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Precious metal Pt has exhibited excellent catalytic performance in numerous electrocatalytic applications.
However, the slow water dissociation kinetics hinder its alkaline hydrogen evolution reaction (HER) activity.
Herein, we design the partially oxidized PtRu alloys with fine-tuned structure which can significantly enhance
the alkaline HER. Theoretical calculations reveal that the alteration of Pt/Ru ratio and surface oxidation state of
PtRu materials can effectively tune the water and hydrogen adsorption capability, thus impacting the alkaline
HER performance. We dentify Pt;oRugp with 3 O surface coverage with optimized adsorption energy to be the
most suitable candidate for alkaline HER. Inspired by theoretical predictions, we prepare partially oxidized PtRu
with tunable composition and structure via a facile urea-assisted method, with a “capture and release” reaction
mechanism by generating complexing agents and pH gradients. The as-synthesized partially oxidized Pt7oRusg
electrode exhibits excellent HER catalytic activity and stability in the alkaline electrolyte, achieving an over-
potential of only 11 mV at 10 mA cm 2 and a Tafel slope of 28 mV dec ™!, outperforming that of Pt/C (19 =
29 mV, Tafel slope = 52 mV dec™?). In-situ spectral measurements show that the partially oxidized Pt and Ru
species in PtypRusg can facilitate breaking the O-H bonds and improve the alkaline HER kinetics. This work
unravels the influence of Pt/Ru ratio and surface partial oxidation on water dissociation and hydrogen
adsorption, which provide guidelines for the rational design of highly efficient electrocatalysts.

1. Introduction

Renewable hydrogen energy is a highly promising secondary energy
source that could potentially replace fossil fuels to meet the demands of
future energy [1-6]. Electrochemical water splitting is widely regarded
as an efficient method for green and sustainable hydrogen production
[7,8]. While acidic water electrolysis based on proton exchange mem-
brane (PEM) technology has significant advantages, its harsh operating
conditions and sluggish anodic oxygen evolution reaction (OER) kinetics
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impede their further commercial application [9-11]. In contrast, alka-
line water electrolysis presents a more practical option, offering
cost-effectiveness and faster OER kinetics [12,13]. However, the
hydrogen evolution reaction (HER) in alkaline media is two to three
orders of magnitude slower than in acidic conditions due to the addi-
tional energy required for water dissociation [14-16]. Therefore, it is
critical to design efficient electrocatalysts to boost the alkaline HER
process for the overall alkaline water electrolysis.

The alkaline HER typically involves three key steps: water
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adsorption, water dissociation, and the adsorption of active intermedi-
ate H* species. The scarcity of protons in alkaline media requires their
generation through the dissociation of adsorbed water. However,
breaking the adsorbed H-OH bond involves a high reaction energy
barrier. Furthermore, under alkaline conditions, the adsorption or
desorption of the active intermediate H* or generated H; at the active
sites are often either too weak or too strong, leading to suboptimal ki-
netic rates. To address these challenges, strategies such as introducing
heteroatoms (both metals and non-metals), engineering defects, and
designing hybrid structures (e.g., heterojunctions and tailored supports)
to regulate the capability of HyO adsorption/dissociation and
H* adsorption/desorption can highly facilitate the alkaline HER process
[17-22]. Specifically, Pt has long been considered the best electro-
catalyst for HER due to its optimized H* binding energy [23-26].
However, the weak water activation capability of Pt necessitates the
incorporation of oxophilic components, such as oxophilic metals, hy-
droxides, or oxides, to lower the energy barrier for water dissociation in
alkaline environments. For instance, metal compounds like Ni(OH), and
CoOy have been shown to facilitate water dissociation by cleaving H-OH
bonds, thereby promoting the Volmer step and enhancing HER activity
in alkaline media [27,28]. However, their low structural stability and
sluggish charge transfer rate have impeded further improvements in
performance. Alternatively, alloying Pt with other oxophilic metal ele-
ments, such as Ru, Ni, or Co, has been developed to enhance the water
dissolution capability to achieve high alkaline HER activity. The syn-
ergistic effects between these elements lead to an adjustable electronic
structure and improved stability, both critical for optimizing the
multistep alkaline HER process. Among these candidates, the relatively
low-cost Ru ($42 per ounce) possesses similar hydrogen bonding
strength to Pt and low water dissociation energy barriers, which can
contribute to optimized adsorption energy for the intermediates,
resulting in enhanced alkaline HER. Several studies have explored PtRu
alloys, such as PtRu nanoclusters with Pt-Ru bridge structures,
Ru-modified Pt step edges, and torsionally strained PtRu mesocrystals
(PtRu MCs), all of which exhibit high activity for alkaline HER [29-31].
However, a comprehensive understanding of the atomic structure, cat-
alytic roles, and reaction mechanisms within these bimetallic systems
remains incomplete, highlighting the need for further investigation to
optimize their electrochemical performance.

Moreover, the chemical state, particularly the oxidation state of
active metals, is an important factor that influences catalytic activity in
alkaline hydrogen evolution reactions (HER). Studies have shown that
metal centers with lower oxidation states are often more favorable for
H* adsorption, resulting in enhanced catalytic performance [32,33]. For
instance, negatively charged Pt> in Pt/MgO tends to accumulate a
higher concentration of HsO" intermediates, demonstrating superior
HER activity compared to 20 wt% Pt/C [34]. Similarly, partially reduced
Ru/RuO: composites exhibit excellent water adsorption and dissocia-
tion, along with optimal H and OH binding energies at the interface,
further boosting catalytic activity [35]. On the other hand, there are also
reports suggesting that metal centers with higher oxidation states can
also improve catalytic performance. For instance, Ru with a higher
oxidation state (Ru™) in Au@Ru has been shown to outperform
low-valent Ru (0) for alkaline HER, as the higher oxidation state of Ru
provides a more balanced adsorption capacity for interfacial water, H* ,
and OH* [36]. Therefore, given the conflicting reports on the role of
oxidation states in catalytic activity, it is crucial to further investigate
and clarify their impact, along with the underlying -catalytic
mechanisms.

