
 

https://doi.org/10.1007/s10118-023-3054-8

Chinese J. Polym. Sci. 2024, 42, 333–343

Ion-conducting Membranes Based on Bacterial Cellulose Nanofibers
Modified by Poly(sodium acrylate-co-2-acrylamido-2-
methylpropanesulfonic acid)

Elizaveta V. Batishcheva*, Nikolay N. Smirnov, Natalya V. Bobrova, Maria P. Sokolova, and Michael A. Smirnov*

Institute of Macromolecular Compounds, Russian Academy of Sciences, Bolshoy pr. 31, Saint Petersburg 199004, Russia

 Electronic Supplementary Information

Abstract    Green  method  for  preparation  of  ion-conducting  membranes  (ICM)  based  on  bacterial  cellulose  nanofibers  (CNF)  modified  by  a

copolymer of sodium acrylate and 2-acrylamido-2-methylpropanesulfonic acid was elaborated. FTIR and NMR data confirmed grafting of poly-

acrylate onto cellulose surface. Formation of porous structure of the ICM was controlled by SEM and AFM. The maximal ionic conductivity of the

membranes reaches 1.5 and 3.1 mS·cm−1 (60 °C and 98% relative humidity) when they are saturated with water or H2SO4 (1 mol·L−1) electrolyte,

respectively. Prepared ICM was tested as a separator in a symmetrical supercapacitor with electrodes based on polyaniline hydrogel. The assem-

bled cell demonstrate ability to operate at high current density up to 100 A·g−1 maintaining specific capacitance 165 F·g−1. Maximal specific ca-

pacitance of  289 F·g−1 was achieved at  current  density  1  A·g−1.  Retaining of  90% of  initial  capacitance after  10000 of  charge-discharge cycles

proves high electrochemical stability of prepared ICM.
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INTRODUCTION

Due to increasing of energy consumption and growing number
of  portable  devices,  the  development  of  eco-friendly  and  sus-
tainable materials for energy storage[1,2] is an important scientif-
ic  task  of  the  modern  science.[3] Thus,  green  materials  are  of
high  interest  for  application  in  batteries,[4,5] Li-ion  power
sources,[5−7] supercapacitors[8] and  fuel  cells.[9,10] All  these  de-
vices  use  electrochemical  processes  on  the  electrode/elec-
trolyte interface, while cathode and anode spaces are separated
by  the  ion-conducting  membrane  (ICM).[11] Currently  Nafion
(DuPont) is the “gold standard” material for ICM[12] due to high
ionic  conductivity,  chemical  and  mechanical  stability.  At  the
same  time  high  cost,  low  operating  temperature,  low  dimen-
sional  stability  and  hazardous  preparation  method  are  draw-
backs of this material.[13] In this regard, searching for greener al-
ternative  materials  for  ICM is  an  actual  task  of  modern science
and technology. The main direction on this route is the elabora-
tion  of  membranes  based  on  biopolymers.[14] Biopolymers  are
cheaper[15] and easier to recycle and store, they are eco-friendly
due to the possibility to decompose without elimination of haz-

ardous  molecules.[16] Polysaccharides,  such  as  cellulose,[17]

chitin,[18] chitosan,[19,20] alginate,[21] starch,[22] pectin,[23] agar[24]

and their derivatives are the main objects that are studied as a
components of future electrolyte membranes and electrodes in
electrochemical energy storage devices.

Cellulose  is  the  most  abundant  biopolymer,[25] which  can
be  obtained  from  different  sources  such  as  plant  biomass,
agricultural  waste,  algae or can be produced by microorgan-
isms  like  Acetobacter  xylinum.[26] Bacterial  cellulose  (BC)  at-
tracts  attention  as  a  prospective  material  for  membrane
preparation[27] due to high mechanical strength,[28] good wa-
ter  retention,  non-toxicity,  chemical  purity  and  biodegrad-
ability.[29] Exceptional  capabilities  of  BC  and  its  derivatives
make this  polymer prospective in various fields such as food
industry,[30] biomedicine,[31] electronics,[32] fuel  cell  technolo-
gy[33] and  supercapacitors.[34,35] This  unique  nanostructured
polymeric  material  is  synthesized  using  simple  culturing
methods.[36] Unlike plant cellulose, BC does not contain lignin,
hemicellulose, pectin, arabinose and other plant-derived con-
taminants.[37]

The way that is often used for preparation of BC based ICM
is  mixing  it  with  other  polymer  that  contains  ionogenic
groups.  For  example,  membranes  prepared  by  mixing  of  BC
and Nafion with subsequent casting demonstrated heat resis-
tance, high mechanical strength and exhibited the maximum
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ionic  conductivity  of  71  mS·cm−1 at  30  °C  and  100%  relative
humidity (RH).[38] By impregnation of Nafion dispersion into a
3D  network  of  nanofibrillar  BC  ionic  conductivity  of  140
mS·cm−1 was  achieved  at  94  °C  and  RH=98%.[39] Although
membranes  based  on  BC/Nafion  demonstrated  reasonable
properties,  taking  into  account  sustainable  development
goals  the  using  of  perfluorinated  polymers  should  be  avoid-
ed.

