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ABSTRACT: Developing high-performance, low-cost,
and conductive nonprecious electrocatalysts for the
oxygen reduction reaction (ORR) has been a key
challenge for advancing fuel cell technologies. Here, we
report on a novel family of cobalt nitrides (Co,N/C, x =
2, 3, 4) as ORR electrocatalysts in alkaline fuel cells.
Co,N/C exhibited the highest ORR activity among the
three types of cobalt nitrides studied, with a half-wave
potential (E, ,) of 0.875 V vs RHE in 1 M KOH, rivaling
that of commercial Pt/C (0.89 V). Moreover, Co,N/C
showed an 8-fold improvement in mass activity at 0.85V,
when compared to cobalt oxide, Co;0,/C, and a
negligible degradation (AE;, = 14 mV) after 10000
potential cycles. The superior performance was ascribed
to the formation of a conductive nitride core surrounded
by a naturally formed thin oxide shell (about 2 nm). The
conductive nitride core effectively mitigated the low
conductivity of the metal oxide, and the thin oxide shell
on the surface provided the active sites for the ORR.
Strategies developed herein represent a promising
approach for the design of other novel metal nitrides as
electrocatalysts for fuel cells.

ydrogen fuel cells represent one of the most promising

renewable energy technologies for electric vehicles due
to their high energy conversion efficiency.”” However, the
sluggish oxygen reduction reaction (ORR) has precluded the
broad deployment of fuel cell technologies.”> Proton
exchange membrane fuel cells (PEMFCs) require significant
amounts of Pt-based catalysts to facilitate the ORR for high
power density applications (1 W/cm?).>®” Alternatively,
alkaline fuel cells enable the use of nonprecious metal catalysts,
such as transition metals and oxides, as they are much more
stable in alkaline media.” A variety of nonprecious-metal-
containing catalysts have been explored, including Fe/Co—N—
c e perovskites,11 transition metal oxides,"*™*° phosphides,ls
and nitrides.'”~"? Among them, metal oxides, especially spinel
oxides, have drawn considerable attention due to their superior
activities.**>*! However, bulk metal oxides, like Co;0, have a
low intrinsic electronic conductivity due to their large band gap
(>2 eV) and small nanoparticles only partially mitigate their
insulating character.”””’ It is thus important to develop novel
conductive metal-based catalysts for the ORR. Benefiting from
their conductive nature and, often, metallic behavior,”*
transition metal nitrides have emerged as a new family of
ORR electrocatalysts. Previous reports include early 3d metal
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nitrides,”> Mn-,"” Fe—,26 Co-,'® and Ni-based nitrides,””**
Cu;N,"*” MoN,"® and other bimetallic nitrides.'®** However,
the reported activities are at best modest (E;;, < 0.8 V vs
reversible hydrogen electrode, RHE) and generally far lower
than that of Pt/C (Table S1). Cobalt-based nitrides have been
reported to exhibit promisin% Eerformance in water split-
ting,”***~** metal-air batteries,””** and supercapacitors.”
Here, we have prepared a series of cobalt nitrides loaded on
carbon supports by a facile nitridation process in NH;. The
crystal structures of the as-synthesized cobalt nitrides were
characterized by powder X-ray diffraction (XRD) (Figures la
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Figure 1. (a) XRD patterns of Co,N/C, Co;N/C, and Co,N/C and
the corresponding standard XRD references. (b) Co/N atomic ratio
vs synthesis temperature. Red marks indicate the single phase Co, N/
C materials while blue marks suggest mixed phases. (c) Crystal
models of Co, Co,N, Co;N, and Co,N.

and S1). The XRD patterns of Co,N/C, Co;N/C, and Co,N/
C matched well with those of standard references, Co,N (PDF
04-004-4638), Co,N (PDF 04-021-6263), and Co,N (PDF
04-021-6262), respectively, indicating a successful synthesis of
single-phase cobalt nitrides. This finding highlights the key role
of the synthesis temperature in determining the Co/N ratio. As
shown in Figure 1b, increases in the temperature led to a
monotonic increase of the Co/N ratio, indicating a gradual loss
of nitrogen from the cobalt nitride crystals at higher
temperatures. The characteristic temperatures for the for-
mation of Co,N, Co;N, and Co,N were 300, 360, and 460 °C,
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respectively, as indicated by the red marks in Figure 1b. Mixed
phases would coexist when the annealing temperatures were in
between the aforementioned characteristic temperatures (blue
marks in Figure 1b). We propose the following temperature
effects during NH; treatment: the precursor is directly reduced
by ammonia to Co,N at 300 °C; further temperature increases
lead to the partial decomposition of Co,N, giving rise to Co;N
at 360 °C and further decomposition yielding Co,N at 460 °C.
From the perspective of crystal structures (Figure 1c), Co,N
exhibits a similar cubic structure to the cubic metallic Co and
both show similar XRD patterns with just slight differences in
d-spacings (Figure Slg). Further incorporation of N atoms
into the lattice induces the transformation to new crystal
structures. While Co;N adopts a hexagonal structure with six
cobalt and two nitrogen atoms in the unit cell, Co,N exhibits
an orthorhombic structure with a much lower symmetry.
The microstructure of the as-synthesized Co,N/C was
examined, at the atomic scale, using an aberration-corrected
high-angle annular dark-field (HAADF) scanning transmission
electron microscope (STEM) equipped with an electron
energy loss spectrometer (EELS). Atomic-scale TEM images
suggested d-spacings of 2.1 A, consistent with the theoretical
values of (111) facets of Co,N (Figure S2). The chemical
compositions of Co,N NPs were investigated using EELS
analysis (Figure 2), which was obtained from the Co L;, edges

