ano

Yesearch

Open Access

Boosted electrosynthesis of hydrogen peroxide on isolated metal sites

through second-shell modulation

Hua Zhang1, Nan Zhangz, Baojuan Xi', Fei Wan', Kepeng Song1, Xuguang An®, Shenglin Xiong1, and Xiaogang Li

1<

!School of Chemistry and Chemical Engineering, Shandong University, Jinan 250100, China
?Shanghai Research Institute of Petrochemical Technology, Shanghai 201208, China
3 School of Mechanical Engineering, Chengdu University, Chengdu 610106, China

Cite this article: Nano Research, 2025, 18, 94907211. https://doi.org/10.26599/NR.2025.94907211

ABSTRACT: The electrosynthesis of hydrogen peroxide is
limited by the competitive four-electron oxygen reduction reaction
(ORR) pathway. The modulation for the adsorption of OOH*
intermediate on active sites is considered as the effective
approach to tune the ORR selectivity, but it remains challenging.
Herein, we report the neighboring phosphorus atom in the
second coordination shell to regulate the electronic structure of
the isolated Ni-N, sites, leading to the favored OOH* adsorption
and thus boosting the electrocatalytic ORR to hydrogen peroxide
through the two-electron pathway. Spectroscopy
characterizations and density functional theory calculations
indicate the neighboring phosphorus atom in the second
coordination shell triggers the electron transfer to central Ni
atom, strengthening the adsorption of OOH* on Ni sites and thus
increasing the catalytic performance for two-electron ORR,
delivering a selectivity above 90% for production of hydrogen
peroxide under the current density of 150 mA-cm™. This work

H.,0,

e~ transfer

reveals tailoring second coordination shell of isolated metal sites could be as a precise and efficient way to engineer the
catalytic performance, which thus provides a promising approach to the design of advanced catalysts.

KEYWORDS: isolated metal sites, hydrogen peroxide, electrosynthesis, coordination shell modulation, oxygen reduction

reaction

1 Introduction

As a valuable and environmentally friendly oxidation chemical,
hydrogen peroxide (H,O,) has shown the diverse applications,
including water treatment, pulp/textile bleaching, chemical
synthesis, disinfection and also as an energy carrier [1-3]. The
global H,O, market value has reached approximately $5.2 billion in
2022 and the market is projected to reach 5.7 million metric tons by
2027 [4]. Currently, the industrial-scale H,O, production mainly
depends on the anthraquinone process (> 95%) due to the
advantages such as high yield and large-scale preparation. However,
multistep hydrogenation, oxidation, separation operations and
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complex centralized infrastructure are required in the energy-
intensive anthraquinone process, with substantial organic waste
generated [5, 6]. Therefore, exploring the energy-efficient process
for H,0, production under green and mild conditions is urgent for
the H,O,-related industries. Electrosynthesis of H,O, powered by
renewable electricity provides a promising alternative to the
traditional anthraquinone oxidation process [7, 8]. This method
allows electrocatalytic two-electron oxygen reduction reaction
(ORR) to generate H,O,, offering a potential and efficient route
under safe, cost-effective and green conditions. Nevertheless, the
electrosynthesis of H,O, through the 2e” ORR is challenged by the
competitive 4¢- ORR pathway, restricting the catalytic selectivity for
H,O, production and the further large-scale application of this
technology [9, 10]. Hence, the development of ORR electrocatalysts
with high selectivity towards H,O, generation is much desired.

