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ABSTRACT: Electrochemical energy conversion and storage through hydrogen has
revolutionized sustainable energy systems using fuel cells and electrolyzers. Regrettably, the
sluggish alkaline hydrogen oxidation reaction (HOR) hampers advances in fuel cells. Herein,
we report a Pt/Ni;N—Mo,C bifunctional electrocatalyst toward HOR and hydrogen evolution
reaction (HER). The Pt/Ni;N—Mo,C exhibits remarkable HOR/HER performance in alkaline
media. The mass activity at 50 mV and exchange current density of HOR are S.1 and 1.5 times
that of commercial Pt/C, respectively. Moreover, it possesses an impressive HER activity with
an overpotential of 11 mV @ 10 mA cm ™2, which is lower than that of Pt/C and most reported
electrocatalysts under the same conditions. Density functional theory (DFT) calculations
combined with experimental results reveal that Pt/Ni;N—Mo,C not only possesses an optimal
balance between hydrogen binding energy (HBE) and OH™ adsorption but also facilitates
water adsorption and dissociation on the catalyst surface, which contribute to the excellent
HOR/HER performance. Thus, this work may guide bifunctional HOR/HER catalyst design
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in the conversion and transport of energy.

s an attractive and clean energy carrier, hydrogen has
been regarded as the most promising substitute for
traditional fossil fuels." Extensive effort has been devoted to
developing technologies and devices to achieve economical
hydrogen production, storage, and conversion.” Water electro-
lyzers and fuel cells have been identified as the most promising
alternative energy conversion and storage devices based on
highly efficient and clean electrochemical transformation
reactions between hydrogen and water. The hydrogen
evolution reaction (HER) occurs at the cathode of water
electrolyzers using electricity from green energy inputs,
whereas the hydrogen oxidation reaction (HOR) is an anodic
process of fuel cells to convert hydrogen into electrical
energy.”" Recently, accompanied by the development of
alkaline membranes, anion exchange membrane (AEM)-
based electrolyzers and fuel cells have achieved appreciable
progress in maximum current density and peak power density,
which renders them promising alternatives to proton exchange
membrane fuel cells (PEMFCs) with highly corrosive
environments.” HOR and HER are crucial determinants of
the energy efficiency of these devices because they operate in
the reversible fuel cell, including fuel cell mode and electrolysis
mode.”® However, a sluggish alkaline HOR/HER on the
anode of fuel cells turns into a “stumbling block”. As a result,
there is an absolute need to develop highly robust HOR/HER
electrocatalysts for alkaline media.
The alkaline HOR follows a two-step microscopic process,
which involves the Tafel-Volmer or Heyrovsky—Volmer

© XXXX American Chemical Society

WACS Publications

sequences, that is, H, dissociative adsorption form an
intermediate (H,4,) followed by oxidative desorption into a
proton. The second step is that H,g4, either reacts with OH™ in
the solution or adsorbed OH (OH,) to form H,O, from
which two activity descriptors were proposed to explain
sluggish alkali HOR kinetics: (1) HBE theory and (2) OH~
adsorption (oxophilicity) theory.*™"" Following the Sabatier
principle, the optimal HOR/HER catalysts should be located
near the vertex of the volcano plot with appropriate adsorbed
HBE, such as Pt and Ir.'”"* Yan®'* and Zhuang'® et al. also
showed that HBE is the major influencing factor on the HOR
activity in alkaline environments. In contrast, Strmcnik et al.
designed an advanced electrocatalyst using Pt—Ni (more
oxophilic) alloy, concluding that the stronger OH™ adsorption
is favorable to HOR activity.'® Furthermore, Markovic et al.
deposited an OH™ adsorption promoter Ni(OH), on the Pt
surface and reported a marked HOR activity enhancement
compared with pristine Pt.'” Accordingly, a mechanism of the
delicate balance between HBE and OH™ adsorption binding
energy has been proposed for desirable HOR/HER electro-
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Figure 1. (a) XRD patterns; (b) Raman spectra; (c) N, adsorption/desorption isotherms with the corresponding pore size distribution; (d) SEM,
(e) TEM, (f) HR-TEM, and (g) HAADF-STEM images and elemental mappings of Pt/Ni;N—Mo,C.

catalysts in the base.'”'® Nevertheless, a deep level of

understanding of alkaline HOR/HER is still lacking.

