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supra-nanometer-sized RuPt for
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Platinum (Pt) is a highly efficient catalyst for the hydrogen evolution reaction (HER) and the hydrogen

oxidation reaction (HOR). However, the scarcity of Pt necessitates the development of catalysts with low

Pt content while maintaining high activity. In this study, we report the synthesis of oxygen-modified

supra-nanometer-sized RuPt nanocrystals with low Pt content by a simple air annealing method to

achieve a catalyst with high activity. The annealed catalyst, RuPt/C-200, exhibits a very low overpotential

of only 3.8 mV at 10 mA cm−2, a low Tafel slope of 16.6 mV dec−1, and a 2.8-fold increase in mass

activity at an overpotential of 0.06 V for HER compared to the unannealed catalyst. Additionally, the

HOR exchange current density increases 2.9-fold compared to the unannealed catalyst. AEMWE tests

confirm the application potential of RuPt/C-200, while density-functional-theory (DFT) calculations

reveal that oxygen modification, by optimizing the hydrogen binding energy, plays a crucial role in

improving the catalytic performance of RuPt. This work highlights that combining the oxygen

modification strategy with the nanoscale size effect could advance the development of high-

performance RuPt electrocatalyst for both alkaline HER and HOR.
1. Introduction

As a clean energy source, hydrogen has the potential to replace
fossil fuels such as oil and coal, thereby signicantly reducing
greenhouse gas emissions and playing a crucial role in the
global energy transition.1–4 Technologies, such as anion
exchange membrane water electrolysis (AEMWE) and the anion
exchange membrane fuel cell (AEMFC), are important for
achieving a hydrogen cycle due to their relatively lower corro-
siveness to catalysts and lower equipment costs under alkaline
conditions.5–7 However, both AEMWE and AEMFC face a signif-
icant drawback: the alkaline environment leads to low proton
transport efficiency, which signicantly reduces the kinetics of
the hydrogen evolution reaction (HER) and hydrogen oxidation
reaction (HOR).8–12 Therefore, developing efficient catalysts to
enhance the HER of AEMWE and the HOR of AEMFC is very
important.13,14

Platinum (Pt) is a benchmark catalyst for alkaline HER and
HOR due to its optimal d-band center and ideal adsorption/
desorption energies for reactive intermediates, but its high
Engineering, University of Macau, Macao

du.mo; Tel: +86 853 88224427

lty of Science and Technology, University

tion (ESI) available. See DOI:
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cost hinders large-scale applications.15–17 Ruthenium (Ru)-based
catalysts thus receive increasing attention as cost-effective
alternatives due to the similar d-band center to Pt.18–20 Conse-
quently, PtRu alloy catalysts are being explored to reduce Pt
content and overall catalyst cost while maintaining high cata-
lytic activity.17,21 However, the activity of Ru in hydrogen elec-
trocatalysis still needs to be improved due to its relatively strong
hydrogen (*H) adsorption energy, which is unbenecial for
efficient hydrogen desorption.22,23 To address this issue, two
strategies are widely utilized to prepare Ru-based catalysts with
high activity for HER and HOR. One is focusing on the
morphology control for more exposure of electrochemical
surface area (ECSA).24–27 Another one lies in the electronic
structure optimization by heteroatom doping,16,27–30 hetero-
junction fabrication31 or vacancy engineering32–35 to reduce the
adsorption energy of *H. Thus, it can be predicted that
a combined optimization of both morphology and electronic
structure could further enhance the performance of Ru-based
catalysts, although it is still challenging to be realized through
a simple synthetic strategy.

Herein, we report a facile two-step synthesis of oxygen-
modied RuPt nanocrystals with low Pt content and high
catalytic performance. Beneting from the alloying effect of Ru
and Pt, the size effect of supra-nanometer-sized RuPt nano-
crystals and the optimized *H adsorption energy of Ru due to
oxygen modication, the RuPt catalyst annealed at 200 °C
(denoted as RuPt/C-200) exhibits a signicantly improved
This journal is © The Royal Society of Chemistry 2025
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catalytic activity for both HER and HOR. AEMWE testing vali-
dated the application potential of the catalyst, while DFT
calculations conrm the performance enhancement mecha-
nism through the optimization of hydrogen binding energy.
Our work highlights that combining the oxygen modication
strategy with the nanoscale size effect could advance the
development of high-performance RuPt electrocatalyst for both
alkaline HER and HOR.
2. Experimental section
2.1 Chemicals

Triruthenium dodecacarbonyl (Ru3(CO)12, >98%) and plati-
num(II) acetylacetonate (Pt(acac)2, 98%) were purchased from
Bidepharm. Naon peruorinated resin solution (5 wt%) were
purchased from Sigma Aldrich. Oleylamine (C18H37N, 80–90%)
was purchased from Macklin. Commercial Pt/C (20 wt% Pt) was
purchased from TANAKA. Ethanol (C2H6O, AR), hexamethylene
(C6H12, AR), isopropanol (C3H8O, AR) and potassium hydroxide
(KOH, AR) were purchased from Aladdin. Vulcan carbon XC-72R
was purchased from CABOT. All the chemicals were used
without further purication. The deionized water (18 MU cm−1)
used in all the experiments was obtained by passing through an
ultra-pure purication system (Aqua Solutions).
2.2 Preparation of samples

2.2.1 Synthesis of RuPt nanocrystals and RuPt/C. In
a typical synthesis of RuPt nanocrystals, 21 mg Ru3(CO)12,
10 mg Pt(acac)2 and 5 mL oleylamine (OAm) were added into
a glass vial (30 mL) and ultrasonicated at 30 °C for 1.5 h to form
a homogeneous solution. The mixture was then heated to 200 °
C and held at the same temperature for 6 h in oven. Aer
cooling down to room temperature, 0.9 mL of reaction mixture
was taken and washed with a mixture of ethanol/cyclohexane
for 3 times. The as-obtained nanocrystals were added into the
cyclohexane (9 mL) with 12 mg XC-72R and ultrasonicated for
1 h to obtain RuPt/C catalysts.

