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ABSTRACT: The development of highly e cient and low-cost oxygen evolution
electrocatalysts is extremely imperative for the new energy technology. Transition metal
carbides have been investigated as remarkable hydrogen evolution reaction (HER)
electrocatalysts but undesired oxygen evolution reaction (OER) electrocatalysts and
need further study. Here, a cobalt molybdenum-based bimetallic carbide coated by N-
doped porous carbon and anchored on N-doped reduced graphene oxide Im
(CogM0gC,/NCRGO) is synthesized by directly carbonizing the Co-doped
polyoxometalate/conductive polymer/graphene oxide (Co-PCG) precursors. The
precise control of the Co/Mo molar ratio in the Co-PCG precursor is of critical
importance to synthesize pure phase bimetallic carbide of CogMogC,. As the highly
active and robust OER electrocatalyst, the CogM0zC,/NCRGO composite exhibits
excellent activity in alkaline solution, a ording a low overpotential of 260 mV versus
RHE at 10 mA cm 2 a small Tafel slope of 50 mV dec %, as well as long-term stability.

Bimetallic Carbide for OER.

The superior OER performances are strongly associated with the active CogMogC, particles, polypyrrole (PPy)-derived N-doped
porous carbon, and the conductive RGO Ims. Remarkably, it is the rst evidence that the bimetallic carbides were used as the

OER catalysts with such high OER activity.
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1. INTRODUCTION

Because of the sharp depletion of global energy and the
environmental problems that followed, energy consumption is
gradually moved from the scarce fossil fuels to the clean and
sustainable energy sources.™? Overall water splitting by the
electrochemical method has been considered as a promising
and eco-friendly candidate to produce renewable hydrogen
(H,) and oxygen (O,) simultaneously.®> ® Hydrogen evolution
reaction (HER) can easily take place at a low overpotential on
many reported non-noble electrocatalysts, which can even
replace the commercial Pt-based materials. However, oxygen
evolution reaction (OER), as the bottleneck in water splitting,
is complex with sluggish kinetics to generate O,. In general, the
overpotential much higher than the theoretical thermodynamic
potential value of 1.23 V versus reversible hydrogen electrode
(RHE) is needed to expedite the four-electron OER.S ®
Therefore, the highly e cient and low-cost OER electro-
catalysts are required urgently to reduce the overpotential
derived from the reaction barriers as well as other resistances
and further accelerate the reaction kinetics. Recently, great
e ort has been made to exploit cost-e ective transition metal
(e.g., Co, Fe, Ni, and Mo)-based materials as the substitutes of
commercial 1rO, or RuO, benchmark for OER, such as
transition metal oxides (C0;0,/C,°> MnO,,*° and CoMnO™),
hydroxides (NiCo LDH,*? and nNiFe LDHs*®), and
phosphides (Ni,P,** CoP,*> and CoMnP*®). Nevertheless,
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these OER catalysts still require high overpotential and su er
some industrial problems, including complex synthetic steps,
low yields, and possible aggregation.

Transition metal carbides (TMCs) possess high electron
conductivity, metallic property and chemical stability, which has
attracted wide interest in the catalytic reaction in early studies,
such as the methanol steam reforming'"*® and oxygen
reduction reaction (ORR).'° %2 Recently, TMCs-based materi-
als, especially molybdenum carbides (Mo,C),** %" have
emerged as the low-cost and well-established electrocatalysts
toward HER in acidic solution but rare as OER catalysts. Only a
few studies have discussed their OER properties, while TMCs-
based materials still require high overpotential and large Tafel
slope because of the agglomeration structure derived from the
high-temperature synthesis and instability in the harsh
electrolyte.?® *° Notably, bimetallic carbides-based materials
are supposed to be the considerable candidate as the water
splitting electrocatalysts because the incorporation of a
secondary metal into TMCs can manipulate the electronic
structure and expose abundant active sites** ** Therefore,
bimetallic carbides could be the promising electrocatalytic
alternatives to enhance the OER activity. However, the
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preparation of pure phase TMCs, especially the bimetallic
carbides, are extremely di cult because the synthesis
conditions including the high-temperature calcination usually
result in the formation of mixed carbide products. Therefore, it
is still a great challenge to prepare the pure phase TMCs using
a mild synthesis method.

