of cellulose II crystallites (110) in the freeze-dried hydrogel was
calculated according to the eq 1 (Scherrer equation):

= kACS / cos (1)

where k represents the Scherrer constant (0.89), λ represents the
wavelength of the radiation source, θ represents the azimuth angle of
the lattice plane, and β represents the half-peak width of the (110)
crystal plane.

The hydrogels were subjected to tensile and compression tests by
using a universal testing machine (MTS E44.104, China) with a 500 N
load cell. For the tensile tests, rectangular hydrogel samples (30 mm
long, 10 mm wide, 1 mm thick) were stretched at a rate of 5 mm min−1

at room temperature, and the modulus was calculated from the initial
linear region of the stress−strain curve. For the compression tests,
cylindrical hydrogel samples (diameter of 10 mm, height of 20 mm)
were compressed at a rate of 2 mm min−1. All mechanical tests were
repeated more than three times, and standard deviations were
calculated.

In the water loss test, the weights of the hydrogel samples were
recorded in real time at regular intervals at a relative humidity (RH) of
60% and a temperature of around 30 °C. The water loss ratio was
calculated by eq 2:

= W W Wwater loss ratio ( )/0 0 (2)

where W′ refers to the real-time weight of the sample and W′0
represents the initial weight of the hydrogel.

Dynamic mechanical analysis (DMA) was conducted by using a
Netzsch DMA 242C dynamic mechanical analyzer in tensile mode with
an oscillation frequency of 1 Hz. The sample, with dimensions of 15
mm × 5 mm × 0.7 mm (length × width × thickness), was cooled to 20
°C and maintained at this temperature for 5 min before being heated to
80 °C at a rate of 3 °C min−1.
Electrochemical Measurements. Electrochemical measurements

of ZIHCs were performed on a CHI 660E electrochemical workstation
(Shanghai Chenhua) by using cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spectrosco-

Table 1. Sample Codes, Specific Raw Material Amounts, and
Water Content of Cellulose Hydrogelsa

sample oil m EtOH (v/v) WHd2O (wt %)

PC 0 75% 82.3
FBDC 1-1 ESO 0.33 75% 81.1
FBDC 1-2 ESO 0.66 75% 76.9
FBDC 1-3 ESO 0.75 75% 73.1
FBDC 1-4 ESO 1 75% 60.0
FBDC 1-5 ESO 2 75% 21.8
FBDC 1-6 ESO 3 75% 14.9
FBDC 2-1 ECaO 1 75% 63.3
FBDC 3-1 ELO 1 75% 69.5
CC ESO 1 0%

am, molar ratio of oil to AGU; WHd2O, water content of the hydrogels.
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py (EIS). During the EIS test, the electrolyte was sandwiched between
two stainless steel sheets, and the frequency range was set from 100 kHz
to 0.1 Hz, and the alternating current (AC) voltage amplitude was 5mV
at different test temperatures (20−90 °C). The ionic conductivity (σ,
mS cm−1) was calculated according to eq 3:

= L SR/ b (3)

The transference numbers of Zn2+ ion (tZn2+) were obtained from the
EIS measurements of the Zn||Zn symmetrical cells before and after a
polarization under 20 mV for 2000 s, and calculated by the following eq
4:

=+t I V I R I V I R( )/ ( )Zn S 0 0 0 S S2 (4)

where I0 and R0 are the initial current and resistance before polarization,
IS and RS are the steady-state current and resistance after polarization,
and ΔV is the polarization voltage (20 mV for a Zn electrode).

For the ionic conductivity of the hydrogel electrolyte samples at
different temperatures, the Arrhenius eq 5 was used for linear fitting:

= +E RT Aln ( / ) lna (5)

where A is the pre-exponential factor, Ea is the activation energy (J
mol−1), R is the molar gas constant (8.314 J mol−1 K−1), and T is the
thermodynamic temperature (K).

The electrochemical performance of the assembled ZIHCs was
characterized by using an electrochemical workstation. CV and GCD
were tested at different scan rates (5−200mV s−1) and current densities
(0.2−10 A g−1). EIS measurements were performed in the frequency
range of 106−0.01 Hz. GCD measurements were performed on a
model BTS-4008 battery tester (Shenzhen Neware Co., Ltd.). The
specific capacitance C (mAh g−1) can be calculated from the GCD
curve according to eq 6:

=C I t m/ (6)

Scheme 1. Schematic Diagram of the Fabrication Process to Obtain High-Strength FBDC Cellulose Hydrogels

Figure 1. (a) Cellulose solution (left) and cellulose/ESO mixture solution (right). Photographs of FBDC 1-4 cellulose hydrogel samples, (b) highly
transparent thin film, (c) film under twisting and knotting, (d) a piece of thin film (10 mmwide and 0.5 mm thick) that could withstand a 1 kg hanging
weight, (e) hydrogel samples during compression and tensile tests, and (f) star and letter-shaped hydrogels prepared by molds.
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where I is the discharge current (mA), Δt is the discharge time (h), and
m is the total mass of active material AC (g).

■ RESULTS AND DISCUSSION
FBDC cellulose hydrogels were prepared by sequential chemical
and physical cross-linking methods (Scheme 1). A transparent
cellulose solution was prepared by dissolving cellulose in the
DBU-CO2 switchable solvent system (Figure 1a, left), where
hydrophobic epoxidized plant oils as long-chain chemical cross-
linking agents could homogeneously modify the hydrophilic
cellulose.36 Under vigorous stirring, the resulting homogeneous
and viscous solution (Figure 1a, right) was poured into molds
for chemical cross-linking at 90 °C for 24 h, resulting in the
formation of a cellulose hydrogel with a covalent network.
Subsequently, the chemically cross-linked hydrogels were
immersed in 75% ethanol aqueous solution to remove residual
DBU and DMSO and conduct physical cross-linking through
hydrogen bonding and chain entanglement, and the hydrogel
showed a certain degree of shrinkage due to the high osmotic
pressure of the ethanol aqueous solution environment, during
which the distances between adjacent cellulose chains were
shortened, resulting in the cellulose chains hydrophobically
stacking perpendicular to the cellulose pyranose ring plane. After
being washed with deionized water, transparent (or translucent)
light yellow FBDC cellulose hydrogels were obtained (Figures
1b and S1) with a water content (obtained from water loss tests)
ranging from 15 to 81% (Table 1). It should be emphasized that,
according to the pre-experimental phenomenon, the excessive
epoxidized vegetable oil would self-polymerize into an oily
colloid; thus, the samples of FBDC 1-5 and FBDC 1-6 will not

be discussed in detail in the following discussion. Remarkably,
the double cross-linked network gave the cellulose hydrogel high
toughness; FBDC 1-4 cellulose hydrogel did not break under
bending and knotting, exhibiting excellent mechanical proper-
ties (Figure 1c). A long strip of FBDC 1-4 cellulose hydrogel (10
mm long and 0.5 mm thick) could withstand a weight of 1 kg
(Figure 1d). The cylindrical FBDC 1-4 cellulose hydrogel with a
diameter of 10mm and a height of 25mm could withstand a 60%
deformation under compression testing, and the long strip
FBDC 1-4 cellulose hydrogel could be stretched to nearly 3
times its original length without breaking (Figure 1e). The five-
pointed star and letter-shaped samples of FBDC cellulose
hydrogels are exhibited in Figure 1f, demonstrating that FBDC
cellulose hydrogel exhibited good formability.
Characterization of Epoxidized Vegetable Oils. The

chemical structure of epoxidized vegetable oils was characterized
using 1H NMR and FTIR. As shown in Figure 2a, the peaks of
ECaO corresponding to the carbon−carbon double bond
(−C�C−) group at 3008 cm−1 disappeared, while the peaks
corresponding to the epoxy groups at 829 cm−1 appeared,
indicating that −C�C− was successfully converted into epoxy
groups.37 In addition, the 1HNMR results further confirmed the
findings from FTIR analysis. As shown in Figure 2b, after the
epoxidation reaction, the peaks of CaO at 5.34 ppm
corresponding to −C�C− disappeared, and new peaks around
2.85−3.26 ppm in ECaO indicated the appearance of the epoxy
groups. By analyzing the areas of characteristic peaks in the 1H
NMR spectra, the number of epoxy groups per mole of
triglycerides in different epoxidized vegetable oils could be
determined (Figures 2b and S2). The peak area of 5.1−5.2 ppm

Figure 2. (a) FTIR spectra of CaO and ECaO along with their partial details at 3008 and 829 cm−1. (b) 1H NMR spectra of CaO, ECaO, ESO, and
ELO. (c) FTIR spectra of CP, ESO, and FBDC 1-4. (d) FTIR spectra of a series of FBDC cellulose hydrogels prepared using different ESO
concentrations and their partial details at 1735 cm−1.
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(−CH−) in triglycerides was normalized as a constant of 1 to
obtain the numbers of −C�C− and epoxy groups in the
vegetable oils and epoxidized vegetable oils, while the
integration results of 5.3−5.4 ppm corresponded to the number
of −C�C− in a single triglyceride, and the peaks area
integration results of 2.85−3.26 ppm corresponded to the
number of epoxy groups in a single triglyceride.38 The results
showed that there were about 5.3 −C�C− groups in each CaO
molecule and about 4.2, 5.3, and 6.3 epoxy groups in each ESO,
ECaO, and ELO molecule, respectively. Apparently, all −C�
C− groups were consumed and essentially converted into epoxy
groups, confirming the successful preparation of ECaO.

