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ABSTRACT: Exploring cheap and stable electrocatalysts to
replace Pt for the oxygen reduction reaction (ORR) is now the
key issue for the large-scale application of fuel cells. Herein, we
report an alloyed Co—Mo nitride electrocatalyst supported on
nitrogen-doped carbon nanocages (NCNCs) which combines
the merits of cobalt nitride and molybdenum nitride, showing
high activity comparable to that of cobalt nitride and
progressively enhanced stability with the increase in the Mo
ratio. The typical CoysMoysN,/NCNCs catalyst demonstrates
excellent ORR performance in acidic medium with a high
onset potential of 808 mV vs RHE, superior stability (>80%
retention after 100 h of continuous testing in 0.5 mol L™
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H,S0,), a dominant four-electron catalytic process, and good immunity to methanol crossover. Together with the convenient
and scalable preparation as well as the low cost, the alloyed Co—Mo nitride electrocatalyst shows great potential in application
for fuel cells. This study also suggests a promising strategy to develop non-precious-metal ORR electrocatalysts in acidic medium:
i.e, to construct the alloyed compounds by combining substances with respective high activity and high stability.
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B INTRODUCTION

The growing energy and environmental crises have been
promoting the eflicient utilization of fossil fuels and the
exploration of renewable alternative energies. Fuel cells can
efficiently convert chemical energy stored in biomass-derived
fuels (such as methanol and H,) into electrical energy in a
green manner. In comparison with the oxidation reaction of
fuels at the anode, the oxygen reduction reaction (ORR) at the
cathode is the main bottleneck, due to its sluggish kinetics.'
Platinum and its alloys have so far been demonstrated to be the
most active ORR catalysts.l’2 However, their prohibitive cost,
scarcity, deactivation by CO poisoning, and fuel crossover effect
have hindered the large-scale application of fuel cells. In recent
years, great progress has been achieved in exploring non-
precious-metal (NPM) ORR electrocatalysts,> > especially in
developing cheap transition-metal oxides* and metal-free
carbon-based nanostructures.” However, most of these new
ORR electrocatalysts are promising only in alkaline medium. In
acidic medium the metal oxide electrocatalysts are prone to
dissolution, while the metal-free carbon-based nanostructures
show poor ORR activity.***" As is known, fuel cells working in
alkaline medium are troubled by carbonate precipitation due to
the unavoidable reaction of the electrolyte with the
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omnipresent CO,.° In contrast, fuel cells working in an acidic
medium are naturally CO, tolerant with high volumetric power
and well-developed acidic membrane electrolyte and are close
to practical application.” Therefore, developing NPM electro-
catalysts for ORR in acidic medium is of practical significance
and is highly desired.

To date, three families of alternative ORR electrocatalysts in
acidic medium are impressive: (1) Fe(Co)/N/C-based macro-
cyclic compounds,® conductive polymers,” or their pyrolyzing
derivative,'® (2) NPM-based chalcogenides,'' and (3) NPM-
based nitrides and oxynitrides.'” Briefly, the Fe(Co)/N/C-
based macrocyclic compounds or conductive polymers show
considerable ORR activity but decay easily due to their
structural instability."> Their pyrolyzed derivatives exhibit
superior performance, even rivaling that of commercial Pt/C
in onset potential and durability."® Numerous studies have
followed this breakthrough, but the resultant catalysts could not
reach the expected performance,'°*'* due to difficulties in the
synthesis chemistry.'> NPM-based chalcogenides such as CoS,
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and Co;S, present a modest ORR activity with an onset
potential of 0.6—0.8 V vs RHE, but the stability is far from
satisfactory.'® In contrast, NPM-based nitrides/oxynitrides such
as molybdenum nitride and tantalum oxynitride show superb
stability due to their high resistance to acidic solution and high
immunity to methanol, but their activity is not attractive.'>*
Recently, we found that cobalt nitride has high ORR activity in
acidic medium but is not very stable. By combining the merits
of the high activity of cobalt nitride and the superb stability of
molybdenum nitride, in this study we have developed an
alloyed cobalt—molybdenum nitride electrocatalyst which
demonstrates high activity and stability for the ORR in acidic
medium. This result suggests a prospective strategy to explore
advanced hybrid ORR electrocatalysts in acidic medium by
integrating the respective advantages of the individual
components.

