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Transition metal carbides (TMCs) are promising alternatives to noble-metal based catalysts in many fields.
Controlling the morphology of TMCs is an effective approach to promote the catalytic performance. We
here report a substrate-mediated method to direct the growth of vanadium carbide (VC) using graphene
oxide as the nucleation and growth substrate. By carefully choosing the synthesis conditions, we can
tune the structure of VC nanoparticles from cuboctahedron (VC-ch) to cubic (VC-cb). The obtained
hybrid of VC-ch on graphene sheets (VC-ch/GS) shows excellent catalytic activity towards the triiodide
reduction reaction in terms of the charge transfer resistance (R, = 0.27 Q cm?), outperforming its
counterpart VC-cb/GS (R, = 1.69 © cm?). The energy conversion efficiency of the Dye-Sensitized Solar
Cells (DSSC) with the VC-ch counter electrode (CE) reached 7.92%, comparable to a Pt based CE of
7.79%. Experimental combined with theoretical calculation results suggest that the high catalytic activity
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Introduction

Due to their high efficiency, low cost and simple fabrication,
dye-sensitized solar cells (DSSCs) have attracted considerable
attention during the past two decades.*™ The main technolog-
ical hurdle to the development of DSSCs with the I;7/I" redox
shuttle is the sluggish kinetics of the I;~ reduction to I at the
counter electrode (CE)/electrolyte interface,® which requires the
exclusive use of platinum-based catalysts.>” The expensive and
scarce nature of platinum has hindered its large scale applica-
tions. Therefore, extensive efforts have been dedicated to
improving the performance of platinum based catalysts, and
also to seek alternative catalysts based on abundant and non-
precious materials.**

Early transitional metal carbides (TMCs) are promising
alternatives to noble-metal based catalysts in many fields,
such as dehydrogenation, ammonia decomposition and also
as electrocatalysts.'®** Levy first reported the Pt-like proper-
ties of tungsten carbides for catalyzing the oxidation of
hydrogen in the presence of oxygen at room temperature.
They found that carbon atoms in WC can modify the elec-
tronic structure of W to give rise to a Pt-like d-band electronic
structure.** Since then the catalytic properties of TMCs have
been the subject of many investigations in the fields of
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of VC-ch may originate from the special atom packing state of the VC(111) facet.

catalysis and surface science. The potential applications of
TMCs as counter electrode electrocatalysts for DSSCs has
been also intensively studied, recently.'®>>2¢ Lately, Wu etc.
systematically investigated the performances of three classes
(carbides, nitrides and oxides) of nanoscaled early-transition-
metal as potential catalysts for DSSCs. They found that
the DSSC using the in situ formed vanadium carbide (VC)
embedded in mesoporous carbons as the counter electrode
outperformed other transitional metal carbides, nitrides and
oxides based DSSCs."® VC, an early transitional metal carbide
(TMC), often shows face-centered cubic structure with the
carbon atoms occupying the interstitial spaces between
vanadium metal atoms. The bonding in VC involves simul-
taneous contributions from metallic (V-V), covalent (C-C),
and ionic (V-C) bonding.>* Specially, VC show strong shape-
dependent catalytic performances. This can be ascribed to
their substantially different atomic packing structure at
different crystalline planes, e.g. the VC(100) surface is char-
acterized by the coexistence of the metal and carbon atoms,
while in the (111) orientation, it has alternating layers of
metal and carbon atoms, leading to the (111) surface either
terminated by pure metal or by pure carbon.?® Recently, the
shape controlled synthesis of nanoparticles including metal
and metal oxides nanocrystal, has made great achieve-
ments.””"** Nevertheless, the synthesis of VC particles with
well-defined morphology is rarely reported.***® Traditionally,
VC particles are synthesized by directly thermally annealing
transitional metal oxides or metal salts with carbon con-
taining precursors.’”*® Unfortunately, the morphology is
difficult to control and the particle size is mainly in
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micrometer scale for VC synthesized with such method.
Therefore, exploring facile methods for synthesis of VC with
controllable crystalline facets to explore their structure-perfor-
mance relationships is of great importance for developing
highly qualified TMC-based electrocatalysts.

