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al graphene networks and RGO-
based counter electrode for DSSCs

Bo Tang, a Haogang Yu,a Weiqiu Huang, *a Yunfei Sun, b Xufei Li,a Sen Lia

and Tingting Maa

Graphene is considered to be a potential replacement for the traditional Pt counter electrode (CE) in dye-

sensitized solar cells (DSSCs). Besides a high electron transport ability, a close contact between the CE and

electrolyte is crucial to its outstanding catalytic activity for the I3
�/I redox reaction. In this study, reduced

graphene oxide (RGO) and three-dimensional graphene networks (3DGNs) were used to fabricate the

CE, and the graphene-based CE endowed the resulting DSSC with excellent photovoltaic performance

features. The high quality and continuous structure of the 3DGNs provided a channel amenable to fast

transport of electrons, while the RGO afforded a close contact at the interface between the graphene

basal plane and electrolyte. The obtained energy conversion efficiency (h) was closely related to the

mass fraction and reduction degree of the RGO that was used. Corresponding optimization yielded, for

the DSSCs based on the 3DGN–RGO CE, a value of h as high as 9.79%, comparable to that of the device

using a Pt CE and hence implying promising prospects for the as-prepared CE.
Introduction

Dye-sensitized solar cells (DSSCs) based on various carbon
materials have attracted increasing attention because of their
high performance measures.1–10 Wu et al. used VC-embedded
mesoporous carbon to replace Pt in the counter electrode
(CE), and the resulting energy conversion efficiency (h) was
comparable to that of the Pt-based device.7 Chen et al. reported
novel CEs based on NixPy/CNTs, N and P co-modied CNTs, and
Fe1�xS/Fe3C-encapsulated N-CNTs; they revealed that both the
optimized defects of the CNTs and proper active phases (Ni2P
and Fe1�xS) served as the catalytically active sites to boost the
I3
�/I redox reaction.8–10 Graphene, due to its displaying the

fastest electron mobility (200 000 cm2 V�1 S�1 for a single-layer
sample in theory) of all the carbon allotropes, is considered to
be a potential candidate to further enhance the performances of
CEs. On the one hand, graphene has been anticipated to act in
the photoanode as a channel that can rapidly transport photo-
induced electrons from dye molecules to the conductive
substrate (indium tin oxide, ITO), and this material is consid-
ered able to enhance the adsorbability for the dyes and to
endow the resulting devices with a high incident photon-to-
current conversion efficiency (IPCE).1–5 On the other hand,
some attempts have been made to replace the Pt counter elec-
trode (CE) with graphene because of its high stability and
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outstanding catalysis of the I3
�/I redox reaction in the electro-

lyte.6 Chen et al. prepared a CE based on reduced graphene
oxide (RGO) by applying an in situ photoelectrochemical
reduction method; they found that the h of the resulting DSSCs
was closely related to the degree of reduction of the RGO that
was used, and this relationship provided a path to improving
the corresponding photovoltaic performances.11 Ma et al. re-
ported a graphene/SWCNT-based CE, and the value of h

resulting from this modication increased from 7.56% to
8.31%.8 Furthermore, they optimized the structure of the CE to
further improve the h to 8.7%, indicating a potential to replace
the Pt electrode.12

Although some progress has been achieved for DSSCs based
on graphene CEs, their reported h values are still lower than
those for DSSCs based on Pt CEs.1–3,5,13 Two explanations for this
relatively poor performance may be put forward. First, the high
defect density and discontinuous structure of the widely
employed RGO lead to an extra loss of photocurrent, and at the
same time the relatively low conductivity induces a low ll factor
(FF). In order to avoid the negative inuence from the discon-
tinuous structure of the graphene basal plane in the RGO, Jang's
group fabricated a CE based on a p-doped three-dimensional
graphene nanonetwork (3DRGO), and the resulting electro-
catalytic activity was reported to be comparable to that of a Pt
electrode.14 Recently, our group employed three-dimensional
graphene networks with low defect density levels and
a natural continuous structure (3DGNs, prepared by using the
chemical vapor deposition (CVD) method to provide a network
amenable to fast transport of electrons) to prepare the CE, and
the obtained high performance conrmed the above-mentioned
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM images of the (a and b) RGO- (c) 3DGN- and (d) RGO–
3DGN-based CEs. The insets display TEM images of the RGO–3DGNs
and low-magnification views, and the positions of the high-magnifi-
cation images are marked in red circles.