B EXPERIMENTAL SECTION

Synthesis of Alloyed Co—Mo Nitride Electrocatalysts.
The N-doped carbon nanocage (NCNC) support was prepared
at 800 °C by an in situ MgO template method, and the specific
surface area is 843 m? g~."” The Co,Mo,_,N,/NCNC hybrid
catalysts were synthesized by a convenient impregnation and
nitridation method. In a typical run, 50 mg of the NCNCs was
dispersed ultrasonically into deionized water, and then an
appropriate amount of cobalt nitrate (Co(NOs;),-6H,0) and/
or ammonium molybdate ((NH,)sMo,0,,4H,0) was dis-
solved with stirring. After the water was evaporated at 70 °C,
the dried powders were placed in a tubular furnace for
nitridation. Under an NH; flow of 50 sccm, the samples were
heated to 350 °C at a rate of 5 °C min™" and then to 700 °C at
2.5 °C min~’, kept there for 3 h, and then cooled to room
temperature. The loading is defined as the weight ratio of the
metal species to the NCNC support, ie., weightc,,yo/
weightycne, which was adjusted in the range of 0—50 wt %.

Characterization. The catalysts were characterized by X-
ray diffraction (XRD, Philips X’pert Pro X-ray diffractometer
with Cu Ka radiation), transmission electron microscopy
(TEM, JEM-2100), inductively coupled plasma—mass spec-
troscopy (ICP-MS, Optima S300DV), and X-ray photoelectron
spectroscopy (XPS, VG ESCALAB MKII). The binding
energies of XPS spectra refer to C 1s at 284.6 eV. The specific
surface area and pore volume of the NCNCs were measured
with a Micromeritics ASAP 2010 instrument at 77 K with N, as
absorbate.

Electrochemical Measurements. The electrochemical
tests including cyclic voltammetry (CV) and rotating disk
electrode (RDE) and rotating ring disk electrode (RRDE)
voltammetry were performed on an MSR electrode rotator
(Pine Instrument Co.) coupled with a CHI 760C workstation
(CH Instruments) with the counter electrode of Pt wire and
the reference electrode of Ag/AgCl (3 M KCl). Briefly, the
catalyst inks were prepared by adding 2 mg of Co,Mo,_.N,/
NCNC powder to a mixture of 0.80 mL of water, 0.20 mL of
ethanol, and 40 uL of Nafion (Dupont, S wt %) with 1 h
ultrasonic treatment. A 10 L portion of fresh catalyst ink was
dropped onto a glassy-carbon electrode (GC; 0.196 cm?, Pine
Instrument Co.) and dried at room temperature for 12 h. Thus,
the catalyst loading on the GC electrodes was 0.097 mg cm ™.
The same loading was used for the commercial Pt/C (20 wt %
Pt) catalyst for comparison. The CV, RDE, and RRDE curves
were recorded in O,-saturated 0.5 mol L™ H,SO, at a scan rate
of 10 mV s/, and the Pt ring electrode was polarized at 1.0 V
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vs Ag/AgCl. The electron transfer number (n) and the
corresponding H,0, yield were calculated by n = 4I34/ (I
+ Iring/N) and H,0, (%) = (ZOOIﬁng/N)/(Idisk + Iring/N)) where
I and I, were the disk electrode current and ring electrode
current, respectively, and N was the collection efficiency at the
ring electrode (N = 0.26). The chronoamperometric response
was tested for 100 h in the O,-saturated electrolyte by
constantly bubbling O, (15 mL min™") with magnetic stirring
during the whole process. In the methanol crossover tests, 2%
(v/v) methanol was introduced into O,-saturated electrolyte at
1200 s.

B RESULTS AND DISCUSSION

The NCNCs with a specific surface area of 843 m* ¢! were
used as the support (SI 1 in the Supporting Information)."” By
adjustment of the loading and ratio of cobalt salts and
molybdenum salts, two series of Co,Mo,_,N,/NCNC electro-
catalysts (y < 1) were prepared: i.e., with tunable loading of 5—
50 wt % at x = 0.50 and tunable x of 0—1.00 at 10 wt % loading,
respectively.

ORR activities of these hybrid electrocatalysts were measured
by CV and RDE voltammetry in O,-saturated 0.5 mol L™
H,SO, solution (Figure 1 and SI 2 in the Supporting
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Figure 1. ORR performance of the two series of Co,Mo,_.N,/
NCNCs catalyst: (a, b) RDE curves (a) and derived onset potentials
vs loading (b) for the CopsoMoy 5oN,/NCNCs; (c, d) RDE curves (c)
and the derived onset potentials vs the x value (d) for the
Co,Mo;_,N,/NCNCs with 10 wt % loading. The inset in (c) is the
local enlargement. For comparison, the onset potentials for the
NCNCs and MoN/NCNCs are depicted in (b) and (d), respectively.
The error bars in (b) and (d) are the standard deviations on the basis
of three groups of samples.

