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Anchoring Ultralow Platinum by Harnessing Atomic Defects
Derived from Self-reconstruction for Alkaline Hydrogen

Evolution Reaction

Hancheng Ma, Wei Peng, Hoilun Wong, Xuyun Guo, Lin Xu, Mohsen Tamtaji,

and Yao Ding*

The sluggish kinetics of alkaline hydrogen evolution reaction (HER) hinders
practical exploitation of water splitting. Catalysts, known as platinum single
atoms (Pt-SAs) anchored in Ni,Mo/Ni alloys on nickel foam (Pt
SAs-Ni,Mo/Ni@ NF) with ultralow Pt mass loading (mp, = 0.3 wt.%) derived
from self-reconstruction, with boosted atomic utilization in alkaline HER are
demonstrated. In situ characterizations confirm the leaching of Mo species
during the self-reconstruction of NiMoO,, which facilitates the anchoring of
Pt-SAs through the generation of atomic defects. Further, density functional
theory (DFT) calculations indicate that the atomic defects can effectively
capture Pt?* in salt solution, aiding in the distribution of Pt-SAs. Besides,
theoretical results emphasize that Pt SAs-Ni,Mo/Ni with unique Pt-Ni
interaction can accelerate the desorption of hydroxides in alkaline electrolytes
during HER, as well as lower energy barriers for reaction steps. Pt
SAs-Ni,Mo/Ni@NF shows remarkable catalytic activity toward alkaline HER
with a low overpotential of 17 mV (j = 10 mA cm~2), together with high
atomic utilization of Pt (8.92 A mgp, ™" at 30 mV) and excellent durability. This
work not only provides a scalable preparation for efficient and robust low-Pt
catalysts but also establishes in-depth understanding of the synergistic
interaction between Pt SAs and Ni-Mo alloys in alkaline HER, which is likely to
accelerate the development of water-splitting technique.

1. Introduction

to fossil fuels.!l Its high energy density
and efficient energy conversion make it
a promising candidate for sustainably
meeting energy needs. Hydrogen has been
pursued as one of the most efficient and
cleanest energy sources due to its environ-
mentally friendly properties that can be
produced by the electrochemical hydrogen
evolution reaction (HER) in water splitting
at cathodes.[? Recent studies have explored
the catalytic functionality of single-atom
catalysts (SACs) for HER.I*) Moreover, due
to the improved chemical and physical
homogeneity of reaction sites, SACs often
exhibit outstanding selectivity along with
enhanced catalytic activity.*) Among many
types of SACs, Pt single atoms catalysts
(Pt-SACs) have been considered to be the
most promising ones for HER. However,
there are currently many challenges in
synthesis and stability for Pt-SACs, in-
cluding the aggregation of Pt atoms and
the loss of catalytic activity under harsh
electrochemical conditions.’! At the same
time, the synthesis technology for SACs
is complex and challenging to control,
leading to a significant increase in costs.[®]
Several researches for enhancing the

With its abundant supply and clean energy profile, hydrogen
has emerged as a viable and environmentally friendly alternative

stability and Pt utilization of Pt-SACs have been explored in re-
cent years. For example, Pt-V,CT, was found by Park et al. show-
ing excellent mass activity of Pt (7.88 A mg,,~! @30 mV).l"]
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Fischer et al. developed N-doped carbon (MPNC) nanospheres
in a pulsed Pt CVD process as superior HER Pt-SACs exhibit-
ing 5.45 A mgp, ! @20 mV.®l However, the utilization of pre-
cious metals as catalysts is still insufficient to meet commer-
cial demands, particularly in HER with alkaline electrolytes,
which typically have sluggish kinetics compared to those in
acid electrolytes.l’! Therefore, many strategies have been culti-
vated for the dispersion and stability of isolated Pt atoms on
various supports, especially the atomic layer deposition (ALD),
the metal-organic framework (MOF)-derived strategy, and va-
cancies/defects immobilized methodology, for the synthesis of
SACs.1% In order to anchor the single Pt atom, it is crucial to se-
lect a supporting substrate with strong binding energy.!"!l The co-
valent interactions between Pt atoms and the corresponding sub-
strates are studied and adjusted by using different substrates.!?]
It is highly desirable to explore efficient Pt-SACs with suitable
substrates to enhance reaction kinetics and minimize electricity
consumption in alkaline HER.

