
Overoxidized poly(3,4-ethylenedioxythiophene)-overoxidized
polypyrrole composite films with enhanced electrocatalytic

ability for rutin and luteolin determination

Rongqian Meng1,2, Jianke Tang1,2, Hong Yang1,2, Lijun Guo1, Yongbo Song1,
Qiaoling Li (✉)3, Yulan Niu (✉)1

1 Department of Chemistry and Chemical Engineering, Taiyuan Institute of Technology, Taiyuan 030008, China
2 School of Chemical Engineering and Technology, North University of China, Taiyuan 030051, China

3 School of Science, North University of China, Taiyuan 030051, China

© Higher Education Press 2023
 
Abstract    In  this  study,  a  simple  and  effective  method
was  proposed  to  improve  the  electrocatalytic  ability  of
overoxidized  poly(3,4-ethylenedioxythiophene)-overoxidi-
zed  polypyrrole  composite  films  modified  on  glassy
carbon electrode  for  rutin  and luteolin  determination.  The
composite  electrode  was  prepared  by  cyclic  voltammetry
copolymerization  with  LiClO4-water  as  the  supporting
electrolyte.  The  peak  current  of  rutin  and  luteolin  on  the
composite  electrode  gradually  decreased  or  even
disappeared  with  the  increase  in  the  positive  potential
limit.  After  incubation  in  NaOH–ethanol  solution  with  a
volume  ratio  of  1:1,  the  composite  electrodes  prepared  at
positive  potential  limit  greater  than  1.5  V  exhibited
enhanced  differential  pulse  voltammetry  peak  currents,
reduced charge transfer resistance, larger effective specific
surface area and higher electron transfer rate constant. The
composite  electrode  prepared  in  the  potential  range  of
0–1.7 V showed optimal electrocatalytic performance. The
X-ray photoelectron spectroscopy results indicated that the
content of –SO2/–SO and –C=N– groups in the composite
film  increased  significantly  after  incubation.  Further,  the
Raman  spectra  and  Fourier  transform  infrared  spectra
revealed  that  the  thiophene  ring  structure  changed  from
benzene-type  to  quinone-type,  and  the  quinone-type
pyrrole  ring  was  formed.  The  electrocatalytic  mechanism
of  the  composite  film  was  proposed  based  on  the
experimental  results  and  further  verified  by  Density
Functional Theory calculation.
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1    Introduction

Poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyr-
role  (PPy)  as  widely  used  conductive  polymers,  had  the
advantages  of  high  electrical  conductivity,  good  film
formation,  narrow  energy  gap  width,  good  biocompati-
bility,  etc.  [1–3].  The  two  had  some  common  features,
such  as  five-membered  heterocyclic  ring  in  structure,
cationic  radical  polymerization  mechanism,  anionic
dopant  type,  polymerization  potential  range  matching,
solubility  in  water  [4–6].  However,  both  are  susceptible
to  be  overoxidized  under  certain  conditions,  such  as
exposure  to  strong  oxidants  and  high  positive  potential
[7,8].  In  1982,  Bull  et  al.  [9]  found  that  when  the  poly-
merization  potential  was  greater  than  0.6  V,  irreversible
overoxidation occurred in PPy. When the polymerization
potential  was  greater  than  0.8  V,  PEDOT  began  to
overoxidation, but the degree of overoxidation was small.
When the polymerization potential was greater than 1.2 V,
overoxidation  could  not  be  ignored  [10].  Both  the  poly-
mers  had  similar  overoxidation  mechanism,  i.e.,  by  the
nucleophilic  attack of  HO∙,  OH–,  and O2

–  [7,11–13],  the
–C=O and  –SO2/–SO  groups  was  formed  on  the  ethyle-
nedioxy  group  and  thiophene  ring  of  EDOT,  and  –C=O
group was formed on the β-position C of the pyrrole ring,
resulting  in  a  shorter  polymer  conjugation  chain  and  a
decrease  in  the  electroactivity  [7,8,12,13].  However,  the
created  oxygen-containing  groups  endowed  the  overoxi-
dized  polymer  with  new properties,  such  as  electronega-
tivity,  and  selective  permeability  [12,14,15].  Several
studies  showed  that  the  overoxidized  poly(3,4-ethylene-
dioxythiophene)  (oPEDOT)  showed  relatively  better
conductivity  [16,17]  but  inferior  selectivity  than  the
overoxidized  polypyrrole  (oPPy)  [18].  Therefore,  the
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combination  of  oPEDOT  and  oPPy  was  expected  to
provide  complementary  advantages,  thereby  enhancing
the electrochemical performance.
The  detection  sensitivity  of  responsive  molecules  was

an important aspect to evaluate the electrocatalytic perfor-
mance of  electrode materials  [19].  Rutin  and luteolin,  as
common  flavonoids,  were  widely  found  in  a  variety  of
plants,  seeds,  and  flowers,  such  as  Flos  Sophorae
Immaturus and Forsythia  suspensa  [20],  and had a  wide
range  of  pharmacological  properties,  such  as  anti-tumor,
anti-inflammatory, and antibacterial  effects [21].  Both of
them all contain ortho-diphenol groups in their structures,
which  were  easily  oxidized  on  the  surface  of  active
electrodes.  So  it  was  feasible  to  investigate  the  electro-
catalytic  activity  of  the  prepared  electrodes  by  detecting
the oxidized currents of rutin and luteolin [22,23].
In this study, oPEDOT-oPPy composite films modified

on  glassy  carbon  electrode  (oPEDOT-oPPy/GCE)  was
prepared  by  cyclic  voltammetry  (CV)  copolymerization
and  subsequent  incubation,  which  showed  good  electro-
catalytic  activity  for  rutin  and  luteolin.  The  electroche-
mical performance of this electrode material was investiga-
ted by differential pulse voltammetry (DPV) peak current,
charge  transfer  resistant,  effective  specific  surface  area
and  electron  transfer  rate  constant.  X-ray  photoelectron
spectroscopy  (XPS),  Raman  spectroscopy  and  Fourier
transform  infrared  spectra  (FTIR)  were  used  to  analyze
the structural  changes in the oPEDOT-oPPy/GCE before
and  after  incubation.  Density  functional  theory  (DFT)
calculation  was  performed  to  investigate  the  energy  gap
(Eg)  between  the  highest  occupied  molecular  orbital
(HOMO)  and  lowest  unoccupied  molecular  orbital
(LUMO) of oPEDOT and oPPy oligomers and the adsor-
ption energy of these oligomers with luteolin. Finally, the
mechanism  of  the  enhanced  electrocatalytic  ability  of
oPEDOT-oPPy  composite  films  after  incubation  was
proposed based on the experimental and verified by DFT
calculation.