Herein, we report a substrate-mediated method to direct the
growth of VC using graphene oxide as the nucleation and
growth substrate. By simply tuning the precursor ratio of VOCl;
to cyanamide, we can controllably synthesize cubic (VC-cb) and
cuboctahedral (VC-ch) vanadium carbide nanoparticles,
respectively. These nanosized VC nanoparticles were used as
counter electrode catalysts for triiodide reduction reaction, and
showed comparable catalytic activity to noble Pt based ones.
Specially, VC particles show morphology depending catalytic
activity towards triiodide reduction reaction, in which VC
nanoparticles with cuboctahedral shape show superior catalytic
activity to the cubic one.

Experiment section
Materials synthesis

GO was synthesized by a modified Hummers method. To
fabricate VC/GS hybrid, 0.001 mol VOCI; and 0.008 mol
cyanamide (CN,H,) was added in proper sequence to 100 mg
GO dispersed in 90 mL ethanol and 10 mL deionized water and
the mixture was followed by magnet stirring at 80 °C for 8 h.
Then the reaction solution was transferred into glassware and
heated at 60 °C until a slurry was formed. The slurry was
further dried by freeze-drying. Finally the production was
heated to 1100 °C for 3 h at a rate of 3 °C min~" under argon
atmosphere to synthesize VC-ch/GS hybrid. By changing the
cyanamide content to 0.012 mol, the same method leaded to
the VC-cb/GS hybrid. VC nanoparticles were also synthesized
by the exact same method as above without adding graphene
oxide.

Electrochemical measurements

10 mg VC-ch/GS or VC-cb/GS hybrid catalyst was dispersed in 3
mL 0.1 wt% Nafion solution by sonication for more than 1 h to
form homogeneous ink. To assemble the counter electrode
(CE), 60 uL of the catalyst ink was loaded onto a pre-cleaned
FTO glass and the efficiency area was fixed to 1 ecm®. Thus, the
loading was about 0.20 mg cm ™ 2. To prepare Pt CEs, 20 uL of
5 mM H,PtClg in isopropanol was drop casted on a pre-cleaned
1.5 cm® FTO glass, followed by heating at 380 °C for 30 min. The
symmetrical dummy cells used in the electrochemical imped-
ance spectroscopy (EIS) experiments and the Tafel-polarization
test were conducted with two identical CEs sealed by a 60 um
Surlyn 1702 film. The active area of the dummy cell was 0.25
cm’. The electrolyte used was the same as that used in DSSCs
containing 0.5 M Lil, 0.05 M I,, 0.3 M 1,2-dimethyl-3-n-propy-
limidazolium iodide and 0.5 M 4-tert-butyl pyridine anhydrous
acetonitrile. The Tafel polarization measurements were per-
formed at a scanning rate of 50 mV s~ . For EIS experiments, the
cells were scanned from 0.1 Hz to 100 kHz at 0 V bias and AC
amplitude of 10 mV.
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Fabrication of DSSCs

The photoanode of DSSCs was prepared by a method reported
previously.”® A mixture of 1 g TiO, powder, 2.0 mL H,0O, 30 pL
acetylacetone and 20 pL Triton X-100 was coated on a FTO glass
by a doctor blade technique, followed by annealing at 500 °C for
40 min in atmosphere. After cooling to 80 °C, the TiO, anode
was immersed in a solution containing 0.5 mM N719 dye
(Solaronix) in a mixed solvent of acetonitrile and isobutanol (v/v
= 1/1) for 24 h to form the sensitized photoanode.

Characterization

X-ray diffraction (XRD) measurements were carried out using an
automatic X-ray powder diffractometer (D/Max 2400, Rigaku).
Transmission electron microscopy (TEM) was performed on
a Tecnai G2-F30 with an accelerating voltage of 300 kV. XPS
spectrum was collected on a VG Scientific ESCALAB210-
photoelectron spectrometer with a Mg Ka X-ray resource. The
EIS measurement and Tafel polarization measurement were
performed on an Autolab workstation. The photocurrent
density-voltage curves of DSSCs were measured by a Keithley
2635 Souremeter under AM 1.5 G illumination (100 mW cm™?)
using a solar simulator (Newport).

