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Abstract   The aim of this study was to develop self-healable and robust electroconductive film based on polyaniline copolymer for application as

electrode in flexible supercapacitor. For this purpose, the electroconductive polymer brushes (EPB) was elaborated. The synthesis of EPB is based

on graft  polymerizations of  acrylamide (AAm) on poly(vinyl  alcohol)  (PVA) with formation of  PVA-PAAm polymer brush and subsequent graft

copolymerization of aniline and p-phenylenediamine on PVA-PAAm resulting in formation of EPB with electroconducting copoly(aniline-co-p-

phenylenediamine) (PAPhDA). It was found that the ratio between PVA and PAAm at the first stage greatly influence the electrochemical perfor-

mance of the EPBs. Electroconducting films were prepared by casting of EPB solution with subsequent drying. Investigation of electrical current

distribution  through  the  film  with  AFM  reveal  more  uniform  distribution  of  PAPhDA  in  EPB  in  comparison  with  reference  PVA-PAPhDA  and

PAAm-PAPhDA samples. It was demonstrated that mechanical characteristics and electrical conductivity values of films restore at large extent af-

ter curring and self-healing under optimal relative humidity level (58%). The flexile supercapacitor cell with EPB film electrodes demonstrate spe-

cific capacitance 602 mF·cm–2 at the current density of 1 mA·cm–2 and retention 94% of initial capacitance after 5000 charge/discharge cycles.
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INTRODUCTION

Electroconducting polymers attract a lot of attention[1] because
of their low toxicity, easy synthesis and electroactivity. They are
intensively  studied  in  recent  years  for  elaboration  of  energy
storage  devices,[2] electrochemical  sensors,[3] coatings,[4] water
purification,[5] packaging films with antioxidant and antibacteri-
al  activity,[6] nerve  regeneration[7] and  actuators.[8] The  increas-
ing  interest  toward  wearable  electronics[9] result  in  intensive
elaboration  of  flexible  supercapacitors[10−12] based  on  electro-
conductive polymer electrodes demonstrating morphology and
structure beneficial for high capacitance, namely accessibility of
internal  electrode  volume  for  electrolyte  due  to  porosity[13] or
hydrogel nature.[14,15] The desired morphology can be achieved
by  self-organization  of  electroconductive  polymer  during  syn-
thesis,[16] by applying electrospinning technique,[17,18] or  by us-
ing  of  a  template.[19] One  of  the  remaining  problems  of  elec-
troactive  polyaniline-based  hydrogels  is  bad  mechanical  prop-
erties.[20]

Poor  mechanical  properties  of  pure  conducting  polymers
lead to the intensive elaboration of composite materials con-
taining non-conductive supporting ones.[21,22] The main prob-
lem in this field is poor compatibility of conducting polymers
with most of industrial polymers. To fit this the following ap-
proaches are intensively studied: (i) mechanical fixing of con-
ducting  polymer  inside  porous  matrix,[23] (ii)  chemical  graft-
ing  of  conductive  chains  to  the  matrix  polymer[24] or  chemi-
cal routs toward increasing hydrophilicity of support[25] were
proposed.  Due  to  ability  of  the  most  common  oxidizer  for
polyaniline (PANI) synthesis (ammonium peroxydisulphate) to
generate  radicals  on  the  backbones  of  supporting  macro-
molecules it is possible to expect grafting of PANI chains dur-
ing their  formation.  It  was demonstrated[26] that  the grafting
of  PANI  chains  onto  poly(glycidyl  methacrylate-alt-maleic
anhydride) using “grafting on” improve solubility in polar or-
ganic  solvents,  while  grafting  to  the  polyacrylamide  (PAAm)
increase compatibility with water.[27]

Poly(vinyl  alcohol)  (PVA)  is  industrial  and  cheap  polymer
that  is  usually  used for  preparation of  flexible  materials  with
electroconducting  polymers  because  of  its  easy  processing,
low toxicity  and low cost.  Composites  PVA/conducting poly-
mer  are  elaborated  during  last  decades  for  application  as
stretchable electronic skins and intelligent robotic systems,[28]

 

* Corresponding authors, E-mail: pmarip@mail.ru (M.P.S.)
E-mail: smirnov_michael@mail.ru (M.A.S.)

Received December  10,  2023;  Accepted March  27,  2024;  Published
online May 10, 2024

Chinese Journal of
POLYMER SCIENCE RESEARCH ARTICLE 
 

   
© Chinese Chemical Society www.cjps.org
     Institute of Chemistry, Chinese Academy of Sciences link.springer.com

 

https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
https://doi.org/10.1007/s10118-024-3113-9
mailto:pmarip@mail.ru
mailto:smirnov_michael@mail.ru
http://www.cjps.org
http://link.springer.com


for  electromagnetic  shielding,  batteries,  supercapacitors.[29]

The benefits  of  combining of  PVA with  PANI  is  beneficial  for
preparation  of  strong,  elastic,  biocompatible  and  electrically
conductive  materials.  However,  these  polymers  have  low
compatibility[30] and  there  are  no  reported  approaches  for
grafting of  electroconductive polymer to PVA backbone.  Ad-
ditionally, the desire to have materials with self-healing prop-
erties  similar  to  human  skin  motivates  scientists  to  develop
materials with dynamic hydrogen or coordination bonds.[31,32]

The  PVA  is  one  of  the  often  used  polymer  for  self-healable
materials  due  to  its  ability  to  form  cooperative  hydrogen
bonds.[33]

