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polyoxotungstate/metal–organic
framework/phosphorus-doped reduced graphene
oxide nanohybrid modified glassy carbon electrode
by electrochemical reduction and its
electrochemical properties

Hamid Ravanbakhsh, Somayeh Dianat * and Amin Hosseinian

Hybrid nanocomposites based on polyoxometalates (POMs), metal–organic frameworks (MOFs), and

graphene oxide (GO) have a unique set of properties. They have specific properties such as high acidity,

oxygen-rich surface, and good redox capability from POMs. In contrast, they do not have weaknesses of

POMs such as a low surface area, and high solubility in aqueous media. Herein, a novel organic–

inorganic nanohybrid compound based on H3PW12O40 (PW12), a Co-based MOF, and GO was prepared.

The prepared hybrid nanocomposite (PW12/MOF/GO) was characterized using different techniques.

Then, a PW12/MOF/GO nanocomposite modified glassy carbon electrode (GCE) was fabricated by the

drop-casting method and next was dried at room temperature. Then, the PW12/MOF/GO/GCE was

subjected to electrochemical reduction at a constant potential of �1.5 V, in 0.1 M H3PO4 solution

containing 0.10% w/v PW12/MOF/GO additive. The morphology, electrochemical activity, and stability of

the modified electrode (PW12/MOF/P@ERGO/GCE) were studied with FE-SEM coupled with EDS, CV, and

amperometry. The obtained results confirmed that the PW12/MOF/P@ERGO/GCE could be effective in

hydrogen evolution reaction (HER). The electrochemical activity of the PW12/MOF/P@ERGO/GCE due to

the desirable microstructure of the electrocatalyst (e.g. high active surface area and homogeneous

distribution of the PW12/MOF/P@ERGO), and also the synergistic effect of the blocks, is more than those

of PW12/GCE, MOF/GCE, PW12/MOF/GCE, and P@ERGO/GCE. Moreover, the PW12/MOF/P@ERGO/GCE

showed an excellent long-term stability under the air atmosphere.
1. Introduction

Polyoxometalates (POMs) are a large class of metal oxide clus-
ters, consisting of early transition metal oxoanions with shared
oxygen atoms exhibiting well-dened connectivity.1,2 POMs,
especially Keggin-type POMs, have wide applications in various
elds such as catalysis,3 optics,4 magnetism,5 medicine,6,7

environmental science,8 and electrochemistry,9,10 due to their
exclusive molecular structure, electronic features, and excellent
redox properties. One of the attractive properties of POMs is
that the anionic cluster can undergo a fast, stepwise, reversible,
and multi-electron transfer reaction while keeping the struc-
tural integrity.11,12 These numerous redox properties make them
potential candidates for surface modication, and electro-
catalytic studies. However, their use as catalysts is one of the
interesting elds for researchers, because of their high acidity,
oxygen-rich surface, and redox capability. Despite these special
characteristics, POMs still show some weaknesses for their use
nces, University of Hormozgan, Bandar

hormozgan.ac.ir; Tel: +98 76 33670121

2

as a catalyst. First, POMs have a low specic surface area (<10
m2 g�1), which consequently reduces the availability of reac-
tants, and secondly, their high solubility in aqueous solutions
results in low recyclability.2

To overcome these challenges and improve electrochemical
properties and electrocatalytic performances, immobilization
or dispersion of POMs onto porous materials has been
proposed.

In the last few decades, many porous solids have been
investigated as immobilizers for POMs, like silica, conducting
polymers, ion-exchange resin, and carbon materials.13–16 Since
discovering metal–organic frameworks (MOFs), these porous
materials have been widely used as potential supports for
POMs.3,17,18

MOFs are inorganic–organic hybrid crystalline materials are
fabricated from metal-containing nodes and organic linkers
through coordination bonds. These materials have attracted
considerable attention in recent years due to their large surface
areas, adjustable pore size, and designable functionalities.

MOFs have shown great potential in gas storage and sepa-
ration,19 catalysis,20–22 sensing,23,24 drug delivery,25,26 proton
© 2022 The Author(s). Published by the Royal Society of Chemistry
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conduction,27,28 solar cells,29,30 supercapacitors31,32 and
biomedicine.33,34 In addition, MOFs are as a suitable platform
for the introduction of guest molecules due to the high acces-
sibility of their internal surface area and regular long-range
channels. To date, several active sites have been successfully
embedded in the cages of MOFs, such as noble metals,35 metal
oxides,36,37 enzymes,38,39 and POMs.40,41

The rst report of a POM/MOF hybrid was presented in 2005
by Férey et al.42 In this study, K7PW11O39$nH2O successfully was
incorporated into big cages of the highly stable Cr-based MOF,
MIL-101, using the impregnation method.