Pt and Pt-based materials are used widely as the electro-
catalysts for HOR/HER. Regrettably, commercial applications
are limited by their scarcity and high cost.'” To drive down the
cost of HOR/HER electrocatalyst, one strategy is to create
nonprecious metal active sites as an alternative to reduce Pt
loading without compromising the activity.”” Ni is abundant
and more oxophilic than Pt, which could promote the OH
adsorption significantly,'” which renders Ni-based electro-
catalysts promising components or catalyst supports in various
precious-metal-containing catalysts for HOR/HER electro-
catalysis.”""** Another strategy is to enhance the efficiency of
noble metals. Numerous studies suggested that catalytic
activities of noble metal particles strongly rely on their feature
sizes.”> During the catalytic processes, the reaction may
generally occur at the catalyst surface interface instead of the
whole particles; thus, reducing their dimension down to
clusters to improve the metal utilization is particularly
important.”* However, the clusters’ high surface free energy
can hardly exist alone, which necessitates the development of
efficient supports for stabilizing the small metal nanoparticles
and inhibiting the nanoparticle aggregation through metal—
support interactions.”” Thus, the support-induced strategy
comes to the fore. It is well-known that carbon black is an
inexpensive, easily structured, and conductive material. Much
previous work on alkaline HOR catalysis has focused on
carbon-supported nanoparticles, but they have a weak
catalyst—support interaction.”® It has been reported that the
metal nanoparticles tend to detach from the carbon support,
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which is more serious in an alkaline electrolyte.”® Early
transition-metal carbides (TMCs; e.g., Mo,C and W,C) and
nitrides (TMNs; e.g., Ni;N) have been extensively explored as
standalone catalysts or supports in various noble-metal-
containing catalysts owing to their high electrical conductivity,
chemical stability, and earth abundance.”” Furthermore, Liao
et al. coated Pt layers on TMNs support, demonstrating an
enhanced oxygen reduction reaction (ORR) by synergetic
effects between Pt layers and the TMNs support.”® Sanchez et
al. investigated the impact of TMCs and TMNs supports on
the thin Pt overlayers, in which the Pt electronic structure was
modified by TMCs and TMNs, thereby tuning catalyst
reactivity.”” Therefore, Mo,C is used in this study to improve
the catalyst conductivity and to create metal—support
interaction that enhances the charge transfer between two
species, which makes Mo,C a much better candidate than
carbon materials.

Herein, we propose a facile method for synthesizing Pt
nanoparticles anchored on Ni;N—Mo,C support (Pt/NiyN—
Mo,C) for HOR and HER catalysis in alkaline environments.
In this Pt/NizN—Mo,C hybrid, the flower-like Ni;N—Mo,C
microsphere was decorated with ~1.47 nm Pt nanoparticles.
The achieved Pt/Ni;N—Mo,C demonstrated a good activity
and high durability for HOR/HER, which showed a high HOR
performance with a geometric exchange current density of 2.83
mA cm™> and a mass activity of 1.28 mA ug~', which is
superior to commercial Pt/C values. It also displayed
encouraging HER with an overpotential as low as 11 mV at
10 mA cm 2 and a small Tafel slope of 31.1 mV dec™'. DFT
calculations and the detailed characterizations indicated that
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Figure 2. High-resolution XPS spectra of (a) Pt 4f + Ni 3p, (b) Mo 3d, and (c) Ni 2p regions in Pt/Ni;N—Mo,C, Pt/Mo,C, and Pt/Ni;N,

respectively.

such outstanding HOR/HER performance was correlated with
synergistic optimization of both suitable Pt—H_4, and Ni;N—
OH,, strengths, as well as Mo,C preferentially adsorbed and
activated H,O molecules for dissociation and accessible active
sites supplied by micro/nanostructure of Pt/Ni;N—Mo,C.