Fig. 2 XRD patterns of the Ni substrate, RGO, 3DGN, 3DGN-modified
CEs, and 3DGN–RGO-co-modified CE.
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point of view,15 which is in line with the report from Yang et al.16

However, the obtained photovoltaic performance was still far
poorer than that predicted. The electrocatalytic activity of gra-
phene towards the I3

�/I redox reaction is well known to be
determined by the number of available sites, which arise from
the defects of the graphene basal plane.17 Therefore, the
absence of good wettability (which promotes close contacts at
the interface) of the graphene basal plane in the electrolyte has
been put forward as the second explanation for the relatively
poor performance. In the recent review from the Chen group,
pivotal factors determining the catalytic performance of various
carbon materials were shown,18 with these factors including
interfacial resistance between the conductive substrate and CE,
transport abilities of the electrolyte ions, electrons and charges,
the I3

�/I redox potential, density of electron trap states, and rate
of recombination of photo-induced electrons. Due to the
absence of surface functional groups, the catalytic activity of the
3DGNs for the I3

�/I redox reaction is degraded.
Therefore, how to utilize the advantages of the 3DGNs and

RGO at the same time deserves further study. Most recently, we
prepared a photoanode co-modied with 3DGNs and RGO for
use in DSSCs, and the FF and hmarkedly improved as a result of
this modication, implying the feasibility of achieving syner-
gistic effects of 3DGNs and RGO.4,5 However, there have been
hardly any studies of using them to fabricate a CE. In the
current study, a series of CEs co-modied with 3DGNs and RGO
were prepared and used for fabricating DSSCs, and the corre-
sponding photovoltaic performances were evaluated and
compared to that when using a Pt CE. The electrocatalytic
activity of the resulting CE was measured from cyclic voltam-
metry curves, J–V proles and Tafel spectroscopy results. Aer
optimization, a value of h as high as 9.79% was achieved for the
resulting DSSCs, comparable to that obtained when using a Pt
CE.

Results and discussion

SEM images of various CEs are shown in Fig. 1. The morphology
of the RGO-coated Ni substrate prepared using the LBL
assembly method is shown in Fig. 1a, and RGO sheets were
observed on the surface. The high-magnication image corre-
sponding to the red circle in Fig. 1a is displayed in Fig. 1b. The
morphology of the 3DGN-coated Ni electrode is shown in
Fig. 1c, and the 3DGN lm was identied as the corrupted part
at the grain boundary of the Ni substrate due to their different
thermal expansion coefficients. The Ni served as the electron
collector, while the 3DGNs was expected to provide a perfect
highway for electron transport, which was shown to be the case
in our previous reports.19,20 The appearance of the RGO–3DGN-
based electrode was similar to that of the 3DGN CE, but also
showed some extra tablet-shaped objects on the surface
(Fig. 1d), which were the loaded RGO nanosheets. The specic
elds of these images are marked by the red circles in their
insets (Fig. 1c and d). The TEM image acquired of the mixture of
RGO and 3DGNs (with Ni substrate removed using hydrochloric
acid) is shown in the inset of Fig. 1b. Here, the RGO was
observed to be loaded on the surface of the 3DGNs, in line with
This journal is © The Royal Society of Chemistry 2019
the SEM images. XRD curves of the pristine Ni substrate, RGO,
3DGNs the resulting CEs are shown in Fig. 2. Diffraction peaks
belonging to the (111), (200) and (220) crystal planes of the Ni
substrate were observed at 44.5�, 51.6� and 76.3� (JCPDS card:
04-0850), while the signals characteristic of the (002) and (010)
crystal planes of the graphene specimens were seen at 26.6� and
44.5� from the 3DGNs (JCPDS card: 41-1487),21 indicating good
long-range order of the sample. On the contrary, no (010)
diffraction peak of the employed RGO was observed, demon-
strating its relatively high defect density and poor continuity
due to the harsh conditions of the oxidation–reduction
processes. As for the graphene-modied CEs, the signals
derived from the 3DGNs and RGO were quite a bit weaker than
RSC Adv., 2019, 9, 15678–15685 | 15679
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that of the Ni substrate, attributed to their low mass fractions,
in line with the previous report.22