The FBDC cellulose hydrogels were further characterized by
FTIR to determine their functional groups and interactions. As

shown in Figures 2c and S3, the FTIR spectra of the FBDC
cellulose hydrogels prepared from the three epoxidized
vegetable oils showed symmetric and asymmetric stretching
vibration peaks representing −CH3 and −CH2 and stretching
vibration peaks of −C�O at 2924, 2855, and 1735 cm−1,
respectively; compared with the raw material CP, the stretching
vibration peak of ether bond (−C−O-C−) at 1112 cm−1 was
enhanced, while the peak corresponding to the epoxy group at
829 cm−1 disappeared.39 By comparing the spectra of the FBDC
cellulose hydrogels (Figure 2d), as the ESO content increased,
the symmetric and asymmetric stretching vibration peaks of
−CH2 and −CH3 and the −C�O absorption peak gradually
increased, and the hydroxyl absorption peak blue-shifted from
3295 to 3453 cm−1, indicating a weakened hydrogen bonding

Figure 3. (a) SEM images of FBDC cellulose hydrogels and (b) nitrogen adsorption/desorption isotherms; the inset shows the pore size distribution
in the mesoporous range, obtained from the BJH plots.
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effect. This might be attributed to excessive chemical cross-
linking limiting the formation of hydrogen bond networks and
the self-assembly of molecular chains during physical cross-
linking. In addition, the XPS spectra (Figure S4) revealed that
after chemical cross-linking, the content ratio of C−C/C−H
increased, the content ratio of C−O−C/C−OH decreased,
while carbon in a high oxidation state (O�C−O) was also
detected, which further proved that the three epoxidized
vegetable oils formed covalent bonds with the −OH groups of
CP.40 All of these results confirmed that under the catalysis of
TEA, cellulose chains underwent ring-opening reactions with
ESO, ECaO, and ELO, respectively, and were connected by
ether bonds.
Characterization of FBDC Cellulose Hydrogels. The

cross-sectional morphology of the FBDC cellulose hydrogels
was observed using SEM. In Figure 3a, due to the formation of
appropriate chemical cross-linking, FBDC 1-1, FBDC 1-2, and
FBDC 1-3 showed hierarchical micro- and nanoporous
structures composed of interconnected cellulose nanofibers
(CNF) with a typical diameter of approximately 300 nm. The
pores in the structures could serve as ion migration channels,
thereby promoting the transport of Zn2+ ions and thus
enhancing the ionic conductivity.26 For FBDC 1-4, FBDC 2-1,
and FBDC 3-1, excessive cross-linking within the hydrogel
network, caused by the excessive addition of vegetable oil, led to
denser structures; however, nanoscale pores were still
observable. The specific surface area was measured using
nitrogen adsorption−desorption isotherms, and the size
distribution of mesopores (less than 100 nm) in the FBDC
cellulose hydrogels was evaluated by BET and BJH methods,
respectively (Figure 3b, Table S1). According to the results, the
maximum BET surface area was calculated to be 6.6 m2 g−1

(FBDC 1-2), and the average pore size of the mesopores was
25.5 nm. These results indicated that the chemical cross-linking
of cellulose with epoxidized vegetable oil created multiscale
porous structures, laying a foundation for applications in
electrochemical energy storage devices.41

WAXD was used to characterize the crystal structure and χc of
the samples. All FBDC cellulose hydrogels showed broad
characteristic diffraction peaks at approximately 2θ = 16, 20, and
22° (Figures 4a and S5), corresponding to the (11̅0), (110), and
(020) plane of cellulose II crystalline hydrate, respectively.42,43

The CC cellulose hydrogel displayed an amorphous broad peak
only at a 2θ of 20°. By integrating the diffraction peaks of the
three main crystal planes through peak fitting, it was estimated
that the χc of the hydrogel decreased from 55.1% for PC to

34.6% for FBDC 1-4, while the χc of FBDC 2-1 and FBDC 3-1
were only 27.8 and 24.6%, respectively, and the χc of CC
hydrogel was only 14.9% (Figure 4b, Table S1). According to
reports, cellulose chains could self-assemble into (110) and
(020) planes in the direction perpendicular to the pyranose ring
plane through continuous hydrophobic stacking and hydrogen
bonding.44 With the increase in the amount of epoxidized
vegetable oil used, the degree of chemical cross-linking
increased, which in turn affected the self-assembly behavior of
the cellulose chains, resulting in a gradual decrease in χc and the
diffraction intensity. When the molar ratio of epoxidized
vegetable oil to AGU increased from 0 to 1, the ACS110 of the
FBDC cellulose hydrogel estimated by eq 1 increased from 2.2
to 4.4 nm (Figure 4b, Table S1). The reason might be that the
inherent hydrophobicity of epoxidized vegetable oils made the
internal environment of the hydrogels more hydrophobic,
reducing the interference of water molecule diffusion on the
hydrophobic stacking of cellulose chains and ultimately leading
to an increase in crystal size. The results indicated that the
covalent cross-linking density increased with the molar ratio of
epoxidized vegetable oils to AGU, and the cellulose chains were
disorderly fixed by the chemically cross-linked network, limiting
self-assembly and recrystallization driven by hydrogen bonding
during immersion in the coagulation bath.45

To gain a deeper understanding of the universality of long-
chain epoxidized vegetable oil cross-linking agents and the
reinforcement mechanism of FBDC cellulose hydrogels, fully
biobased FBDC cellulose hydrogels with adjustable properties
were prepared using different epoxidized vegetable oils, and
their mechanical properties were evaluated. Figure 5a and Table
2 show the mechanical properties of FBDC cellulose hydrogels
prepared using ESO, ECaO, and ELO (the number of epoxy
groups was 4.2, 5.3, and 6.3 per triglyceride, respectively). ESO
was used as a model to optimize the molar ratio of epoxy
vegetable oil to AGU. During the stretching process, the stress−
strain curves of the FBDC hydrogels exhibited a pronounced
strengthening trend as themolar ratio of ESO to AGU increased.
This enhancement could be attributed to the flexible vegetable
oil chains acting as plasticizers, which adjust the flexibility of the
semirigid cellulose cross-linking network. Furthermore, the long
fatty acid chains provide greater freedom for the self-assembly of
cellulose chains during subsequent physical cross-linking
processes.62 The maximum tensile stress and strain of the
FBDC prepared by ESO were 6.1 MPa and 290% (FBDC 1-4),
respectively, which were approximately 20 and 10 times larger
than those of the CC cellulose hydrogel. FBDC 1-4 had higher

Figure 4. (a)WAXD curves of a series of prepared FBDC cellulose hydrogels, PC cellulose hydrogels, and CC cellulose hydrogels. (b) χc and the ACS
of the (110) plane (ACS110) of FBDC cellulose hydrogel, PC cellulose hydrogel, and CC cellulose hydrogel, estimated from the WAXD curves in (a).
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Figure 5. (a) Tensile stress−strain curves of FBDC, PC, and CC hydrogels, with insets showing partial magnifications, (b) comparison of tensile stress
and strain with other biobased gels. (c) Young’s modulus and toughness in tensile tests. (d) Comparison of toughness and strain with other biobased
gels. (e) Continuous tensile cyclic loading−unloading curves at 50% strain. (f) Tensile cyclic loading−unloading curves at different strains and (g)
their energy dissipation and energy dissipation rate. (h) Compressive stress−strain curves of FBDC, PC, and CC hydrogels, with insets showing partial
magnifications, and (i) continuous compressive cyclic loading−unloading curves at 40% strain. The hydrogels used for comparison of tensile
properties were prepared from PC cellulose,22,46 CC cellulose,47 DC cellulose,22,48 cellulose/graphene oxide (GO),49 bacterial cellulose,50 anisotropic
cellulose,51 cellulose composites,52 chitin,53 DC chitin,54 chitosan,55 silk fibroin,56 gelatin,57 chitosan/gelatin,58 mechanically trained (MT) silk
fibroin,59 poly(vinyl alcohol) (PVA),60 and cellulose nanofibers (CNF).61

Table 2. Physical Properties of FBDC Cellulose Hydrogelsa

tensile compression

sample σTens [MPa] εTens [%] ETens [MJ m−3] σComp [MPa] εComp [%] EComp [MJ m−3]