NiMoO,, a transition metal oxide, has attracted significant at-
tention in the field of electrocatalysis due to its unique struc-
tural and electronic properties.['*] In recent years, extensive re-
search efforts have been devoted to exploring the potential of
NiMoO, as an efficient catalyst for oxygen evolution reaction
(OER) under an alkaline environment. Several synthetic strate-
gies are adopted to prepare NiMoO, on nickel foam (NF) and pro-
vide in situ techniques to characterize.['*!*] Interestingly, a dras-
tic self-reconstruction of NiMoO, will occur during OER when ex-
posed to oxidizing potentials that the catalyst transforms into the
oxidic phase of NIOOH.["] A structural change to electrochemi-
cally active metal oxyhydroxide and/or -oxide has also been found
from NiMoO,, facilitated by molybdate (Mo) leaching of the cat-
alyst’s counterpart which leads to the defects.['®) Currently, re-
searches for NiMoO, mainly focuses on using restructuring phe-
nomena to improve catalytic activity, with relatively rare analysis
of the chemical valence states and structures of the restructuring
products, which hinders further exploration of the reuse of these
products.['”] Furthermore, the introduction of defects and vacan-
cies in the material during restructuring creates additional active
sites for hydrogen adsorption and promotes the dissociation of
water molecules which results in enhanced catalytic kinetics and
improved overall performance.[*¥! However, there is still no di-
rect research on using self-reconstruction to introduce atomic-
level doping of the electrochemical active metals in NiMoO, as
high-performance catalysts.

Technologies face challenges of high Pt costs, stability is-
sues, requiring for cost-efficiency, and sustainability. In this
work, we provide a comprehensive synthesis to anchor ultra-low
mass loading of Pt atoms (0.3 wt.%) in an alloyed host mate-
rial (Ni,Mo/Ni) by using the atomic defects derived from the
reconstruction of NiMoO,, which exhibits well performed cat-
alytic properties in alkaline HER with a record high atomic uti-
lization of Pt (n= 8.92 A mg,,~! at 30 mV) and excellent dura-
bility with more than 100 h. During the self-reconstruction by
OER, NiMoO, undergoes the leaching of Mo species and gen-
erates atomic defects (the “traps”) which are crucial for the an-
choring of Pt-SAs during a simple solution immersion with Pt-
salts. Further annealing reduction can help to stabilize Pt atoms
in the host materials and form Pt SAs-Ni,Mo/Ni alloys which
are confirmed with accelerated kinetics in the desorption of hy-
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droxides in alkaline electrolyte during HER. In detail, these Pt
SAs-Ni,Mo/Ni@NF catalysts exhibit drastically enhanced alka-
line HER activities with an ultralow overpotential of 17 mV
at 10 mA cm™? (vs 214 mV for NiMoO,@NF and 68 mV for
Ni,Mo/Ni@NF). The improved performance of these Pt SAs-
Ni,Mo/Ni@NF catalysts can be attributed to the self-templated
fabrication of NiMoO, nanorods and in situ creation of Pt SAs-
Ni,Mo/Ni@NF dual active components. The structural and elec-
tronic properties of Pt SAs-Ni,Mo/Ni@NF, as well as the mech-
anisms underlying the catalytic activity, and the strategies em-
ployed to optimize the performance through electrochemical re-
structuring will be discussed in the following part. The insights
gained from these studies can pave the way for the design and
development of highly efficient and cost-effective electrocatalysts
for renewable energy conversion and storage applications.