J–V curves of the DSSCs based on these as-prepared CEs are
displayed in Fig. 3a. Inspection of these data revealed, for the
device using the RGO–3DGN-based CE, a short-circuit current
(Jsc) of 20.6 mA cm�2, comparable to that from using a Pt CE and
�8% higher than those of other graphene-based devices. The
open-circuit voltage (Voc) values of all the devices, however, were
all similar (�700 mV). Yet the ll factor (FF) of the DSSCs
including the RGO–3DGN CE was also �10% higher than those
of the other graphene-modied devices (Table 1), indicating the
lower resistance resulting from using the RGO–3DGN CE.
Considering the otherwise identical conditions (same photo-
anode, electrolyte and adsorbability for dye molecules), the
above-mentioned disparities must have resulted from the
different CEs tested. The IPCE curves of the various CE-based
devices, shown in the inset of Fig. 3a, were found to be
similar, conrming the identical performances of the used
photoanodes.15 Raman curves of these CEs were recorded
(Fig. 3b) to obtain information on the microstructures of the
graphene samples used. Only a broad swell was observed for the
Ni substrate, with this result due to its Raman-inactive nature.
Therefore, the Raman curves of the as-prepared CEs were
similar to those of the original graphene samples. The inte-
grated intensities of the three ngerprint signals, namely the G,
D and 2D peaks, were closely related to the morphology and
quality of the used RGO and 3DGNs. Specically, the intensity of
the G band was closely related to the thickness of the sample,
while the intensity of the D band was highly dependent on its
defect density.29 The average size (nm) of the graphene sample
can be determined from the integrated intensity ratio IG/ID
according to the equation30,31

La ¼ 43:5� IG

ID
(1)

Defect density can be roughly dened as (1/La)
2 in cm�2.30–32

The results we calculated were based on the IG/ID ratios from
various proles, and are listed in the Table 2. For the 3DGNs,
the D peak almost disappeared, indicative of low defect density
and good continuity, which would favor the formations of
channels enabling fast transport of electrons. But this tendency
was apparently counteracted by the poor levels of interface
Fig. 3 (a) J–V curves of DSSCs made using various CEs. The IPCE
curves are shown in the inset. (b) Raman curves of the RGO, 3DGNs
and the as-prepared CE.

15680 | RSC Adv., 2019, 9, 15678–15685
contacts between the graphene basal plane and electrolyte,
leading to a photovoltaic performance similar to that resulting
from using the RGO CE (Fig. 3).

The surface functional groups of the RGO have been indi-
cated to act as a bridge to create a close contact between the
graphene basal plane and electrolyte, although these functional
groups have also been shown to degrade the intrinsic electrical
properties of graphene.5,14,15 Recently, our group found that the
surface defects of the 3DGNs can play a similar role and endow
the material with a wettability at its interface better than those
of other materials such as 3DGNs–TiO2 photocatalysts and
3DGNs–epoxy resin composite thermal interface mate-
rials.19,33,34 However, a complex process is needed to control the
defect density of the resulting 3DGNs.29 In contrast, the degree
of reduction and types of functional groups on the RGO surface
are easy to control, e.g., by adjusting the progressions of the
oxidation and reduction. Naturally, realizing the functions of
the 3DGNs and RGO at the same time in a well-designed CE
would be meaningful. In other words, the presence of the RGO
was anticipated to improve the electron transport ability at the
interface between the graphene basal plane and electrolyte,
while the 3DGNs were shown to act as an electron highway
promoting the I3

�/I redox reaction. The mechanism probably
involved the functional groups of the RGO and defects of the
3DGNs acting as the active sites to adsorb the iodide ions and
promote the triiodide reduction reaction because of the lowered
adsorption energy and the reduced redox potential barrier.
Meanwhile, the continuous construct of the 3DGNs formed
a highway for fast electron transport and provided abundant
electrons to promote the I3

�/I redox reaction through the close
contact at the interface area with the functional groups of the
RGO. Moreover, the good interface condition between the Ni
and 3DGNs was also advantageous for the electron trans-
port.35,36 As expected, the combination of the RGO and 3DGNs
brought about a remarkable enhancement of the performance
of the resulting DSSCs (Table 1, a h as high as 9.42% was ach-
ieved), implying the achieved synergy of the 3DGNs and RGO.

