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ABSTRACT Highly efficient counter electrodes (CEs) for dye-sensitized solar Sontion

cells (DSSCs) were developed using thin films of scalable and high-quality,

nitrogen-doped graphene nanoplatelets (NGnP), which was synthesized by a
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simple two-step reaction sequence. The resultant NGnP was deposited on fluorine-

doped Sn0, (FT0)/glass substrates by using electrospray (e-spray) coating, and
34/2+

their electrocatalytic activities were systematically evaluated for Co(bpy)s
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redox couple in DSSCs with an organic sensitizer. The e-sprayed NGnP thin films

exhibited outstanding performances as CEs for DSSCs. The optimized NGnP electrode showed better electrochemical stability under prolonged cycling
potential, and its R at the interface of the CE/electrolyte decreased down to 1.73 Q2 am?, a value much lower than that of the Pt electrode (3.15 Q cm?).
The DSSC with the optimized NGnP—CE had a higher fill factor (FF, 74.2%) and a cell efficiency (9.05%), whereas those of the DSSC using Pt—CE were only
70.6% and 8.43%, respectively. To the best of our knowledge, the extraordinarily better current—voltage characteristics of the DSSC—NGnP outperforming

the DSSC—Pt for the Co(bpy);>+/>* redox couple (in paticular, FF and short circuit current, J, ) is highlighted for the first time.
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redox couple

ye-sensitized solar cells (DSSCs) are
D well-known as photovoltaic devices

with low-cost, simple fabrication and
high power conversion efficiency (PCE).'
However, the components of conventional
DSSCs should be replaced with cheaper and
eco-friendly materials for practical uses. For
instance, organic dyes and carbon-based
materials as sensitizers and counter elec-
trodes (CEs), respectively, in DSSCs may bring
down manufacturing costs. The CE is one of
the most crucial components regulating the
PCE by catalyzing the reduction of the redox
couples used as mediators to regenerate
the sensitizer after electron injection. Plati-
num (Pt) has been widely employed as the
standard CE in DSSCs due to its high
catalytic reduction for 137, good chemical
stability, and high conductivity. However,
the high cost, rarity of Pt and risk of Pt
corrosion by the redox species have high-
lighted the need for low-cost, easily scalable,
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and more corrosion-stable materials for CEs
in DSSCs.

Recently, intensive efforts have been de-
voted to reduce or replace Pt-based CEs
using carbon-based materials such as car-
bon black,* carbon nanoparticles,® carbon
nanotubes,®” and graphene nanoplatelets® ™ '2
as metal-free electrocatalysts in DSSCs. The
PCE of these materials is still lower than that
of the Pt-based CE because of a higher charge
transfer resistance (R.) of the carbon-based
CEs toward to the I /I3~ electrolyte and a
retardation of the mass transfer of the elec-
trolyte. These persisting problems have been
resolved by N-doped graphene sheets'>~'®
and reduced graphene oxide.'”” ' Regarding
the former case, the introduction of hetero-
atoms (e.g., nitrogen) into these graphene
nanomaterials could further cause electron
modulation to provide desirable electronic
structures for many electrocatalytic processes
of practical significance.?® N-Doped-carbon
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Figure 1. (a) Schematic representation of the synthesis of NGnP via edge-selective functionalization of pristine graphite with
4-aminobenzoic acid and subsequent heat treatment under nitrogen atmosphere at 900 °C; (b) X-ray photoelectron survey
spectra; (c) high-resolution N 1s spectra; (d) FT-IR (pellet) spectra; (e) Raman spectra.

materials can produce local strains in a hexagonal
carbon network, thus leading to structural deforma-
tions, and the additional lone pair electrons of nitrogen
atoms can bring negative charges with respect to the
delocalized 77-system of an sp>-hybridized carbon frame-
work, which can enhance electron-transfer ability and
electrocatalytic activities.?’ ~>* Since defect-free gra-
phene is hardly suitable for the CEs in DSSCs, it is
important for the graphene-based CE to balance elec-
trical conductivity for efficient charge transfers and
high reduction activity for redox couples, simultaneously.
Furthermore, the CE should possess a good chemical
stability and low production cost for practicality.*~2° For
highly efficient DSSCs, Ru dyes and 17 /I3~ redox couple
have been substituded by organic sensitizers and Co-
complexed redox couples in DSSCs. For instance, the
Co(bpy);*™>" redox shuttle in conjunction with an
optimized cosensitization of organic dyes as sensitizers
demonstrated DSSC with a PCE of 12.3%, which is the
current record for this type of device.?’

