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Confined RuP, Nanoparticlesin N,P,S-Tridoped Carbon as
Superior Electrocatalyst for pH-Wide Hydrogen Evolution

Yu Sun,@ Haibo Li,®! Suyuan Zeng,!? Rui Li,®! Qingxia Yao,®! Hongyan Chen,!
Yinghua Wang,*"®! Konggang Qu,*?! and Lijian Meng*!“!

Hydrogen has been deemed as the ideal energy source and
carrier due to its unmatched energy efficiency and sustainability.
Nevertheless, there is a pressing need to develop cost-effective
materials to replace costly Pt in the hydrogen evolution reaction
(HER), and the electrocatalysts with low overpotential and robust
stability under various conditions is a particularly significant
concern. In this study, a straightforward and effective approach
was proposed for the precise synthesis of RuP, nanoparticles
encapsulated in N, P, S-tridoped carbon, which involves utilizing
zinc pyrithione, phytic acid and Ru salt as starting materials. The
effect of different Ru loadings on the morphology and struc-
tures of the composite catalysts was examined carefully. The

1. Introduction

Hydrogen, as a clean energy carrier, has garnered significant
attention owing to its remarkable attributes, including zero
carbon emissions, high combustion enthalpy, and abundant
availability.! Water electrolysis powered with renewable energy
is considered as most promising to fulfill large-scale hydrogen
production.”!’ The employment of electrocatalyst materials is
prerequisite to reduce the energy expenditure.’! The electro-
catalytic hydrogen evolution reaction (HER) can be conducted
under varied conditions tailored to specific purposes.! Nor-
mally, the acidic HER can perform with highest kinetics but
the highly corrosive conditions would degenerate or even
decompose electrocatalysts, especially transition metal based
catalysts.’! The alkaline HER seems more acclaimed due to the

[a] Y. Sun, H. Li, S. Zeng, R. Li, Q. Yao, H. Chen, K. Qu
School of Chemistry and Chemical Engineering, Shandong Provincial Key
Laboratory/Collaborative Innovation Center of Chemical Energy Storage &
Novel Cell Technology, Liaocheng University, Liaocheng 252059, China
E-mail: qukonggang@lcu.edu.cn

[b] Y. Wang
College of Chemistry and Chemical Engineering, Dezhou University, Dezhou
253023, China
E-mail: wangyinghua@dzu.edu.cn

[c] L. Meng
Centre of Innovation in Engineering and Industrial Technology, Instituto
Superior de Engenharia do Porto, Instituto Politecnico do Porto, Porto
4249-015, Portugal
E-mail: lim@isep.ipp.pt

&2 Supporting information for this article is available on the WWW under
https://doi.org/10.1002/asia.202500511

Chem Asian J. 2025, 20, e00511 (1 of 9)

obtained composites exhibit superior alkaline activity surpassing
commercial Pt/C and comparable acidic and neutral activity as
well as excellent pH-wide stability. DFT computations reveal the
integration of RuP, with tridoped carbon can tailor the electronic
structure of Ru active sites by interfacial electron transfer,
thus optimizing the adsorption energy and promoting the HER
activity. The benign graphitization of doped carbon and porous
structures ensure the smooth charge and mass transfer during
HER process. The cost-effective and straightforward synthesis
methods presented in this work offer a promising alternative to
commercial Pt/C for practical hydrogen-related applications.

relatively better stability of metal-based catalysts and the easier
oxygen evolution in alkaline environments.!®”! Furthermore, neu-
tral water electrolysis allows for the direct utilization of seawater
and can integrate with biocompatible microbial electrolysis
cells.'®! Although alkaline and neutral HER can enable water
electrolysis more flexible and provide more opportunities to
select electrocatalysts, they still suffer from sluggish reaction
kinetics associated with the slow water dissociation process.!'”!
To tackle these challenges, it is crucial to investigate electrocata-
lysts that are both highly efficient and stable across a wide range
of pH conditions, essential for advancing hydrogen technology
in practical applications.