Information). Figure 1 displays the ORR performances of the
two series of Co,Mo;_ N /NCNC catalysts. The onset
potentials (E,), i.e. the separating point of RDE (or CV)
curves measured in O,- and N,-saturated solutions, and current
densities (i) at 0.5 V (vs RHE) change with increasing loading
of the Coy50Mo0y5oN,/NCNC (Figure lab). The optimized
loading is 10 wt %, at which E_,, reaches the maximum of 808
mV (much higher than 450 mV for the NCNCs) and i of 2.56
mA cm~? (Figure S2 in the Supporting Information). With this
optimal loading, the effect of Co content on ORR performance
for Co,Mo,_,N, has been examined. The participation of Co
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leads to a hasty increase of E., from 630 mV for MoN/
NCNC to ~800 mV for Cog3sMogesN, and then stays at this
high level over the wide x range of 0.35—1.00 (Figure 1c,d).
The optimization study indicates that the Co,Mo,_,N,/NCNC
hybrids with x > 0.35 have a high onset potential of ~800 mV
for the ORR in 0.5 mol L™' H,SO,, which is superior to those
of the state-of-the-art NPM-based nitride, oxynitride, and
chalcogenide catalysts in acidic medium (Table S1 in the
Supporting Information). In addition, the ORR performance is
insensitive to the composition over a wide range, which implies
the high reproducibility by a convenient preparation. In this
aspect it is superior to the Fe/N/C or Co/N/C moieties,
whose performance highly depends on the preparation
procedures."

As a representative, the bimetallic Coy5,MogsoN,/NCNCs
with 10 wt % loading has been characterized in detail, with the
monometallic MoN/NCNCs and Cos,,N/NCNCs for com-
parison. Figure 2 shows TEM characterization results of the

0.248 nm: |
. MON(200)

Figure 2. TEM characterization of the Cog oMo 5oN,/NCNC, MoN/
NCNC, and Cos,,N/NCNC catalysts: (a) Coy.50M0y 50N,/NCNC;
(b—e) low-magnification TEM image (b) and corresponding
elemental mapping (c—e) of the CogsMogsN,/NCNCs; (f) MoN/
NCNC; (g) Cos4/N/NCNC. All insets are HRTEM images of the
corresponding samples.

samples. The MoN particles are highly dispersed on the NCNC
support with sizes of 2—7 nm. High-resolution TEM
(HRTEM) showed the lattice fringes with a spacing of 0.248
nm corresponding to the (200) plane of MoN (Figure 2f and
Figure S3a—d in the Supporting Information). In contrast, the
Cog 4N particles present a bimodal distribution with sizes of
5—25 and 50—250 nm (SI 3 in the Supporting Information).
HRTEM observed the lattice fringes with a spacing of 0.253 nm
in consistence with the (110) plane of Cos 4N (Figure 2g and
Figure S3e—h in the Supporting Information). The bimetallic
Cog,50Mog 50N, particles mainly distribute in the range of 8—18
nm without abnormally large particles, generally between the
sizes of MoN and Cos 4N, suggesting the uniform dispersion of
the Co species due to the Mo participation (Figure 2a).
HRTEM showed two kinds of crystal lattices with spacings of
0.279 and 0.254 nm, which cannot be assigned to MoN or
Cos4,N and indicate the formation of the bimetallic Co—Mo
nitride (inset in Figure 2a and Figure S3i—I in the Supporting
Information). The elemental mapping presents the similar
dispersion of Co, Mo, and N species (Figure 2b—e), supporting
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the HRTEM result. XRD and energy dispersive spectroscopy
(EDS) characterizations also give similar results (SL 4 in the
Supporting Information).