Thus,  in  this  work  we report  for  the  first  time the  strategy
toward preparation of branched macromolecules, containing
electroconductive end chains grafted to the PVA-electrocon-
ductive  polymer  brushes  (EPB).  For  this  purpose,  the  PVA-
PAAm  polymer  brushes  were  synthesized  according  to
known  procedure.[34] Synthesis  of  copoly(aniline-co-p-
phenylenediamine)  (PAPhDA)  was  conducted  in  the  pres-
ence of PVA-PAAm polymer brush that allow grafting of con-
ducting  polymer  to  the  PAAm  side  chains  according  to
scheme reported earlier.[35] It was proposed that by combina-
tion of these reactions it  will  be possible to prepare polymer
flexible and self-healable electroactive electroconductive ma-
terials  with  high  strength,  that  can  act  as  electrodes  in  elec-
trochemical energy storage devices.

EXPERIMENTAL

Materials
Acrylamide  (AAm,  purity  ≥98%),  PVA  (Mw=1.25×105),  aniline
hydrochloride (≥99.0%) and p-phenylenediamine (≥97.5%) were
purchased  from  Sigma  Aldrich  (Czech  Republic).  Methanol  (≥
99.5%),  38  wt%  hydrochloric  acid  (HCl),  64  wt%  nitric  acid
(HNO3),  98  wt%  sulfuric  acid  H2SO4 were  acquired  in  Vekton
(Russia).  Cerium(IV)  ammonium  nitrate  (CAN,  ≥99%)  was  pro-
cured from Acros Organics (Belgium), while ammonium persul-
fate  (APS,  ≥99%)  and  paraphenylenediamine  (pPhDA,  ≥99%)
from Neva Reactive (Russia). All reagents were used as received
without purification. Dialysis membrane bag (d=25 mm) OrDial
D14 with a pore size of 12–14 kDa was purchased in Orange Sci-
entific (Belgium).

Synthesis of PVA-PAAm (PB)
The  specific  quantities  of  each  reagent  used  can  be  found  in
Table  1.  Weighed  PVA  powder  was  dissolved  in  25  mL  of  dis-
tilled  water  at  80  °C  under  vigorous  stirring.  The  solution  was
cooled down to room temperature and AAm was added. After-
ward,  a  3  mL  of  0.1  mol/L  cerium(IV)  ammonium  nitrate  solu-
tion  in  1  mol/L  HNO3 was  added  to  the  mixture.  The  reaction
mass was then thoroughly mixed for one hour and left  to pro-
ceed overnight. The resulting viscous PVA-PAAm copolymer so-
lution  was  then  precipitated  into  methanol  and  dried  under

vacuum.  The  copolymers  obtained  are  referred  as  PB-1,  PB-2
and PB-3.

Synthesis of PVA-PAPhDA
PVA (1.06 g) was dissolved in water (14 mL) at 70 °C. Then, ani-
line  hydrochloride  (0.518  g), p-phenylenediamine  (0.0186  g),
concentrated hydrochloric acid (1.376 mL) and ammonium per-
sulfate  (0.953 g)  (pre-dissolved in  2  mL of  distilled water)  were
added. The reaction was conducted at room temperature for 1.5
h with stirring.

Synthesis of PAAm-PAPhDA
PAAm (0.53 g) was dissolved in water (7 mL) at room tempera-
ture. Then, aniline hydrochloride (0.259 g), p-phenylenediamine
(0.0093  g),  concentrated  hydrochloric  acid  (0.688  mL)  and  am-
monium  persulfate  (0.476  g)  (pre-dissolved  in  1  mL  of  distilled
water)  were added.  The reaction was conducted at  room tem-
perature for 1.5 h with stirring.

Synthesis of PVA-PAAm-PAPhDA (EPB)
The EPB was synthesized as follows (see Fig. 1). PVA-PAAm (1.06
g)  was  dissolved  in  water  (14  mL)  at  80  °C.  Then,  aniline  hy-
drochloride (0.5184 g), p-phenylenediamine (0.0186 g), concen-
trated  hydrochloric  acid  (1.376  mL)  and  ammonium  persulfate
(0.953 g) (pre-dissolved in 2 mL of distilled water) were added to
the reaction mass. The reaction was conducted at 0 °C for 1.5 h
with stirring. Afterward, the mixture was diluted with 100 mL of
distilled water and left for two days. A transparent green super-
natant  fraction,  containing  dissolved  PVA-PAAm-PAPhDA
copolymer was decanted and used for further experiments.

 

Table  1    The  initial  ratio  of  the  components  of  the  obtained
copolymers.      
 

Sample PVA (g) AAm (g) Initial ratio (molar)

PB-1 3.75 3.75 1:0.62
PB-2 3.75 1.88 1:0.31
PB-3 1.88 3.75 0.81:1

 

OH

O

n

+

+

HCl

NH2

Stage 1

Stage 2

PVA-PAAm-PAPhDA
(electroconductive polymer brush-EPB)

OHOH

...

...

n

OH

NH2

NH2

(NH4)2Ce(NO3)6HNO3

H2O

PVA-PAAm
(polymer brush-PB)

OHOH

O

NH2

...

n

OH

......

...

O

H2N

H2N

(NH4)2S2O8, 0 °C

H2O, HCl

OHOH

O

NH2

NH2

NH2
N
H...

O

O

...