Computational details

First-principles calculations were carried out based on density
functional theories using the Vienna Ab initio Simulation
Package (VASP).*® The exchange and correlation potentials were
calculated by using the PW91 form for generalized gradient
approximation (GGA).* We used a plane-wave basis set and the
projector augmented wave (PAW) potentials.** An energy cutoff
of 400 eV was chosen to ensure the convergence of total ground-
state energy. The Brillouin zone of the super cell was sampled by
6 x 6 x 1 points within the Monkhorst-Pack scheme. Elec-
tronic energies were computed with the SCF tolerance of
10~ eV and total forces were converged to less than 0.02 eV A,

The I-binding energies for the as-investigated vanadium
carbide were evaluated through equation:

Enu(I) = E(VC-I) — 112E(Iy) — E(VC)

where E,q4(I) is the I-binding energy, E(VC-I) is the total energy of
the I adduct, E(I,) is the energy of the isolated I, molecule, and
E(VC) is the energy of VC vacuum interface.

Results and discussion

The morphology and microstructure of the samples were
characterized and analyzed. Fig. 1a is the TEM image of the
typical sample synthesized with a cyanamide/VOCl; (abbrevi-
ated as C/V) precursors at 8 : 1, which shows homogeneously
dispersed nanoparticles with mainly cuboctahedron-shaped
morphology on GS. Interestingly, these supported nano-
particles were transformed to cubic-dominated morphology by
adjusting the molar ratio of C/V to 12:1 (Fig. 1b). In
a controlled experiment, the exactly same synthesis procedure
was conducted but without adding GO in the starting materials.

RSC Adv., 2017, 7, 26710-26716 | 26711
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Fig.1 VC nanoparticles on graphene sheets (GS) in VC/GS hybrids. (a and b) TEM images of (a) the cuboctahedral VC nanoparticles on graphene
sheet (VC-ch/GS) and (b) the cubic VC nanoparticles on graphene sheet (VC-cb/GS), respectively. The insert shows high-resolution TEM image
of VC nanoparticles with a distance of (a) 0.241 nm and (b) 0.208 nm between adjacent planes, corresponding to the d-spacing of (111) and (200)
planes, respectively. The inserts at top left corners of (a) and (b) shows selected area electron diffraction (SAED) of the corresponding hybrids. (c)
XRD patterns and (d) N, adsorption/desorption isotherms of VC-ch/GS hybrid and VC-cb/GS hybrid.

In contrast, much larger aggregated VC nanoparticles with
irregular shape formed in the absence of GO (Fig. S1;t around
50-150 nm for nominal C/V atomic ratio of ~8; around 30-
80 nm for nominal C/V atomic ratio of ~12). These results
demonstrate that GO plays an important role for growth of
regular VC particles during the synthesis process. Here, GO can
adsorb the Vions with its surface defects and functional groups
to mediate the formation of intermediate VO, products at first.
Then these homogeneously dispersed VO, particles are trans-
formed to VC particles in carbonic atmosphere created by the
CN,H, precursor during the high temperature carbonization
process. The ratio of precursor GO to VOCI; is also important to
the formation of homogeneously dispersed VC nanoparticles on
GS. A high ratio of VOCI; to GO in the solution as leads to the
aggregated VC particles on GS, while a low ratio of VOCI; to GO
leads to sparse VC particles on GS (Fig. S21). The XRD patterns
of both products confirm the presence of VC with a crystal
structure well matched with the corresponding JCPDS data (no.
65-8818). The selected area electron diffraction (SAED) patterns
also confirm a face-centered cubic crystal structure of both
samples (insert of Fig. 1a and b). High-resolution TEM images
show well crystal structure of these nanoparticles with clear
lattice fingers. Brunauer-Emmett-Teller (BET) measurements
show that the specific surface area of VC-cb/GS hybrid and VC-
ch/GS hybrid is 242.15 and 200.76 m* g~ * (Fig. 1d), respectively,
much higher than those metal carbide or nitride materials
synthesized by “Urea Glass” route.'®**** The chemical compo-
sition of both samples were characterized with X-ray

26712 | RSC Aadv., 2017, 7, 26710-26716

photoelectron spectroscopy (XPS), showing the presence of C,
N, V, O in both VC-cb/GS and VC-ch/GS hybrids (Fig. S31).

