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In this study, a new approach was developed to prepare a novel three dimensional macroporous
poly(3,4ethylenedioxythiophene)Prussian blue hybrid 3IPEDOT-PB for sensitive kO, detection.
3D-PEDOT prepared by electrodeposition not only as a conductive matrix, but also as a reductant to
initiate the spontaneousl y el withtarge $udasesatea fdre p o
firmly anchoring more PB NPs. The 3D macroporous structure of the hybrid also facilitates the
electron transfer and mass transport. Due to the synergistic interaction betweerPIBBAD and the

PB NPs, the hybrid shows remalka enhanced activity for #D, reduction. A norenzymatic HO,
sensor with a hightcs®nsiatwvidey!| (9@arcAlamie (O
low detection limit (80 nM) was fabricated based on thePEDOT-PB hybrid. Furthermore, the
prepared sensor displays a rapid, stable response and good selectivity. The simple preparation an
advanced properties of the novel -BIEDOT-PB hybrid may have promising applications in
electrochemical sensor, electrochromic device and so on.
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1. INTRODUCTION

Prussian bl ue, known as an dartificial per
field of electrochemical sensors-$]. However, the intrigic low stability and poor conductivity of PB
degrade its sensing performance. It has been demonstrated that smart integration of PB with othe
conductive material and rational design of the synthetic procedure are effective ways to improve its
stability and sensing performance [6,7].

Up to date, several conductive materials includjreephend8,9], carbonnanotube$10] noble
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nanoparticleg11] and conducting polymers [14] have been involved in fabricating PB based
hybrids for various electrochemicaensors. Compared with carbon or noble metal materials,
conducting polymer could be easily prepared with different morphologies and the redox active
conducting polymers may provide new opportunities for constructing novel peRBérybrids for
advanced sesors. Until now, several PBiophene [13], PEolypyrrole (PBPpy) [15] and PB
polyaniline (PBPANI) [12,16] composite materials have been applied in electrochemical sensors,
while little attention is paid on pol{8,4-ethylenedioxythiophene(PEDOT) [14, which has high
conductivity and promising applications in electrochemical sensors, electrochromic devices and so on.

Usually, electrochemical deposition or direct chemical synthesis is employed to prepare PB or
PB based nanohybrids [1,17] due to ttsnple operation. However, desorption of PB from electrode
surface often occurs in the electrodeposition method [18], while it is hard to control the size and
di spersity of PB by the direct chemical imetho
proposed for preparing PBased hybrids [20]. In this case, the matrix itself such as carbon nanotubes,
graphene, or redeactive polymer was used as the reducing reagent instead of introducing an exotic
reductant. By this approach, PB could nuclear gmuav firmly on the matrix, therefore an enhanced
stability and improved conductivity of the hybrid are expected. Compared with carbon materials,
polymers exhibit more active sites and much stronger redox activity, thus a stable anchoring and high
loading of PB on the polymer matrix can be achieved to guarantee the high stability and high
sensitivity of the fabricated sensor.

To improve the sensitivity of PB based sensors, the morphology of matrix to support PB is also
an important issue. Due to their largurface area and porous structure for charge and mass transport
in electrochemistry [2R3], threedimensional macroporous (3DMP) films such as 3DMP PANI [21]
or 3DMO Au film [22] have been used to load PB for fabricating sensiti@, ldr glucose senssr
However, the preparation of these 3D porous matrixes is complex and costly. Previously, we developed
a facile method to prepare a three dimensional PEDOTRBDOT) micrenanostructure [23]. Its
unique structure and strong redox activity inspired us 3RBPEDOT should be a good matrix for
fabricating PB based sensors.

In this study, a new hybrid of three dimensional macroporou®BDOTFPB was prepare by a
facile combined method including electrodepositon of B EEDOT and subsequent electroless growth
of PB. The 3BPEDOT not only improves the conductivity, but also initiates the electroless growth of
PB, increases PB loading amount on electrode and facilitates the mass transport. The fine, well
dispersed PB grown on 3BEDOT provides a good and specifiatalysis for HO, reduction. The
synergistic interaction between PB and-BEDOT framework endows the hybrid an enhanced and
stable catalysis for #D, reduction. A nonenzymatic electrochemical sensor fgd,Hvas prepared
based on this 3IPEDOTFPB hybrid,which shows high sensitivity, well stability and good selectivity.