2.2.2 Synthesis of RuPt/C with different annealing
temperature. RuPt/C-180, RuPt/C-200 and RuPt/C-220 were ob-
tained by annealing RuPt/C in air at 180, 200 and 220 °C,
respectively.

2.2.3 Synthesis of Ru84Pt16/C-200 (with less Pt). Ru84Pt16/C-
200 (with less Pt) was synthesized by the same method as RuPt/
C-200, except that 7.5 mg of Pt(acac)2 was dissolved in OAm.

2.2.4 Synthesis of Ru68Pt32/C-200 (with less Ru). Ru68Pt32/
C-200 (with less Ru) was synthesized by the same method as
RuPt/C-200, except that 15 mg of Ru3(CO)12 was dissolved in
OAm.

2.2.5 Synthesis of NiFe LDH@Ni felt. The Ni felt (10 × 10×
0.3 mm) was rst cleaned thoroughly with 2 M acetic acid to
remove the oxide layer on the surface, followed by ultrasonic
cleaning in ethanol and deionized water for 10 minutes each.
The NiFe LDH was synthesized based on a previous method,
with some modications.36,37 In a typical synthesis, a mixture of
Ni(NO3)2$6H2O (0.5 mmol), Fe(NO3)3$9H2O (0.5 mmol), and
CO(NH2)2 (5 mmol) was dissolved in 36 mL of distilled water
This journal is © The Royal Society of Chemistry 2025
and stirred to form a homogeneous and transparent solution.
The solution was then transferred to a steel autoclave. The Ni
felt was immersed in the autoclave along with the reaction
solution. The sealed Teon-lined stainless-steel autoclave (50
mL) was placed in an oven at 120 °C for 12 hours, followed by
natural cooling to room temperature. Aerward, the Ni felt was
rinsed several times with distilled water and ethanol, then dried
in a vacuum oven at 60 °C for 6 hours.

2.3 Materials characterizations

The morphology andmicrostructure of the synthesizedmaterials
were examined by transmission electronmicroscopy (TEM) using
a JEM2010-HR microscope. Raman spectra, revealing informa-
tion about the vibrational modes and structure, were obtained
from 200 to 1800 cm−1 using a LABHRev-UV Raman spectrom-
eter. The crystal structure and phase purity of the samples were
analyzed by X-ray diffraction (XRD) using a Rigaku SmartLab SE
diffractometer with Cu Ka radiation (l= 1.5418 Å). The data were
collected over a 2q range from 5° to 90°. Electron paramagnetic
resonance (EPR) spectroscopy was used to investigate para-
magnetic species at room temperature with a Magnettech MS
5000 EPR spectrometer operating at 9.86 GHz. The elemental
composition was quantitatively determined by inductively
coupled plasma-mass spectrometry (ICP-MS) using an Agilent
7850 instrument. Surface chemical composition and oxidation
states were investigated by X-ray photoelectron spectroscopy
(XPS) using a Thermo Scientic Escalab 250Xi spectrometer.

2.4 Electrochemical measurements

All the electrochemical measurements were tested on the elec-
trochemical station (CHI760, Shanghai Chenhua) with a three-
electrode system. The working electrode is a glassy carbon
disk electrode, and graphite rod and mercuric oxide electrode
were used the counter electrode and the reference electrode,
respectively. For the preparation of the working electrode,
catalyst (2 mg), isopropanol (745 mL), deionized water (245 mL)
and Naon solution (10 mL, 5 wt%) were mixed and ultra-
sonicated for 1 h to form a homogeneous ink. Aerwards, 12 mL
ink was dropped on the glassy carbon disk electrode for the
HER tests. The equilibrium potential was determined by the
zero point of HER/HOR using platinum sheet working electrode
as working electrode at 1600 rpm in H2-saturated electrolyte.
The linear sweep voltammetry (LSV) was performed at a scan
rate of 5 mV s−1 with 100% ohmic drop compensation.38 Before
each electrochemical test, the electrodes were swept with 25
cyclic voltammetry at 0.05 mV s−1 to stabilize the catalysts'
double layers and ensure complete wetting. The working elec-
trode for stability test of HER was prepared by coating 1 mg of
the catalyst onto a carbon paper (1 cm2).

HOR tests were conducted in a H2-saturated 0.1 M KOH
aqueous solution at a rotating speed of 1600 rpm with a scan-
ning rate of 5 mV s−1 and an 95% iR correction (i, current; R,
solution resistance). The mass density of Ru and Pt was 20 mg
cm−2 on the glassy carbon disk electrode.

The kinetic current (jk) was calculated according to the
Koutecky–Levich equation:
J. Mater. Chem. A, 2025, 13, 20838–20849 | 20839
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1

j
¼ 1

jk
þ 1

jd
(1)

where j is measured current density, jk is the pure kinetic
current density, jd is the diffusional current density.

The exchange current density (j0) was acquired by tting jk
with the Butler–Volmer equation:

jk ¼ j0

0
@e

aFh

RT � e
ða�1ÞFh

RT

1
A (2)

where R is the universal gas constant (8.314 J mol−1 K−1), F is
the Faraday constant (96 485 C mol−1), a is the transfer coeffi-
cient and T is the temperature (298.15 K).

