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Abstract: Electrocatalytic hydrogen oxidation reaction (HOR) plays crucial role in various renewable energy conversion
processes. Particularly, it offers new opportunities for sustained electrochemical ammonia synthesis when coupled with
lithium-mediated nitrogen reduction. But it remains tremendous challenges due to slow reaction kinetics and rapid
poisoning of catalysts in non-aqueous electrolyte. Here, we report Ni single atom mediated Pt sites on Ni substrate
(PtNi;/Ni) to boost efficient and durable HOR in organic electrolyte. PtNi;/Ni exhibits high performance of nearly 100%
Faradaic efficiency (FE) and long-term stability over 1000 h in tetrahydrofuran (THF) electrolyte, far beyond commercial
Pt electrode (<0.2 h). Theoretical calculations combined with spectroscopic characterizations indicated that Ni single atom
contributes to tailoring electronic structure of Pt sites via ligand effects, which effectively reduces the energy barrier of
the rate-determining step, and simultaneously as synergistic site in suppressing organic poison species through changing
THF adsorption configuration and increasing energy barriers of THF oxidative decomposition. In the lithium-mediated
electrochemical ammonia synthesis electrolyzer, it also exhibits good feasibility with high ammonia FE of ~62%. This
work sheds light on the effective strategy of single atom doping for developing active and durable nonaqueous HOR

electrocatalyst and presents insightful understanding of anti-poisoning mechanism.

_J

Introduction

Ambient ammonia synthesis via lithium-mediated nitrogen
reduction emerges as one promising distributed production
system,l'l which can overcome the challenges of harsh
operated conditions (high-temperature and pressure) and
large amount of CO, emissions in traditional energy-intensive
Haber-Bosch process. In many cases, the proton resource
derives from oxidation of organic solvents, such as tetrahy-
drofuran (THF), however, which inevitably result in poor
stability of the system and thus hinder continuous ammonia

[*] K.Yan,Y.Hong, Z. Wang, D. Wang, Prof. T. Liu, Prof. H. Zhong,

Prof. X. Zhang
State Key Laboratory of Rare Earth Resource Utilization, Changchun
Institute of Applied Chemistry, Chinese Academy of Sciences, No.
5625, Renmin Street, Chaoyang District, Changchun 130022, P.R.
China
E-mail: hxzhong@ciac.ac.cn

xbzhang@ciac.ac.cn

K. Yan, Y. Hong, Z. Wang, D. Wang, Prof. T. Liu, Prof. H. Zhong,

Prof. X. Zhang

School of Applied Chemistry and Engineering, University of Science
and Technology of China, No.96, Jinzhai Road, Baohe District, Hefei,
Anhui 230026, P.R. China

Prof. T. Liu, Prof. H. Zhong, Prof. X. Zhang

China-Belarus Belt and Road Joint Laboratory on Advanced Materials
and Manufacturing, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, No. 5625, Renmin Street, Chaoyang
District, Changchun 130022, P.R. China

Additional supporting information can be found online in the
Supporting Information section

[n]

Angew. Chem. Int. Ed. 2026, €22380 (1 of 9)

synthesis. Recently, progress of the continuous proton supply
via hydrogen oxidation reaction (HOR) instead of sacrificing
organic solvent offers new opportunities for the sustainable
ammonia synthesis in a flow system.[?l Unfortunately, in
contrast to the well-established rational design principles of
HOR electrocatalysts>“! in aqueous electrolytes!!*'*] and
the comprehensive understanding of reaction mechanisms,
the electrocatalytic HOR in organic electrolyte remains less
clear. Beside with the intrinsically slow reaction kinetics, one
daunting challenge lies on the rapid deactivation of catalytic
sites for non-aqueous HOR, typically within minutes, due to
the irreversible surface poisoning by solvents or carbon-based
intermediates.['] Therefore, rational design of electrocatalyst
with high activity and strong resistance to organic poison
species is critical for HOR in organic electrolyte toward the
sustainable ammonia synthesis.