Herein, we design PtRu bimetallic electrocatalysts with tunable
composition and oxidation state to precisely optimize the water
adsorption and hydrogen bonding energies for alkaline HER. Density
functional theory (DFT) calculations show that the optimized Pt/Ru
ratio with moderate surface oxidation can not only highly reduce the
energy barrier of rate-determining step (RDS) for alkaline HER, but also
induce both Pt and Ru species work as the active sites for water
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adsorption and H* reaction. Inspired by this theoretical prediction, we
employed a simple urea-decomposition-assisted method to synthesize
partially oxidized PtRu alloys with tunable composition, morphology,
and oxidation states for superior alkaline HER performance. In this
method, urea acts as a precursor, releasing NHs and CO, under high
temperature and pressure. The generated NH3 captures Pt*" and Ru®*
ions, forming Pt(NH3)3" and Ru(NH3)3+ complexes, thereby slowing
their deposition rate and promoting the formation of a unique alloy
architecture. Meanwhile, the CO; disperses in the solution, creating a pH
gradient that modulates Pt*" deposition and leads to an optimized Pt/Ru
ratio. This method allows precise control over morphology and
elemental composition, resulting in varied surface metal atom exposure
and oxidation states, as well as O coverage. By adjusting the amount of
urea to 0.250 mmol, we achieved a two-dimensional (2D) porous sheet-
like structure composed of uniformly distributed nanoparticles with
optimal oxidation states. This structure exhibited an overpotential of
just 11 mV at a current density of 10 mA cm™2 and a low Tafel slope of
28 mV dec™, outperforming commercial Pt/C (1119 = 29 mV, Tafel slope
= 52 mV dec™!). This study demonstrates the critical role of PtRu’s
chemical state, including composition and oxidation state, in enhancing
alkaline HER performance, providing valuable insights for the rational
design of efficient water-splitting electrocatalysts.

2. Experimental section
2.1. Materials

Chemicals and Materials. Chloroplatinic acid hexahydrate
(HoPtClg-6H20, 99.95 %), Ruthenium (III) Chloride (RuCls, 99.5 %)
were purchased from Adamas. Urea, Sodium Hydroxide (NaOH), po-
tassium hydroxide (KOH) and ethanol (CH3CH2OH) were purchased
from Greagent. Polyvinylpyrrolidone (PVP, Mw = 450000-550000) was
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Nafion perfluorinated resin (5 wt%) was obtained from Sigma-
Aldrich. The carbon black (Vulcan XC-72) was obtained Cabot. All re-
agents were of analytical reagent grade and used without further
purification.

2.2. Synthesis of PO-PtypRuszp

PO-PtyoRugy was prepared by hydrothermal method. Firstly,
0.0388 g HyPtClg-6H20 (0.0075 mmol), 0.0052 g RuClz (0.025 mmol)
and 0.0150 g urea (0.250 mmol) were added into 7.0 mL deionized
water with continuous ultrasonic for 30 minutes at room temperature.
The molar ratio of Pt/Ru/urea is 3/1/10. After that, 30 mg of PVP was
added into the above solution for another 30 min sonication. Finally, the
pH was adjusted to 12 with NaOH solution. The resulting solution was
transferred to a 20 mL Teflon-lined stainless steel autoclave and heated
at 140 °C for 4 h. After cooling to room temperature, the precursor of
Pt;oRugy was obtained by centrifugation, washing with water and
ethanol, and vacuum drying at 80 °C. The precursor was then heated in a
muffle furnace from room temperature to 400 °C for annealing to obtain
PO-Pt;oRus.

For comparison, PO-PtggRu;g, PO-PtggRuyy and PO-PtgyRuyo with
different urea contents were also prepared, in which the urea molar
amounts were 0.050 mmol, 0.125 mmol and 0.375 mmol, respectively.
Reduced and further oxidized PO-Pt;oRusg (named Pt;gRusg-reduced
and PtypRusp-oxidized) have been achieved by heat treatment in Hy/Ar
and air for 2 h, respectively.

2.3. Material characterizations

The crystal structures of PO-PtggRu; g, PO-PtggRusg, PO-PtygRusp and
PO-PtgoRu4o samples were collected on a 18KW D/MAX2500V X-ray
diffractometer (XRD). The morphology and structure of PO-PtgoRuj,
PO-PtggRuyp, PO-PtyoRu3p and PO-PtgoRuyg samples were observed by
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JEOL 2100 F transmission electron microscope (TEM), where the
accelerating voltage was 200 kV. High-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) images and
energy-dispersive X-ray spectroscopy (EDX) were obtained with a JEM-
ARMB3O00F double spherical aberration-corrected transmission electron
microscope. XAFS (Pt Ls-edge and Ru K-edge) spectra were acquired at
the BL14W1 station of the Shanghai Synchrotron Radiation Facility
(SSRF, storage ring operated at 3.5 GeV with a maximum current of
250 mA). X-ray photoelectron spectra (XPS) of the samples were
collected on a Thermo Scientific K-Alpha. The element contents of Pt and
Ru in PO-PtggRu; g, PO-PtgoRuyg, PO-PtyoRu3g and PO-PtgoRu4g samples
were characterized by ICP-OES model Agilent 7700.