In recent years, significant efforts have been dedicated to the
development of H,0, electrosynthesis, including the design of
noble metals/alloys, transition metal-based compounds, metal-free
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carbon materials and single-atom catalysts [11-15]. Remarkably,
the carbon-based single-atom catalysts have received great attention
due to their high atom unitization, well-order structure, and tunable
coordination environment [16-19]. In particular, isolated metal
sites coordinated with nitrogen (denoted as M-N; sites) in carbon
matrix present high performance in diverse catalytic applications
[20-28]. And the catalytic properties of M-N, related to the
adsorption of reaction intermediates could be modulated by
regulating its local environment around metal atoms. This provides
a promising way to tune the adsorption of OOH*, which is the key
intermediate during ORR process, to boost the oxygen reduction
toward the 2e” pathway. Previous studies have modified the local
environment of M-N, sites by changing the metal centers,
coordinated elements and numbers in the first coordination shell,
through which the adsorption of OOH* could be modulated and
thus the H,0, generation is favored [29-31]. It should be noted that
the modification in the second coordination shell with functional
elements or group can also finely tailor the electron localization
around the M-N, sites while being limited within a small range.
This offers a mild but precise way to regulate the adsorption of
intermediates. It is, therefore, important to investigate the
modulation of single-atom sites in the second coordination shell
towards the 2e- ORR, which is, however, still at an early research
stage.

Herein, we reported the phosphorus-modulated single Ni-N,
sites on carbon support (NiN,-PC, with 1.13 wt.% Ni loading) for
electrosynthesis of H,0,, where the P (0.5 wt.%) is introduced into
the second coordination shell around Ni-N, moiety. Synchrotron-
based X-ray absorption spectroscopy (XAS) reveals the local
structure of Ni-N, sites with neighboring P, demonstrating the
introduction of P into the second coordination shell. Theoretical
study together with XAS and X-ray photoelectron spectroscopy
(XPS) results show the neighboring P triggers the electron
redistribution around NiN, sites, resulting in the electron-rich
central Ni sites which strengthen the OOH* adsorption and lower
the energy barrier for H,O, formation. The resultant NiN,-PC gives
an enhanced selectivity above 88% in a wide potential range for
H,0, generation during the electrocatalytic ORR process, higher
than NiNj sites without P (denoted as NiN,-C, with 1.25 wt.% Ni
loading) with the 2e” selectivity lower than 50%. Impressively, NiN,
sites with P modulation in the second coordination shell could also
achieve the Faradaic efficiency above 90% under a current density
of 150 mA-cm? in a flow cell This work demonstrates the
effectiveness of modulating the second coordination shell for
atomically dispersed metal moiety, offering insights for the design
of the active sites towards the 2e- ORR and other potential catalytic
reactions.

2 Experimental

2.1 Synthesis of electrocatalysts

Synthesis of NiN,-C. 3 g of dicyandiamide, 15 g of NH,Cl and
0.25 mmol NiCl, were dissolved in deionized water and dried by
rotary evaporation. Then, the dried powder was placed in a crucible
and heated at 550 °C for 2 h in a muffle furnace to get the Ni-doped
g-C;N,. Then 0.5 g Ni-doped g-C;N, and 0.01 mol glucose were
dispersed into 35 mL water under sonication for 2 h. After stirring
another 2 h, the solution was transferred into a 50 mL Teflon-lined
autoclave, sealed and heated at 180 °C for 10 h. The product, after
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the hydrothermal process, was washed with water and ethanol
several times and dried at 60 °C. Then, the dried sample was
annealed at 900 °C in Ar atmosphere for 1 h to get the NiN,-C.

Synthesis of NiN,-PC. 0.5 g Ni-doped g-C;N, mentioned above
and 0.01 mol glucose were dispersed into 35 mL water under
sonication for 2 h. After stirring another 2 h, the solution was
transferred into a 50 mL Teflon-lined autoclave, sealed and heated
at 180 °C for 10 h. The product, after the hydrothermal process, was
washed with water and ethanol several times and dried at 60 °C.
After the hydrothermal process, 50 mg sample was taken and
dispersed into ethanol with 500 mg triphenylphosphine. The
solution was dried through rotary evaporation. Then, the dried
sample was annealed in the tube furnace at 900 °C in Ar
atmosphere for 1 h to get the NiN,-PC.

Synthesis of N-C. The synthesis process of N-C was the same as
that of NiN,-C except for the addition of NiCl,.