Up to now, several other thermal and stable chemical MOFs
such as Materials of Institute Lavoisier Framework Series (MIL
Series),43,44 Zeolite Imidazole Framework Series (ZIF Series),45

and Cu-BTC46,47 frameworks applied as supports for POMs
hosting for using in catalysis.

The most examined POMs that have been incorporated into
MOFs are the well-known Keggin [XM12O40]

n� and Wells–Daw-
son [X2M18O62]

n� (X ¼ Si, P, etc.; M ¼ Mo, W, V, etc.) POMs and
their derivatives.40,48–51

There are many benets to using MOFs as a host matrix to
encapsulate POMs. First, their extremely high surface areas and
conned cages/channels allow the homogeneous distribution of
POM in the MOF host to be ensured. This phenomenon prevents
the a aggregation of POMs, and improves their stability and
recyclability. Secondly, the very regular cages and channels of
MOFs provide a high substrate selectivity, or, in other words, only
specic substrates/products can access the active POM sites.
Thirdly, due to the excellent interaction and electron transfer
between theMOF and the POM, an enhanced synergistic catalytic
effect is typically observed. Finally, the POM@MOF hybrids not
only combine the exciting properties of POM and MOF, but also
allow the weaknesses as mentioned above of POMs to be
resolved, and the catalytic performance signicantly increased.2
Scheme 1 Schematic diagram of stepwise electrode modification proce

© 2022 The Author(s). Published by the Royal Society of Chemistry
On the other hand, immobilization or entrapment of POMs
on various supporting carbon materials has concerned signi-
cant attention. Among the carbon materials, graphene exten-
sively studied in nanotechnology elds due to its excellent
chemical stability, high surface area, extraordinary conduc-
tivity, and good mechanical properties.10,12

Graphene was discovered at Manchester University by Andre
Geim and Kostya Novoselov in 2004.52 It is an allotrope of
carbon-containing a single layer of atoms arranged in a two-
dimensional (2D) hexagonal lattice nanostructure.53

It is the thinnest and most robust known material in the
universe.54 Graphene is a good choice for POMs support mate-
rials to overcome the limitations of POMs such as high solu-
bility in polar solvents and low specic surface area (SSA).55 In
addition, the unique features of POMs, especially in catalysis,56

electrocatalysis,57 and capacitance,58 enhance because of the
large SSA and excellent electrical conductivity of graphene.

Recently, numerous reports have submitted on the nano-
composites of reduced graphene oxide (RGO) and poly-
oxometalates (POMs).58–61 However, the RGO is processed from
GO through UV-photoreduction,62,63 and chemical reduction
with hazardous materials.64 However, using these approaches,
POM/RGO composites are obtained in powder form, which
must be deposited on the surface of electrode by the drop-
casting technique. The drop-casting technique has inherent
defects like lack of control over the lm thickness and low
stability.65 The self-assembly method is the best way to create
stable and uniformmodied surfaces. Recently, the preparation
of RGO from GO by the electrochemical reduction method has
attracted a lot of attention due to its easy and green preparation
method.65–68 Chen et al. directly deposited RGO onto a glassy
carbon electrode (GCE) through cyclic voltammetric (CV)
reduction of a GO colloidal solution. The graphene-modied
electrode was applied to simultaneously determine of hydro-
quinone and catechol.66 Guo et al. investigated the preparation
sses.

RSC Adv., 2022, 12, 9210–9222 | 9211
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Fig. 1 ATR-FTIR spectra of PW12 (a), PW12/MOF (b), MOF (c), GO (d),
and PW12/MOF/GO (e).

Fig. 2 XRD patterns of (a) PW12, (b) PW12/MOF, (c) MOF, (d) GO, and (e)
PW12/MOF/GO.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 3
/2

8/
20

26
 8

:3
6:

52
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
method and electrocatalytic property of H4SiMo12O40 and
chitosan/ERGO multilayer composite lms on indium tin oxide
(ITO) electrode by electrochemical growth method.65 Tao Wei
et al. rstly synthesized H5PMo10V2O40/BTC/RGO nano-
composites for lithium-ion batteries (LIBs) by a facile one-pot
method.69 Wen Zhang and co-workers prepared a POM/MOF/
RGO hybrid material via a facile hydrothermal process. The
prepared hybrid material is used to detect dopamine (DA). The
POM/MOF/RGO/GCE presented an excellent catalytic activity
toward oxidation of DA owing to matching functionality and
structure between the POM, MOF, and RGO.70

Recently, many reports have veried that heteroatom doping
into graphene (e.g., B, N, P, and S) can increase the electrical
conductivity and electrocatalytic activity of RGO in super-
capacitor electrodes,71,72 lithium-ion batteries (LIBs),73,74 fuel
cells,75,76 and dye-sensitized solar cells.77

The preparation of the P-doped graphene monolayer lm
modied electrode by the electrochemical reduction approach
has many benets. But, few studies have reported concerning
the POM/P@ERGO modied electrode and its derivatives.
Therefore fabrication of these modied electrodes still have
challenges.