2.4. Electrochemical measurements

The alkaline HER performance of PO-PtggRu;g, PO-PtggRuyy, PO-
Pt70Rusp and PO-PtgoRu4p and commercial Pt/C catalysts were tested at
room temperature using a three-electrode system connected to a CHI
760E electrochemical workstation. The working electrode is a glassy
carbon rotating disk electrode (RDE, with a geometric area of
0.196 cm™2), and the Hg/HgO electrode and the carbon rod electrode
are the reference electrode and the counter electrode, respectively. 1 mg
of the PtRu material catalyst was dispersed in a mixed solution of 135 pL
isopropanol, 15 pL ethanol and 10 pL Nafion (5 wt%) and sonicated for
2 h to obtain a uniformly mixed ink. Pipette 2 pL solution from the black
ink to load on the working electrode (loading capacity is
0.0637 mg cm2). After drying at room temperature, the three elec-
trodes were inserted into 1 M KOH solution for electrochemical testing.
The potential measured electrochemically needs to be converted by the
reversible hydrogen electrode (Eq. (1)):

Erye = EHg‘HgO + 0059J{pH +0.098 (€8}

Linear sweep voltammetry (LSV) was obtained at a potential range of
0.10~-0.20 V vs RHE and a scan rate of 5 mV s~ '. All potentials in LSV
are iR corrected. Electrochemical impedance (EIS) was obtained under
the parameter settings of frequency 0.01~10° Hz, amplitude 5 mV,
voltage 2 mV vs RHE. The electrochemically active specific surface area
(ECSA) was measured by cyclic voltammetry (CV) at a scan rate of
50 mV s~ ! over a voltage range of V vs RHE. The stability of the catalyst
was tested by chronoamperometry and CV. CV stability was character-
ized for 5000 cycles at a scan rate of 50 mV s~ over a voltage range of
-0.15~0.05V vs. RHE. The TOF value was calculated based on the
following equation: (Eq. (2)):

j;\- S

TOF(s!) = ———

(2)

where j represents the current density (mA cm™2), S is for the geometric
area of a GCE (0.196 cm’z), n is the number of electron transfers
(n = 2), and F is Faraday’s constant (96485.3 C mol™1). All metal sites
have been assumed as active sites for alkaline HER.

2.5. In situ ATR-SEIRAS measurements

PO-Pty9Ruzg, PtygRusg-reduced and Pt;gRuzg-oxidized coated Au/Si
was used as the working electrode with an Ag/AgCl and a carbon rod
being the reference and counter electrodes, respectively. Briefly, ATR-
SEIRA spectra were acquired at a resolution of 4 cm™! with unpolar-
ized IR radiation at an incidence angle of ca. 70° by a Nicolet iS50 FT-IR
spectrometer with a built-in MCT detector. All the spectra are shown in
the absorbance unit as -log(I/Iy), where I and I represent the intensities
of the reflected radiation of the sample and reference spectra, respec-
tively. Poterntiodynamic ATR-SEIRAS spectra on PO-Pt;oRus,
PtyoRuzp-reduced and PtygRusg-oxidized were performed in Nj-satu-
rated KOH solution with potentials from -1.5~-0.9 V vs RHE and a scan
rate of 5mV s~ L.
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2.6. In situ electrochemical Raman measurements

The operando Raman spectra were collected on a HORIBA XploRA
PLUS Raman spectrometer with an electrochemical cell, catalysts with
carbon black were directly dropped on glassy carbon plate as the
working electrode, calomel electrode and carbon rod were used as the
reference electrode and counter electrode, respectively. It operated from
3000 to 4000 cm ™! and 0 to -0.5V vs. RHE in 1 M KOH solution to
evaluate the water dissociation ability of catalysts.

2.7. Density-functional theory calculation

Density-functional theory (DFT) calculations used the Vienna Ab
initio Simulation Package (VASP) to calculate the binding energy for
specific surfaces of catalysts. The Perdew, Burke and Ernzerhof (PBE)
parameterized generalized exchange-correlation interactions are
implemented by the VASP package. A cutoff energy of 400 eV was used
in all calculations. A (3 x 3 x 2) Monkhorst-Pack k-point sampling were
used for all surface calculations and boxes of 15 A x 15 A x 15 A have
been used for H>0 and H; calculation. In this study, we set a vacuum
layer and calculated the H* adsorption energy and water dissociation
energy of alloy materials with different Pt/Ru ratios by ignoring the
solvation effect. The optimal Pt/Ru ratio was determined by using the
H* adsorption energy and water dissociation energy descriptors. Based
on this, we covered the surface with different amounts of O coverage and
further calculated the H* adsorption energies and water dissociation
energies. It is worth noting that the surface 3 O coverage is close to the
fitting of the PO-Pt;gRug( X-ray absorption spectrum. We approximately
use PtygRuszp-30 as the calculation model of PO-Pt7gRus.