2. Results and Discussion

Ni-Mo alloys with ultralow mass loading of platinum single
atoms on nickel foam (Pt SAs-Ni,Mo/Ni@NF) are achieved
by using the chemical reconstruction of NiMoO, nanorods to
anchor Pt-SAs (details in Experimental Section, Supporting
Information). Figure 1a is the schematic illustration of a typical
process. Ni(NO,), and Na,MoO, are used as precursors for
NiMoO, which has been reported by our previous work.l"!
First, NiMoO, nanorods are uniformly grown on nickel foam
(NF) (Figure S1, Supporting Information) by hydrothermal
method. After synthesis, chemical reconstruction through OER
is conducted on NiMoO,@NF to get the “traps” for Pt atoms.
Here, during reconstruction, NiMoO, will suffer from the
sustainable loss of Mo species (Mo species leaching), which
brings out the structural integrity.[?) Detailed analysis of the
reconstruction mechanism will be revealed by in situ charac-
terizations in Figure 5. By precisely controlling the condition of
chemical reconstruction, the reconstructed NiMoO, with differ-
ent amounts of Mo defects (R-NiMoO, “traps”) can be formed.
Following with a simple Pt** impregnation (Pt-R-NiMoO,) and
annealing, Pt atoms can be stably anchored in the Ni-Mo alloys
(Ni,Mo/Ni) with ultralow loading mass (0.3 wt.%, resulting from
ICP-OES in Table S1, Supporting Information). High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) exhibited the crystalline morphology of Pt
SAs-Ni,Mo/Ni nanosheets (Figure 1b). Compared to the pristine
NiMoO, (Figure S1, Supporting Information), Pt SAs-Ni,Mo/Ni
shows an obvious reconstructed structure with irregular surface
steps. Typical selection area electron diffraction (SAED) patterns
of Pt SAs-Ni,Mo/Ni in Figure 1c show sets of concentric diffrac-
tion circles which belong to different crystal faces of Ni,Mo
and Ni (Figure S2, Supporting Information). This indicates
that an intriguing composition-segregation effect occurs on the
nanosheets during annealing. Besides, the atomic STEM image
(Figure 1d) further confirms the composition-segregation in Pt
SAs-Ni,Mo/Ni. For example, the measured lattice spacing d =
0.209 nm matches well with the Ni, Mo (121) lattice fringes, while
d=0.202 nm and d = 0.179 nm match with the Ni (111) and (200)
lattice fringes, respectively. Further, the anchored Pt atoms and
atomic defects caused by reconstruction can be clearly seen in
Ni, Mo lattices (Figure le). During the impregnation of Pt**, Mo
vacancies will be stably occupied by Pt** and coupled with the Ni
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Figure 1. Synthesis of Pt SAs-Ni,Mo/Ni and structural characterizations. a) Schematic illustration of the anchoring approach for ultralow Pt-SAs. b)
HAADF-STEM and c) SAED indexed patterns of Pt SAs-Ni;Mo/Ni. d) High-resolution STEM image and e) atomic construction of Pt SAs-Ni,Mo/Ni
where f) Pt single atoms located, and g) corresponding elemental distribution of (f) for Ni, Mo, Pt, and O.

oxides and hydroxides to form Pt SAs-Ni,Mo/Ni after annealing.
Figure 1f,g show the anchored Pt single atoms (Pt-SAs) in
Ni,Mo/Ni. The elemental distribution characterized by electron
energy loss spectroscopy (EELS) shows that the anchored Pt
atoms are mainly located in Ni,Mo alloy instead of Ni. Here, sig-
nals of O elements are attributed to the small amount of MoO, ,
which are transformed from the unreconstructed NiMoO, after
annealing.[?!}

To further confirm the crystalline phase of Pt SAs-Ni,Mo/Ni,
X-ray diffraction (XRD) spectroscopy is employed to compare the
crystalline phase of Pt SAs-Ni,Mo/Ni with Ni, Mo/Ni, R-NiMoO,
and NiMoO, in Figure 2a, and the relevant PDF cards are shown
in the Supporting Information. It can be clearly seen that after the
electrochemical reconstruction, characteristic peaks of NiMoO,
have been significantly weakened and disappeared, together with
the appearance of peaks of Ni(OH), in R-NiMoO,. This is because
of the intermediate products of reconstruction, e.g. NIOOH, are
unstable and easily transformed into Ni(OH),. After annealing,
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R-NiMoO, will be reduced and form Ni,Mo/Ni alloys, of which
the peaks match well with the PDF cards of Ni,Mo and Ni, cor-
responding to the above results in STEM. With the Pt** impreg-
nation, Pt SAs-Ni,Mo/Ni can be obtained with no distinguished
new peaks compared with Ni,Mo/Ni (details in the Experimen-
tal Methods). Furthermore, Fourier transform infrared (FT-IR)
spectroscopy techniques are employed to illustrate the chemical
changes of these products during the reconstruction and anneal-
ing process (Figure 2b). In the fingerprint regions of the FT-IR
spectrum, the band at 959 cm™" corresponds to the symmetrical
stretching of M = O bonds, while bands at 820 and 890 cm™
correlate to the stretching vibrations of Mo—O—Mo bonds. Ad-
ditionally, the sharp band at 745 cm™! is attributed to the bend-
ing vibration of distorted MoO,, units of NiM0O,.l?") By compar-
ing the FT-IR spectra of NiMoO, and R-NiMoO,, it proves that
the peak intensity of M = O bonds and MoO, vibration units in
R-NiMoO, significantly decreases, indicating the leaching of Mo
species during OER reconstruction, which is further confirmed