The evolution of XPS spectra for the Co,Mo,_,N,/NCNCs
is shown in Figure 3 with x increasing from 0 to 1.00. For the
MoN/NCNCs (x = 0), the main peaks of Mo 3d;,, appear at
231.80 and 23247 eV, coming from the dominant Mo®* and
minor Mo®* species.18 In the corresponding N 1Is spectrum,
there exists a decomposed peak (N3) at 397.90 eV resulting
from the supported MoN nanoparticles,'® in addition to the
peaks of pyridinic N (N2, at 398.53 V) and graphitic N (N1,
at 400.82 eV) from the NCNC support.'” The incorporation of
Co leads to the appearance of a new Mo®" species at 229.20 +
0.10 eV."® With an increase in the Co content (x), the relative
content of the Mo*" species increases, accompanied by an
increasing Mo’ /Mo® ratio. Such an evolution indicates
electron transfer from the Co species to the Mo species,
which results in a decrease in the valence state of Mo species.
This result further suggests the alloying of Co and Mo in the
Co,Mo,_,N, catalysts, in agreement with the HRTEM
observation and elemental mapping results (Figure 2b—e).
Meanwhile, the content of N3 (from the Co,Mo,_,N,) relative
to that of N1 and N2 (from the NCNCs) decreases gradually
with the binding energy slightly shifting from 397.90 eV for
MoN/NCNCs (x = 0), via 397.88 eV (x = 0.10), 397.80 eV (x
= 0.50), and 397.74 eV (x = 0.75), to 397.63 eV for Cos 4N/
NCNCs (x = 1.00)."*® Taking into account the different
nitrogen contents in MoN and Cog 4N, the gradual decrease of
N3 content in Co,Mo,;_,N,/NCNCs with increasing x is a
natural result. The Co 2p;/, peak appears at 780.73 + 0.07 eV
with a satellite at 786.10 + 0.07 eV, suggesting the Co*"-like
species.'” XPS analysis reveals a molar ratio of 1.37:1 for
Co:Mo in the Coy oMoy 5oN,/NCNCs. In comparison with the
corresponding molar ratio of 0.99:1 detected by ICP-MS
(Table S3 in the Supporting Information), this indicates the
surface enrichment of Co species in the alloyed Co—Mo nitride
particles.

The CV, RDE, and RRDE curves of the catalysts are shown
in Figure 4. In comparison with the featureless case in the N,-
saturated solution, an apparent ORR peak appears on the CV
curve at 316 mV (vs RHE) for MoN/NCNC, 621 mV for
Coy.50M0g5oN,/NCNC, and 626 mV for Cos,,N/NCNC in
O,-saturated solutions (Figure 4a). The corresponding onset
potentials (E,,..) are ~630, ~808, and ~810 mV, respectively,
as confirmed by the RDE measurements (Figure 4ab). The
alloyed Coy oMo, 5oN,/NCNC displays an ORR performance
comparable with that of the Cog,,N/NCNCs and much better
than that of the MoN/NCNCs and the NCNCs. E_, ., for the
Cog.50Mog 50N,/NCNCs (~808 mV) is only ~147 mV lower
than 955 mV for the commercial Pt/C catalyst (Figure S2e,f in
the Supporting Information). The electron transfer number (1)
and the corresponding H,0, yield during the ORR are
calculated to be ~3.75 + 0.10 and ~12.6% in the range of
0.05—-0.60 V, indicating a dominant four-electron process
(Figure 4c,d). The n value is slightly lower than that of the
Co;4/N/NCNCs but obviously higher than that of the MoN/
NCNCs (Figure 4d and Table S2 in the Supporting
Information). These results indicate that the high ORR activity
can be mainlg attributed to the cobalt-containing nitride
nanoparticles.”

The long-term ORR stability of the optimized bimetallic
Co,Mo;_,N,/NCNC (x = 0.35-1.00) catalysts have been
evaluated by chronoamperometric responses, as shown in

DOI: 10.1021/cs50202%h
ACS Catal. 2015, 5, 1857—-1862


http://pubs.acs.org/doi/suppl/10.1021/cs502029h/suppl_file/cs502029h_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs502029h/suppl_file/cs502029h_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs502029h/suppl_file/cs502029h_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs502029h/suppl_file/cs502029h_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs502029h/suppl_file/cs502029h_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs502029h/suppl_file/cs502029h_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs502029h/suppl_file/cs502029h_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs502029h/suppl_file/cs502029h_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs502029h/suppl_file/cs502029h_si_001.pdf
http://dx.doi.org/10.1021/cs502029h

ACS Catalysis

Research Article

Intensity / a.u.

400

J L
404 408 776 784 792 800

Binding Energy (eV)

Figure 3. Evolution of XPS spectra for the Co,Mo;_,N,/NCNCs catalysts with increasing x from 0 to 1.00. N1 (400.85 + 0.05 eV), N2 (398.50 +
0.05 eV), and N3 (397.63—397.90 eV) correspond to graphitic N, pyridinic N, and nitrides, respectively.
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Figure 4. ORR performances of the Cog50Moy5oN,/NCNC, MoN/
NCNC, and Cos4,N/NCNC catalysts in 0.5 mol L™! H,SO,: (a) CV
curves in N,-saturated (---) and O,-saturated (—) H,SO, solutions;
(b) RDE curves; (c) RRDE curves; (d) electron transfer number (1)
and H,0, yield vs potential. For comparison, the RDE curves for
NCNCs and commercial Pt/C (20 wt % Pt) are depicted. CV was
carried out at a scan rate of 10 mV s™". The rotating speed for the RDE
or RRDE was 2500 rpm. The RDE test of Pt/C was performed in 0.1
mol L™ HCIO, with a rotating speed of 1600 rpm.

