
Journal Pre-proofs

Application for the porous structure of cellulose separators: ionic conduction
path in lithium-ion battery

Boyang Huang, Pengbin Lai, Haiming Hua, Haoshen Ma, Ruiyang Li, Xiu
Shen, Peng Zhang, Yingjie Zhang, Jinbao Zhao

PII: S1572-6657(22)00929-8
DOI: https://doi.org/10.1016/j.jelechem.2022.116937
Reference: JEAC 116937

To appear in: Journal of Electroanalytical Chemistry

Received Date: 2 September 2022
Revised Date: 12 October 2022
Accepted Date: 23 October 2022

Please cite this article as: B. Huang, P. Lai, H. Hua, H. Ma, R. Li, X. Shen, P. Zhang, Y. Zhang, J. Zhao,
Application for the porous structure of cellulose separators: ionic conduction path in lithium-ion battery, Journal
of Electroanalytical Chemistry (2022), doi: https://doi.org/10.1016/j.jelechem.2022.116937

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2022 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.jelechem.2022.116937
https://doi.org/10.1016/j.jelechem.2022.116937


1

Application for the porous structure of cellulose separators: ionic conduction 

path in lithium-ion battery

Boyang Huang[a], Pengbin Lai[a], Haiming Hua[a], Haoshen Ma[b], Ruiyang Li[a], Xiu 

Shen[a], Peng Zhang*[b], Yingjie Zhang*[c] and Jinbao Zhao*[a]

[a] State Key Laboratory of Physical Chemistry of Solid Surfaces, Collaborative 

Innovation Centre of Chemistry for Energy Materials, State-Province Joint 

Engineering Laboratory of Power Source Technology for New Energy Vehicle, 

Engineering Research Center of Electrochemical Technology, Ministry of Education, 

College of Chemistry and Chemical Engineering, Xiamen University, Xiamen, 

361005, PR China.

[b] College of Energy & School of Energy Research, Xiamen University, Xiamen 

361102, China.

[c] National and Local Joint Engineering Laboratory for Lithium-ion Batteries and 

Materials Preparation Technology, Key Laboratory of Advanced Battery Materials of 

Yunnan Province, Faculty of Metallurgical and Energy Engineering, Kunming 

University of Science and Technology, Kunming 650093, China.

Corresponding Author

* E-mail addresses: pengzhang@xmu.edu.cn (P. Zhang); zyjkmust@126.com (Y. 

Zhang); jbzhao@xmu.edu.cn (J. Zhao)

Tel: +86-05922186935 



2

Fax: +86-05922186935



3

Abstract

In lithium-ion batteries, separator is an important component as its porous structure 

is the ionic conduction path. Renewable biomacromolecule cellulose separators have 

pores that can be modified, and the modification has the potential to affect ion 

conduction. In this work, functionalized separators based on cellulose are prepared, 

which can affect the conduction behavior of ions. The cellulose separators TF4030 are 

firstly Atomic Layer Deposition (ALD) treated to get a silica reinforcement coating 

layer on the cellulose fibers; then, the ALD layer is further chemically modified to 

graft specific boron-containing groups -NH-B(OH)2 and form a functional structure 

on the surface of cellulose fibers. The conduction of lithium-ions is promoted due to 

the widely distributed electron-deficient boronic groups in the pores of the separator, 

reflected as the increased lithium-ion transference number of 0.48. Proved by Density 

Functional Theory (DFT) Calculations, the essential reason for this phenomenon is 

that the binding of electron-deficient boron groups and anions weakens the 

conduction of anions as well as the binding of electron-deficient boron groups and 

solvents influences the desolvation of lithium-ions in electrolytes. As a result, 

batteries assembled with functionalized cellulose separators have better battery 

performances, including cycle stability and capacity retention at high current rates.

Keywords: Cellulose separator; Atomic layer deposition; Chemical modification; 

Ionic conduction path; Lithium-ion transference number
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1. Introduction

Nowadays, the increasing demands for development and the shortage of fossil fuels 

have brought on a global energy crisis and aroused broad research interest in the 

exploitation of renewable energy resources and energy storage technologies. As an 

important means of energy storage to solve the mismatch of supply and demand for 

some renewable energy, lithium-ion batteries (LIBs) are becoming indispensable in 

not only portable electronic devices but also large-scale applications such as electric 

vehicles due to their high energy density and long cycle life.[1, 2] With the extensive 

application of LIBs, its research has gradually deepened to produce better batteries 

with excellent electrochemical performances under specific conditions.

Turning eyes on the structure of LIBs, it usually consists of a cathode, an anode, 

electrolytes and a separator, among which the separator separates the cathode and the 

anode by allowing the transport of ions in electrolytes to prevent direct contact of two 

electrodes.[3, 4] The function of separation could prevent the occurrence of internal 

short circuits which might cause subsequent safety issues in LIBs; therefore, the 

separator is an indispensable component in LIBs, although it does not participate in 

any electrochemical reaction. With the development of technologies for LIBs, the 

requirements for separators have gradually increased from only the separation 

function to other additional functions; the modified separators emerge with the 

requirements correspondingly.