3. Results and discussion
3.1. Theoretical predictions

DFT calculations were performed to investigate the influence of
composition and oxidation state on the adsorption properties and elec-
tronic features of PtRu alloys for alkaline hydrogen evolution reaction
(HER). First, we focused on the Pt(111) surface and PtRu alloys with
varying Ru doping levels of 0 %, 15 %, 30 %, 45 %, 60 %, and 100 %.
The adsorption energies of HyO (AGp20) and H* (AGy+) were calculated
for each model-including pure Pt, pure Ru, and PtRu alloys-to assess
their potential for alkaline HER. As shown in Fig. 1a and Table S2,
increasing the Ru content in PtRu alloys significantly improves H,O
adsorption capacity, suggesting that initial HyO adsorption may pref-
erentially occur on Ru sites during alkaline HER. Specifically, PtRu al-
loys with 30 %, 45 %, and 60 % Ru exhibited similar HO adsorption
energies of -0.20 eV, -0.21 eV, and -0.20 eV, respectively. In contrast,
the H* adsorption energy across the Pt, PtRu, and Ru series increased
from -0.10 eV for Pt to -0.42 eV for pure Ru. A higher AGy+ hinders
hydrogen release, which ultimately reduces HER activity. Based on these
findings, the PtRu alloy with 30 % Ru demonstrated the most balanced
adsorption energies for both Hy0 (-0.20 eV) and H* (-0.22 eV), identi-
fying it as the optimal composition for alkaline HER. DFT calculations
were performed to determine the adsorption energies of H,O and H* on
Pt and Ru sites in the PtygRugg alloy (Fig. S11a). The results reveal that
H»0 adsorption is significantly weaker on Pt sites (0.18 eV) than on Ru
sites (-0.20 eV). Similarly, H* exhibits slightly stronger adsorption on
Ru (-0.27 eV) compared to Pt (-0.22 eV). These findings suggest that in
Pt;oRusp, Ru acts as the primary site for HyO adsorption, while the
generated H* migrates to adjacent Pt sites for hydrogen evolution,
consistent with previously reported mechanisms in bimetallic systems
[37-39]. We further explored the effect of oxidation states by intro-
ducing different surface oxygen coverages on the optimized Pt;oRusg
alloy. Fig. 1b and Table S3 show that as surface oxygen coverage in-
creases, the H>O adsorption capacity of PtygRugy weakens. However, the
H* adsorption energy exhibits a volcano plot trend, with the optimal
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Fig. 1. Theoretical simulations. (a) Adsorption free energy of HyO (/\Gp20) and H* (/\Gy+) on PtRu alloys with different Ru doping amounts. (b) Adsorption free
energy of HyO (A\Gh20) and H* (AGy-) on the Pt;oRuzg surface at different oxidation degrees (the oxidation degree increases from 10, 30, 50, 70 and complete
oxidation). (c) Adsorption free energy of HyO (AGu20) and H* (A\Gy+) on the Pt, Pt-30, Pt-50, Pt;oRuzg, Pt;oRu30-30 and Pt;oRuz0-50 surface. (d-f) The Bader
charge numbers of atoms in PtyoRugzg, Pt;oRu30-30 and Pt;oRuso-70. Note that the negative value is referred to obtain electrons, while the positive value means to
lose electrons. Gray, orange and red balls represent Pt, Ru and O atoms, respectively. (g-i) TDOS profiles of Pt;oRusg, Pt7oRuzo-30 and Pt;oRuszo-70.

H* adsorption energy of 0.06 eV occurring at a surface coverage of 30 ,
which is close to the theoretical ideal (AGy+ = 0 eV). Therefore,
Pt7oRugp with 3 O surface coverage (referred to as Pt;gRugp-30) is pre-
dicted to exhibit the highest catalytic potential for alkaline HER based
on these DFT calculations. It is worth noting that the high catalytic ac-
tivity of Pt7oRusp-30 originates from the synergistic effects between the
Pt/Ru composition and oxidation states, which is verified by performing
additional calculations on the pure Pt. We identify that altering the
oxidation state of the pure Pt surface has a relatively minor impact on
the binding energies of H,O and H* compared to PtRu alloys. For
example, Pt-30 and Pt-50 exhibit similar low HyO adsorption energies
and optimized H* adsorption energies to that of pure Pt (Fig. 1c). In
contrast, the introduction of Ru and oxygen significantly enhances the
H20 adsorption capability on Pt atoms. To further elucidate the
respective roles of Ru and Pt in PtypRusz(-30, we performed DFT calcu-
lations to evaluate the adsorption energies of HO and H* on Pt and Ru
sites (Fig. S11a, c). The results show that HyO adsorption energy on Pt
sites (-0.22 eV) is comparable to that on Ru sites (-0.22 eV), while
H* adsorption energy on Ru (-0.07 eV) is similar to that on Pt (0.06 eV).
These results suggest that there is a positive interaction between
partially oxidized Pt and Ru in PtygRuso-30, making both partially
oxidized Pt and Ru species serve as active sites for HoO adsorption and
H* generation, thereby synergistically enhancing the alkaline HER ki-
netics. Since water dissociation is the rate-limiting step in alkaline HER,
the calculated energy barrier (AGg, Fig. S11b) for water decomposition
on the metallic Pt surface is relatively high (AGg = 0.95 eV), which

hinders the breaking of the OH-H bond and the formation of
H* intermediates, resulting in poor alkaline HER activity. Introducing
Ru significantly lowers this barrier, with Pt;gRuso exhibiting a reduced
energy barrier of 0.69 eV. Notably, further modification to form
Pt7oRus3p-30 decreases the barrier even more, down to 0.53 eV. How-
ever, excessive oxidation, as in Pt;oRuso-70, increases the energy barrier
to 0.86 eV. The above results indicate that incorporation of Ru and
moderate O coverage play a crucial role in promoting water dissociation
and thus improving the alkaline HER catalytic performance.