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted at a HER overpotential of 50 mV in the
range from 100 kHz to 0.01 Hz. The stability of catalyst for HER
was measured by drop-casting the catalyst on a carbon paper
with a mass loading (RuPt/C-200) of 1 mg cm−2. For CO-
stripping, CO was bubbled into aqueous KOH solution
(1 mol L−1) for 15 min. Aer the electrolyte was saturated with
N2 for 15 min, two cyclic voltammetry (CV) curves were collected
at a scan rate of 20 mV s−1. For the Cu stripping experiments,
a N2-saturated solution containing 50 mM CuSO4 and 0.5 M
H2SO4 was used as the electrolyte. The potential was rst held at
0.3 V versus RHE for 100 s to form a Cu deposition monolayer,
and then CVs were obtained from 0.3 V to 1.0 V at 20 mV s−1.
2.5 Electrochemical measurements in AEMWE device

The AEMWE device was composed of the cathode (RuPt/C-200
and Pt/C coated on carbon paper), anode (NiFe@Ni felt), and
commercial AEM membrane (X37-50, Dioxide Materials Sus-
tainion). The membrane was immersed in 1 M KOH solution for
at least 10 h prior to being employed as an electrolyte. The
cathode was prepared by air-spraying catalyst ink onto the
carbon paper. The Ru and Pt loading were controlled to be
0.15 mg cm−2 for the cathode. The MEA was prepared by inte-
grating the cathode, membrane, and anode between two Ti
bipolar plates with a torque of 10 N m to complete an AEMWE
device. The active area of cell is 1 cm−2. 1 M KOH was circulated
through the anodic side with a ow rate of 15 mL min−1 by
a peristaltic pump (DIPump550-B253, Kamoer). The cell was
activated at 50 mA cm−2 for 1 h prior to the test. The perfor-
mance of AEMWE was evaluated by measuring polarization
curves from 0.03 A cm−2 to 1.0 A cm−2 at 60 °C on a battery test
system (ME-1S200, Kolibrik). The stability performance of
AEMWE was evaluated by measuring at a current density of 0.5
A cm−2 at room temperature. All measurements in AEMWE
were recorded without iR-correction.
2.6 Calculational details

All of our rst-principles calculations were carried out within
the framework of the density functional theory (DFT) as
implemented in the Vienna ab initio simulation package
(VASP).39–41 Core-valence interactions were described using the
projector augmented wave (PAW) method. The exchange-
20840 | J. Mater. Chem. A, 2025, 13, 20838–20849
correlation energy functional of interacting electrons was
described with the Perdew–Burke–Ernzerhof functional within
the generalized gradient approximation (GGA).42 The cutoff
energy for the plane-wave basis was set to 500 eV, and the
convergence criterion was set to 10−5 eV and 0.02 eV Å−1 for
energy and force, respectively. Grimme's DFT-D3 scheme of
dispersion correction was adopted to consider the van der
Waals (vdW) interaction in all systems.43 The 2 × 2 supercell of
Pt (111) surface slab models were constructed with doping Ru
(50 Ru atoms and 14 Pt atoms), which proportion is close to the
experimental value. The bottom two layers of the slab were xed
at bulk lattice constant, the top two layers and adsorbates were
allowed to relax. The oxidized RuPt catalyst was built by partially
oxidizing the surface Ru with oxygen atoms. The Brillouin zone
was sampled with a 3 × 3 × 1 G-centered Monkhorst–pack k
point mesh. The periodic images in the z-direction were sepa-
rated by about 15 Å of vacuum space. The free energy of the
proton–electron pair is equal to that of a half of gaseous H2

under standard condition. The kinetic barrier for the decom-
position of the absorbed H2O was calculated by AIMD simula-
tion and slow growth method with explicit solution model.44

The Brillouin zone was sampled with a 1 × 1 × 1 Monkhorst–
Pack k-point grid. The collective variable (CV) increment was set
to 0.0005 Å, and the time step was set to 1 fs. The convergence
criteria for the electronic step is set to 1 × 10−4 eV, and cutoff
energy for the plane-wave basis was set to 400 eV. The POMASS
in POTCAR of H is set to 2.

The adsorption energies of the absorbates were calculated
according to the following equations:

Eads = Ecat-M − E*M − Ecat (3)

catalyst adsorbed Ecat-M, Ecat, E*M stand for the energies of
catalyst adsorbed intermediates, the pure surface of catalyst,
the absorbed species, respectively.

The Gibbs free energy change (DG) were acquired according
to the computational hydrogen electrode (CHE) model
proposed by Nørskov et al.:45

DG = DE + DEZPE − TDS (4)

where DE, DEZPE, TDS are the change of total electronic energy,
the zero-point energy, the entropy correction, respectively.
These corrections were obtained from the vibrational frequency
calculations at 298.15 K with the aid of the VASPKIT code.46

The d band center (3d) of the systems in this work was
calculated as:

3d ¼
ÐþN

�N ErdðEÞdEÐþN

�N rdðEÞdE
(5)