Very recently, graphene nanoplatelets (GnP) as the
electrocatalyst in Co-bipyridine-mediated DSSCs with
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Y123-sensitized TiO, photoanodes outperformed the
Pt—FTO CE particularly in fill factor (FF) and PCE, but
they exhibit a lower open-circuit voltage (Vo) than
those of the Pt—FTO CE due to the unexpected charge
recombination.'® Here, in order to further improve the
electrocatalytic activity of GhP—FTO CEs, in light of the
promising heteroatom-containing graphene, nitrogen-
doped graphene nanoplatelets (NGnP) were prepared
by a simple two-step reaction sequence and they were,
for the first time, evaluated as CEs in DSSCs using a
Co(bpy)s>™*" redox couple. In addition, we used
O-alkylated-JK-225-organic dye?® as a sensitizer and a
Co(bpy)s>*" redox shuttle exceeding 0.9 V252° of V.
as aredox couple for highly efficient DSSCs. Prior to the
actual NGnP uses as CEs in DSSCs, the electrocatalytic
activities of the NGnP deposited on fluorine-doped
SnO, (FTO)/glass substrates for the Co(bpy);>™>"
redox couple were systematically examined and dis-
cussed with cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), linear scan voltamme-
try (LSV), and chronoamperometry (CA) for the first
time. With the optimized NGnP CE, the highest PCE of
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Figure 2. (a) Schematic representation of an e-spray setup. SEM images at low magnification (x 1000): (b) bare FTO; (c) NGnP6.
Insets are at high magpnification (x 100000). Scale bars are 300 and 1 #m in the insets.

DSSC was 9.05%, whereas that of DSSC using Pt—CE
was 8.43%. More importantly, to our best knowledge,
the extraordinarily better current—voltage character-
istics (including FF) of the DSSC—NGnNP outperforming
the DSSC—Pt for the Co(bpy);*™*" redox couple is
highlighted for the first time.

RESULTS AND DISCUSSION

Figure 1a is a typical synthetic protocol for the
scalable preparation of NGnP by a simple two-step
reaction sequence following the synthetic route on the
basis of our previous works.>*3" In brief, edge-selective
functionalization of pristine graphite was carried out in
poly(phosphoric acid)/phosphorus pentaoxide in the
presence of 4-aminobenzoic acid to yield edge-
aminobenzoyl functionalized graphite (EFG).3° The
resultant EFG was completely worked up by Soxhlet
extractions to minimize unexpected variables. The
EFG powder was then heat-treated at 900 °C for 2 h
under a nitrogen atmosphere to afford NGnP.3'
During the heat treatment, the 4-aminobenzoyl
moieties (4-H,NPhCO—) that were covalently at-
tached to the edges of the EFG could be in situ
feedstocks for “C-welding” and “N-doping” to pro-
duce NGnP.

The structures of EFG and NGnP were confirmed by
X-ray photoelectron spectroscopy (XPS) (Figures 1b
and 1c). The nitrogen content of NGnP was found to
be 2.79 atomic % (Figure 1b) with a pyrrolic/pyridinic
nitrogen ratio of 2/1 (Figure 1c). Unlike graphene oxide
(GO) to reduced GO (rGO),*? FT-IR (Figure 1d) and
Raman spectra (Figure 1e) revealed that the graphitic
structure of NGnP was almost completely restored as
judged by comparison of graphite and NGnP in
terms of similar spectra and Ip/Ig ratios. The results
imply that edge-selectively functionalized graphene
nanoplatelets had minimal damage on their basal
plane. Furthermore, scanning electron microscopic
(SEM) observations (Figure S1) with energy-dispersive
X-ray spectroscopy (EDX, Figure S2) confirmed struc-
tural restoration and the presence of nitrogen,
respectively.

JU ET AL.