Cyclic voltammetry is widely used to analyze the electro-
catalytic activities of CEs.37–39 As shown in Fig. 4, two pairs of
redox signals were observed for both the Pt- and the 3DGN–
RGO-based CEs. The two peaks located at relatively negative
potentials (described as Red1 and Ox1) were assigned to the
reduction of I3

�, while the more positive peaks were generated
by the oxidation of the I2. Considering that the main function of
the CE was to reduce the I3

� to I�, the values of the Red1 and Ox1

promoted the electrocatalytic performance of the CE. Cathodic
current density (Jred1) and peak-to-peak potential separation
(Epp, potential difference between the Red1 and Ox1) have been
shown to be the determinants of the resulting electrocatalytic
behaviors of various CEs. A higher Jred1 demonstrates a faster
reduction, while a lower Epp indicates a better reversibility of the
redox reaction (which inversely correlates with the electro-
chemical rate constant). Based on the resulting proles, the Epp
value of the 3DGN–RGO-based CE was slightly less than that of
the Pt CE, while the Jred1 of the 3DGN–RGO-based CE was
greater than that of the Pt CE, manifesting the high electro-
catalytic activity and fast redox kinetics of the former (specic
This journal is © The Royal Society of Chemistry 2019
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Table 1 Photovoltaic performances of the DSSCs made using various CEs. The performances of previously reported DSSCs based on graphene
CE are listed for comparison. All of the measurements were recorded under AM-1.5G one sun and the active areas are ca. 0.15 cm2 for all of the
cells

Parameters Jsc (mA cm�2) Voc (mV) FF (%) h (%)

Pt 20.5 � 0.1 704 � 2 66.3 � 0.2 9.56 � 0.11
RGO 18.8 � 0.2 699 � 2 59.2 � 0.2 7.78 � 0.23
3DGNs 19.4 � 0.1 706 � 3 58.9 � 0.2 8.06 � 0.12
RGO–3DGNs 20.6 � 01 701 � 2 65.2 � 0.2 9.42 � 0.10
Optimized RGO–3DGNs 21.0 � 0.2 705 � 2 66.1 � 0.2 9.79 � 0.11
Graphene nanoplatelets17 17.20 683 57.0 6.72
Functionalised
graphene23

13.16 640 60.0 5.00

Ru–GO24 16.13 770 67.0 8.30
CoS2–RGO

25 16.35 700 67.0 7.70
PVP–RGO26 14.80 860 70.0 8.90
Co3O4–RGO

27 15.70 760 67.7 8.10
NiCo2S4–RGO

28 16.40 750 66.1 8.10

Table 2 Calculated defect densities of the used graphene samples

Samples

Parameters

ID/IG
Defect density
(cm�2)

RGO 0.335 5.93 � 109

3DGNs 0.05 1.32 � 108

Fig. 4 Cyclic voltammetry curves of various devices.
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values are listed in the Table 3). The lower Epp was induced by
the sufficient available sites for the redox reaction from the
defects and functional groups of the RGO,40 while the high Jred1
Table 3 The data abstracted from the CV and EIS curves

CEs Jred1 (mA cm�1) Epp (mV) Rs (U cm2) RCt (U cm2)

Pt �0.774 357.5 18.71 9.44
RGO–3DGNs–Ni �1.112 320.8 18.90 9.61

This journal is © The Royal Society of Chemistry 2019
resulted from the ability of the 3DGNs to rapidly collect and
transport electrons. Therefore, the synergy between the 3DGNs
and RGO achieved the improved electrocatalytic performances.
Furthermore, the relationship between the scan rate, peak
current density and diffusion of iodide ions can be calculated
based on the Randles–Sevcik equation41

ip ¼ 0:446nFAC

ffiffiffiffiffiffiffiffiffiffiffiffi
nFDn

RT

r
(2)