To further elucidate the advantages of PtygRugg with 30 surface
coverage, we investigated the detailed electronic structures of the PtRu
alloy, Pt7gRuso-30, and PtygRusz(-70. The Bader charge calculation re-
sults show that in the PtRu alloy, Pt atoms are positively charged, while
Ru atoms are negatively charged, which can promote the transfer of
electrons from Pt atoms to adjacent surface Ru atoms (Fig. 1d). [40,41].
However, compared with PtygRusg, Pt7gRusp-30 and Pt;gRugp-70 after
the introduction of oxygen atoms show different charge redistribution.
The Pt atoms adjacent to the oxygen atoms are negatively charged, while
the Pt atoms relatively far away from the oxygen atoms are still posi-
tively charged but with a reduced charge number. Affected by Ru and O
atoms, Pt charge redistribution can enhance H* adsorption, thereby
accelerating the HER process (Fig. le, f). [42,43]. Pt atoms far away
from O atoms still present positive charge states, which is conducive to
the adsorption of negative O in H,O [44,45]. This phenomenon may be
attributed to secondary electron transfer between Pt atoms near oxygen
due to the significant electronegativity difference between Pt and O. The
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chemical bonds between Pt and O cause electrons to be drawn towards
the O atoms, facilitating a secondary electron transfer from surrounding
atoms to the electron-deficient Pt atoms. This leads to an increase in
charge density on Pt atoms close to O and a decrease in charge density
on those further away. As the oxygen coverage on the Pt;oRusg surface
increases, the number of positively charged Pt atoms decreases, which
suppresses H,O adsorption (Fig. 1c). Additionally, the total density of
states (TDOS) for Pt7oRuszg, PtyoRusz(-30, and PtygRuszp-70, shown in
Fig. 1g-i, reveals strong DOS intensity at the Fermi level, confirming
excellent conductivity and fast charge transfer. Pt;oRuso-30 exhibits a
decreased d-band center (Eq) of -2.024 eV, lower than that of the PtRu
alloy (-1.912 eV) and Pt7gRuzp-70 (-1.992 eV). This lower Eq on the
negatively charged Pt surface weakens H* adsorption energy, a critical
factor in enhancing HER catalytic activity. Therefore, during the alka-
line HER process, a rapid water adsorption/dissociation process
occurred at the Ru/Pt sites on the PO-Pt;oRugy surface, generating
abundant H* , which in turn catalyzed rapid H; production.

3.2. Catalysts synthesis and characterization

Inspired by the theoretical predictions, partially oxidized PtRu was
synthesized using a urea decomposition-assisted hydrothermal method
(Fig. 2a). During the process, urea decomposition under highly alkaline
hydrothermal conditions releases a mixture of NH3 and CO, gases (CO
(NH3)3 + H20 — 2NHj3 + COy). The gas mixture rapidly forms bubbles
in the solution, which serve as templates for PtRu growth. Simulta-
neously, the generated CO, and NH3 adjust the local microenvironment
around the templates, allowing for the optimal deposition rate of Pt2*

(@)
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and Ru®* to achieve the desired Pt;oRusg composition [46,47]. The
target partially oxidized PtRu materials are achieved after the quick
treatment at 400 °C.

It has been demonstrated that the amount of urea used during the
hydrothermal reaction plays a crucial role in determining the final
morphology and composition of partially oxidized PtRu materials. A
series of experiments were conducted under identical conditions, vary-
ing the amount of urea. Different Pt/Ru ratios (PtgoRuig, PtgoRusg,
PtyoRugp, and PtgoRugo) were achieved by adjusting the urea molar
amounts from 0.05 mmol, 0.125 mmol, 0.250 mmol, to 0.375 mmol, as
confirmed by ICP-OES (Fig. 2c). TEM images in Fig. 2b show that the
morphology evolves with increasing urea content. For partially oxidized
PtgoRuyg (PO-PtggRuy), a spherical structure with an average size of
~60 nm, composed of small nanoparticles with an average size of about
2.37 nm, is observed (Fig. 2bi and Fig. S12a). As the urea concentration
increases, a mixed morphology of spheres and sheet-like structures ap-
pears (Fig. 2bii). When the amount of urea reaches 0.250 mmol, a uni-
form 2D sheet-like structure consisting of evenly distributed
nanoparticles (~2.32 nm) is formed for partially oxidized Pt;oRugo (PO-
Pty0Rusgp)(Fig. 2biii and Fig. S12c). However, further increasing the urea
beyond 0.250 mmol results in randomly distributed nanoparticles
(~2.66 nm) for partially oxidized PtgoRu4o (PO-PteoRus0)(Fig. 2biv and
Fig. S12d), indicating that the correct amount of urea is critical for
achieving the desired morphology in partially oxidized PtRu materials.

The XRD spectra in Fig. 2d show that all dominant peaks of the
partially oxidized PtRu materials PO-PtgoRujg, PO-PtggRuyg, PO-
Pt;0Rusg, and PO-PtggRuyg are located between the diffraction points of
metallic Pt and Ru. As the amount of urea increases, these peaks exhibit
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a positive shift toward the position of Ru, indicating increased incor-
poration of Ru into the alloy (the XRD spectrum of PO-Pt;oRusg before
annealing is shown in Fig. S14a). Notably, PO-PtgoRuyg exhibits the
lowest XRD peak intensity among the samples, suggesting poor crys-
tallinity due to the presence of small, randomly distributed nano-
particles. We further conducted XPS to investigate the surface electronic
structure and chemical composition of the partially oxidized PtRu ma-
terials. The surface Pt content gradually decreases from 0.79 to 0.26,
while the Ru content correspondingly increases from 0.21 to 0.74, as
shown in Fig. S15. These trends are consistent with the ICP-OES results.
The fitted high-resolution Pt 4 f and Ru 3p XPS spectra (Figs. 2e and 2f)
reveal the presence of Pt%/Pt>" and Ru’/Ru*" species due to surface
oxidation. Additionally, the proportions of Pt>* and Ru** increase
progressively from PO-PtgoRu; ¢ to PtggRu4o. This demonstrates that the
morphology and composition of the partially oxidized PtRu materials
significantly influence the oxidation states of Pt and Ru after rapid high-
temperature treatment. In addition, from PO-PtgoRu;( to PO-PtgoRu4g,
the Pt 4 f binding energy gradually shifts positively, while the Ru 3p
binding core energy gradually shifts negatively, which further indicates
increased enhances the electron transfer from Pt to Ru for the partially
oxidized PtRu.