PC 1.0 ± 0.1 57 ± 6.0 0.3 ± 0.05 2.1 ± 0.3 37 ± 3.4 0.3 ± 0.07
FBDC 1-1 1.7 ± 0.1 62 ± 3.0 0.6 ± 0.15 2.1 ± 0.3 45 ± 1.9 0.36 ± 0.05
FBDC 1-2 4.0 ± 0.3 146 ± 8.9 3.0 ± 0.23 2.4 ± 0.7 47 ± 2.1 0.38 ± 0.14
FBDC 1-3 4.6 ± 0.7 221 ± 34 6.2 ± 1.05 3.7 ± 0.4 58 ± 8.3 0.58 ± 0.17
FBDC 1-4 6.1 ± 0.7 290 ± 26 9.8 ± 0.75 4.2 ± 0.6 57 ± 5.7 0.6 ± 0.15
FBDC 2-1 5.8 ± 0.6 242 ± 11 8.1 ± 0.70 2.0 ± 0.4 53 ± 4.6 0.37 ± 0.12
FBDC 3-1 5.6 ± 0.4 230 ± 13 7.3 ± 0.30 2.6 ± 0.6 57 ± 6.9 0.43 ± 0.09
CC 0.3 ± 0.1 30 ± 6.2 0.1 ± 0.02 0.05 ± 0.01 34 ± 1.6 0.006 ± 0.001

aσComp, εComp, and EComp, stress at fracture, fracture strain, and toughness under compression; σTens, εTens, and ETens, tensile strength, elongation at
break, and toughness under tensile test.
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tensile stress and strain compared with hydrogels derived from
natural biomacromolecules and typical semicrystalline poly-
(vinyl alcohol) (PVA) hydrogels (Figure 5b). Furthermore, it
was found that the toughness of the prepared FBDC cellulose
hydrogels was significantly higher than that of CC cellulose
hydrogels and PC cellulose hydrogels. Compared to CC
hydrogel, the Young’s modulus and toughness of FBDC 1-4
increased significantly from 1.0 MPa and 0.1 MJ m−3 to 7.2 MPa
and 9.8 MJ m−3 (Figure 5c), indicating that through covalent
cross-linking with epoxy vegetable oil, physical interactions
(including hydrogen bonding interactions, chain entanglements
between self-assembled cellulose nanofibrils, and hydrophobic
interactions), a nanofiber network was formed inside the FBDC
cellulose hydrogel (Figure 3a), and the toughness was
significantly improved (Figure 5d). It is important to note
that, at the same molar ratio of ESO to AGU, the maximum
tensile strains of FBDC cellulose hydrogels prepared using
ECaO and ELO were lower than those of FBDC cellulose
hydrogels prepared using ESO. This reduction may be due to
excessive cross-linking of the epoxy groups, which could lead to
the brittle transition of the hydrogel.

To gain a deeper understanding of the energy dissipation
mechanisms in FBDC cellulose hydrogels, tensile loading−
unloading cycle tests were conducted. As illustrated in Figures
5e and S6, the loading−unloading cycle curves of the FBDC
cellulose hydrogel at 50% strain exhibited significant hysteresis,
which was more pronounced compared to the hysteresis areas of
the PC and CC cellulose hydrogels. This enhancement may be
attributed to a high ethanol concentration, which reduces the
destruction of hydrophobic interactions and entanglements

between cellulose chains caused by water molecule diffusion.
Moreover, the hysteresis areas from the second to the fifth cycles
significantly decreased compared to the first cycle and exhibited
elasticity without noticeable plastic deformation, indicating that
a uniform reversible network was formed during the subsequent
stretching process, thereby keeping the dissipated energy
constant. Under 100 cycles of continuous loading−unloading
cycle tests at 100% strain (Figure S7), the strength of the
hydrogel increased significantly due to the oriented distribution
of cellulose nanofibers inside the hydrogel under the action of
external force and the recross-linking of the physical interaction,
which led to abnormal energy dissipation and large permanent
deformation due to the sliding of nanofibers.48 The self-recovery
performance of the hydrogel was evaluated through continuous
loading−unloading tests with different resting times under 50%
deformation. The self-recovery efficiency was calculated by the
ratio of the dissipated energy at different resting times to the
dissipated energy in the first cycle.63,64 The recovery efficiency
increased with the increase of resting time, and the recovery
efficiency could reach over 80% after 30 min (Figure S8). Due to
the covalent and noncovalent synergistic interactions inside the
hydrogel, the corresponding dissipated energy and energy
dissipation ratio of FBDC 1-4 cellulose hydrogel at different
strains (40−140%) increased with strain (Figure 5f,g). The
hydrogen bond-induced cross-linking network acted to dissipate
energy by destruction and could be reestablished under small
strain. As the strain increased, the chemical cross-linking was
partially destroyed as a sacrificial bond to dissipate energy,
similar to the “Mullins effect” observed in filled rubber.65

Therefore, the combination of chemical and physical cross-

Figure 6. (a) LSV curves of FBDC cellulose hydrogel electrolytes. (b) EIS of FBDC cellulose hydrogel electrolyte. (c) Ionic conductivity of FBDC
cellulose hydrogel electrolytes from alternating current impedance curves at 20 °C. (d) Schematic diagram of ZIHC assembled with FBDC 1-2
cellulose hydrogel electrolyte.
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linking structures endowed FBDC cellulose hydrogels with high
stiffness, high toughness, and more efficient energy dissipation.

Compression tests of FBDC cellulose hydrogels also
demonstrated the toughening effect of double cross-linking.
The compression test results exhibited a trend very similar to
that of the tensile test (Figure 5h). FBDC 1-4 showed the
highest compressive strength and strain at breaks of 4.2MPa and
58%, respectively (Table 2), and the toughness was 100 times
that of CC cellulose hydrogel. In addition, the cyclic stress−
strain curves under the compression test (Figures 5i and S9) also
demonstrated that the FBDC cellulose hydrogels exhibited
significant hysteresis and relatively small permanent deforma-
tion due to the high density of chain entanglement. This
recovery behavior was attributed to the reversible properties of
the physically cross-linking network, especially the cellulose II
crystallite hydrate formed during the destruction of the solvated
structure and removal of solvent molecules. In summary, FBDC
cellulose hydrogels effectively disperse stress by chemical cross-
linking domains provided by flexible long fatty chains
(epoxidized vegetable oils) as cross-linking agents, as well as
physical cross-linking domains, where the rigid cellulose II
crystallite hydrate acted as carriers that were capable of
absorbing energy and sustaining large deformations, thus
avoiding stress concentration. At the same time, the hydro-
phobicity of the epoxidized vegetable oil limited the water

content of hydrogels, reduced the swelling behavior of
hydrogels, and resulted in a higher density of the network
structure. Flexible chemical and rigid physical cross-linking
domains were uniformly dispersed inside the hydrogel, ensuring
a homogeneous microstructure of the FBDC cellulose hydro-
gels. The resulting nanofiber network further enhanced the
mechanical stress resistance and evenly transmitted stress
throughout the material, significantly improving the mechanical
properties of the FBDC cellulose hydrogels.
Application of FBDC Cellulose Hydrogels as Flexible

Electrolytes. The excellent mechanical properties and porous
structures of FBDC cellulose hydrogels indicated their potential
for application as hydrogel electrolytes in electrochemical
energy storage devices.66 After activation with 2 mol L−1

ZnSO4 electrolyte, the hydrogels were tested electrochemically
using linear sweep voltammetry (LSV) in the voltage range of
0−3 V at a scan rate of 0.5 mV s−1, as shown in Figure 6a. All
samples remained relatively stable in the voltage range of 0−2.35
V. The voltage range of ZIHCs used in this work was 0.2−1.8 V,
which illustrated the applicability of FBDC cellulose hydrogels
as electrolyte materials. The conductivities of the hydrogel
samples were analyzed by electrochemical impedance spectros-
copy (EIS) (Figure 6b), and the corresponding results of EIS
calculation are shown in Figure 6c. The slope of the straight line
in the low-frequency region was proportional to the ion diffusion

Figure 7. Electrochemical performances of the assembled ZIHCs (Zn@CC||2mol L−1 ZnSO4 (FBDC 1-2)||AC@CC). (a) CV curves at different scan
rates. (b, c) GCD curves at different current densities. (d) Specific capacity versus current density of ZIHCs. (e) Cycling performance and Coulombic
efficiency at 5.0 A g−1. (f) Photographs of the ZIHC mounted on a wristband to power an electronic watch, parts (i)−(iv) show the front and back of
the assembly, the front after powering on, and the front when worn on the wrist, accordingly.
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rate, and the curve was nearly linear, indicating that the ions had
an excellent diffusion effect in the electrolyte. The ionic
conductivities of different samples at room temperature were
calculated by combining Figure S10 with eq 3, among which the
FBDC 1-2 cellulose hydrogel electrolyte had the highest ionic
conductivity of 35.35 mS cm−1. In addition, the tZn2+ of FBDC
was evaluated in a Zn||Zn symmetric cell at room temperature
with a constant polarization potential of 20 mV (Figure S11). A
high tZn2+ of 0.69 was obtained, indicating its excellent Zn2+

transport ability.67 Figures S12 and S13 show that the ionic
conductivity of FBDC cellulose hydrogel electrolytes increased
with the temperature (in the range of 20−80 °C) due to the
higher migration rate of free charge carriers. And the DMA
results (Figure S14) showed that the storage modulus and tan δ
did not change much with increasing temperature, indicating
that the mechanical properties of the FBDC hydrogel electrolyte
were less affected by the temperature. Figure S15 proves that
there was an obvious linear relationship between ln σ and 1000
T−1. Considering the excellent ionic conductivity, appropriate
porous structure, and excellent mechanical properties, FBDC 1-
2 cellulose hydrogel was selected as the electrolyte and
separator. The ZIHCs were assembled in a simple sandwich
structure, with Zn@CC as the anode and AC@CC as the
cathode material (Figure 6d).