In this equation, A, C, n, D, F, T and n represent electrode area
(cm�2), I3 concentration (mol cm�2), number of electrons,
diffusion coefficient (cm2 s�1), Faraday constant, temperature
and scan rate (V s�1), respectively. The comparable peak
currents of the 3DGN–RGO CE and Pt CE indicated their similar
diffusion coefficients, conrming the good catalytic activity of
the 3DGNs–RGO CE for reducing the I3

� species. Therefore, the
combination of the 3DGNs and RGO in the CE not only boosted
the electron transport at the interface area, but also promoted
the transport of iodide ions. Moreover, the stability perfor-
mances of the RGO–3DGNs–Ni CE with scan rates of 50 mV s�1

and 100 mV s�1 were recorded. Constant peak current densities
were observed aer 50 cycles, and the specic values are listed
in the Table 4. The degradations of the Jred1, Jox1, Jred2 and Jox2
were less than 7%, conrming the high stability of the RGO–
3DGN–Ni-based CE in the iodide-based electrolyte system.

In order to conrm this point, the EIS proles of various CE-
assisted devices were recorded. Two semicircles located at high-
frequency and middle-frequency regions were observed in all of
the curves (Fig. 5). Similar intensities and diameters of the
semicircles in the middle-frequency area indicated that the
charge transfer impedance in the photoanode was almost the
same, attributed to the identical RGO–TiO2 photoanode having
been used.34 In contrast, marked differences were observed for
the corresponding signals in the high-frequency area, indi-
cating the signicant differences in the charge transport
impedance at the CE–electrolyte interface. The EIS results
conrmed that the RGO and 3DGNs acted synergistically in the
CE, and the electron impedances of the 3DGN–RGO CE and Pt
RSC Adv., 2019, 9, 15678–15685 | 15681
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Table 4 The stability of the RGO–3DGN–Ni CE with 50 mV s�1 and 100 mV s�1 scan rates

Scan rates (mV s�1)

Parameters

Jred1 (mA cm�1) Jox1 (mA cm�1) Jred2 (mA cm�1) Jox2 (mA cm�1)

50 (rst time) �1.112 1.59 �0.148 2.44
50 (50 cycles) �1.045 1.49 �0.139 2.29
100 (rst time) �1.118 1.60 �0.151 2.44
100 (50 cycles) �1.056 1.49 �0.140 2.27

Fig. 5 EIS profiles of various devices. The equivalent circuit model is
displayed as an inset.

Fig. 6 XPS curves of the (a) original GO and (b) well-designed RGO
samples.
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CE were comparable. The equivalent circuit model is displayed
in the inset of Fig. 5, and the specic values of the Rs and RCt

from the Pt- and RGO–3DGN–Ni-based devices are listed in
Table 3. Therein, the Rs was induced by the conductive substrate
and CE, while the resistances RCE and CPECE were generated by
impedance at the photoanode–electrolyte interface. In general,
resistance RCt in parallel with the capacitance Cm is associated
with the impedance at the interface between the CE and elec-
trolyte (with RCt representing the charge-transfer resistance and
Cm the chemical capacitance at the interface), and the Warburg
diffusion impedance (WD) is related to the ion diffusion of the
electrolyte in DSSCs. The RCt values of the devices based on the
RGO–3DGN CE and Pt CE were derived from the equivalent
circuit model and found to be comparable, with values,
respectively, of 9.61 U and 9.44 U, indicative of good levels of
contact between the RGO–3DGN CE and electrolyte.