3. Results and discussion
3.1 Synthesis and characterizations

The RuPt/C-200 catalyst was prepared via a two-step route
(Fig. 1a). The supra-nanometer-sized (<10 nm) RuPt nano-
crystals were rstly obtained through a one-pot synthesis
This journal is © The Royal Society of Chemistry 2025
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method by using triruthenium dodecacarbonyl (Ru3(CO)12) and
platinum(II) acetylacetonate (Pt(acac)2) as metal precursors, and
oleylamine (OAm) as solvent, surfactant and reducing agent.
Aer ultrasonicated at 30 °C for 1.5 h to form a homogeneous
solution, the mixture was then heated to 200 °C and held at the
same temperature for 6 h in oven. When the reaction began,
carbon monoxide was released from the Ru3(CO)12, and Ru and
Pt precipitated from the solution. Aerwards, the RuPt/C-200
catalyst was synthesized by loading onto carbon black and
annealing at 200 °C in air for one hour. The transmission
electron microscopy (TEM), Raman scattering, electron para-
magnetic resonance (EPR) spectroscopy, X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) were performed to
characterize the morphology and intrinsic structure of the as-
synthesized catalyst. The TEM characterization (Fig. 1b) shows
that the synthesized RuPt alloy exhibits a supra-nanometer-
sized morphology, with an average particle size of around
6 nm. Energy-dispersive X-ray spectroscopy (EDS) element
mappings of RuPt alloy (Fig. S1, ESI†) conrm the uniform
Fig. 1 (a) Schematic illustration of the two-step synthesis process for ox
sized RuPt nanocrystals. Size distribution diagram of the synthesized supr
images of (c) RuPt nanocrystals and (d) RuPt/C-200 catalyst. (e) Raman sp
catalyst.

This journal is © The Royal Society of Chemistry 2025
distributions of Ru and Pt. The TEM characterizations were also
performed on the catalysts with reaction times of 0.5 h and 1.5 h
(Fig. S2, ESI†), respectively. The average particle size of the RuPt
nanocrystals synthesized with a reaction time of 0.5 h is around
5.2 nm. When the reaction time was prolonged to 1.5 h, the
average particle size increases to around 5.6 nm. High resolu-
tion TEM (HRTEM) characterization (Fig. 1c and d) reveals that
there is no signicant change in the lattice spacing of RuPt/C
before and aer annealing at 200 °C, primarily showing the Pt
(111) crystal plane.9 The Raman spectra of RuPt/C-200 (Fig. 1e)
shows two main peaks at 505 cm−1 and 618 cm−1, which are
corresponding to Eg (degenerate vibrational characteristic peak)
and A1g (symmetric stretching vibrational characteristic peak)
modes, respectively.47 RuPt/C without annealing shows no
obvious Eg and A1g modes. The EDS mappings of RuPt/C-200
catalyst conrm the presence of oxygen in the catalyst and the
uniform distributions of Ru and Pt on the carbon black aer
annealing (Fig. 1f). The RuPt/C-180 annealed at 180 °C (Fig. S3a,
ESI†) exhibits the same morphology as RuPt/C-200. In contrast,
ygen-modified RuPt/C catalysts. (b) TEM image of supra-nanometer-
a-nanometer-sized RuPt nanocrystals is described in the inset. HRTEM
ectra of RuPt/C and RuPt/C-200. (f) EDS mappings of the RuPt/C-200

J. Mater. Chem. A, 2025, 13, 20838–20849 | 20841
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the RuPt/C annealed at a high temperature of 220 °C (denoted
as RuPt/C-220, see Fig. S3b for its TEM characterization, ESI†)
shows a tendency to aggregate. The atomic ratio of the synthe-
sized RuPt nanocrystals was measured by inductively coupled
plasma mass spectrometry (ICP-MS) (Table S1, ESI†). Since the
same initial sample was used for annealing, the Ru to Pt atomic
ratio in samples RuPt/C, RuPt/C-180, RuPt/C-200 and RuPt/C-
220 are all around 4 : 1, which conrms the low Pt content in
the catalysts. In the RuPt alloy with a lower Pt content, the
atomic ratio of Ru to Pt is approximately 84 : 16, designated as
Ru84Pt16/C-200. Similarly, in the RuPt alloy with a lower Ru
content, the atomic ratio of Ru to Pt is approximately 68 : 32,
designated as Ru68Pt32/C-200.

The crystal structure of catalyst was analyzed by XRD
(Fig. 2a). All four samples display diffraction peaks at around
40.26° and 46.62°, assigned to the (111) and (200) planes of
Pt.9,48 However, the (111) diffraction peak of RuPt/C is shied to
higher angle compared to that of the standard Pt (111) diffrac-
tion peak (JCPDS no. 04-0802), indicating a decrease in the
lattice spacing of RuPt/C compared to Pt. This is attributed to
the incorporation of Ru with smaller atomic radius into the Pt
lattice to form a RuPt alloy. Based on the XRD results, we esti-
mate a compression strain of 1.52% for RuPt/C-200 compared
to Pt (111) (JCPDS no. 04-0802) (Table S2, ESI†). Combining the
TEM and XRD characterizations conrm that Ru is incorpo-
rated into the crystal structure of Pt. Only the sample annealed
at 220 °C shows the characteristic diffraction peaks at 28.01°
and 35.05°, indicating the presence of crystalline RuO2 (JCPDS
no. 40-1290). The oxygen vacancies are conrmed by the char-
acteristic EPR signal at g-factor = 2.001 (Fig. 2b).32 Only the
unannealed RuPt/C exhibits a distinct characteristic peak of
Fig. 2 (a) XRD patterns, (b) EPR spectra, and high-resolution XPS spectra f
180, RuPt/C-200 and RuPt/C-220.

20842 | J. Mater. Chem. A, 2025, 13, 20838–20849
oxygen vacancies, while all annealed samples do not show any
signicant peaks of oxygen vacancies.