 

2    Experimental

 2.1    Materials

Rutin  (95%),  luteolin  (95%),  EDOT  (99%)  and  pyrrole
(98%)  were  obtained  from  Aladdin  Biochemical  Tech-
nology  Co.,  Ltd.  (Shanghai,  China).  Na2HPO4  (99.0%),
NaH2PO4  (99.0%),  absolute  methanol  (99.7%),  LiClO4
(99%),  acetic  acid  (99.5%)  and  sodium  acetate  (99.0%)
were  purchased  from  Sinopharm  Chemical  Reagent  Co.
Ltd.  (Shanghai,  China).  The  stock  solution  of  rutin  was
prepared  with  methanol  and  stored  in  a  refrigerator  at
4 °C. Acetate buffer solution (ABS, 0.1 mol∙L–1) prepared
with acetic acid and sodium acetate was employed as test
solvent. Unless stated otherwise, other reagents used were

analytical  grade.  All  the  solutions  were  prepared  with
deionized water.

 2.2    Equipment

All the electrochemical experiments including CV, DPV,
electrochemical  impedance  spectroscopy  (EIS)  and
chronocoulometry  (CC)  were  performed  on  an  electro-
chemical  workstation  (CHI660E,  Shanghai  CH  Instru-
ment, China). A conventional three-electrode system was
employed.  The  working  electrode  was  GCE  (diameter:
3  mm),  the  auxiliary  and  reference  electrodes  were  a  Pt
foil and a saturated calomel electrode (SCE), respectively.
SEM  images  were  obtained  by  using  a  JSM-7200F
scanning  electron  microscope  (JEOL,  Japan).  XPS  were
obtained  by  Escalab  250Xi  XPS  spectrometer  (Thermo
Fisher Scientific, USA). The FTIR spectra were measured
by an  FTIR-8400S spectrometer  (Shimadzu,  Japan).  The
Raman  spectra  were  measured  by  LabRAM  HR  Evolu-
tion spectrometer (Horiba, France). All experiments were
carried out at room temperature.

 2.3    Electrochemical measurement

Before  the  electropolymerization,  the  bare  GCE  was
polished with 0.3, 0.05 μm alumina powder in turn, then
it  was  separately  rinsed  with  ethanol  and  water,  and
dried.  The  treated  electrode  was  placed  in  a  solution  of
0.1  mol∙L–1 KNO3  containing  5  mmol∙L–1 K3[Fe(CN)6]/
K4[Fe(CN6)] for CV scanning (potential range from –0.1
to  +0.5  V,  scan  rate:  50  mV∙s–1),  until  the  stable  peak
difference was about 80 mV.
PEDOT-PPy/GCE  was  prepared  in  the  aqueous  solu-

tion  containing  4  mmol∙L–1  EDOT,  2  mmol∙L–1  pyrrole
and  0.03  mol∙L–1 LiClO4  by  CV polymerization  method
with  a  scan  rate  of  0.08  V∙s–1  and  a  cycle  number  of  2,
and the potential polymerization ranges were set as 0–0.8,
0–1.0,  0–1.5,  0–1.7  and  0–1.9  V,  respectively.  Then  the
constructed electrode was incubated in 20 mL of NaOH–
ethanol solution with a volume ratio of 1:1 for 30 min for
rutin and luteolin determination.
DPV measurements were recorded in the potential win-

dow between 0 and 0.8 V with a pulse amplitude of 0.05 V,
a pulse width of 0.05 s, a step potential of 0.005 V and a
pulse period 0.5 s. The EIS experiment was performed in
a 0.1 mol∙L–1 KCl containing 5.0 mmol∙L–1 [Fe(CN)6]3−/4−
solution (frequency range:100 mHz–100 kHz, AC ampli-
tude:  10  mV).  The  CC  experiment  was  carried  out  in
0.1  mol∙L–1  KCl  containing  1.0  mmol∙L–1  K3[Fe(CN)6],
with a potential range of 0.2–0.6 V.

 2.4    Computational method

The DFT calculations were performed using the Gaussian
09 program package. For the convenience of calculation,
the  hexamer  structure  (oPEDOT6  and  oPPy6)  was
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selected as the calculation object [24], which could reflect
the  structural  changes  in  the  oPEDOT-oPPy  polymeri-
zation  chain  before  and  after  incubation.  The  geometric
optimization  of  different  molecules,  including  (a)
oPEDOT6 and (b) oPPy6 before incubation, (c) oPEDOT6
and  (d)  oPPy6  after  incubation,  and  (e)  the  complex  of
these molecules with luteolin, was performed to locate all
the stationary points using the B3LYP-D3/6-311+G(d, p)
basis set. Natural bond orbital analysis was used to obtain
further  insight  into  the  electronic  properties  of  all  the
optimized  structures.  Further,  the  HOMO  and  LUMO
distribution of these structures were obtained by Multiwfn
program. The Eg value of HOMO-LUMO was calculated
to evaluate the conductivity of oPEDOT-oPPy composite
films.
The adsorption energy (ΔEad) of luteolin (e) on the a, b,

c,  and  d  molecules  was  determined  using  the  following
Eq. (1):
 

∆Ead = Ecomplex−Eadsorbent−Ee, (1)
where the adsorbent is a, b, c, or d. Ecomplex is the energy

of  adsorbent/luteolin  complex  (a/e,  b/e,  c/e,  or  d/e),
Eadsorbent  is  the  energy  of  adsorbent  molecule,  and Ee  is
the energy of luteolin. The ΔEad was calculated to assess
the  adsorption  ability  of  the  oPEDOT-oPPy  composite
films [25].