Additional benefit of cellulose is the availability of reactive
hydroxyl groups on its surface. This allows chemical modifica-
tion in order to introduce ionogenic groups providing the ap-
pearance of mobile ions inside the membrane and thus regu-
lating  of  ionic  conductivity.[17,40] The  most  common  ap-
proaches  towards  modifying  cellulose  are  2,2,6,6-tetram-
ethylpiperidine-1-oxyl-mediated  oxidation,[41] phosphoryla-
tion,[42] carboxymethylation[43] and  sulfonation.[44] Different
types of sulfonation have been employed to enhance the ion-
ic  conductivity  of  cellulose  based  ICM.  Impregnation  of  a
membrane  based  on  CNF  with  sulfosuccinic  acid  allow  to
achieve ionic conductivity 3.17 mS·cm−1.[45] Sulfonation of cel-
lulose  with  sodium  bisulfite  result  in  obtaining  of  a  mem-
brane with conductivity of 2 mS·cm−1 at 120 °C.[15]

The  widely  used  industrial  sulphonated  polymer  is  pre-
pared  by  polymerization  of  2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS) and attracts much attention due
to its very high degree of dissociation, low price, non-toxicity,
hydrolytic  stability  and  swelling  behavior.[46] Cellulose  modi-
fied  with  this  polymer  was  used  for  obtaining  of  superab-
sorbent  materials.[46,47] However,  these  sorbents  were  pre-
pared  in  the  form  of  blocks  with  cross-linker  (N,N’-
methylenebisacrylamide)  that  does  not  allow  to  evaluate
chemical  grafting  of  polyacrylate  to  cellulose  surface.  It  can
be proposed that chemical grafting of sulphonated polyacry-
late can be used for enhancing of ionic conductivity of cellu-
lose-based  materials  along  with  attaining  high  stability  of
membrane  composition.  For  the  best  of  our  knowledge,  the
preparation  and  electrochemical  performance  of  cellulose-
based  membranes  with  proved  covalent  grafting  of
sulphonated  polyacrylate  were  not  reported  yet.  Thus,  the
aim  of  this  work  was  to  fill  this  gap  and  for  the  first  time
demonstrate  the  approach  for  preparation  of  porous  ICM
based on CNF that  are modified by grafting of  copolymer of
sodium  acrylate  and  AMPS  using  cerium  (IV)  ammonium  ni-
trate  as  initiator.  The  structure  of  modified  CNF  and  mem-
branes based on them as well  as  their  electrochemical  prop-
erties  have been investigated.  Additionally,  the  performance
of prepared membranes as a separator in the symmetrical su-
percapacitor  with  polyaniline  hydrogel-based  electrodes  has
been demonstrated.

EXPERIMENTAL

Materials
The  lyophilized  culture  of  A.  xylinum  was  purchased  from  the
All-Russian  collection  of  industrial  microorganisms  (National
Bioresource  Center,  GosNIIgenetics,  Moscow,  Russia)  and  cul-
tured.  Peptone  and  D-mannitol  (CAS  69-65-8)  were  obtained
from  LenReaktiv  (Saint  Petersburg,  Russia).  Choline  chloride
(ChCl)  (Glentham Life  Sciences Ltd.,  Corsham, UK,  CAS 67-48-1,
purity>99%) was dried under vacuum at 60 °C for at least 24 h

before  use.  Urea  (LenReactiv,  Saint  Petersburg,  Russia,  CAS  57-
13-6, purity 98%). AMPS (CAS 15214-89-8) and acrylic acid (AA)
(CAS  607-061-00-8,  purity  >99%)  were  purchased  from  Merck,
German  and  from  Sigma-Aldrich,  Czech  Republic,  respectively.
Cerium (IV) ammonium nitrate ((NH4)2Ce(NO3)6) (Merck, German,
CAS16774-21-3),  nitric  acid  (HNO3)  (Vekton,  Saint  Petersburg,
Russia,  CAS  7697-37-2)  and  sodium  chloride  (Vekton,  Saint  Pe-
tersburg, Russia) were used.

Preparation of Bacterial Cellulose Nanofibers
CNF  were  obtained  according  to  a  previously  developed
method.[48] Crushed  BC  (0.1  g)  was  dispersed  in  a  mixture  of
ChCl  (5.376  g)  and  urea  (4.624  g).  The  ChCl-urea  mixture  was
preliminarily heated at 90−95 °C in an oil bath until homogene-
ity  was  reached.  Then  BC  was  added  and  left  for  90  min  with
permanent heating and stirring. After that, the dispersion of the
CNF  was  washed  with  water  by  repeated  centrifugations  at  a
speed  of  8000  r/min  (Digisystem  Laboratory  Instruments  Inc.,
New Taipei City, Taiwan) 15 min per cycle. The procedure of dis-
pergation/centrifugation  was  repeated  for  at  least  10  times  to
remove ChCl and urea residues.