In recent years, research has focused on investigating non-
metallic carbon and transition metal materials as substitutes for
the rare and valuable platinum (Pt) in HER electrocatalysis."™"!
However, the catalytic activity of reported carbon materials
remains considerably lower compared to Pt/C."! Although only
a few transition metal materials have been reported to exhibit
activity comparable to or better than Pt/C>! their long-
term stability in corrosive electrolytes remains a challenge.l"”!
Ruthenium (Ru), a member of the platinum group metals, shares
similar properties with Pt, including an intrinsic anticorrosive
property."®2" More importantly, these materials offer a cost
advantage, being approximately 1/3 of the cost of Pt. Addition-
ally, ruthenium phosphides like RuP and RuP, have demon-
strated effective catalytic activity for the HER?Z! In these
materials, doped carbons as substrates play vital roles, including
dispersing and anchoring the catalysts, as well as tailoring
the electronic properties of the metal species, thereby improv-
ing the apparent HER activity.*?! Although some researches
about ruthenium phosphides have been reported for different
application including but not limited to electrocatalysts, some
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contradictions still exist and should be addressed in detail. For
example, the influence of metallic mass loading and particle size
on the electrocatalytic performance need to be systematically
investigated.[?*?! Additionally, integrating metal phase with
carbon shells doped with multiple heteroatoms including N,
P, and S remains infrequent, in which the multi-doped carbon
may more robustly anchor the metal phase, possibly improve
the catalytic durability in various conditions.!??°! Meanwhile, the
identification of active sites and the regulation of active centers
by multi-doped carbon should be further appraised.*>*! These
efforts collectively aim to overcome current limitations and pave
the way for the next generation of high-performance catalyst
materials.

Previously, we prepared N, P, S-tridoped carbon (NPSC) for
bifunctional ORR and HER using zinc pyrithione (ZPT) and phytic
acid (PA) as precursors.?? Although NPSC has attractive physical
properties and superior ORR performance, it's HER activity still
has a large gap with commercial Pt/C. Herein, Ru salt was intro-
duced into the aforesaid system by simple mixing and pyrolysis,
the RuP,/N,PS-tridoped carbon (RuP,/NPSC) composite materials
were obtained in which RuP, nanoparticles were encapsulated
in N,PS-tridoped carbons. The optimized RuP,/NPSC has large
surface area, mesoporous structures, high level of graphitization
and abundant dopants, and resultantly exhibits better alkaline
HER activity than commercial Pt/C as well as Pt-like activity in
acidic and neutral electrolytes. The theoretical calculations reveal
the interplay between RuP, and NPSC regulates the electronic
property of Ru active sites located at the interface of RuP,/NPSC
composite and optimizes the H adsorption of Ru active sites,
thereby leading to the enhanced HER activity.

2. Experimental Section

A mixture of ZPT and PA was added in absolute ethanol at a molar
ratio of 12, after stirring for 2 h, different amount of RuCly'xH,0
with the molar ratio of PA and Ru (1:0.2, 1:0.4, and 1:0.8) was added
and continue to react for overnight with stirring. With drying by
rotary evaporation, the collected mixture was subjected to pyrolysis
in a tube furnace under an argon atmosphere at 900 °C for
2 h, with a heating rate of 5 °C min~'. Afterward, the obtained
material was washed three times with 0.5 M HCl. The RuP,/NPSC
composites contain 13.0, 19.2, and 59.2 wt% of Ru determined with
inductively coupled plasma optical emission spectrometer (ICP-OES),
denoted as RuP,/NPSC-13.0%, RuP,/NPSC-19.2%, RuP,/NPSC-59.2%,
respectively. The NPSC as the control sample was prepared using
the same procedure described above, excluding the addition of Ru
salt.