OH

... ...

 
Fig. 1    Scheme of synthesis of water-soluble copolymer.
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Preparation of Films
The PVA-PAPhDA,  PAAm-PAPhDA and PVA-PAAm-PAPhDA so-
lutions  cast  on  a  Petri  dishes  and  dried  under  ambient  condi-
tions until it reached a constant weight. The self-supported films
were obtained.

Preparation of Chitosan Containing Deep Eutectic
Solvent (DES) Gel Electrolyte
Pseudo-solid polymer electrolyte films with a DES content of 90
wt% were prepared using the method described earlier.[36] The
DES  comprised  choline  chloride  and  lactic  acid  with  a  molar
ratio  of  1:2,  respectively.  Chitosan  (CS)  and  DES  constituents
were  dissolved  in  distilled  water  to  a  total  concentration  of  2
wt%. Self-supported films were prepared by casting solution on
Petri dishes.

Characterization of Chemical Structure and
Morphology
13C-NMR measurements
13C-NMR spectra were measured on an AVANCE II-500 WB NMR
spectrometer (Bruker, USA) operating at resonance frequency of
125.8 MHz in solid state. The samples were preliminarily ground
into powder.

Fourier transform infrared (FTIR) measurements
FTIR  spectra  were  obtained  using  IRAffinity-1S  spectrometer
(Shimadzu,  Japan)  in  the range 4000–400 cm–1 for  copolymers
dispersed in KBr pellets in transmission mode with a resolution
of 4 cm–1 and 50 scans per sample.

UV-spectroscopy measurements
UV-spectroscopy  was  conducted  for  aqueous  solution  of  sam-
ples  using  SF-2000  spectrophotometer  (OKB “Spectr”,  Russia)
and quartz cuvettes with 1 cm optical length.

Scanning electron (SEM) and atomic force (AFM) microscopy
The  morphology  of  EPB  films  and  cross-sections  were  studied
with  a  Tescan  scanning  electron  microscope  Vega  III  (Tescan,
Czech  Republic)  at  5  kV.  For  observation  of  the  cross-sections
samples  were  cooled  with  liquid  nitrogen  and  then  fractured.
Scanning Probe Microscope BRUKER Multimode 8 (USA) operat-
ing in  PeakForce  TUNA Tapping mode was  used to  simultane-
ously  obtain  images  of  surface  topography  and  electrical  cur-
rent. AFM images were obtained using conductive AFM probes
SCM-PIT (f=48 kHz, k=0.95 N·m–1, r≈22 nm) providing the force
setpoint of 10 nN.

Measurements of Physico-Chemical Properties

Water sorption measurements
The  water  sorption  isotherms  of  the  EPB  films  were  measured
gravimetrically  using  an  AP225WD  semi-micro  analytical  bal-
ance (Shimadzu, Japan). The samples were dried in a vacuum at
50  °C  and  then  placed  in  desiccators  containing  the  saturated
water  solutions  of  H2SO4,  KOH,  CaCl2,  MnCl2,  NaCl  and  K2SO4

with  constant  relative  humidity  (RH)  levels  of  2%,  15%,  35%,
57%, 75% and 98%, respectively.

When  the  constant  weight  was  reached  the  equilibrium
water sorption (a, g/g) was calculated as:

a =
w2 − w1

w1
(1)

where w1 and w2 are  the  initial  (dry)  und  final  (saturated  with
water) weights, respectively.

Mechanical and self-healing properties
The mechanical characteristics of the initial and self-healed films
were determined at room temperature (25±2 °C) using UMIV-3
(Ivanovo,  Russia)  mechanical  testing  machine  operating  in  the
uniaxial tension mode (speed 5 mm/min).  The films with thick-
ness  of  240±30  μm  were  cut  into  strips  with  the  length  of  20
and a width of 2 mm. Determination of Young’s modulus (E), ul-
timate  strength  (σb),  and  elongation  at  break  (εb)  were  per-
formed according to ASTM D882.

Self-healing  properties  of  films  were  also  evaluated  by
macroscopic observation. A long strip film (50 × 10 mm) was
prepared.  Then,  the  film  was  cut  and  repaired  at  room  tem-
perature (25±2 °C) by 5 min pressing with fingers and subse-
quent  healing  by  1  h.  After  that,  the  healed  film  was  loaded
with 200 g to test its strength.

Electrochemical measurements in solution
The redox properties of the EPB in solution were studied using
cyclic  voltamperometry  (CVA).  Measurements  were  made  in  a
three-electrode  cell  in  the  1  mol/L  aqueous  H2SO4 as  the  elec-
trolyte.  The  working  (Pt-wire)  and  reference  (Ag/AgCl)  elec-
trodes were put into the dialysis bag (pore size 12−14 kDa) filled
with the EPB. This bag was placed in the vessel filed with blank
electrolyte and containing current electrode (Pt-wire).  The CVA
was performed at 1 mV/s scanning rate. The scheme of experi-
ment is  given in Fig.  S1 (in the electronic supplementary infor-
mation, ESI).

Electrical conductivity of films
The electrical  conductivity  (σ)  of  EPB film before and after  self-
healing  was  measured  using  the  four-probe  method.  Four  flat
graphite foil  contacts (1 mm wide and 5 mm gap) placed on a
non-conductive  plexiglass  plate  was  used.  To  determine  the
sheet resistance (Rs) of the samples, the voltammetric response
was  analyzed  using  a  scan  rate  of  10  mV/s  within  a  voltage
range of −100 mV to 100 mV. The Rs values were calculated from
the slope of the curve. The electrical conductivity was then cal-
culated as:

σ = l
Rs ⋅ h

(2)

where l represents the length between inner probes (cm), and h
is the cross-sectional area of the sample (cm2).