Chemical Modification of Bacterial Cellulose
Nanofibers
Dispersion of CNF was used as a raw material  for modification.
Grafting  of  poly(sodium  acrylate-co-2-acrylamido-2-methyl-
propanesulfonic acid) (SA-AMPS) was performed on the surface
of CNF using cerium (IV) ammonium nitrate ((NH4)2Ce(NO3)6) as
initiator  under  optimal  conditions  found  during  preliminary
studies  (see Table  S1 in  the electronic  supplementary  informa-
tion,  ESI).  In  the  case  of  optimal  conditions  АА (1.296  g)  was
mixed  with  equimolar  amount  of  NaOH  (0.72  g)  and  2  mL  of
H2O  in  a  beaker  at  room  temperature.  Then  AMPS  was  dis-
solved in 8 mL of H2O and added to the solution of sodium acry-
late  in  amount  of  8.694  g.  A  solution  of  0.2467  g  of
(NH4)2Ce(NO3)6 and  0.355  g  of  HNO3 was  prepared  in  2  mL  of
H2O and added to  7.5  g  the  CNF dispersion (2  wt%).  Then the
solution of monomers was added. The polymerization was car-
ried out at 60 °C for 4 h. The resulting mixture was kept for 12 h
at room temperature. The product was purified from not-graft-
ed  acrylic  polymer  by  repeating  of  the  dispersion-centrifuga-
tion procedures at least 10 times at a speed of 6000 r/min.

Preparation of Membranes from Modified Bacterial
Cellulose
The obtained dispersions were diluted with water in order to at-
tain a 0.3 wt% concentration of CNF(M). Sodium chloride (NaCl)
as  an  agent  for  regulation  of  porosity[49,50] was  added  to  the
CNF(M) dispersion in an amount of 0%−20% respectively to the
weight of CNF(M). The mixture was stirred for 1 day, casted on
Petri  dishes  and  dried  at  room  temperature  for  5−7  days.  The
obtained membranes were washed several times with water to
remove salt and dried again until a constant mass was reached.
In the text, they will be denoted as CNF(M)-0, CNF(M)-5, CNF(M)-
10,  CNF(M)-20  where  the  number  denotes  NaCl  content  in
membrane.  CNF(M)-0  and  CNF(M)-20  samples  were  chosen  as
non-porous and the most porous membranes for major part of
the studies. The membrane prepared from unmodified CNF was
also prepared and studied for comparison.

The  densities  of  prepared  membranes  were  calculated
from their mass measured gravimetrically using an AP225WD
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(Shimadzu, Kyoto, Japan) microbalance using pieces 20 nm ×
20  mm  and  measured  thickness  that  was  16−24  µm.  The
porosity  (P)  of  membranes was estimated from density  mea-
surements as P = 100 × (ρnon-p – ρp)/ρnon-p, where ρnon-p is the
density  of  non-porous  film  (CNF(M)-0  in  our  case)  and ρp is
the density of porous one.

Spectroscopy Study
Chemical  structures of CNF and CNF(M) were characterized us-
ing  IRAffinity-1S  spectrometer  (Shimadzu,  Kyoto,  Japan),  in  at-
tenuated total  reflectance (ATR)  mode,  with a scan range from
4000 cm−1 to 600 cm−1.  A total of 100 scans were made with a
resolution of 2 cm−1. Additional information was obtained using
13C-NMR study using AVANCE II-500 WB NMR Fourier Spectrom-
eter (Bruker, Germany).

Microscopic Investigation
Atomic  force  microscopy  (AFM)  studies  were  performed  using
SPM-9700HT  scanning  probe  microscope  (Shimadzu,  Kyoto,
Japan) in the tapping mode. NSG30-SS silicon cantilevers with a
probe radius of 2 nm were used. Scanning electron microscopy
(SEM)  images  of  the  membranes’ surfaces  were  obtained  with
SUPRA 55 VP microscope (Carl Zeiss,  Oberkochen, Germany) at
voltage  of  5  kV.  Content  of ―SO3H  groups  in  the  CNF(M)  was
determined with energy dispersive X-ray (EDX) spectroscopy us-
ing  Aztec  Energy  X-act  microanalysis  system  (Oxford  Instru-
ments,  UK)  of  Tescan  Vega  III  SEM  microscope  (Tescan,  Brno-
Kohoutovice,  Czech  Republic).  Transmission  electron  mi-
croscopy (TEM) studies were performed using JEM-2200 FS (JE-
OL, Japan).

Wide-angle X-ray Diffraction Study
The crystalline structure of the CNF and CNF(M) was studied via
wide-angle  X-ray  diffraction  (WAXD)  with  Rigaku  SmartLab  3
diffractometer  (Rigaku  Corporation,  Tokyo,  Japan)  equipped
with  CuKα radiation  source  (λ=1.54  Å)  within  the  2θ range  of
5°−40° with the scan step of 0.05°.

Measurement of Water Sorption Isotherms of
Membranes
Sorption  isotherms  of  the  membranes  were  determined  gravi-
metrically at room temperature. Six saturated salt solutions were
selected,  CaCl2,  NaNO3,  MnCl2,  NaCl,  KCl  and  K2SO4 (RH=38%,
56.3%,  62.6%,  84.9%,  88.3%  and  96.2%,  respectively).  RH  value
was  controlled  with  an  IVTM-7  K  thermohygrometer  (Moscow,
Russia). The membranes were dried under vacuum at 60 °C for 7
days before experiments to remove residual moisture. Samples
were  placed  in  preliminarily  weighed  plastic  sorption  jars,  and
then  kept  inside  desiccators  with  fixed  RH.  Masses  of  mem-
branes were measured every 24 h until the constant values were
reached.  The  amount  of  absorbed  water  was  calculated  and
sorption  isotherms  were  plotted.  The  Laatikainen-Lindstrom
model[51] was used for fitting the sorption data. For this, the fol-
lowing equation was used:

a = am
αh(1 − βh) [1 + (α − β) h] (1)

where am and h are the concentration of primary sorption cen-
ters and the ratio of the partial pressure to the saturated vapor
pressure. Based on α and β parameters the sorption on primary
sorption  centers  (polar  groups  of  polymer)  and  on  secondary
sorption  centers  (on  previously  sorbed  water  molecules,  so

called sorption in clusters) was estimated.