In this work, a new PW12O40$nH2O/[Co(TPA)(bimb)(H2O)2]n/
GO nanocomposite has been deposited onto a GCE using drop-
casting method followed by an electrochemical reduction
process (PW12/MOF/P@ERGO). For this purpose, PW12/MOF/
Table 1 FT-IR data (y�/cm�1) of PW12, PW12/MOF, MOF, GO, and PW12/M

Compound y�(C]C)
y�

(COO�) y�(C–O)

PW12 — — —
PW12/MOF 1627, 1485 1585 —
MOF 1585, 1360 — —
GO 1627, 1402 1574 1137
PW12/MOF/GO 1625, 1445 1164

a Oa central oxygen. Ob, Oc bridging oxygen. Od terminal oxygen.

9212 | RSC Adv., 2022, 12, 9210–9222
GO nanocomposite was dropped onto the GCE. Then the
modication procedure completed through the electrochemical
reduction of GO to RGO at a constant potential of �1.5 V, for
60 s in a H3PO4 aqueous solution (0.1 M) containing PW12/MOF/
GO (0.10% w/v) as an additive. The PW12/MOF nanocomposite
can interact with P@ERGO via Pd+ and p-electrons of MOF
without any impact on the electronic structure of PW12 Keggin
type. The synergistic effects of these four-blocks, and specic
microstructure of PW12/MOF/P@ERGO nanocomposite provide
enhanced electrochemical activity of the modied electrode.
Then, electrochemical behavior, stability, repeatability, repro-
ducibility of the modied electrode were investigated,
comprehensively.
2. Experimental section
2.1. Materials

The [Co(TPA)(bimb)(H2O)2]n as a Co-based MOF was synthe-
sized according to the previous literature.78 The 1,4-bis(imida-
zole)butane (abbreviated as bimb) was prepared according to
the previous literature.79 Tungstophosphoric acid (H3PW12O40,
abbreviated as PW12), cobalt(II) nitrate hexahydrate (Co(NO3)2-
$6H2O), terephthalic acid (abbreviated as TPA), dime-
thylformamide (abbreviated as DMF), graphite powder (<20
mm), and other chemicals were of analytical grade and
OF/GOa

y�

(P–Oa)
y�

(W–Od)
y�

(W–Ob–W)
y�

(W–Oc–W)

1074 968 887 753
1056 953 886 802
— — — —
— — — —
1060 952 882 819

© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
purchased from commercial sources (Merck or Sigma) and used
without further purication. Phosphate buffer saline solutions
(PBS, 0.11 M) were prepared by mixing the stock solutions of
0.10 M KCl and 0.01 M H3PO4 and then adjusting the pH with
0.5 M NaOH aqueous solution.
2.2. Physical methods

The percent of immobilized PW12 on the GO was determined
from inductively coupled plasma-optical emission spectrometry
(Optima 7300 V ICP-OES spectrometer Brochure-PerkinElmer)
by measuring of tungsten contents in the PW12/MOF/GO.
Fig. 3 TEM images of (A) GO (a, b) and (B) PW12/MOF/GO (a–d) at diffe

© 2022 The Author(s). Published by the Royal Society of Chemistry
FTIR spectra in ATR mode were recorded using a Spectrum
Two FT-IR spectrometer (PerkinElmer) in the 4000–600 cm�1

range. The crystalline structure of the PW12,
[Co(TPA)(bimb)(H2O)2]n, PW12/MOF, GO, and PW12/MOF/GO
was conrmed using an X-ray diffraction (XRD, PANalytical
X’PERT-PRO X-ray diffractometer equipped with Cu Ka radia-
tion, l ¼ 0.1541 nm). The morphologies of the PW12/MOF/GO,
and GO were studied by transmission electron microscope
(TEM, EM10C-100 kV series, Zeiss Co., Germany). The surface
morphology and elemental analysis of the bare GCE, P@ERGO/
GCE, and PW12/MOF/P@RGO/GCE were determined using
rent magnifications.

RSC Adv., 2022, 12, 9210–9222 | 9213
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Fig. 4 Nitrogen adsorption–desorption BET isotherms of (A) MOF, (B)
PW12/MOF. The insets show the BJH-adsorption pore size
distributions.
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a Field Emission-Scanning Electron Microscopy (FE-SEM,
SIGMA VP, Zeiss Co., Germany), Energy-Dispersive X-ray Spec-
trometry (EDS) and EDS-mapping. N2 adsorption–desorption
isotherms were recorded at 77 K using a BElSORP Mini-
Microtrac Bel Corp instrument. Specic surface areas of MOF
and POM/MOF were measured using the Brunauer–Emmett–
Teller (BET) method. The pore-size distribution curves were
recorded from the isotherm using the Barrett–Joyner–Halenda
(BJH) algorithm.