The Pt/NizN—Mo,C composite was prepared in three
simple steps (see the Supporting Information for details). In
the first step, (NH,)sMo,0,,-4H,0 is used as the Mo source
and dopamine hydrochloride (DA) as both the coordination
ligand and N-containing carbon source.’® Polymerization of
DA with MoO,*~ was realized upon the addition of NH;-H,0
initiator in a mixture of water and ethanol to derive Mo-
polydopamine (Mo-PDA). The Mo-PDA was carburized at
850 °C for 3 h to convert into Mo,C. Thereafter, Ni(OH),
was fabricated by a hydrothermal process and blended with
Mo,C in acetone under constant stirring, the Ni(OH),—Mo,C
composite was further annealed in an NH; atmosphere at 370
°C. Finally, the Pt nanoparticle-decorated Ni;N—Mo,C
support was obtained following a simple wet-chemical route
via mild H, reduction at room temperature.

The crystallographic texture of the substrate, precursor, and
catalyst was elucidated by X-ray diffraction (XRD) patterns
(Figures la and S2). The strong (002) graphite carbon
diffraction peaks at approximately 26°,*" where the diffraction
peaks located at 34.3, 37.9, 39.4, 52.1, 61.5, 69.5, 74.6, and
75.5° correspond well to the (100), (002), (101), (102),
(110), (103), (112), and (201) planes of hexagonal Mo,C
(JCPDS No. 35-0787).%” The characteristic peaks at 38.9, 42.1,
44.4, 58.5, 70.6, and 78.3° were assignable to the diffraction
faces of (110), (002), (111), (112), (300), and (113) of
hexagonal Ni;N (JCPDS No. 10-0280). However, only a
dominant peak in the diffraction pattern at 39.7° belonging to
face-centered cubic (fcc) structured Pt was detected owing to
the ultrafine and the ultralow Pt loading. Further insights
regarding the structure and bonding environment were gained
from Raman spectra. As showcased in Figure 1b, the two
Raman bands at 823 and 1000 cm™ indicate the mode of
Mo—C** and fingerprint bands characteristic of Ni—N at 1100
em™,* confirming the existence of Mo,C and NisN in hybrid
Pt/Ni;N—Mo,C composite. Additionally, the D (1350 cm™)
to G (1580 cm™) band intensity ratio of 1.02 indicated that
the Pt reduction may have introduced some defects in the
Ni;N—Mo,C. Subsequently, N, adsorption/desorption meas-
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urements were conducted to evaluate the surface area and pore
volume (Figure 1c). The Pt/Ni;N—Mo,C exhibited a type III
curve,”” and the corresponding BET surface area was 32.7 m*
g~! with a pore size distribution of 11.4 nm. The mesopore
structure is favorable for the exposure of active sites and
consequently facilitates mass transport.”®

The morphologies of the materials were characterized by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). As depicted in Figure 1d, Pt/
Ni;N—Mo,C presented a uniform flower-like morphology with
a nanoflake surface and an average diameter of approximately 3
um and displayed an intrinsic homogeneous feature of Mo,C
microflowers on a large scale (Figure S3). The flower-like
microsphere was constructed by numerous dense petals of a
certain chrysanthemum to form a highly porous micro/
nanostructure, allowing the reactants to access the active sites
during the HOR/HER.”” Observation via TEM (Figure le)
revealed that a flower-like microsphere is uniformly decorated
with Pt nanoparticles. As shown in Figure S4, the particle size
of Pt on the Ni;zN—Mo,C support is as small as 1.47 nm on
average, whereas a larger average particle sizes of 2.09 and 3.03
nm were found on Ni;N and Mo,C single supports,
respectively. The above results demonstrate that the size of
Pt could be controlled by the Ni;N—Mo,C support,
demonstrating significant synergism between Ni;N and
Mo,C species. A high-resolution TEM (HR-TEM) image
(Figure 1f) showed d-spacing of 0.23 nm corresponding to the
(101) crystal face of hexagonal Mo,C,”® and 0.20 nm was
consistent with the (111) crystal plane of Ni;N.”' The lattice
fringes with a spacing of 0.144 nm were consistent with the
Pt(220) plane.”” Moreover, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and corresponding energy-dispersive X-ray spectroscopy
(EDX) mappings (Figure 1g) affirmed a uniform distribution
of C, N, Mo, Nj, and Pt elements throughout the catalyst.