© 2024 Wiley-VCH GmbH
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Figure 5. Formation and anchoring mechanism of the R-NiMoO, “traps” during reconstruction and Pt>* impregnation. a) 2D contour diagram and
b) 3D plot of in situ Raman characterization of NiMoO, over 550 s OER reconstruction. c,d) 2D contour diagram of in situ FT-IR spectroscopy for
NiMoO, reconstruction (c), and the corresponding transmission changes of Mo = O, Mo—O—Mo and MoO, bonds e,f) EPR spectra of Pt-R-NiMoO,,
R-NiMoO, and NiMoOy,. g) Top view of the optimized structures of Pt atom absorbed on the surfaces of non-defected NiMoO, and defected NiMoOy,.

h) Comparison of Pt binding energy in non-defected and defected NiMoO,.

by Raman characterization (Figure S3, Supporting Information).
After annealing and reduction, the disappearance of character-
istic peaks of Mo—O bonds confirms that R-NiMoO, has been
reduced. The chemical composition and the alloyed phase states
of Pt SAs-Ni,Mo/Ni are identified by X-ray photoelectron spec-
troscopy (XPS) as shown in Figure 2c—e. Besides, to characterize
the stability of Pt-SAs in this catalyst for HER, XPS spectra of Pt
4fin Pt SAs-Ni,Mo/Ni and Pt SAs-Ni,Mo/Ni post HER, which is
tested by current parameters (CP) durability withj = 10 mA cm=2
for 100 h, are presented in Figure 2c. It can be clearly observed
that Pt predominantly exists as Pt° states before and post HER,[?2!
demonstrating the stable metallic Pt single atoms on the surface
of Ni,Mo/Ni. The newly observed strong peak at the binding en-
ergy value of 67.7 eV for Pt SAs-Ni,Mo/Ni is attributed to the
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Ni 3p peak.[}] The Mo 3d spectra (Figure 2d) exhibit dual peaks
at 235.7 and 232.4 eV, corresponding to Mo 3d; , and Mo 3ds),,
respectively, with a spin-orbit coupling of 3.3 eV, which corre-
sponds to Mo*" in the NiMo0O,.1?*] The Ni 2p envelope can be de-
convoluted into two spin-orbit components, Ni 2p; , and Ni 2p, ,
(Figure 2e). The binding energy peak at 855.6 eV and its satellite
peak at 862 eV correspond to Ni 2p; ,, with the gap between the
main binding energy peaks of Ni 2p; , and Ni 2p; , is 17.9 eV, in-
dicating a Ni?* oxidation state.”>) The Mo 3d and Ni 2p peaks of
R-NiMoO, shift toward higher binding energy, indicating an in-
crease in the valence state of the Ni and Mo elements following re-
construction. Additionally, Ni,Mo/Ni and Pt SAs-Ni,Mo/Ni shift
toward the lower binding energy area. This is because the metal
sites are reduced after annealing, leading to a decrease in the
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valence state and the formation of Ni;Mo/Ni and Pt SAs-
Ni,Mo/Ni alloys.[2¢]

To further observe the Pt coordination in Pt SAs-Ni, Mo/Ni, X-
ray absorption spectroscopy (XAS) is applied to investigate the
coordination and valence states of Pt compared with standard
Pt foil and PtO,. The oxidation state of Pt can be analyzed in
a statistical manner from the X-ray absorption near-edge struc-
ture (XANES) region based on the Pt-L, edge position and white
line intensity (Figure 2f). The results demonstrate that the Pt ele-
ment in Pt SAs-Ni,Mo/Ni is predominantly in a metallic state.[”]
The Fourier transforms spectrum of the extended X-ray absorp-
tion fine structure (EXAFS) spectra of Pt are also investigated to
study the atomic structure of Pt, as shown in Figure 2g. Gen-
erally, peaks located at 1.6 and 2.6 A correspond to Pt-O and
Pt-Pt, respectively.”®! The peak located at 2.27 A corresponds to

Adv. Funct. Mater. 2024, 2409575

R+AR (A)

2409575 (5 of 9)