Microporous polyolefin membranes such as polypropylene (PP) and polyethylene 

(PE) are widely used as separators in commercial LIBs at the present time. 
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Undeniably, the mechanical strength and chemical stability of polyolefin separators 

are well suited to the requirements of LIBs. However, the production of polyolefin 

depends on finite fossil oil and its poor wettability with liquid electrolytes, low 

thermal stability at high temperatures, low lithium-ion transference number and some 

other disadvantages still need to be addressed by researchers, and the stable chemical 

structure of polyolefin eliminates the possibility of further direct modification.[5, 6]

In general, the strategy of building a coating layer is regarded as the most effective 

and practical method to get functionalized separators.[7] For different problems of 

polyolefin membranes, there were various researches carried out by our research 

group as well as others. For example, ammonium polyphosphate (APP) ceramic layer 

and dimethyl vinylphosphonate (DMVP) grafted silica coating layer were used to gain 

better thermal performances, polydopamine (PDA) could play a role in providing 

wettability, mechanical support and thermal stability, and magnesium borate fiber 

(MBO) layer was able to interact with anions as Lewis acid to increase the lithium-ion 

transference number.[8-11] Though the studies were numerous and in a sense simple 

and effective enough, these works were not direct modifications for separators, and 

the degree of functionality achieved is closely related to the thickness and quality of 

the coating layer. The increase in the number of functional substances meant a 

decrease in overall energy density for the whole battery, and the coating layer formed 

by functional substances might also clog the pores of the separator, which is not 

conducive to the establishment of the pathway of ion-conduction.[12]

The most abundant natural polymer source available worldwide, cellulose, is 
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getting increasing attention from the perspective of relevant research as a kind of 

sustainable, renewable and biodegradable material.[13, 14] The features of high 

porosity, brilliant wettability, low processing and excellent renewability for cellulose 

seem suitable for the production of separators; there were also some studies using 

papermaking, coating, casting and other methods to use it as membrane-self, skeleton, 

gelator and enhancer.[15, 16] In fact, cellulose membranes have a porous structure 

and are the potential selection of building an ion-conduction path, which has been 

proved by relevant studies in the solid-state batteries field.[17] Although cellulose 

separator has some inherent drawbacks, for example, the poor ability to maintain 

shape makes it difficult to further modify and the abundant hydroxyl groups which 

provide conditions for cellulose modification could also bring hygroscopic nature to 

cellulose[14, 18, 19], the potential to affect ion conduction is still quite enticing and 

cannot be ignored.

Among various methods of surface and interface modification, atomic layer 

deposition (ALD) allows the uniform and conformal growth of ultrathin deposited 

layers without damaging the structure of the deposition matrix due to its self-limiting 

reaction mechanism.[20, 21] This method of building a protective or modification 

coating layer was firstly applied in the semiconductor industry, and it has been widely 

used in the field of nano / micro process subsequently. For the area of LIBs, ALD is 

commonly regarded as an excellent way to solve surface and interface issues such as 

the interface of secondary particle cathodes, artificial solid electrolyte interfaces (SEI) 

of anodes and the modification of the surface for solid-state electrolytes. As for the 
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field of separators used in LIBs, a part of the oxides which could be deposited by 

ALD happens to be the commonly used materials for separator coatings, including 

Al2O3, SiO2 and TiO2. In previous studies, the deposition of these ultrathin oxide 

layers on polyolefin membranes could improve mechanical property, wettability and 

thermal stability without significantly increase of separator mass and thickness. Given 

the chemical properties, these oxide layers also have the potential for further 

modification in theory at the same time.[22-24]

In LIBs, lithium-ions are the only cations involved in ion transport. A high 

lithium-ion transference number (tLi
+) means the reduction of the concentration 

polarization during the charging and discharging process, the indicator of tLi
+ is 

essential for measuring the battery performance, especially at high C-rates.[25] The 

methods to improve tLi
+ include promoting the transference of lithium-ions and 

limiting the migration of anions, among which the former usually requires changes in 

the electrolyte solvent while the latter is a more common strategy in existing 

LIBs.[17, 26, 27] In the studies of solid-state electrolytes, single-ion conductors with 

anions anchored to polymer backbones were used to limit the anion conduction, and 

the same strategy could also be used in conventional liquid electrolytes. Among 

numerous anion trappers, electron-deficient boronic groups were recognized as an 

effective choice for capturing anions through Lewis acid and Lewis base interaction. 

For some borane molecules with specific structures, they have both electron-deficient 

boron and hydroxyl hydrogens attached to boron which could form hydrogen bonds, 

making them more restrictive to anions.[9, 12, 28-30] At the same time, the carbon 
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chain structure gives these boron-containing molecules the potential for graft 

modification, allowing them to be used in the area of separator manufacturing.