Mechanical Measurements
The stress-strain curves for the membranes were measured us-
ing  the  AG-100kNX  Plus  (Shimadzu,  Japan)  machine  for  me-
chanical  measurements  operating  in  the  uniaxial  extension
mode. The ambient conditions during the experiment were 25 °C
and  75%  of  relative  humidity.  Strip-like  samples  (2  mm  ×  15
mm) were clamped in the analyzer,  and the load (N) and elon-
gation  (mm)  were  recorded  with  an  extension  velocity  of  0.5
mm per minute. The values of Young’s modulus,  elongation at
break and ultimate strain were obtained.

Electrochemical Measurements
All  electrochemical  measurements  were  conducted  under  the
constant RH 98% using a climate chamber ERSTEVAK KTXB-64-D
(Moscow,  Russia)  coupled  with  a  P-40X  potentiostat/galvanos-
tat  equipped  with  FRA24  impedance  module  (Elins,  Moscow,
Russia).  The  ionic  conductivity  of  the  membranes  was  studied
over a range of temperatures 20−60 °C. The impedance spectra
were acquired from 10 Hz to 100 kHz at voltage amplitude of 10
mV. Before measurement the membrane was soaked in distilled
water or H2SO4 solution with concentration 1 mol·L−1. The mem-
brane  resistance  (R)  was  determined  from  the  high  frequency
intercept  of  the  Nyquist  plot  with  the  axis  of  the  real  part  of
complex  impedance.  The  through-plane  conductivity σ
(mS·cm−1) was calculated using the following equation:

σ = L
RS

(2)

where R is the electrical resistance, L is the membrane thickness
and S is the electrode area.

In order to demonstrate practical  applicability of  prepared
membranes,  the  model  symmetric  supercapacitor  (SC)  cell
was  built.  For  this  purpose,  the  polyacrylamide-polyaniline
(PAAm-PANI)  based  electrodes  were  prepared  according  to
the  method  described  earlier.[52] The  SC  was  assembled  by
sandwiching of ICM between two electroactive polymer films
that contain 0.89 mg of PANI each, and two pieces of organic
glass covered with graphite foil as a current elector.

The electrochemical characteristics of prepared SC were in-
vestigated  with  cyclic  voltammetry  (CVA),  galvanostatic
charge-discharge  (GCD),  electrochemical  impedance  spec-
troscopy  (EIS)  and  cycle  stability  measurements.  The  specific
capacitance  of  SC  was  calculated  from  the  discharge  branch
of GCD curves as CS = 2 × It/(dU·m), where I and t are the dis-
charge  current  and  duration,  respectively;  dU is  the  voltage
range and m is the mass of active material on one electrode.

RESULTS AND DISCUSSION

Modification of CNF and Their Spectroscopic
Characterization
It  is  known that  (NH4)2Ce(NO3)6 is  able to interact  with organic
compounds containing ―OH groups with formation of radicals
on organic  molecule  that  are  able  to  initiate  polymerization of
acrylate  monomers.  The  possible  mechanisms  of  formation  of
such radical in the case of reaction with cellulose can be found
elsewhere.[53,54] Thus, the successful grafting of polyacrylate on-
to cellulose surface using this initiator can be expected. During
the preliminary  study,  the  attempt  of  modification of  CNF was
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conducted  with  using  of  AMPS  as  a  monomer  and  cerium(IV)
ammonium nitrate initiator.

However, it is seen from 13C-NMR results that the modifica-
tion  of  cellulose  did  not  happen:  peaks  corresponding  to
acrylic monomer cannot be found in NMR spectrum (see Fig.
S1  in  ESI).  Only  the  peaks  corresponding  to  cellulose  at
102−108  (C1),  80−92  (C4),  70−80  (C2,  C3 and  C5),  57−67  ppm
(C6)  are  visible  (see  Fig.  S1  in  ESI,  CNF(M1)  sample).  Carbon
atoms  in  brackets  denotes  numbers  of  atoms  in  glycoside
ring that correspond to the mentioned peaks according to lit-
erature.[55,56] It  can  be  proposed  that  adsorption  of  AMPS
monomer on cellulose surface in proper orientation does not
take place and thus grafting is hampered. At the same time, it
was  earlier  demonstrated  by  computer  simulation  that  acry-
late  anions  can  adsorb  on  cellulose  surface via formation  of
hydrogen  bonds.[57] Thus,  it  was  proposed,  that  SA  as  a
comonomer can induce grafting of polyacrylate onto the cel-
lulose. This assumption was confirmed by experiment. As it is
seen in Fig. S1 (in ESI) and Fig. 1(a) in spectra for samples pre-
pared with addition of SA the additional peaks appear in the
regions  170−175  ppm  and  20−30  ppm.  The  first  one  can  be
attributed  to  the  C＝O  groups  of  acrylate  and  amide
groups,[58] while  the  second  one  to  the  aliphatic  groups  in
AMPS[59] and polyacrylate main chain. The number of prelimi-
nary samples with variation of AMPS and SA content in the re-
action  mixture  were  prepared  using  parameters  of  synthesis
given in Table S1 (in ESI).  Based in 13C-NMR spectra the sam-