 

3    Results and discussion

 3.1    Electrochemical characterization

 3.1.1    CV polymerization behavior

The  influence  of  electropolymerization  potential  on  the
overoxidation  behavior  of  PEDOT-PPy  composite  films
in  aqueous  solutions  was  studied  by  potentiodynamic
method,  and  the  results  were  shown  in  Fig. 1.  It  can  be
seen  that  in  the  first  polymerization  cycle,  the  oxidation
current of the PEDOT-PPy composite film increased with
the  increase  in  the  positive  potential,  whereas  at  higher
potentials  (exceeding  1.3  V  vs  SCE),  the  oxidization

 

 
Fig. 1    CV polymerization curves of PEDOT-PPy/GCE with LiClO4-water as the electrolyte at different polymerization potentials.
The black and red lines represent the first and second polymerization cycles, respectively. (A) 0–0.8 V; (B) 0–1.0 V; (C) 0–1.5 V;
(D) 0–1.7 V; (E) 0–1.9 V.
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current  decreased  rapidly.  In  the  second  polymerization
cycle, the electropolymerization behavior of PEDOT-PPy
prepared  in  the  potential  range  of  0–0.8  V  remained
stable.  However,  when  the  positive  limit  of  electrode
potential  was  1.0  V  or  higher,  the  oxidation  current
decreased  more  obviously,  which  implied  that  more
oPEDOT-oPPy films were formed on the GCE, causing a
decrease  in  conductivity  of  composite  films  [8,26].  This
electrochemical overoxidation behavior may be related to
that of single PEDOT and PPy film [27,28].

 3.1.2    DPV analysis

In Fig. 2,  DPV method  was  used  to  investigate  not  only
the  influence  of  positive  potential  limit  on  the  electro-
activity of PEDOT-PPy/GCE, but also influence of incuba-
tion  on  the  electroactivity  of  single  and  composite  elec-
trode.  As  shown  in  Fig. 2(A)  and  2(B),  the  DPV  peak
current  of  rutin  and  luteolin,  especially  of  rutin,  on  the
composite  electrode  gradually  decreased  or  even  disap-
peared  with  the  increase  in  the  positive  potential  limit
before incubation. This may be attributed to the formation
of  oPEDOT-oPPy,  which  was  consistent  with  the  CV
polymerization  results.  After  incubation,  the  DPV  peak
current  of  rutin  and  luteolin  on  the  composite  electrode
prepared in the polymerization range of 0–0.8 and 0–1.0 V

decreased,  indicating  that  the  incubation  in  alkaline
condition  led  to  a  decrease  in  the  electroactivity  of
PEDOT-PPy/GCE,  which  was  consistent  with  the  repor-
ted  literature  [14].  However,  when  the  positive  limit  of
the  electrode  potential  was  1.5  V  and  higher,  the  DPV
peak  current  of  rutin  and  luteolin  on  the  composite
electrode  increased  obviously.  Taking  luteolin  as  an
example, the current on the composite electrode prepared
at  0–0.8  and  0–1.0  V  decreased  by  nearly  1.9  and  3.6
times,  while  that  on  the  electrode  prepared  at  0–1.5,  0–
1.7, and 0–1.9 V increased by approximately 1.7, 4.2, and
4.5, respectively. Further, the composite electrode prepa-
red in the potential range of 0–1.7 V after incubation had
the largest peak current for rutin and luteolin. Consequen-
tly, the incubation in NaOH–ethanol solution can be used
as  an  effective  means  to  improve  the  electrocatalytic
performance  of  oPEDOT-oPPy  composite  electrode
prepared at high positive limit potentials (≥ 1.5 V).
Under fixed monomer concentration of 6 mmol∙L–1 and

polymerization  potential  range  of  0–1.7  V,  oPPy/GCE,
oPEDOT/GCE,  and  oPEDOT-oPPy/GCE  (nEDOT:nPy  =
2:1) were prepared for rutin and luteolin detection. It can
be  seen  from  Fig. 2(C)  that  the  GCE  had  similar  peak
currents  for  both  rutin  (IRu)  and  luteolin  (ILu),  where  the
ratio of ILu to IRu (ILu/IRu) before and after incubation was
1.2  and  1.0,  respectively,  indicating  that  the  incubation

 

 
Fig. 2    Histograms  for  DPV  detection  of  (A)  rutin  and  (B)  luteolin  in  PEDOT-PPy  composite  films  prepared  under  different
potential  ranges  before  and  after  incubation;  (C)  histograms  of  DPV peak  currents  measured  in  15  μmol∙L–1  rutin  and  luteolin  in
0.1  mol∙L–1 ABS (pH 4.2)  before  and after  incubation of  various  electrode materials.  Incubation solvent:  NaOH–ethanol  solution;
incubation time: 30 min.

