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A facile synthesis of perforated reduced graphene
oxide for high performance electrochemical
sensors†

Hong Wei,a Dawei Pan, *b,c Su Ma,a Guangheng Gaod and Dazhong Shen *a

Highly active perforated reduced graphene oxide (P-rGO) was

synthesized by a facile methodology based on co-deposition of

graphene oxide with sacrificial Prussian blue. Electrode surface

properties were characterized by SEM and EDS. The GC/P-rGO

electrode exhibited a larger specific surface area than that of GCE.

These findings highlighted that the signal was enhanced for both

dopamine detection and selenium detection by using P-rGO as a

relevant supporting substrate. The result indicated that the large

number of perforated structures formed numerous electrically

conductive channels in the structure, improving the electro-

catalytic properties.

Graphene is a typical two-dimensional carbon network that
has attracted sustained attention in many fields, including
both theoretical electrochemistry and applied electro-
chemistry.1 However, the two-dimensional structure of
graphene restricts the expansion of its surface area. The 3D
perforated graphene nanostructures integrate the intrinsic
properties of pristine graphene with peculiar characteristics
like high thermal conductivity, large specific surface area, and
unique catalytic properties.

Various methods have been used for the preparation of 3D
graphene. Examples include chemical vapor deposition,2

template processing,3 self-assembly,4 and hydrothermal

reduction.5 Template processing is particularly intriguing due
to the ease of operation and relatively low power consumption.
The method could be divided into two categories: hard and
soft templates. Hard templates like nickel foam6 and
aluminum-based template7 require cumbersome steps to
remove the template, which are time-consuming.

By comparison, soft templates are relatively more simple
and convenient. They were firstly reported by Qian et al.,3

who fabricated 3D graphene chitosan composites by freezing
them in liquid nitrogen and studied their electrochemical pro-
perties. Li et al.8 prepared a 3D-rGO film in a liquid phase by
adding GO sheets, ethanol–amine, and copper hydroxide
nano-strands. However, these methods require harsh con-
ditions and post-treatment to deal with the organic solution.
Hence, mild, facile and inexpensive routes are highly desirable
for the fabrication of 3D graphene.

Prussian blue (PB) is easily available9 and can be syn-
thesized by chemical10 or electrochemical deposition.11,12

Predominantly, the electro-synthesis strategies of PB attracted
increasing attention due to easy handling and an efficient
synthesis path. The distinct characteristics of PB and high
susceptibility to alkaline media provide great potential for
practical application in nanomaterial design and template
application.13 To the best of our knowledge, no reports are so
far published on the preparation of three-dimensional
graphene using PB as the template. Herein, a mild route was
employed to synthesize three-dimensional perforated reduced
graphene oxide.

The stepwise assembly process of a P-rGO modified elec-
trode is illustrated in Scheme 1 and the details are described
in the ESI.† Firstly, a GO–PB mixture was electro-polymerized
on the electrode by cyclic voltammetry. Then the electrode
surface was subsequently treated by continuous cleaning with
0.5 M NaOH and 0.1 M H2SO4 solutions for five minutes to
easily remove PB. Fig. 1 illustrates a typical process of the elec-
tropolymerization of the rGO@PB film. In the first cycle, the
peak at −1.3 V was assigned to the irreversible reduction of
GO, which then vanished during the second cycle.14 The
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contact between GO and the electrode surface would induce
an electrochemical reduction to produce insoluble rGO. This
should slightly adhere to the electrode surface.

The mechanism of electrodeposition reactions of PB could
be summarized by two fundamental steps. The redox peak
between 0.6 V–1.0 V was due to low spin Fe(CN)6

3−/4−, while
that from −0.2 V–0.6 V was attributed to low spin Fe3+/2+.15 As
the scanning number increased, all redox peaks gradually grew
and then tended to stabilize, indicating the formation of a PB
film on the substrate surface. These processes are explained by
eqn (1) and (2):16

Fe43þ½FeII CNð Þ6�3 þ 4e� þ 4Kþ ! K4
þFe42þ½FeII CNð Þ6�3 ð1Þ

K4Fe42þ½FeII CNð Þ6�3 þ O2 þ 4Hþ !Fe43þ Fe CNð Þ6
� �

3 þ
2H2O þ 4Kþ ð2Þ

The electro-polymerization data demonstrated that rGO and
PB were effectively combined on the electrode surface.