The CV curves (Figure 7a) showed that the assembled energy
storage device achieved reversible charge and discharge
functions with an operating voltage range of 0.2−1.8 V. Even
at a higher scan rate, the CV curve showed no obvious distortion,
indicating that the system had fast kinetics and rapid energy
storage performance during the electrochemical reaction. Figure
7b,c shows the GCD curves at different current densities (0.2−
10 A g−1). In Figure 7d, at a current density of 0.2 A g−1, the
maximum specific capacity of the capacitor was 87.8 mAh g−1,
and when the current density increased to 10 A g−1, the specific
capacity could maintain 46.4 mAh g−1. The most important
properties of energy storage devices are cycle life and
electrochemical stability. As shown in Figure S16, ZIHCs
exhibited excellent cycle stability at a current density of 1.0 A
g−1; the capacity retention rate was as high as 97% after 10,000
cycles. Remarkably, at a high current density of 5.0 A g−1, ZIHCs
could complete up to 35,000 charge and discharge cycles with a
capacity retention rate up to 90%, while the average Coulombic
efficiency was nearly 100% (Figure 7e). Notably, an
independent power supply was built by connecting two
assembled ZIHCs in series, based on which an LED board
(>2.3 V) could be illuminated for nearly 3 min, and the power
could still be supplied even when ZIHCs were bent at large
angles (Figure S17). To demonstrate the application of the
device as a flexible energy storage device for wearable electronic
devices, a flexible ZIHC connected to a wristband was
assembled to power an electronic watch, as shown in Figure 7f
and Movie S1. After being charged, the ZIHC could power the
electronic watch while being worn, demonstrating excellent
mechanical strength, flexibility, and high energy storage
performance. Furthermore, no significant capacity loss was
observed when weight was loaded onto the flexible ZIHCs, with
detailed digital images and GCD curves recorded (Figure S18).
In conclusion, the biomass-derived FBDC cellulose hydrogel
electrolytes exhibited excellent mechanical and electrochemical
properties, showing great potential to provide continuous power
for wearable electronic devices in complex environments.

■ CONCLUSIONS
In this study, a novel long-chain chemical cross-linking agent,
epoxidized vegetable oil, was introduced to prepare a
mechanically strong and tough, fully biobased cellulose hydrogel
electrolyte material through continuous chemical and physical
cross-linking. Specifically, hydrophobic flexible fatty acid chains
induced significant hydrophobic packing of semirigid cellulose
chains at the molecular scale and rigid cellulose II crystalline
hydrates at the nanoscale. The synergistic effect between the
physical cross-linked domains and the chemical cross-linked
domains at the mesoscopic scale endowed FBDC cellulose
hydrogels with excellent mechanical properties at the macro-
scopic scale, achieving strains of 290 and 58% under tension and
compression, respectively, while the toughness reached 9.8 and
0.6 MJ m−3 under the same conditions. In addition, through an
appropriate degree of covalent cross-linking by epoxidized
vegetable oils and physical interaction, a nanofiber network was
formed for ion transport; after electrolyte activation, the
hydrogel electrolyte had high ionic conductivity (35.4 mS
cm−1 at room temperature) and a wide operating voltage range
(0−2.35 V). The assembled ZIHCs could achieve high capacity
and long cycle performance (10,000 and 35,000 cycles at 1.0 and
5.0 A g−1, respectively; specific capacities of 71.0 and 54.2 mAh
g−1, respectively), and could also power the device under
different degrees of folding, demonstrating excellent mechanical
and electrochemical properties. This work provides a simple
strategy to prepare strong and tough, fully biobased cellulose
hydrogels, which are expected to be applied in various fields such
as flexible wearable energy storage devices.
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efficiency of ZIHC (Figure S16), bending test demon-
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Application of the device as a flexible energy storage
device for wearable electronic devices, a flexible ZIHC
connected to a wristband was assembled to power an
electronic watch (MPG)
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羧甲基纤维素棕榈酸酯的合成及其胶束包载
姜黄素研究

＊刘艺莹1  王洋2*

（1.广州华商职业学院  广东  511300

   2.华南农业大学  广东  510642）

摘要：以羧甲基纤维素和棕榈酸为原料，合成具有两亲性的羧甲基纤维素棕榈酸酯，以其在水相中自组装形成的胶束作为载体对姜黄素

进行包载。通过红外光谱验证了羧甲基纤维素棕榈酸酯的成功合成，激光粒度仪测试则证明载药胶束纳米乳液的形成，采用液相色谱测试

并计算了载药胶束的载药量及包封率。本研究以全生物基载体实现了疏水姜黄素在水中的稳定分散。

关键词：两亲性聚合物；纤维素衍生物；姜黄素；载药胶束
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Study on Synthesis of Carboxymethyl Cellulose Palmitate and Encapsulation
of Curcumin in Its Micelle

Liu Yiying1, Wang Yang2*

(1.Guangzhou Huashang Vocational College, Guangdong, 511300
2.South China Agricultural University, Guangdong, 510642)

Abstract：Amphiphilic carboxymethyl cellulose palmitate was synthesized using carboxymethyl cellulose and palmitic acid, and self-as-
sembled in aqueous phase to load curcumin. The successful synthesis of carboxymethyl cellulose palmitate was verified by infrared spectrum, and 
the laser particle size analysis proved the formation of drug-loaded micellar nanoparticles. The loading capacity and encapsulation efficiency of 
the drug-loaded micelles were calculated by liquid chromatography test. This study achieved stable dispersion of hydrophobic curcumin in aqueous 
phase using all-bio-based carrier.

Key words：amphiphilic polymers；cellulose derivatives；curcumin；drug-loaded micelles

1,7-双(4-羟基-3-甲氧基苯基)-1,6-庚二烯-3,5-

二酮，又名姜黄素，是通过乙醇从姜科植物姜黄（Cur-

cuma longa L.）的干燥根茎中提取的活性小分子。姜黄

素结构中的多种活性官能团均可发挥药理作用[1]，具有

抗氧化、抗炎、抗菌、抗血栓、抗癌等药理效应[2-3]。

姜黄素不溶于水，体内吸收差，生物利用度有限，其

最为有效的针对性解决方式是采用合适的两亲性载体

提高姜黄素在水相中的分散能力。两亲性分子是同时

具有亲水和疏水结构的分子，在溶剂中会发生自组装，

形成有序结构，在材料科学、生物医学等领域发挥了

重要作用。例如，两亲性聚合物自组装形成胶束或囊

泡结构，可以作为包载疏水性物质的理想载体[4-5]。

羧甲基纤维素是最为广泛生产的纤维素衍生物之

一[6]，产量大、廉价易得、生物相容性好、易溶于水，

已作为添加剂、粘合剂、悬浮剂、乳化剂、分散剂、

稳定剂等广泛应用于食品、药品、纺织、建筑等领

域。棕榈油是世界上产量最大的植物油，其水解产物

之一的棕榈酸又名软脂酸、十六烷酸，属于直链饱和

高级脂肪酸，不溶于水。

本研究合成具有两亲性的羧甲基纤维素棕榈酸酯，

以其在水相中自组装形成的全生物基胶束对姜黄素进

行包载。本研究采用红外光谱对合成的羧甲基纤维素

棕榈酸酯进行结构表征，采用激光粒度仪对载药胶束

进行粒径分布测试，采用液相色谱测量并计算载药胶

束的载药量及包封率。

1.试验部分

（1）试验试剂。羧甲基纤维素（Carboxymethyl 

Cellulose，CMC），重均分子量 2.5×105，黏度

400～800 mPa·s，平均取代度 1.2，上海麦克林生化

科技有限公司；棕榈酸（Palmitic Acid，PA），分

析纯，上海麦克林生化科技有限公司；二氯甲烷，分

析纯，上海麦克林生化科技有限公司；对甲苯磺酸

（p-Toluenesulfonic Acid，PTSA），分析纯，上海

麦克林生化科技有限公司；二甲基亚砜（Dimethyl 

Sulfoxide，DMSO），分析纯，上海麦克林生化科技有

限公司；1-乙基-(3-二甲基氨基丙基)碳二亚胺盐酸盐

（1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide，

EDC），乙醇均为分析纯，上海阿拉丁生化科技股份有
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限公司；去离子水由 Elix Ultrapure Water Systems