 

738 Front. Chem. Sci. Eng. 2023, 17(6): 735−748



had a minor effect on the electrocatalytic performance of
GCE.  oPPy/GCE  had  the  smallest  current  for  rutin  and
luteolin,  but  it  had  the  highest  ILu/IRu  value  after
incubation (88). This may be due to the permeaselectivity
of  oPPy  which  was  more  suitable  for  small  molecule
luteolin  to  pass  through  and  reach  the  surface  of  active
electrode  [29].  Before  incubation,  although  oPEDOT/
GCE had the highest peak current for rutin and luteolin, it
was  still  at  a  relatively  low  current  level.  After  incuba-
tion,  the  current  on  this  electrode  increased  20-fold  for
rutin  and 6-fold  for  luteolin,  respectively,  indicating that
incubation  was  conducive  to  the  improvement  of
oPEDOT’s electrocatalytic activity.
The  DPV  peak  current  of  rutin  and  luteolin  on

oPEDOT-oPPy/GCE  was  lower  than  that  on  oPEDOT/
GCE  before  incubation.  After  incubation,  the  IRu  on  the
composite  electrode  significantly  increased,  which  was
higher  than  that  on  oPPy/GCE  but  lower  than  that  on
oPEDOT/GCE,  showing  the  high  electrocatalytic  ability
of oPEDOT. However, the ILu on the composite electrode
was higher than that on the single material, and the ILu/IRu
of  the  composite  electrode  after  incubation  was  1.9,
higher  than  that  of  oPEDOT/GCE (ILu/IRu  =  1.1).  These
results  indicated  that  the  presence  of  oPPy enhanced the
selectivity  of  the  composite  electrode,  thereby  further
improving  the  electrocatalytic  ability  of  the  composite
electrode for  luteolin.  Therefore,  the  oPEDOT and oPPy
showed  synergistic  effect  to  facilitate  enhanced  electro-
catalytic  performance  of  the  composite  electrode  for
luteolin.

 3.1.3    EIS analysis

The  electrochemical  behavior  of  the  various  electrodes
was also investigated using EIS. Figure S1 (cf. Electronic
Supplementary Material, ESM) depicted the Nyquist plots
of  the  various  electrodes  recorded  in  0.1  mol∙L–1  KCl
solution  containing  5  mmol∙L–1  [Fe(CN)6]3–/4–.  The
semicircle  in  the  high-frequency  region  was  caused  by
charge  transfer  resistant  (Rct)  at  electrodes-solution
interface.  The  larger  the  diameter  of  the  semicircle,  the
larger  the  Rct,  that  is,  the  larger  the  charge  transfer
resistance.  A  large  semicircle  in  high-frequency  region
was observed for  oPEDOT-oPPy/GCE before incubation
(Rct = 451.4 Ω∙cm2). However, the diameter of the semi-
circle  was  significantly  reduced  after  incubation  (Rct  =
49.8  Ω∙cm2),  indicating  the  decreased  charge  transfer
resistance  of  oPEDOT-oPPy/GCE  toward  probe  mole-
cules.  The  Rct  values  of  oPEDOT/GCE  and  oPPy/GCE
was 199.5 and 530.8 Ω∙cm2 before incubation, 18.9 Ω∙cm2

and  813.6  Ω∙cm2  after  incubation,  respectively.  There-
fore,  it  can  be  inferred  that  the  presence  of  oPEDOT
promoted  the  electroactivity  of  oPEDOT-oPPy  after
incubation.  As  a  control,  the  EIS  of  PEDOT/GCE  and
PPy/GCE  were  investigated.  The Rct  values  of  PEDOT/
GCE and PPy/GCE after incubation (61.6 and 26.5 Ω∙cm2)

was  ~10  and  4  times  larger  than  before  incubation  (6.5
and  7.1  Ω∙cm2),  respectively,  which  may  be  due  to  the
increased  resistance  caused  by  the  overoxidation  of  the
polymer  under  alkaline  conditions.  These  results  further
indicated  that  incubation  significantly  improved  the
electrocatalytic  ability  of  oPEDOT-oPPy/GCE,  which
were consistent with the DPV results.

 3.1.4    Estimation of effective specific surface area

The  effective  specific  surface  area  of  PEDOT-PPy/GCE
prepared  under  different  polymerization  potential  ranges
before and after incubation was estimated by CC method.
Based  on  Anson  equation  [30],  the  effective  specific
surface area can be calculated as follows:
 

Q(t) =
2nFAcD1/2t1/2

π1/2
+ Qdl+Qads, (2)

where  Qads  is  the  Faraday  charge,  D  is  the  diffusion
coefficient  of  the  electrode,  A  is  the  effective  specific
surface area of the working electrode, and n is the number
of  electron  transfers.  In  1  mmol∙L–1  K3[Fe(CN)6]
solution, D = 7.60 × 10–6 cm2∙s–1, and n = 1.
It can be seen in Fig. S2 (cf. ESM) and Table 1 that the

slope of Q vs.  t1/2 curve after incubation was larger than
that  before  incubation.  In  the  potential  range  of  0–1.5,
0–1.7,  and  0–1.9  V,  the A  value  of  the  composite  elec-
trode  after  incubation  was  2.5,  2.9,  and  2.1  times  higher
than that before incubation, respectively.  The increase in
A  value  of  the  incubated  electrode  prepared  at  high
potential limit (≥1.5 V) was more significant than that of
the electrode prepared at low potential limit (0.8 V, 1.0 V).
Further, the composite electrode prepared in the potential
range  of  0–1.7  V  exhibited  the  most  prominent  increase
in A value. There was a slight change in A value of GCE
before  and after  incubation,  which was  smaller  than that
of the composite electrode. This meant that the incubation
can  improve  the  effective  specific  surface  area  of  the
composite  film,  especially  when  it  was  prepared  in  the
potential  range  with  higher  positive  limit  of  electrode
potential,  thereby  enhancing  the  adsorption  ability  for
rutin and luteolin.

 3.1.5    Estimation of standard electron transfer rate constant

The electron transfer rate constant between the oPEDOT-
oPPy  composite  electrode  after  incubation  and  the
responsive molecules can be investigated by CC method.
The  ks  value  was  calculated  by  the  following  Velasco’s
equation [31]:
 

ks = 2.4× exp
(
−0.02F

RT

)
×D1/2× (EP−EP/2)−1/2× v1/2, (3)

where EP/2 is the potential corresponding to the half peak
height, and ν is the scanning rate (10 mV∙s–1).
According  to  Eq.  (2)  and Table 1,  the D  value  can  be
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determined  based  on  the  slope  of  charge  vs  t1/2  curve
(Fig. S3, cf. ESM). Then, the value of ks can be calculated
using Eq. (3), and the results were shown in Table 2. The
ks  values  of  the  composite  electrode  prepared  in  the
potential range of 0–1.5, 0–1.7, and 0–1.9 V for rutin and
luteolin  were  higher  than  those  prepared  in  other  two
potential  range.  Among  them,  the  electrode  prepared  in
the  potential  range  of  0–1.7  V  had  the  highest  ks  value,
that  is,  the  fastest  electron  transfer  rate  between  the
electrode  and  the  tested  solution,  thereby  exhibiting  the
strong electrocatalytic ability for rutin and luteolin.