Electrochemical performance of supercapacitor
Taking  into  account  the  increased  interest  toward  flexible
biopolymer-based  electrolytes,  a  chitosan-based  film  compris-
ing  90  wt%  of  DES  reported  earlier[36] was  utilized  as  a  solid
polymer electrolyte in a symmetrical  supercapacitor cell.  It  was
sandwiched  between  two  PVA-PAAm-PAPhDA  films  acting  as
electrode  materials  with  an  area  of  1.2  cm2 and  thickness  of
240±30  μm.  Graphite  foil  was  used  as  a  current  collector.  The
electrochemical performance of the two-electrode supercapaci-
tor was investigated with galvanostatic charge-discharge (GCD),
CVA and impedance spectroscopy measurements using a P40-X
galvanostat-potentiostat equipped with FRA-24M module (Elins,
Moscow,  Russia).  Specific  capacitance  (Cs)  normalized  to  the
electrode  area  was  determined  from  the  GCD  data  at  various
current densities using the equation:

Cs =
It(U2 − U1 − IRdrop)S (3)

where I is  the  discharge  current  (A), t is  the  discharge  time  (s),
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(U2 – U1) is the working potential window of the supercapacitor
(V), IRdrop is the voltage drop (V) and S represents the area of the
electrode (cm2).  The mass  normalized specific  capacitance was
calculated by the same equation with replacing of S with mass
of PAPhDA in electrodes.

The areal energy density (Es, μW·h·cm–2) and power density
(Ps,  mW·cm–2)  values  were  calculated  using  the  following
equations:

Es =
0.5(U2 − U1 − IRdrop)2Cs

3600
(4)

Ps =
Es

t ⋅ 3600 (5)

Redox behavior  of  the electrodes was studied by CVA test
at the scan rate of 10 mV·s–1 in potential range of 0–600 mV.
Cycling  stability  of  supercapacitor  was  assessed  by  subject-
ing  it  to  5000  GCD  cycles  at  a  current  density  of  2  mA·cm–2.
Electrochemical  impedance  spectroscopy  measurements
were  conducted  in  a  frequency  range  of  10 mHz–0.3 MHz  at
open circuit potential with 20 mV amplitude.

RESULTS AND DISCUSSION

Chemical Structure and Electrochemical Activity of
EPB
During  the  preliminary  study,  the  three  types  of  PVA-PAAm
copolymers  (PB)  were  synthesized  with  different  amounts  of
PAAm grafted onto PVA (see Table 1).  The 13C-NMR spectra for
the  initial  PVA  (Fig.  2)  demonstrates  typical  for  this  polymer
methylene carbon signals at 45 ppm, along with methine ones
resonance lines at 65, 71 and 77 ppm, corresponding to syndio-
tactic,  heterotactic  and  isotactic  triads.[37] Additionally,  weaker
signals at 22 and 172 ppm can be attributed to the methyl and
carbonyl  groups of  the vinyl  acetate residual  units  in PVA[38] In
the case of  PB samples,  an additional  signal  at  180 ppm corre-
sponding  to  the  carbon  of  the  amide  group  of  PAAm  is  ob-
served.  A  shoulder  peak  centered  at  35  ppm  is  related  to  the
methylene  carbons  of  PAAm.  These  peaks  become  more  pro-
nounced  as  the  PAAm  content  increases  (from  PB-1  to  PB-3).
The changing of relative intensity of peaks near 70 ppm allow to
propose  that  the  corresponding  carbons  are  involved  in  the
grafting of PAAm as starting points (Fig. 1).[39] Using the ratio of

area of signals centered at 70 m.d. and 180 m.d. It is possible to
estimate  the  molar  ratio  between  monomer  units  in  PVA  and
PAAm side chain as 1:0.22, 1:0.45 and 1:1.05, for PB-1, PB-2 and
PB-3, respectively.

At  the  second  stage,  in  the  presence  of  the  PVA-PAAm
copolymer,  oxidative  copolymerization  of  aniline  and p-
phenylenediamine  was  performed.  The  spectroscopic  evi-
dence of PAPhDA grafting to the PAAm and high yield of this
reaction in the selected conditions were demonstrated previ-
ously.[35] Thus,  the  amount  of  electroconductive  component
inside  EPB  can  be  estimated  as  30  wt%.  The  materials  pre-
pared on the base of PB-1,  PB-2 and PB-3 will  be denoted as
EPB-1, EPB-2 and EPB-3 during further discussion.

The chemical structure of the obtained EPB was character-
ized  by  FTIR  and  UV-spectroscopy.  The  typical  UV  spectra  of
EPB water solution (Fig. 3a) reveals an absorption band in the
340–450 region that may be due to electron π-π* transition in
benzenoid rings and polaron formation in the PANI chain.[40]

Additionally, a broad band near 800 nm is observed, which is
attributed  to  polaron-π* excitation.[41] The  presence  of  ab-
sorption near 400 and 800 nm regions typically indicates the
existence  of  localized  and  delocalized  cation-radical  struc-
tures, respectively.[42] These structures are typical for the elec-
trically  conductive  form  of  PANI.  Furthermore,  an  additional
absorption peak at 285 nm corresponds to transitions in aro-
matic  rings  containing  electron-donating  substituents  that
may be associated with the presence of p-phenylenediamine
fragments in the PAPhDA chains. Notably, these peaks are not
observed in the UV spectrum of the PVA-PAAm solution (Fig.
3a).