Figure S. The retention of the ORR current increases with the
increase in the Mo species. The Cog35Moy¢5N,/NCNC catalyst
(x = 0.35) exhibits the best stability with a decrease of ~16%
after 100 h of testing, much smaller than the ~36% decrease for
Co54N/NCNC and ~75% for Pt/C (Figure Sa and SLS in the
Supporting Information). The superior ORR stability for the
bimetallic nitride Co,Mo;_,N,/NCNC mainly results from its
much improved resistance to acidic medium due to the alloying
of Co and Mo, while the inferior stability of Cog,,N/NCNC is
due to the dissolution of the Cog 4N particles in acid solution
(Table S4 and Figure S11 in the Supporting Information). In
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Figure 5. Chronoamperometric responses of the Co,Mo,_.N,/
NCNCs catalysts: (a) stability test for 100 h; (b) methanol crossover
test by addition of 2% (v/v) methanol to the electrochemical cell at
1200 s as shown by an arrow. The tests were performed in O,-
saturated 0.5 mol L™' H,SO, with magnetic stirring. The
corresponding tests for the commercial Pt/C (20 wt % Pt) catalyst
were performed in O,-saturated 0.1 mol L™' HCIO,. In (a), the bias
voltage was set at 0.2 V (vs Ag/AgCl). In (b), the bias voltage was set
at 0.3 V for CoxMol_xNy/ NCNC and 0.4 V for Pt/C, respectively. i,
defines the initial current.

comparison with the small particles, the large particles in the
Co54;N/NCNCs are more easily dissolved in acid (Figure S10
in the Supporting Information). The bimetallic Co,Mo,_,N,/
NCNC catalyst also exhibits superb tolerance to methanol
crossover. By addition of 2% (v/v) methanol to the solution
during the chronoamperometric tests, the current for
Cog,50M0gsoN,/NCNC stays constant while that for Pt/C
suffers a sharp decrease (Figure Sb).

As indicated by the comparison, the alloyed Co—Mo nitrides
can mostly preserve the ORR activity of cobalt nitride in both
E, st and current density, while presenting relatively good ORR
stability due to the Mo participation (Figures 4b and S). The
alloyed Co—Mo nitride sample has smaller particle sizes and
narrower distribution in comparison to the cobalt nitride, free
from serious aggregation as the case for the Cos4N sample
(Figure 2a,g), as well as the surface enrichment of Co species,
which promotes the efficiency of the cobalt usage. In addition,
the Mo species enhances the resistance of the alloyed Co—Mo
nitride to acidic medium (Figure Sa and Table S3 in the
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Supporting Information). Hence, the alloyed Co,Mo,_,N,/
NCNC catalysts (x > 0.35) integrate the merits of highly active
Co4/N/NCNCs and highly stable MoN/NCNCs and avoid
the drawbacks of poorly active MoN/NCNCs and poorly stable
Cos4/N/NCNCs. This might be an effective strategy to
develop NPM-based advanced electrocatalysts in acidic
medium, which has been successfully extended to other
material systems: e.g., the bimetallic CoMoS;;;/NCNCs
catalyst also combines the high ORR activity of CoS, and
good ORR stability of MoS, (SI 6 in the Supporting
Information).

B CONCLUSION

In summary, the alloyed Co,Mo,_,N,/NCNCs have been
applied as cheap ORR electrocatalysts in acidic medium; they
exhibit excellent ORR performance, including the dominant 4e
catalytic process, high activity, superior stability, and immunity
to methanol crossover. The alloyed Co—Mo nitrides, evidenced
by the emergence of the new Mo®" species, combine the merits
of the high activity of cobalt nitride and the high stability of
molybdenum nitride, while avoiding their respective drawbacks
of low stability and low activity. The narrowly distributed sizes
of the bimetallic nitride are between those of the small MoN
and the large Cog4/N: ie., the Mo participation can effectively
increase the usage efficiency of the active Co species. Together
with the convenient and scalable synthesis as well as the low
cost, the alloyed Co—Mo nitride electrocatalysts exhibit great
potential in applications for proton exchange membrane fuel
cells. This study also suggests a promising strategy to explore
non-precious-metal ORR electrocatalysts in acidic medium, i.e.,
to construct the alloyed compounds by combining substances

with respective high activity and high stability.
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