To further improve the activity and stability of TMCs-based
materials, hybridizing nanomaterials of TMCs with graphene,
carbon nanotubes (CNTs), and other mesoporous carbon
substrates has been reported as a potential method for HER
and ORR.?® TMCs encapsulated in porous carbon could make
sure of stability in harsh solution, which can e ectively prevent
the TMCs from the electrolyte corrosion and prolong the
stability tests during the catalytic process. Moreover, these
carbon-based materials have high electrical conductivity, large
surface area, and unique structures as substrates for OER or
HER catalysis.*® At this point, controlling synthesis of TMCs
and in situ hybridization into conductive carbon-based
substrates could be an e ective method to enhance the
electrocatalytic activity and stability for water splitting.

Motivated by these predictions, we have synthesized a pure
phase Co Mo-based bimetallic carbide (CogMogC,) coated by
N-doped porous carbon and anchored on N-doped reduced
graphene oxide, namely CosMo¢C,/NCRGO, via the precise
control of the Co/Mo molar ratios in Co-doped polyox-
ometalates/conductive polymer/graphene oxide (Co-PCG)
precursors for the rst time.** PCG precursors can be
synthesized in quantity using a benign hydrothermal method.
H3PMo0,,0,4,nH,0 (PMo,,), as a famous Keggin type
heteropolyanions of polyoxometalates (POMs), has many
advantages of strong redox ability, water solubility, and
nanosized structure, which can be dispersed around GO Ims
in water uniformly.>” After introducing pyrrole (Py) mono-
meter into PMo,,/GO solution, spherical-shaped polypyrrole
(PPy) can be grown on the surface of GO Ims because of the
hydrothermal condition and the redox ability of PMoy,.
Simultaneously, PPy can encase PMo,, particles around GO

Ims during in situ polymerization. What's more, doping
transition metal ion into PCG precursor can provide rich metal
sources without morphology or structure change. Metal-doped
PCG precursor as the platform for further calcination treatment
could be an intriguing strategy to synthesize the bimetallic
carbides-based materials without agglomeration. Therefore, as-
prepared pure phase CogMosC,/NCRGO composite derived
from Co-PCG precursor possesses highly active species, large
surface area, tunable electronic structures, and approachable
mass/charge di usion pathways. As the OER electrocatalyst, a
CogM0gC,/NCRGO composite shows an ultralow over-
potential of 260 mV versus RHE at 10 mA cm 2, Tafel slope
of 50 mV dec %, and long-term stability in alkaline medium.
The excellent OER properties could be attributed to the
synergetic e ects of active CogMogC,, N-doped porous carbon,
and conductive RGO substrates. To the best of our knowledge,
CogM0gC,/NCRGO composite exhibits the best OER
performance among all reported TMCs-based electrocatalysts.

2. EXPERIMENTAL SECTION

Synthesis of CogMogC,/NCRGO Nanocomposite and Other
Control Samples. GO Ims were prepared by chemical oxidation
exfoliation of graphite using a modi ed Hummers method.*® First, 25
mg GO Ims were dissolved in 25 mL deionized water by
ultrasonication to form a suspension with the concentration of 1 mg
mL 1. Then, 0765 g Co(NO3),6H,0 (26 mmol) and 0.2 g

H3PM0;,049:nH,0 (PMoy,, 0.11 mmol) (Co/Mo molar ratio = 2:1)
were added into the above suspension to form a homogeneous mixture
solution A. 80 L Py monomer was dispersed in 15 mL deionized
water by ultrasonication to produce a mixture solution B. Solution B
was transferred into solution A dropwise and then the mixed solution
was transferred into a 50 mL Te on-lined stainless steel autoclave for
hydrothermal reaction at 180 °C for 12 h. After cooling down to room
temperature, the resulting product of Co-PCG precursor was collected
by Itration and washed with deionized water for several times and
dried at 60 °C overnight. To prepare the CogMogzC,/NCRGO
nanocomposite, 1 g Co-PCG precursor was annealed directly in a
horizontal furnace at 800 °C for 3 h with the heating rate of 5 °C
min ! under a nitrogen ow. Co/CogMogC,/Mo,C/NCRGO and
CogM0,C,/CogMogC/NCRGO were synthesized through a similar
procedure except for the Co/Mo molar ratio being changed to 1:1 and
3:1, respectively. Co/CogMogC,/M0,C/NCRGO composite was
prepared using 0.384 g Co(NO3),-6H,0 (1.32 mmol), 0.2 g PMo,,
(0.11 mmol), and 80 L Py. CogM0gzC,/CogM0ogsC/NCRGO
composite was prepared using 1.15 g Co(NOj),-6H,0 (3.96
mmol), 0.2 g PMo;, (0.11 mmol), and 80 L Py. Besides, for a
control experiment, CogMogC,/NCRGO-1 composite was prepared
using ammonium molybdate tetrahydrate ((NH,)sM0;0,,-4H,0) as a
Mo source.