水纯化系统制备；有机系尼龙针式滤头（孔径为

1μm），浙江德滤环保科技有限公司。

（2）试验仪器。台式高速离心机（TG20-WS），

常州金坛良友仪器有限公司；冷冻干燥机（SCIENTZ-

10N），宁波新芝生物科技股份有限公司；旋转蒸发仪

（RE-501），郑州凯瑞仪器设备有限公司；高速数显乳

化机（THR300-28），拓赫机电科技（上海）有限公

司；傅里叶变换红外光谱仪（Ultima Ⅳ），日本理学

株式会社；激光粒度仪（Mastersizer 3000+Lab），

马尔文帕纳科公司；岛津液相色谱质谱联用仪（LCMS-

8060），岛津公司。

（3）羧甲基纤维素棕榈酸酯（CMC-PA）的制备。

将一定量棕榈酸倒入烧瓶，60 ℃水浴加热并机械搅

拌，按照与棕榈酸等摩尔比加入 EDC 作为脱水剂，反

应 0.5 h 后将混合物倾出，离心除去底部固体沉淀。

向上清液中重新加入 2 倍于先前用量的 EDC 并在相同

条件下再反应 0.5 h，而后离心除去底部固体沉淀，上

层液体即为棕榈酸酐。预实验及核磁共振氢谱表征证

明上述工艺可将棕榈酸几乎完全转化为棕榈酸酐，无

需进一步提纯，而一次性加入脱水剂则会使棕榈酸酐

收率不佳。其原因可能在于脱水剂在该反应中充当异

相催化剂，而反应生成的水分则会与脱水剂结合，降

低脱水剂与反应物的接触效率。

将 3 g CMC、2 g 对甲苯磺酸、90 g DMSO 倒入烧

瓶混合，100 ℃水浴加热并机械搅拌，转速 600 rpm，

待混合液澄清透明后，按 CMC 葡萄糖单元与棕榈酸酐

摩尔比 1:4 加入棕榈酸酐，反应 1 h。反应结束后将反

应液倒入二氯甲烷中，使产物充分沉淀，随后通过离

心和真空干燥得到 CMC-PA 固体粉末。

（4）羧甲基纤维素棕榈酸酯-姜黄素载药胶束的制

备。称取 20 mg CMC-PA，与 10 mL 去离子水混合溶解

于 20 mL 玻璃样品瓶中。取 5 mL 聚乙烯样品管，加入

一定量姜黄素与 2 mL 二氯甲烷混合溶解后倒入前述玻

璃样品瓶中，在乳化机下以 8000 rpm 转速乳化 8 min。

将乳液 40 ℃旋蒸除去二氯甲烷，剩余乳液用有机系尼

龙针式滤头（孔径 1μm）滤去未包载的姜黄素沉淀，

得到黄色透明的羧甲基纤维素棕榈酸酯-姜黄素载药胶

束（以下简称载药胶束）乳液，并编号为 CMC-PA-x，

其中 x 为姜黄素与 CMC-PA 的质量百分比数值，例如，

2 mg 姜黄素与 20 mg 的 CMC-PA 所制备的乳液编号为

CMC-PA-10。

（5）测试表征。使用傅里叶变换红外光谱仪 Ul-

tima Ⅳ测试 CMC 及 CMC-PA 红外光谱，扫描波数范

围为 500～4000 cm-1。采用激光粒度仪 Mastersizer 

3000+Lab（马尔文帕纳科，英国）扫描载药胶束乳液

并绘制粒径分布曲线。

对于载药胶束载药量及包封率计算则需绘制工作

曲线。精确配制系列浓度梯度的姜黄素-甲醇标准溶

液，使用液相色谱质谱联用仪 LCMS-8060（岛津公司，

日本）进行测试，流动相由甲醇与 4% 乙酸水溶液按体

积比为 7:3 混合组成。以姜黄素浓度为自变量（X），

姜黄素所属信号峰积分面积为因变量（Y），绘制散点

图并计算其线性拟合方程。所得结果如图 1 所示。将

载药胶束乳液冻干后称取 1 mg 溶于 1 mL 甲醇得到待

测姜黄素-甲醇溶液，采用与标准溶液相同的色谱条件

测试，结合标准曲线计算待测姜黄素-甲醇溶液浓度，

从而根据公式（1）计算得出载药量（LC），再根据

公式（3）计算得出包封率（EE）。

LC=[（C×V）/1000 m]×100% （1）

LC=[mE/（mE+mS）]×100% （2）

EE=（mE/mD）×100% （3）

其中，C 为经拟合方程计算得出的待测姜黄素-

甲醇溶液浓度，单位 μg·mL-1；V 为待测姜黄素-甲

醇溶液体积，此处取值 1 mL；m 为用于配制待测溶液

的载药胶束乳液冻干粉质量，此处取值 1 mg；mS 为载

药胶束中载体材料 CMC-PA 的质量，此处取值 20 mg；

mE 为载药胶束实际包载姜黄素质量，单位为 mg，由

LC 通过公式（2）计算得出；mD 载药胶束制备时投入

的姜黄素总质量，单位为 mg。

/

/

·

·

图 1 姜黄素-甲醇溶液浓度（X）与姜黄素对应信号峰积分
面积（Y）标准曲线，示出线性拟合方程及拟合度

2.结果与讨论

（1）羧甲基纤维素棕榈酸酯合成分析。本研究为

针对性提升姜黄素水相分散能力，设计两亲性聚合物

载药胶束体系。然而 CMC 仅有亲水性羧基，因此有必

要对 CMC 接枝疏水基团，构建具有显著两亲性的聚合

物。从生物质来源且廉价易得的棕榈酸出发制备棕榈

酸酐，再与 CMC 所带羟基形成酯键，如图 2 所示。本

研究未采用常规羧酸-醇羟基酯化的原因在于羧酸及醇

羟基酯化反应活性有限且具有可逆性，因此在较短时

间内难以取得理想的接枝度，使得产物两亲性不显著，

无法形成自组装结构。棕榈酸酰氯与醇羟基形成酯的
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反应虽活性高，但酰氯毒性过强，且反应条件需严格

无水无氧并使用惰性气体保护。相比而言，棕榈酸酐

作为酰化试剂不仅反应活性较强且毒性弱于酰氯，反

应条件仅需无水，较易实现，因此本研究采用酸酐酰

化途径制备 CMC-PA。

CMC 与合成所得 CMC-PA 的红外光谱，如图 3 所

示。1612 cm-1、1426 cm-1 和 1326 cm-1 处特征峰为 CMC

和 CMC-PA 谱图共有，均归属于羧甲基相关振动，表明

反应前后羧甲基并未受到影响。相比于 CMC，CMC-PA

的谱图中在 1754 cm-1 和 1200 cm-1 处出现新峰，分别归

属于酯羰基碳氧双键的伸缩振动峰及酯基碳氧单键伸

缩振动峰。同时，CMC-PA 中出现了尖锐的甲基伸缩振

动峰，亚甲基伸缩振动峰从 CMC 中的 2867 cm-1 处向低

波数移动到 2854 cm-1 处。以上结果表明 CMC-PA 被成功

合成。

图 2 CMC 与棕榈酸酐合成 CMC-PA 反应示意图

图 3 CMC 与合成所得 CMC-PA
红外光谱图

图 5 载药胶束乳液粒径分布
曲线

/

/ /

图 4 载药胶束乳液外观

（2）羧甲基纤维素棕榈酸酯-姜黄素载药胶束表

征。本研究所制备载药胶束体系的成分为全生物基来

源，如图 4 所示，均为澄清透明的黄色溶液态，表

明所合成的两亲性 CMC-PA 能够在水相体系中形成稳

定的自组装结构并实现姜黄素的包载。如表 1 所示，

随着姜黄素与 CMC-PA 用量比增加，胶束的载药量增

加，这与乳液外观变深相印证；然而包封率先增加

后减少。载药胶束乳液粒径分布曲线，如图 5 所示，

除 CMC-PA-100 以外其他呈现对称单峰，平均粒径为

122～190 nm；CMC-PA-100 粒径分布曲线则出现了不称

峰，峰中心为 459 nm，表明胶束出现了一定聚集，但

乳液仍能保持稳定。随着姜黄素载药量增加，载药胶

束粒径增加的趋势与郭延柱等[7]对包载不同浓度荧光

染料的对二氧环己酮接枝微晶纤维素的乳液体系进行

粒径分析的所得趋势一致。以上结果表明，随着姜黄

素相对用量增加，载药胶束会发生一定程度的体积扩

张且载药量增加，但载药量的增加幅度低于姜黄素相

对用量的增加幅度，造成包封率下降，同时包载量过

高可能会造成载药胶束的不稳定。

表 1 液相色谱分析计算所得载药胶束载药量及包封率

编号
信号峰面积/

（AU·min）

待测液浓度/

（μg·mL-1）

载药量/

%

包封率/

%

CMC-PA-10 1020 42 4.2 43.8

CMC-PA-20 2325 95 9.5 52.5

CMC-PA-40 3359 137 13.7 39.7

CMC-PA-60 4565 186 18.6 38.1

CMC-PA-80 5476 223 22.3 35.9

CMC-PA-100 6264 255 25.5 34.2

3.结论

（1）以棕榈酸和羧甲基纤维素为原料，通过酸

酐酰化途径在较短时间内成功合成具有显著两亲性的

羧甲基纤维素棕榈酸酯。（2）两亲性羧甲基纤维素棕

榈酸酯与姜黄素在水相中成功自组装形成全生物基载

药胶束并得到稳定乳液。载药胶束具有一定的载药量

和包封率，实现了疏水性姜黄素在水相中稳定分散的

目的。
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The low-temperature environment caused by solvent evaporation leads to the condensation of water 
vapor into water droplets that remain on the surface of the film to form breath figure patterns. The 

conventional approach to regulate the pore morphology in the breath figure process is to optimize 

the ambient temperature, humidity, and solution concentration. However, realizing a wide adjustable 

window of pore size and uniform distribution of the pore are still challenges. Here, inspired by the 

rainfall phenomenon, we proposed a simple and efficient method called the “raining boxing method”
(RBM) for preparing porous films based on exogenously given water droplets as templates. The RBM 

broadened the adjustable window of pore size (0.6–225 μm in this work) and solved the inherent problem 

of radial reduction of pore size from the film center to the edge caused by the significant difference in low- 
temperature duration at different locations accompanying the solvent evaporation process. Furthermore, 
this method could realize multi-types porous films, including surface porous films, spongy porous films, 
and honeycomb porous films, and could be universally applied in the casting process of various polymer 
solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Inspired by the condensation of water vapor as it contacts a low-
temperature object after being breathed out, the breath figure
method (BFM) has been developed and applied to construct the
porous structure of film materials [ 1-3 ]. Briefly in BFM, the local
low-temperature zone caused by the solvent in polymer solution
evaporation is formed due to the phase change thermal effect;
as the water vapor pressure in the environment is higher than
∗ Corresponding authors. 
E-mail addresses: wangyang@scau.edu.cn (Y. Wang), zhangcq@scau.edu.cn (C. 