The NGnP can be readily dispersible in many com-
mon organic solvents, and thus it could be deposited
on FTO/glass substrates by using an electrostatic spray
(e-spray) technique (Figure 2a), which is a simple and
practical process for easy control and can deposit thin
films on various substrates such as inorganics*> 3> and
CNTs.>® To evaluate the catalytic activities of the NGnP,
six different NGnP thin films on FTO were prepared
by varying the deposition time. The NGnP-loaded
FTO was denoted on the basis of its optical transmit-
tance at 550 nm, Tsso. As presented in Figure S3,
Tss50's of NGNP1 NGnP2, NGnP3, NGnP4, NGnP5, and
NGnP6 are 83, 69, 61, 44, 31, and 24% in that order
(their corresponding deposition time is 1, 2, 3, 5, 7,
and 9 min, respectively). Parts b and c of Figure 2c
show SEM images of the bare FTO and the
NGnP6 film, and the remaining SEM images are
presented in Figure S4, showing that more FTO
surfaces are covered with the NGnP as deposition
time increased.

Figure 3a shows the CV of Pt and NGnP electrodes
for the Co(bpy)s>*"%" redox couple. The electrolyte
concentration was 10 times lower than that used in a
typical DSSC performance test. In the case of NGnP1—3
electrodes, their electrocatalytic activities were appar-
ently lower than those of the Pt electrode, as judged by
peak-to-peak separations (Epp) and current densities.
The relatively poor electrocatalytic activities of NGnP1—3
should have originated from their higher R at the
interface of the electrode and electrolyte solutions due
to their small deposition amounts on FTO as observed
from SEM images (Figure S4). Interestingly, however,
the NGnP4 electrode showed a very similar CV curve
shape to that of the Pt electrode in terms of redox peak
positions and current densities. Moreover, when the
current density and the Epp were compared, the NGnP5
and NGnP6 electrodes exhibited notably higher elec-
trocatalytic performance than that of the Pt electrode.
It should be due to an efficient charge transfer by the
reduction of R, which could be attributable to more
NGnNP on the FTO surface, suggesting that their intrinsic
electrocatalytic activities are expected to be superior to
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Figure 3. (a) Cyclic voltammograms obtained at a scan rate of 10 mV/s for the oxidation and reduction of the Co(bpy)33”2+
redox couple using the Pt and NGnP working electrodes, a Pt wire as the CE, Ag/Ag™ as the reference electrode, and 0.1 M
LiClO, was used as supporting electrolyte; (b) Nyquist plots of the NGNP1—3 dummy cells measured at 0 V from 10°to 0.1 Hz.
The inset is the Nyquist plots of the Pt and NGnP4—6 dummy cells; (c) Tafel plots of dummy cells between +1.0 V with a scan
rate of 10 mV at room temperature; (d) charge-transfer resistances (R, Rcy) and exchange current density (J,) from EIS and
Tafel plots in accordance with the transmittance of NGnP electrodes.

the Pt CEs in actual DSSCs using Co(bpy)s>*/%" redox
couple.

On the basis of promising CV results, the electro-
catalytic activity of the CE in DSSCs can be conveniently
evaluated by using a symmetrical dummy cell, in which
a thin layer of the electrolyte solution is sandwiched
between two identical electrodes to be tested as CEs of
the DSSCs (Figure S5).3”73° Figure 3b shows the
Nyquist plots obtained by the NGnP dummy cells for
the Co(bpy)s> """ redox couple. EIS parameters obtained
from the semicircles appeared at the first high-
frequency region through an equivalent circuit presented
in Figure S6. The results are summarized in Table 1 and
Table S1 (Supporting Information). For example, the
NGnP6 electrode displayed the EIS parameters, Ry =
1.10Q cm? R =1.73Qcm?,1/B=1.88 x 10~*Ss” and
B =0.76. As expected, the R's of the NGnP electrodes
varied in proportion to the amount of NGnP deposi-
tion, and the CPE parameter, B was roughly propor-
tional to R, which suggested that the electrocatalytic
activity was closely related to the amount of NGnP.
Moreover, the decrease of CPE parameter 3 with the
amount of NGnP on FTO suggested that the surface
roughness decreases with the amount of NGnP de-
posited on FTO. Therefore, the trade-off condition

JU ET AL.

TABLE 1. Electrochemical Parameters of Sample Electrodes
in Symmetrical Dummy Cells

Lsv EIS
Ry o R, Rq CPE:1/B Jo
G (Qan?) mAm) (Qa?) (Qe?) (5"  CPE:S (mA/m?)