Synthesis of N-PC. The N-PC was prepared using a similar
procedure to that of NiN,-PC, except that Ni-doped g-C;N, was
replaced by g-C;N, without Ni.

2.2 Materials characterization

Transmission electron microscopy (TEM) images were taken on
HT-7700. The X-ray diffraction (XRD) of the as-prepared materials
was explored by using a Bruker D8 Advance X-ray diffractometer
with Cu Ko radiation (A = 1.5418 A). The sub angstrom-resolution
high-angle annular dark-field scanning TEM (HAADF-STEM)
characterizations were performed on a Spectra 300 with a spherical
aberration corrector. The metal loading in the catalysts was
determined by inductively coupled plasma-mass spectrometry (ICP-
MS, NEXION350X). The ultraviolet-visible (UV-vis) absorption
data were collected on T700B spectrophotometer (Beijing Purkinje
General Instrument Co., Ltd.). XPS results were obtained on X-ray
photoelectron spectrometer (Thermo ESCALAB 250Xi) with Al K«
(hv = 1486.6 €V) as the excitation source. The X-ray absorption fine
structure spectra were detected by BLI4W1 station in Shanghai
Synchrotron Radiation Facility.

2.3 Electrochemical measurements

Electrochemical tests on rotating ring-disk electrode (RRDE,
AFE7RIGCPT model, Pine Instruments; disk diameter = 5.61 mmy;
collection efficiency: 37%) were performed by electrochemical
workstation (CHI 760E) in a three-electrode configuration with
Ag/AgCl electrode (filled with fresh 3 M KCl solution) as the
reference electrode and carbon rod as the counter electrode. To
prepare the working electrode, 4 mg sample was added into
0.96 mL isopropyl alcohol with 40 pl Nafion solution (Nafion 117)
and ultrasonically mixed to get the homogeneous ink. The ink was
loaded onto disk of RRDE with a loading of 0.1 mg-cm™ Linear
sweep voltammetry (LSV) test was performed in O,-saturated
0.1 M KOH solution with a scan rate of 5 mV-s™ at 1600 rpm. The
applied potential on Pt ring during LSV test was set as 1.2 V vs.
reversible hydrogen electrode (RHE). Successive cycle voltammetry
with a rapid scan rate in the potential range of 0.2-0.6 V (vs. RHE)
was carried out on the Pt ring of RRDE before every LSV test to
fresh the ring electrode.

3 Results and discussion

The strategy for synthesizing NiN,-PC is shown in Fig. 1(a). The
morphology of the catalysts was confirmed by TEM. Figure 1(b)
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Figure1 (a) Schematic illustration of the preparation process of NiN,-PC. (b) TEM image of NiN,-PC. (c) High-magnification TEM image for NiN,-PC. (d) HAADF-
STEM image for NiN,-PC. (e) Bright field TEM image of NiN,-PC. (f) Element mapping images of NiN,-PC. (g) XRD patterns of the catalysts.

presents the TEM image of NiN,-PC, which shows a sheet-like
structure, similar to that of NiN,-C, as depicted in Fig. S1(a) in the
Electronic Supplementary Material (ESM). And no particles are
observed from the high-magnification TEM image for NiN,-PC
and NiN,-C, as shown in Fig. 1(c) and Fig. S1(b) in the ESM. The
HAADEF-STEM image for NiN,-PC in Fig. 1(d) reveals isolated
bright spots, which correspond to the Ni atoms, indicating the
single-atom form of Ni in NiN,-PC. The atomically dispersed Ni is
also observed for NiN,-C, as seen in Fig. S2 in the ESM,
demonstrating the atomic configuration of Ni sites. These results
indicate the introduction of phosphorus did not disrupt the isolated
configuration of Ni sites. Energy-dispersive X-ray spectroscopy
(EDX) mapping analysis in Figs. 1(e) and 1(f) indicate that Ni, P
and N atoms distribute homogeneously in carbon substrate. The
XRD patterns of the samples with N-doped carbon (denoted as N-
C) and N, P-doped carbon (N-PC) as references in Fig. 1(g) show
two typical broad peaks at about 24° and 44°, which could be
ascribed to (002) and (101) lattice plane of graphite [32, 33]. No
peaks corresponding to a metallic phase appear in the XRD
patterns for NiN,-PC and NiN,-C, further corroborating that Ni
sites are atomically dispersed.