Material Characterization. Powder X-ray di raction (PXRD)
patterns were recorded on a D/max 2500VL/PC di ractometer
(Japan) equipped with graphite monochromatized Cu K radiation (
= 1.54060 A). Corresponding work voltage and current is 40 kV and
100 mA, respectively. Transmission electron microscopy (TEM)
image was carried out on JEOL-2100F apparatus at an accelerating
voltage of 200 kV. High-resolution TEM (HRTEM) image was carried
out on FEI Tecnai G2 F30 apparatus at an accelerating voltage of 300
kV. Surface morphologies of the corresponding samples were
examined by a scanning electron microscopy (SEM, JSM-7600F) at
an acceleration voltage of 10 kV. Elemental mapping and energy
dispersive X-ray spectroscopy (EDX) were performed with JSM-
5160LV-Vantage-typed energy spectrometer. X-ray photoelectron
spectroscopy (XPS) was collected on scanning X-ray microprobe
(PHI 5000 Verasa, ULAC-PHI, Inc.) using Al K radiation and the C
1s peak at 284.8 eV as an internal standard. The Raman spectra of
dried samples were obtained on Lab-RAM HR800 with excitation by
an argon ion laser (5145 nm). Nitrogen adsorption desorption
isotherms were measured at 77 K on a Quantachrome Instruments
Autosorb AS-6B. The pore size distributions were measured by the
Barrett Joyner Halenda (BJH) method.

Electrochemical Characterization. All electrochemical tests were
performed on a CHI 660E -electrochemical station (Chenhua,
Shanghai, China) in a three-electrode system at room temperature.
First, 4 mg of the catalyst was ultrasonically dispersed in the mixture of
15 mL water and 0.5 mL ethanol. Then, 5 L of the catalyst was
dropped onto the glassy carbon electrode (GCE, 3 mm in diameter)
(loading mass is 0.14 mg cm 2). After solvent evaporation, 5 L
Na on solution (0.5 wt %) was coated onto the electrode surface and
dried in an ambient environment for measurements. The resulting
electrode served as the working electrode. A platinum wire served as a
counter electrode and Ag/AgClI (3 M KCl) as the reference electrode.
The electrolyte was 1 M KOH and saturated by nitrogen bubbles at
least 30 min before the OER measurement. LSV polarization curves
were recorded at the scan rate of 5 mV s 1. The working electrodes
were scanned for several times until the LSV curves were stabilized,
and then the data were collected. The long-term stability was recorded
by CV tests between the potential of 0.3 and 0.5 V versus Ag/AgCl at
the scan rate of 100 mV s . Electrochemical capacitance was
determined using CV measurements at the potential range from 0.2 to
0.3 V versus Ag/AgCI at di erent scan rates (10, 20, 40, 60, 80, and
100 mV s Y). EIS was carried out at the frequency range from 1000
kHz to 100 mHz at the open-circuit voltage. The potential was
converted to the reversible hydrogen electrode (RHE) according to
the Nernst equation. In 1 M KOH, Egye = Epg/agcr + 0.205 + 0.059 x
pH.
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3. RESULTS AND DISCUSSION

Preparation and Characterization of CogMogC,/
NCRGO Composite. The synthesis route of CogMogC,/
NCRGO composite is illustrated in Scheme 1. First, Co-PCG

Scheme 1. Schematic Diagram for the Synthesis Process of
CogMogC,/NCRGO Composite