As observed above, the morphology of the supported VC
particles is sensitive to the molar ratio of C/V precursor. In fact,
under thermodynamic control, the seed crystal should take on
the shape with minimized surface energy during their growth
process. In our case, the synthesized VC is a high symmetric
face-centered cubic crystal, and the surface energy follows an
energy sequence of y(11y < Ypo0p < Y{110)- According to the
Wulff's theorem, the seed crystal should take on a truncated
octahedron morphology with 6(100) and 8(111) exposed at the
crystal surface for a face centered cubic crystal.** As a matter of
fact, the (100) and (111) facets have intrinsic different atomic
coordination environment. The (111) are kinked facets that
have abundant kinks at the surface, while the (100) facet is a flat
surface.?** At lower CN,H, proportion (the molecular ratio of
CN,H, to VOCl; is 8), the pyrolyzed products of CN,H, only
create poor carbonic atmosphere around VC. The crystal growth
is controlled by the affordable carbonic free radicals, thus the
(100) and (111) facets have almost equivalent growth rate,
leading to cuboctahedral nanoparticles with 6(100) facets and
8(111) facets. While at higher CN,H, proportion (the molecular
ratio of CN,H, to VOCl; is 12), the carbonic free radicals around
the VC crystal are abundant. The crystal growth rate in this case
is controlled by the adsorption ability of the facet. The (111)
facets with rich kinks at the surface have more chance to absorb
the incoming atoms and grow faster. Thus, the VC nano-
particles finally end up with cubic shape.

This journal is © The Royal Society of Chemistry 2017
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The DSSCs with VC-ch/GS, VC-cb/GS and Pt based CEs were
fabricated to evaluate their catalytic performance. The loading
amount of different catalysts on CEs was fixed equally to each
other for reasonable comparison. The anode of the DSSCs is
FTO glass deposited with TiO, nanoparticles sensitized by cis-
diisothiocyanato-bis(2,2'-bipyridyl-4,4’-dicarboxylato)ruth-
enium(n)bis(tetrabutylammonium) (N719) dye. Fig. 2 shows
photocurrent density-voltage (J-V) curve measured under AM
1.5 illumination of DSSCs with various CEs. As shown in Table
1, the Pt-based reference DSSC yields an open circuit voltage
(Voe) 0f 0.71 & 0.02 V, a short circuit current (J,.) of 15.21 + 0.26
mA cm 2, a fill factor (FF) of 68.87 + 0.38%, and an overall
power conversion efficiency of 7.58 £ 0.05%. The DSSC with the
VC-ch/GS CE exhibited a V,. of 0.69 + 0.02 V, a remarkable J,. of
16.71 + 0.23 mA cm ™2, and a higher FF of 72.12 4 0.35%, and
a power conversion efficiency of 7.83 4 0.05%. In contrast, the
DSSC with VC-cb/GS CE produced the Vi, /s, FF, and power
conversion efficiency were only 0.69 + 0.01 V, 15.48 £ 0.35 mA
em ™2, 62.01 + 0.45%, and 6.48 + 0.08%, respectively. These
results clearly demonstrate the morphology dependence of the
VC based CEs for DSSCs. To the best of our knowledge, this is
the first report of morphology-dependent triiodide reduction
reaction electrocatalytic properties for VC nanoparticles. In
addition, the photovoltaic performance of the DSSCs using VC
nanoparticles without GS as CEs were also investigated
(Fig. S4t). The relatively inferior photovoltaic parameters of the
VC nanoparticles based CEs compared to those of the corre-
sponding VC/GS hybrids suggests a synergic effect between the
VC nanoparticles and GS.
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Fig. 2 Photocurrent density—voltage curves of DSSCs with the

different CEs, measured under standard AM 1.5 G illumination (100 mW
-2

cm™e).