 3.2    Optimization of incubation conditions

oPEDOT-oPPy/GCE  prepared  in  the  potential  range  of
0–1.7  V  were  incubated  in  NaOH–ethanol  solution,
0.1  mol∙L–1  NaOH  solution,  pH  4.2  ABS,  pH  8.0
phosphoric acid buffer, deionized water, and ethanol. The
DPV peak current of rutin and luteolin on the composite
electrode after incubation was determined to optimize the
incubation solution.  As shown in Fig. 3,  after  incubation
in  acidic,  neutral,  weakly  alkaline,  anhydrous  ethanol
solutions,  the  DPV  current  of  rutin  and  luteolin  on
oPEDOT-oPPy/GCE was smaller  than that  of  incubation
in  strongly  alkaline  solution.  The  peak  current  after  the

   
Table 1    Calculated effective specific surface area of PEDOT-
PPy/GCE prepared under different potential ranges before and after
incubation in 0.1 mol∙L–1 KCl containing 1.0 mmol∙L–1 K3[Fe(CN)6]

Potential range
Before incubation After incubation

Slope A/cm2 Slope A/cm2

0–0.8 6.72 0.0224 12.76 0.0425
0–1.0 10.79 0.0359 14.08 0.0469
0–1.5 9.63 0.0321 24.35 0.0811
0–1.7 7.18 0.0239 20.79 0.0693
0–1.9 11.27 0.0375 24.04 0.0801
GCE 5.96 0.0199 5.78 0.0193
 

   
Table 2    Calculated electron transfer rate constant of PEDOT-
PPy/GCE in rutin and luteolin solution with a concentration of 10
μmol∙L–1

Potential range Slope D/(cm2∙s–1) (EP – EP/2)/mV ks/(cm∙s–1)

0–0.8 Rutin 10.76 0.0135 60 0.0523
Luteolin 10.10 0.0117 46 0.0555

0–1.0 Rutin 15.94 0.0244 – –
Luteolin 6.70 0.0043 113 0.0215

0–1.5 Rutin 26.00 0.0217 43 0.0782
Luteolin 26.07 0.0218 54 0.0699

0–1.7 Rutin 27.47 0.0331 47 0.0925
Luteolin 28.80 0.0364 54 0.0904

0–1.9 Rutin 26.55 0.0232 44 0.0799
Luteolin 27.91 0.0256 55 0.0752

 

 

 
Fig. 3    DPV  measurement  of  oPEDOT-oPPy/GCE  incubated  in  different  solvents  for  15  μmol∙L–1  (A)  rutin  and  (B)  luteolin;
(C) DPV peak currents of oPEDOT-oPPy/GCE after different incubation times for 15 μmol∙L–1 rutin and luteolin solutions.
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electrode  incubated  in  0.1  mol∙L–1  NaOH  solution  was
slightly  higher  than  that  in  NaOH–ethanol  solution,  but
the  relative  standard  deviation  value  of  the  former
(6.78%, n =  3)  was larger  than that  of  the latter  (1.17%,
n = 3), indicating that the oPEDOT-oPPy/GCE exhibited
poor  stability  after  incubation  in  NaOH  solution.
Consequently,  NaOH–ethanol  solution  was  selected  as
the optimum incubation solution.
Before incubation, the composite electrode had little or

no  current  response  to  the  luteolin  and  rutin.  After
incubation  for  5  min,  the  peak  current  on  the  electrode
increased  sharply.  With  the  increase  in  the  incubation
time,  the  peak  current  increased  slowly  and  reached  the
maximum at  30 min.  Therefore,  the  optimum incubation
time was 30 min.

 3.3    Analytical determination of rutin and luteolin on
oPEDOT-oPPy/GCE

The  oPEDOT-oPPy/GCE  was  employed  to  detect  rutin
and  luteolin  in  pH  4.2  ABS  by  DPV  methods  (the  pH
effect  on  DPV current  was  seen  in  Section  3.3  and  Fig.
S4  (cf.  ESM)).  From  Fig.  S5  (cf.  ESM),  it  can  be  seen
that the oxidation peak currents increase linearly with the
concentrations of rutin and luteolin. For rutin, the corres-
ponding  linear  equations  were  I  =  4.28C  +  0.18  (R2  =
0.998) in the range of 0.5 nmol∙L–1–2.5 μmol∙L–1and I =
0.49C + 11.28 (R2 = 0.994) in the range of 4–20 μmol∙L–1.
For luteolin,  the corresponding linear equations were I =
43.33C + 0.28 (R2 = 0.997) in the range of 0.1 nmol∙L–1–
0.1  μmol∙L–1  and  I  =  2.09C  +  5.73  (R2  =  0.991)  in  the
range  of  1–20  μmol∙L–1.  The  limit  of  detection  of  rutin
and  luteolin  by  oPEDOT-oPPy/GCE measured  based  on
signal  to  noise  ratio  at  3  were  calculated  to  be  0.35  and
0.06  nmol∙L–1,  respectively.  A  comparison  of  different
modified  electrodes  for  rutin  and  luteolin  analysis  was
summarized  in  Table  S1  (cf.  ESM),  which  showed  that
oPEDOT-oPPy/GCE possessed a relative wider detection
range and lower detection limit. In addition, it can be seen
from Fig. S6 (cf. ESM) that oPEDOT-oPPy/GCE showed
good  anti-interference  ability  with  a  relative  error  less
than 5.0%.