Additional characterization by X-ray photoelectron spec-
troscopy (XPS) was used to probe into the chemical
composition and bonding states. The XPS survey scan of Pt/
Ni;N—Mo,C unveiled that the surface was composed of C, N,
Mo, Ni, and Pt elements (Figure S5). The core-level XPS C 1s
spectra in Figure S6 deconvoluted into five peaks locating at
283.1, 284.0, 284.8, 286.0, and 288.2 eV, which were attributed
to Mo—C, C=C, C-C, C-0, and C=0, respectively.?’z’40
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Figure 3. (a) CV curves in N,-saturated 0.1 M KOH at a scan rate of 50 mV s™%. (b) HOR polarization curves. (c) Representative HOR/HER
Tafel plots of kinetic current density (j;) of studied catalysts. (d) Accelerated durability test results and chronoamperometric responses of Pt/
Ni;N—Mo,C. (e) Comparison of the j, at SO mV and the exchange current density (j,) of different catalysts. (f) Comparison of mass activity at S0

mV (jklm@SO mV) with previous reports.

Similarly, the high-resolution Pt 4f + Ni 3p spectrum of Pt/
Ni;N—Mo,C was deconvoluted in Figure 2a. The two crucial
peaks at 70.8 and 74.6 eV binding energies coincide with
metallic Pt’, whereas the peaks located at 71.5 and 74.9 eV can
be attributed to Pt**; the peaks at 73.0 and 76.5 €V correspond
to Pt* species. The XPS results showed clear dominance of
metallic Pt° at 45.8 and 45.9 atomic percentage (%) on the
surface of Pt/NizN—Mo,C and Pt/Ni;N, which are higher
than that of Pt/Mo,C (44.5%) catalyst, revealing the Ni;N
surface contributes to the redox reaction between H, and
Pt(IV) in solution.”' This also implied that reciprocal
electronic interaction between Pt nanoparticles and support
was a major contributor to the variation percentages. In the Ni
2p region, the two peaks at 67.8 and 69.3 eV can be indexed to
Ni 3p;, and Ni 3p,,,, indicating the strong interaction
between Pt nanoparticles and the Ni;N phase.”* As shown in
Figure 2b, the deconvoluted high-resolution Mo 3d spectrum
divulged the contribution from Mo,C (ds,, at 228.1 eV),
MoO, (ds, at 229.1 eV), and MoO; (ds, at 232.0 V). The
results indicated that the Mo,C content in Pt/Ni;N—Mo,C is
13.2%, which is significantly higher than that in Pt/Mo,C
(2.4%); the high electrical conductivity of Mo,C enhanced
electron transfer and reduced interfacial impedance.”” The
presence of oxide is generally unavoidable because of the
pyrophoricity in areal exposure to air."’ It must be remarked
that we can see clear Mo,C characteristic peaks in the XRD
spectrum, which further proves that only the sample surface is
oxidized. Samples were characterized with XPS to identify the
oxygen-containing surface species. Figure 2c shows the Ni 2p
high-resolution spectrum; the peaks located at 852.9, 856.5,
and 862.2 €V can be ascribed to Ni—N, Ni**, and the satellite
peak.** The peaks at 856.5 eV can be assigned to Ni**, which
are possibly derived from the surface oxidation and the
compact oxide layer formed at the surface of catalyst that is
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thicker than the penetration depth of XPS (about 10 nm). This
oxide layer arises because O elements come from various
sources. Mo,C and NizN experience areal exposure to air,
resulting in gradual surface oxidation. Thus, the presence of a
significant amount of superficial oxides is not surprising and
practically inescapable. The area percentage of Ni—N species
in Pt/Ni;N—Mo,C (16.7%) is higher than that of Pt/Ni;N
(14.7%), indicating higher catalytic performance. XPS peaks of
N 1s were detected at 394.3, 397.9, and 400.1 eV, signifying
Mo 3p, N-metal bonding/pyridinic-N, and N—H bonding/
pyrrolic-N (Figure §7).*