Details on catalyst characterization methods as well as electro-
chemical measurements can be found in the Supporting Informa-
tion.

3. Results and Discussion

Scheme 1 illustrates the straightforward preparative route of
RuP,/NPSC composite. The powder X-ray diffraction (XRD) was
first employed to identify the composition of metal in the freshly
prepared catalysts. Noticeably, Figure 1A shows all the three
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catalysts share the same crystal structure, specifically, the distinct
diffraction peaks observed at 23.0°, 30.4°, 35.8°, 47.5°, 50.2°, and
56.3° corresponding to the (110), (020), (101), (121), (211), and
(310) crystal planes of RuP, (JCPDS No.34—0333), respectively.
The carbon skeleton information was studied using Raman
spectroscopy (Figure 1B), where the ratio of intensities between
the D band and the G band (Ip/lg) reflects the presence of
defects and disorder. Noteworthily, the smallest Ip/ls value
(0.88) was observed for RuP,/NPSC-19.2% compared with that of
RuP,/NPSC-13.0% (0.95), RuP,/NPSC-59.2% (1.00), and NPSC (0.97),
indicating the best graphitic degree of RuP,/NPSC-19.2%, which
assures the good electrical conductivity for an electrocatalyst.
The observed highest graphitic agree of RuP,/NPSC-19.2% may
be promoted with the moderate amounts of metal species,
while excessive metal would possibly interrupt the continuous
graphitic domains, leading to more disordered structures and
defects in RuP,/NPSC-59.2%. The specific surface area and pore
structure of the newly prepared catalysts were investigated by
the N, adsorption—desorption isotherms (Figure 1C and Figure
S1A). The obtained isotherms are in good agreement to the type
IV isotherms, indicating that the presence of the mesoporous
structures. The Brunauer-Emmett-Teller (BET) surface area of
RuP,/NPSC-19.2% reaches an impressive 151.5 m?/g, accompanied
by a pore volume of 0.098 cm?/g (Table S1), which notably
exceeds that of RuP,/NPSC-13.0% (63.8 m?/g and 0.033 cm3/g)
and RuP,/NPSC-592% (74.9 m?/g and 0.058 cm3/g). From the
pore size distribution plot (Figure 1D and Figure SIB), it is
evident that all three RuP,-based catalysts and NPSC possess
distinct mesoporous structures with average pore sizes of 3.3,
3.6, 44, and 34 nm. Importantly, these RuP,-based catalysts
exhibit much smaller surface areas and pore volumes compared
to the metal-free NPSC (711.6 m?/g and 0.38 cm?/g), reflecting the
successful incorporation of metal components into the carbon
framework.34

The morphologies and microstructures of the newly-
prepared catalysts were first examined by TEM. The typical
TEM images (Figure 2, Figures S2 and S3) show that the three
catalysts possess clear and dense nanoparticles with different
sizes dispersed on ultrathin carbon sheets, the inset in Figure 2A
indicates the nanoparticles are encapsulated by the distinct
carbon layer. Moreover, the high-resolution transmission electron
microscopy (HRTEM) reveals distinct lattice fringes at intervals of
0.383, 0.249, 0.230, and 0.178 nm (Figure 2B, Figures S2B and S3B),
which correspond to the RuP, crystal planes of (110), (101), (121),
and (211), respectively. These are also indicated in the selected-
area electron diffraction (SAED) patterns (Figure 2C, Figures S2C
and S3C) and match the XRD pattern’s most prominent peaks
at the specified angles.®! The TEM elemental mapping images
further validate the uniform distribution of elements C, N, O,
and S, while the overlapping of P and Ru signals also suggest
the formation of phosphide particles (Figure 2D, Figures S2D-I
and S3D-I). Apparently, due to the different metal loading, RuP,
nanoparticles have the average sizes of 5.5, 13.2, and 32.0 nm on
the three catalysts (Figure 2E).