2.3. Electrochemical experiments

The electrochemical experiments were performed with a Met-
rohm Autolab potentiostat P/GSTAT 302N supplied by Eco-
Chemie (Utrecht, The Netherlands). The traditional three-
electrode system was used with, an Ag/AgCl (3 M KCl) elec-
trode as the reference electrode, a Pt wire electrode as the
auxiliary electrode, and a bare or modied GCE (diameter 2
mm) as the working electrode. Before the electrochemical
experiments, Ar gas with the purity of 99.999% was fed into the
electrolytic cell for 15 minute. The electrochemical measure-
ments were carried out under the Ar atmosphere at room
temperature.

2.4. Synthesis of PW12/MOF

A mixture of bimb (0.095 g, 0.5 mmol), Co(NO3)2$6H2O (0.320 g,
1.0 mmol), TPA (0.085 g, 0.5 mmol), and PW12 (0.288 g, 1.0
mmol) was dissolved in 25.0 mL DMF and 25.0 mL distilled
water. Aer stirring for 30 minute at room temperature, the
reaction suspension was transferred to the Teon-lined
stainless-steel autoclave (100 mL), kept at 160 �C under autog-
enous pressure for 72 h. Then the autoclave was cooled to room
temperature with rate of 5 �C h�1. Reddish-pink crystals were
collected by ltration. Then obtained crystals washed with
distilled water, and dried in the open air (about 45% yield based
on cobalt).

2.5. Synthesis of PW12/MOF/GO

GO was prepared by oxidizing graphite akes via modied
Hummers' method.80 As-prepared GO (0.100 g) in distilled water
(10 mL) was exposed to sonication for 30 minute to achieve
a homogeneous suspension. Then 1.000 g of PW12/MOF was
added. Aer the sonication for 20 minute, the mixture was
transferred into a 100 mL Teon-lined stainless-steel autoclave.
The autoclave was heated in an oven at 180 �C for 24 h. The
black precipitates were ltered, washed with distilled water, and
dried at 60 �C for 12 h to obtain PW12/MOF/GO.

2.6. Fabrication of PW12/MOF/P@ERGO/GCE

The surface of the GCE was polished with a-alumina slurries (a-
Al2O3, the particle size of 0.30, 0.10, and 0.05 mm) to remove the
contaminants. Then it was electrochemically cleaned in 0.5 M
H2SO4 solution by repetitive cycling in the potential range from
�1.0 to 1.0 V (vs. Ag/AgCl) until a stable CV scan is achieved.
Aer rinsing with deionized water, and drying at room
temperature, 5.0 mL of the PW12/MOF/GO suspension (0.010 g in
9214 | RSC Adv., 2022, 12, 9210–9222
2.0 mL ethanol) was drop-casted onto the bare GCE. Finally, the
electrode surface was dried under room temperature overnight
at air atmosphere, and washed with deionized water. Then,
electrochemical reduction of GO to RGO was performed in
0.01 M H3PO4 containing different concentrations of PW12/
MOF/GO as additive (0.0, 0.01, 0.05, 0.10, 0.15, and 0.20% w/
v) using chronoamperometry in the potential of �1.5 V at
various times (30, 45, 60, and 120 s). A better analytical signal
was found in the presence of 0.10% w/v PW12/MOF/GO and at
time 60 s. Therefore, 0.10% w/v additive and time 60 s were
selected as optimum conditions in the fabrication of the
modied GCE. PW12/GCE, MOF/GCE, PW12/MOF/GCE, and
P@ERGO/GCE, as the control electrodes were constructed by
a similar technique in 0.01 M H3PO4 in the absence of the
additive. The schematic design of the preparation procedure of
the modied GCE is displayed in Scheme 1.
2.7. Electrochemical experiment

The electrochemical experiments were done in an electro-
chemical cell with a volume of 90 mL, containing 5 mL of H2SO4

(0.5 M, pH 0.5) solution. The CV, and amperometry methods
were used to investigate of electrochemical behavior, effective
© 2022 The Author(s). Published by the Royal Society of Chemistry
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electroactive surface area, and stability of the modied
electrode.
3. Results and discussion
3.1. Characterization

The loading percentage of PW12 on GO was estimated 0.83% by
ICP spectroscopy. ATR-FTIR spectrum of PW12/MOF/GO is
shown in Fig. 1. To prove of structure, ATR-FTIR measurements
of PW12, PW12/MOF, MOF, and GO were also recorded as shown
in Fig. 1, curves a, b, c, and d, respectively. The information is
summarized in Table 1.