Table 1 Photovoltaic characteristics of DSSCs with various CEs

Sample V. Jse (MA cm™)  FF (%) Efficiency (%)
VC-ch/GS 0.69 £+ 0.02 16.71 £+ 0.23 72.12 £ 0.35 7.83 £ 0.05
VC-cb/GS 0.69 + 0.01 15.48 &+ 0.35 62.01 £ 0.45 6.48 £+ 0.08
VCs8 0.69 + 0.02 13.20 £+ 0.18 59.32 £ 0.68 5.43 £+ 0.07
VC12 0.68 = 0.01 14.50 £ 0.30 55.71 £ 0.39 5.32 £ 0.08
pt 0.71 £ 0.02 15.21 + 0.26 68.87 £ 0.38 7.58 £ 0.05
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To investigate the electrochemical activities of the as-prepared
hybrids on the reduction of triiodide (I37), electrochemical
impedance spectroscopic (EIS) of the DSSCs with VC-ch/GS, VC-
cb/GS based CEs were carried out, respectively. For compar-
ison, Pt-coated FTO glass CE was measured as a reference point
(see Experimental section for fabrication details). As seen from
the obtained Nyquist plots (Fig. 3a), the absolute series resistance
(Rs), corresponding to high-frequency intercept on the real axis,
retains almost the same for all the three CEs, which is consistent
with the results from four-probe measurement (Table S17). While
the charge transfer resistance (R.), simulated from the semicircle
in the high-frequency region of the Nyquist plot based on
a circuit model (Fig. S5 in ESI}), varies significantly for the three
CEs. The R, value of VC-ch/GS is 0.27 Q cm?, much lower than
that of Pt CE (0.52 Q cm?), suggesting its excellent catalytic
activity for triiodide reduction reaction. In contrast, R.; of VC-cb/
GS (1.69 Q cm?) is much higher than those of Pt and VC-ch/GS.
These results further indicate that the catalytic performance of
VC nanoparticles toward triiodide reduction reaction is highly
shape-dependent. The cuboctahedral VC-ch shows obviously
higher catalytic activity than the cubic one. This phenomenon is
further confirmed by the Tafel polarization curves. The exchange
current density (J,), reflecting the inherent catalytic property of
a catalyst, can be calculated from the extrapolated intercepts of
the anodic and cathodic branches of the polarization curve (J-V
plot). Higher Tafel slope indicates higher exchange current
density and higher catalytic activity.'” Among the three CEs, VC-
ch/GS hybrid possessed the highest Tafel slope and then Pt, while
VC-cb/GS showed the lowest slope (Fig. 3b). This result is

a 2s5f
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2.0p ——VC-cbhiGS
T 15} ——Pt
Q
=3
N

Z’(Qcm?)
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Fig.3 (a) Nyquist plots and (b) corresponding Tafel polarization curves
of the symmetric dummy cells fabricated by VC-ch/GS hybrid, VC-cb/
GS hybrid and Pt counter electrodes (CEs).
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consistent with the EIS analysis that VC-ch/GS possesses higher
catalytic activity than VC-cb/GS and Pt. Interestingly, at the
diffusion region of the polarization curve (e.g., the high over-
potential region), the limiting diffusion current (/};,,) of the three
CEs is nearly equal (Fig. 3b), which could be easily understood by
noticing that the three CEs have almost the same diffusion
coefficient illustrated by the similar diameters of semicircles in
the low-frequency region of the Nyquist plot (Fig. 3a). These
results demonstrate that the catalytic difference between the VC-
ch/GS and VC-cb/GS is resulted from the different crystalline
facets rather than the diffusion ability of I; /I at the electrolyte/
electrode surface. Furthermore, the fact that the specific surface
area of VC-cb/GS is a little higher than that of VC-ch/GS hybrid
suggests the excellent catalytic activity of VC-ch/GS originates
from the higher specific activity of a single active site rather than
from more available active site numbers (the standard methods
for the test of electrochemical active surface area is not available
now). Further experiments confirm that either VC nanoparticles
or NG exhibits inferior catalytic performance compared to the
corresponding VC/GS hybrid (Fig. S6 and S71), indicating syner-
gistic triiodide reduction reaction catalytic activity of VC and GS
in the hybrid. The GS in VC/GS hybrid can act as an inter-
connected conducting network to form an electron transport
pathway. In general, triiodide (I;~) reduction reaction proceeds
on the CE through multisteps reactions involving, the decom-
position of I;” in solution to I, and I" through a fast process, the
subsequent formation of intermediate absorbed I on active site
through I, dissociation at the liquid-solid interface, following by
its further one-electron reduction to I ions. Both theoretical and
experimental evidences have confirmed that the last step, which
involves the absorption and desorption of I is the rate-determine-
step. Catalysis of triiodide reduction reaction strongly depends
on the absorption affinity for I on the catalytic active sites.