ple with most intensive polyacrylate peaks (CNF(M3) in Fig. S1
in  ESI)  was  chosen  for  further  investigation  and  membrane
preparation  (this  sample  is  denoted  as  CNF(M)  in  the  main
text). It was confirmed with EDX that this sample contains the
maximal  amount of ―SO3H groups grafted to the surface of
CNF – 0.63 mmol·g−1 (see Table S2 in ESI).

Additional study of chemical structure of modified CNF was
performed  with  FTIR  (Fig.  1b)  and  obtained  results  are  in
agreement  with 13C-NMR  data.  Along  with  the  presence  of
peaks  corresponding  to  the  vibrations  of  glycoside  ring  and
―OH groups, the FTIR spectrum of CNF(M) shows the bands
at 1713 and 1547 cm−1.  These peaks can be attributed to the
vibrations  of  a  carboxyl  group  (―COOH)  in  the  protonated
and  deprotonated  form,  respectively.  An  increase  in  the  ab-
sorption intensity in the region around 1646 cm−1 can be at-
tributed  to  the  introduction  of  the  amide  group  from
AMPS.[60] Such  changes  in  the  spectrum  indicate  that,  under
chosen conditions,  the BC surface is  modified with a  copoly-
mer  consisting  of  acrylate  and  AMPS  units.  The  retaining  of
bands of the initial cellulose in CNF(M) indicates the preserva-
tion  of  the  chemical  structure  of  the  inner  layers  of  BC
nanofibers.

Investigation of Morphology of CNF(M) and ICM
The  detailed  images  of  the  internal  structures  of  CNF  and
CNF(M)  were  investigated  by  TEM  (see Fig.  2a and Fig.  2b,  re-
spectively). It is seen that width of initial CNF was about 15 nm.
The oriented dark lines inside fibril can be attributed to ordered
macromolecules  in  cellulose  crystallites  that  demonstrates  the
high crystallinity of  CNF.  It  is  seen from Fig.  2(b)  that modifica-
tion of nanofibers leads to increase in thickness up to 40−50 nm.
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Fig. 1    (a) 13C-NMR spectra and (b) FTIR spectra of initial  CNF and
CNF modified with a copolymer of SA and AMPS.
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Fig.  2    TEM images  for  (a)  initial  and (b)  modified  CNF;  (c)  WAXD
patterns for CNF and CNF(M).
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Additionally,  the  ordered  structure  of  CNF(M)  becomes  com-
pletely masked by amorphous coating. This provides additional
evidence for successful coating of CNF(M) with polyacrylate (PA)
copolymer shell.

Fig.  2(c)  shows  the  WAXD  patterns  of  the  initial  CNF  and
CNF(M)  that  are  typical  for  Cellulose  I.  Both  patterns  reveal
three  pronounced  reflections  that  are  attributed  to  the  or-
dered  structure  of  BC,[61] with  intensity  maxima  at  2θ=14.5°,
16.7° and 22.7°. Thus the preservation of the crystalline struc-
ture  of  the  cellulose  after  modification  as  it  was  proposed
from NMR and FTIR study is confirmed.

The structure of ICM prepared by casting of CNF(M) disper-
sions was studied with SEM and AFM (Fig. 3).  As can be seen
in Figs.  3(a)  and  3(c)  the  non-porous  CNF(M)-0  membrane
demonstrates dense homogeneous morphology and is  char-
acterized  by  the  dense  packing  of  the  structural  elements
(nanofibers).  The  porous  membrane  prepared  with  addition
of  20%  NaCl  in  casting  solution  (CNF(M)-20)  demonstrate  a
less  dense  packing  of  nanofibers  and  higher  surface  rough-
ness  (Figs.  3b and  3d)  in  comparison  with  CNF(M)-0.  Space
between fibers can be considered as pores. The porosity was
calculated  from  membrane’s  density  that  was  1.34,  1.18  and
0.51  g·mL−1 for  CNF(M)-0,  membrane  from  unmodified  CNF
and CNF(M)-20,  respectively.  This allows to estimate porosity
as  12%  and  62%  for  membrane  prepared  from  unmodified
CNF and CNF(M)-20 that is in agreement with microscopy da-
ta. Slightly less dense structure for membranes prepared with
pristine  CNF  in  comparison  with  CNF(M)-0  is  confirmed  with
SEM and AFM study (see Fig. S2 in ESI).