The full XPS surveys (Fig. S4, ESI†) conrm the existence of
Ru, Pt, C and O in the samples. The electronic structures of Ru, Pt
and O are further surveyed (Fig. 2c–f). From the XPS spectrum of
Pt 4f (Fig. 2c), it can be observed that the binding energy (BE) of Pt
4f is signicantly higher than the typical value of around 71.5 eV,9

which is caused by the high Ru content in the alloy leading to
compressive strain on Pt.11,49,50 As the annealing temperature
increases, the Pt 4f7/2 peaks of RuPt/C-180, RuPt/C-200 and RuPt/
C-220 shi negatively by about 0.08, 0.19 and 0.22 eV compared
with those of RuPt/C, respectively. The XPS spectra of Ru 3d5/2
(Fig. 2d) shows that the Ru4+/Ru0 atomic ratio for RuPt/C is 1.35,
which means that the Ru4+ content is 57.45% and the Ru0

content is 42.55%.51 The Ru4+/Ru0 atomic ratio of RuPt/C-180 is
1.34 similar to that of RuPt/C because the oleylamine on the
metal surface was removed during annealing at 180 °C. The Ru4+/
Ru0 atomic ratio of RuPt/C-200 further increases to 2.14, with
a Ru4+ content of 68.15% and a Ru0 content of 31.85%. In the
RuPt/C-220 sample, the Ru4+/Ru0 atomic ratio is 5.80, indicating
that a Ru4+ content is 85.29% and a Ru0 content is 14.71% (Table
S3, ESI†). The analysis of the Ru 3d5/2 clearly shows an increase in
Ru4+ content, which also conrms the increase in oxygen content
in themetal catalysts. From the XPS spectra of Ru 3p (Fig. 2e), the
BE of Ru 3p gradually increases with the increase in annealing
temperature. The O 1s XPS spectra reveals three different O types,
including the lattice O2− (at around 530.70 eV, OLat), the hydroxyl
(HO) groups adsorbed to the metal atoms in the oxygen-decient
region (at around 532.80 eV, OV), and the adsorbed water (at
around 534.30 eV, OAbs) (Fig. 2f).52 The OLat peaks of RuPt/C-180,
RuPt/C-200 and RuPt/C-220 are negatively shied by about 0.21,
or (c) Pt 4f, (d) Ru 3d5/2, (e) Ru 3p, and (f) O 1s signals of RuPt/C, RuPt/C-

This journal is © The Royal Society of Chemistry 2025
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0.23 and 0.67 eV compared with those of RuPt/C, respectively.
The combined analysis of the decrease in the BE of Pt and OLat,
and the increase in the BE of Ru indicates that air annealing
regulates the distribution and content of electrophilic oxygen in
the catalyst, thereby affecting the electron cloud density of OLat,
Pt and Ru.

Clearly, the combined structural characterizations indicate
that the RuPt alloy catalyst we synthesized exists in a crystal
structure similar to Pt (111). Aer oxygen modication, the
density of oxygen vacancies decreased and the content of oxygen
in RuPt alloy increased. When a higher annealing temperatures
(220 °C) was applied, crystalline RuO2 began to appear in the
sample.
3.2 HER performance

The HER performances of the as-synthesized RuPt/C, RuPt/C-
180, RuPt/C-200 and RuPt/C-220 and commercial Pt/C were
Fig. 3 (a) HER polarization curves in a N2-saturated 1 M KOH electrolyt
zation curves of different catalysts. (c) Corresponding Tafel plot in (a). (d)
180, RuPt/C-200, and RuPt/C-220 at the current density of 10 mA cm−2

overpotential at 10 mA cm−2 and Tafel plots of different catalysts for alkal
200 and RuPt/C-220. X-Axis (Z0), real part; Y-axis (−Z00), imaginary part. (g)
mA cm−2.

This journal is © The Royal Society of Chemistry 2025
investigated in 1 M KOH (Fig. 3a). The RuPt/C-200 exhibits the
best HER activity performance with a low overpotential (h) of
3.8 mV and 33.9 mV at 10 and 100 mA cm−2, respectively, much
lower than those of commercial Pt/C (28.3 mV at 10 mA cm−2),
RuPt/C (9.8 mV at 10 mA cm−2), RuPt/C-180 (4.2 mV at 10 mA
cm−2) and RuPt/C-220 (7.1 mV at 10mA cm−2). The linear sweep
voltammetry (LSV) curves without iR correction show the
consistent results (Fig. S5, ESI†). The HER activities of catalysts
with different Ru/Pt ratios were also tested (Fig. S6, ESI†). The
mass activity of RuPt/C-200 (3.6 A mg−1) at the overpotential of
60 mV is 2.8 and 4.0 times as high as those of RuPt/C (1.3 A
mg−1) and commercial Pt/C (0.9 A mg−1), respectively (Fig. 3b
and d). The Tafel slopes of commercial Pt/C, RuPt/C, RuPt/C-
180, RuPt/C-200 and RuPt/C-220 are 47.2, 23.6, 24.7, 16.6, and
20.2 mV dec−1, respectively (Fig. 3c). According to Tafel slope
theory, a Tafel slope value below 30 mV dec−1 may be prob-
lematic. Therefore, we veried the Tafel slope values using the
e with a rotating speed of 1600 rpm. (b) Mass-normalized HER polari-
Comparison of the overpotential of commercial Pt/C, RuPt/C, RuPt/C-
and the mass activity at the overpotential of 60 mV. (e) Comparison of
ine HER. (f) EIS plots of commercial Pt/C, RuPt/C, RuPt/C-180, RuPt/C-
Chronopotentiometric curves of RuPt/C-200 catalyst in 1 M KOH at 10