é 4 5 6 0 5

10
k(AT
Figure 2. Characterization of phases and chemical coordination of Pt-NisMo/Ni. a) XRD patterns and b) FT—IR spectra of Pt SAs-Ni;Mo/Ni, Ni;Mo/Ni,
R-NiMoO, and NiMoOy,. c) XPS spectra of Pt 4fin Pt SAs-Ni;Mo/Ni and Pt SAs-Ni;Mo/Ni post HER (after 100 h stability test). d) XPS spectra of Mo

3d and e) Ni 2p in Pt SAs-NizMo/Ni, Ni;Mo/Ni, R-NiMoO, and NiMoO,. f) The comparison of XANES spectra of Pt L;-edge, g) EXAFS shown in k?
weighted R-space and h—j) wavelet-transform images of Pt-Ni,Mo/Ni, Pt foil and PtO,.

Pt-Ni coordination due to the anchored Pt SAs in Ni,Mo, while
Pt-Pt coordination is not observed showing that Pt exists in the
form of single atoms rather than clusters (details in Supporting
Information).?”) The wavelet transformation analysis of Pt SAs-
Ni,Mo/Ni, Pt foil, and PtO, are obtained in Figure 2h—j, which is
further used to distinguish the Pt—Ni, Pt—Pt, and Pt—O bonds in
different samples. Here, only one merged scattering path signal
of the Pt—Ni bond located at [ ¥ (k), x(R)] of [7.8, 2.27] is observed.
At the same time, signals of Pt—Pt and Pt—O bonds located at
[10.5, 2.61] and [7.5, 1.62] are obviously shown.[?! These results
provide strong evidence for the existence of metallic single-atom
platinum of Pt SAs-Ni,Mo/Ni. By breaking the bonds between
Mo and O atoms, a pathway is created for the subsequent in-
corporation of metal ions. Following the electrochemical recon-
struction of NiMoO,, we successfully introduced Pt doping to the
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Figure 3. HER performance of Pt SAs-Ni;Mo/Ni@NF. a) HER polarization curves and b) corresponding Tafel plots of Ni foam, NiMoO,@NF,
Ni;Mo/Ni@NF, Pt SAs-Ni;Mo/Ni@NF, and Pt/C@NF (20 wt.% Pt) in 1 m KOH at a scan rate of 5 mV s~'. c) Nyquist plots of Ni foam,
NiMoO,@NF, NigMo/Ni@NF, Pt SAs-Niy;Mo/Ni@NF, and Pt/C@NF at the same testing potential. d) The mass-normalized catalytic activities for Pt
SAs-NiyMo/Ni@NF, and Pt/C@NF. e) Extraction of the Cy for different catalysts. f) Overpotential and Tafel slope performance comparison histogram
of different catalysts. g) Stability test of NiMoO,@NF, Ni;Mo/Ni@NF, Pt SAs-NiyMo/Ni@NF, and Pt/C@NF. h) Radar chart for the performance
comparation of Pt SAs-NisMo/Ni@NF with other reported Pt-based HER catalysts in 1 m KOH.

structural defects that formed after leaching through solution im-
mersion. This allows for the better stability of Pt doping through
chemical coordination proved by following electrochemical char-
acterization in Figure 3.

The performance of Pt SAs-Ni,Mo/Ni on nickel foam (NF) in
HER is evaluated by using a three-electrode configuration (details
in the Electrochemical Measurement part in Supporting Infor-
mation). The experiments are conducted in 1 M KOH solution.
All the sample names in Figure 3 are omitted from the “@NF”
symbols for clarity. Figure 3a shows the linear sweep voltammo-
gram (LSV) curves of Ni foam, NiMoO, @NF, Ni,Mo/Ni@NF,
Pt SAs-Ni,Mo/Ni@NF and Pt/C@NF (20 wt.% Pt). Typically,
Pt SAs-Ni,Mo/Ni@NF exhibits a low overpotential of 17 mV at
the current density j = 10 mA cm™2, which far exceeds that of
Pt/C@NF (48 mV), Ni,Mo/Ni@NF (68 mV) and NiMoO, @NF
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(214 mV). To evaluate the atomic utilization of Pt-SAs in this
catalyst, the mass-normalized catalytic performance is also eval-
uated in Figure 3d (details in Pt mass activities calculation of
Supporting Information). It can be seen that Pt utilization of
Pt SAs-Ni,Mo/Ni@NF exhibits a recorded performance, i.e.,
8.92 A mg,,~! at 30 mV, which is among the best of reported
catalysts (Table S1, Supporting Information). Besides, Pt SAs-
Ni,Mo/Ni@NF catalysts present the promising Tafel slope of
67 mV dec™!, which is much smaller than that of Ni,Mo@NF
(112 mV dec™!), Pt/C@NF (122 mV dec™') and NiMoO, @NF
(167 mV dec™), respectively. Further, the improved HER per-
formance of Pt SAs-Ni,Mo/Ni@NF benefited from chemical re-
construction can be clearly seen in Figure 3f. The electrode ki-
netics for the samples are also characterized by electrochem-
ical impedance spectroscopy (EIS) measurements (Figure 3c).