The elemental components in catalysts were then deter-
mined and analyzed accurately with XPS (Figure 3, Figures S4 and
S5) and the quantitative information for the different elements
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Figure 1. (A) XRD patterns, (B) Raman spectra, (C) N, adsorption—-desorption isotherms, and (D) the pore size distribution curves.

was summarized in Table S2. XPS survey scan demonstrates  at approximately 128.4 and 129.3 eV, which are consistent with
the presence of N (3.05 at%), P (11.6 at%), S (3.33 at%), and Ru  the P 2p;, and P 2p,, states within the RuP, component, and
(3.45 at%) in RuP,/NPSC-19.2% (Figure 3A). The high-resolution  two others centered around 1332 and 134.4 eV, attributed to
N 1s spectrum (Figure 3B) reveals four subpeaks around 398.7, the P—C and P—O bonds, indicating effective P doping into
399.9, 401.2, and 404.4 eV, corresponding to different nitrogen  the carbon matrix.>”! The deconvoluted S 2p peaks (Figure 3D)
functionalities in RuP,/NPSC-19.2% including pyridinic N, pyrrolic ~ correspond to the S 2p;,; (163.5 eV) and S 2py/, (164.8 eV) species
N, graphitic N, and oxidized N, respectively.2¢! Furthermore, the =~ of C—S—C.®® Figure 3E illustrates the XPS region of Ru 3d,
P 2p spectrum (Figure 3C) shows four discernible peaks: two  which overlap with C 1s post high-resolution deconvolution. A
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Figure 2. (A) TEM and (B) the high-resolution TEM images, (C) the SAED pattern and (D) TEM elemental mapping images of C, N, O, P, S, and Ru of
RuP,/NPSC-19.2%, and (E) the corresponding particle size distribution histograms of three RuP,-based catalysts.

singular peak observed at 280.2 eV corresponds to Ru 3dss,
accompanied by the Ru 3ds, peak centered at 284.4 eV, which
suggests the presence of single RuP, component,?°! meanwhile,
the peaks at 284.3, 285.3, 286.3, 287.5, and 288.9 eV are attributed
to (=C, C—N/C—S, C—0/C—P, (=0, and COOH, respectively.[3%40]
Additionally, the XPS spectrum of Ru 3p (Figure 3F) reveals
two single peaks at 4614 eV and 483.8 eV, corresponding
to Ru 3ps;, and Ru 3py;,, further confirming the pure RuP,
component.421 Additionally, a large amount of O (13.7 at%)
was found in RuP,/NPSC-19.2% and would render the surface of
catalyst hydrophilic, which can facilitate the catalyst/electrolyte
interfacial contact and the subsequent evolution of H, gas.[**!
The HER electrocatalytic activity was first measured employ-
ing a typical three-electrode system in 1 M KOH. Commercial 20
wt% Pt/C, three RuP,-based catalysts and the carbon counterpart
NPSC were evaluated for comparative purposes. Figure 4A
shows the linear scan voltammetry (LSV) curves. To generate
a current density of 10 mA cm™2, RuP,/NPSC-19.2% exhibits an
overpotential of only 19 mV, significantly lower than NPSC-RuP,-
13.0% (147 mV), NPSC-RuP,-59.2% (111 mV), and NPSC (246 mV),

Chem Asian J. 2025, 20, 00511 (4 of 9)