Metal doping engineering has been well explored in
building stable and efficient electrocatalytic interfaces.['’! For
example, decorating Pt surfaces with dopants (Ni, In, Ru,
Rh, and Ir) effectively adjusted the interfacial environment
to enhance the alkaline HOR activity.['®-??] Besides, incor-
porating oxyphilic atoms like Mo was powerful to optimize
the adsorption of H and CO intermediate and thus boost
anti-CO-poisoning hydrogen oxidation in alkaline media.[?*]
However, there is still a high risk of unexpectedly generating
second inferior phase and blocking active sites through the
doping modification. Moreover, it also fails in selectively
enhancing the interaction of hydrogen related intermediates
while simultaneously suppressing the adsorption of poisonous
organic species in non-aqueous electrolyte through simply
modulating the electronic structure of Pt sites. Inspired by the
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promise of high atom utilization in single metal atom catalysts,
single metal atom doping route is expected in maximizing
the activation of Pt atoms nearby dopants with minimal site
blockage. This foreign doping single metal atom acts a ligand
for finely optimizing the coordination and electronic structure
of adjacent Pt centers and a cocatalyst to synergistically
balance the adsorption for hydrogen-based intermediates and
organic species. Despite with grand challenges, the research
for regulated Pt catalysts through single atom doping is of
paramount need for the active and stable HOR.

Here, we introduce the surface modified Pt nanoparticles
(PtNi;) on Ni substrates as the active and stable all-in-one
electrode for electrocatalytic HOR in organic electrolyte
through Ni single atom doping engineering, in which single
atom Ni was employed to optimize the adsorption/desorption
ability of hydrogen-related intermediates and induce syner-
gism between Pt and Ni sites for suppressing THF adsorption
and oxidation. Note that no Ni aggregation and second Ni-
based phase were found. As expected, PtNi; electrocatalyst
boosts an efficient and durable HOR process, along with
high HOR Faradaic efficiency (FE, ~100% ) and high stability
over 1000 h in THF electrolyte, largely outperforming the
commercial Pt electrode (less than 0.2 h). We also demon-
strate its practical utility by coupling with lithium-mediated
nitrogen reduction for continuous ammonia synthesis under
ambient conditions, achieving ammonia FE of ~62% at
—4 mA cm~? for more than 80 h and the reduced energy
consumption of ~42% compared to single batch reactor with
solvent oxidation based on the simple technical and economic
analysis. Through the in situ characterization and theoretical
calculations, we found that Ni atom doping optimizes nearby
Pt sites, which effectively promote the HOR by the favorable
hydrogen activation and reducing the energy barriers of *H
formation and desorption. Additionally, this Ni promoter con-
tributes to suppressing the poison of Pt site through the strong
adsorption of THF molecules with changed configuration and
higher energy barrier of THF oxidation on either Ni or Pt
site of PtNi; compared to pure Pt electrode. Our work verifies
the crucial role of single atom doping strategy in developing
advanced Pt-based electrocatalyst for non-aqueous HOR with
high activity, high resistance to organic species and long-term
durability, and unveils deep insights on the anti-poisoning
mechanism in organic electrolyte systems.