Figure 2. STEM-EELS analysis of the nitride-core and oxide-shell of
Co,N/C. (a) HAADF-STEM image of one Co,N nanoparticle. (b—f)
The corresponding EELS elemental maps of Co in green (d), N in red
(e), O in green (f), and composite maps of Co vs N (b) and O vs N
(c), respectively.

and N K-edge (Figure S3). The as-synthesized Co,N NPs
exhibited a relatively homogeneous elemental distribution of
Co and N, which confirmed the uniform incorporation of N
through the nanoparticles. Surprisingly, a pronounced O K-
edge emerged in the EELS spectrum (Figure S3) and resulted
in an O elemental map with clear surface enrichment (Figure
2f). The composite map of O vs N suggested a thin oxygen
shell on the surface with a uniform thickness of about 2 nm
(i.e., ~6 atomic layers, Figures 2 and S4). In an effort to further
distinguish the chemical environment of the nitride core from
the surface oxide layer, electron energy-loss near-edge structure
(ELNES) analysis was employed to study the Co L;, edges at
the single-nanoparticle level with a high energy resolution of
0.5 eV. The ELNES spectrum of the nitride core exhibited a
lower edge energy than the oxide shell (Figure SS), which is
likely due to the average Co valence in the nitride core being

lower than in the oxide shell, consistent with previous X-ray
absorption spectroscopy measurements.”* "’ The nitride core
also exhibited a higher intensity ratio of L, to L; than that of
the oxide shell, suggesting a relatively more covalent bonding
for Co in the core.”™” This intriguing finding indicated that
the as-synthesized Co,N NPs would naturally form a thin
surface layer of cobalt oxide, upon exposure to air. Such a
“native oxide layer” is also known as a passivation layer with a
thickness of several atomic layers, which can prevent further
oxidation and is particularly common in aluminum.*’

To elucidate the near-surface chemical environment, surface-
sensitive X-ray photoelectron spectroscopy (XPS) was
employed to study the surface oxide layer and near-surface
nitride. Pronounced N and O 1s and Co 2p peaks appeared in
the full XPS spectrum, indicating the presence of both cobalt
nitride and oxide (Figure 3a). The higher intensity of the O 1s
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Figure 3. XPS spectra for Co,N. (a) full spectrum. (b—d) High-
resolution spectra of (b) Co 2p, (c) O Is, and (d) N 1s.

peak, relative to the N 1s peak, is consistent with previous
findings of the 2 nm surface oxide layer since the XPS
penetration depth is ~5 nm. In the Co 2p spectrum (Figure
3b), the peaks at 778.0 and 793.0 eV were ascribed to the Co
2p3/, and Co 2p,;, of Co—Co coordination. The binding
energies of 781 and 796.6 eV, corresponding to Co—N bonds,
confirmed the formation of Co,N after the nitridation process.
The coexistence of both Co—Co and Co—N suggests two
distinct chemical environments of Co in the Co,N crystal
structures with the Co atoms having nearest neighbors of two
N atoms in a collinear geometry and 12 surrounding Co atoms
(Figure 1c). The Co—O bond was evidenced by peaks located
at 779.7 and 794.9 eV and further verified by the presence of
Co—O coordination at 528.8 eV in the O 1s spectrum (Figure
3c). Besides the Co—O bond, from the surface cobalt oxide
shell, a significant amount of OH and H,O adsorbed on the
surface were evident and identified by their distinct chemical
shifts at 530.7 and 532.1 eV, respectively. In a previous report,
we found that Co—OH,4 and Co—OH,,_4 were able to activate
water molecules on the surface and facilitate oxygen
reduction.”” Apart from the Co—N bond in Co,N (396.1
€V), the peak at 399.0 eV in the N 1s spectrum could originate
from the N—H surface terminal group after NH; treatment*"**
while the binding energy of 402.0 eV was assigned to the
formation of N—O interactions®’ at the interface between
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Figure 4. Evaluation of ORR activity of Co,N/C. (a) ORR polarization profiles of Co,N/C, Co;N/C, Co,N/C, Co;0,/C, and Pt/C in O,-
saturated 1 M KOH at S mV/s and 1600 rpm. (b) Mass activity (MA) of Co,N/C, Co;N/C, Co,N/C, and Co;0,/C at 0.85 V vs RHE