Measurement of Water Sorption Isotherms of ICM
Data on the water sorption activity of prepared ICM gives addi-
tional information about the physico-chemical properties of ac-
tive  sorption  centers  in  polymer  and  behavior  of  materials  un-
der different humidity.  The water sorption values of ICM at dif-
ferent  RH  were  measured  using  the  static  gravimetric  method

(result  is  shown  as  points  in Fig.  4).  For  a  deeper  discussion  of
the sorption experiment, the isotherms were fitted with a mod-
el  developed  for  swellable  polymers  (especially  cellulose)  by
Lindstrom  and  Laatikainen  (LL  isotherm).[51] Parameters  of  cor-
responding  isotherm  equation  allow  estimating  the  amount
and activity  of  sorption sites  and tendency of  material  to swell
due to the formation of water clusters. The result of fitting of ex-
perimental  data  with  the  LL  equation is  shown in Fig.  4.  Good
correlation between experimental data and the model demon-
strates  its  applicability  to  the  process  of  water  sorption  in  the
membranes under study.  The S-shaped curve  of  the  isotherm
can be attributed to the Langmuir type of sorption at low RH
values  with  a  continuous  amount  of  active  sorption
centers—accessible polar groups of grafted polyacrylate. The
progressive  increase  of  sorption  at  high  RH  values  demon-
strates  the  appearance  of  the  new  sorption  centers  that  can
be  secondary  centers  or  primary  sorption  centers  that  be-
come accessible due to swelling of grafted polyacrylate. In the
case of membrane based on pristine CNF, sorption of water is
the  lowest  at  any  RH.  This  demonstrates  that  polyacrylate
shell  significantly  improves  water  sorption  and  retention  of
cellulose based ICM. These processes can be estimated quali-
tatively from refined parameters of LL isotherm that are given
in Table 1.
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Fig.  4    Experimental  values  of  water  sorption  for  prepared  ICM
(points)  and  the  result  of  their  approximation  by  the  LL  isotherm
(lines).

 
 

Table  1    Refined  parameters  of  the  Lindstrom-Laatikainen  quasi-
chemical model of water sorption in prepared ICM.
 

Sample am α β

pristine CNF 0.1245 2.1125 0.8128
CNF(M)-0 0.3164 1.8167 0.8629

CNF(M)-20 0.4898 73.9812 0.9330

 
Higher values of parameter am for CNF(M)-20 membrane in

comparison with CNF(M)-0 and membrane based on pristine
CNF (Table 1) demonstrate an increase in number of accessi-
ble primary sorption centers that is connected with growth of
pores  sizes  in  ICM.  Graphically  this  is  depicted  in Fig.  5(a)
where sorption on active centers (ac) is given being calculat-
ed using refined parameters of LL model. Curve for CNF(M)-20
sample goes higher than for CNF(M)-0 and sorption on ac for
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Fig. 3    SEM (a, b) and AFM images (c, d) for non-porous (a, c) and
porous (b, d) ICM based on CNF(M).
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porous  sample  reaches  saturation  at  lower p/p0 values.  The
value  of  the β describes  the  relative  mobility  of  polymer
chains,  and  it  is  the  highest  for  CNF(M)-20  membrane.  This
means  that  more  accessible  free  volume  exists  in  CNF(M)-20
membrane due to pores and ability of grafted polyacrylate to
swell.  This  free  volume  leads  to  the  formation  of  clusters  of
water  molecules  and  result  in  significant  increasing  of  water
sorption  capacity  of  membrane  especially  at  high  values  of
p/p0 as it can be seen in Fig. 5(b). This result allows to expect
the highest ionic conductivity for CNF(M)-20 membranes and
that will be demonstrated further.
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Fig.  5    Dependences  of  water  sorption  on  the  primary  sorption
centers of the polymer (a) and in clusters (b) on the activity of water
vapor.
 
Mechanical Measurements
The stress-strain curves measured in uniaxial  tension mode are
shown  in Fig.  6.  It  is  seen  that  CNF(M)-0  and  CNF(M)-20  mem-
branes demonstrate 0.6% and 0.45% of elongation at break, re-
spectively. Young's modulus decreases from 5.5 GPa for CNF(M)-
0 to 1.1 GPa for CNF(M)-20 membrane. The strength decreases
from 40 MPa for CNF(M) to 15 MPa for porous membrane.  De-
creasing of mechanical properties is connected with lowering of
effective  membrane  cross-section  due  to  formation  of  pores.
Additionally,  the density of contact between modified CNF de-
creases as it has been showing by AFM results discussed earlier.
At  the  same  time,  the  membrane  prepared  with  nonmodified
CNF demonstrated higher  strength (76 MPa,  see Fig.  S3  in  ESI)

that  can  be  attributed  to  higher  strength  of  contacts  between
unmodified  CNF  due  to  cooperative  hydrogen  bonding  of  or-
dered cellulose surface. In spite of moderate mechanical charac-
teristics of  prepared ICM in comparison with reported in litera-
ture  for  other  BC  based  membranes,[62−64] their  strength  was
enough to manipulate with them easily during electrochemical
studies and construction of model supercapacitor cell.
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Fig.  6    Stress-strain  curves  for  non-porous  CNF(M)-0  and  porous
membrane CNF(M)-20.
 