4:33“"/3 ®

POMs Py Co2+

Hydrothermal

Ao )
0 59,0 %P

im0,
'Q us‘ OC‘
C ;

C‘sC‘ “ns)

O A
Co- PCG

CosMoC,/NCRGO

precursors were synthesized using a direct hydrothermal
method at 180 °C for 12 h by simply mixing Co(NOj),,
PMo;,, Py, and GO Ims in water. The as-prepared black
powder of Co-PCG was transferred into a horizontal furnace
and annealed at 800 °C for 3 h in N, atmosphere to obtain the

nal product of CogMogC,/NCRGO composite. While the GO
concentration (1 mg mL ') and Py amount (80 L) remained
unchanged, Co Mo-based composites with di erent composi-
tions were synthesized through the precise control of Co/Mo
molar ratios in Co-PCG precursors (0:1, 1:1, 2:1 to 3:1). First,
without Co doping (Co/Mo molar ratio is 0:1), Mo,C particles
coated by N-doped porous carbon and RGO Ims (Mo,C/
NCRGO) can be obtained by directly carbonizing PCG
precursors. After introducing Co sources into PCG precursors
with the Co/Mo molar ratio of 1:1, Co/Mo,C/CozMo¢C,/
NCRGO composite with complex compositions was obtained.
When tuning the Co/Mo molar ratio to 2:1, CosMogC,/
NCRGO composite can be synthesized successfully, which has
only one kind of pure phase bimetallic carbide of CozMogC,
particles. However, further increasing Co amounts to Co/Mo
molar ratio of 3:1, another carbide of CogMogC with similar
structure to CogMogC, appears to form the CogMogC,/
CogM0gC/NCRGO composite. Here, the pure phase
CogMogC,/NCRGO composite prepared with a Co/Mo
molar ratio of 2:1 is investigated mainly in the following text
due to the simplex composition and excellent OER perform-
ance.

X-ray di raction (XRD) was used to characterize the
structure and crystallinity of Co Mo-based composites
prepared with di erent Co/Mo molar ratios in Co-PCG
precursors. In Figure 1a, CogMogC,/NCRGO composite
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Figure 1. (a) XRD pattern of CogM0zC,/NCRGO composite, (b)
TEM, (c) SEM and (d) HRTEM images of CogMogzC,/NCRGO
composite, (¢) HAADF-STEM image and corresponding EDX
mapping analysis of Co, Mo, C and N for CogMogC,/NCRGO
composite.

prepared with Co/Mo molar ratio of 2:1 shows a highly
crystallized structure with distinct characteristic peaks, which
agrees with the CogMogC, phase (JCPDS no. 80-339) with no
sign of other carbide species.** By contrast, Mo,C/NCRGO
composite without Co doping is matched well with the Mo,C
phase (JCPDS no. 35-787) (Figure S1). When the Co/Mo
molar ratio is adjusted to 1:1, the di raction peaks become
diverse with three phases, including Co, Mo,C, and CogMogC,
for a Co/Mo0,C/CogMozC,/NCRGO composite (Figure S2).
While the Co/Mo molar ratio increased to 3:1, a new
CogMogC phase (JCPDS no. 65-8115) appears for the
CogMogC,/CozM0osC/NCRGO composite, which has a similar
peak position to the CosMogC, phase (Figure S3). Besides,
CogM0gC,/NCRGO composites prepared with other GO
amounts (0 and 2 mg mL 1) also show the distinct peaks of
the CogMogC, phase (Figure S4). On the basis of these results,
the formation of pure phase CogMogC, is closely associated
with the controlling of Co/Mo molar ratios in Co-PCG
precursors.
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Figure 2. (2) Full scan XPS spectrum of CogMogC,/NCRGO composite. High resolution spectra of (b) C 1s, (¢) Mo 3d, (d) Co 2p, (e) N 1s, and

(f) O 1s.