2. EXPERIMENT

2.1. Reagents

Tetrabutyl ammonium perchlorate (TBAP), &thylenedioxythiophene (EDOT, 97%),
hydrogen peroxide (#D,) and phosphate salt (NaPO, and NaHPQ,) were suppliedby Aladdin
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chemical reagent company (Shanghai, China). Ferric chloride JjfFeftassium ferricyanide
(KsFe(CNY), potassium chloride (KCI), hydrochloric acid (HCI) and dichloromethangQGH98%)

were purchased from Shanghai Sinopharm Chemical Re@gemittd. (Shanghai, China). All agents

were of analytical grade. Ultgure water purified by a Millipor® System (018. 2 Mq
for preparing solutions except specific indication.

2.2. Preparation of 3BPEDOTFPB hybrid

Three dimensional macroporous PEDOT {BBEDOT) was prepadeby an electrodepostion
method in a watefBAP solution. Details can be found in our previous report [23]. Briefly, monomer
solution was prepared by dissolving EDOT at a concentration of 20 mM 4€lgebntaining 100 mM
TBAP as electrolyte. After that520 &,@ wald added into Ci€l,, and phase separation happened
immediately with aqueous phase at the top. The polished glassy carbon electrode (GCE) as working
electrode was immersed into the oil phase, and electrochemical deposition was carried odtffat 1.6
60s at room temperature (28BN ). The obtained modified electrode (FHEDOT/GCE) was
immersed into an oxygefnee electrolyte solution (Nitrogen gas was used to degas air from the
solution for 20 min) containing 1 mM FeClL mM KzFe(CN}, 0.025 M HCl and 0.1 M KCI. With the
extension of immersion time, more and more PB NPs were deposited on-BELCBDT. Typically,
the immersion time was 5 min. After that, the electrode was washed with water and used for further
characterization. For comparison, R8s also electrodeposited on GCE in the same solution by cyclic
scanning betweei®.2 V and 0.6 V with a scan rate of 50 mV/s for 10 cycles.

2.3. Apparatus

The morphology of the products were observed using-8408 (Hitachi, Japan) scanning
electron miroscope equipped with an enefdjgpersive Xray (EDS) analyzer. All electrochemical
measurements were performed on a CHI 760D electrochemical workstation (Shanghai, China) using &
bare or modified glassy carbon electrode (GCE, 3mm in diameter) as wei&rtgode, a platinum
wire as auxiliary electrode and a saturated calomel electrode (SCE) as reference eldrrddi€Cl
(0.1 M, pH 3.0 tuned with diluted HCI) was used as the supporting electrolyte for electrochemical
tests. The 3BPEDOT-PB or PB modied GCE or unmodified GCE was denoted asFEEDOT
PB/GCE, PB/GCE, or bare GCE, respectivél}} curves are obtained at 50mV/s, EIS results are
obtained at frequency of 0.1 Hz to°19z. Amperometric detection was operated at applied potential
of 0.11 V.

3. RESULTS AND DISCUSSION

3.1 Preparation of 3BPEDOT and 3BPEDOT-PB hybrid

Previously, polyaniline or polypyrrole with morphologies of two dimensional film or one
dimensional nanowire was used to support PB for fabricating electrochemical sensbé$ Heére,
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another important conducting polymer PEDOT, with novel three dimensional macroporous structure
(3D-PEDOT) was used as the matrix to grow PB NPs. Fig. 1a,b show the SEM images of the prepared
PEDOT film. The low magnified image shows the film haswynextruded tubular structures with open

end (pore) of about 1 um (Fig. la). Highly magnified image indicates these macropores are
interconnected which could facilitate mass transport. Moreover, lots of fiker structures cross

linked with each other prail on the PEDOT film (Fig. 1b), which could act as conducting wires to
accelerate the electron transfer. EDS analysis reveals the film is composed of C, O, S and Cl (Fig. 1e)
This result is consistent to our previous report, indicating the robust ofi¢ithod for preparation 3D
PEDOT. The unique 3PEDOT with macropores and nanofibers should be a good matrix for
fabricating hybrid material with advanced performances.