Pt 9.96 258 2.24 315 876 x 107° 085 816
NGnP2  55.16 0.47 1.24 3796 393 x 107° 083 068
NGnP4  18.65 138 1.09 332 128x 1071079 774
NGnP6  6.62 3.88 1.10 173 188 x 107076 1490

between the enhancement of catalytic activity and
the minimization of the surface roughness at the
optimum thickness exists in the present NGnP CE.
The R is a useful parameter to evaluate the catalytic
performance of the CE materials in DSSCs.*° If the CE has
an exchange current density (Jo) of 20 mA/cm?, this Jo
value corresponds to an Ree= 1.3 Q cm? (n = 1) at room
temperature. As described in eq 1, the Jy varies inver-
sely with R, where R is the gas constant, T is the
absolute temperature, n is the number of electrons,
and F is the Faraday constant.

RT

1y =
® = hFRy

m
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31/2+ glectrolyte solution in acetonitrile under cycling

potential: (a) Pt and (b) NGnP6 dummy cells. The sequence of measurements was as follows: 2 x CV scans (fromO0V — 1V —
—1V — 0V at a scan rate of 50 mV/s) followed by 30 s relaxation at 0 V and then EIS measurement at 0 V for 10 times.

For the NGnP5 and NGnP6 CEs as well as the Pt CEs,
the R values were 2.77, 1.73, and 3.15 Q cm?, respec-
tively. The corresponding Jy values, calculated from
eq 1, were 9.28, 14.90, and 8.16 mA/cm? in that order
(Table 1). The electrochemical Co(bpy);*" reductions
on the NGnP5 and NGnP6 CEs were significantly
enhanced compared with that of the Pt CEs. As
shown in Figure S7 (Supporting Information), between
the Jy values and the 1/R. or —log Ts5o of the NGnP
electrodes there was a linear relationship.

The R at the interface of the CE/electrolyte as well
as the diffusion constant of the redox couple in the
bulk electrolyte solution are important parameters for
the efficiency of a DSSC.3” The semicircles in the low-
frequency region exhibited a similar shape for NGnP
and Pt electrodes (Figure 3b). The curve fitting of the
second semicircles from the Nyquist plots to Zyy with
an EC allows the determination of the Co(bpy);*"
diffusion coefficients (eq S2, Supporting Information),
which were found to be 3.2 x 107%and 3.6 x 107®cm?/s
for the NGnP6 and Pt, respectively. These similar values
between the NGnP and Pt electrodes for mass transfer
indicated that ionic diffusion in the bulk electrolyte
solution is independent of their catalytic activity.
Figure 3c shows the representative Tafel plots
recorded on dummy cells, and the rest are presented
in Figure S8 (Supporting Information). The slope of
the Tafel plots at the potential around 0 V charac-
terizes the overall cell resistance (Rcy) that can be
attained at low current densities.*’ The Rcy and Jo
values calculated from the Tafel plots are also sum-
marized in Table 1.

The curve at intermediate potential with a sharp
slope can be attributed to the Tafel zone, where both
the anodic and cathodic branches show a larger slope
for the NGnP6 than the Pt, indicating a higher J, value
of the NGnP6. As shown in Figure 3d, a similar trend
was observed in R, and Rcy values, which were calcu-
lated from both EIS and the Tafel plots of the NGnP
dummy cells.

JU ET AL.

Moreover, the limiting current density (Jii,) depends
on the diffusion coefficient of redox couples in DSSCs.
The Tafel plot of the NGnP6 exhibited a plateau at
a Jiim of ca. 9.4 mA/cm?, whose value was attributed to
mass transport in the electrolyte solution as expressed
ineq 2

2nFcD
0

where n is the number of electrons in the Co
redox couple, F is the Faraday constant, ¢ is the
Co(bpy)s*" concentration, D is the diffusion coefficient,
and d is the distance between electrodes in adummy
cell. The calculated diffusion coefficient for the
NGnP6 electrode (¢ = 50 mmol/L and 6 = 60 um)
was ca. 5.9 x 10°° cm?/s, whose value is in accor-
dance with the values calculated from the EIS
measurement and CA plot shown in Figure S9
(Supporting Information).