Results and Discussion

Synthesis and Characterization

The self-supported electrode (Ni foil) loaded with PtNi;
nanoparticles (NPs) was prepared through a facile chemical
deposition process (PtNi;/Ni, Figure S1).**! As indicated
by X-ray diffraction (XRD) analysis of PtNi; powder
(Figure S2), three dominant diffraction peaks correspond
to (111), (200), and (220) crystallographic planes of the
face-centered cubic (fcc) structure of Pt, respectively, exclud-
ing the formation of second Ni-based phase. Inductively
coupled plasma-atomic emission spectrometry (ICP-AES,
Table S1) of collected particles confirmed the presence of
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Ni (1.6at%). Scanning electron microscopy (SEM) char-
acterization (Figure S3) revealed that PtNi; catalyst is
composed of tightly packed nanoparticles. It is worth noting
that PtNi; particles were successfully deposited on nickel
foam as well (PtNi;/NF, Figures S4 and SS5), which can
directly act as the integrated gas diffusion electrode in the
flow cell system. Aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (AC-
HAADF-STEM) images (Figure la) further revealed the
nanoscale structure with a narrow size distribution of sev-
eral nanometers (Figure 1d), while selected area electron
diffraction (SAED) analysis (inset in Figure 1a) confirmed
the polycrystalline structure with characteristic halation rings
corresponding to (111), (200), and (220) planes.*’] As shown
in the distinct Z-contrast difference in the AC-HAADF-
STEM images and their three-dimensional (3D) fitting maps
(Figure 1b), darker spots indicative of Ni atoms were
embedded within the brighter Pt matrix. It is thus clear that
Ni dopants are atomically dispersed within Pt lattice. This
arrangement is further validated by the intensity profiles
along lines a—c (Figure 1c,e) and energy-dispersive X-ray
spectroscopy (EDS) elemental mapping (Figure 1f), which
shows a homogeneous distribution of Ni atoms on Pt NPs
surface. Additionally, an EDS line scan across PtNi; nanopar-
ticle (Figure 1f,g) further illustrates the well dispersion of the
doped Ni atoms within Pt lattice.

X-ray photoelectron spectroscopy (XPS) was then
employed to elucidate the electronic structures of this
catalyst. Pt 4f peaks emerged at approximately 70.5 and
74.5 eV and Ni 2p peaks were observed at approximately
855.0 and 873.0 eV (Figure S6),1%°! which verify that majority
of surface Pt was in the metallic state while surface Ni was
slightly oxidized. Notably, a negative shift of 0.3 eV in Pt 4f
peak toward lower binding energy was observed for PtNi;
compared to metallic Pt (Figure S6a). Conversely, Ni 2p
peak exhibited about 0.15 eV positive shift toward higher
binding energy compared to metallic Ni (Figure S6b). This
is likely due to the electron transfer from Ni to Pt with
higher electronegativity.[?*! The valence states of Pt and Ni
were further investigated by the Pt L;-edge and Ni K-edge
X-ray absorption near-edge structure (XANES) spectral?’]
(Figure 1h,j). Taking Pt foil and PtO, as references, Pt valence
state in PtNi; was close to 0 (Figure 1h,i). Ni species of PtNi,
was slightly oxidized with valence state of around + 0.78,
which is between Ni (0) foil and NiO (+2) reference sample
(Figure 1j—k). The extended X-ray absorption fine structure
(EXAFS) analysis further corroborated the interaction
between Pt and Ni species. The dominant peak at 2.45 A
was ascribed to Pt-Pt of PtNi; catalysts (Figure S7a), which
is slightly lower than that observed in bulk Pt (2.51 A).
The characteristic Ni-Ni signal was observed at 2.16 A for
Ni foil and NiO reference sample presents the interaction
signals of Ni-O and Ni-O-Ni at 1.63 and 2.72 A, respectively
(Figure S7b). Differently, Ni K-edge EXAFS spectrum of
PtNi; exhibited a dominant scattering peak at 1.71 A, which
was likely due to Ni—O bond,*! verifying the doping single
Ni atom within the Pt particles and excluding the generation
of metallic Ni phase. These results were also confirmed by the
wavelet transform EXAFS analysis (Figure S8). Combined
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Figure 1. Morphology and structure characterizations of PtNiy catalyst. a) AC-HAADF-STEM image of PtNi; catalyst. Inset: SAED pattern. b)
High-resolution AC-HAADF-STEM image of PtNi; catalyst and the accordingly selected 3D atom-overlapping mapping. c) Line-scanning intensity
profiles along lines a—c in the image from (e); d) particle size distribution of PtNi; nanoparticles. e) Atomically resolved HAADF-STEM images of
PtNi; catalyst. f) AC-HAADF-STEM image of PtNi; catalyst and its corresponding EDS elemental mapping. g) EDS line scan profiles for Pt (red) and
Ni (blue) traversing the region marked by the arrow in the image f). h) Pt L3-edge XANES spectra for Pt foil, PtO, and PtNiy catalyst. j) Ni K-edge
XANES spectra for Ni foil, NiO, and PtNiy catalyst. i, k) Valence state analysis of Pt and Ni in PtNi; catalyst.

with AC-HAADF-STEM images, it was confirmed that
single-atom Ni doped Pt nanoparticles (PtNi;) on Ni foil as
the all-in-one electrode was successfully synthesized.