matching that of Pt/C (19 mV), acting as the most active catalyst
among all Ru-based catalysts (Table S3). Notably, NPSC-RuP,-
19.2% demonstrates a current density of 15 mA cm™2 at an
overpotential of 30 mV, which exceeds the performance of Pt/C.
Extraordinarily, RuP,/NPSC-19.2% achieves a current density of
200 mA cm™2 at an overpotential of 125 mV, significantly outper-
forming Pt/C (265 mV), indicating superior high-current-density
performance compared to Pt/C. Additionally, the obtained Tafel
slope (Figure 4B) of RuP,/NPSC-19.2% is 62 mV dec™', smaller
than that of RuP,/NPSC-13.0% (112 mV dec™"), RuP,/NPSC-59.2%
(123 mV dec™), NPSC (86 mV dec™'), and even Pt/C (66 mV
dec™), manifesting the RuP,/NPSC-19.2% catalyst has significant
HER kinetics. Moreover, the Tafel slope values point to the
possibility that the HER on RuP,/NPSC-19.2% is dominated by the
Volmer-Heyrovsky route, with the Heyrovsky reaction serving
as the step that dictates the reaction rate, which is indicative
of the electrochemical desorption process involving a hydrogen
atom that has been chemically adsorbed and H,0.[**%! Further
insights into the electrical conductivity of the catalysts were
obtained through electrochemical impedance spectroscopy (EIS)
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Figure 3. (A) XPS survey scan and high-resolution XPS spectra of (B) N 1s, (C) P 2p, (D) S 2p, (E) Ru 3d, and (F) Ru 3p of RuP,/NPSC-19.2%.

measurements (Figure 4C). the electrocatalyst RuP,/NPSC-19.2%
exhibits the lowest charge transfer resistance (2.1 Q) compared
to RuP,/NPSC-13.0% (10.8 €2), RuP,/NPSC-59.2% (9.7 2), and NPSC
(13.6 Q).

The capacity of the electrochemical double-layer (Cy) is
a measure that can be used to evaluate the electrochem-
ically active surface areas (ECSA) due to their proportional
relation.””! As indicated in Figure 4D and Figure S6, the Cy
for RuP,/NPSC-19.2% is recorded at 1.8 mF cm™2, surpass-
ing the values of 46 mF cm~2 for RuP,/NPSC-13.0% and 5.5
mF cm~2 for RuP,/NPSC-59.2%, although it is considerably less
than the 36.9 mF cm™2 of NPSC. This aligns with the trends
observed in BET surface areas and underscores that the active
sites are predominantly associated with the RuP, phase rather
than the doped carbon. RuP,/NPSC-19.2% obviously has the
most exposed active sites according to the BET surface area
and Cy analyses among RuP,-based catalysts, which indeed
favors the improvement of apparent HER activity. In addition,
Figure 4E shows the LSV curves normalized to their ECSA,
and RuP,/NPSC-19.2% requires an overpotential at 25 mV for
driving 1 mA cm™2 gcsa, Which is significantly lower than that
of RuP,/NPSC-13.0% (114 mV) and RuP,/NPSC-59.2% (79 mV),
meanwhile, RuP,/NPSC-19.2% also has the best mass activity
among three Ru-based catalysts and Pt/C (Figure 4F), these
confirming the surface active sites of RuP,/NPSC-19.2% has the
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highest intrinsic activity.[“*#’] Furthermore, turnover frequency
(TOF) was also calculated to evaluate the intrinsic unit activity
for electrocatalytic HER (Figure 4G), specifically, the TOF value
of RuP,/NPSC-19.2% surpasses Pt/C from the overpotential of
70 mV and reaches 3.96 H, s' at 0.15 V, markedly higher
than that of RuP,/NPSC-13.0% (0.21 H, s™'), RuP,/NPSC-59.2%
(008 H, s, and even Pt/C (201 H, s7), indicating the
superior intrinsic unit activity of RuP,/NPSC-19.2%.1441 The
stability was then evaluated with the accelerated durability
testing (ADT) and amperometric |-t sweeps (Figure 4H,l). No
clear activity degeneration of RuP,/NPSC-19.2% is found after
1000 cyclic voltammetry sweeps. Additionally, a steady high
current density can be achieved during the 50 h long-term
measurement without observing any obvious decay. The XRD
and TEM characterizations after the durability tests suggest
the original RuP, crystalline structure in RuP,/NPSC-19.2% is
still maintained, underlining its excellent structural robustness
(Figure S7).