J. Mater. Chem. A, 2025, 13, 20838–20849 | 20843
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chronoamperometry method (Fig. S7, ESI†).53 The results
showed that RuPt/C-200 still exhibited a very low Tafel slope,
with values nearly consistent with those obtained from the LSV
method. By varying the loading amounts of Pt/C and RuPt/C-200
catalysts and comparing the Tafel slope values of RuPt/C-200
with and without iR potential compensation, we found that
the Tafel slope calculations were inuenced by catalyst loading
and iR potential compensation (Fig. S8, ESI†). Consequently,
the calculated Tafel slopes cannot fully reect the catalytic
mechanism but only indicate that a small increase in over-
potential drives a large increase in reaction rate, implying
highly efficient charge transfer kinetics of RuPt/C-200.
Compared to the current state-of-the-art alkaline HER cata-
lysts (Fig. 3e), our RuPt/C-200 catalyst exhibits one of the best
performances for both overpotential at 10 mA cm−2 and Tafel
slope, which are two important performance indicators for
alkaline HER (Table S5, ESI†). To further explore the HER
kinetics, electrochemical impedance spectroscopy (EIS) was
conducted (Fig. 3f). Nyquist plots for all samples exhibit near-
semicircular proles, which are effectively modeled using an
equivalent circuit comprising solution resistance (Rs), charge
transfer resistance (Rct), and constant phase element (CPE). The
tting results (Table S4, ESI†) show that solution resistances
across all samples are approximately 5.6 U, while the charge
transfer resistances are calculated as 15.34, 6.793, 4.729, 1.568,
and 2.431 U for Pt/C, RuPt/C, RuPt/C-180, RuPt/C-200, and
RuPt/C-220, respectively. Among these, RuPt/C-200 demon-
strates the lowest charge transfer resistance, aligning with its
superior HER performance. Furthermore, RuPt/C-200 exhibits
excellent long-term stability, showing negligible performance
degradation for 100 h at a current density of 10 mA cm−2

(Fig. 3g). Post-characterizations are crucial for assessing the
structural stability of the catalyst. Therefore, XRD and XPS
characterizations on the RuPt/C-200 catalyst aer the stability
test were done. XRD characterization was conducted on bare
carbon paper, RuPt/C-200 loaded on carbon paper before the
stability test, and RuPt/C-200 loaded on carbon paper aer the
stability test. The results show that the diffraction peaks
(Fig. S9, ESI†) and the Ru 3p and Pt 4f XPS peaks of RuPt alloy
on carbon paper (Fig. S10, ESI†) aer stability test have no
change compared to those of pristine ones, indicating a stable
structure of the catalyst during the HER process.

CO-stripping, copper underpotential deposition (Cu-upd)
and double-layer capacitance methods are the most
commonly used techniques to measure the electrochemical
active surface area (ECSA). However, since our catalyst is sup-
ported on carbon black, and carbon black itself does not serve
as an active site, the double-layer capacitance method is not
suitable for measuring ECSA of our catalysts. CO-stripping was
employed to calculate the ECSA of the catalysts.54 From the CO-
stripping tests (Fig. S11, ESI†), the peak potential positions
follow the order of commercial Pt/C > RuPt/C z RuPt/C-200 >
RuPt/C-180 z RuPt/C-220, indicating that all RuPt catalysts
exhibit better resistance to CO poisoning compared to Pt/C.
RuPt/C-180 shows a larger peak area compared to RuPt/C,
because the 180 °C annealing process effectively removes
oleylamine molecules from the surface of the RuPt. In contrast,
20844 | J. Mater. Chem. A, 2025, 13, 20838–20849
the reduced peak areas observed for RuPt/C-200 and RuPt/C-220
may result from the diminished adsorption capacity of CO
molecules on the metal oxide surfaces formed at higher
annealing temperatures. In many studies, CO-stripping is not
used to measure the ECSA of oxidized Ru.55 Therefore, the ECSA
of oxygen-modied RuPt catalyst prepared in our work cannot
be measured using the CO-stripping method. We then
attempted to measure the ECSA using the Cu-upd method
(Fig. S12, ESI†). Similarly, for the RuPt/C-200 and RuPt/C-220
samples, it was almost impossible to observe a distinct UPD
peak, meaning that the Cu-upd method could not accurately
measure the ECSA of the oxygen-modied RuPt catalysts either.
It is worth noting that the peak appearing around 0.25 V is an
overpotential deposition (OPD) peak, not UPD peak, and
therefore cannot be used to calculate ECSA.56,57 In conclusion,
although we know that measuring ECSA is very important for
calculating the specic activity of catalysts, the most commonly
used CO-stripping and Cu-upd methods cannot be applied to
measure the ECSA of our oxygen-modied RuPt catalysts.
3.3 HOR performance