Herein, we have designed and prepared a kind of functionalized separators for LIBs 

using cellulose separator TF4030 as the base film, coated with silica ceramic 

reinforcement layer by ALD method, and then grafted with boronic groups to 

establish functional structure by chemical reactions. After the initial ALD process, the 

surface of every cellulose fiber was totally covered by silica and the fibers can 

maintain their morphology during reactions and tests; then the subsequent chemical 

reactions made both the surface and pores of the separator fully modified by the 

specific boronic groups -NH-B(OH)2. The establishment of the reinforcement layer 

eliminates the excess hydroxyl groups on the surface of the cellulose as well as 

improves the mechanical strength of the separator, which is the prerequisite for 

chemical modification; the modified boronic groups could not only act as an 

electron-deficient Lewis acid interacting with the Lewis base species in the 

electrolyte, including carbonate solvent and anions, but also have two hydroxyl 

hydrogens and specific steric sites to form hydrogen bonds with anions due to its 

hydroxyl hydrogens. Thus, the modified separator is no longer a battery component 

that is inert to electrochemical reactions, but could guide the ion transport behavior 

through the above-mentioned interactions, thereby effectively improving the 

lithium-ion transference number tLi
+ in the electrolyte and the rate performance of the 

whole battery. Our work provides a new potential idea for the use of cellulose 

separators and the functionalization of separators without damaging their morphology 
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and structure.

Fig. 1 Schematic illustration of the preparing process and interaction mechanism of 

functionalized cellulose separator

2. Experimental Section

2.1 Preparation of Functionalized Separator

Formation of the reinforcement layer

Firstly, the ALD process was used to deposit SiO2 ceramic on the fibers of cellulose 

membrane TF4030 (30 μm, Nippon Kodoshi Co., NKK) by an R-200 Advanced ALD 
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system (Picosun, Finland) with the optimized parameters in our own and other 

studies.[31, 32] Before the deposition, oxygen plasma etching (RIE) makes the 

surface of the fibers fully activated to form more sufficient oxygen radicals.[20, 33] 

The parameters were: power 50 W, treatment time 20 s. After RIE activation, the 

separator was quickly transferred to the reaction chamber of ALD.

Next, O3 provided by the ozone generator and tris(dimethylamino)silane (TDMAS, 

APK Gas Co., Ltd) were used as ALD precursors, and the TDMAS was heated to 

40 °C for introduction into the reaction chamber. The pulse time was 0.1 s and the 

injection speed was adjusted to be a saturation condition to make the growth rate of 

the ALD layer no longer increase with the increase of the pulse time. In the order of 

TDMAS and O3, pulse cycling and reactions were performed on a cellulose 

membrane TF4030 substrate in the ALD chamber at 200 °C. Each cycle consisted of: 

TDMAS pulse for 0.1 s, N2 purge for 15 s, O3 pulse for 0.1 s, and N2 purge for 30 s. 

The inlet rate of the purge gas N2 was 50 sccm (corresponding to the standard unit 

cm3 min-1). In this way, 150 cycles were carried on both sides of the cellulose 

membrane TF4030 to quickly form a ceramic coating layer on the fibers of TF4030 

and get the separator TF4030@SiO2 with the .silica ceramic reinforcement layer on 

the surface of cellulose fibers.

Formation of the functional structure

Then the separator TF4030@SiO2 had a grafting reaction with 3-aminopropyl 

trimethoxysilane (KH540, Zhangjiagang Guotaihuarong New Chemical Materials 

Co., Ltd) in ammonia water to obtain separator TF4030@SiO2-N. It was a key step in 
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the formation of specific functional structure -NH-B(OH)2. The specific method was 

conducted as follows: About 0.3 g of ammonia water was added to the mixed solution 

of 20 mL ethanol and 1 mL water, and the specific amount was adjusted according to 

the pH of the mixed solution. Then the solution was heated to 50 °C and 1 g of 

KH540 was added. After pre-hydrolyzed for 30 min, the separator TF4030@SiO2 was 

immersed into the solution. The separator was separated from the solution after 

vigorously stirring for 4 h, then washed thoroughly with ethanol and dried in a 

vacuum oven at 60 °C for 24 h.

Finally, in a flask using a water separator, 20 mL of toluene was used as the solvent 

and 3 g of boric acid was added as the solute. The solution was heated to 90 °C to 

induce the reaction of boric acid and the amino group on the surface of 

TF4030@SiO2-N.[34-36] With the generated water separated by the water separator, 

the reaction was stopped after 4 h to obtain separator TF4030@SiO2-B modified by 

the electron-deficient boron groups -NH-B(OH)2, which was washed by toluene and 

fully dried. After the ALD process, the reaction route of the formation of the 

functional structure was shown in Figure S1.

2.2 Material Characterization

For the separators before and after the process of ALD deposition and 

electron-deficient boron group modification, a Fourier transform infrared 

spectroscopy (FT-IR) was tested by a Nicolet IS5 spectrometer (Thermo Fisher, USA) 

in the range of 400 – 4000 cm-1 to investigate the changes of characteristic peaks. An 

elemental analyzer Flash Smart CHNS/O (Thermo Fisher, USA) was used to analyze 
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the mass ratio of the elements contained in the separators to get information for 

deposition and modification. Thermogravimetric (TG) and differential scanning 

calorimetry (DSC) characterizations were performed by a Model STA 449 instrument 

(NETZSCH, Germany) in the temperature range of 25 – 600 °C at a heating rate of 

5 °C min-1 to obtain more information on the modification. An EM TIC 3X triple 

ion-beam cutter (Leica, Germany) was used to obtain flat cross-sections and a field 

emission scanning electron microscopy (SEM, Zeiss, Germany) was used to observe 

the surface and cross-section morphology of the different separators, and the 

elemental distribution was characterized by energy dispersive X-ray spectroscopy 

(EDX).