The acidic and neutral HER performance was also tested
in 0.5 M H,SO; and 1.0 M phosphate buffered saline (PBS,
pH = 7).°%5 As shown in Figure 5A, to achieve a current density
of 10 mA cm~2 in 0.5 M H,SO,, RuP,/NPSC-19.2% demands an
overpotential of 69 mV, which is considerably less than that
of RuP,/NPSC-13.0% (203 mV), RuP,/NPSC-59.2% (214 mV), and
NPSC (269 mV), and is just 15 mV lower than that of Pt/C
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Figure 4. (A) HER LSV curves. (B) Tafel slopes. (C) EIS curves. (D) The calculated Cq values of different catalysts. (E) LSV curves of three RuP,-based samples
normalized to their ECSA in 1 M KOH. (F) The mass activity of different samples for alkaline HER. (G) TOF values of three RuP,-based samples with Pt/C in
1 M KOH. (H) LSV curves recorded before and after 1000 potential sweeps. (I) The long-time stability test of RuP,/NPSC-19.2% in 1 M KOH.

(44 mV). At the same time, the Tafel slope of RuP,/NPSC-19.2%
is significantly lower at 48 mV dec™' (Figure 5B), compared to
RuP,/NPSC-13.0% (124 mV dec™"), RuP,/NPSC-592% (135 mV
dec™"), and NPSC (113 mV dec™), and it closely resembles that
of Pt/C (31 mV dec™). Figure 5C demonstrates that the catalyst’s
performance remains consistent before and after 1000 voltam-
metric cycles and also after a 50-h endurance test for acidic HER.
Similarly, to achieve a current density of 10 mA cm~2in 1.0 M PBS,
NPSC-RuP,-19.2% exhibits an overpotential of 68 mV (Figure 5D),
outperforming RuP,/NPSC-13.0% with 159 mV, RuP,/NPSC-59.2%
with 123 mV, NPSC with 427 mV, and nearly matching the per-
formance of Pt/C at 10 mV. Furthermore, the Tafel slope for the
RuP,/NPSC-19.2% is 66 mV decade™, outperforming RuP,/NPSC-

Chem Asian J. 2025, 20, e00511 (6 of 9)

13.0% (94 mV dec™"), RuP,/NPSC-59.2% (88 mV decade™), and
NPSC (208 mV dec™"), and approaching 33 mV decade™ of
Pt/C (Figure 5E). Additionally, RuP,/NPSC-19.2% also maintain the
good durability in neutral media (Figure 5F). Furthermore, the
RuP,/NPSC-19.2% electrocatalyst also has the smallest charge-
transfer resistance among the newly-prepared materials, indicat-
ing the favorable HER kinetics (Figure S8). The XRD and TEM data
also confirm the structural stability after the durability tests for
acidic and neutral HER (Figure S9). Notably, according to the Tafel
slope values, the HER processes in acidic and neutral conditions
also follow the Volmer-Heyrovsky route with the Heyrovsky
reaction as the rate-determining step, similar to that for alkaline
HER. Thus, these results indicate that RuP,/NPSC-19.2% exhibits
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Figure 5. (A) HER LSV curves and (B) Tafel slopes of RuP,/NPSC, NPSC, and Pt/C in 0.5 M H,SO,. (C) LSV curves recorded before and after 1000 potential
sweeps and the long-time stability test of RuP,/NPSC in 0.5 M H,SO4. (D) HER LSV curves and (E) Tafel slopes of RuP,/NPSC, NPSC, and Pt/C in 1 M PBS. (F)
LSV curves recorded before and after 1000 potential sweeps and the long-time stability test of RuP,/NPSC in 1 M PBS.

excellent HER activity and stability in both acidic and neutral
electrolytes.