The ATR-FTIR spectra of PW12, PW12/MOF, and PW12/MOF/
GO show four characteristic peaks, that are related to the
stretching vibration of P–Oa, W–Ob,c–W, and W–Od. The pres-
ence of these asymmetric stretching vibration peaks in PW12/
MOF, and PW12/MOF/GO propose that the POM moiety of the
hybrid compounds has maintained its Keggin structure. More-
over, the peaks around 1625, 1445, 1574, and 1164 cm�1 in
PW12/MOF/GO that is assigned to the stretching vibrations of
C]C aromatic, COO�, and C–O conrm the existence of MOF,
and GO (compare curve e with c, and d).

The XRD patterns of PW12, PW12/MOF, MOF, GO, and PW12/
MOF/GO are presented in Fig. 2. As displayed in Fig. 2b, PW12/
MOF shows peaks about 8.2�, and 19.1�, 30.8�, 35.4�, 40.4�, and
53.2�, respectively of the PW12 (Fig. 2a). However, a sharp peak
about at 8.2�, and a broad peak at 30.8�, which are overlapped
Fig. 5 (A) FE-SEM images (a, b), EDS pattern (c) and EDS element mappi
EDS element mapping (d–f) of P@ERGO/GCE, and (C) FE-SEM images
P@ERGO/GCE.

© 2022 The Author(s). Published by the Royal Society of Chemistry
with the peaks of PW12, can be credited to the Co-based MOF
(Fig. 2c). Fig. 2d shows a broad diffraction peak 26.4�, which is
correspond to the (002) plane of GO nanosheets.81,82 In Fig. 2e,
the characteristic XRD peaks of PW12/MOF/GO appeared at
nearly similar locations without a signicant shi in its peaks
position compared to those of PW12, and MOF. However, the
peak (002) of GO was not appeared because of peak overlap with
the peak of PW12, and MOF which has a higher crystallinity.

The TEM images of the GO and PW12/MOF/GO at the various
magnications are displayed in Fig. 3. TEM images of PW12/
MOF/GO show that PW12/MOF nanospheres was immobilized
homogeneously on the GO surface. Such homogeneous distri-
bution of the PW12/MOF nanospheres on the surface of GO
enhanced the electrochemical activity.

The specic surface areas and pore size distributions of the
MOF, and PW12/MOF were measured by N2 adsorption–
desorption isotherms. As shown in Fig. 4A and B, both samples
exhibited a type-IV isotherm curve with an H4 hysteresis loop,
oen associated with narrow slit-like pores. The BET surface
areas, total pore volumes, and mean pore diameters for MOF,
and PW12/MOF are 277 m2 g�1, and 697 m2 g�1, 0.22 cm3 g�1,
and 0.47 cm3 g�1, 32 nm, and 27 nm, respectively. The pore size
distributions were calculated from the adsorption isotherms
using the BJH model as shown in the inset of Fig. 4A and B.
These conrm that the MOF, and PW12/MOF mainly contain
micropores (1.6 nm), and mesopores (10.6 nm), respectively.
ng (d, e) of the bare GCE, (B) FE-SEM images (a, b), EDS pattern (c) and
(a, b), EDS pattern (c) and EDS element mapping (d-i) of PW12/MOF/
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The morphology of the PW12/MOF/P@ERGO/GCE was char-
acterized using FE-SEM, and compared with bare GCE,
and P@ERGO/GCE. The FE-SEM images conrmed that the bare
GCE (Fig. 5A, images a, b) have a mirror-like surface, which was
changed to roughly and heterogeneously surface aer the
modication by P@ERGO, and PW12/MOF/P@ERGO (Fig. 5B and
C, images a, b). Additionally, the EDS patterns of the bare and
modied GCEs are presented in Fig. 5A–C image c. The EDS
spectra and elemental mappings approve the presence of C, and
O in the bare GCE (Fig. 5A, images c–e), C, O, and P in the
P@ERGO/GCE (Fig. 5B, images c–f) and C, W, O, N, Co, and P
elements on the PW12/MOF/P@ERGO/GCE (Fig. 5C, images c–i).
3.2. Electrochemical activity of PW12/MOF/P@ERGO/GCE

The electrochemical behaviors of the bare GCE, MOF/GCE,
PW12/GCE, PW12/MOF/GCE, P@ERGO/GCE, and PW12/MOF/
P@ERGO/GCE were investigated using the CV method in
0.5 M H2SO4 (Fig. 6). As shown in curve a, the bare GCE did not
show any signicant peak. In contrast, MOF/GCE, PW12/GCE,
PW12/MOF/GCE, P@ERGO/GCE, and PW12/MOF/P@ERGO/GCE
displayed a cathodic peak (peak I) about at �0.2 V (vs. Ag/AgCl),
that can correspond to hydrogen evolution reaction (HER).
However, the peak I current in PW12/MOF/P@ERGO/GCE (curve
f) is more signicant than MOF/GCE (curve b), PW12/GCE (curve
Fig. 6 (A) CVs obtained on the bare GCE (a), MOF/GCE (b), PW12/GCE (c)
(f) in H2SO4 (0.5 M, pH 0.5) and scan rate of 50 mV s�1, (B) CVs of the PW
from 10 to 400mV s�1. The inset shows variations of the absolute value o
MOF/P@ERGO/GCE at different pHs from pH 0.5 to pH 8.0; scan rate 5

9216 | RSC Adv., 2022, 12, 9210–9222
c), PW12/MOF/GCE (curve d), and P@ERGO/GCE (curve e). This
result conrms a synergistic effect of four blocks that can
promote the electron transfer more effectively.