The tests of physical properties for separators were as follows: The contact angles 

were measured by a PowereachJC2000C1 contact angle goniometer (Shanghai 

Zhongchen, China). The Gurley value was tested by a 4110+4320 air permeability / 

porosity tester (Gurley, USA) to investigate the effect of the modification layer on the 

ionic conduction by testing the time of 100mL air passed through the porous 

separators. The electrolyte uptake was tested by soaking in the LB-301 electrolyte and 

calculated with the equation:

Electrolyte Uptake (%) = ( W – W0 ) / W0 × 100 %

where W0 and W were the separator weights before and after the soaking process. 

Similarly, the porosity was tested by soaking in hexadecane and calculated with the 

equation:

Porosity (%) = ( Δm / ρ) / V0
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where Δm was the change for the mass of the separator, ρ was the density of the 

hexadecane and V0 was the total volume of the separator.

For the careful study of interaction between the functionalized separator 

TF4030@SiO2-B and the components of electrolyte, the external standard method 

was used to test the 19F and 11B nuclear magnetic resonance (NMR) spectra by 

Avance Neo 500 (500 MHz, Bruker, USA). A capillary tube containing the standard 

solution was used as the inner tube of the NMR tube to avoid the mixing of the 

standard solution and the electrolyte which could affect the measurement results, also 

used in our previous work.[11, 12, 37]

2.3 Electrochemical Measurements

On a SI-1260 electrochemical workstation (Solartron, U.K.), the electrochemical 

impedance spectroscopy (EIS) was tested with a frequency range of 0.1 – 105 Hz and 

the equation was used to calculate the ionic conductivity:

σ = L / ( Rb × A )

where σ was the ionic conductivity, L was the thickness of the separator, Rb was the 

bulk resistance and A was the contact area.

By potentiostatic polarization method with a Li / separator / Li simulating cell, the 

lithium-ion transport number (tLi
+) was tested on an Autolab electrochemical 

workstation (Metrohm, Switzerland) and calculated by the equation:

tLi
+ = ISS ( ΔV - I0 R0 ) / I0 / ( ΔV - ISS RSS )

where ΔV was the potential 10 mV, I0 and R0 were the initial current and interfacial 

resistance, ISS and RSS were the final ones.
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To explore whether the cellulose separator had side reactions in the electrolyte and 

infer whether the excess hydroxyl groups on the surface were effectively eliminated 

after modification, the linear sweep voltammetry (LSV) was measured with a Li / 

separator / stainless steel semi-blocking cell on a CHI660E electrochemical 

workstation (Shanghai Chenhua, China) from 0 V to 6 V with the scan rate of 5 mV 

s-1.

For the battery assembly, the cathode electrode was prepared by NMP-based slurry 

with the ratio of 8:1:1 for cathode powder LiFePO4 (LFP, Gotion High-tech Co., Ltd.) 

or LiCoO2 (LCO, Hunan Shanshan Energy Technology Co., Ltd.), conductive agent 

acetylene black and binder PVDF, and the electrolyte consisting of 1 M LiPF6 lithium 

salt in 1: 1 volume hybrid solvent ethylene carbonate (EC) / dimethyl carbonate 

(DMC) (LB-301 electrolyte, Zhangjiagang Guotaihuarong New Chemical Materials 

Co., Ltd). Then a 2016 coin lithium half-cell was assembled in a glove box (M. 

Braun, Germany) filled with argon gas and tested on a battery program-control system 

(Neware, China) in appropriate voltage range with 0.5 C, 1 C, 2 C, 5 C, 10 C, 0.5 C 

for rate performance testing and with the corresponding current rate for cycle 

performance testing, respectively.

2.4 Density Functional Theory (DFT) Calculations

To study the interaction of electron-deficient boron functional groups with solvents 

and ions in the electrolyte, Gaussian09 E.01 software[38] was used to perform density 

functional theory (DFT) calculations. The B3LYP-D3 functional[39, 40] and 

def2-SVP basis set[41] was used to optimize the geometry of all molecules. The 
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geometry was then tested by vibration analysis at the same theoretical level to ensure 

that all structures were at energy minima. The high-precision single-point energy was 

further calculated on the M06-2X-D3[42] / def2-TZVP[41] theoretical level. The 

SMD solvation model[43] was used to account for the solvent environment of the 

LB-301 electrolyte (ε = 46.4). Molecular surface electrostatic potential (ESP) and 

Mayer bond order were calculated using Multiwfn software[44, 45]. And ESP and 

molecular structure were visualized by VMD software[46].

3. Results and Discussion

In order to verify the effect of the ALD process and grafting modification process, 

different separators were observed and analyzed by FT-IR spectroscopy, and the 

results are shown in Figure 1a. Compared with the cellulose separator TF4030 before 

ALD deposition, the TF4030@SiO2 membrane exhibited the peaks at 801 cm-1 and 

470 cm-1 after the deposition process, which could be attributed to the characteristic 

peaks of the symmetric stretching and bending vibrations of the Si-O bond. Besides, 

anti-symmetric stretching vibration peaks of Si-O-Si at 1093 cm-1, bending vibration 

absorption peaks of O-H at 1637 cm-1 and anti-symmetric stretching vibration peaks 

of -OH at 3450 cm-1 could also be observed.[47] These peaks indicated the deposition 

of amorphous silica on the fibers of the separator, and the silica layer could help the 

fibers maintain their own shapes in subsequence modification.

