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A B S T R A C T

The controlled integration of multiple immiscible elements into Pt alloy nanoparticles (NPs) to develop novel 
electrocatalysts presents significant potential for advancing sustainable energy technologies. In this study, we use 
a simple method for mixing diverse metal elements from their precursor salt solutions to form alloy NPs. The 
synthesis was carried out by subjecting a mixture of precursor metal salts supported on carbon paper (CP) to 
thermal shock, rapidly increasing the temperature to ~ 1600 K. By modulating the types and numbers of metal 
elements, we synthesized multicomponent metal NPs with tailored chemical compositions and sizes. To validate 
the practical application of this catalyst, we evaluated its hydrogen evolution reaction (HER) activity during 
water splitting under acidic conditions. The synthesized CP-PtNiRu electrocatalyst demonstrates an overpotential 
of 30.5 mV at a current density of 10 mA/cm2, comparable to that of commercial Pt/C electrodes, significantly 
enhancing the utilization efficiency of Pt-based electrocatalysts.

1. Introduction

According to ⟪OUR WORLD IN DATA⟫, as of 2023, fossil fuels (coal, 
oil, and natural gas) accounted for approximately 80 % of global energy 
consumption. However, the detrimental effects of fossil fuel combustion 
cannot be overlooked: greenhouse gas emissions, acidic rain, and other 
associated impacts pose severe threats to both the environment and 
human health. As a result, the global energy transition is gaining sig
nificant momentum. To further promote the development of renewable 
energy and reduce emissions, manifold efforts are underway to explore 
new alternative energy sources [1–5]. Notably, the earth’s abundant 
water resources provide a sustainable foundation for hydrogen pro
duction. The process of water electrolysis holds immense potential for 
integration with renewable energy, offering a promising pathway for 
sustainable hydrogen generation [6–10].

In recent years, research on electrocatalyst material systems for the 
HER in water splitting has mainly focused on platinum-based catalysts 
[11–16]. Regrettably, the high cost and scarcity of Pt pose severe ob
stacles to its commercial utilization. Therefore, optimizing the utiliza
tion efficiency of Pt while maintaining catalytic efficacy and 
systematically designing catalysts based on a comprehensive under
standing of their operational mechanisms constitute primary in
novations of the current research endeavors [17–21]. To address this 
challenge, the incorporation of additional metallic elements into Pt to 
synthesize Pt-based metal NPs stands out as a highly effective approach 
for significantly enhancing the catalytic performance of Pt-based elec
trocatalysts. This method leverages the synergistic effects between 
platinum and the added metals, which can optimize electronic structures 
and modify surface properties, thereby promoting catalytic efficiency 
[22,23]. Among the diverse array of metals with varying properties, 
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transition metals represent ideal mixed alloying candidates to substitute 
precious metals, owing to their economic viability and accessibility 
[24–26]. Gao et al. achieved mixed platinum with transition metals such 
as iron, cobalt, and nickel [14]. This method not only has the potential to 
enhance performance but also increases the dispersion of platinum and 
reduces its usage, thereby improving the overall cost-effectiveness of the 
catalyst. Simultaneously, they found that transition metals possess 
exceptional water adsorption and dissociation capabilities, which con
tributes to the establishment of a proton-rich local environment adjacent 
to platinum-based mixed metals, thereby facilitating HER performance. 
Yang et al. combined Pt single atoms (PtSA) with CoPt-mixed metal 
nanocrystals into MOF-derived nitrogen-doped porous-carbon frame
work (NDPCF), designing a new class of single-atom catalysts (SACs) 
[27]. The results demonstrated that the electrocatalyst has ultralow 
overpotentials at high current densities of − 300 mA cm− 2 under both 
alkaline and acidic conditions and exhibits excellent long-term dura
bility of up to 100 h or 10000 cycles, which is attributed to the syner
gistic effect of PtSA and CoPt alloys in the NDPCF. Pan et al. presented a 
procedural research aimed at evaluating the electrocatalytic activity of 
High-entropy alloys (HEAs) prepared in one step by pulsed 
high-temperature synthesis technique, and indicating the contribution 
of individual elemental sites in such HEAs in enhancing the reactivity as 
well as the synergistic effects among the elements through 
density-functional-theory (DFT) calculations, which provides a new 
pathway for accelerating the discovery of highly efficient 
multi-elemental materials in energy catalysis [28]. Xu et al. further 
improved the efficiency of identifying highly catalytically active and 
stable catalysts through diversity-guided batch selection by employing 
an HEA multi-objective Bayesian optimization framework that simul
taneously targets activity, cost-effectiveness, and entropic stability, 
which readily identifies a multitude of promising candidates for the 
oxygen reduction reaction in a hitherto uncharted HEA design space 
consisting of as many as 10 elements, thus striking a balance between all 
three objectives. three objectives [29]. Jiang et al. reported single-atom 
Pt-decorated nanoporous Co0.85Se (Pt/np-Co0.85Se) as an efficient HER 
electrocatalyst. The developed Pt/np-Co0.85Se has an onset over
potential close to 0 and a Tafel slope as low as 35 mV dec− 1 for HER in 
neutral medium, which is superior to commercial Pt/C catalysts and 
other reported transition metal-based compounds. This work provides 
additional opportunities for local electronic restructuring of electro
catalysts to efficiently manipulate their catalytic properties through 
atomic-level engineering strategies [30].