To reveal the differences in intrinsic catalytic activities of VC-
ch/GS and VC-cb/GS hybrid towards triiodide reduction reac-
tion, we conducted high resolution XPS analyses. The V 2p;/,
band can be deconvoluted into three bands at 513.5, 515.1 and
517.1 eV (Fig. 4a), assigned to V atoms as V-V, V-O and V-C
structure, respectively. The V-O bonds result from the surface
absorption of oxygen molecular, thus its binding energy is lower
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than that of V-C bonds. For VC-cb/GS sample, the C-V bond is
found to be the dominant component in all of the three types
of V states, while the V-V and V-O are negligible. Upon VC-ch/
GS, the band corresponding to V-C becomes weaker, while the
bands belong to V-V and V-O become much stronger. The
difference of the surface chemical state of V in the two hybrids
can be explained by the different exposed facets of VC in the two
hybrids. As mentioned above, the cuboctahedral VC particle is
enclosed by 6{100} facets and 8{111} facets, while the cubic VC
particle is enclosed by 6{100} facets. As shown in Fig. 4b, the
surface V atoms at (100) facet is coordinated with five C atoms,
similar to the body V atoms enclosed by six C atoms. Thus the V
atom in (100) facet shows similar oxidation as the body one. As
for Vatoms in (111) facet, each V atom is coordinated with three
C atoms at sub-layer and six in-layer V atoms. Clearly, the V
atoms at (111) facet possess metal-like chemical state, which is
consistent with the XPS result. In fact, the alternating layers of
cations (C) and anions (V) in the [111] direction lead to a polar
surface, which is highly beneficial for the adsorption of small
molecular like I ions.* The result can explain the presence of
the strong V-O band of VC-ch/GS in XPS results. We proposed
that the polar surface may also benefit for the adsorption of I
atoms at electrode/solution surface during the electrocatalysis
process.

To gain deep insight into the morphology dependent triio-
dide reduction reaction process on VC samples, we conducted
DFT calculations (see details in Experimental section) to study I
adsorption on the two different exposed surface, VC(111) and
VC(100). For comparison, Pt(100) surface was also calculated.
The calculated results suggest that the VC(111) surface can
bond I atom much stronger than that of VC(100), even surpass
that of Pt(100). Fig. 5 shows the charge density difference map
of the adsorption state of single I atom on VC(111) and VC(100),
respectively. It can be seen clearly that the electrons transfer
from surface of V atom to I atom, leading to the electrons
accumulate at I and depletion at the surface V atom for both
VC(111) and VC(100) surfaces. In comparison with VC(100)
surfaces, VC(111) surface shows an obvious orbital overlap
between d-orbital of surface V and the p-orbital of I atom,
indicating a strengthened V-I bond on VC(111) compared that
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Fig. 4
atomic arrangement of VC(100) and VC(111) facets.
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(a) High resolution X-ray photoelectron spectroscopy (XPS) of VC-ch/GS hybrid and VC-cb/GS hybrid. (b) Schematic diagram of surface
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Fig.5 Charge density difference map of the adsorption state of single
| atom on VC(111) (a) and VC(100) (b), yellow color represents for
electron accumulation while light-blue for electron depletion.

of VC(100). The VC(111) surface shows a V-I binding energy of
0.6 eV, approaching the optimum binding energy (0.5 eV) for
the catalyze the triiodide reduction reaction. While for VC(100)
surface, it shows a V-I binding energy of 0.3 eV, which may be
too weak to the catalytic process.

Conclusions

In conclusion, VC nanoparticles with controllable morphology
have been successfully synthesized via a graphene mediated
high temperature annealing method. By changing the precursor
ratio, we can tune the morphology of VC from cuboctahedral to
cubic shape. Significantly, the VC nanoparticles show shape
dependent catalytic properties towards triiodide reduction
reaction, where VC with cuboctahedral shape shows superior
performance to the cubic one. We propose that the excellent
catalytic activity of VC-ch may originate from the highly efficient
(111) facet, which affords a suitable absorption energy towards
the reactants and products. The DSSCs with VC-ch based CEs
yielded a power conversion efficiency of 7.92%, slightly higher
than 7.79% of Pt based catalysts. Our experiment results indi-
cated that manipulating the shape of TMCs can offer a great
opportunity to design high performance electrocatalysts for
various chemical reactions in renewable energy field.
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