For the modification process of KH540, this process corresponds to the grafting 

reaction of the silica layer and silane coupling agent, and the amino group in the 
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structure of KH540 could be expected to be observed. More specifically, there was a 

primary amine -NH2 at the end of the grafted chain. In the FT-IR spectra, the 

characteristic double peaks absorption of stretching vibration of N-H at about 3300 

cm-1 and 3350 cm-1 could be easily found, and the absorption of stretching vibration 

of C-N at 1040 cm-1 was also apparent, which proved that the amino functional group 

containing component KH540 had been grafted onto the fibers of the separator at this 

time, and it was a prerequisite for the formation of-NH-B(OH)2.

For the modification reaction of electron-deficient boron groups, the characteristic 

absorption of the B-O bond and carbon chain structure overlapped at 1310 cm-1, and 

the observation of this peak was not very clear. However, from the structure of -NH2 

converted to -NH-B(OH)2, it could be seen that the primary amine -NH2 was 

converted into the secondary amine -NH-. And in the FT-IR spectra, the double peaks 

of the primary amine became a single peak at 3290 cm-1, which indicated that the 

primary amine at the chain end undergone a reaction to transform into a secondary 

amine.[28, 34, 48] That is, a dehydration reaction between –NH2 and boric acid 

happened, resulting in the expected electron-deficient boron structure -NH-B(OH)2.

Further, thermogravimetric (TG) and differential scanning calorimetry (DSC) were 

used to demonstrate that the deposition and modification process did occur as 

expected. In the DSC curve, the calorimetric curve of the functionalized separator 

TF4030@SiO2-B was obviously different from other separators: other curves only 

have the endothermic part while the curve of TF4030@SiO2-B had an exothermic 

peak before 600 °C, due to the gradual transformation of oxygen-containing boron 
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compounds to boron oxides when heated under argon atmosphere.[49, 50] As for the 

TG curve, the decompositions of each component were considered, such as the 

process from carbon chain to coke, from boron compound to boron oxide, etc. 

Comparing the residual weight of substances corresponding to the inflection points of 

each curve, the mass ratio of the deposited silicon dioxide layer was calculated to be 

about 9 %, the mass ratio of the reacted KH540 was estimated to be about 12 %, and 

the ratio of grafting electron-deficient boron groups was calculated to be 5 %. Taking 

the relative molecular mass of KH540 and boric acid into consideration, the reaction 

mole number of KH540 and boric acid was close to 1:1, which was consistent with 

the conversion from double-peak characteristic absorption of primary amine N-H to 

single peak characteristic absorption of secondary amine -NH- in the FT-IR spectra.

Fig. 2 (a) FT-IR spectra and (b, c) TG and DSC curves of TF4030, TF4030@SiO2, 

TF4030@SiO2-N and TF4030@SiO2-B

Elemental analysis was used to further determine the extent of deposition and 
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modification progress. The results of CHN elemental analysis are shown in Table S1. 

The results of CHN elemental analysis were consistent with the weight gain of the 

previous TG analysis and showed that: the silica reinforcement layer was deposited by 

the ALD process, the modification of electron-deficient boron groups with a high 

grafting degree was carried out by chemical reaction, and the specific structure 

-NH-B(OH)2 was successfully introduced onto the fibers of cellulose separator.

Before and after the ALD deposition and modification process, scanning electron 

microscopy (SEM) was used to observe the surface morphologies of the different 

separators. As shown in Figure 3a to 3d, the surface morphology of the separator 

remained almost the same fiber-interlaced porous structure before and after ALD 

deposition and chemical modification process, the deposition and modification would 

not destroy the fiber structure of the cellulose separator. That is, the porous nature of 

the cellulose separator could be maintained, and species modified on the surface of 

the pores forming a ultrathin layer might build an ion-transport path and contribute to 

the improvement of ionic conduction. Meanwhile, it was also proved that the ceramic 

reinforcement layer was beneficial to maintain the fiber structure with morphology of 

high porosity. After the modification process of immersion in high temperature 

solution, the morphology of the fiber did not destroyed and still retained their 

crisscross skeleton.

Then the surface of the modified separator TF4030@SiO2-B was characterized by 

EDX spectra to identify the element distribution, as Figure 3e and S1a shown. The C 

and O elements contained in the cellulose skeleton structure seemed brighter and 
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similar to the shape of cellulose fibers. For the Si, N, B elements respectively 

corresponding to the deposition and modification process, the brightness was not as 

high as that of the C and O elements. However, the distributions of Si, N, B elements 

had recognizable uniform distributions along with the fiber shape of the cellulose, 

which showed that the deposition and modification process were relatively uniform 

and the functionalized layer was evenly distributed on the fiber surface, forming a thin 

and uniform electron-deficient boron functional modified layer with the specific 

-NH-B(OH)2 groups.

The cross-sectional EDX spectra characterization of TF4030@SiO2-B in Figure 3f 

and S1b further confirmed the existence of the above-mentioned functionalized layer. 

An EM TIC 3X triple ion-beam cutter was used to obtain a flat cross-section surface. 