The HOR was evaluated in H,-saturated 0.1 M KOH by
casting a thin catalyst layer onto a rotating disk electrode
(RDE). Noticeably, the reversible hydrogen electrode (RHE)
was calibrated (Figure S1), and all potentials were measured
against RHE. In addition, the electrochemical data are
presented with iR correction (Figure S10). The optimized Pt
doping content and the corresponding performance parame-
ters are shown in Figure S8. The results showed that the best
catalyst, designated as Pt/Ni;N—Mo,C, had the Pt content of
6.39 wt %. Pt/Ni;N—Mo,C is the target catalyst discussed
below if not explicitly stated.

Cyclic voltammetry (CVs) curves were recorded in N,-
saturated 0.1 M KOH solution to study hydrogen adsorption/
desorption behaviors to understand the alkaline HOR
mechanism. The CVs between 0 and 0.45 V vs RHE
corresponded to the hydrogen region, which was in agreement
with the hydrogen under-potential deposition (H,,q) region of
Pt.>* In previous studies, the H,,4 peak’s potential has a direct
correlation with HBE.***’ As illustrated in Figure 3a, a
negative shift was found for the H,,4 peak’s potential from Pt/
Ni,N (0.312 V), Pt/C (0.301 V), Pt/Mo,C (0.247 V), to Pt/
Ni;N—Mo,C (0.218 V), suggesting Pt/NizN—Mo,C has
weaker hydrogen-bonding sites that lead to faster HOR
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Table 1. Summary of ECSA, ji ., SA, ji, and j, of Different Catalysts in This Work”

catalyst ECSA (m? g_l) Jigm (mA ﬂg_l
Pt/C 80.2 0.25
Pt/Ni3N—M02C 101.2 1.28
Pt/Mo,C 47.6 0.36
Pt/Ni;N 60.3 0.35
Pt, o/Ni;N—Mo,C 50.9 0.39
Pt, ,/Ni;N—Mo,C 64.7 027
Pty ;/Ni;N—Mo,C 87.4 0.53

%jim: mass activity at 50 mV. SA: specific activity. j;: kinetic current density at 50 mV. jy:

)

SA (mA cm™) ji (mA cm™) jo (mA cm™)

0.31 7.65 1.9

0.51 16.75 2.83
0.33 5.09 225
0.32 6.39 2.55
0.14 1.2 0.83
0.19 2.03 0.94
0.31 8.97 2.49

exchange current density from the micropolarization

region (—5 to S mV) by linear fitting through the Butler—Volmer equation.
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Figure 4. CO-stripping voltammetry of (a) Pt/Ni;N—Mo,C, (b) Pt/Mo,C, (c) Pt/Ni;N, and (d) Pt/C in 0.1 M KOH.