 3.4    Scanning electron microscopy (SEM) analysis

The  SEM  images  of  oPEDOT-oPPy  film  at  different
incubation times were shown in Fig. 4.  It  can be seen in
Figs. 4(A)  and  4(E)  that  oPEDOT-oPPy  film  contained
small  dispersed  particles  before  incubation.  After
incubation  for  10  min,  the  particle  surface  was  covered
with  some lamellar  structure  (Figs. 4(B)  and 4(F)).  With
the increase of the incubation time, the granular structure
disappeared,  and long lamellar  structures  were observed,
which were interwoven together to form scattered daylily-
like  structure  (Figs. 4(C)  and 4(G)).  After  incubation  for
30 min (Figs. 4(D) and 4(H)), stacked radial tree structure
was  observed,  indicating  that  the  oPEDOT-oPPy  film
became  longer  and  more  orderly  with  the  increase  of
incubation  time,  which  was  beneficial  to  increase  the
interaction  between  polymerization  chains  [32]  and
improved  the  effective  specific  surface  area  of  the
electrode.

 3.5    Structural analysis

 3.5.1    XPS analysis

The XPS spectra of O1s, N1s, and S2p were obtained for
the  composite  film  at  different  incubation  times  to
investigate  the  overoxidation  degree  of  the  oPEDOT-
oPPy  composite  film.  It  can  be  seen  from  Fig. 5  and
Table  S2  (cf.  ESM) that  the  O1s  spectrum of  composite
films  contains  four  peaks,  which  corresponded  to  –SO2/
–SO,  –C=O/–O–C=O,  –C–O–C–,  and  –COOH  [33,34]
according to the binding energy from low to high. Except
for  –C–O–C–,  the  other  three  peaks  represented  the
oxidized  groups  of  the  composite  film.  The  –C=O/–O–
C=O structure  was  generated  during  the  electrochemical
polymerization process of the composite films, indicating
that the film undergone overoxidation reaction due to the
nucleophilic attack by HO∙ or dissolved O2

– generated by
the  electrolysis  of  water  [7,12],  while  in  the  thiophene
ring,  few  S  atoms  were  attacked  to  produce  –SO2/–SO
group  [8,13].  The  content  of  –C=O  group  was  about  a
quarter  of  the  total  oxygen  content,  which  was  much

 

 
Fig. 4    SEM images of oPEDOT-oPPy film at low (5×) and high (20×) magnifications under different incubation times: (A, E) 0 min;
(B, F) 10 min; (C, G) 20 min; (D, H) 30 min. Incubation solution: NaOH–ethanol solution.
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larger  than  that  of  the  –SO2/–SO  group,  indicating  that
the  –C=O  group  was  more  easily  formed  in  composite
films in the electropolymerization process.
After  incubation  for  10  min,  the  content  of –SO2/–SO

group in  the  composite  films  reached 22.4%,  which  was
about  15 times of  that  before incubation,  but  the content
of –C=O group  showed  a  slight  increase  compared  with
that before incubation, indicating that S+ in the thiophene
ring  was  easily  overoxidized  in  the  incubation  solution.
With  the  increase  of  incubation  time,  there  was  a  minor

change in the content of each component, indicating that
the  overoxidation  of  oPEDOT-oPPy  composite  films
occurred within 10 min.
As  shown  in  Fig. 6,  the  N1s  spectra  can  be  deconvo-

luted into four peaks, which corresponded to the –C–N=/
–C=N–,  –NH–,  –C–N+  polaron,  and  –C=N+–  bipolaron
[35,36]. Table S3 (cf. ESM) showed the contents of N1s
components. Before and after incubation, the pyrrole ring
in  the  complex  existed  mainly  in  the  reduced  form
(–NH–).  After  incubation  for  10  min,  the  content  of

 

 
Fig. 5    XPS O1s spectra of oPEDOT-oPPy films incubated (A) 0 min, (B) 10 min, (C) 20 min and (D) 30 min.

 

 

 
Fig. 6    XPS N1s spectra of oPEDOT-oPPy films incubated (A) 0 min, (B) 10 min, (C) 20 min and (D) 30 min.
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oxidized  state  N+  and  reduced  state  –NH–  decreased,
while the content of –C–N=/–C=N– increased, indicating
that  ClO4

–  can  be  easily  dedoped,  and  the  H  atom  in
–NH–  structure  can  easily  dissociate  under  alkaline
conditions, which promoted the formation of –C=N– and
–Cα=Cαˊ– bond. This may result in a transition of pyrrole
ring from benzene type to quinone type [37].
As  shown  in  Fig. 7,  the  S2p  spectra  can  be  deconvo-

luted into  five  peaks,  which were  ascribed to  the  neutral
state  (S2p3/2,  S2p1/2),  oxidized  state  (S+),  and  overoxi-
dized  state  (–SO2/–SO).  The  binding  energy  difference
between S2p3/2 and S2p1/2 was nearly 1.2 eV, and the area
ratio  was  2:1,  which  was  consistent  with  the  reported
literature [38,39]. Table S4 (cf. ESM) showed that before
incubation, the neutral state S and overoxidized state S of
EDOT  in  the  composite  film  accounted  for  72.8%  and
21.3%,  respectively,  indicating  that  the  overoxidation
reaction  of  EDOT  occurred  at  high  polymerization
potential.  After  incubation,  the  content  of  neutral  state  S
of  EDOT  decreased  to  60.2%,  while  that  of  –SO2/–SO
group increased to 34.8%, suggesting that the oxidized S+
was  susceptible  to  the  attack  of  OH–  to  generate  more
–SO2/–SO groups.

 3.5.2    Raman and FTIR spectra

Raman  and  FTIR  spectra  were  used  to  investigate  the
structural  changes  in  the  single  oPPy,  oPEDOT,  and
oPEDOT-oPPy composite  films before  and after  incuba-
tion for 30 min. According to the Raman and FTIR spec-
tra  of  oPPy  and  oPEDOT  films  in  Section  3.5.2  (cf.