Zhang). 
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2666-5425/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC lice
the saturated water vapor pressure in the local low-temperature
zone, the water vapor will condense into droplets in the local low-
temperature zone; with the gradual evaporation of solvent and sol-
gel transition of polymer solution, the formation and movement
of the water droplets on the upper surface of the polymer
solution, which are affected by the Convection effect [ 4 , 5 ] and
the Marangoni effect [ 4 , 6 , 7 ], would result in a film material with
specific microporous morphology. BFM has the advantages of
simple operation, low cost, and high pore-forming efficiency,
applied in microstructure templates [ 8 , 9 ], battery separators [ 10-
12 ], smart devices [ 13-15 ], water purification materials [ 16-
18 ], superhydrophobic materials [ 19-21 ], biomedical engineering
nse ( http://creativecommons.org/licenses/by-nc/4.0/ ) https://doi.org/10.1016/j.giant.2024.100293 
1 
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aterials [ 22-24 ], microreactors [ 25 , 26 ], triboelectric materials
 27 ]. 

The size, distribution uniformity, and morphology of pores 
etermine the performance of porous film [ 28 ]. Although the
FM has been used in many applications, there are still two
efects for films prepared by BFM: the pore size distribution across
he entire film exhibits a radial decrease from the center to the
dge, and a narrow window adjustable of the pore size. The non-
niformity of the porous film prepared by BFM has been reported

n several researches, but the detailed principle is still unclear
 29 ]. Some studies indicated the presence of the Marangoni effect
uring formation process of porous film in the BFM [ 4 , 6 , 7 ]. The
arangoni effect is a phenomenon that occurs when there is a

ension gradient on the surface of a solution, and mass transfer
ccurs from the region of low tension to the region of high tension
 30 ]. The Marangoni effect contributes to the orderly arrangement
f water droplets during migration to the center of porous film
 4 ]. However, it may also be one of the reasons for the difference
n pore size between the edge and the center. In summary, the
on-uniform distribution of pore sizes in BFM has not been
ystematically explained, and the dynamic characterization of 
he formation process of porous film is still lacking. According
o the literatures, experimental parameters that can be used for
he pore size adjustable in BFM include the rate of the flowing
as, humidity, temperature, concentration of polymer solution, 
nd the coating processes of the solution, such as drop coating
 31 , 32 ], spin coating [ 33-35 ], and dip coating [ 7 , 32 ]. However,
ven with the optimization of these parameters, the window of
he pore size adjustable is limited within 0.01-50 μm [ 2 , 36-39 ].
he mechanism by which the pore size determined is not yet
lear. Especially in the dynamic processes of condensation and 

vaporation of water droplets (used as templates in BFM). Thus,
urther investigation of the dynamic process of water droplet 
rowth is needed, which serves as the theoretical basis for realizing
 wider adjustable window of pore size by BFM or other simple and
ffective methods. 

The ideal method for preparing porous films should meet the
equirements of simple process that is easy to control, uniform
ore size distribution, wide adjustable window of pore size, 
niversality for different polymer solution systems, and the ability 
o obtain various types of porous films. Due to the two defects
or porous films prepared by BFM, this study was to conduct a
etailed investigation of the porous film formation process using 
he BFM and to accordingly develop a new method to meet the
equirements of constructing ideal porous film materials. Here 
n this work, inspired by the natural phenomenon of rainfall
oxing the surface of the lake, the raining boxing method (RBM)
as developed, where additional water droplets were used rather 

han condensation of water vapor as templates. The relationship 

etween the spraying rate of water droplets and the morphology
f the obtained porous film in the RBM process was investigated.
he results showed that the process was a simple operation,
igh efficiency, and high controllability of pore formation. In 

ddition, due to the uniformity coverage and the controllable 
ate of the water droplets, the defects of non-uniform pore size
istribution and the narrow adjustable window of pore size of
he BFM process could be avoided. Furthermore, the new BRM
 

ould be used to prepare porous films with different morphologies, 
uitable for polymers with varying degrees of hydrophobicity. This 
tudy provides an ideal method for the preparation of multi-types 
orous materials in various functional materials. 

 Experimental section 

.1 Materials 
ellulose acetate butyrate (CAB, with 3 % acetyl and 52 % butyryl
ontent) and dichloromethane (DCM, 99.9%) were purchased 

rom Shanghai Macklin Biochemical Technology Co., Ltd (China). 
oybean oil (Laboratory reagent) was purchased from Shanghai 
laddin Biochemical Technology Co., Ltd (China). Cellulose fatty 
cid esters (CEs, with degrees of substitution ( DS ) of 1.88, 2.27, and
.51, respectively, The preparation process of CEs was described in 

he supporting information) were synthesized in the laboratory 
nd unpublished. Deionized water was obtained using Elix R ©

ater equipment. All chemical reagents used in the experiments 
ere used without further treatment unless otherwise stated. 

.2 Fabrication of porous film by BFM 

he CAB sample was dissolved in DCM to form a solution with
 concentration of 5 wt%. A certain amount of the 5 wt% CAB
olution was coated onto the plane to form a solution layer, which
as subsequently exposed to atmospheric conditions of specific 

emperature and humidity. As the solvent gradually evaporated, 
AB solidified and precipitated into a film. Simultaneously, water 
apor condensed on the surface of the CAB solution layer, 
esulting in the formation of pores in the CAB film, which is the
ypical BFM process. 

.3 Fabrication of porous film by RBM 

he rainwater simulator equipment consisted of three parts: the 
ater droplet generator (SONF XING, 70 W (three gear positions 

GP) to control the release rate of water droplets, GP-1 < GP-2 <

P-3)); the water droplet transfer conduit ( � = 5 cm) and the water
roplet buffer outlet (conical, outlet � = 20 cm, equipped with a
00-mesh gauze to control the uniform release of water droplets). 

The fabrication process of the porous film by the RBM was as
ollows: CAB or CEs with different DS were dissolved in DCM to
orm a polymer solution with a concentration of 5 wt%. Then,
 mL of polymer solution was coated onto a 10 cm × 10 cm
iliconized glass plane, forming a circular solution layer due to the
ravity and surface tension. The outlet of the rainwater simulator 
as positioned 8 cm above the interface of the solution layer.
he rainwater simulator control was GP-1, and the water droplet 
uffer outlet was equipped with a 200-mesh gauze. Water droplets 
ere sprayed onto the surface of the solution layer for different
urations. Subsequently, the polymer solution layer was exposed 

o an ambient temperature of 20 °C and relative humidity (RH)
0 %. When the solvent completely evaporated and the CAB/CEs 
recipitated, the CAB/CEs porous film was obtained and removed 

rom the glass plate. 

.4 Characterization 

.4.1 Infrared thermal imaging for BFM 

Temperature changes during the evaporating of 5 wt% 

f CAB solution in BFM were monitored using an infrared 
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thermal imaging camera (UNI-T, UTi120S), with thermographic
photographs taken at 5-second intervals. The images were
analyzed using UNI-T (UTi120S) software to identify temperature
values at different locations of CAB solution layer, and the
corresponding temperature-time curves were obtained. 

2.4.2 Outline imaging for BFM 

Changes in the side outline of the CAB solution droplet during
solvent evaporation were monitored using a contact angle meter
(KRÜSS), with photographs taken at 10-second intervals. 

2.4.3 Optical microscopy observation for BFM 

The formation of water droplets on the solution-air interface
and their motion behaviors during the evaporation of solution
were observed using an optical microscope (NOVEL, BM2100POL)
at 10x magnification. 

2.4.4 Low-temperature observed system for BFM 

The condensation or evaporation of water on the cooling
platform was observed using the low-temperature observation
system (Fig. S1). 

2.4.5 Weight detection for RBM 

The relationship between the solvent evaporation rate and the
exogenous water droplet spraying rate was an important factor in
the preparation of porous film by RBM. GP-3 and buffer outlet
gauze of 100-mesh were used. In the control groups, a 10 cm × 10
cm glass plate was placed on an electronic balance, and the rain
simulator sprayed water droplets for 80 s (Water_80 s) and 160 s
(Water_160 s), respectively. In the experimental group, drops of 3
ml of 5 wt% CAB solution were coated on the glass plate (CAB),
and the rain simulator was used to spray water droplets for 80 s
(CAB_80 s) and 160 s (CAB_160 s), respectively. 