kinetics."® However, Ni;N—Mo,C showed unobvious hydro-
gen adsorption/desorption processes, indicating that Pt is the
predominant activity center and served as an active site for the
hydrogen intermediate.'”"" Besides, the highest CV charge of
Pt/Ni;sN—Mo,C is attributed to the better Pt dispersion and
stability on NizN—Mo,C supports. Simultaneously, it also
illustrated the strong synergistic interaction between NizN and
Mo,C species. The HOR polarization curves were tested in
H,-saturated 0.1 M KOH solution at the rotation speed of
1600 rpm. Figure 3b shows that Pt/NisN—Mo,C possessed
the onset potential of HOR as low as 0 V vs RHE, highlighting
its significant energetics for alkaline HOR.*>* Furthermore,
Pt/Ni;N—Mo,C achieved the highest current density of anodic
hydrogen oxidation at the whole potential range, which
evidenced the extraordinary HOR activity of Pt/Ni;N—
Mo,C. By contrast, Ni;N—Mo,C was shown to be nearly
inactive toward HOR, substantiating the remarkable synergistic
effects and electronic interaction of Pt nanoparticles and
Ni;N—Mo,C support to tune catalyst reactivity in promoting
hydrogen oxidation.””*’ To further confirm whether the H,
can be used as a reductant to reduce Pt(IV) in the precursor
solution at ambient temperature, ICP-AES was performed. We
detected only a small amount of Pt with 0.42 wt % (Table S1)
without an H, environment, and the catalyst presented a
minimal HOR activity. Instead, 6.39 wt % Pt was deposited on
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Pt/NizN—Mo,C under H, atmosphere, and it showed much
higher HOR activity (Figure S11). The Pt loadings of Pt/
Ni;N—Mo,C, Pt/Mo,C, and Pt/Ni;N were measured as 6.39,
6.95, and 9.04 wt % by ICP. Although the Pt/NizN has the
highest Pt loading, the Pt-decorated Ni;N—Mo,C support
shows the best HOR/HER performance. Moreover, the
average Pt particle size of Pt/NizN—Mo,C is much smaller
than those of Pt/Mo,C and Pt/Ni;N (Figure S4), showing the
significant effect of the support and suggesting a unique
synergistic effect between Pt, Ni;N, and Mo,C. Figure SI12
shows that the Pt/Ni;N—Mo,C had a negligible effect on
current density in N,-saturated 0.1 M KOH at 1600 rpm, thus
corroborating the catalytic reaction of HOR.*” Next, we
investigated the polarization curves of the target catalyst at
different rotating speeds, where the plateau current density
grows with increasing rotation speed owing to improved mass
transport (Figure S13).”" We also show the mass transport-
corrected kinetic current density of these catalysts (Figure 3c).
Tafel plots validated the fastest HOR kinetics on Pt/Ni;N—
Mo,C. The long-term durability of Pt/Ni;N—Mo,C and the
associated ability to continuously catalyze H, oxidation were
assessed employing chronoamperometry (j ~ t) at # = SO mV
and polarization curves after 1000 CV scans. As presented in
Figure 3d, the two polarization curves almost overlap, and the
Pt/NizN—Mo,C delivered a stable current density without
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Figure 5. (a) HER performance in H,-saturated 0.1 M KOH and (b) corresponding Tafel plots with associated linear fittings. (c) Comparison of
overpotential @10 mA cm™* with previous reports. (d) Complex-plane plots of electrochemical impedance spectra and (e) TOF per surface metal
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noticeable decay. The Pt/Ni;N—Mo,C exhibited the highest j,
(16.75 mA cm™) at 50 mV in contrast to those of Pt/Mo,C
(5.09 mA cm™2), Pt/Ni;N (6.39 mA cm™), and Pt/C (7.65
mA cm™?). Meanwhile, a geometric j, of Pt/Ni;N—Mo,C
reached 2.83 mA cm™?, outperforming those of Pt/Mo,C (2.25
mA cm?), Pt/Ni;N (2.55 mA cm™2), and Pt/C (1.9 mA
cm™?) (Figures 3e and S9). As shown in Figure 3f and Table
S2, Pt/NizN—Mo,C showed higher mass activity at 50 mV,
substantially exceeding reported well-known catalysts. More-
over, The HOR performance parameters of all catalysts are
given in Table 1. CO stripping voltammetry was used to
calculate the ECSA value. The ECSA of Pt/Ni;N—Mo,C was
calculated to be 101.2 m* g~', which represented 2.1-, 1.7-, and
1.3-fold increase compared with those of Pt/Mo,C (47.6 m”
g "), Pt/NiyN (60.3 m* g™'), and Pt/C (80.2 m* g~") (Figures
4 and S14).