© 2024 Wiley-VCH GmbH
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Figure 4. DFT calculations reveal the underlying mechanism of improved catalytic properties in alkaline HER. a) The charge differences between Ni,Mo
and Pt SAs-NiyMo. b) The Gibbs free energy differences of different steps of alkaline HER in NiyMo and Pt SAs-Ni,Mo. c) Detailed reaction steps of
HER in alkaline conditions for Ni;Mo and Pt SAs-NisMo, including water adsorption (H,0%), water dissociation (OH* + H*) and hydroxide desorption
(OH + H™). For NizMo, the OH desorption is not spontaneous. d) Ni and e) Mo partial electron density of states (PDOS) of Pt SAs-NizMo and Pt

SAs-NiyMo_adsH.

The result shows that Pt SAs-Ni,Mo/Ni@NF obtains a quite
lower charge transfer resistance (R, = 3.4 Q), indicating a faster
electron transfer process compared with others.*%! Besides, as
demonstrated in Figures 3e and S9 (Supporting Information), the
charge transfer capacitance (Cy) of Pt SAs-Ni,Mo/Ni@NF (58.5
mF cm™2) also surpasses that of Ni,Mo/Ni@NF (15.4 mF cm™),
Pt/C@NF (12.3 mF cm~2), and NiMoO,/NF (8.4 mF cm™2)
by a substantial margin. The superior performance of Pt SAs-
Ni,Mo/Ni@NF under alkaline conditions is related to its out-
standing adsorption behavior, which is further confirmed in sub-
sequent DFT calculations. Moreover, the long-term stability in al-
kaline HER for Pt/C@NF, NiMoO, @NF, Ni,Mo/Ni@NF, and
Pt SAs-Ni,Mo/Ni@NF are assessed through chronopotentiom-
etry measurements (Figure 3g) at a constant current density of
10 mA cm™2. Remarkably, after 100 h of continuous operation,
Pt SAs-Ni,Mo/Ni@NF exhibited superior stability compared to
the others, indicating its exceptional durability. Furthermore,
electrochemical in situ Raman and FT-IR measurements dur-
ing HER are used to validate the chemical reconstruction of Pt
SAs-Ni,Mo/Ni, as shown in Figure S5 (Supporting Information).
No significant intensity attenuation of the characteristic peaks in
both Raman and FT-IR characterization indicates that there is
no structural reconstruction of Pt SAs-Ni,Mo/Ni during the HER
process. Besides, other characterizations after the long-term sta-
bility test are shown in Figure S6 (Supporting Information). Re-
markably, during the HER process in the alkaline electrolyte, a
noticeable intensity enhancement of the Ni—O bonds is observed
at a potential of 0.2 V versus RHE (Figure S5, Supporting In-
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formation). This is due to an optimal interaction with the OH_,
of Pt SAs-Ni,Mo/Ni@NF, which facilitates the additional kinet-
ics for HER.[?®] Furthermore, Figure 3h provides a comprehen-
sive comparison of HER performance of Pt SAs-Ni,Mo/Ni@NF
with a wide range of recently reported advanced catalysts (Table
S2, Supporting Information). It clearly demonstrates that Pt SAs-
Ni,Mo/Ni@NF catalysts in this work exhibit outstanding alkaline
HER performance in all respects, especially the atomic utiliza-
tion of Pt-SAs. Besides, the benefits gained from chemical recon-
struction are also proved by comparing with the electrochemical
performance of Pt SAs-Ni,Mo/Ni electrodes using the original
NiMoO, precursor (Figure S7, Supporting Information).