(normalized to the mass of Co).

cobalt oxide and Co,N (Figure 3d). The combination of a
conductive cobalt nitride core and an active cobalt oxide shell
may serve as a rational design metric of heterogeneous
structures to mitigate the low conductivity of metal oxides, yet
remain as active sites on the surface, and work as promising
ORR electrocatalysts.

The oxygen reduction activity of cobalt nitrides was
evaluated with a rotating disk electrode (RDE) system
(Figures 4a and S6). All the catalysts displayed a similar
diffusion-limiting current of about —3.8 mA/ cm?in 1 M KOH
solution (Figure 4a), indicating a nearly four-electron ORR
process, consistent with rotating ring disk electrode (RRDE)
measurements (Figure S7). Based on the Levich equation, the
I; of the 4¢” ORR in 0.1 M O,-saturated KOH is —5.5 mA/
cm? at 1600 rpm. However, the O, concentration (Cp,) in 1 M
KOH at 25 °C and 1 atm is 8.42 X 10™* mol/L, which is ~70%
of the Cg, in 0.1 M KOH (1.21 X 1073 mol/L),** so that the
I; of the 4 ORR in 1 M KOH at 1600 rpm will be
correspondingly lower with a value of —3.8 mA/cm? While
Co0;0,/C exhibited a high E, ,, value of 0.845 V, both Co,N/C
and Co3N/C outperformed the spinel oxide by 15 mV in E, /,,
suggesting enhanced ORR kinetics. Surprisingly, Co,N/C
achieved a further activity enhancement with an E,,, at 0.875
V, comparable to that of Pt/C (0.890 V), and the highest
recorded performance when compared to other reports in the
literature (Table S1). The enhanced activity was further
evaluated in terms of the mass activity (MA) at 0.85 V vs RHE
(Figure 4b). Compared to Co;0,/C, a significant 3-fold
enhancement was observed for Co,N/C and Co;N/C.
Furthermore, Co,N/C reached a remarkable MA of ~300
A/g, respectively, representing an 8-fold increase when
compared to Co;0,/C and much higher than other reports
(Table S1). Co,N/C exhibited a smaller Tafel slope of 49 mV/
dec, relative to Pt/C (66 mV/dec, Figure S8). The enhanced
ORR performance was attributed to the unique nitride-core
oxide-shell structure, consistent with previous theoretical
predictions.*

The stability of Co,N/C was assessed by potential cycling
between 0.60 and 0.95 V for 10 000 cycles. Co,N/C exhibited
significant stability with an E, ,, decay of only 14 mV (Figure
S9), close to that of Pt/C (17 mV) (Figure S10). Given that
the synthesis involved the NHj; treatment of Co precursors on

carbon supports, it appears plausible that Co-containing N-
doped carbon (Co—N-C) structures possibly formed and
might contribute to the observed catalytic enhancement since
Co—N-C based materials are known to be active sites for the
ORR.***” Even though no evidence of single Co atoms on
carbon was observed in STEM imaging, in order to rigorously
evaluate such a possibility, we carried out acid wash
experiments to remove Co,N by treating Co,N/C in hot
H,SO,. The absence of the characteristic XRD peaks of Co,N
indicated that Co,N was completely removed after acid
treatment (Figure S11a). As a result, the removal of Co,N led
to a severe degradation of ORR performance with a negative
shift of E;/, by >50 mV (Figure S11b). This dramatic activity
loss suggested that Co,N, rather than the possible existence of
Co—N-C, played a key role in determining the ORR activity
of Co4N/C. Additionally, a mechanical mixture of Co,N and
carbon exhibited enhanced performance compared to the
NH;-treated carbon support (Figure S12), again confirming
the high electrocatalytic activity of Co,N. However, this
improvement was still far inferior to the synthesized Co,N/C
by ~50 mV in terms of E, ,, which suggested the importance
of intimate interactions, during the one-pot synthesis between
active materials and carbon supports.

In summary, Co,N/C were successfully prepared by
nitridation. These materials displayed significantly enhanced
ORR activity, with Co,N/C achieving an activity and
durability comparable to those of Pt/C. This remarkable
performance was mainly attributed to the formation of a
conductive nitride-core active oxide-shell structure. Our work
may shed light upon the development of new transition metal
nitrides not only for alkaline fuel cells but also for other
renewable energy technologies, in general.
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