The  FTIR  spectra  (Fig.  3b)  were  measured  for  individual
polymers  (PAPhDA,  PVA  and  PAAm)  and  EPB.  Bands  of  PANI
copolymer  can  be  found  near  1558  cm–1 (C＝N  and  C＝C
stretching vibration of quinoid ring), 1301 cm–1 (C―N stretch-
ing  of  the  secondary  aromatic  amine),  1242  cm–1 (C―N+

stretching)  and 875 cm–1 (aromatic  C―H out-of-plane bend-
ing  deformation  vibrations)  as  well  as  shoulders  near  1472
cm–1 (C―C stretching in benzenoid ring) and 802 cm–1 (C―H
out-of-plane  bending  in  aromatic  ring).[43] This  result  along
with  UV  spectrum  proves  incorporation  of  PAPhDA  into  the
PVA-PAAm PB.

In order to select the most electrochemically active type of
EPB,  the  electrochemical  properties  of  EPB  brush  solution
were checked with CVA using cell (Fig. S1 in ESI) in which the
solution  of  EPB  near  working  and  reference  electrodes  was
separated from other volume with dialysis membrane. It  was
found that (see Fig. 4) the area covered with CVA curve is the
maximal for EPB-2 sample (with middle PAAm content), while
for others it is not significantly exceeds the curve correspond-
ing for blank solution. It can be attributed to the highest com-
patibility  of  EPB  with  water  solution.  The  possible  explana-
tion can be the following taking into account the equivalent
amount  of  PAPhDA  in  electroconducting  polymer  brush.  At
lower  PAAm  content  the  density  of  PAPhDA  side  chains  is
higher  that  decrease  the  compatibility  of  material  with  sol-
vent.  While  at  higher  PAAm  content  the  relative  amount  of
not  electroactive  components  (PAAm+PVA)  becomes  higher
that  leads  to  the  decreasing  of  the  electrochemical  activity.
According  to  this  result  the  EPB-2  sample  was  selected  for
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Fig. 2    13C-NMR spectra for PVA-PAAm polymer brushes prepared
at different ratios between PVA and AAm monomer.
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film  preparation  and  will  be  denoted  as  EPB  during  further
discussion.

Study of Morphology and Phase Structure of Films
based on EPB using AFM
The  internal  structure  of  films  prepared  on  the  base  of  EPB-2
was  studied  using  AFM.  In  order  to  evaluate  the  influence  of
“double brush” structure on the morphology of films it is inter-
esting to compare results between samples containing only two

polymers  (PAAm-PAPhDA  or  PVA-PAPhDA)  and  EPB.  It  is  seen
that  surface  of  PAAm-PAPhDA  is  free  from  worm-like  objects
clearly visible for PVA-PAPhDA (Figs. 5a and 5c, respectively) and
are typical for PAPhDA.[44] It can be considered as additional evi-
dence that only in the case of PAAm, the grafting of conducting
polymer onto the backbone of carbon-chain one occurs and re-
sults in the destruction of the intrinsic morphology of PAPhDA.
The morphology of  surface of  EPB (Fig.  5e)  film is  closer to the
morphology of PAAm-PAPhDA that also demonstrates the sup-
pression of  formation of  PAPhDA homopolymer intrinsic  struc-
ture  and  gives  evidence  for  formation  of  electroconductive
polymer brushes.

For  the  evaluation  of  electric  properties  of  materials  on
nanoscale  the  maps  of  electrical  current  distributions  along
the  surface  were  obtained.  As  it  is  seen  from Figs.  5(b) and
5(d),  the  formation  of  electroconductive  channels  with  low
conductivity  between  them  is  typical  for  the  PAAm-based
sample.  In  the case of  PVA,  currents  through surface are  sig-
nificantly lower and the map of currents is smoother (Fig. 5d).
This  can  be  explained  by  the  different  action  of  PVA  and
PAAm  during  preparation  of  conducting  polymer  by in  situ
method. PVA acts as a stabilizer by adsorption on the surface
of  growing  PANI  copolymer  particles,  while  PAAm  is  a  back-
bone for PAPhDA grafting. Thus, for PVA-PAPhDA the electro-
conducting part is surrounded by PVA, while for PAAm-PAPh-
DA  the  electroconducting  component  is  outside  of  the
molecular objects. In the latter case the formation of continu-
ous  electroconductive  network  is  easier  that  is  reflected  by
higher number of bright objects and higher overall current in
the case of PAAm-PAPhDA. In the case of EPB (Fig. 5f) the look
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Fig. 3    UV-visible spectra of water solution of PVA-PAAm and EPB
(a);  FTIR  spectra  (b)  of  EPB  and  corresponding  homopolymers
(PAPhDA, PVA and PAAm).
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of  map  of  electrical  currents  is  closer  to  the  PAAm-PAPhDA
(Fig.  5b)  however,  electroconducting  areas  are  smaller  and
more  uniformly  distributed  along  the  surface.  This  demon-
strates the formation of similar continuous electroconductive
network  with  thinner  pathways  and  gives  evidence  for  suc-
cessful grafting of PAPhDA to PAAm in the case of using PVA-
PAAm.