Electrochemical Studies

Ionic conductivity
For  measurement  of  electrochemical  properties,  prepared  ICM
were saturated with distilled water or with aqueous solution of
H2SO4 (1 mol·L−1). Throughout the following discussion, the cor-
responding  membranes  will  be  denoted  as  CNF(M)-X/H2O  and
CNF(M)-X/H2SO4.  The curves of  the electrochemical  impedance
for  obtained  ICM  are  given  in Fig.  7(a).  It  was  found  that  ionic
conductivity (σ) of non-porous CNF(M)-0/H2O membrane is 0.17
mS·cm−1 at 25 °C. It is known from literature that neat BC is char-
acterized by conductivity values ranging from 1.7×10−7 mS·cm−1

at  40 °C  and  40%  to  6.3×10−2 mS·cm−1 at  94 °C  and  98%.[27,65]

The  membrane  prepared  from  unmodified  CNF  in  this  work
demonstrates  ionic  conductivity  0.09  mS·cm−1.  This  demon-
strates  significant  increasing of  ionic  conductivity  of  BC due to
modification of CNF with selected acrylic copolymer. The forma-
tion  of  porous  membranes  leads  to  further  increasing  in  ionic
conductivity  up  to  0.83  mS·cm−1 for  CNF(M)-20/H2O  at  room
temperature.  This value is higher or comparable than for other
membranes based on cellulose reported in literature, for exam-
ple,  0.214  mS·cm−1 for  microcrystalline  cellulose  modified  with
imidazole[66] and 1.2 mS·cm−1 for cellulose nanocrystals contain-
ing sulfosuccinic acid.[64]

Values of ionic conductivity of prepared ICM in a tempera-
ture range of 20−60 °C are given in Fig. S4 (in ESI). The maxi-
mal  value obtained for  CNF(M)-20/H2O is  1.52 mS·cm−1 at  60
°C that is comparable to the values for ICM based on BC and
fucoidan  with  conductivity  1.6  mS·cm−1[67] and  membrane
based  on  carboxylated  nanocellulose  with  1.5  mS·cm−1.[68]

Obtained dependences of lg(σ) on 1/T are linear (Fig. 7b) that
allows  determination  of  activation  energies  of  ionic  conduc-
tivity (Ea). The result of the approximation is shown in Fig. 7(b)
as  lines  and  values  of  activation  energies.  It  is  found  that Ea
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decreases  from  16.4  kJ·mol−1 for  CNF(M)-0/H2O  to  12.7
kJ·mol−1 for  CNF(M)-20/H2O.  Decreasing  of Ea can  be  due  to
the increasing of polyacrylate chain mobility and water reten-
tion capacity as it was found from sorption experiments earli-
er.  This  can facilitate  both vehicle  and Grotthus  mechanisms
of proton transfer inside membrane. The obtained results are
comparable to Ea reported in the literature for Nafion (10−20
kJ·mol−1)[69,70] and for membranes based on cellulose materi-
als (10−30 kJ·mol−1).[17]

In the case of CNF(M)-20/H2SO4 increase in ionic conductiv-
ity up to 1.79 mS·cm−1 at room temperature (about 2 times in
comparison  with  water  saturated  ICM)  and  insignificant  re-
duction of  the activation energy down to 11.0 kJ·mol−1 were
observed  (Fig.  7b).  This  result  allows  us  to  propose  that  the
charge  transfer  mechanism  remains  unchanged  when  water

is  replaced  by  acid  and  that  the  grafted  ionogenic  SA-AMPS
copolymer  dissociate  inside  the  membrane,  sufficiently  to
maintain  the concentration of  mobile  ions  in  the membrane
in the absence of external electrolyte.

Testing of model supercapacitor cell
For testing of model supercapacitor cell,  the porous CNF(M)-20
membrane was soaked in the 1 mol·L−1 solution of H2SO4 or wa-
ter and then sandwiched between two PAAm-PANI electrodes.
The cell  was initially  tested by the CVA in the voltage range of
0−600  mV  and  at  the  scan  rate  from  10  mV·s−1 to  100  mV·s−1.
Measured currents were normalized by the mass of active mate-
rial in the electrodes (PANI). It can be seen in Figs. 8(a) and 8(b)
that  compared  with  CNF(M)-20/H2O,  the  CV  curve  of  CNF(M)-
20/H2SO4 covers  a  larger  area,  indicating  that  this  cell  has  a
higher  specific  capacitance.  However,  operation without  exter-
nal  electrolyte,  only  with  the  internal  dissociation  of  acrylic
copolymer can be helpful in applications where the presence of
hazardous acids is not allowed, for example in implantable elec-
trochemical  devices.[71] As  the scanning rate  increases,  the oxi-
dation peak gradually moves to the higher potential,  while the
reduction  peak  gradually  shifts  toward  the  lower  potential  be-
cause  of  the  electrodes  polarization.  The  CV  curve  maintains
original shape even at a scan rate up to 1000 mV·s−1 (see Fig. S5
in  ESI),  indicating  that  the  cell  has  good  electrochemical  re-
versibility.  To  evaluate  the  performance  of  prepared  cells,  the
GCD analysis was performed. As it is seen in Figs. 8(c) and 8(d),
GCD  curves  at  the  current  density  of  1  A·g−1 have  a  triangular
shape showing an approximately  linear  dependence of  poten-
tial on time that is characteristic of capacitance behavior. The re-
sults  of  impedance  measurements  are  given  in  Fig.  S6  (in  ESI)
and demonstrate that in both cases −Z” (Z’) plots show a nearly
vertical line at low frequencies that also proves capacitance be-
havior  of  cells.  The  specific  capacitance  of  SC  with  CNF(M)-
20/H2O  and  CNF(M)-20/H2SO4 reaches  maximal  values  of  289
and  282  F·g−1,  respectively,  at  the  current  density  of  1  A·g−1