The morphology and structure of Co  Mo-based composites
were further characterized by transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). TEM image
of CogM0ogzC,/NCRGO composite (Figure 1b) shows that
monodisperse CogMogC, nanoparticles coated by porous
carbon with a size range of 20 50 nm are tightly grown on
RGO substrates uniformly. SEM image (Figure 1c) demon-
strates that fold RGO nanosheets are decorated with spherical
porous carbon uniformly. TEM and SEM images of Co Mo-
based composites prepared with other Co/Mo molar ratios
(0:1, 1:1 and 3:1) exhibit similar structures and morphologies
to the CogMogC,/NCRGO composite (Figures S5 and S6). In
addition, CogMogC,/NCRGO with di erent GO amounts (0
and 2 mg mL 1) are also characterized by TEM and SEM.
CogMogC,/NC composite without RGO substrates (Figure S7,
panels a and c) reveals that several spherical-like particles
(100 200 nm in diameter) are bound together with some
disordered mesopores on the surface. When increasing GO
concentration to 2 mg mL *, the number of spherical particles
decrease relatively and the distribution becomes uneven on GO
supports, as can be seen in Figure S7, panels b and d. In that
sense, Co/Mo molar ratio of 2:1 and GO loadings of 1 mg
mL ! are the optimum synthesis condition to obtain the pure
phase CogMoi;C,/NCRGO composite. Moreover, high-reso-
lution TEM (HRTEM) image (Figure 1d) demonstrates that
the well-de ned lattice with the spacing of 0.391 and 0.276 nm

16980

are assigned to the (220) plane and (400) plane of CogM0gC,,
respectively. These carbide particles with obvious lattice fringes
were marked within the yellow dotted lines. The amorphous
structures outside those lines must be the porous carbon
derived from PPy because of the relatively low carbonization
temperature. Thus, the intimate contact between the crystalline
carbides nanoparticles and amorphous carbon shell further
proves that CogsMogC, particles are coated by PPy-derived
porous carbon. Heavy elements can be highlighted using high-
angle annular dark eld scanning transmission electron
microscopy (HAADF-STEM). Figure le shows that bright
spots dispersed around RGO Ims can be assigned to
CogMogC, particles. Energy dispersive X-ray spectroscopy
(EDX) mapping images demonstrate that the distribution of
Co and Mo elements are mainly focused on the particles, while
C and N elements are distributed on the whole samples
uniformly. These results of mapping further con rm that
CogMogC, particles are coated by porous carbon and RGO
Ims homogeneously. Besides, EDX spectrum (Figure S8)
con rms the existence of all required elements with the atomic
percent of Co and Mo determined to be 876 and 8.37,
respectively, indicating the information on the CogMogC,/
NCRGO composite as well.

Nitrogen adsorption desorption isotherm and pore size
distribution of CogMogzC,/NCRGO with di erent GO
amounts are shown in Figure S9. CogM0zC,/NCRGO with 1
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Figure 3. (a) LSV curves of Mo,C/NCRGO, Co/Mo,C/CogM0¢zC,/NCRGO, CogMogC,/NCRGO, CogMoyzC,/CosM0ogC/NCRGO, and
commercial IrO,. (b) Table for the comparison of 4, for corresponding samples. (c) Tafel plots for corresponding samples. (d) Cycle stability of
CogMogC,/NCRGO composite before and after 2000 CV cycles. (e) EIS spectrum for corresponding samples (inset is the equivalent circuit model
for tting the EIS plots). (f) Capacitive currents of CogMogC,/NCRGO at di erent scan rates (10 100 mV s 1). Inset is CV curves at di erent scan

rates.

mg mL ! GO loadings has the largest Brunauer Emmett
Teller (BET) surface area of 94.1 m? g %, while the BET surface
area of CogMogC,/NCRGO with 0 and 2 mg mL ! GO
loadings are 59.6 and 61.0 m? g !, respectively. The Barrett
Joyner Halenda (BJH) pore size distribution shows the
mesopore size of 4 5 nm. The large surface area and
mesopores bring about more exposed active areas for
CogM0zC,/NCRGO composite, which ensure the fast electron
transfer to obtain high electrocatalytic activity.