Mechanical Properties, Electroconductivity and Self-
healing of EPB
The  stress-strain  and  voltampere  curves  are  given  in Figs.  6(a)
and 6(b), respectively, while mechanical properties presented in
Table 2. It is seen that tensile strength and elongation at break is
higher  for  PVA-PAPhDA  in  comparison  with  PAAm-PAPhDA.
This can be attributed to the encapsulation of PAPhDA compo-
nent inside PVA that is  not the case for PAAm as it  was shown
with AFM. The tensile strength and elongation at break for EPB
films is closer to the PVA-PAPhDA, while Young’s modulus is ap-
proximately  the  same  as  for  PAAm-PAPhDA  (see Table  2).  The
latter fact can be attributed to the formation of hard electrocon-
ductive continuous network that influences mechanical proper-
ties  before  10%  of  relative  elongation.  At  further  elongations

this  network  destroyed  and  the  PVA  begin  to  determine  me-
chanical  properties  of  material.  At  the  relative  elongation
ε>10%,  the  course  of  the  curve  of  the  EPB sample  is  similar  to
that of the PAAm-PAPhDA sample (Fig. 6a). The changing of the
mechanical  behavior  during  stretching  is  seen  as  the  point  at
which  the  slope  of  mechanical  curve  is  changed.  It  should  be
noted that double polymer brush PVA-PAAm (PB) demonstrate
the most rigid and fragile behavior than other samples (see Fig.
S2 in ESI, Table 2). This is connected with high energy hydrogen
bonding between amide groups of PAAm. The lower brittleness
and rigidity of materials with PAPhDA demonstrate that interac-
tion  between  PAAm  macromolecules  is  hampered  that  is  also
confirms grafting of  conducting polymer  to  PAAm in  the  both
cases: PAAm-PAPhDA and EPB.

Taking  into  account  that  water  is  a  plasticizer  for  studied
materials and thus it influences on macromolecular chain mo-
bility, the study of self-healing was conducted at different rel-
ative  humidity.  For  this  purpose,  the  strips  (5  ×  40  mm)  of
films prepared from EPB were placed in  desiccators  over  the
saturated  water  solutions  of  inorganic  salts  that  allow  to
maintain certain humidity (RH = 2%, 15%, 35%, 57%, 75% and
98%). After saturation during 24 h samples were cut, connect-
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Fig.  6    (a)  Stress-strain  curves  for  PVA-PAPhDA,  PAAm-PAPhDA,  EPB  film  and  self-healed  EPB  film;  (b)  Dependences  of  current  on
applied  voltage  for  initial  (red  line)  and  self-healed  EPB  film  (black  line);  Photos  demonstrating  mechanical  properties  (c)  and
electroconductive (d) of the self-healed EPB film.

 

Table 2    The mechanical properties of samples.
 

Sample Tensile strength (δ, MPa) Ultimate elongation (ε, %) Young’s modulus (Е, MPa)

PVA-PAAm 93±10 3.1±0.2 3800±400
PVA-PAPhDA 7.9±1.0 205±20.8 45±5.0

PAAm-PAPhDA 5.0±0.6 60±7.3 72±7.5
EPB 7.3±0.8 183±19.5 68±6.3

EPB-sh 6.2±0.7 145±15.2 65±5.8
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ed with 5 mm of overlapping and put back to the desiccator
for 1 h. Then films were taken out of desiccators and their me-
chanical properties were tested. It  was found that at humidi-
ties  2,  and  15  self-healing  does  not  proceed.  At  RH=35  self-
healing proceeds,  but it  takes 24 h to achieve minimum me-
chanical stability allowing to handle self-healed film, while at
RH=57% films were self-healed after 1 h and it was enough to
perform mechanical  experiments  (the corresponding sample
will  be  denoted  as  EPB-sh).  At  RH=75%  and  98%  films  self-
healed but, connection was weak—the integrity of films pre-
served only without mechanical load. The stress-strain curves
of  the  EPB-s  sample  after  the  self-healing  and  values  of  me-
chanical properties for it are given in Fig. 6(a) and Table 2, re-
spectively.  The  degree  of  recovery  of  tensile  strength,  ulti-
mate elongation and Young’s modulus is 85%, 79% and 96 %,
respectively.  The  mechanical  properties  of  reported  self-
healed  electroconducting  materials  are  in  the  region  of
50%−100% recovery of initial ones.[1] Thus, in our case the re-
covery is closer to the upper border. Moreover, it was noticed
that  the  rupture  of  self-healed  film  takes  place  outside  the
binding zone.

To further demonstrate the superior mechanical properties
of self-healed film, a rectangular EPB film with a length of 50
mm  and  width  of  10  mm  was  cut  and  subject  to  healing  at
room temperature by 5 min pressing with fingers, and subse-
quent  healing  during  1  h.  The  healed  EPB  film  was  able  to
bear a load of 200 g, similar to the initial film (Fig. 6c).

The electrical conductivity (σ)  of EPB films was found from
voltampere  curves  (see Fig.  6b).  For  the  samples  before  and
after the self-healing values σ were the same order of magni-
tude:  0.63  and  0.40  S·cm−1,  respectively.  As  it  is  seen  in Fig.
6(d),  the  electroconductivity  of  the  samples  after  the  self-
healing was enough to pass sufficient current for illuminating
of a LED bulb. The lower conductivity for the sample after self-
healing  can  be  connected  with  voids  that  can  form  at  the
contact area as it will be demonstrated further in SEM images
of cross-sections of healed sample.