ESM),  after  incubation,  the  adsorption  peaks  of  –C=N–
group  was  observed.  In  the  pyrrole  ring,  there  existed
both  benzene-type  and  quinone-type  configurations.  By
peak fitting, the absorption peak of benzene-type pyrrole
ring  was  more  clearly  observed in  oPPy films  compared
to  quinoid-type  pyrrole  ring  [40].  The  structure  of
thiophene  ring  changed  from  benzene-type  to  quinoid-
type  (Fig.  S7,  cf.  ESM)  in  oPEDOT  films  [32].  These
structural changes may result in the enhanced conjugation
of single polymers after incubation [32,40,41].
Raman  and  FTIR  were  employed  to  investigate  the

structural  changes  of  oPEDOT-oPPy  composite  films
before  and  after  incubation  in  Fig. 8.  According  to  the
Raman  spectra  in  Fig. 8(A),  before  incubation,  the
absorption  peak  at  1571  cm–1  was  attributed  to  the
–C=C–  bond  in  the  benzene-type  pyrrole  ring  structure
[42]. And the peaks at 1500 and 1445 cm–1 were assigned
to  the  –Cα=Cβ–  structure  of  thiophene  ring  [43],  indica-
ting  the  successful  formation  of  oPEDOT-oPPy  compo-
site  film.  The  absorption  peak  at  1445  cm–1  shifted  to
1436 cm–1, and the its width decreased, indicating that the
structure  of  thiophene  ring  in  the  composite  film
transformed  from  benzene-type  to  quinone-type,  which
exhibited  the  enhanced  conjugation  effect  [40,41].  The
characteristic peak of pyrrole ring appearing at 930 cm–1

after  incubation  was  ascribed  to  the –C–H– out-of-plane
deformation vibration caused by the bipolaron (–C=N+–),
which  further  promoted  the  formation  of  quinone-type
structure [44].
Figure 8(B) showed the FTIR spectra of oPEDOT-oPPy

film  before  and  after  incubation.  New  obvious  peaks
 

 
Fig. 7    XPS S2p spectra of oPEDOT-oPPy films incubated (A) 0 min, (B) 10 min, (C) 20 min and (D) 30 min.
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appeared  at  1633,  1523,  and  865  cm–1  after  incubation.
The peak at 1633 cm–1 was attributed to the generation of
–C=N– bond in the pyrrole ring and –Cα=Cβ– bond in the
quinone-type  thiophene  ring  [45].  Also,  the  peak  at
1523  cm–1  was  ascribed  to  the  quinoid-type  thiophene
ring  [46].  The  absorption  peak  of  –SO2/–SO  group  was
observed at 1121 cm–1 [47], suggesting the overoxidation
of  thiophene  ring  after  incubation.  Therefore,  according
to  the  above  results,  it  can  be  inferred  that  incubation
promoted  the  generation  of  quinoid-type  thiophene  ring,
–SO2/–SO  group,  and  –C=N–  group,  which  was  consis-
tent with XPS results.

 3.6    Discussion on electrocatalytic mechanism of oPEDOT-
oPPy composite films

According  to  the  above  analysis,  the  electrocatalytic
ability  of  the  composite  film  was  enhanced  after
incubation  due  to  the  change  in  its  structure.  We further
explored the underlying mechanism for this improvement.
The  preparation  process  of  the  oPEDOT-oPPy/GCE and
the proposed structural change before and after incubation
were shown in Fig. 9.
Before incubation, at high potential, due to the nucleo-

philic  attack  of  ∙OH or  dissolved  O2
–,  the  –C=O groups

 

 
Fig. 8    (A) Raman spectra under 514 nm laser excitation and (B) FTIR spectra of oPEDOT-oPPy composite films (a) before and (b)
after incubation.

 

 

 
Fig. 9    Schematic diagram for the preparation process of oPEDOT-oPPy composite films and the proposed structural change before
and after incubation.
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were generated in the oPEDOT-oPPy composite  films at
the β-C atom on the pyrrole ring and the saturated C atom
on  the  ethylenedioxy  group  [7,12],  and  the  –SO2/–SO
groups were generated from S atom in the thiophene ring
during  electropolymerization  process  [13,33],  due  to  a
decrease in conjugation of polymers, eventually causing a
decrease  in  the  electroactivity  of  oPEDOT-oPPy
composite films (Fig. S8, cf. ESM).
After incubation, the content of –C=O group increased

slightly,  but  the  content  of  –C=N–  structure  increased
substantially due to the dissociation of H atom of –NH–,
which  may  contribute  to  the  formation  of  the  quinone-
type structure in  the pyrrole  ring [48].  Meanwhile,  the S
atom  on  the  thiophene  ring  generated  sulfonium  ions
under  the  stimulation  of  OH–  and  further  formed  –SO
group,  which  promoted  the  transformation  of  the
thiophene  ring  from  benzene-type  to  quinoid-type
structure.  So  the  conjugation  effect  between  polymeric
chains  in  composite  film  was  possibly  improved  due  to
these  structural  changes  (Fig.  S9,  cf.  ESM).  In  addition,
the  hydrogen  bond  reaction  occurred  between
overoxidized  groups  (–C=O  and  –SO/–SO2)  in  the
oPEDOT-oPPy composite films and the hydroxyl groups
in  the  structure  of  rutin  and  luteolin,  thus  improving  the
adsorption  ability  for  the  responsive  molecules,  thereby
further  enhancing  the  electrocatalytic  ability  of  the
composite films.

 3.7    DFT analysis

To  further  investigate  the  effect  of  the  structural  change
in  the  oPEDOT-oPPy  composite  film  on  their
electrochemical  performance,  the  oPEDOT6  (a,  c)  and
oPPy6 (b, d) before and after incubation were analyzed by
DFT method.  The  structures  of  a,  b,  c,  and  d  molecules
deduced from structural analysis were displayed in Fig. 9.