Raman spectrum of CogMogC,/NCRGO with di erent GO
amounts (Figure S10) shows two distinct peaks at 1350 and
1591 c¢m !, which can be related to the D and G bands,
respectively.** What's more, the D and G band intensity ratio
(Ip/1g) of CogM0osC,/NCRGO with 0, 1, and 2 mg mL * GO
amounts are 1.0, 1.17 and 1.30, respectively, indicating the high
graphitic structure due to the high-temperature carbonization.
The graphitization of PPy-derived porous carbon and RGO

Ims can e ectively increase the conductivity and promote the
electron transfer of CogM0zC,/NCRGO composite simulta-
neously, thus enhancing the OER performance.

The surface chemical valence state of the as-prepared
composite was elucidated by X-ray photoelectron spectroscopy
(XPS). The overall XPS spectrum of CogMogC,/NCRGO
composite in Figure 2a suggests the existence of C, N, O, Co,

Mo, and P. In Figure 2b, three deconvoluted peaks at 284.4,
2853, and 2883 eV are C C/C C,C N and O C O
bonds, respectively, indicating that the major composition is
sp?-hybridized carbon. Besides, the C N bond shows an
enhanced intensity from C 1s spectrum, which indicates the
high content of N-doping in porous carbon and RGO Ims.**
The Mo 3d spectrum shows the mixture Mo oxidation states
for CogMogC, particles. In Figure 2c, two primary peaks at
235.3 and 232.3 eV correspond to Mo®3d,/, and Mo®*3ds,,,
respectively, while the peak at 231.5 eV can be assigned to
Mo**3da,.*? Co 2p spectrum (Figure 2d) can be deconvoluted
into four main peaks. The two peaks located at 795.4 and 780.3
eV are ascribed to Co 2p,,, and Co 2ps,,, respectively, while
the two weak peaks at farther left binding energy are the
shakeup satellite peaks.*® Figure 3e gives three dominant N
peaks at 398.3, 400.7, and 401.6 eV, assigned to pyridinic N,
pyrrolic N, and graphitic N, respectively, suggesting that N
species are incorporated in porous carbon and graphene layers.
In general, the heteroatoms doping in carbon, especially N
doping, can modify the electronic structures and disorder
carbon structures to improve the electrocatalytic activity.**
According to the peak area, pyridinic N dominates the main
composition with the content of 57.3%, which is the most
active N species in the CosMogC,/NCRGO composite.*®
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Moreover, a small Mo 3p peak at 395.5 eV is associated with
the Mo N binding energy. The O 1s XPS spectrum containing
three oxygen peaks is shown in Figure 3f. The main peak at
530.4 eV is ascribed to C O/C O bond, while other two
peaks at 531.6 and 532.7 eV are O N C and C OH bonds,
respectively. These oxygen-containing groups can be attributed
to a number of surface defects and oxygen vacancies, which is
helpful to improve the electrochemical activity of CogMogC,/
NCRGO composite. XPS spectra of Co/Mo,C/CogMogC,/
NCRGO and CogMogzC,/CosM0gC/NCRGO composites also
show similar chemical valence states in Figures S11 and S12,
respectively.

Oxygen Evolution Reaction Activity of CogMogC,/
NCRGO Composite. The incorporation of a second metal into
the PCG precursor is crucial to explore the relationship
between carbides composition and electrochemical activity. The
OER performance was tested using a three-electrode system in
1 M KOH electrolyte at room temperature. First, CogMogC,/
NCRGO composites prepared with di erent GO loadings (0, 1,
and 2 mg mL 1) (Figure S13) and di erent carbonization
temperatures (700, 800, and 900 °C) (Figure S14) were
discussed to select the optimum OER performance, that is 1 mg
mL ! GO amount and carbonization temperature of 800 °C.
Figure 3a shows the linear sweep voltammogram (LSV)
polarization curves of Co Mo-based composites prepared
with di erent Co/Mo molar ratios as well as the commercial
IrO, catalyst. It is worth noting that the OER performances of
Co Mo-based composites can be improved obviously after
adding Co sources into the PCG system, while Mo,C/NCRGO
composite without Co-doping shows very poor OER proper-
ties. When changing the Co/Mo molar ratios in Co-PCG
precursors from 1:1 to 3:1, CogM0ozC,/NCRGO composite
exhibits the best OER performance with a positive onset
potential and a dramatic increase of current density compared
with other two Co Mo-bhased composites. In contrast, Co/
Mo,C/CogM0zC,/NCRGO and CogMogzC,/CogMo;C/
NCRGO composites show a more negative onset potential,
although their current density increasing trends are similar
because of the excellent conductivity of carbides and RGO