3.2.1. Effect of scan rate. The CVs of the PW12/MOF/
P@ERGO/GCE in H2SO4 (0.5 M) at different scan rates were
presented in Fig. 6B. As shown in the inset of Fig. 6B, the peak I
current depends linearly on the square root of scan rate from 10
to 400 mV s�1. The results show that the HER at the modied
electrode undergoes a diffusion-controlled process.

3.2.2. Effect of pH. In Fig. 6C, the impact of buffer pH on the
electrochemical activity of the PW12/MOF/P@ERGO/GCE was
examined at different pH values (pH 0.5–8.0), using the CVmethod.
As shown in Fig. 6C, peak I, which corresponds toHER, is only seen
at pH 0.5 (curve a). This phenomenon can be due to the stability of
POMs-based modied electrodes9,10 and also the performance of
HER at acidic pH.83,84 Therefore, pH 0.5 was considered the optimal
pH, and further studies were performed at this pH.
3.3. Optimization of coating parameters

Optimizing of coating parameters is essential to achieve
a modied electrode with enhanced electrochemical behavior.
Some important parameters, including type, and concentration
of electrolyte additive, and deposition time, were investigated.
These parameters can affect the electrochemical property of the
, PW12/MOF/GCE (d), P@ERGO/GCE (e), and PW12/MOF/P@ERGO/GCE

12/MOF/P@ERGO/GCE in H2SO4 (0.5 M, pH 0.5) at different scan rates
f peak I currents with square root of scan rates, and (C) CVs of the PW12/
0 mV s�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of (A) electrolyte additive type, (B) concentration of PW12/MOF/GO additive; and (C) deposition time in 0.01 M H3PO4 at potential of
�1.5 V; scan rate 50 mV s�1, on the electrochemical activity of PW12/MOF/P@ERGO/GCE.
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modied electrode. The following experiments were performed
using CV in H3PO4 (0.01 M) at the constant potential of �1.5 V,
as shown in Fig. 7. The prepared modied electrode was
signied as PW12/MOF/P@ERGO/GCE through the text.

3.3.1. Effect of the electrolyte additive type. Fig. 7A, pres-
ents the effect of type of electrolyte additive (without additive,
MOF, PW12/MOF, GO, and PW12/MOF/GO additive), on the
electrochemical activity of the modied surface. The modied
GCE, which is prepared in the presence of PW12/MOF/GO
additive (curve e), shows a more faradaic peak current (ip,
peak I) to other cases (curves a, b, c, and d). This phenomenon
proves that PW12/MOF/GO additive, due to the synergistic
effects of these blocks, and its microstructure can improve the
electrochemical activity of PW12/MOF/P@ERGO/GCE.

3.3.2. Effect of electrolyte additive concentration. An
optimum concentration of PW12/MOF/GO additive was deter-
mined by electrochemical measurements in a wide range of
additive concentrations (between 0.01 and 0.20% w/v) in 0.01 M
H3PO4 aqueous solution. As displayed in Fig. 7B, the maximum
peak I current of the modied electrode appeared in the presence
of 0.10% w/v PW12/MOF/GO additive (curve d). The current of
peak I increased with PW12/MOF/GO concentration up to 0.10%
w/v and then decreased. This behavior depends on the viscosity of
the additive. The viscosity is an essential parameter, which
directly inuences the ions diffusion. High viscosity leads to the
aggregate of PW12/MOF/GO and, causes its poor performance.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.3.3. Effect of the electrodeposition time. The electrode-
position time is a crucial variable to be worth discussing. The
effect electrodeposition time of 0.10% w/v PW12/MOF/GO
additive on the peak I current of PW12/MOF/GO/GCE was per-
formed from 30 s to 120 s at �1.5 V (vs. Ag/AgCl). To determine
the optimum electrodeposition time, the CV curves of PW12/
MOF/P@ERGO in the presence of PW12/MOF/GO additive
(0.10% w/v) at different times were recorded. As shown in
Fig. 7C, the modied GCE at 60 s have the most prominent peak
I current than 30 s, 45 s, and 120 s, illustrating that it has a more
electrochemical active area.