Scanning electron microscopy (SEM) was employed to
characterize the morphologies of rGO, rGO@PB, and 3D P-rGO
nanomaterials. The SEM images of P-rGO/AuNDs are shown in
the ESI (Fig. S1†). As can be seen, the AuNDs exhibited a nano-
dendritic structure on the electrode. SEM and energy disper-

sive X-ray spectroscopy (EDS) strongly confirmed the successful
electropolymerization of the PB and rGO film, as well as the
complete etching of the PB template (ESI†). Paper models were
utilized to illustrate the SEM response (Scheme 2). The mor-
phologies of rGO with the slight winkled flat sheets were
clearly presented on planar contours (Fig. 2a and b). In Fig. 2c
and d, PB particles were evenly embedded in the interior and
surface of rGO, preventing rGO from aggregation. As shown in

Scheme 1 The schematic illustration of the stepwise assembly
procedure.

Fig. 1 Electropolymerization of the PB and rGO film by continuous
cycling in 30 mM K3Fe(CN)6 + 30 mM FeSO4 + 0.5 mg mL−1 rGO
aqueous solution at a scan rate of 0.2 V s−1. Numerals indicate the
number of cycles and arrows show the trend of peak current shift.

Scheme 2 A paper model was utilized to illustrate the synthesis
process of the slightly wrinkled 2D rGO and the perforated 3D rGO.

Fig. 2 SEM images of GC/rGO (a, b), GC/rGO@PB (c, d) and GC/P-rGO
(e, f ). High magnification (g) and cross-sectional SEM (h) images of
GC/P-rGO.
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Fig. 2e and f, the surface morphology of P-rGO exhibited more
heavily crumpled open structures. After the removal of PB by
alkali and acid treatments, the P-rGO surface became hier-
archical forming layer upon layer of peaks and knolls. The
high magnification and cross-sectional SEM images of GC/
P-rGO are shown in Fig. 2g and h. P-rGO possesses a number
of porous structures with a pore size of 100–200 nm and the
P-rGO film thickness is approximately 1 µm. Different electro-
chemical deposition cycles result in different thicknesses of
the deposited films. The thickness of P-rGO varies with the
number of deposition cycles. Overall, PB played a vital role in
converting 2D sheets into heavily perforated three-dimensional
structures.

To evaluate the electrochemical reactivity of modified elec-
trodes, cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS)17 were carried out in 5 mM K3Fe(CN)6
and K4Fe(CN)6 containing 0.1 M KCl as the supporting electro-
lyte. As shown in Fig. 3A, the presence of P-rGO or rGO could
increase the peak current of the redox probe when compared
to a single bare electrode. The GC/P-rGO electrode exhibited
enhanced response compared to GC/rGO. The result indicated
the advantages of the larger specific surface area and higher
conductivity of GC/P-rGO.

To gain a further insight into the electrode kinetics about
surface change, EIS was used at the different electrodes. As
shown in Fig. 3B, the electron transfer resistance (Ret, equal to
a semicircle diameter of EIS) of GCE, GC/rGO and GC/P-rGO
was calculated to be 143 Ω, 83 Ω and 52 Ω, respectively. The
Nyquist plot of the P-rGO electrode exhibited the lowest Rct
compared to that of GCE, indicating the excellent interface
properties of GC/P-rGO. In general, the proposed synthetic
method was efficient.

The catalytic performances of the P-rGO electrode were
investigated as a support substrate. The linear sweep voltam-
metry (LSV) tests were performed in 0.1 mol L−1 phosphate
buffer solution (pH 7.0) containing different concentrations of
dopamine (DA) and the data are presented in Fig. 4. At a DA
concentration of 1 µmol L−1 (bottom of Fig. 4A), the anodic
peak currents of GC, GC/rGO and GC/P-rGO were recorded as
0.072 µA, 0.34 µA and 1.12 µA, respectively. Hence, the peak
current value of the P-rGO electrode was 3.5-fold higher than