Electrocatalytic HOR Performance

First, the electrochemical HOR performance of PtNi;/Ni foil
electrode was evaluated in a one-compartment cell using 1 M
LiBF, in THF with 0.25 vol.% EtOH as electrolyte under
argon atmosphere glove box. As shown in Figures 2a and
S9, PtNi;/Ni exhibits no oxidation peak at 0.6 V versus Pt
pseudo reference electrode under Ar-saturated electrolyte
while a more intense oxidation peak in cyclic voltammetry
(CV) curves under H, bubbled electrolyte compared to Pt
electrode, demonstrating superior catalytic activity compared
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to Pt. Additionally, the observed diffusion-limited current
density of 5.1 mA cm™ at high operated potential of
0.7 V versus Pt is attributed to the mass transfer limitations
related to H, oxidation on PtNi;/Ni, which is larger than
Pt electrode (2.6 mA cm~2), highlighting the significant role
of Ni dopant in promoting HOR. Consistent with previous
findings,/*’! during chronopotentiometry (CP) testing with
constant current density of 2 mA cm~2, Pt electrode exhibited
arapid deactivation, along with the increasing anode potential
even up to 1.4 V versus Pt (Figure 2b), where THF oxidation
occurs?! (Figure 2c). In stark contrast, PtNi;/Ni maintained
the stable HOR with low potential (~0.3 V versus Pt) at
2 mA cm~? (Figure 2b). Besdies, PtNi;/Ni also presented low
Tafel slope (54.4 mV dec™!) and thus faster HOR kinetics in
comparison with Pt electrode (179.4 mV dec™!, Figure S10).
Thus, upon single atom Ni doping, PtNi;/Ni demonstrated the
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Figure 2. Electrocatalytic HOR performance. a) CV curves of PtNij/Ni and Pt electrodes in 1 M LiBF4/THF containing 0.25 vol.% EtOH (THF
electrolyte) saturated with H; or Ar. WE: working electrode. b) Chronopotentiometry (CP) curves of Pt and PtNiy/Ni in a one-compartment cell with
THF electrolyte, using H, at 2 mA cm~2. ¢) Linear sweep voltammogram obtained in THF electrolyte with H, saturation and CV curves in THF
electrolyte containing 250 mM ferrocene. d) Selectivity comparison of HOR between PtNi;/Ni and Pt electrode at different current densities. e)
Anode potential for PtNi;/Ni and Pt foil at various current densities (0.2, 0.5, 1.0, 1.5, and 2 mA cm~2). f) Stability comparison with other reported

[229-31] g

catalysts. Long-term stability test using PtNi;/Ni as the anode.

apparent enhancement in stability and catalytic activity for
HOR compared to Pt electrode.