Therefore, prepared PW12/MOF/GO/GCE in the presence of
0.10% w/v PW12/MOF/GO additive at 60 s was set as modied
GCE, and it chosen to continue the subsequent electrochemical
tests. Such excellent performance of the modied GCE at 60 s
can be for the following reason. With increasing deposition
time up to 60 s, the thickness of the P@ERGO structure is
raising, which leads to better electrochemical performance.
However, a longer electrodeposition time of 120 s gave a PW12/
MOF/P@ERGO/GCE lm with a thicker layer, which serves as
a barrier layer and imparts resistance to the electron transfer.
3.4. Electrochemical studies of [Fe(CN)6]
3�/4� on the PW12/

MOF/P@ERGO/GCE

The electron transfer characteristics of the bare and the modi-
ed GCEs were appraised using voltammetric responses of
RSC Adv., 2022, 12, 9210–9222 | 9217
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Fig. 8 CVs obtained in the presence of [Fe(CN)6]
3�/4� (0.5 mM) redox

probe, in PBS solution (10.0 mM, pH 3) containing KCl (0.1 M) as
supporting electrolyte, (A) on the bare GCE (a), MOF/GCE (b), PW12/
GCE (c), PW12/MOF/GCE (d), P@ERGO/GCE (e), and PW12/MOF/
P@ERGO/GCE (f); Scan rate: 50 mV s�1. (B) On the PW12/MOF/
P@ERGO/GCE in PBS solution (10.0 mM) at different pHs; scan rate:
50 mV s�1.

Table 2 Electrochemical parameters extracted from CVs on the bare
and modified GCEs in the presence of [Fe(CN)6]

3�/4� (0.5 mM) in PBS
(10.0 mM, pH 3) containing KCl (0.1 M) as supporting electrolyte
(Fig. 8A)

Electrode DE/mV � SDa ipc/mA � SDa ipa/mA� SDa

Bare GCE 92.9 � 1.2 1.68 � 0.18 1.52 � 0.13
MOF/GCE 80.0 � 1.1 0.98 � 0.06 0.99 � 0.08
PW12/GCE 107.0 � 2.1 1.43 � 0.17 1.73 � 0.14
PW12/MOF/GCE 80.0 � 0.9 2.12 � 0.15 2.47 � 0.12
P@ERGO/GCE 115.8 � 1.1 1.53 � 0.19 1.55 � 0.17
PW12/MOF/P@ERGO/GCE 79.0 � 1.2 2.12 � 0.11 2.27 � 0.12

a SD: standard deviation (from 3 data point).
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[Fe(CN)6]
3�/4� redox probe. The thickness and electronic

structure of the modier affects the electron transfer kinetic of
[Fe(CN)6]

3�/4� at the surface of the modied GCEs.85 The bare
GCE displays a redox couple separated by 92.9 mV with ipc 1.68
mA in [Fe(CN)6]

3�/4� (0.5 mM) in PBS (10 mM, pH 3) containing
KCl (0.1 M) (Fig. 8A, curve a). The immobilization of MOF, PW12,
and P@ERGO on the GCE leads to decrease in faradaic peak
currents (ip) (Fig. 8A, curve b, c, and e). These modiers serve
a kinetic barrier to charge transfer between [Fe(CN)6]

3�/4� and
GCE surface, and decrease ip. Moreover, PW12/GCE, and
P@ERGO/GCE also shows a signicant increase in DEp (Fig. 8A,
curve c, e). The PW12, and P@ERGO modiers with negatively
charges due to electrostatic repulsion with [Fe(CN)6]

3�/4�

increase the DEp. However, a lesser DEp accompanied by an
increasing of ip was established for the PW12/MOF/GCE, and
PW12/MOF/P@ERGO/GCE (Fig. 8A, curves d, f). It conrms that
the synergistic effect of blocks can enhance the electron transfer
kinetic at the GCE surface. The obtained quantitative informa-
tion is given in Table 2.
9218 | RSC Adv., 2022, 12, 9210–9222
Electrochemical studies showed that variation of the elec-
trolyte pH effects on the electrochemical properties of PW12/
MOF/P@ERGO/GCE. Fig. 8B presents CVs of this modied
electrode in [Fe(CN)6]

3�/4� (0.5 mM) at various pHs (pH 3 to pH
9). As shown, the DEp increases and the ips decrease by
increasing pH. However, almost no peak could be observed at
pHs higher than 6. Indeed, with increasing pH, the concentra-
tion of OH� increases. Therefore, the positively charged surface
of the modied electrode is gradually neutralized. Thus, the
electrostatic attraction between the surface of PW12/MOF/
P@ERGO/GCE and redox probe decreases and eventually
disappears.