that of rGO and 15.5-fold superior to that of the bare electrode.
At a DA concentration of 10 µmol L−1 (top of Fig. 4A), the
anodic peak current of GC, GC/rGO and GC/P-rGO was esti-
mated to be 0.47 µA, 2.19 µA and 4.62 µA, respectively. Thus,
the peak current value of the P-rGO electrode was 2.1-fold
higher than that of rGO and 10-fold superior to that of the
bare electrode. The presence of P-rGO with the perforated
structure increases the electron transport capability.
Meanwhile, the increased active area of P-rGO collectively pro-
motes the increase of the response current 15 times higher
than that of the bare electrode for dopamine oxidation. In
Fig. 4A, compared with the rGO modified electrode and the
bare electrode, the peak potential of the P-rGO modified elec-
trode was shifted to the negative potential, and the peak shape
was sharper. The result illustrated that the presence of the
P-rGO material makes DA more susceptible to oxidation. The
peak potentials of the calibration graphs of three electrodes
toward successive additions of DA ranging from 0.8 to 15 μM
are shown in Fig. S3.† Compared with other electrodes, the
P-rGO modified electrode revealed higher efficiency and higher
sensitivity. As expected, P-rGO possessed ultrahigh catalytic
performances due to the elevated surface areas of perforated
graphene.

To explore the feasibility of 3D graphene in the conductive
channels of the anchored materials, sensors were assembled and
tested. Sensitive and selective sensors based on P-rGO supported
gold nanodendrites (AuNDs) were specifically prepared according
to the procedure of Segura et al.18 AuNDs/P-rGO/GCE plat-
forms were used to determine Se(IV) by anodic stripping voltam-
metry in 1 mmol L−1 HClO4 according to Fig. 4B and the details
are compiled in the ESI.† In acidic media, the mechanism of
electroactive Se(IV) reduction changed with the potential. The
involved processes are proposed in eqn (3)–(5):19–21

H2SeO3 þ 4Hþ þ 4e� ! Seþ 3H2O ð3Þ

H2SeO3 þ 6Hþ þ 6e� ! H2Seþ 3H2O ð4Þ

2H2SeþH2SeO3 ! 3Seþ 3H2O ð5Þ

The reduction in eqn (3) may take place at positive poten-
tials. At negative potentials, eqn (4) will first occur. H2Se

Fig. 4 A: SWV of bare GCE (dashed curve), GC/rGO (dotted curve) and
GC/P-rGO (solid curve) in 0.1 M PBS (pH 7.0) containing 1 μM DA
(bottom of the figure) or 10 μM DA (top of the figure). B: SWV of bare
GCE (a), GC/rGO (b), GC/rGO/AuNPs (c) and GC/P-rGO/AuNPs (d) in
0.1 M PBS (pH 7.0) containing 100 nM Se(IV).

Fig. 3 A: CVs of bare GCE (a), GCE/rGO (b) and GCE/P-rGO (c) in the
potential range of −0.2 V to 0.6 V. Scan rate: 0.1 V s−1. B: Impedance
spectra (Nyquist plots) of GC/P-rGO (a), GC/rGO (b) and bare GCE (c).
The data are recorded in the presence of 5 mM K3Fe(CN)6 and
K4Fe(CN)6 as a redox label.
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species were not stable in solution and swiftly react with
H2SeO3 to form elemental selenium, according to eqn (5). The
reduction of Se(IV) can be described by the transformation of
Se(IV) into Se(0) though this may utilize different mechanisms
on the electrode surface.

Fig. 4B shows the compared oxidation currents of Se(IV) at
different electrodes. The anodic peak currents of Se(IV) at GC
and GC/rGO looked not obvious. The anodic peak currents of
Se(IV) at GC/P-rGO/AuNDs was recorded as 7.47 µA, which was
7.5-fold higher than that of GC/rGO/AuNDs (0.99 µA). Hence,
the GC/P-rGO/AuNDs electrode was suitable for the determi-
nation of Se(IV) due to its high conductivity and large surface
area. Ultimately, the advantages of P-rGO nanomaterials with
elevated electrochemical activities were verified in terms of
both detection and catalysis.

In summary, a facile route based on one-step co-electro-
deposition of GO and PB mixture and the self-sacrificed of PB,
was employed to fabricate perforated rGO. PB was utilized as
a “clean” template with high efficiency and versatile bright
characteristics. The proposed route should be versatile for the
electrodeposition of various three-dimensional nanomaterials.
The facile synthesis route of the proposed method and its
wide applications would be useful in the electrocatalysis
and electrochemistry of three-dimensional nanomaterial
structures.
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