The HER activities of as-made electrocatalysts were
evaluated by linear sweep voltammetry (LSV) in H,-saturated
0.1 M KOH with a scan rate of 10 mV s™" at 1600 rpm. The Pt
loading was optimized, and concise performance parameters
are shown in Figure S15. The Pt/NizN—Mo,C exhibited an
ultralow overpotential of 11 mV @ 10 mA cm > and the
smallest Tafel slope as well. We next examined the HER
activities of Pt/NizN—Mo,C in greater detail, being associated
with Pt/Mo,C, Pt/Ni;N, and Pt/C as references. As shown in
Figure Sa, Pt/NizN—Mo,C presented substantially better
electrocatalytic activities in comparison to that of contrastive
samples; only 11 mV was needed to achieve 10 mA cm?,
which was lower than for Pt/Mo,C (32 mV), Pt/Ni;N (28
mV), and Pt/C (31 mV). The Ni;N—Mo,C was inert for HER
catalysis. To assess the underlying reaction kinetics, Tafel plots
are presented in Figure Sb. The Tafel slopes decreased in the
order 125.5, 41.4, 38.8, 35.8, and 31.1 mV dec™' for Ni;N—
Mo,C, Pt/Ni;N, Pt/C, Pt/Mo,C, and Pt/Ni;N—Mo,C, which
demonstrated the facilitation of the hydrogen evolution
kinetics. Notably, Pt/NizN—Mo,C underwent the Volmer—
Tafel mechanism where the recombination of absorbed H is
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the rate-determining step.”” Compared to other recently
reported catalysts (Figure Sc and Table S3), the Pt/Ni;N—
Mo,C possessed outstanding HER activity. As illustrated in
Figure 5d, the Pt/NisN—Mo,C showed the smallest semicircle
in the Nyquist spectra, implying good charge transferability.>’
To quantitatively probe the information about the intrinsic
activity, the turnover frequencies were calculated using ICP
results.”* As seen in Figure Se, the TOF value of Pt/Ni;N—
Mo,C was 0.23 H, s~ at 100 mV vs RHE, which was higher
than that of Pt/NisN (0.13 H, s™'), Pt/Mo,C (0.07 H, s ),
and Pt/C (0.03 H, s™'), clearly indicating Ni;N—Mo,C could
serve a supporting scaffold for Pt nanoparticles to intrinsically
improve the HER activity. The long-term stability was
evaluated (Figure Sf), and the HER performance of Pt/
Ni;N—Mo,C was well maintained after 1000 CV scans with a
negligible change in the LSV curves. In addition, Pt/Ni;N—
Mo,C delivered a stable potential at —10 mA cm > throughout
the test, verifying excellent stability.

The Pt/NizN—Mo,C hybrid is a three-component catalyst
in which each component plays a separate role. The Pt/Ni;N—
Mo,C showed notable HOR/HER performance that can be
correlated with the combined effects of the following features.

(1) We noted that both H,4, and OH,4 are the activity
descriptors for HOR catalysis.'”>> In the UPD-H region of the
CV curve (Figure 3a), the peak at low potential corresponds to
H adsorption/desorption at the Pt metal sites (weakly bonded
H). Considering that CO can adsorb specifically onto many
metal surfaces,® we thus employed CO-stripping experiments
to characterize the OH adsorption on the catalyst’s surface
because OH, 4 facilitates removing the CO,4 intermediate on
the Pt surface.*’ Figure 4 reveals that the CO stripping peak
potential of Pt/Ni;N—Mo,C located at 0.71 V and Pt/Mo,C
displayed a peak at 0.72 V. Compared with the two catalysts,
Pt/NizN showed a lower CO oxidation peak at 0.66 V,
indicating the stronger OH adsorption sites supplied by
oxophillic Ni;N moieties.”® To gain a clearer view regarding
the possible active sites of Pt/Ni;N—Mo,C and the mechanism
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electrode.