For the fibers, the triple ion-beam could get a fresh and unspoiled section. Overall, the 

thickness of the modified separator remained 30 μm, indicating that the modified 

layer on the fibers would not make significantly increase to the thickness of the 

separator. Likewise, it could be seen that the C and O elements contained in the 

cellulose skeleton structure exhibited strong brightness, and the distributions were 

similar to the fiber shape of cellulose. For the Si, N, B elements, they were uniformly 

distributed along with the fiber shape of the cellulose. It was worth noting that there 

was no distribution of Si, N, or B elements for the cross-section of fibers, which 

indicated that the deposition and modification processes were carried out on the 

surface of fibers, forming a thin and uniform functional layer. Since the functional 

layer uniformly covered the surface of the cellulose fibers and was evenly distributed 
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in the pores of the separator, the contact between the electrolyte and the functional 

layer was enlarged, and the functional group -NH-B(OH)2 could more fully interact 

with the components of the electrolyte to achieve the expected effect of improving 

ionic conduction.

Fig. 3 (a-d) SEM images for surfaces of TF4030, TF4030@SiO2, TF4030@SiO2-N 

and TF4030@SiO2-B, (e) surface EDX spectra for TF4030@SiO2-B, (f) 

cross-sectional EDX spectra for TF4030@SiO2-B

For the physical properties of different separators, a series of tests were conducted, 

shown in Table S2. For the unmodified cellulose separator TF4030, the porosity 

reached 66 %, which was obviously too high for using as lithium-ion battery 

separators. After deposition and modification, the porosity continued to decrease to 

58.1 %, which was more capable for a cell application. The reduction in porosity 

indirectly demonstrated the introduction of chemicals in the deposition and 

modification process, and brought other changes in physical properties, for example, 

the Gurley value, the electrolyte uptake and contact angle in Figure S3. The decrease 

of electrolyte uptake and the increase of contact angle meant the components 
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introduced in deposition and modification occupied part of the pores. It was not 

reasonable to attribute these phenomena to a decrease in the hydrophilicity of the fiber 

surface, since the ceramic layer was clearly not poorly hydrophilic.

Similarly, the ionic conductivity of the modified separator TF4030@SiO2-B was 

1.52 × 10-3 S cm-1, lower than that of unmodified separator TF4030 2.23 × 10-3 S 

cm-1, because the related substances were introduced into the pores of the separator to 

realize the modification of the cellulose. As the pores were occupied, the amount of 

electrolyte absorbed by the separator was reduced, and the amount of carrier 

lithium-ion would decrease accordingly, thereby slightly affecting the ionic 

conductivity. However, due to the establishment of the path of ionic conduction, the 

effective lithium-ion conductivity had not decreased but increased, which would be 

explained in detail in the paragraphs below. Considering the dendrite problem that 

high porosity separator could accompany with, the decreasing in porosity was not all 

bad. The battery with modified separator TF4030@SiO2-B could have stable cycles, 

which was not able to be achieved for the unmodified cellulose separator TF4030. By 

sacrificing porosity, though the ionic conductivity was slightly decreased (still better 

than commercial PE separator), the ability of the separator to maintain its own 

morphological stability in the electrolyte system was ensured, and the excess hydroxyl 

groups on the cellulose surface were eliminated, reducing its hygroscopicity.[24, 28] 

In conclusion, the reduction in porosity and ionic conductivity required a 

comprehensive consideration of its pros and cons, in view of these parameters were 

already much better than the commonly used PE separators.
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At the same time, although the ionic conductivity of the separator decreased, the 

conductivity of lithium-ions increased instead because the modified separator was 

more favorable for the migration of lithium-ions. The lithium-ion transport number 

(tLi
+) was calculated by the results of chronoamperometry and AC impedance. 

Generally, for a liquid electrolyte battery, since the oxygen atom of the organic 

solvent has a lone pair of electrons, it would coordinate with the lithium-ion in the 

electrolyte, and the coordination would have a synergistic effect on the movement of 

the anion. For the rate of migration, the anion is much higher than lithium-ion. 

Therefore, tLi
+ was not the theoretical value 0.5, but was much smaller than that.[25, 

51, 52] The tLi
+ of using separators without electron-deficient boron functionalization 

was between 0.2 and 0.3, while when using TF4030@SiO2-B, the tLi
+ greatly 

increased to 0.48. The increase of tLi
+ made our modification process more 

meaningful, because the large increase in the tLi
+ could offset the negative effect of 

the decrease in ionic conductivity. In a lithium-ion battery, only lithium-ions 

contributed to the required electrochemical reaction, and the effective lithium-ion 

conductivity increased by nearly 30 % when the modified TF4030@SiO2-B was used. 

For the explanation of this phenomenon, based on the structure of -NH-B(OH)2, there 

were two conjectures: for one thing, the Lewis acid site provided by the 

electron-deficient B atom could interact with the Lewis base solvents in the 

electrolyte (EC, DMC, for example) which reduced the solvation effect of organic 

solvents on lithium-ions, this kind of partially solvated lithium-ions had a faster 

migration rate than the fully solvated cases;[53, 54] for another, the electron-deficient 
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B atom interacted with the anion in the electrolyte, limiting the movement of the 

anion PF6
- and reducing the anion transfer that was ineffective for the electrochemical 

reaction.[28, 30] These two aspects played a synergistic role in improving the 

lithium-ion migration number.