(Fig.  8e).  This  is  comparable  to  the  reported values  of  242 and
280 F·g−1 at  a  current  density  of  1  A·g−1 for  the SC based on a
carbon  nanosheets  framework  with  graphene  hydrogel  archi-
tecture derived from cellulose acetate[72] and based on three-di-
mensional  carbonized  polyimide/cellulose  composite,[73] re-
spectively. The increase of current density leads to decreasing of
specific capacitance and maximal current at which GCD experi-
ment  could  be  performed  was  20  A·g−1 for  CNF(M)-20/H2O-
based cell.  In these conditions,  the cell  demonstrates 239 F·g−1

of specific capacitance. At the same time, in the case of CNF(M)-
20/H2SO4 the cell  maintained operation at current densities up
to 100 A·g−1, the corresponding GCD curve is given in Fig. S7 (in
ESI). This result is on the upper level between other ICM report-
ed  in  literature.  For  example,  in  works,[74,75] maximal  current
densities  were  limited  to  50  A·g−1.  The  specific  capacitance  of
model  cell  with  CNF(M)-20/H2SO4 at  current  density  100  A·g−1

was  165  F·g−1 (Fig.  8e).  Cyclic  stability  is  an  important  electro-
chemical  property for  the practical  application.  Thus,  cells  with
prepared ICM were subjected to the 10000 GCD cycles at a cur-
rent  density  of  10  A·g−1.  Dependence  of  capacitance  retention
on the cycle  number  (see Fig.  8f)  show that  CNF(M)-20/H2SO4-
based  cell  demonstrates  some  increase  in  capacitance  reten-
tion from 500 cycles to 2500 cycles and a gradual decrease fur-
ther. Capacitance retention remains 90% after 10000 cycles.
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It can be hypothesized that the increase in capacitance can
be  connected  with  hydrogel  nature  electroactive  electrodes
used  for  preparation  of  model  cell  in  this  study.  In  hydrogel
state  (being  swollen  with  electrolyte)  the  electroconducting
polymer  chains  are  more  mobile  than  in  the  case  of  solid
porous electrode and thus conformational changes caused by
chain  movement  during  repetitive  oxidation-reduction  cy-
cles  can  result  in  increasing  availability  of  PANI  chains  for
electrochemical reactions. The same effect was observed ear-
lier  for  similar  electrodes.[52,76] The  further  decreasing  of  ca-

pacitance  is  probably  connected  with  overoxidation  of  PANI
leading to the crosslinking of polymer and reduction of chain
mobility,  thus  decreasing  their  electrochemical  activity.[77] It
can be noticed from Fig.  8(f),  that  for  CNF(M)-20/H2O -based
cell, the gradual decrease starts from the beginning of the ex-
periment. Thus, it can be proposed that neutral environment
does not lead to the increasing of capacitance. It can be pro-
posed that in acidic nature the PANI chains are more mobile
because  higher  protonation  leads  to  higher  hydrophilicity
(and  thus  swelling)  of  electroconducting  hydrogel.  At  the
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same time, the residual capacitance after 10000 cycles is 88%
that  is  only  slightly  lower  than  for  CNF(M)-20/H2SO4.  Ob-
tained stability in both cases is higher than reported in litera-
ture  (77.5%)  after  3000  cycles,[78] 87%  after  5000  cycles,[79]

86.8% after 10000 cycles[80] and 47% after 5000 cycles.[81]

CONCLUSIONS

The successful grafting of ionogenic acrylic copolymer on to the
surface  of  CNF  using  cerium(IV)  ammonium  nitrate  as  initiator
was  demonstrated  for  the  first  time.  The  chemical  structure  of
prepared nanomaterial was confirmed with NMR, FTIR and EDX
studies. TEM results show the formation of an amorphous shell
of polyacrylate onto a highly crystalline cellulose backbone. The
possibility  of  preparation  of  self-standing  porous  ion-conduct-
ing  membranes  (ICM) via casting  from  dispersion  of  modified
CNF  was  shown.  Elaborated  ICM  had  a  high  ionic  conductivity
up to 1.79 mS·cm−1 at room temperature and 3.1 mS·cm−1 at 60
°C due to porous structure and effective modification by graft-
ing of  ionogenic polyacrylate.  In  spite of  moderate mechanical
characteristics of prepared membranes, the self-standing prop-
erties were enough to use them as a separator in a symmetrical
supercapacitor  with  polyacrylamide-polyaniline  based  elec-
trodes.  Due  to  high  ion  mobility  and  low  activation  energy  of
ionic  conductivity,  the  supercapacitor  cell  based  on  prepared
membranes  demonstrated  the  possibility  to  operate  at  a  high
current density up to 100 A·g−1 maintaining 165 F·g−1 of specific
capacitance. The maximal specific capacitance was achieved for
CNF(M)-20/H2SO4-based  cell:  289  F·g−1 at  1  A·g−1.  In  addition,
cells  show  very  high  electrochemical  stability  during  10000  of
charge-discharge  cycles  with  water  or  acidic  electrolyte  retain-
ing 88% and 90% of initial capacitance, respectively.
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