Ims. Besides, when the current density achieves 10 mA cm 2,
Co/Mo0,C/CogM0gC,/NCRGO, CogM0zC,/NCRGO,
CogMo4C,/CosM0ogC/NCRGO, and commercial IrO, catalysts
give the overpotential ( ;o) of 430, 260, 400, and 390 mV
versus RHE, respectively (Figure 3b). Apparently, the optimum
OER electrocatalytic activity is obtained from the CogMogC,/
NCRGO composite prepared with a Co/Mo molar ratio of 2:1,
which has the lowest overpotential among that of other Co
Mo-based composites and commercial IrO, catalysts.

Tafel plots were calculated to discuss the OER kinetics of the
corresponding samples. The Tafel slope of CogMogC,/
NCRGO is as low as 50 mV dec *, which is much smaller
than that of Mo,C/NCRGO (77 mV dec ), CogMogC,/
CogM0zC/NCRGO (58 mV dec 1), and commercial IrO, (78
mV dec 1) and is second only to Co/Mo,C/CosMo,C,/
NCRGO (45 mV dec 1). Moreover, the low ,, value and Tafel
slope both indicate the extraordinary OER performance of
CogM0gC,/NCRGO composite, which outperforms most of
the reported carbide-based catalysts and the excellent non-
noble transition metal-based OER electrocatalysts in alkaline
electrolytes, such as Ni/Mo,C-PC,** Fe0,;Niy40,** and Ni
Co oxides*® (Table S2). One major challenge for TMCs-based
materials as OER electrocatalysts is the alkaline stability. The
durability of CogM0zC,/NCRGO composite was measured

using CV method ranging from 1.3 to 1.5 V versus RHE at the
scan rate of 100 mV s % Compared with the initial one, the
LSV curve of CogMogC,/NCRGO composite (Figure 3d) only
has a slight shift to the smaller current density after 2000 CV
cycles, which proves its outstanding OER stability.

For further study, electrochemical impedance spectroscopy
(EIS) was used to examine the electrode kinetics at the
electrolyte/electrocatalyst interfaces. The charge transfer
resistance (R.;) between the bulk electrolyte and the electrode
surfaces can be calculated by tting the EIS plots using the
equivalent circuit model inset in Figure 3e. The tted curves all
match coincidentally well with the original one, suggesting that
the equivalent circuit model is suitable to calculate the exact R
value (Figure S15). R value of CogM0gC,/NCRGO composite
is only 9.0 , comparing favorably to Mo,C/NCRGO (64.3

), Co/Mo0,C/CogM0gC,/NCRGO (15.6 ), and
CogMogC,/CogM0gsC/NCRGO (134 ) (Table S1). The
small R;; value of CogMogC,/NCRGO composite ensures the
fast faradaic process and electron transfer for OER, which is
attributed to the unique porous structures and active
CogMogC, species. To estimate the electrochemical surface
area (ECSA), the double-layer capacitance (Cq) was measured
through CV measurements at di erent scan rates from 10 to
100 mV s *. The potential ranged from 0.2 to 0.3 V versus Ag/
AgCI without faradaic processes was selected for capacitance
measurements. Although the morphologies and structures of
other Co Mo-based composites are similar to CogMogC,/
NCRGO, the Cy values are di erent distinctly but agree with
their OER performance. In Figure 3f, CogMo0gC,/NCRGO
composite has the largest C4 of 42 mF cm 2 calculated by the
slope from the linear tting of CV curves at di erent scan rates.
In contrast, Mo,C/NCRGO, Co/Mo,C/CogM0ozC,/NCRGO,
and CogMogC,/CogM0ozC/NCRGO are calculated to be 1.4,
6.7, 20 mF cm 2, respectively (Figure S16). Thus, CogMogC,/
NCRGO composite with pure phase bimetallic carbides has
more active sites and larger ECSA than that of Co Mo-based
composites containing complex carbides compositions.