To clearly decipher the fundamental origins of enhanced
HER, DFT calculations were performed. According to the col-
lected componential information, the structural models includ-
ing N,PS-tridoped graphene (NPSG), bare RuP, and RuP,/NSPG
composite were initially constructed as shown in Figure 6A, and
RuP, (110) surface is energetically stable with strong reactivity
and thus chosen as the active plane.’>># The cohesive energy
of RuP,/NPSG model was calculated to be —1.13 eV, suggesting
the stability of composite structure. As for the optimal active
sites of H* adsorption, several possible locations were considered
on three different models (Figure S10). Specifically, on the NSPG
model, the computations were performed on the S and P sites,
which both have the positive values for free energy of hydrogen
adsorption (AGy<) to be 177 and 0.45 eV, respectively (Figure
S1A). While for the bare RuP,, Ru site, and P site have very
close AGy+ values. Five possible sites were considered for the
RuP,/NSPG model, including P, P, Ru', Ru?, and S sites (Figure
S11B), and Ru' site, locating at the interface, where NSPG and
RuP, interact, has the optimal AGy- value of 0.15 eV. Apparently,
RuP,/NSPG is more favorable to HER compared with NPSG and
bare RuP,, and the Ru site at the interface has the best HER
activity (Figure 6B).

In order to thoroughly study the interplay between RuP, and
NPSC for the improvement of HER performance, the differential

Chem Asian J. 2025, 20, e00511 (7 of 9)

charge density of RuP,/NSPC was then examined. As shown in
the inset of Figure 6C, the yellow and blue isosurfaces indicate
high hole and high electron density, respectively, qualitatively
confirming the distinct electron transfer at the interface between
RuP, and NSPG, resulting in the interfacial charge redistribution.
Additionally, the Bader charge and plane-averaged charge den-
sity at the RuP,/NPSG interface were calculated to quantitatively
investigate the interfacial charge transfer. Figure 6C shows that
RuP, can transfer electrons of 0.31e to NPSG for RuP,/NPSG
model, and the plane-averaged charge density suggests the
presence of a clear positive peak at the interface, while the
charge density of RuP, at the interface was mainly negative.>
Furthermore, the partial density of state (PDOS) and total
density of states (TDOS) were computed for NPSG, bare RuP,
and RuP,/NPSG. As illustrated in Figure 6D, Figure S11C,D, the
PDOS results of three models indicate that after RuP, binds to
NSGP, the bandgap is significantly reduced and the conduction
band moves downward, thus being more conducive for electron
transfer in the HER process.

4. Conclusion
In conclusion, an uncomplicated method for creating RuP,

nanoparticles confined in N,RS-tridoped carbon was proposed
by simple mixing and pyrolysis process. Ru loading was care-
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Figure 6. (A) The side-view structures of NSPG, bare RuP,, and RuP,/NSPG models. (B) The calculated adsorption energies of HER intermediate H* on NPSC,
RuP,, and RuP,/NSPG. (C) The Bader charge and plane-averaged charge density at RuP,/NSPG interface, with the inset showing the side view of differential
charge density of RuP,/NSPC, the yellow and cyan colors indicate charge accumulation and depletion, respectively, and the isovalue is 0.002 au. (D) The

PDOS and TDOS of RuP,/NSPG model.

fully examined to tailor the graphitization of tridoped carbon,
surface area of catalyst and size of nanoparticles. The optimized
RuP,/NPSC-19.2% displays better alkaline HER activity than Pt/C
and also comparable acidic and neutral HER activity. The RuP,
nanoparticles confined by tridoped carbon afford the stable
active sites for HER, and the tridoped carbon with high-level
graphitization and large surface area endows the HER catalytic
process with beneficial charge-transfer and mass-transfer ability.
Theoretical calculations suggest that the integration of RuP, with
doped carbon can modulate the electronic property of active Ru
sites through interfacial electron transfer, thereby optimizing the
adsorption energy and enhancing the performance for the HER.
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