XAS was carried out to determine to local structure of Ni sites in
NiN,-C and NiN,-PC. Figure 2(a) presents the Ni K-edge X-ray
absorption near-edge structure (XANES) curves of NiN,-C and
NiN,-PC compared with Ni foil as the reference. It is clearly seen
that the absorption edges of NiN,-C and NiN,-PC show a positive
shift compared with that of Ni foil, indicating the higher oxidation
state of Ni in NiN,-C and NiN,-PC than in Ni foil. In addition, the
NiN,-PC gives a slightly decreased intensity of white line peak
compared with NiN,-C, demonstrating the lower oxidation state of
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Ni with P modulation. The magnified pre-edge XANES spectra in
Fig. S3 in the ESM also suggest the electron transfer to Ni after the
P introduction, as the absorption edge position of NiN,-PC shows a
slightly negative shift compared with that of NiN,-C. The XPS was
further performed to explore this electron transfer. The high-
resolution Ni 2p XPS spectra of NiN,-C in Fig. S4 in the ESM
display the binding energies of Ni 2ps;, and Ni 2p,, peaks at 855.2
and 872.7 eV, respectively, with two related satellite peaks [34]. The
NiN,-PC shows the similar peaks but with a slight energy shift.
Taking the deconvoluted Ni 2p;, peak out as a demonstration, clear
negative shift in the binding energy could be observed for NiN,-PC
compared with that of NiN,-C (Fig. 2(b)), agreed well with the
XANES results, which thus confirms the electron redistribution
resulted from the P modulation. In addition, the P 2p XPS result of
NiN,-PC could be deconvoluted into P-C (1319 eV) and P-N
(133.1 eV) bonds [35], respectively, as shown in Fig. S5 in the ESM.
The absence of the characteristic peak of metal-P bond implies P
atoms tend to bond to surrounding N atoms, not directly to the
central Ni atoms. Furthermore, when compared with the N-PC
without Ni, the P-N peak of NiN,-PC presents a shift towards the
higher energy, indicating the electron transfer from P to Ni through
N atom, consistent with the Ni XANES and XPS results.

Figure 2(c) displays the Fourier transform of extended X-ray
absorption fine structure (FT-EXAFS) spectra. The FT-EXAFS
curves of NiN,-C and NiN,-PC only present a dominant peak for
bond distances shorter than 2.0 A, with no Ni-Ni interactions
observed compared with Ni foil, indicating the atomically dispersed
Ni sites in NiN,-C and NiN,-PC samples. The main peaks at
approximately 1.5 A for NiN,-C and NiN,-PC can be ascribed to
the single scattering of photoelectrons excited by an X-ray from Ni

Nano Research, 2025, 18, 94907211
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Figure2 (a) Ni K-edge XANES curves of NiN,-C, NiN,-PC and Ni foil. (b) Ni 2p,/, peak from the XPS results for NiN,-C and NiN,-PC. (c) FT-EXAFS spectra of NiN,-
C, NiN,-PC and Ni foil. (d) WT-EXAFS results of NiN,-C, NiN,-PC and Ni foil. () Structural model for NiN,-P sites.