The values of electrical conductivity achieved in this work is
higher  than  for  PVA/PANI  composite  described  in  the  litera-
ture.  For  example,  a  PVA/PANI  composite  crosslinked  with
boric  acid  displayed  a  conductivity  of  0.052  S·cm−1,[45] while
PVA/1-butyl-3-methylimidazolium  tetrafluoroborate/  PANI
exhibited a conductivity of 0.0639 S·cm−1.[46] Furthermore, our
results are comparable to other materials based on graft PANI
copolymers.  For  example,  poly(styrenesulfonic  acid-g-PANI)
demonstrated  a  conductivity  up  to  0.149  S·cm−1,[47] and
poly(vinyl chloride)-g-PANI with 0.73 S·cm−1.[48]

For deeper discussion of influence of ambient humidity on
self-healing,  the  water  sorption  isotherms  of  EPB  samples
were  measured  and  analyzed  using  the  Laatikainen-
Lindström  quasi-chemical  sorption  model.  The  detailed  de-
scription of model is given in ESI. Experimental sorption data
and results of its approximation are given in Fig. 7(a) as points
and lines, respectively. According to selected model the over-
all sorption can be divided into sorption on active sites (polar
groups of polymers) and sorption in clusters (sorption on pre-
viously sorbed water molecules accompanied with swelling of
polymer matrix) using refined parameters as it is described in
ESI.  The  corresponding  curves  are  given  in Fig.  7 as  dashed

(sorption) and dotted (sorption in clusters) lines, respectively.
It should be noted that the self-healing process proceeds via
the interaction of  polar  groups of  polymers  and depends on
the mobility of polymer chains in the material, which is neces-
sary  for  the  implementation  of  intermolecular  contact  be-
tween polar groups. The presented results show that the sat-
uration  of  the  active  sorption  sites  of  the  polymer  does  not
occur.  This  suggests  that  the polar  groups of  the copolymer,
such as the dopant ions in PANI, as well as the amide and hy-
droxyl  groups  of  PAAm  and  PVA,  are  not  fully  accessible  for
sorbate  binding.  It  can  be  proposed  that  hydrophobic  PANI
chains  are  exposured  to  the  surface  of  the  film  and  this  re-
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Fig.  7    Isotherm  of  water  sorption  by  EPB  sample  (a),  the
experimental  (dots)  filling  with  Laatikainen-Lindström  equation
(solid line), sorption of water on active sites (dushed line), in clusters
(dotted line); average number of water molecules in sorption cluster
(b)  and  cross-section  of  film  after  self-healing  at  different
magnifications (c, d).
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sults  in  poor  self-healing  at  low  RH  values.  An  increase  in
sorption on active sites with growth of p/p0 is associated with
an  increase  in  their  availability  due  to  polymer  swelling  and
rising of their accessibility for interactions between each oth-
er  thus  improving  the  self-healing.  Further  it  can  be  pro-
posed,  that  at  RH>60%  the  polar  polymer  groups  become
surrounded  with  high  amount  of  water  due  to  sorption  in
clusters that again reduces the possibility of their interaction
between  each  other  that  complicates  the  self-healing  pro-
cess more difficult. Thus, it can be concluded that optimal wa-
ter content for self-healing of electroconducting film is need-
ed to  maintain  the accessibility  of  active  cites  (polar  groups)
and mobility of polymer chains. At RH≤35%, sorption in clus-
ters, which is associated with polymer swelling and, therefore,
with  an increase in  the mobility  of  polymer  chains,  does  not
yet occur. Growth of RH higher than 60% results in superiori-
ty of sorption in clusters over sorption on active cites that al-
so  not  preferable  for  self-healing.  The  Eq.  S4  (in  ESI),  gives
possibility  to  estimate  the  dependence of  size  of  water  clus-
ters (Nc)  in a material on the humidity level (see Fig. 7b).  The
optimal  average  cluster  size  at  which  the  process  of  its  self-
healing proceeds  effectively  as Nc=1.9  that  means  that  in  al-
ready  2  water  molecules  per  binding  site  prevents  effective
self-healing.

The  cross-section  of  self-healed  area  was  investigated  us-

ing  the  scanning  electron  microscopy  (Figs.  7c and  7d).  The
EPB film after self-healing at RH=57% was frozen in liquid ni-
trogen and cleaved in self-healing region.  The surface of  the
cleaved  films  is  folded,  that  characterizes  the  presence  of
structural  inhomogeneities  in  the bulk  of  the material  and is
most likely associated with the formation of regions enriched
with conducting polymer chains (network of electroconduct-
ing  pathways).  Additionally,  the  given  cross-section  shows
the  formation  of  area  of  coalescence  of  the  surface  of  the
films in the contact region (Fig. 7d). The coalescence does not
cover all contact region (voids are visible on the cross section
in contact area) but its amount at optimal conditions is suffi-
cient to restore the mechanical characteristics and most part
of  electrical  conductivity  of  EPB  films  after  the  self-healing
process.