To further explore the underlying mechanism in these im-
proved alkalines HER catalytic performance, we replaced one Mo
atom in the Ni,Mo unit cell with a Pt atom (Pt SAs-Ni,Mo) and
conducted theoretical density functional theory (DFT) calcula-
tions by establishing a relevant model with (211) lattice fringes.
Figure 4a illustrates the differential charge density distribution of
Ni,Mo and Pt SAs-Ni,Mo (details in Figure S10, Supporting In-
formation). The charge accumulation between H and Pt-Ni,Mo
is slightly less than that between H and Ni,Mo. Here, the lower
H binding energy (—0.687 eV) and smaller charge near H bind-
ing sites of Pt SAs-Ni,Mo enable better catalytic performance./*®]
Besides, Figure 4c shows three elementary steps of HER in alka-
line conditions for Ni,Mo and Pt SAs-Ni,Mo: (1) water adsorption
(H,0™); (2) water dissociation (H" + OH"); (3) OH desorption
(H* + OH). In addition, by calculating all steps in alkaline HER
for Ni,Mo and Pt SAs-Ni,Mo, it can be found that Pt SAs-Ni, Mo

© 2024 Wiley-VCH GmbH
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shows much smaller Gibbs free energy (AG) for water dissocia-
tion step (—0.17 eV) than that of Ni,Mo (—1.22 eV), which exhibits
a better capability of water dissociation (Figure 4b; Table S3, Sup-
porting Information).l>! The relatively smaller water dissociation
energy facilitates the formation of adsorbed H" on Pt SAs-Ni,Mo
in alkaline media, contributing to faster kinetics. Moreover, for
Pt SAs-Ni,Mo, all the steps are downhill energy barriers, while
the OH desorption for Ni,Mo is not spontaneous (AG = 0.9 eV).
In order to further illustrate the structure-catalytic activities of
Pt SAs-Ni,Mo in HER through H adsorption, the partial elec-
tronic density of states (PDOS) of Pt SAs-NiyMo and Pt SAs-
Ni,Mo after adsorption of H* (Pt SAs-Ni,Mo_adsH) are calcu-
lated in Figure 4d,e. By analysing the PDOS plots, the contribu-
tion of different elements in the HER process can be obtained.*?]
Here, except Pt sites, Ni and Mo elements also can be identified
as the active sites which can be clearly seen in the Ni and Mo
PDOS plots. In detail, the red boxed areas in Figure 4d,e repre-
sent the contributions from d,,, d,,, d,, orbitals of Ni PDOS and
d,,, d,, orbitals of Mo PDOS near the Fermi level, which indicates
that both Ni and Mo elements exhibit more active catalytic proper-
ties in Pt SAs-Ni,Mo due to the enhance electronic conductivity.
Therefore, by the formation of this unique Pt-Ni coordination in
Ni,Mo/Ni alloyed host, it is interesting that not only the activity
of Pt sites is enhanced, but also the Ni and Mo sites are benefited.

To explore the formation mechanism of the “traps” for Pt-
SAs intuitively during chemical reconstruction, in situ Raman
and in situ FT-IR characterizations for the OER reconstruction
of NiMoO, are conducted. Figure 5a,b represent the in situ Ra-
man results of the OER reconstruction of NiMoO, in 1.0 m KOH.
Here, in the non-faradaic region of controlled potential electrol-
ysis, NiMoO, remains unchanged. At the potential of 1.5 V ver-
sus RHE, the reconstruction starts, which is observed by the in-
stantaneous disappearance of the characteristic peaks at 355, 825,
875 and 948 cm™! for NiMoO,. This indicates the Mo species
(IMoO,]*~) leaching and the formation of R-NiMoO, “traps”.
Only a small peak at ~#450 cm™! appears, which could be at-
tributed to Ni(OH),[?*! possibly formed in a subsequent surface
reaction involving the remaining nickel or nickel oxide from the
catalysts and the electrolyte after molybdenum leaching. With the
oxidation of Ni" to Ni', the immediate emergence of Raman sig-
nals at 472 and 556 cm™' (y-NiOOH) is detected. These are in
good agreement with the reported values of Ni—O vibration.!1334]
Furthermore, in situ FT-IR characterization in Figure 5c¢,d of
NiMoO, is performed to support the changes of bonds during
reconstruction. The weakened signal of Mo—O—Mo (889 cm™),
Mo = O vibration (959 cm™'), and MoO, species (747 cm™!) can
be clearly observed at the potential of 1.5 V versus RHE, which
leads to the transformation of NiMoO, to y-NiOOH.[2%] After be-
ing soaked in a Pt organic solution, the “traps” from R-NiMoO,
can capture Pt** to form Pt-R-NiMoO,. Comparing the XPS spec-
tra of Pt 4fin Pt SAs Ni,Mo/Ni and Pt-R-NiMoO,, the captured
Pt?* valence state of Pt-R-NiMoO, can be clearly seen.