Faradaic efficiency for hydrogen oxidation was indirectly
quantified by monitoring the concurrent ferrocene oxida-
tion reaction(?! (details shown in supporting information,
Figures 2d and S11). This is according to that ferrocene
is thermodynamically more challenging to be oxidized than
H, but easier than THF (Figure 2c), the applied current is
expected to first oxidize H, to the solvated protons, which
is assumed as the kinetically favorable HOR process, fol-
lowed by the ferrocene oxidation to ferrocenium once HOR
becomes diffusion limited. Therefore, control experiments
were also carried out where no current was applied, in which
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background ferrocenium levels were quantified (Figure S11).
PtNi;/Ni shows high HOR selectivity with near-unity HOR
FE (close to 100%) at applied current densities from 0.2 to
2mA cm~? (Figure 2d). Figure 2e exhibits the anode potential
at different current densities. Unfortunately, Pt electrode
presents the potential of 1.12 and 1.49 V versus Pt at 1
and 2 mA cm2, respectively, where THF oxidation occurs,
resulting in the fast deactivation of Pt for HOR. PtNi;/Ni
responses quickly to the changing current density and delivers
only 0.26 V versus Pt at 2 mA cm 2. The observed reduction
in anode potential of PtNi;/Ni verifies the superiority over
Pt in improving the overall energy efficiency by coupling the
selective HOR.I?'!
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Moreover, for the practical application, we conducted
HOR tests under harsh conditions (Figure 2g). Impressively,
PtNi;/Ni exhibited exceptional electrolysis stability over
1000 h, with almost no noticeable decay in activity, which is
largely better than the reported catalysts. (Figure 2f)[22-31]
EXAFS and AC-HAADF-STEM characterizations of PtNi,
after CP test revealed no apparent agglomeration, leaching,
or morphological degradation of Ni single atom, confirming
its long-lastingly stable structure during HOR (Figures S2, S7,
and S12 and S13). This long-term stability strongly suggests
its potential for the implementation in continuous ammonia
synthesis processes.

Continuous Ammonia Electrosynthesis Device Performance

In order to evaluate the application of PtNi; catalyst
in ammonia synthesis via Li-mediated nitrogen reduction
(Li-NRR), we studied the coupled HOR/Li-NRR process
(Figure 3a). The performance of synthetic ammonia was
investigated in THF and dimethyl diglycol (DG) solvent
system (Figure 3b—¢), which been used as suitable solvents
for ammonia synthesis.[*?) To enable continuous ammonia
synthesis at high current density, PtNi; on Ni foam (PtNi;/NF)
was directly utilized as an gas diffussion anode in flow cell,
which affords a higher electrochemically active surface area
(Figure S14) to expose rich active sites and sufficient mass
transfer, as well as high selectivity for HOR (Figure S15).

To mitigate excessive lithium deposition and enhance
synthesis efficiency, a cyclic potential strategy was employed
during electrochemical testing.[**] The ammonia FE for Li
NRR was determined to be 60.9 + 1% in THF and 62.3 + 2%
in DG in flow cell (Figures 3b and S16-S20). Long-term
stability tests were further conducted in a continuous-
flow reactor. PtNi;/NF evidenced its operational stability
across different solvents with no apparent increase of anode
potential (Figure 3e). Throughout the extended operation,
the anode potential remained below 1 V, contributing to
sustainable hydrogen supply. The NMR analysis of the elec-
trolyte before and after the electrolysis suggests no apparent
solvent oxidation occurs in these systems (Figure S21). In
the DG solvent system, an ammonia FE of ~62% and the
yield rate ~0.78 nmol s~! cm™? was achieved over 80 h
of operation (Figure 3c,d), with only slight degradation
observed towards the end. The THF system maintained
60% FE and 4.51 nmol s™' cm™2 yield rate after 10 h.
These results highlight the promising operational stability
and versatility of PtNi;/NF across different solvent systems.
When the operational current density was increased from — 4
to —40 mA cm~2 in DG electrolyte (Figures 3f and S22
and S23), this system also maintained the efficient ammonia
generation with ammonia FE of 56.6% and yield rate of
7.77 nmol s~ cm~2. In addition, we also demonstrated the
feasibility of electrochemical ammonia synthesis in a dimethyl
ether (DME)-based electrolyte system (Figures S24 and S25).
Note that, the gaseous ammonia is easily collected as NH,ClI
powder (Figure S26), which further highlights the advantage
of the continuous flow cell in improving the efficiency of
ammonia generation.
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Technical and economic analysis was further conducted
based on the process models developed by Ruud kortlever
team.*l As shown in Figure 3g, under these operating
conditions, the average anode potential was maintained at
approximately 0.8 V versus a Pt reference electrode, resulting
in an overall cell voltage of 4.2 V in the flow cell system.
However, in the single cell test, the cell voltage increased
as high as 7.6 V, which is likely associated with the high
overpotential of solvent oxidation of the anode for hydrogen
supply. The energy consumption of electrolyzer is estimated
to be around 114.81 GJt~'xy; based on PtNi; system, which
is less than that of the single batch reactor (198.59 GJt~'yus,
Figure 3h).[*] According to the extended energy consumption
analysis (Figures S27-S29) of the entire process chain,
including raw material processing, ammonia separation, and
material recycling upon ideal systems, it was demonstrated
that the integration of hydrogen oxidation confers dual
advantages: i) directly decreasing the anode potential for
lowering the overall energy consumption of the electrolysis
unit; ii) optimizing downstream separation and purification
process of ammonia and air separation units, along with a
significant reduce in energy input. Therefore, when coupling
with anodic HOR using PtNi;, energy efficiency for Li NRR
for ammonia synthesis can be effectively enhanced.