The relative amount of the RGO included was optimized to
further enhance the performance of the resulting CE. The
photovoltaic performance improved as the amount of RGO was
increased up to about 6%, but then remained about the same
with further increases in the amount of RGO. These results were
easily explained by a low relative amount of the RGO not having
been able to provide sufficient linkers to connect the graphene
basal plane and electrolyte, and excess RGO not having further
increased the level of interface contact due to the scale of the
interface eld having been limited and the total photocurrent
having been restricted by the intensity of the illumination. The
15682 | RSC Adv., 2019, 9, 15678–15685
wettability levels of the graphene basal plane and other mate-
rials (including inorganic and organic matters) have, according
to our recent study, been shown to be also determined by the
types of the surface functional groups of the RGO.19,33,34 By
adjusting the oxidation and reduction processes, control of the
identities and total amounts of surface functional groups can be
achieved (as described in relatively high detail in our previous
report).42 Aer optimizing the mass fraction (6%) and reduction
degree (Celement/Cfunctional ¼ 2.1 : 1,
Celement : Chydroxyl : Cepoxy : Ccarboxyl ¼ 68 : 22 : 2 : 8) of the
employed RGO, a h as high as 9.79% was obtained, comparable
with 9.56% value for the device using a Pt electrode and higher
than the values previously reported for DSSCs based on gra-
phene CE (the specic photovoltaic performance measures are
listed in Table 1 for comparison).23–28,43,44 The detailed C1s XPS
curves of the original graphene oxide (GO) and resulting RGO
specimens are shown in Fig. 6. The signals located at 284.7 and
288.7 eV were attributed to the sp2-bonded carbon atoms and
carbon atoms from the HC–C]O, respectively.45 And the two
weaker signals at 287.4 eV and 285.9 eV were ascribed to the
C]O and C–OH.42 According to the integral intensities of these
peaks, the relative amount of elemental carbon increased from
42% for the GO to 68% for the optimized RGO (and the relative
amounts of the carbon atoms from various chemical states were
abstracted). The sample with a high relative quantity of hydroxyl
groups displayed a better performance, implying that this
functional group improved the interface contact level between
the graphene basal plane and electrolyte, and promoted the I3

�/
I� redox reaction. Even with all of the above-described
advances, there remains a large upside potential for the
3DGN–RGO-based CE because its performance was still limited
in the current study by the added adhesive, and thus further
optimizations in this regard are underway.
This journal is © The Royal Society of Chemistry 2019
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In order to further evaluate the charge transfer performances
of the 3DGN–RGO-based CE at the interface with the I3

�/I�

redox couple, a Tafel polarization curve was recorded with
a symmetric cell conguration, and the corresponding prole of
the Pt CE was also recorded for comparison (Fig. 7a). In the
Tafel eld (at medium overpotential with a sharp slope), the
exchange current density was derived from the intersection of
the cathodic branch when the over-potential was zero. J0 is in
general closely related to RCE, and the specic relationship is
expressed by the equation46

J0 ¼ RT

nFRCE

(3)

where J0, R, T, F, n and RCE represent the exchange current
density, molar gas constant, absolute temperature, Faraday
constant, number of electrons, and charge-transfer resistance,
respectively. J0 of the 3DGN–RGO-based CE was in this way
calculated to be slightly higher than that of the Pt CE, indicating
the lower RCE (which was to a good extent in line with the EIS
results) and conrming the good electrocatalytic activity of
3DGN–RGO-based CE, comparable to that of the Pt CE.

The long-term stability of the 3DGN–RGO CE-based DSSC
was tested, and Fig. 7b shows the changes of the efficiency over
the course of 30 days. Aer a month, the efficiency of this DSSC
retained 97.2% of its initial value, a bit better than the 96.1% of
the initial value retained by the DSSC using a Pt CE, and indi-
cating the high stability of the 3DGN–RGO-based CE in the
electrolyte.

Experimental
Materials

Chloroplatinic acid, hydrochloric acid, indoline, protonic pol-
yethyleneimine (PEI) aqueous solution, iodine and potassium
iodide were obtained commercially from Aladdin Co. Natural
graphite power, phosphorus pentoxide, hydrogen peroxide,
polytetrauoroethylene (adhesive), sodium dodecyl sulfate
(SDS) and sulfuric acid were purchased from a Shanghai
chemical reagent plant. Deionized water was used to prepare all
aqueous solutions.