Supercapacitor Performance
A  physical  diagram  of  the  assembled  two-electrode  superca-
pacitor device based on EPB electrodes and the results of inves-
tigation of its electrochemical performance are shown in Fig. 8.
The Nyquist plot is presented in Fig. 8(b). A semi-circle with low
diameter (<0.3 Ω) at a high frequency range region (see inset to
the Fig.  8b)  is  observed  indicating  a  low  charge  transfer  resis-
tance  at  the  electrode/gel  electrolyte  interface,  while  a  quite
short part with 45° slope attributed to Warburg impedance im-
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plying fast diffusion of electrolyte ions into electrode.[49] At the
same  time,  low-frequency  region –Z”(Z′)  dependence  has  a
slope of ~84° that is close to vertical line ascribed to ideal capac-
itive  behavior.  A  slight  deviation  from  ideal  capacitor  can  be
caused by inhomogeneity of surface geometry (roughness) and
chemical structure (Faradic active sites of PANI) of the electrode
material.[50]

The  oxidative-reduction  peaks  symmetrically  arranged  at
0.1–0.2  V  are  clearly  seen  on  a  CVA  curves  at  various  scan
rates (Fig. 8c) implying a rapid kinetic of the redox transitions
of PANI chains. The deviation of the CVA curve from rectangu-
lar shape with pronounced peaks may be related to large con-
tribution  of  pseudocapacitance  for  charge  storage.  The  typi-
cal  GCD curves presented in Fig.  8(d) demonstrate nearly tri-
angular shape that confirms rapid redox reactions. The specif-
ic  capacitance  (Cs)  calculated  based  on  the  GCD  curves
reached 602 mF·cm–2 at the current density of 1 mA·cm–2 (75
F/g  at  0.13  A·g–1)  and  remained  546  mF·cm–2 at  8  mA·cm–2

(Fig. 8d) due to fast redox kinetics. The obtained capacitance
of the cell in this work is higher compared with others recent-
ly  reported  PANI-based  charge  storage  devices,  such  as,  su-
percapacitors  (SC)  with  electrodes  based  on  a  double-cross-
linked  PANI-PVA  (237  mF·cm–2 at  0.5  mA·cm−2),[51]

PANI@Ti3C2Tx/PVA  composite  (103.8  mF·cm–2 at  2
mA·cm–2),[52] PVA/phytic  acid-PANI  (356  mF·cm–2 at  1
mA·cm–2)[53] and PANI-co-polypyrrole(PPy)/PVA (317 mF·cm–2

at  1  mA·cm–2).[54] The  maximum  calculated  areal  energy  and
power  densities  for  assembled  SC  reached  20.5  μW·h·cm–2

and 1.5 mW·cm–2.  The relationships between Es and Ps calcu-
lated at varied current density are illustrated on a Ragone plot
in Fig.  8(f)  and  compared  to  other  reported  SC,[51,52] PPy-
graphene  oxide/poly(3,4-ethylenedioxythiophene)  (PPy-
GO/PEDOT),[55] Ti3C2Tx/PPy[56] and  PEDOT:polystyrene  sul-
fonate/aramid  nanofiber  (PEDOT:PSS/ANFs).[57] The  capaci-
tance retention ratio was 94% after applying of 5000 charge-
discharge cycles at the current density of 2 mA·cm–2 (Fig. 8g),
that  is  higher  than  for  SC  with  PANI/carboxylated  chitosan-
PVA electrodes (78% after 500 GCD cycles)[58] and higher than
PEDOT:PSS/ANFs-based  SC  (67%  after  1000  cycles).[57] Thus,
the performance of PVA-PAAm-PANI-based SC was the same
order of magnitude and in some cases even higher than that
for different conductive polymer electrode-based cells (PANI,
PPy and PEDOT).

CONCLUSIONS

In summary, the work demonstrated the successful synthesis of
water-soluble  ternary  graft  copolymer  consisting  of  poly(vinyl
alcohol)  (PVA),  polyacrylamide  (PAAm)  and  poly(aniline-co-p-
phenylenediamine) (PAPhDA), which showed promising poten-
tial  for  producing of  electroactive self-healing films.  The use of
atomic force microscopy revealed that the PVA-PAAm-PAPhDA
polymer  brush  exhibited  a  more  uniform  distribution  of  con-
ducting  pathways  on  the  surface  compared  to  PVA-PAPhDA
and PAAm-PAPhDA. This observation may be attributed to the
different functions of PVA as a stabilizer for PAPhDA and PAAm
as  a  backbone  for  growing  PAPhDA  chains.  Furthermore,  the
optimal PVA/PAAm ratio in the polymer brush was found to en-
hance its electrochemical activity, presumably due to its highest
compatibility  with  water.  Notably,  the  self-healing  process  re-

sulted  in  the  significant  restoration  of  both  mechanical  and
electrical  characteristics  of  the  material.  Scanning  electron  mi-
croscopy  study  confirms  the  presence  of  fused  areas  at  the
point  of  contact  during  the  self-healing  process,  which  effec-
tively occurred at a relative humidity of 57%. The analysis of the
sorption data suggests that the presence of the optimal level of
water  vapor  activity  is  associated  with  optimal  balance  be-
tween  the  plasticizing  effect  of  water  and  the  shielding  of  the
polar centers of the polymer by clusters of water molecules. The
successful  application  of  PVA-PAAm-PAPhDA-based  films  as
flexible  two-electrode  supercapacitor  was  demonstrated.  The
constructed  supercapacitor  cell  demonstrated  a  high  specific
capacitance of 602 mF·cm−2 and good cycling stability with a ca-
pacitance retention of 94% after 5000 cycles.
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