Full Scale 1898 cts Cursor: 0.000 keV|

ull Scale 1898 cts Cursor: 0.000

Figure 1. SEM images of 3EPEDOT (a,b), and 3IPEDOT-PB hybrid (c,d), and the EDS of 3D
PEDOT (e), and 3BPEDOT-PB hybrid (f).
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Next, PB was anchored on this HEDOT matrix through a spontaneous growth process. As
shown in Fig. 1c,d, a layer of walispersed grain particles uniformly anchor on theREDOT film.

The average size of these particles is about 50 nm. Compared with PEDOT, several new element:
including Fe, K, N appear (Fig. 1f). Combined the SEM, EDS and subsequent electrochemical results
(Fig. 2c), it is confirmed that PB NPs is succesgfudhchored on PEDOT to form the three
dimensional macroporous hybrid 3ZEDOT-PB.

During preparation of the hybrid, 3BEDOT may have two functions. First, PEDOT as a
reducing agent to reducefer Fe(CN})> to initiate the electroless growth of PB. Gmh experiment
revealed that almost no PB was generated on GCE within 5 min if directly immersing unmodified
GCE in the growth solution of PB; Second,-BEDOT could provide more active sites and large
surface area to load more PB NMgh small size andmproved dispersity. This was confirmed by the
facts that spherical PB NPs with larger size (100 nm) and poor dispersity (aggregation happened) were
formed on bare GCE if PB was electrodeposited on GCE in solution of &e€CKsFe(CN) (Fig. S1).

3.2 Electrocatalytic reduction of hydrogen peroxide 3D-PEDOT-PB hybrid
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Figure 2. (a-c) Cyclic voltammetry of KO, on 3D-PEDOT/GCE(a), PB/GCE(b), and SEZEDOT
PB/GCE (c) in 0.1 M KCI (pH=3.0); (d) comparison the peak current respon8eddr3, 0.26,
0.4 mM HO, on these modified electrodes.
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The asprepared hybrid film with well dispersed, smsited PB NPs combined with three
dimensional porous PEDOT as matrix may hold great potential in different fields. Here, the activity of
the 3DPEDOT-PB hybrid film for HO, catalytic reduction was evaluated as an example of
applications. Fig. 2 shows the CVs of different materials modified electrodes in the absence or
presence of bD,. 3D-PEDOT modified electrode (3PEDOT/GCE) does not show abus peak in
the presence or absence of hydrogen peroxide (Fig. 2a), indicating that PEDOT is not an active
material for catalytic reduction of &.,. Fig. 2b,c show that both PB/GCE (Fig. 2b) andBBEDOT
PB/GCE (Fig. 2c) display the characteristic red@aks of PB at 0.17 V and 0.11V. The electron
transfer reactions may be formulated as follows [24]:

(PB) KFE"[Fe" (CN)] + € + K2 (P WHE'[FE'(CN)] (1)

where PB is short for Prussian blue, PW is Prussian white.

After the injection of hydrogen peroxide, both PB/GCE andPHDOT-PB/GCE show

increased reduction current at about 0.11V (Fig. 2b, c), but the increasaden much larger on
the later 3SBPEDOT-PB/GCE (Fig. 2d).
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Figure 3. (a) CV curves of 0.4 mM D, on 3D-PEDOTFPB/GCE at different scan rate (from 10 mV/s
to 700 mV/s) in 0.1M KCI (pH=3.0); (b, c) the derived plotR&ak CurrenvversusScan ratgb)
or Peak Currentversussquare root of Scan rafe) at low scan rate of 10 mV/s to 100 mV/s);

and (d) the derived plot d?eak Currentversussquare root of Scan ratat high scan rate of
100 mV/s to 700 mV/s.
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As the current response obtainen 3SDPEDOT-PB/GCE is much larger than the sum value of
those on PEDOT/GCE and PB/GCE (Fig. 2d), a synergistic interaction between PEDOT and PB is
expected. According to published study [25], the catalytic mechanism of PB tow#dseduction
can be dscribed as follows:

(PB) KFE'[F"(CN)] + K' + € Y ( P W).Fe'[ke"(CN)g (2)

(PW) 2KFe'[Fe" (CN)g]+H.0.+2HY ( P B) "PF&(EMN)s] + 2H0 + 2K (3)

The kinetics of HO, reduction on 3EPEDOT-PB/GCE was further investigated by CVs at
different scanning rates (Fig. 3a). The ded plots reveal the reduction peak currents display a linear
dependence not only on the scan rate (Fig. 3b) but also on the square root of scan rate (Fig. 3c) whe
the scan rate changes from 10 mV/s to 100 mV/s. Thus it is difficult to determine thef sgaetion
process just according to the linear regression. Combined Fig. 3 and the results from Fig. 2, it is
believed that a surfasmontrolled process is reasonable at this low scan rate. When the scan rate is
higher than 100 mV/s, linear dependers®mly established between the peak current and the square
root of scan rate, indicating a diffusion controlled process. Thus, a switch of electrochemical reaction
process is observed. In fact, similar switch has been reported in our previous work [28hemnd
papers [27,28].

Chronoamperometry can be used for the evaluation of the catalytic rate constant with the help
of the following equation [29].

fz;i — )08 |: s erj( /qb{l,s)+ ex};ﬁ;,&]}

d

(4)
In the case where>1.5, erf(8®) is almost equal to unity. Then the above equation can be
reduced to:

[{_mzﬂﬂ.iﬂ_ﬂ.i = 7" (K{MCI ]0-:
L ©)
wherelc: andly are the current in the presence or absence of anklytes the catalytic rate
constant (M's'1); Cis analyte concentration (M), arids time elapsed (s). Fig. 4a shows the current
responses obtained on 3TEDOT-PB/GCE in the absence or presence of different concentrations of
H.O, at fixed potential step 0.11 V. The current steadily increases as mOGewds added. The
derived plot oficaflq VersustY? exhibits a linear relationship as shown in Fig. 4b, which can be fitted
by the above equation (5). Through this equationkghdor H,O, reduction on 3EPEDOT-PB/GCE
is calculated as 1.37x40s*. Far comparison, the chronoamperometry curve obtained on PB/GCE
was also recorded (Fig. 4c), and its derived plot is shown as Fig. 4d.fbbtained on PB/GCE is
calculated as 1.24x3M™s™. Obviously, thek.,;of 3D-PEDOT-PB is about 1%old of that ohained
on PBNPs, further confirming the enhanced catalysis of thiEBDOT-PB hybrid.
These results from CV and chronoamperometry clearly demonstrate that introducing 3D
PEDOT into the hybrid film largely improves the catalysis feOk The reasons carelascribed to
the following factors. (1) Large surface area-BBDOT with threedimensional porous structure have

large surface area.
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Figure 4. (a, ¢) Chronoamperometric response onFEDOT-PB/GCE (a) or PB/GCE (c) in the
presege of 0, 0.13, 0.26, 0.4 mM of,B, at potential of 0.11 V. (b, d) The plot kf/14versus
tY’for 3D-PEDOT-PB/GCE (b), or PB/GCE (d) for 0.4 mM,E.

The unigue structure could provide more active sites for growingdiggdersed, fine PB with
enhancd catalysis compared to the aggregated PB on bare GCE. This has been confirmed by SEM
results in Fig.1 and Fig. S1. (2) Improved conductivity: The high frequency part of EIS curve of the
3D-PEDOT-PB/GCE shows a much small diameter than that of PB/GCE gigndicating that the
3D-PEDOT-PB hybrid has lower resistan¢e~5 q) of charge transfer t
This can be ascribed to the abundant nanofibers on PEDOT, which act as conducing wireditd cross
PB to improve the conductivity of the hybrid. (3) Enhanced mass transport: The slope of theaihear
of EIS curve of 3BPEDOT-PB/GCE is greatly larger than that of PB/GCE (Fig. 5), indicating an
improved efficiency of mass transport. The malcotes of 3BDPEDOT could facilitate kD, to pass
through and be reduced at the electrode catalyzed by PE3[21
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Figure 5. EIS measurement results of PB/GCE-BBEDOT/GCE, and 3t PEDOT-PB/GCE in 5 mM
KsFe(CN)-K4Fe(CN) in the presence of 0.1M KCI. Inset is the equivalent circuit.