The electroactive surface area of the bare GCE, and PW12/
MOF/P@ERGO/GCE was estimated by CV measurements in
[Fe(CN)6]

3�/4� (0.5 mM) containing KCl (0.1 M) at different scan
rates (Fig. 9A and C, respectively). The electroactive surface area
was calculated by using following Randles Sevcik equation (eqn
(1)).86

ip ¼ 2.69 � 105n3/2AD0
1/2n1/2Cp1 (1)

where ip represents the anodic or cathodic peak current, n is the
number of electrons transferred, A stands for the area of the
electroactive surface (cm2), D0 denotes the diffusion co-efficient
of [Fe(CN)6]

3�/4� (7.6 � 10�6 cm2 s�1), n symbolize the scan rate
(V s�1), and Cp represents the concentration of the probe solu-
tion (M). The electroactive surface area of PW12/MOF/P@ERGO/
GCE is calculated to be 6.032 cm2, according to the calibration
equation of ip ¼ 2.239n1/2 � 11.695 (R2 ¼ 0.974) presented in
Fig. 9D which is about 8.5 times larger than the bare electrode
electroactive surface area (0.704 cm2) with calibration equation
of ip ¼ 0.2615n1/2 + 0.218 (R2 ¼ 0.9974) (Fig. 9B). Indeed, the
high electroactive surface area of the PW12/MOF/P@ERGO/GCE
enhanced its electrochemical activity, which was shown in the
previous parts.
3.5. Stability, repeatability, and reproducibility

Attaining a highly stable sensor is one of the main aims of
analytical electrochemistry. The POM-based modied elec-
trodes are usually stable in acidic aqueous solutions. The
stability of the PW12/MOF/P@ERGO/GCE was estimated by
chronoamperometry (I-t) measurement at the xed potential of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 CVs obtained in the presence of [Fe(CN)6]
3�/4� (0.5mM) redox probe, in PBS solution (10.0mM, pH 3) containing KCl (0.1 M) as supporting

electrolyte, (A) on the bare GCE at different scan rates from 10 to 300mV s�1, (B) variations of the absolute value of cathodic peak currents on the
bare GCE with square root of scan rates, (C) On the PW12/MOF/P@ERGO/GCE at different scan rates from 40 to 150mV s�1, and (D) variations of
the absolute value of cathodic peak currents on the PW12/MOF/P@ERGO/GCE with square root of scan rates.

Fig. 10 (A) Stability investigation of PW12/MOF/P@ERGO/GCE by chronoamperometry (I–t) measurement at the fixed potential of �0.175 V in
0.5 M H2SO4, (B) long-term stability of PW12/MOF/P@ERGO/GCE in 0.5 M H2SO4 during a period of 30 days, (C) repeatability test of PW12/MOF/
P@ERGO/GCE in 0.5 M H2SO4, scan rate 50 mV s�1, inset shows histogram of the peak I current of each measurement, and (D) reproducibility
test of PW12/MOF/P@ERGO/GCE in 0.5 M H2SO4, scan rate 50 mV s�1, inset shows histogram of the peak I current of each modified GCE.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 9210–9222 | 9219
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�0.175 V in 0.5 M H2SO4 solution. As seen in Fig. 10A, the
performance of PW12/MOF/P@ERGO/GCE is very stable up to 4
hours of measurement.

The long-term stability of the modied electrode was also
investigated. For this purpose, peak I current of the PW12/MOF/
P@ERGO/GCE stored at ambient conditions over a month was
recorded (Fig. 10B).

The results displayed that peak I current of the modied
electrode remained at 99.97% of its primary current aer 7 days,
99.92% aer 14 days, 99.79% aer 21 days, and 99.72% aer
a month.

The repeatability and reproducibility were also conrmed by
repeatedly test. To certify the repeatability of PW12/MOF/
P@ERGO/GCE, four different CV tests were repeated with one
modied GCE surface (Fig. 10C). The reproducibility was esti-
mated using four same modied electrodes by CV (Fig. 10D).
The results conrmed that the modied electrode has excellent
repeatability and reproducibility with relative standard devia-
tion (RSD) of 2.61% and 4.80%, respectively.

4. Conclusions

In summary, the preparation method of a novel modied GCE
based on POM, MOF, and RGO hybrid nanocomposite (PW12/
MOF/P@ERGO/GCE) under the optimum conditions and its
electrochemical properties has been investigated, comprehen-
sively. The simplicity of preparation, high stability, good
repeatability, and reproducibility are the features of the modi-
ed electrode. The modied GCE revealed a specic reduction
peak that could be attributed to the HER processes. The PW12/
MOF/P@ERGO/GCE show a high electroactive surface area of
6.032 cm2 resulting from the synergistic effect of PW12, MOF,
and P@ERGO, and the porous structure of the hybrid modier.
Furthermore, electrochemical measurements proved that
different factors such as type and concentration of the electro-
lyte additive, and electrodeposition time affect the electro-
chemical activity of the modied GCE.
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