 3.7.1    Frontier molecular orbital analysis

It  can  be  seen  in  Fig.  S10  (cf.  ESM)  that  the  a-HOMO
was  localized  in  the  thiophene  ring,  while  the  a-LUMO
was mainly localized in the overoxidized thiophene ring.
After  incubation,  the  c-HOMO was  transferred  from the
inner thiophene ring to the inter-thiophene ring due to the
formation  of  the  quinoid  structure,  and  the  HOMO  and
LUMO of  c  molecule  show  extended  π-orbital  conjuga-
tion over the entire  length of  the polymer,  which increa-
sed  the  overlap  and  facilitated  the  electronic  transition
[49].  Further,  it  was  observed  that  the  b-HOMO  was
mainly  localized  in  the  benzene-type  pyrrole  ring,  while
the d-LUMO was localized in the quinoid-type and overo-
xidized  pyrrole  ring.  In  general,  the  structural  change  in
the  oPEDOT6  and  oPPy6  after  incubation  affected  the
spatial distribution of electrons in the composite film.
Figure 10  revealed  that  the  HOMO  and  LUMO  ener-

gies  of  c  and  d  molecules  decreased  after  incubation,

where c had the lowest energy, i.e., the oPEDOT6 (c) and
oPPy6  (d)  after  incubation  showed  enhanced  electron-
accepting  ability  and  weak  electron-donating  ability,  so
the  molecule  can be  easily  reduced.  This  may be related
to  the  formation  of  quinoid  structures  as  well  as  –SO2/
–SO and –C=O electron-withdrawing groups in oPEDOT
and oPPy after incubation [50]. Since luteolin was prone
to oxidation,  it  was possible  to promote reversible  redox
reaction  between  oPEDOT-oPPy  and  luteolin.  The  c
molecule had the smallest Eg, followed by the d molecule,
indicating  that  the  Eg  of  oPEDOT6  (c)  and  oPPy6  (d)
became smaller after incubation, which was conducive to
the  electron  transition,  thereby  enhancing  the  electroca-
talytic ability [46]. In addition, oPEDOT6(c) had smallest
Eg  value,  thus  showing  strong  electrocatalytic  ability
toward the responsive molecules.

 3.7.2    Adsorption energy analysis

Figure  S11  (cf.  ESM)  showed  the  optimized  geometric
structure of oPEDOT6 (a, c) and oPPy6 (b, d) complexed
with  luteolin  (e)  in  the  oPEDOT-oPPy  composite  films
before  and  after  incubation.  According  to  the  front  and
side views of a/e and c/e, in addition of the two hydrogen
bonds  formed between  the  O atom on  the  sulfone  group
and the H atom on the o-diphenol hydroxyl group, the H
atom  on  the  ethylenedioxy  group  in  the  c  molecule
formed a third hydrogen bond with the –C=O group in the
luteolin molecule, indicating enhanced hydrogen bonding
interaction between the oPEDOT and luteolin molecules.
According  to  the  front  and  side  views  of  b/e  and  d/e

complexes,  two  hydrogen  bonds  were  formed  in  these
complexes,  but  the  length  of  hydrogen  bond  in  the  d/e
complex was shorter, indicating a stronger hydrogen bond
interaction in the d/e complex. In the optimized geometric
structure  of  the  c/e  and  d/e  complexes,  the  quinoid  type
five-membered  ring  structure  in  the  c  and  d  polymers
were  parallel  to  the  benzene  ring  structure  in  the  e
molecule,  which was beneficial  to the π electron overlap
between the five-membered ring of the c, d structure and
the  benzene  ring  of  the  luteolin  (e)  molecule,  and  to
enhance  adsorption  ability  of  oPEDOT6  and  oPPy6  for

 

 
Fig. 10    The frontier molecular orbital energy of (a, c) oPEDOT6
and (b, d) oPPy6 before and after incubation.
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luteolin.
Furthermore, the calculated adsorption energies ΔEad of

oPEDOT6 (a, c) and oPPy6 (b, d) for luteolin were listed
in Table 3.  The  ΔEad  values  of  the  complexes  decreased
in  the  following  order:  a/e  >  b/e  >  d/e  >  c/e,  indicating
that the c/e and d/e complexes had more stable structures,
and  the  c  and  d  molecules  had  a  stronger  adsorption
ability for the e molecule [25]. Therefore, it was inferred
that  the  structural  change  in  the  oPEDOT-oPPy  compo-
site films after incubation enhanced the electron transition
ability of the composite films as well as adsorption ability
for  luteolin,  thereby  improving  the  electrocatalytic
performance  of  the  composite  films,  which  further
verified  the  proposed  electrochemical  mechanism  of
oPEDOT-oPPy composite films.

 

4    Conclusions

The  electrocatalytic  ability  of  oPEDOT-oPPy/GCE  for
rutin  and  luteolin  was  improved  significantly  after
incubation in NaOH–ethanol solution with a volume ratio
of 1:1. The oPEDOT-oPPy/GCE prepared in the potential
range  of  0–1.7  V  exhibited  larger  DPV peak  current  for
luteolin  compared  with  oPEDOT/GCE  and  oPPy/GCE,
which may be due to the strong electrocatalytic ability of
oPEDOT  and  permeaselectivity  of  oPPy.  According  to
structural  analysis,  the  formation  of  quinoid  structure,
–SO2/–SO,  and  –C=N–  groups  in  the  oPEDOT-oPPy
composite films promoted the transition of π electrons on
the polymer chain and enhanced the adsorption ability for
the responsive molecules,  thereby improving the electro-
catalytic performance. These results were further verified
by DFT results.  Overall,  this  work provided an effective
solution  to  circumvent  the  reduction  in  the  electrocata-
lytic  ability  caused  by  the  overoxidation  of  PEDOT and
PPy electrode materials in practical applications.
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