HOR Mechanism Exploration

Infrared spectroscopy was further applied to monitor elec-
trolyte evolution during reaction process at a constant current
density of 2 mA cm~2. The initial spectrum of the electrolyte
(0 min) displayed the characteristic vibrations of THF at
1070 cm~! (C-O-C stretch), 912 cm™! (ring deformation) and
659 cm™! (ring breathing), with an additional fingerprint at
1460 cm~! (Figure 4a—).’%%71 Notably, progressive attenua-
tion of C-O-C (1070 cm~!) and ring breathing (659 cm™!)
signals after 60 min was observed in the Pt electrode system,
concomitant with emerging new peaks at 1172 cm™! (aryl-
O stretch) and 991 cm™! (alkyl-O stretch). The appearance
of typical furan signatures (~869 and 1460 cm~!) within
60 min of operation (Figure 4a,b, white line) indicated
THF oxidation at Pt electrode, which was consistent with
electrochemical results (Figure 2b). THF oxidation into
furan formation on Pt electrode after 5 h operation was
also identified by the 'H NMR spectra in Figure S30a.
In contrast, the electrolyte remained its chemical structure
when using PtNi,/Ni electrode (Figure S30b). Figure 4c also
displays that stable THF spectra was monitored throughout
operation (Figure 4c) on PtNi;/Ni, with no detectable signals
from oxidation products or NMR-detectable byproducts.
Consistent spectral evolution was observed at the electrode-
electrolyte interface (Figure S31). These results claim that
both active-site poisoning and electrolyte decomposition are
inhibited on PtNi;/Ni compared to Pt electrode.

Density functional theory (DFT) calculations were then
used to elucidate the role of Ni single atoms in modulating
Pt sites toward HOR. Based on structural characterizations,
Pt (111) model was built to investigate the oxidation of THF
and hydrogen for Pt and Ni single atom doping Pt catalysts
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Additional energy input for H, production via water electrolysis is not included for NRR electrolyzers.

(Figure S32). Projected density of states (PDOS) analysis
(Figure 4d) reveals that the overall electronic structure of Pt
is not changed significantly upon trace Ni single atom doping.
While Pt d-orbital features near the Fermi level (Figure S33)
are adjusted. Incorporation of trace Ni into Pt lattice results in
the downshift of the d-band center (from — 2.38 to — 2.76 eV)
of Pt sites, which will reduce the overlap between d-orbitals
of Pt and adsorbate antibonding orbitals and thereby weaken
the adsorption energy.’**] Indeed, as shown in Figure 4e,
the adsorption of hydrogen is slightly weaker on Pt site of
PtNi; with adsorption energy of — 0.94 eV than that of Pt
(—1.06 eV), which is favorable for effective H, dissociation.
Furthermore, the HOR process was studied. Kinetic analysis
reveals that hydrogen desorption (Volmer step) is the rate-
determining steps (Figures 4f and S34). Pure Pt requires
higher energy barriers of 0.51 eV for *H desorption. After
introduction of Ni single atoms, Pt sites nearby Ni atom could

Angew. Chem. Int. Ed. 2026, €22380 (6 of 9)

facilitate hydrogen desorption with lower energy barrier of
0.36 eV, significantly enhancing HOR kinetics.