As for the stability of the cellulose separator in the electrolyte system, linear sweep 

voltammetry (LSV) test was performed with a Li / separator / stainless steel 

semi-blocking cell and the current value during the test was investigated. Shown in 

Figure 4c, when the cellulose separator TF4030 was used with drying treatment, there 

was no significant current in the scanning process before 5.0 V. [55, 56] As for the 

TF4030@SiO2-B functionalized separator, the current was smaller than that before 

the modification, and there was also no excessive current value before 5.0 V. 

Normally, the current value at the voltage exceeding 5.0 V could be understood as the 

decomposition of the carbonate solvent of the electrolyte under high voltage, so it 

could be inferred that the modified cellulose separators had better electrochemical 

stability. In Figure S4, the LSV curves of the separators without drying treatment 

were shown to verify that the hydroxyl groups on the surface of the cellulose 

separator were fully reacted during the modification process, which was beneficial to 

overcome inherent defect of hygroscopicity for cellulose. [14, 17-19]
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Fig. 4 (a, b) EIS tests, (c, d) lithium-ion transport number and (e) LSV curves for 

different separators soaked in LB-301 electrolyte

In the actual battery, whether the functionalized separator worked as expected 

remained to be discovered. Since the unmodified cellulose separator TF4030 was not 

capable for long battery cycling, LiFeO4 (LFP) half cells were assembled and tested 

for the cycle and rate performance with functionalized separator TF4030@SiO2-B and 

commercial PE separator as control. The test results of the rate performance are 
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shown in the following Figure 5a. When the rate was less than 2 C, there was no 

difference between the discharge capacities of batteries using PE and 

TF4030@SiO2-B (150 mAh g-1 at 0.5 C, 145 mAh g-1 at 1 C). In the cycle 

performance at the rate of 0.5 C in Figure S5, LFP half-cells assembled with different 

separators had similar cycle and charge / discharge curves. However, when the rate 

continued increasing, there was a nearly 10 mAh g-1 difference between the two kinds 

of batteries at a rate of 5 C; when the rate became 10 C, the discharge capacity of the 

battery using a commercial PE separator was only 80 mAh g-1, while that of battery 

using functionalized separator TF4030@SiO2-B still maintained 100 mAh g-1. The 

reason for the difference in discharge capacity was that the above-mentioned 

synergistic role of interaction between electron-deficient B atom and solvent / anion 

made lithium-ion transport number increase, promoted the electrochemical reaction of 

battery, as well as reduced the concentration polarization, making it easier for 

lithium-ions to be transported at large current densities. Correspondingly, this effect is 

not obvious under small current conditions.

Accordingly, the discharge curves of these two different batteries are shown in 

Figure 5b and 5c. At low discharge rates, the discharge voltage plateau was similar. 

However, when the rate increased to higher than 5 C, the discharge voltage plateau 

decreased rapidly when a PE separator used, while that of the battery using the 

TF4030@SiO2-B separator was still close to 3.2 V. This phenomenon implied that 

there was a huge difference in the concentration polarization between the related cells 

and the battery using TF4030@SiO2-B separator had smaller polarization.[25] In 
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order to further prove that the difference was beneficial to the capacity at high current 

densities for batteries using functionalized separators, charge-discharge tests at 2 C 

and 5 C rates were conducted and the results are shown in Figure 5d and 5e. The use 

of the TF4030@SiO2-B separator helped the battery have better capacity retention and 

more stable battery cycling.

Fig. 5 (a) C-rate capabilities of LFP half-cells assembled with PE and 
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TF4030@SiO2-B separator; (b, c) Discharge curves of C-rate capability battery tests; 

(d, e) Cycle performance of LFP half-cells assembled with PE and TF4030@SiO2-B 

separator at the rate of 2 C and 5 C

Similarly, in Figure S6, at the temperature of -20 °C, the battery performance at 

low temperature was related to the lithium-ion transport efficiency,[57, 58] the 

mechanism of the increased lithium-ion transport number corresponds to smoother 

desolvation of lithium-ions,[59] so the batteries using modified TF4030@SiO2-B 

separators achieved better cycling stability.

As shown in Table S3, to explain the synergistic effect, density functional theory 

(DFT) calculations were first performed to study the interaction between the LB-301 

electrolyte and the structure of -NH-B(OH)2 at the molecular level. In our previous 

study[12], the method was used to calculate the binding energies of borane to PF6
-, 

EC, and DMC in a vacuum. And in this study, the SMD implicit solvation model was 

used to calculate the binding energies of -NH-B(OH)2 structure with PF6
-, EC, and 

DMC in ester solvents, and these binding energies were closer to the coordination in 

solvents than in a vacuum. The three binding energies were all negative and similar in 

size, indicating that the -NH-B(OH)2 structure could coordinate with the solvent as 

well as anion, and would not tend to a certain coordination mode.