Based on the results, the partially oxidized PtRu materials were
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synthesized through a "capture and release" reaction pathway, facili-
tated by urea decomposition and heat treatment. The release of CO2 and
NHj gases from urea decomposition plays a key role in forming the PtRu
alloy. The CO5 and NH3 gas mixture serves as a soft bubble template for
alloy growth, promoting the nucleation of Pt and Ru. Additionally, the
dispersion of these gases in the solution helps regulate the microenvi-
ronment around the soft template. NHs, a strong complexing agent,
readily "captures" free Pt>* and Ru*" ions, reducing their precipitation.
At lower urea concentrations, less NHj is released, resulting in only a
small amount of Pt*" and Ru*" being captured around the soft template
to form Pt(NHg)%Jr and Ru(NHg)gJr complexes. Meanwhile, a larger
proportion of Pt>* and Ru** ions are rapidly reduced, forming large
spherical structures. As the urea concentration increases, more NHg is
released, capturing more Pt>* and Ru*t, which decreases the amount of
free metal ions around the soft template and reduces the precipitation
rate. This leads to insufficient material to fully cover the bubble tem-
plate, resulting in the breakdown of the spherical structure and the
formation of a lamellar morphology (Fig. 2b) [48,49]. The CO5 released
by the decomposition of urea forms a pH gradient around the template,
which inhibits the reduction of Pt**, thereby optimizing the composi-
tion of PtRu [50]. As the urea content increases, the morphology of the
PtRu alloy shifts from a dense spherical structure to a fragmented,
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flake-like structure, leading to a higher number of exposed surface
atoms. These exposed atoms are more easily oxidized during thermal
treatment, which results in a progressive increase in the oxidation state
from PO-PtgoRujg to PO-PtgoRugg. The two-step synthesis
process-urea-assisted 'capture and release" followed by thermal
treatment-optimizes the morphology, composition, and oxidation state
of the partially oxidized PtRu materials, thus achieving enhanced HER
activity.

Based on the DFT calculations and experimental results, the opti-
mized PO-PtygRusg was further characterized using TEM and HAADF-
STEM. HAADF-STEM images in Fig. 3b and c clearly reveal that PO-
PtyoRusp alloy exhibits distinct lattices and high crystallinity. The
measured lattice spacing of 0.22 nm is slightly smaller than the standard
lattice spacing of 0.226 nm on the Pt (111) crystal plane. This further
demonstrates the formation of alloy by replacing the Pt atoms with the
smaller Ru atoms, which is consistent with the XRD results [51-53]. The
EDX spectrum of the PO-Pt;gRug alloy confirms the presence of both Pt
and Ru (Fig. S18), while the elemental mapping images in Fig. 3d
demonstrate their uniform distribution across the material, with no signs
of aggregation.

We further investigated the electronic structure and coordination
environment of the PO-Pt;oRuszg alloy using XAS. Fig. 3e shows the
normalized Pt Ls-edge X-ray absorption near-edge structure (XANES)
with reference to standard Pt foil and PtO,. The intensity of the Pt Ls-
edge white line (WL) in PO-Pt;gRug is between that of Pt foil and PtOs,
indicating that the Pt in PO-Pt;gRusg is positively charged with oxida-
tion states between 0 and + 4. The average valence state of Pt can be
quantitatively detected by integration of the white line peak in the dif-
ferential XANES spectrum (AXANES) [37,54,55]. The calculated results
indicate that the average valence state of Pt in PO-PtygRusg is 0.75
(Fig. S20a). This relatively low valence state suggests an increase in the
d-band electrons of Pt, which is advantageous for enhancing HER per-
formance [25,56-58]. The normalized XANES of the Ru K-edge (Fig. 3g)
shows that the absorption threshold position of PO-Pt;oRusg is higher
than that of Ru foil but lower than that of RuOs. The average valence
state of Ru in PO-PtygRugg is calculated to be approximately + 1.39
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(Fig. S20b). The coordination environments of Pt and Ru atoms were
further examined using extended X-ray absorption fine structure
(EXAFS). As shown in Fig. 3f, the main peaks of the Pt Lz-edge are
located at 1.98 A and 2.7 A, corresponding to Pt-O and Pt-Pt/Pt-Ru co-
ordination, respectively. The Pt-Pt/Ru coordination shell is slightly
shorter than the Pt-Pt bond in Pt foil (2.8 A). Similarly, the EXAFS of the
Ru K-edge in PO-Pt;gRuszp shows a prominent peak at 2.7 A, which is
longer than the 2.4 A Ru-Ru bond in Ru foil, and can be attributed to
Ru-Pt/Ru-Ru coordination (Fig. 3h) [57,59,60] Moreover, the dominant
peak between 1 and 2 Ain partially oxidized Pt;gRugy is attributed to the
coordination between Ru species and oxygen atoms.As shown in Fig. 3i,
the Pt-Pt bond in Pt foil exhibits a principal intensity of around 10.8 AL,
which is higher than the principal intensity observed in PO-Pt;oRusg
(ranging from 6.1 to 9.2 ;\_1) [61,62]. Similarly, the principal intensity
of Ru in PO-PtygRusg is reduced to 8.2 Al compared to Ru foil
9.1 10\*1), further confirming the strong interaction between Pt and Ru
atoms in the alloy (Fig. 3j) [63]. In addition, WT analysis further proved
the presence of Pt-O and Ru-O bonds in PO-Pt;gRusg.