Preparation

The preparation of the 3DGNs and RGO has been reported in
our previous reports.33,47,48 The RGO- and 3DGN-based CEs were
Fig. 7 (a) Tafel profiles of the DSSC based on the RGO–3DGN CE and
that based on the Pt CE. (b) Stability of the RGO–3DGN-CE-based
DSSCs.

This journal is © The Royal Society of Chemistry 2019
fabricated as follows. For RGO CE, the Ni substrate was
immersed alternately into an aqueous solution of PEI (10 min)
and an RGO solution (15 min), and these two steps were
repeated 100 times to prepare the RGO electrode. (The PEI was
then removed from the electrode by irradiating it with UV light
for 6 h.) The 3DGN CE was prepared using the CVD method,
with foam Ni used as the template.22 As for the RGO–3DGN CE,
specied quantities of RGO sheets (with mass fractions ranging
from 1–10 wt%) were each loaded using an adhesive onto the
surface of a 3DGN CE (with mass fraction of the 3DGN set at
4 wt% by controlling the CVD reaction time). The photoanode
was prepared as follows. RGO (2 wt%) was manually stirred
together with a TiO2 solution, and then the resulting mixture
was combined with ethanol under an ultrasonic processing (30
min). Aerward, the obtained paste was moved to a conductive
glass by applying a doctor-blade approach. The thicknesses of
the resulting CEs and photoanodes were 40 mm and 15 mm. The
preparation of the resulting DSSCs have been described in the
previous reports.4,5,47 Briey, the prepared photoanodes were
immersed into 0.5 mmol of an indoline dye solution with a 1 : 1
(volume) mixture of acetonitrile and butanol and kept in that
state for 30 h. The photoanode and CE were assembled into
sandwich-type cells and xed using a crocodile clip. An elec-
trolyte consisting of an acetonitrile solution, 0.5 mol LiI and
0.05 mol I2 was injected into the space between the electrodes.
In order to conrm the reproducibility of the obtained high
performance levels, each kind of CE was prepared four times,
and the resulting properties of each device were abstracted
based each on the average of three repeats of the measurement.
Characterizations

Morphology images were recorded using a scanning electron
microscope (SEM, FEI Sirion 200 scanning electron micro-
scope). Raman spectra were recorded using a LabRam-1B
Raman microspectrometer at 514.5 nm (Horiba Jobin Yvon,
France). X-ray diffraction (XRD) patterns were acquired using
a Bruker D8 Advance (Cu Ka radiation 0.154 nm). X-ray photo-
electron spectroscopy (XPS) proles were measured on an RBD
upgraded PHI– 5000C ESCA system (PerkinElmer). Photovoltaic
measurements were taken on a CHI 660D electrochemical
analyser (Shanghai CH Instrument Company, China). J–V curves
were recorded using a PGSTAT 30 potentiostat (Netherlands).
The IPCE proles were recorded on a Newport 1918-c power
meter. Cyclic voltammogram, Tafel polarization and electron
impedance spectroscopy data were collected by using an Auto-
lab (PGSTAT302N electrochemical workstation system, Met-
rohm). The cyclic voltammograms were acquired with a regular
three-electrode system where Ag/AgCl and Pt were adopted as
the references, and the scan rates were 50 mV s�1 and 100 mV
s�1.
Conclusions

RGO–3DGN-based CEs were prepared to replace the Pt CE and
to endow the resulting DSSCs with high photovoltaic perfor-
mance. Here, the 3DGNs provided a network amenable to fast
RSC Adv., 2019, 9, 15678–15685 | 15683
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transport of electrons, the RGO acted as a bridge to achieve the
close contact between the graphene basal plane and electrolyte,
and synergy between the 3DGNs and RGO accelerated the I3

�/I�

the redox reaction. The mass fraction of the RGO was found to
be a vital factor inuencing the resulting properties, and the
obtained performances were also highly dependent on the total
amount and types of its surface functional groups. Optimizing
the 3DGN–RGO CE yielded a h as high as 9.79%, comparable to
that using a Pt electrode, and revealing the potential prospects
of the 3DGN–RGO CE in the DSSC eld of study.
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