atoms to the nearest neighbored N atoms, which forms the Ni-N
shell in the first coordination shell. Considering the powerful
resolution in both k and r spaces, the Ni K-edge wavelet transform
(WT)-EXAFS was performed to investigate the atomic
configuration of NiN,-C and NiN,-PC, as shown in Fig. 2(d). Ni
foil shows an intensity maximum at 8.06 A" in the WT contour
plots, corresponding to the metallic Ni-Ni coordination. As for
NiN,-C and NiN,-PC, only one intensity maximum at 5.30 and
5.39 A~ was observed in the WT contour plots, respectively, which
could be ascribed the Ni-N coordination. The absence of the
corresponding  signal for the Ni-Ni interaction strongly
corroborates the atomic dispersion of Ni species in these two
catalysts. Quantitatively, the structural parameters at Ni K-edge for
NiN,-C and NiN,-PC were extracted by least-square EXAFS fitting.
The fitting results are shown in Fig. S6 and Table S1 in the ESM. It
could be seen that the experimental FT-EXAFS curves of the NiN,-
C and NiN,-PC have been perfectly reproduced. The fitting results
show that Ni was bonded by four nitrogen atoms for both NiN,-C
and NiN,-PC, suggesting the same Ni-N, coordination structure in
these two samples. These results also exclude the possibility that P
atom is located in the first coordinated shell of Ni sites. N 1s XPS
was further performed to determine the type of the chemical bond
related to Ni sites and the results are shown in Fig. S7 in the ESM.
The N-C is the reference here, for which the N 1s spectra could be
deconvolved into four peaks corresponding to pyridinic-N
(398.15 V), pyrrolic-N (399.45 V), graphitic-N (400.95 eV), and
oxidized-N (402.30 eV), respectively. With the introduction of NiN,
sites, the peak corresponding to pyridinic-N in NiN,-C shows a
positive shift compared with N-C, indicating the chemical bonding
between pyridinic N and Ni atoms [36]. Further introducing the P
atom results in the pyridinic-N in NiN,-PC shifting back towards
the lower binding energy, suggesting the electron transfer from
neighboring P in the second coordination shell to pyridinic-N in
the first coordination shell, which also leads to the electron-rich
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central Ni atoms, as confirmed by the XANES and XPS results
mentioned above. The XPS results also exclude the potential
influence of Cl for the structure and catalytic performance, as Cl
was not observed in Fig. S8 in the ESM. Taking the XAS and XPS
analysis together, NiN,-PC shares the same Ni-N, configuration
with NiN,-C in the first coordination shell, but with P atom
introduced into the second coordination shell, as shown in Fig. 2(e).
Electrochemical tests show that modulation from neighboring P
atom boosts ORR selectivity of NiN, sites toward the 2e” pathway.
Figure 3(a) gives the linear-sweep voltammetry (LSV) curves of
NiN,-C and NiN,-PC. NiN,-PC shows the increased catalytic ORR
current for H,0, production, as compared with NiN,-C. Based on
the disk and ring current, the selectivity for H,O, generation was
calculated. As shown in Fig. 3(b), NiN,-PC delivers above 88%
selectivity for the 2e- ORR pathway across a wide potential range,
much higher than that of NiN,-C with the H,O, selectivity less than
50%. This indicates the modulation in the second coordination hell
for isolated metal sites could effectively tune the catalytic selectivity.
The Brunauer-Emmett-Teller (BET) characterization also excludes
the contribution from surfaces and porous structures of the
catalysts to the enhanced catalytic performance, as shown in Fig. S9
in the ESM. As for the samples without the Ni sites, the
introduction of P shows the limited enhancement for the catalytic
selectivity towards the H,O, generation, as seen in Fig. S10 in the
ESM, demonstrating the isolated metal sites are more sensitive to
exotic regulation. The related electron transfer number during the
ORR process was also calculated to evaluate the catalytic selectivity.
As shown in Fig. S11 in the ESM, NiN,-PC presents a decreased
electron transfer number that is closer to 2, compared with NiN,-C,
N-C and N-PC, further demonstrating its excellent catalytic
performance for H,0O, production. In addition, the P-modulated
NiN, sites deliver a higher onset potential (Table S2 in the ESM),
indicating the decreased overpotential for H,O, generation. The
ORR selectivity was further explored based on the H,O, reduction
reaction. As seen in Fig. 3(c), NiN,-PC delivered a decreased