To further illustrate the anchoring mechanism of R-NiMoO,
“traps”, electron paramagnetic resonance (EPR) measurement
is used to characterize the electronic states of NiMoO, after
reconstruction. EPR profiles of Pt-R-NiMoO,, R-NiMoO, and
NiMoO, exhibit that the “traps” from R-NiMoO, possess a signif-
icantly stronger signal than that from Pt-R-NiMoO, and pristine
NiMoO, at g = 2.000 (Figure 5f), corresponding to more un-
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paired electrons stemming from high-valence Ni in R-NiMoO,
“trap” after reconstruction.®3 This indicates that the R-NiMoO,
should have more Mo vacancies.[*! After immersing in the Pt**
solution, some of these vacancies will be occupied, leading to
a weakening in the Pt-R-NiMoO, EPR signal. Besides, DFT is
involved for adsorption study of Pt on NiMoO, for illustrating
the capture ability of these “traps”. The top view of the opti-
mized structures of the Pt atom absorbed on the surfaces of non-
defected NiMoO, and defected NiMoO, with (220) lattice fringes
is obtained in Figure 5g (other potential structures and relevant
details are obtained in Figures S12 and S13, Supporting Informa-
tion). From the calculations of several configurations, it can be
seen that defected NiMoO, is more prone to adsorb Pt** in the
solution. The comparison of Pt binding energy for non-defected
and defected NiMoO, obtained by Figure 5h shows that Pt bind-
ing energy on defected NiMoO, (—3.18 eV) is stronger than that
on non-defected one (—2.58 eV). This result successfully illus-
trates that defected NiMoO, has a stronger interaction with Pt.13’]
Therefore, the “traps” generated through reconstruction within
the NiMoO, structure not only can enhance the strong adsorp-
tion of Pt** on NiMoO,, but also contribute to more stable bind-
ings with Pt. This demonstrates the feasibility of electrochemical
reconstruction for anchoring single atoms and provides valuable
insights for the design of high-performance HER catalysts.

3. Conclusion

Herein, we have successfully synthesized Pt SAs-Ni,Mo/Ni@NF
by first using electrochemical reconstruction of NiMoO, to an-
chor Pt single atoms which is a unique alkaline HER-active
catalyst, showing a remarkable catalytic activity toward a low
overpotential of 17 mV (j = 10 mA c¢m™?) and a Tafel slope of
67 mV dec™!. At the same time, Pt SAs-Ni,Mo/Ni@NF shows a
record high atomic utilization of Pt (8.92 A mg,, ' @30 mV). In
situ characterizations prove that NiMoO, undergoes irreversible
surface reconstruction. Further theoretical results prove that after
the reconstruction of NiMoO,, the “traps” generated from Mo de-
fects can effectively adsorb and immobilize Pt** in the solution to
assist in the formation of Pt-SAs. Besides, the alloyed host mate-
rials (Ni,Mo/Ni) formed by annealing and reduction also exhibit
contributed activities, as well as significantly increasing the uti-
lization of Pt-SAs by the mutual interaction through electronic
redistribution. In addition, compared with Ni,Mo for all steps in
alkaline HER, Pt SAs-Ni,Mo exhibits the downhill energy barri-
ers for all steps, especially with a much smaller AG = —0.76 eV
for the water dissociation, which facilitates the formation of ad-
sorbed H* on Pt SAs-Ni,Mo in alkaline media. In general, this
work provides a novel approach for the fabrication of Pt-SACs
and significantly boosts the potential exploitation of water split-
ting using low-cost and high-efficient catalysts toward hydrogen
production. Besides, the strategy provided in this work has the
potential to be applied in the field of oxygen reduction reaction
(ORR) and zinc-air batteries, thereby expanding the utilization of
noble metals to encompass multifunctional catalysis. Also, this
efficient method for utilizing noble metals may also be extended
to other transition metal (e.g., Co, Fe, etc.) based catalysts. Beyond
this, the diverse properties of these catalysts can be applied in var-
ious fields, such as fuel cells, which enables the application and
development of high-performance energy conversion devices.

© 2024 Wiley-VCH GmbH
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