The catalytic performances of the electrocatalysts for alkaline
HOR were also evaluated by rotating disk electrode (RDE) in H2-
saturated 0.1 M KOH with a standard three-electrodes system.
From the HOR polarization curves of different catalysts (Fig. 4a),
it can be observed that the anodic current increases much faster
on RuPt/C-200 than RuPt/C, RuPt/C-180, RuPt/C-220 and
commercial Pt/C as the potential increases. The current density
of RuPt/C-200 at an overpotential of 50 mV is 2.66 mA cm−2,
which is much higher than those of RuPt/C (1.55 mA cm−2),
RuPt/C-180 (1.99 mA cm−2), RuPt/C-220 (1.49 mA cm−2) and
commercial Pt/C (1.70 mA cm−2). The calculated half-wave
potential (E1/2) for RuPt/C-200 is 10 mV, which is also much
lower than that of Pt/C (23 mV). The kinetic current density (jk)
and exchange current density (j0) of HOR/HER are then calcu-
lated by the Koutecky–Levich equation9 and Butler–Volmer
tting.58 The Koutecky–Levich plot for RuPt/C-200 is derived
from the polarization curves collected at different rotating
speeds (Fig. 4b), which shows a slope of 3.92 cm2 mA−1 s−1/2.
The Koutecky–Levich plots for the other four catalysts are also
presented (Fig. S13, ESI†). The Tafel plots of the kinetic currents
(jk) on RuPt/C-200, RuPt/C, RuPt/C-180, RuPt/C-220 and
commercial Pt/C indicate that RuPt/C-200 displays the highest
jk among these catalysts at various potentials (Fig. 4c and e). The
micropolarization regions of the ve catalysts (Fig. 4d) are
depicted to calculate the exchange current density (j0) of these
catalysts and we can nd that RuPt/C-200 displays the highest j0
(Fig. 4e). These results indicate that the introduction of oxygen
can remarkably boost the HOR activity. The HOR durability of
RuPt/C-200 and commercial Pt/C was evaluated by performing
a chronoamperometry test on RDE at an overpotential of 0.1 V
with a continuous rotation speed of 1600 rpm. Aer a 3 hour
stability test, the current density of RuPt/C-200 decreased from
2.17 mA cm−2 to 1.93 mA cm−2, and the current density of Pt/C
decreased from 1.84 mA cm−2 to 1.56 mA cm−2 (Fig. 4f). RuPt/C-
200 can retain approximately 89% of its original current density.
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) HOR polarization curves of commercial Pt/C, RuPt/C, RuPt/C-180, RuPt/C-200, and RuPt/C-220 in H2-saturated KOH solution (0.1 M)
with a scanning rate of 5 mV s−1 at 1600 rpm. (b) HOR polarization curves of RuPt/C-200 at different rotating speeds (inset is Koutecky–Levich
plot). (c) Calculated HOR kinetic current densities (jk) versus potential plots recorded from (a). (d) Micropolarization region of the five catalysts. (e)
Comparison of exchange current densities (j0) and kinetic current density (jk) of different catalysts for alkaline HOR. (f) The current density–time
chronoamperometry and (g) relative current–time chronoamperometry of commercial Pt/C and RuPt/C-200 recorded at 0.1 V vs. RHE in H2-
saturated 0.1 M KOH electrolyte.
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In contrast, commercial Pt/C only maintains about 84.7% of its
original current density (Fig. 4g). These results show that RuPt/
C-200 are active and stable towards the alkaline HOR.
3.4 AEMWE and mechanism investigation

To further verify the practical application potential of the
catalyst and the mechanism of performance improvement, we
conducted AEMWE device test for the catalyst, underpotentially
deposited hydrogen tests, and DFT calculations.

The RuPt/C-200 catalyst was integrated into a membrane
electrode assembly (MEA) and evaluated under practical water
electrolysis working conditions. An alkaline exchange
membrane water electrolysis (AEMWE) device was constructed
with RuPt/C-200 as the cathodic catalyst and NiFe layered
double hydroxide (LDH) on Ni felt as the anode (Fig. 5a). The
current–voltage curves for RuPt/C-200 and a commercial Pt/C-
This journal is © The Royal Society of Chemistry 2025
based AEMWE at 60 °C are presented (Fig. 5b). Notably, the
RuPt/C-200-based electrolyzer achieves industrial-level current
densities of 0.5 and 1.0 A cm−2 at low cell voltages of 1.64 and
1.74 V, respectively, which are signicantly lower than that of
commercial Pt/C (1.88 V@ 0.5 A cm−2 and 2.02 V@ 1.0 A cm−2).
Under the same testing conditions, our catalyst exhibits the best
device testing performance compared to catalysts from other
studies59–61 (Fig. 5c). Moreover, remarkable stability is exhibited
for AEMWE device with RuPt/C-200 as the cathode at room
temperature, and it maintains a consistent voltage of approxi-
mately 1.74 V with no signicant increase during 200 hours of
continuous operation at an industrial current density of 0.5 A
cm−2 (Fig. 5d). The reason we conducted the AEMWE stability
test at room temperature is that the NiFe catalyst used at the
anode undergoes signicant iron leaching at 60 °C, which leads
to a severe degradation of the device performance.62–64
J. Mater. Chem. A, 2025, 13, 20838–20849 | 20845
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Based on the characterization of the catalyst structure and
performance testing, we conclude that an increase in oxygen
content can signicantly enhance the catalytic activity of RuPt
(RuPt/C-180 and RuPt/C-200). However, excessive oxygen and
the formation of RuO2 crystals (RuPt/C-220) can lead to
a decline in catalytic performance because RuO2 shows no
activity for HER (Fig. S14, ESI†). To further elucidate the
underlying mechanism for the enhanced HER activity of RuPt/
C-200 in an alkaline electrolyte, the CV tests of these samples
in N2-saturated 1 M KOH electrolyte at a scan rate of 100 mV s−1

were conducted (Fig. 5e). The peaks of the underpotentially
deposited hydrogen (Hupd) for RuPt/C and RuPt/C-180 are
signicantly larger than those for RuPt/C-200 and RuPt/C-220,
indicating a weaker but optimized Ru–H binding on RuPt/C-
200. This is benecial for both HER and HOR, in line with
recent advancements in hydrogen binding energy mechanisms
and hydrogen descriptors for alkaline HER and HOR.65,66
Fig. 5 (a) Scheme diagram of the AEMWE device. (b) Polarization curves o
iR-correction at 60 °C. (c) Comparison of the cell voltage of RuPt/C-20
catalysts at current densities of 0.5 and 1.0 A cm−2. (d) Chronopotentiome
temperature. (e) CV polarization curves of RuPt/C, RuPt/C-180, RuPt/C-2
rate of 100 mV s−1 at 1600 rpm. (f) Bader charge analyses of the Ru active
loss of electrons. (g) Free energy changes of *H adsorption on RuPt and o
oxidized RuPt with the value of d-band center for Ru element.