During the fabrication of the porous film by RBM, a siliconized
glass plane with a polymer solution layer was placed on a 1/10,000
electronic balance (Mettler Toledo, ME204E) to determine weight
changes as functions of time. The electronic balance was
connected to the computer, and weight data was recorded at 5-
second intervals. 

2.4.6 Scanning electronic microscope for RBM 

The pore structures of CAB and CEs porous films were observed
by SEM. To obtain the cross-sectional structure of the samples, the
films were brittle and fractured by placing them in liquid nitrogen.
The top surface of the film was peeled off using adhesive tape to
obtain the internal structure. 

3 Results and discussion 

3.1 Mechanism of non-uniform pore size distribution in BFM 

The 5 wt% CAB solution was cast on the glass plane to form a
circular liquid layer (diameter: 8-10 cm, thickness: 0.04-0.06 cm).
The liquid layer was placed at 24 °C, 75% RH, and the porous
circular film was obtained by the typical BFM process, as shown
in Fig. 1 a. Macroscopic and microscopic photographs in Fig.1 b
revealed that the outermost ring of the circular film exhibited
transparent morphology without pores. Additionally, the pore
sizes exhibited a gradual decrease from the center to the outer
edge of the circular film. To investigate the mechanism of the
phenomenon, temperature-time curves at different positions of
the casted solution layer during the evaporation process were
examined using infrared thermography. As shown in Fig. 1 c, the
temperature-time curves indicated that low-temperature periods
( T ≤ 13 °C, about 10 °C lower than the ambient temperature)
occurred during the solvent evaporation process. The durations
of the low-temperature periods were 695 s, 1115 s, and 1235
s for point a1 /a2 (2/3 radius from the center), point b1 /b2 (1/3
radius from the center), and point c (center), respectively. The
low-temperature was caused by the solvent evaporation due to the
phase change thermal effect. During the low-temperature periods,
the water vapor would condense into droplets on the surface of
the casted solution layer. The results inferred that a longer low-
temperature period might cause more complete condensation and
growth of water droplets. Therefore, the different durations of
low-temperature time at different positions of the casted solution
layer might be one of the reasons for the non-uniform pore size
distribution. 

In addition to the static factor of different low-temperature
durations at different positions, the dynamic behaviors of the
polymer solution and water droplets during solvent evaporation
in the BFM process were also worth noting. 3 mL of the 5 wt% CAB
solution was dropped on the glass plane to form a circular liquid
layer (with arch-shape, initial diameter of 2.35 mm, initial hight
of 0.50 mm). The side outline of the CAB solution droplet was
observed by the contact angle measurement instrument to display
the solvent evaporation in the BFM process. In Fig. 2 a, as the
evaporation of solvent, the height and width of the CAB solution
droplet decreased simultaneously, and the droplet shrank towards
the center. As the solvent was completely evaporated, the gelation
of the CAB solution was completed, and a flat film (diameter of
2.26 mm) was formed. After recording and calculation in Fig. 2 b,
the ratio of radial and longitudinal contraction rates of CAB
solution droplets was 4.94. As shown in Fig. 2 c and Supplementary
Movie S1 recorded by optical microscope, at different positions of
the CAB solution droplet surface, water droplets did not condense
simultaneously during the solvent evaporation process. In fact,
the condensation of water droplet firstly occurred at the center of
the CAB solution droplet (upper left of the visual field), and then
radially diffused towards the outer ring (bottom right of the visual
field). The above results indicated that in the radial direction,
the contraction process of the polymer solution layer caused by
solvent evaporation and the extension process of water droplet
condensation had opposite directions. The solvent evaporation
and the CAB precipitation firstly occurred at the outmost ring of
the CAB solution droplet, where condensation of the water droplet
(as pore template) had not yet expanded. These microscopic
processes and phenomena could also explain the Marangoni effect
[ 4 ]. Fig. 2 d diagramed the above processes. In summary, the non-
uniform pore size distribution in BFM could be explained by the
different duration of low-temperature time at different positions
of the casted polymer solution layer, and the opposite directions of
the polymer solution layer contraction process and the extension
process of water droplet condensation. Furthermore, these two
factors could not be avoided by adjusting parameters in typical
BFM processes. 
3 
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Fig. 1 

The typical BFM process for preparing CAB porous film. (a) CAB solution was cast on a glass plane; solvent evaporation and water vapor condensation process; the 
formation of circular porous film. (b) macroscopic photograph of the circular porous film, and the morphology of pores at different positions of film obtained by 
optical microscope. (c) temperature-time curves of different positions during solvent evaporation. Scale bars: 1 cm for white, 10 μm for yellow. 
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.2 Mechanism of narrow adjustable window of pore size in BFM 

he condensation of water vapor into water droplets is the
ey process of BFM for the preparation of porous film, and
he sizes of the water droplets accordingly determine the 
ore size. However, during the BFM process, water droplets 
ndergo condensation and re-evaporation, and their sizes are 
lso dynamically changing instead of being constant. In order to
nvestigate the determination mechanism of pore size in BFM, 
he growth process of water droplets at low-temperatures was 
nvestigated here. To detect the condensation of water vapor 
nd to ensure the circle structure of water droplets (Fig. S2 and
upplementary Movie S2, the irregular shapes of water droplets 
ere formed on a glass plane), the hydrophobic coated glass
lane was placed on the cooling platform, and the temperature
as set to 7 °C. The condensation process of water vapor

nto water droplets was recorded by optical microscope imaging 
echnology. As shown in Fig. 3 a, the red dashed boxes on

icroscope photographs demonstrated that the independent 
rowth of water droplets was accompanied by the coalescence 
ehavior of two or more water droplets, resulted in a water
roplet with a significantly large size. Fig. 3 b shows the curves of
umber, diameter, coefficient of variation for the diameter and 

rea proportion of water droplets over time in the visual field.
he results illustrated that the number of water droplets increased
rom 2125 to 3855 within the first 360 s and then decreased to
253 at the 1800 s; the water droplet diameter increased from
6.99 μm to 67.15 μm, and simultaneously the coefficient of
ariation for diameter increased from 5.11 to 26.88, which implied
hat the increase in pore size was accompanied by the decrease
n pore size uniformity. The percentage of droplets that diameter
bove 37 μm in the visual field increased continuously from 17.9%
o 73.28%, from 0 s to 1440 s and decreased slightly (71.38%) at
 

he 1880 s, which indicated that the coalescence process of water
roplets started to slow after the 1440 s. The reason might be
hat the gaps among water droplets increased to some extent as
mall droplets coalesced into larger droplets, such phenomenon 

as observed in the red dashed box at the 1440 s in Fig. 3 a. Based
n the above results, Fig. 3 c schematic diagramed the nucleation,
rowth, and coalescence processes of water droplets. 

The condensation and evaporation processes occurred 

ynchronously for water droplets. To study these processes, 
he temperature of the cooling platform was used as the single
ariable. The ambient temperature was 24 °C and RH was 50%.
he water droplets show different ways of growth at different 
emperatures (Fig. S3). The water droplet marked by the red tip
ould serve as a reference object since water droplets moved on
he hydrophobic plane. The result of Fig. S3a and supplementary 

ovie S3 showed that the water droplet gradually grew over 
ime at 14.1 °C, which indicated that the condensation rate of
he water droplets was faster than the evaporation rate at this
emperature. The result of Fig. S3b and supplementary Movie 
4 showed that the water droplet exhibited no obvious growth 

ehavior at 14.7 °C, suggesting that the condensation rate of 
he water droplets was roughly equal to the evaporation rate 
t this temperature. The result of Fig. S3c and supplementary 
ovie S5 showed that the water droplet gradually disappeared 

ver time at 18.2 °C, indicating that the condensation rate of
he water droplets was lower than the evaporation rate at this
emperature. This result indicated that water vapor condensation 

ccurred only if the temperature was 7 °C lower than the ambient
emperature (23 °C and 50% RH). It could be concluded that the
pparent growth rate of the water droplet was jointly determined 

y the condensation rate and the evaporation rate. The apparent 
rowth rate and the duration of the droplet growth (duration 



Giant, 19, 2024, 100293 

Fu
ll-

le
ng

th
 
ar

ti
cl

e 

Fig. 2 

The dynamic process of solvent evaporation during the BFM process. (a) Side outline of the CAB solution droplet during solvent evaporation was monitored by 
a contact angle instrument. (b) Displacement-time curves of solvent evaporation in the transverse and longitudinal axes. (c) The water vapor condensation into 
water droplets, with the blue arrow indicated the direction of water droplet extension; the center of the solution was on the upper left of the visual field. (d) 
Demonstration of the cross-section of the solvent evaporation to film, with the black arrow indicated the evaporation of solvent, the blue arrow indicated water 
vapor condensation into water droplets, the red arrow indicated solution shrinkage, the black dotted line indicated the original position of the solution droplet, 
the pink dots indicated the water droplet and the black dots indicated the pore left by the evaporation of the water droplet. Scale bars: 0.5 mm for white, 100 μm 

for yellow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of the low-temperature time) determined the maximum size
of the water droplets. Therefore, the upper limit of the pore
size of the BFM film was restricted by the short duration of the
low-temperature time and the slow growth of water droplets,
even if the conventional parameters (air flow rate, temperature,
and RH) were adjusted. 