According to IR and NMR results, the side reaction of
THF oxidation was further investigated on Pt and PtNi;.
Bader charge analysis discloses the electron transfer from Ni
to Pt, with Ni oxidation states near + 1.83 lel, aligning with
XAFS and XPS results. The positive charge accumulation
around Ni atoms (Figure S35), which enhances the local THF
adsorption through strong Ni—O interactions with electroneg-
ative oxygen (Figure 4g). THF adsorption configurations
(planar/vertical) and energetics (AGryr:) at stable sites near
Ni dopants in PtNi; versus pure Pt were then discussed
(Figure S36). Notably, THF adsorption on Pt sites of PtNi;
is moderate with AGryp+ of —0.89 eV via vertical adsorption
and —0.54 eV via planar model (Figure S36¢,d), which are both
substantially weaker than that of Ni sites (-0.96 and -0.59 e V),
respectively. This energy difference implies the preferential
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vertical THF adsorption on Ni centers. Accordingly, the
adsorption diagram through vertical model was proposed
(Figure 4g) for PtNi;. As for pure Pt, planar adsorption is
more favorable (Figure S36d) due to higher adsorption energy
of —1.2 eV. This is also higher than the adsorption energy of
hydrogen on Pt (-1.07), which suggests the possible blockage
of the active sites for HOR. Through Ni single atom doping,
the adsorption of hydrogen intermediates and the poison
intermediates are balanced in PtNi; catalysts. By localizing
THF at Ni sites, the possible dense organic passivation layer
that would block Pt active sites is disrupted. Thus, reaction
process of THF oxidation was further studied (Figures 4h
and S37-S40). The calculated energy barrier for RDS of THF
oxidation (Figure 4h) on Ni (1.12 eV) and Pt sites (1.10 eV)
for PtNij; site are both higher than that for pure Pt (0.82 eV),
indicating effective suppression of THF decomposition on
PtNi;.

Angew. Chem. Int. Ed. 2026, €22380 (7 of 9)

Conclusion

In conclusion, surface regulated Pt catalyst was developed
for non-aqueous HOR through Ni single atom doping
engineering without blocking the active phase. Here, Ni single
atom acts as modulator to optimize the local environment
and electronic states of adjacent Pt atoms for improving the
activity, and simultaneously services as synergistic site for
breaking the organic passivation layer and addressing the poi-
soning problem. The optimized PtNi; catalyst demonstrated
high selectivity and prolonged operation (>1000 h) with
negligible performance degradation under the applied current
density. We also verified its feasibility in the continuous
ammonia synthesis when coupled with Li-NRR, realizing high
ammonia selectivity more than 60%. This single atom doping
engineering represents a versatile and broadly applicable
strategy for tailoring the catalytic properties of precious metal

© 2026 Wiley-VCH GmbH

85U8017 SUOWWIOD BATE81D) 3|fedl|dde 8y Aq pauRA0h 818 S3oNe YO ‘85N JO Sa[NJ 0} AeJq 1 8Ul|UO AB]IAA UO (SUORIPUOD-PUE-SWBIALI0D" A8 | 1M A eI [Bul Uo//Stiy) SUORIPUOD pue swie 1 8L 88S *[9202/T0/z2] uo Akeqiauliuo Ao (im ‘Anisiweyd paiiddy Jo uonmiisul unyobueyd Aq 086225202 @1Ue/200T OT/I0p/Lod A8 | ARIq 1 jpuljuo//sdiy woiy papeojumod ‘0 ‘SLLET2ST



GDCh
) —

nanomaterials, which is expected to be applicable when using
other dopant elements such as Fe, Co, or Cu species and
catalytic reactions.
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