For evaluation of electrochemical stability, freshly
assembled dummy cells were first measured with EIS at
room temperature, and then the dummy cells were
subjected to CV cycles followed by EIS measurements.
Figure 4 shows the electrochemical stability of both
NGnP6 and Pt under cycling potential in Co(bpy);>*/**
solution in acetonitrile. There were no noticeable
changes in both R in the high-frequency region and
the semicircles in the low frequency region, suggesting
that the cycling potential had no influence on R, and
the mass transport in the electrolyte solution. The R,
for the freshly assembled Pt was initially 3.15 and
10.15 Q cm?in the first cycle, but it was gradually increased
up to 13.38 Q cm? in the final cycle. On the other hand,
the freshly assembled NGnP6 exhibited an R of
1.73 and 2.15 Q cm? in the first cycle, and slightly
increased up to 4.35 Q cm? in the final cycle. Thus, the
NGNP6 had better electrochemical stability than that of
the Pt electrode in Co(bpy)s>*>* medium.

On the basis of in-depth evaluation of the NGnP
electrodes, the photocatalytic activities of the NGnP
electrodes as the CEs in the actual devices were

Jim =

)

3+/2+
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Figure 5. (a) Current—voltage characteristics of the DSSCs with Pt and NGnP CEs under one sun illumination (AM 1.5G). The
TiO, film thickness and active area are 9(6 + 3) um and 0.16 cm® with a black metal mask, respectively. (b) Nyquist plots of the
DSSCs obtained at a forward bias of —0.80 V under dark conditions.

TABLE 2. Photovoltaic Performance of the DSSCs with Pt
and NGnP CEs under 1 sun lllumination (AM 1.5)

CE Ji (mA/em?) Voc (mV) FF (%) PCE (%)
Pt 13.48 885 70.6 8.43
NGnP2 12.78 878 68.1 7.63
NGnP4 13.67 885 713 8.63
NGnP6 13.83 883 74.2 9.05

performed in Co(bpy)s-mediated solar cells with
O-alkylated-JK-225-sensitizer®® and a multifunctional
coadsorbent HC-A**"** as a coadsorbent instead of
deoxycholic acid (DCA), which is commonly used in
DSSCs (see Figure S10 and Table S2, Supporting
Information). Figure 5a shows the representative
current—voltage characteristics with the numerical data
summarized in Table 2, and the rest of the data are
presented in Figure S10a and Table S2 (Supporting
Information). The Pt-based reference DSSC exhibited a
short circuit current (Js) of 13.48 mA/cm?, an open
creuit voltage (V,c) of 885 mV, afill factor (FF) of 70.62%,
and a PCE of 8.43%. The DSSC with the NGnP6 CE
showed an much higher J; of 13.83 mA/cm? and a FF
of 74.19%, and a PCE of 9.05%, except a slightly lower
Vo of 883 mV. This indicates that the DSSC with the
NGnP6 CE enhanced the current—voltage character-
istics of organic DSSCs, in particular, FF and J,,
except for the similar V.. As shown in Figure 5a
and Table 2, the DSSC with NGnP2 CE exhibited a
slightly lower performance, while the DSSCs with
NGnP4,6 CEs outperformed the DSSC with the Pt CE,
which might also be due to the decrease in R at the
interface of the CE/electrolyte solution. Thus, it is
now obvious that the NGnP4 and 6 CEs have a higher
electrocatalytic activity stemming from lower R
than that of Pt CEs. These data clearly indicate the
important role of nitrogen doping for carbon-based
metal-free CEs in DSSCs.

JU ET AL.

To better understand the improved performance of
NGnP CEs for DSSCs, EIS measurements were carried
out using the same devices. Figure 5b shows the
representative Nyquist plots obtained at the high
frequency region, and the remaining plots are pre-
sented in Figure S10 (Supporting Information) and
numerical data summarized in Table S3 (Supporting
Information). The semicircles of NGnP4 and 6 are
discriminately smaller than those of the Pt CE, wheares
NGnP2 has a much larger semicircle. From the first
semicircle, the R and R for the NGnP2 CE are 2.32 and
14.97 Q cm?, respectively. On the other hand, R, (2.09,
2.11 Q cm?) and R, (4.26, 3.06 Q cm?) for the NGnP4,6
are lower than the corresponding values for the Pt CE
(Rs=2.27 Q cm? R = 8.44 Q cm?). The lower R, values
for the NGnP4,6 CEs than those of the Pt counterpart
suggest higher electrocatalytic activities for the reduc-
tion of Co(bpy)s>" ions, which could enhance the
current—voltage characteristics of DSSCs (in particular,
FF and J,., but not the similar V).