3.3. Electrochemical performance

The electrocatalytic HER performance of all partially oxidized PtRu
materials was evaluated using LSV scans at 5mV s~ in 1 M KOH, with
commercial Pt/C as a reference (Fig. 4a). Notably, all partially oxidized
PtRu materials show a more rapid increase in activity as the over-
potential rises compared to commercial Pt/C, due to their enhanced HER
kinetics. Among them, PO-Pt;gRugg showed the highest activity,
achieving a low overpotential of just 11 mV to deliver a current density
of 10 mA cm 2 (Fig. 4b). This performance significantly surpasses that
of PO-PtgoRujg (21 mV), PO-PtggRupg (16 mV), and PO-PtgoRug4g
(28 mV), positioning it among the leading catalysts reported to date.
Additionally, PO-Pt;gRugg required only 123 mV and 196 mV to reach
high current densities of 500 mA cm™2 and 1 A cm™2, respectively
(Fig. S24). The enhanced performance of PO-Pt;oRugg can be attributed
to its interconnected nanoparticles and optimized oxidation state, which
facilitate efficient mass transfer and improve reaction kinetics during
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the HER process. The Tafel plots in Fig. 4c further reveal that PO-
Pt;oRusp has an impressively low Tafel slope of 26 mV dec_l, signifi-
cantly better than that of commercial Pt/C (52 mV dec’l), as well as PO-
PtgoRuip (34 mV dec’l), PO-PtggRuyg (38 mV dec’l), and PO-PtggRuyg
(44 mV dec™Y), indicating its rapid HER kinetics. In fact, compared with
previously reported Pt-based alkaline HER electrocatalysts, the low
overpotential at 10 mA cm 2 and Tafel slope of PO-PtygRusg exhibit
competitive HER activity (Fig. 4d and Table S1) [64]. This enhanced
reaction rate is further supported by EIS measurements, which reveal
that PO-PtygRugg has the lowest charge transfer resistance among the
samples (Fig. 4e). The ECSA was estimated from the integrated charge of
the hydrogen desorption region in the CV curve. As shown in Fig. S25,
the ECSA values for PO-PtggRujg, PO-PtggRupg, PO-Pt7oRusg, and
PO-PtgoRugp were 58.2 m? g_l, 58.8 m? g_l, 61.3 m? g_l, and 67.1 m?
g1, respectively, which correlate with the morphological changes
shown in Fig. 3c-f. Notably, although PO-PtgoRuyo had the largest ECSA,
it exhibited lower HER catalytic activity compared to PO-Pt;oRusg,
suggesting that a larger ECSA is not the sole factor determining alkaline
HER performance. The superior HER activity of PO-Pt;gRusg is further
demonstrated by its mass activity, which is 2.16, 2.45, and 2.67 times
greater than that of PO-PtggRujp, PO-PtggRugp, and PO-PtgoRuyg,
respectively, at 50 mV vs. RHE (normalized to the metal Pt mass;
Fig. S26a). It is worth mentioning that the mass activity of PO-Pt;oRusg
at 50 and 100 mV overpotentials is 4.2 and 3.8 times that of commercial
Pt/C (Fig. S26b). To further understand the intrinsic capability of the
as-prepared catalysts, the turnover frequency (TOF) is calculated. The
results in Fig. S27 show PO-PtygRugg exhibits the highest TOF value in
the entire potential range. Specifically, PO-Pt;oRusg exhibits the TOF of
1.12 s~ ! at an overpotential of 100 mV, which is much higher than those
of PO-PtggRujo (0.04 s™), PO-PtgoRuzy (0.28 s™1) and PO-PtgoRugg
(0.03 s71), demonstrating the superior intrinsic catalytic activity of
PO-PtygRugg for alkaline HER. To evaluate the durability of PO-Pt;oRusg
for HER, a chronopotentiometric test was conducted at a static over-
potential in 1 M KOH. In the long-term stability test of 100 h, the current
density of PO-PtygRugy showed no obvious decreasing trend (Fig. 4f).
Moreover, the LSV plots before and after 5000 CV cycles, shown in the
inset of Fig. 4f, further confirm the stable properties of PO-Pt;oRugzg. The
catalytic stability of PO-Pt;oRusp was also assessed at a higher current
density of 400 mA cm~2, where 91 % of the initial potential was
retained over 20 h (Fig. S29a). After stability testing, characterizations,
including high-resolution TEM images, EDX elemental mapping, XRD,
Raman spectroscopy, and XPS have been conducted, which showed that
the morphology, crystal structure, and surface electronic structure of
partially oxidized Pt;oRuzy were well preserved (Fig. S30 and 31). Only
0.0032 pg mL~! Ru dissolution was detected in the electrolyte, indi-
cating that PO-PtygRugo has excellent structural stability for alkaline
HER. The excellent stability may be related to the anisotropic
two-dimensional sheet structure of PO-Pt;gRuszg, which largely delays
the electrochemical dissolution and ripening process of Pt and Ru and
improves the stability of alkaline HER. These results further confirm its
exceptional catalytic activity and stability under alkaline HER condi-
tions, attributed to the unique structure, which not only offers a larger
exposed surface area and more active sites but also enhances the diffu-
sion and transport of reactants, intermediates, and products. Addition-
ally, the presence of partially oxidized Pt and Ru species serves as active
sites for both water adsorption and H* reactions, significantly acceler-
ating the alkaline HER process.

3.4. Kinetics and reaction mechanism for alkaline HER

The superior alkaline HER activity of PO-Pt;gRus compared to other
PtRu alloy ratios suggests that its morphology, composition, and
oxidation states play a critical role, with the partially oxidized Pt and Ru
species likely serving as active sites for water dissociation and hydrogen
adsorption. To further investigate the impact of surface oxidation states
on alkaline HER activity, we modified the surface oxidation of PO-
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Pt;oRug through different annealing conditions. Specifically, we ob-
tained reduced and further oxidized PO-Pt;oRusg samples (referred to as
Pt;oRugg-reduced and Pt;gRugg-oxidized) by heat-treating them in Hy/
Ar and air for 2 h, respectively. The XRD results in Fig. S32 show that
Pt;oRugg-reduced retains similar dominant peaks to PO-Pt;gRus, indi-
cating the alloy properties were preserved after treatment. In contrast,
the predominant peaks of Pt;oRugp-oxidized shifted from alloy peaks to
metal oxide peaks. Additionally, high-resolution Pt 4 f and Ru 3p spectra
in Fig. S33a and 33b reveal that only metallic species are present in
Pt;oRugg-reduced, suggesting that both Pt and Ru were fully reduced to
their metallic states. Conversely, only oxidized Pt and Ru species were
observed in PtyoRugp-oxidized. The electrochemical performance
(Fig. S34) shows that the alkaline HER activity decreased from 11 mV
for PO-Pty;oRuzy to 47 mV and 104 mV for PtygRuzp-reduced and
Pt;oRugg-oxidized, respectively. These results indicate that the partially
oxidized Pt and Ru species are crucial for achieving high alkaline HER
activity.