20846 | J. Mater. Chem. A, 2025, 13, 20838–20849
Density-functional-theory (DFT) calculations were employed
as a complementary tool to further support this experimental
conclusion.67 The pristine and oxidized RuPt (111) models were
constructed (Fig. 5f and S15, ESI†). The differential charge
density and Bader charge analyses indicate that the charge
transfer between Ru and Pt remains basically unchanged aer
oxygen modies RuPt (Fig. S16a and b, ESI†). However, surface
Ru atoms lose more electrons to oxygen due to the signicantly
higher electronegativity of oxygen (3.44) than Ru (2.20)
(Fig. S16c, ESI†). Thus, oxygen modication promotes electron
redistribution on surface Ru sites, which is expected to modify
the adsorption properties. The atomic structures of H2O
adsorption and *H adsorption on RuPt and oxidized RuPt were
simulated (Fig. S17 and S18, ESI†).68,69 The calculated water
adsorption energy (DE) values for pristine and oxidized RuPt
(111) surfaces are −0.63 eV and −0.84 eV, respectively, indi-
cating stronger water molecule adsorption on the oxidized
f the AEMWE using RuPt/C-200 and Pt/C as cathode catalysts without
0-based AEMWE with other reported state-of-the-art Ru or Pt-based
tric curves of RuPt/C-200-based AEMWE tested at 0.5 A cm−2 at room
00, and RuPt/C-220 in N2-saturated KOH solution (1 M) with a scanning
site on pristine RuPt and oxidized RuPt. The negative values represent
xidized RuPt. (h) The projected densities of states (PDOSs) of RuPt and

This journal is © The Royal Society of Chemistry 2025
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surface (Fig. S19, ESI†). It can be explained that the Ru surface is
partially oxidized (Ru/ Rud+), forming Lewis acid (Rud+)–Lewis
base (Od−) dual functional sites. The coordination of Rud+ with
the lone pair electrons of O in H2O promotes chemical
adsorption, while the formation of hydrogen bonds between
Od− and Hd+ in H2O further enhances physical adsorption
(Fig. S20b, ESI†). Bader charge analysis reveals that more elec-
trons are transferred from the O atom of H2O to Rud+ to form
coordination bonds, with a more pronounced electron accu-
mulation region for oxidized RuPt with H2Omolecules (Fig. S20,
ESI†). It is well known that H2O serves as the proton source for
HER in alkaline media. The water dissociation involves the
broken of O–H bond to form *H and OH−, which is oen the
rate-limiting step with high energy barrier. Oxidized RuPt
exhibits oxophilicity compared to pristine RuPt (stronger H2O
adsorption), which is expected to stabilize OH− and thereby
lower the energy barrier. Therefore, the AIMD simulation
combined with the slow-growth approach was employed to
evaluate the kinetic barriers for H2O decomposition. The kinetic
barrier of water decomposition of oxidized RuPt (0.7 eV) is lower
than that of pristine RuPt (1.24 eV), thus facilitating the HER
process (Fig. S21, ESI†). In addition, the Gibbs free energy for
hydrogen adsorption (DGH) is considered as a signicant
descriptor for the HER/HOR activity of electrocatalysts.65,66

(Fig. 5g) Compared with the pristine RuPt (−0.46 eV), the
weakened *H adsorption free energy on oxidized RuPt (−0.19
eV) exhibits the improved alkaline HER/HOR activity, indicating
that the oxygen modication strategy can effectively regulate
DGH, thereby improving hydrogen electrocatalytic activity. In
addition, the partial density of states (PDOS) plots (Fig. 5h)
reveals that the d-band center of oxidized RuPt (111) (−1.863 eV)
shows an obvious downshi relative to that of pristine RuPt
(111) (−1.779 eV). Metallic Ru primarily relies on d-orbital
electrons to interact with non-polar H. The downshi of the
d-band center signies a weakened metallicity for Ru, resulting
in reduced interaction with non-polar H. Our DFT calculations
support the conclusions obtained from experiments, demon-
strating that the oxygen modication of RuPt optimizes the
hydrogen adsorption energy, thereby signicantly improving
the hydrogen electrocatalytic activity.

4. Conclusion

In summary, we report the synthesis of supra-nanometer-sized
RuPt nanocrystals with low Pt content and the application of
an oxygen modication strategy to improve the electrocatalytic
performance. The annealed catalyst, RuPt/C-200, exhibits
remarkably improved activity in HER, including a signicantly
reduced overpotential of 3.8 mV at 10 mA cm−2, a low Tafel
slope of 16.6 mV dec−1, and a 2.8-fold increase in mass activity
at an overpotential of 0.06 V compared to the unannealed
catalyst. Furthermore, the HOR exchange current density
increases 2.9-fold compared to the unannealed catalyst.
AEMWE tests conrm the application potential of RuPt/C-200,
while DFT-assisted experiments reveal that the oxygen modi-
cation strategy, by optimizing the hydrogen binding energy,
plays a crucial role in improving the catalytic performance of
This journal is © The Royal Society of Chemistry 2025
RuPt. XRD results indicate that as the annealing temperature
increases, the inevitable formation of crystalline RuO2 lead to
a decline in activity. This work highlights the advantages of
combining the oxygen modication strategy with the nanoscale
size effect in development of high-performance RuPt electro-
catalyst for both alkaline HER and HOR.
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