CONCLUSIONS

Nitrogen-doped graphene nanoplatelets (NGnP)
were prepared by a simple and scalable two-step
reaction sequence and evaluated as metal-free elec-
trocatalysts for the reduction of Co(bpy)s>* to replace
the Pt CE in DSSCs. NGnP thin films on FTO deposited
with an e-spray technique exhibited good electrocata-
lytic performances for the Co(bpy);>*/>* redox couple,
in particular, lower charge transfer resistance (R, at
the interface of the NGnP-CE/electrolyte, and better
electrochemical stability under prolonged cycling po-
tential than those of the Pt counterpart. Notably, the
extraordinarily better current—voltage characteristics
of the DSSC-NGnP outperformed the DSSC-Pt for the
Co(bpy)s>*"?* redox couple (in particular, FF and J;.).
Thus, NGnP6 CE displayed a PCE of 9.05%, which was
higher than that of the Pt CE by a factor of 1.07.
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Our results suggest that the NGnP is a low-cost metal-
free electrocatalyst to be used as a potential alternative

EXPERIMENTAL SECTION

Preparation of NGnP and Pt Electrodes. Homogeneously dis-
persed 0.1 wt % NGnP powder in 2-propanol solution was
obtained by ultrasonication for 30 min. The resultant solution
was deposited directly onto FTO/glass (TEC-8, Pilkington) using
an e-spray technique. First, the NGnP solution was loaded into a
plastic syringe equipped with a 30-gauge stainless steel hypo-
dermic needle. The needle was connected to a high voltage
power supply (ESN-HV30). A voltage of ~10 kV was applied
between a metal orifice and the conducting substrate at a
distance of 10 cm. The feed rate was controlled by the syringe
pump (KD Scientific Model 220) at a constant flow rate of
200 uL min~". The electric field overcomes the surface tension
of the droplets, resulting in the minimization of numerous
charged mists containing NGnP. The sample electrodes were
sintered at 300 °C for 30 min under a nitrogen atmosphere prior
to device fabrication. The optical spectra were measured by a
Hewlett-Packard 8453 diode array spectrometer. A blank FTO
sheet served as a reference electrode. In order to form a uniform
thickness over a large area, the nozzle and substrate were
placed on a motion control system using a microprocessor.
The morphology of the NGnP electrodes was investigated using
field emission scanning electron microscopy (FE-SEM, Hitachi
S-4100). For comparison, a Pt CE was prepared by deposition of
ca. 30 uL cm ™2 of H,PtCls solution (2 mg of Ptin 1 mL of ethanol)
and sintered at 400 °C for 15 min.

Fabrication of a Symmetrical Dummy Cell. A symmetrical sand-
wich dummy cell was fabricated from two identical NGnP- or
Pt-FTO sheets, which were separated by 60-um thick Surlyn
(Solaronix, Switzerland) tape as a sealant and spacer leaving a
0.6 x 0.6 cm? active area. The sheet edges were coated by an
ultrasonic soldering system (USS-9200, MBR Electronics) to
improve electrical contacts. The cell was filled with an electro-
lyte solution of 0.22 M Co(bpy)s(BCN,),, 0.05 M Co(bpy)s(BCN,)s,
0.1 M LiClO,4, and 0.8 M 4-tert-butylpyridine in acetonitrile
through a hole in one FTO support, which was finally closed
by a Surlyn seal. Co-complexes were synthesized following a
previously published procedure.*®

Electrochemical Analysis. All electrochemical measurements
were carried out with a VersaSTAT 3 (Version 1.31), AMETEK
connected to a potentiostat under dark conditions at room
temperature. The EIS spectra were acquired in the frequency
range from 10° to 0.1 Hz, at 0 V of open circuit voltage, and the
AC modulation amplitude was 10 mV. EIS data analysis was
processed using the Zplot/Zview software. The detailed fabrica-
tion and characterization of DSSCs were described in the
Supporting Information.
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