(8) 27 wa | Sci@pen
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Figure3 (a) LSV curves of the electrocatalysts on RRDE in O,-saturated 0.1 M KOH. (b) Calculated selectivity for H,O, generation. (c) LSV curves in N,-saturated
0.1 M KOH containing 10 mM H,0,. (d) Stability test of the NiN,-PC catalyst under 150 mA-cm™in 0.5 M KOH.

current density compared with NiN,-C, indicating the P
modulation endows the NiN, moiety with inertia for the further
reduction of H,0,, agreed well with the excellent selectivity of NiN,-
PC for the 2e- ORR pathway. To confirm the Ni other than P atom
as the catalytic sites, the SCN", a commonly adopted ion to poison
metal sites [37], was used as the indicator for active sites. As seen in
Fig. S12 in the ESM, clear depression of catalytic current for NiN,-
PC is observed, which could be ascribed to the blocking of Ni
atoms by SCN, thus confirming Ni atoms as the catalytic center.
The catalytic stability and related Faradaic efficiency for producing
H,0, were then investigated. The Ce(SO,), titration method was
used to determine the amount of generated H,O, [38]. The UV
absorbance of Ce(SO,), solution related concentration and
corresponding calibration curve are shown in Fig. S13 in the ESM.
Based on this Ce(SO,), titration method, the amount of generated
H,0, and related Faradaic efficiency during the ORR process could
be calculated. Figure S14 in the ESM presents the amperometric test
(current-time, I-f) results and Faradaic efficiency for generating
H,0,. The NiN,-PC shows a high Faradaic efficiency at 0.5 V
during two 24-h cycle tests with a relatively stable current density,
indicating its excellent catalytic selectivity and stability. We further
investigated the H,O, production capacity of NiN,-PC on a gas
diffusion electrode in flow cell. As seen in Fig. 3(d), under the
current density of 150 mA-cm™, NiN,-PC displays a high Faradaic
efficiency of up to 93.1%, with negligible activity loss over 30-h test.
Impressively, the average H,O, production yield rate reaches
5.08 mmol per 2 h (Fig. S15 in the ESM), corresponding to
5.08 mol-g, "h”, demonstrating the superiority of NiN,-PC
towards electrosynthesis of H,O,.
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To better understand the modulation of neighboring P on Ni-N,
sites for the ORR process, density functional theory (DFT)
calculations are performed to shed light on the origin of observed
pathway regulation (see computational details and Table S3 in the
ESM). Figure S16(a) in the ESM depicts the optimized structures of
NiN,-C and NiN,-PC. The calculated formation energy for NiN,-
PC shows a thermodynamically favorable value of —-1.80 eV,
suggesting its structural stability. The charge difference state and
Bader charge were carried out to reveal the changes for Ni atom
valance, as shown in Fig. S16(b) in the ESM, in which the values of
the NiN,-C and NiN,-PC were calculated to be 0.844 and 0.838,
respectively. The results indicate that the neighboring P atom
located at second coordination shell could regulate the electronic
structure of central Ni atom, leading to the tunable interaction of
ORR intermediates with active sites. Compared with NiN,-C, the
NiN,-PC shows the favorable O, adsorption but with same length
of O-O bond, as shown in Fig. S17 in the ESM, which hinders the
cleavage of the O-O bond and facilitates the 2e” pathway of ORR.
The free energy diagrams depicted in Fig. 4(a) illustrate the OOH*
formation is thermodynamically favored after the P modulation.
NiN,-PC shows the significantly decreased energy barrier of
0.14 eV, compared with NiN,-C with the energy barrier of 0.65 eV,
indicating the improved 2e- ORR activity on P modified Ni-N,
sites. As the reliable ORR descriptor, the binding strength of *OOH
was further used to construct thermodynamic limiting potential
(Up) volcano plot [39, 40], which could signify the catalytic ORR
activity and selectivity. The CoN, and FeN, sites are also
summarized here to give a better presentation for the volcano plots.