underlying the notable HOR/HER activity, DFT calculations
were performed. We initially constructed and optimized
catalyst models of Pt/Ni;sN—Mo,C to represent the catalytic
surface, as presented in Figures S16—S19. Pt/NizN—Mo,C
possessed optimal adsorption sites of H,4 and OH4. As
shown in Figure 6a, Pt in Pt/NizN—Mo,C shows an ideal
hydrogen intermediate adsorption energy (AGys:) of —0.14 €V,
which was closer to the theoretical optimal value (AGy: = 0
eV) for both HOR and HER compared to Ni;N (—0.32 V) or
Mo,C (—0.30 eV) in Pt/Ni;N—Mo,C. This result indicates
the H* adsorption takes place on the Pt site,”” matching the
experimental data quite well. Further, the adsorption free
energies of OH* (AGoy+) on Pt/Ni;N—Mo,C were also
calculated (Figure 6b). AGoy« was calculated to be —0.43 eV
on Ni;N in Pt/NisN—Mo,C, which displayed more assertive
adsorption behavior than that of Pt (—0.06 eV) and Mo,C
(—0.14 eV), suggesting that surface OH* binds to the highly
oxophilic NizN. Thus, the Pt—Ni;N interface offers dis-
sociative-adsorption of H, to form H,y4 intermediate (Pt—
H,4) and provides OH adsorption sites to form Ni;N—OH,,.
Next, the H,y, reacts with the adjacent OH 4, to form H,0.>®
For the HER mechanism, as the most important step of HER,
Mo,C in Pt/NizN—Mo,C exhibits the strongest energy
barriers of H,O adsorption compared to Pt and Ni;N (Figure
6¢), which facilitated the breaking of HO—H bonds in H,0,”’
to form adsorbed H atoms on neighboring Pt sites and
recombine to form H,.'"” Thus, a bifunctional mechanism is
proposed for enhanced HOR/HER activity of Pt/Ni;N—Mo,C
in an alkaline medium, as shown in Figure 6d,e.

(2) XPS study was performed to gain insights into the
metal—support interactions in different Pt samples. The XPS
results indicated a strong Pt/Ni;N—Mo,C electronic inter-
action between Pt and Ni;N—Mo,C.

2113

(3) Systematic electrochemical experiments reveal that Pt/
Ni;N—Mo,C showed the best HOR/HER performance. At the
same time, Ni;N—Mo,C were shown to be nearly inactive
toward HOR/HER, and Pt/Ni;N—Mo,C has better perform-
ance than Pt/C, indicating not only that the Pt is the active site
but also that there is a synergy between the Pt and Ni;N—
Mo, C support.

(4) Furthermore, Pt/Ni;N—Mo,C achieved the highest
current density of HOR/HER compared with Pt/Mo,C and
Pt/Ni;N, once again confirming the synergistic effects between
Ni;N and Mo,C species.

(5) The highest CV charge follows the sequence of Pt/
Ni;N—Mo,C > Pt/Mo,C > Pt/Ni;N, revealing the Mo,C
provided high electrical conductivity and the solid synergistic
interaction between Ni;N and Mo,C species.

(6) The highly porous micro/nanostructure of Pt/Ni;N—
Mo,C engenders more exposed active sites and favors the close
contact with electrolytes to enable more efficient transport of
electrons.

We developed a simple and effective approach to fabricate Pt
nanoparticle-decorated micro/nanostructured Ni;N—Mo,C
microsphere with a fascinating order and hierarchy over
nanoscale, mesoscale, and microscale. The submicrometer
Ni;N—Mo,C support favors the Pt nanoparticle adsorption,
creating an interaction mechanism and ultimately decreasing
Pt loading. The ideal Ni;N—Mo,C support controls the size of
Pt within 2 nm and suppresses the extensive agglomeration of
Pt nanoparticles during the H, reduction, promotes OH
adsorption/H,O dissociation sites, and provides high electrical
conductivity for Pt/Ni;zN—Mo,C. The optimized Pt/Ni;N—
Mo,C exhibited impressive performance toward alkaline
HOR/HER by showing a higher mass activity and exchange
current density of HOR, excellent HER with ultralow
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overpotential at 10 mA cm 2, and higher TOF value compared
to the commercial Pt/C. Characteristic studies certified that
the strong interaction between Pt nanoparticles and the
support enabled more active sites and reaction centers.
Therefore, it activated H, dissociation to form Pt—H,4,
which reacts with Ni;N—OH,4, to form H,0, and Mo,C can
theoretically serve as the promoted H,O adsorption and
dissociation site, as demonstrated by DFT calculations, leading
to the outstanding HOR and HER activities. This work may
open up opportunities for developing bifunctional alkaline
HOR/HER catalysts.
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