In order to prove the advantages of using POMs as a Mo
source, a common Mo salt of ammonium heptamolybdate
tetrahydrate ((NH,)sM0,0,,-4H,0) was used as the replace-
ment in the Co-PCG precursor to prepare the CosMogC,/
NCRGO-1 composite. The XRD pattern of the CogMogC,/
NCRGO-1 composite (Figure S17) shows the similar
CogMogC, phase peaks to the sample prepared using PMo;,
as a Mo source. In Figure S18a, the TEM image of the
CogMogC,/NCRGO-1 composite shows the rodlike morphol-
ogy with a diameter of about 2 m decorated with little RGO

Ims on the edge. Similarly, the SEM image (Figure S18b)
exhibits that polymerized PPy particles piled into rodlike
morphology in the micron scale, while crumpled RGO Ims are
coated on the surface of the rod randomly. In general, when the
alkali metal ions (e.g., NH*") replace H* of POMs, the redox
ability of these POMs would decrease obviously. Thus, the
redox ability of (NH,)gMo0;0,,-4H,0 is weaker than PMo,,,
which cannot ensure the in situ polymerization of PPy on RGO

Ims uniformly. The severe agglomeration morphology of the
CogM0gC,/NCRGO-1 composite obviously demonstrates that
using PMo;, as Mo sources in the Co-PCG precursor plays the
critical role to prepare nanoparticles anchored on RGO Ims
uniformly. Afterward, the e ects of di erent Mo sources on
OER performance were studied for comparison by LSV and
Tafel measurement. Accordingly, the CogMozC,/NCRGO-1
composite re ects a more negative overpotential of 345 mV
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Figure 4. (a) LSV curves and (b) Tafel slope of CogMogC,/NCRGO composites using di erent Mo precursors.

versus RHE at 10 mA cm 2 and a larger Tafel slope of 58 mV
dec ! than the best performed CogMosC,/NCRGO using
PMo,, as Mo sources (Figure 4, panels a and b). In brief, the
large-scaled rod-like morphology with severe agglomerated
structures using (NH,)sMo0,0,,-4H,0 as Mo sources could be
the main reason that leads to the inferior OER performance of
the CogMogC,/NCRGO-1 composite.

On the basis of the above results, the superior OER catalytic
performance of CogMo0gC,/NCRGO composite can be
ascribed to the following reasons: (1) CogMogzC, nanoparticles
with high electrical conductivity are the main active species with
intrinsically metallic conductivity for OER. (2) CogMogC,
nanoparticles coated by PPy-derived N-doped porous carbon
enable it to prevent the direct contact with the harsh
electrolytes and avoid the corrosion in the alkaline media,
which makes the long-term stability of CogMogC,/NCRGO
during the OER electrocatalytic process. (3) N species doping
in PPy-derived porous carbon lattice and RGO Ims can induce
more defects and graphitization to provide rich active sites and
enhance the charge transfer capacity. (4) RGO Ims as
conductive supports enable the fast charge/mass transfer and
favorable reaction kinetics because of the low charge transfer
resistance. In that sense, CogM0ogC,/NCRGO composite with
distinct structures is expected to provide large surface area,
e cient electron transfer, and rich accessible catalytic sites for
OER performance.

4. CONCLUSION

In summary, we report here the CogMozC,/NCRGO
composite derived from the Co-PCG precursors as the e cient
electrocatalyst for OER. Controlling the Co/Mo molar ratios in
Co-PCG precursors is of great importance to prepare pure
phase CogMogC, nanoparticles. The unique structure of Co-
PCG precursor makes sure that the morphology and structure
of the as-prepared CogMozC,/NCRGO composite remain
unchanged with the small-sized particles encapsulated in PPy-
derived porous carbon and grown on RGO supports uniformly.
In the alkaline medium, the CozMozC,/NCRGO composite
shows highly electrocatalytic activity for OER, with a low
overpotential of 260 mV versus RHE at 10 mA c¢cm 2, a small
Tafel slope of 50 mV dec !, and excellent stability. Therefore,
the as-prepared bimetallic carbides-based composite can be the
desired OER electrocatalyst as the replacement of the
commercial noble metal based catalysts in industrial produc-
tion. Further synthesis and exploration of the transition metal-
based bimetallic carbides will provide a promising avenue
toward e cient OER electrocatalysts and even the overall water
splitting.
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