3.3 Effect of immersion time on hydrogen peroxidecgdn

In our method, PEDOT is used not only as a conductive matrix, but also as a reductant to
initiate the growth of PB, and thus the reaction time of PEDOT with PB precursor (i.e., the immersion
time of PEDOT in PB precursor) should be a critical patamfer controlling the size or morphology
of PB NPs and its electrochemical activity. Fig.S2 shows the morphology-&fEEEDT-PB hybrid
obtained at different immersion time. As the immersion time increases, more and more PB NPs grow
on 3D-PEDOT. The poraosl and fibrous structures of PEDOT are still clearly seen within 10 min
(Fig.S2ad). However, when the immersion time is over 10 min, there are too many PB NPs grown on
PEDOT, which lead to the aggregation of PB NPs and complete cover of PEDOT fibrotisrestruc
(Fig.S2eg). That will result in low active surface area and poor conductivity. Thus, too long
immersion time may reduce the catalytic property of the hybrid material. This hypothesis was
confirmed by the electrochemical measurement. Fig.S3a shewsathlytic peak potential and peak
current of HO, obtained on the 3IPEDOT-PB produced with different immersion time. As the
immersion time elongates, the value of reduction peak potential gradually decreases. For the reductior
peak current, it first grws and then decreases, and the maximum current response is obtained on 3D
PEDOT-PB with 5 min growth time. To achieve a high sensitivity foOkldetection, SBPEDOT-PB
produced from 5 min growth was chosen to do the following experiments.

3.4 Effect of pl on hydrogen peroxide reduction

Previous work indicates the pH value of the electrolyte has important effect on the
electrochemical activity of PB [30, 31]. Here, catalysis activity of PB fgd,Hn phosphate buffers
with pH from 2.0 to 6.0 were testeBig.S3b shows the variation of peak position and peak current
response of 3BPEDOT-PB/GCE in PBS with different pH values. The peak potential only slightly



Int. J. Electrochem. SciNol. 12, 2017 4437
fluctuates between 0.11 V and 0.12 V as solution pH increases. However, the current response show
an obvious change, which increases as pH changes from 2 to 3, and then sharply decreases when pH
further elevated. The reason can be ascribed to the intrinsic poor stability of PB in neutral and alkaline
solutions and PW is slightly soluble in alkalinenditions [31, 32]. Results from amperometric test in

Fig. S4 also indicate the 3BEDOT-PB/GCE shows larger and more stable current response at pH 3.0
than those obtained at other pH values. Therefore, 0.1M KCI solution with pH 3.0 (tuned with diluted
HCI) was used as the electrolyte in the following measurement

3.5 Amperometric detection of hydrogen peroxide
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Figure 6. Amperometric curve (a, ¢) and calibration plot of current versus concentration (b, d) for the
detection of HO, on 3SDPEDOT-PB/GCE (a, b) or PB/GCE (c, d) in 0.1 M KCI (pH=3.0).
Applied potential: 0.11V.