Next, the Mayer bond levels of the complex formed by -NH-B(OH)2 structure and 

the solvent / anion were calculated in Table S3 and the van der Waals surface 

penetrations were plotted in Figure 6. The positively charged two hydroxyl H atoms 

tended to combine with the negatively charged atoms including O and F, and their van 
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der Waals surface penetrated, suggesting that the interaction between -NH-B(OH)2 

structure and PF6
- / EC / DMC was based on electrostatic interaction as well as van 

der Waals interaction. The small Mayer bond levels also suggested that the formation 

of complex was due to intermolecular interactions rather than covalent bonds. On the 

molecular scale, the formation of the complex by -NH-B(OH)2 structure and PF6
- / EC 

/ DMC could be explained by coordination theory. Since the structure of -NH-B(OH)2 

was a bidentate ligand, and the space matched the size of the anion and the solvent, 

the electron-deficient boron structure was able to coordinate with the solvent or anion 

easily. At the same time as the binding effect to PF6
- was generated, the degree of 

solvation of the lithium-ions by the solvent EC and DMC was reduced.

Fig. 6 Van der Waals surface penetrations of the complexes formed by 

electron-deficient boron structure and solvent (or anion)

To verify the actual existence of the effect in the DFT calculations, a liquid NMR 

experiment was conducted to explore whether the -NH-B(OH)2 structure affected the 

existence form of the solvent and anion in LB-301 electrolyte. The standard materials 

were loaded into the capillary to use a external standard method[11, 12, 37], and the 

19F NMR spectra are in Figure 7a. For the anion PF6
- in the electrolyte, according to 

the principle of resonance coupling and splitting, the peak would split into two 

doublets. In our test, the chemical shifts of these two peaks were δ = -73.51 ppm and 
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δ = -75.02 ppm, respectively, in good agreement with the chemical shifts in previous 

studies.[60] After the electron-deficient boron structure -NH-B(OH)2 adding to the 

system, the chemical shifts shifted to the downfield by 0.19 ppm and became δ = 

-73.32 ppm and δ = -74.83 ppm. The changes meant that the density of the electron 

cloud outside the F nucleus decreased significantly, and the shielding effect was  

obviously weakened, which could be attributed to the interaction between the 

-NH-B(OH)2 structure and the anion PF6
-.

At the same time, the anion and the solvent would have interacted with B atom, and 

the related results were characterized by 11B NMR spectrum in Figure 7b. For the 

designed electron-deficient boron structure -NH-B(OH)2, its chemical shift was 33.24 

ppm. In both pure solvent and commercial LB-301 electrolyte, the chemical shifts of 

the B atoms were shifted upfield. In pure DMC, pure EC and LB-301 electrolyte, the 

chemical shifts δ were 33.04 ppm, 32.91 ppm and 32.77 ppm, respectively, and the 

corresponding chemical shift differences Δδ were -0.20 ppm, -0.33 ppm and -0.47 

ppm. Contrary to 19F NMR spectra, the changes meant that the density of the electron 

cloud outside the B nucleus sharply increased and the shielding effect was 

significantly enhanced, which was the result of the B atom gaining electrons as Lewis 

acid sites.[61]

For the mixture LB-301 electrolyte, if there were only the effects of solvents EC 

and DMC on the B atoms, the chemical shifts would not differ by more than -0.33 

ppm. However, the measured value reached -0.47 ppm, it was a level of interaction 

that could only be achieved when the interaction of anion on the B atom was of the 
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same order of magnitude as the interaction of solvent. Therefore, the liquid NMR 

experiment not only proved that the -NH-B(OH)2 structure interacted with the anion 

PF6
-, limiting the movement of the anion, but also proved that the electron-deficient 

boron structure interacted with the solvent EC and DMC, weakening the solvation of 

lithium-ions by the solvent. In the meantime, the magnitudes of these two effects were 

similar, and the synergistic effect of the two could promote the conduction of 

lithium-ions, which was beneficial to the progress of the electrochemical reactions 

that lithium-ions participated in.

Fig. 7 (a) 19F NMR spectra of LB-301, -NH-B(OH)2+LB-301; (b) 11B NMR spectra 

of -NH-B(OH)2, -NH-B(OH)2+DMC, -NH-B(OH)2+EC and -NH-B(OH)2+LB-301

4. Conclusions

In summary, an electron-deficient boron structure -NH-B(OH)2 was modified onto 

the fibers of cellulose separator TF4030 by ALD deposition and chemical grafting 

reaction. An ionic conduction path was established without changing the morphology 

of the fiber-interlaced porous structure for the cellulose separator. Benefiting from the 

ionic conduction path based on the interaction between electron-deficient boron 
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structure and electrolyte components, the lithium-ion transference number tLi
+ was 

significantly increased; correspondingly, the efficiency of the electrochemical 

reaction was improved, and the concentration polarization at large rates was reduced. 

This work prepared the theoretically promising cellulose separator into an actual 

structure with an ion transport path and applied a generic strategy to manufacture a 

functionalized separator, which is instructive for preparing modified cellulose 

membranes in LIBs. Due to the large pore size of cellulose separator, the function of 

ion transport path did not fully meet our expectations, and our follow-up work will 

use other membranes with functionalization potential for further exploration.
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Highlights

1. Silica reinforcement layer is coated on the fibers of cellulose separator by ALD.

2. ALD layer is further modified to graft electron-deficient -NH-B(OH)2 groups.

3. Electron-deficient boron group interacts with anion PF6
- as well as solvent EC & 

DMC.

4. Without changing the porous morphology, an ionic conduction path is established.

5. tLi
+ increases to 0.48, beneficial for battery performance at high current rate.