As shown in Fig. 4(b), the NiN,-C is located on the right leg of
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volcano plots, where *OOH formation is the potential limiting step.
This binding energy here implies the further dissociation *OOH is
suppressed but with a larger overpotential for H,O, generation.
With the P atom embedded into the second coordination shell,
NiN,-PC gives the Gibbs free energy (AG.ooy) value of 4.38 eV,
shifting leftward on the volcano plots towards the apex compared
with NiN,-C, demonstrating the enhanced activity and selectivity
towards the 2e- ORR. To further unravel the interaction of Ni sites
with the adsorbed *OOH, we then investigated the projected
density of states (PDOS) for NiN,-C and NiN,-PC (Fig. S18 in the
ESM). The NiN,-C with adsorbed *OOH displays the spin-
polarized PDOS that is mainly contributed by d.. and d,, coupled
with p, and p,, respectively, while NiN,-PC shows symmetric states
composed of d.., d, and d,, coupled with p,, p, and p,. The
difference of orbital hybridization about NiN,-C and NiN,-PC will
give a distinguishing interaction of Ni sites with *OOH [41]. The
projected crystal orbital Hamilton population (pCOHP) analysis
was employed to further explain the bond strength between the Ni
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atom and the O atom from *OOH [42]. The pCOHP of NiN,-C in
Fig. 4(c) shows that the d.—p, antibonding orbitals of spin down
state are located at unoccupied states, while the d..—p, antibonding
orbitals of spin up state are almost fully occupied, which contributes
to a weaker *OOH adsorption. In contrast, pCOHP of NiN,-PC in
Fig. 4(d) reveals that a large proportion of d.-p, antibonding
orbitals for both spin states is unoccupied, which leads to enhanced
*OOH adsorption. The reinforced Ni-O interaction was also
verified by integrated COHP (iCOHP) below Fermi level (Fig. S19
in the ESM) [43]. The NiN,-PC display more negative iCOHP
value of both spin states (spin up: —0.75; spin down: —0.75)
compared with that of NiN,-C (spin up: —0.30 spin down: —0.67).
Charge density difference and Bader charge analysis between Ni
sites and *OOH intermediate are shown in Figs. 4(e) and 4(f), in
which the electron transfer from Ni site to O atom with the
adsorbed *OOH intermediate could be observed. The neighboring
P induces the enhanced electron transfer (0.188e”) compared with
that (0.148¢") without P modulation, illustrating the strengthened
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Ni-O interaction between the Ni sites and *OOH with P
introduction, thus decreasing the energy barrier for H,0O,
generation. The above calculation results indicate that the
introduction of P in second coordination sphere could contribute
to the enhanced activity and selectivity of the NiN, sites towards the
2e” ORR reaction, consistent with the experimental observations.

4 Conclusions

In conclusion, we demonstrated a phosphorus modulation strategy
for isolated Ni-Nj sites towards the electrocatalysis of H,O,. The P
atom is embedded into the second coordination shell of Ni-Nj sites,
triggering the tunable adsorption of *OOH and thus boosting the
electrocatalytic ORR through the 2e” pathway. The P modified Ni-
N, sites deliver an enhanced selectivity near 90% for H,0O,
generation with decreased overpotential compared with that of bare
Ni-N; sites, indicating the effective regulation of local coordination
environment around central Ni atoms. DFT calculations combined
with XAS and XPS techniques demonstrate the electron transfer to
Ni atom, leading to the enhanced *OOH adsorption, favoring the
2e” reduction of O, to H,0,. We anticipate this work would provide
a promising approach to modulate the second coordination shell of
single-atom catalysts and pave a new avenue for rationally
designing high-efficiency catalysts.

Electronic Supplementary Material: Supplementary material
(additional characterization results) is available in the online

version of this article at https://doi.org/10.26599/NR.2025.
94907211.
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