The analytical performances of the sensor towag®,Heduction were further investigated
using amperometric technique under the optimum conditions (0.1 M KGi3,p&pplied potential of
0.11 V). Fig. 6a shows the 3BEDOT-PB/GCE displays a fast and strong current response upon the
addition of HO,. The current displays a linear dependence on the concentratia®gfrHthe range

of 0.17 ¢
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0.257 mM to 5.57 mM (Fig. S5). A detection limit of 80 nM was obtained on thi#®BDOT
PB/GCE according to the linear calibration curve (Fig. 6b). Instead, PB/GCE shows a relative lower
current response (Fig. 6¢), with two linear response rangesotl®0t o 0. 570 mM and
1.57 mM (Fig. 6d). A detection |Iimit of 3.0 €N

Table 1 Electroanalytical characteristics of various modified electrodes tow#dg H

Sensitivity Linear range Detection limit

Material (& A ili‘-cmiﬁ) (mM) (& M) Reference
PB-RGO 196.6 0.02-0.2 1.9 33
PB-FCNFs 62.35 0.004- 25 0.7 34
PB-PANI-HNTs 980 0.004-1.1 0.226 35
PB-TiO,/ITO 30 0.1-1.4 0.42 36
PB-RTIL-CNFs 185.9 0.00049-0.7 0.49 37
PB-GO 408.7 0.005-1.2 0.122 38
PB-MCNTs 153.7 0.0101 0.4 0.567 39
PB-RGO 20 1-7 5 40
PB-rGO-CS 816.4 0.01-0.4 0.213 41
PB-AuNPs/TiNTs 1100 0.0031.1 1.0 42
PB/MPS/Au 48.79 0.0020.2 1.8 43

PEDOT-PBNPs 981 0.000170.257 0.08 This work

Compared with PB, the 4@, sensor bsed on 3BPEDOT-PB displays a higher sensitivity,
wider linear range and lower detection limit due to the aforementioned synergistic interaction between
3D-PEDOT and PB. This performance of the-BBEDOT-PB sensor is comparable or even better than
many prewusly reported KO, sensors based on PB (Table 1), which further demonstrates the
advantage of introducing 3BEDOT into this sensor.

3.6 Interference studies, repeatability and stability
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0.017 mM HO,

£
c
2 I N Y A
S ~ &
— O < <<
CLF 8E %2
34 = Z 0 =
€ s = E E E
~ = £ 0 ] Q
3 T} © © o
41 S] : =
0 100 200 300 400
Time/s

Figure 7. Amperometic response for,8, and other concomitant molecules obtained oRPEDOT
PB/GCE. Applied potential: 0.11 V.
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To study the selectivity of the 3BEDOT-PB/GCE for HO, detection, the amperometric
responses of the sensor fog®4 and other potential interfering species wengestigated. The results
in Fig. 7 show that 3@old of uric acid (UA), dopamine (DA), glucose (Glu),-ild concentrations of
NaCl and 1.5old concentrations of ascorbic acid (AA) display negligible response compared with
that of 0.017 mM HKO,, which indcates a good selectivity. For five successive amperometric
measurements of 0.35 mM,Bh, a relative standard deviation value (RSD) of 4.8% was obtained for
the steady current response. After storage in air at room temperature for a month;RE®QD
PB/GCE still shows 95% value of the original current response for the same concentratigdy,0of H
indicating a good stability.

4. CONCLUSIONS

In summary, a new three dimensional, maeooous hybrid of 3EPEDOT-PB was prepared
through an electrodepositionombined electroless growth approach. The-FEDOT exhibits
multifunction in this hybrid: reducing agent to initiate PB growth, anchoring matrix with large surface
area for elevating PB loading, improving the conductivity of the hybrid, and facilitatenghrge
transfer and mass transport. Due to the synergistic interaction betweeBB3OT and PB, the 3D
PEDOT-PB hybrid exhibited enhanced catalysis faOpireduction, and a rapid, stable and sensitive
H>0, sensor was fabricated based on theREDOT-PB hybrid. Our results indicate the 3BEDOT
PB hybrid film may serve as a platform for the detection of hydrogen peroxide in the development of a
variety of bioelectrochemical sensors or devices.

SUPPORTING MATERIAL:

§3400-1103 20.0kV 6.0mm x5.00k SE 10.0um | S3400-1101 20.0kV 6.0mm x50.0k SE

Fig. S1ISEM images of PB NPdepasited on bare GCE
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Fig. S2SEM images of 3EPEDOT-PB hybrid with different immersion time: (a,b) 1 min; (c,d ) 3
min; (e,f)10 min; (g,h) 20 min.