3.3 Development and validation of new RBM technologies 
Inspired by the phenomenon of rainwater boxing the surface
of a lake, a new method was proposed to prepare porous films
by exogenous water droplets ( Fig. 4 ). The preparation process is
divided into five steps: 1. polymer solution coating on a glass plate;
2. uniform water droplets provided by the rainwater simulator
served as a template, which then coalesced and grew on the surface
of the polymer solution; 3. solvent evaporation and polymer
precipitation into film; 4. evaporation of water droplets that
embedded in the film, resulting in the formation of the pore
structure. 

Here, the spraying rate and uniformity of the water droplet
were controlled by the output power and the mesh size of the
gauze at the outlet (200-mesh, and 100-mesh), as shown in Fig. S4a
and b. In Fig. S4c, the weight-time curves of water droplets water
droplets spraying rate were 4.9 × 10−6 g cm−2 when the GP was
set to 1 and 200-mesh gauze was used. The spraying rate increased
5 
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Fig. 3 

Water droplet growth at low-temperatures. (a) Microscope photographs of the water droplet condensation and growth process on a low-temperature hydrophobic 
surface (scale bars: 500 μm for white); (b) Curves of number, diameter, coefficient of variation for the diameter, and area proportion of water droplets at different 
time intervals in the visual field of the microscope; (c) Schematic diagram of the water droplets growth process. 

Fig. 4 

Schematical illustration of a novel RBM for preparing porous films, inspired by rainwater. 
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o 1.64 × 10−5 g cm−2 when the GP was set to 3, and 200-mesh
auze, and further increased to 2.19 × 10−5 g cm−2 when the GP
as set to 3, with 100-mesh gauze. 

Fig. 5 a showed that the weight-time curves of polymer
olutions could be divided into two stages due to the significant
urning point. Stage 1 indicated the process of exogenous water
roplet spaying and solvent evaporation, while stage 2 indicated 

he processed of water droplet evaporation. As shown in Fig. 5 a
nd b, at an ambient RH of 43% at 20 °C, without the addition
 

f exogenous water (the same process of typical BFM), the 
vaporation of the solvent in the CAB solution was completed 

t 215 s, resulting in a nonporous transparent film ( Fig. 5 b).
owever, when exogenous water droplets was sprayed for 80 

 and 160 s onto the solution layer, the duration of solvent
vaporation extended to about 437 s and 565 s, respectively. The
esults indicated that the exogenous water droplets significantly 
rolonged the duration of the solvent evaporation, thereby 
roviding conditions for broadening the pore size window. The 
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Fig. 5 

Effect of the amount of water droplets applied to RBM-prepared porous films during solvent evaporation. (a) Curves of weight of CAB solution as a function of time 
(In the fitting formula, the x represented time, and the y represented the weight of the solution or water). Five samples were designed on a 10 cm × 10 cm glass 
plate: Water_80s and Water_160s referred to the exogenous water droplets were sprayed on a blank glass plane for 80 s and 160 seconds, respectively; CAB referred 
to the coating of 3 mL of 5 wt% CAB solution on a glass plane; CAB_80s and CAB_160s referred to that the the exogenous water droplets were sprayed on the 3 
mL of 5 wt% CAB solution layer for 80 and 160 s, respectively; (b, c, and d) Photographs of film materials prepared from samples of CAB, CAB_80s and CAB_160s, 
respectively; scale bar: 1 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

photographs of porous film for Fig. 5 c, d show the porous films
prepared by the sprayed water droplets for 80 s and 160 s, which
were white and untransparent. In conclusion, the CAB solution
could not form a pore structure using typical BFM in the ambient
40% RH at 20 °C, demonstrating the limitation of BFM due
to environmental factors. In contrast, films with uniform pore
structures could be easily prepared by controlling water droplet
spraying rates and gauze in RBM. 

To validate that RBM could broaden the adjustable window of
pore size and obtain porous films with uniform pore distribution,
a 5 wt% CAB solution was coated on the glass plane to form a
circular liquid layer. The rainwater simulator was set at GP-1, and
the water droplet buffer outlet was equipped with 200-mesh gauze,
the water droplets were sprayed on the surface of the solution layer
for 0 s, 5 s, 10 s, 80 s, 160 s, 240 s, respectively. When the solvent
and water droplets were completely evaporated and the CAB was
precipitated, the CAB films were obtained and named as CAB-0s,
CAB-5s, CAB-10s, CAB-80s, CAB-160s, CAB-240s, respectively (in
Figs. 6 and S5). 

According to the results of SEM in Fig. 6 , the porous films could
divided into different types. Fig. 6 a showed that the pores were
mainly distributed on the upper surface of the porous film, which
could be called the interfacial porous film. For Fig. 6 b and c, the
pores were distributed in the internal area of the film, which could
be called the sponge porous film. In Fig. 6 d, the interfacial pores
were distorted, and the cross-section results showed that a single
large pore filled up the whole internal area of the film, which could
be called the honeycomb porous film. Furthermore, the pore sizes
of the CAB-5s, CAB-10s, CAB-80s, CAB-160s were 1.1 μm, 1.0 μm,
2.2 μm and 8.7 μm, respectively. The upper surfaces of the CAB-
80s and CAB-160s porous film were peeled off, the results showed
that the pore sizes were 19.5 μm and 113.2 μm, respectively (Fig.
S6), and larger pores appeared near the bottom of the porous
film. The phenomenon could be explained by the coalescence of
exogenous water droplets to form larger droplets that sank due
to their weight. In conclusion, the RBM broadened the pore size
adjustable window by controllable exogenous water droplets and
realized the preparation of multi-types porous films. In the reports
within the past 20 years, porous films prepared by BFM had the
largest pore size of 50 μm (Fig. S7), while the pore size in this study
reached 113.2 μm (the maximum pore size was 225 μm) and could
be further broadened by extending the duration of water droplets
spraying. 

The uniformity of pore size distribution was one of the
prerequisites for the stable performance of porous film in
applications. In order to analyze the uniformity of pores, 5 areas
were selected on 3 parallel samples of CAB-10s to investigate
the pore size. The results of the statistical analysis, as shown
in Fig. 7 , indicated that the pore sizes at various positions fell
within a narrow range of 0.6-1.2 μm, demonstrating a high
degree of uniformity. In addition, the pore sizes in the porous
films performed a high degree of reproducibility among 3 parallel
samples. 

3.4 The RBM for polymers with different hydrophobicity 
CEs with different DS were used as solutes for the preparation of
pore films by RBM. The results showed that porous films with
different morphologies were obtained under the same condition
(200-mesh, GP-1, 10 s), but all of them were interfacial porous
films. When the DS was 1.88, the pores penetrated below the
7 
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Fig. 6 

RBM preparation of multi-types of porous films. (a-d) Schematic diagrams of 3D patterns of different porous films, along with the corresponding SEM images, pie 
charts of porous density, histograms of porous frequency distribution on the top surface and the cross-section, and histogram of porous area distribution on the 
cross-section (preparation conditions: 200-mesh gauze, GP-1); scale bars: 10 μm for white, 2 μm for green, and 100 μm for yellow. 

Fig. 7 

Characterization of pore size distribution uniformity and repeatability of RBM-prepared porous films (CAB-10s was taken for example). (a) Schematic diagram of 
the selection of test areas for the investigation of pore size distribution uniformity; (b) Histogram of pore size distribution and repeatability. 
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urface of the film (Fig. S8a), indicating that the water droplets
ntered the surface of the CEs solution layer. With the degree
f substitution was 2.27, the pore presented a hemispherical pit
hape (Fig. S8b), indicating that water droplets were partially 
mbedded on the surface of the CE solution layer. At the
 

egree of substitution was 2.51, the pores presented a shallow 

it shape (Fig. S8c), indicating that water droplets left shallow 

races on the surface of the CEs solution layer. As the DS
f CEs increased, the hydrophobicities of CEs solutions were 
igher, and the contact behaviors between water droplets and 
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surfaces of polymer solutions with different hydrophobicities were
entirely consistent with the phenomenon of pore morphologies.
The results indicated that the pore structure of film materials
prepared by EBM could be affected by the hydrophilicity and
hydrophobicity of the polymer. 

4 Conclusions 
In this study, the defects of BFM were systematically investigated.
The non-uniform pore size distribution in BFM could be explained
by the different durations of low-temperature time at various
positions of the cast polymer solution layer, as well as the opposite
directions of the polymer solution layer contraction process and
the extension process of water droplet condensation. These two
factors could not be avoided by adjusting parameters in typical
BFM processes. Furthermore, the upper limit of the pore size of
porous films in BFM was restricted by the short duration of the
low-temperature time and the slow growth of water droplets,
even if the conventional parameters (air flow rate, temperature,
and RH) were adjusted. On the contrary, a new method called
RBM for preparing porous film using exogenous water droplets
was proposed. The results showed that RBM was a promising
new approach for preparing porous films using exogenous water
droplet templates, with advantages including simple operation,
low cost, easy regulation, larger adjustable window of pose size,
uniformity of the pore size, uniform distribution of the pores, and
capability of preparing multi-types of porous film. Furthermore,
the potential of pore-size windows and pore morphologies could
be further adjustable by using different polymer solution systems.
In summary, this BRM method had potential applications in
preparing novel functionalized porous film materials with high
performance. 
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