We further conducted in-situ ATR-SEIRAS and Raman spectroscopy
to investigate how the partially oxidized Pt and Ru species enhance
alkaline HER activity. Since proton supply from water dissociation is
essential for alkaline HER, the water adsorption and dissociation capa-
bilities are critical for efficient electrocatalysis. The in-situ ATR-SEIRAS
results for PO-PtygRusp, shown in Fig. 5a, reveal peaks near 3400 em !
corresponding to the O-H stretching vibration mode (vo.yy) of H20, while
the peak around 1640 cm™! corresponds to the H-O-H bending vibration
mode (8y.0.5) [65,66]. As the potential decreased from 0 to —0.35 V, the
intensities of the vo.y and 8y.o.y vibration peaks gradually increased,
indicating enhanced water adsorption and dissociation on the surface of
PO-Pt;gRugg as the potential changed. In contrast, while an increasing
trend was observed for the vo.y vibration peak on Pt;gRusg-oxidized,
there was almost no change in the 8y.o.y vibration peak (Fig. 5c), sug-
gesting that the HER activity on Pt;oRugg-oxidized is limited by slow
water dissociation kinetics. Additionally, the vo.y and 8y.o.y vibration
peaks for PtygRusg-reduced remained relatively weak across all potential
ranges, indicating a lower capability for water adsorption and dissoci-
ation (Fig. 5b).

In-situ Raman spectroscopy was performed to investigate changes in
interfacial water during the alkaline HER process [67]. The Raman
spectra of PO-Pt;oRuzg, PtyoRugg-reduced, and PtygRugp-oxidized,
shown in Fig. 5d-f, display a broad peak in the range of
3000-3700 cm ™ ?, corresponding to the OH stretching mode (vo_g) of
interfacial water [68,69]. Furthermore, the Raman peak can be
decomposed into three O-H stretching modes of interfacial water using
Gaussian fitting. The peaks at ~3225 cm ™! and ~3450 cm ™! correspond
to four hydrogen-bonded water (V1) and two hydrogen-bonded water
(V2), respectively, both representing active water molecules that are
conducive to the HER process. The higher wavenumber peak at
~3615 cm™! is associated with K*-hydrated water and is attributed to
the dangling O-H bonds of inactive water molecules at the interface (V3)
[70,71]. As the potential decreases from 0 to -0.50 V, the V3 peak in-
tensity of PO-Pt;oRugg gradually diminishes, indicating effective water
dissociation on its surface (Fig. 5g). In contrast, the V3 peak intensity of
Pt;oRugp-reduced increases, suggesting that more inactive water mole-
cules accumulate on the Pt;gRugg-reduced surface (Fig. 5h). The V3 peak
intensity of PtyoRusp-oxidized shows no significant change (Fig. 5i).
These in-situ Raman results indicate that PO-Pt;oRusg facilitates the
breaking of H-O-H bonds, providing sufficient H* for the subsequent
Volmer step in the HER process. The in-situ ATR-SEIRAS and Raman
spectroscopy results of partially oxidized Pt and Ru showed gradually
enhanced voy and 8y.o.y vibration peaks and gradually weakened
inactive water molecules hanging O-H bonds, which indicated that
partially oxidized Pt and Ru promoted the adsorption of active HO
molecules and accelerated the dissociation of H-OH bonds. This is highly
consistent with the DFT results, which indicate that both partially
oxidized Pt and Ru species act as active sites for HyO adsorption and
H* generation, thereby synergistically enhancing the alkaline HER
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kinetics. determining step and achieving rapid Hy generation. This work not
only demonstrates that even slight changes in the metal ratio and
oxidation state can significantly impact catalytic performance but also
maximizes the roles of Ru and Pt as active sites for alkaline HER, offering
new insights into the design of efficient alloy electrocatalysts for energy

conversion reactions.

4. Conclusions

In summary, we have demonstrated that the PtRu alloys with opti-
mized Pt/Ru ratio and oxidation state play a significant role in boosting
the alkaline HER performance. The achieved Pt;oRusp with 3 O surface
coverage can not only significantly lowered the energy barrier of the
rate-determining step (RDS) for alkaline HER, but also enable both
partially oxidized Pt and Ru species to serve as active sites for water
adsorption and H* reactions, which highly facilitate the alkaline HER
process. Moreover, the introduction of Ru atoms and the partially
oxidized properties improved the d-band center of Pt, which optimizes
A\ Gy~ and results in rapid conversion of H* adsorbed on the Pt surface.
Direct experimental evidence shows that PO-Pt;oRugo synthesized by
urea decomposition-assisted hydrothermal method and rapid thermal
treatment method has exhibited the best HER activity, with an ultra-low
overpotential of 11 mV to achieve a current density of 10 mA cm™2 and
a low Tafel slope of 28 mV dec™!, which is superior to those of com-
mercial Pt/C and most alkaline HER electrocatalysts reported in recent
years. It maintains stability in tests for up to 100 h, highlighting the
robust stability and great potential for water electrolysis applications.
Furthermore, in situ characterizations determined that PO-Pt;gRusg
possesses a fast water dissociation process, thereby reducing the rate-
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