In 1840, Joule was the first to describe the phenomenon of heat 
generation when current passes through conductive materials, known as 
Joule heating or Ohmic heating. He also proposed Joule’s Law (Q = I2Rt, 
where Q is the heat generated, I is the current, R is the electrical resis
tance of the conductor, and t is the time). Joule heating can be classified 
into two methods: indirect heating and direct heating. Indirect heating 
involves first heating a resistive metal coil and then transferring the 
generated heat to the precursor via radiation, convection, and conduc
tion. Although convenient, this method results in lower power and 
heating rates. In contrast, direct Joule heating is widely favored because 
it directly heats the target through the current [31].

In order to enable the Joule heating method for the preparation and 
utilization of multicomponent alloy nanoparticle electrocatalysts, it is 
essential to select a stable and high-quality substrate. Carbon-based 
matrices are frequently used as material supports due to their excel
lent electrical conductivity, thermal conductivity, mechanical proper
ties, and tunable specific surface area, which facilitate outstanding 
electrocatalytic performance [32–35]. The Carbon-based Thermal Shock 
(CTS) method, also known as High-Temperature Shock (HTS), operates 
based on the electrical Joule heating effect, enabling temperatures to 
rapidly reach thousands of Kelvins in just milliseconds. This results in 
exceptionally high heating and quenching rates, leading to significant 
structural transformations in materials. Moreover, this ultrafast syn
thesis and processing technique can produce novel, non-equilibrium 

structures that are impossible to achieve with traditional heating 
methods [36–39]. CTS technology has several distinct advantages: (1) It 
enables rapid heating and cooling; the high temperatures allow for 
instantaneous precursor decomposition, while ultrafast cooling prevents 
instantaneous metal aggregation. (2) The technology overcomes ther
modynamic immiscibility in bimetallic systems, producing uniform, 
non-equilibrium bimetallic NPs. (3) By simply adjusting CTS parameters 
and the defect concentration of the carbon-based support, it is possible 
to precisely control elemental distribution, composition, microstructure, 
and particle size. (4) The instantaneous pulse heating method signifi
cantly reduces energy consumption while improving yield and produc
tivity. As a result, CTS technology is highly sought after in the fields of 
energy storage and conversion [40,41].

In this work, we report a process for the rapid synthesis of alloy NPs 
on carbon substrates by introducing metal salts mixed in an ethanol 
solution and drop cast on commercial carbon paper, followed by rapid 
thermal synthesis. We also assess the HER performance of electro
catalysts with varying metal compositions under acidic conditions. By 
applying a pulsed voltage of 31 V during synthesis, the temperature of 
the commercial carbon paper is elevated from room temperature to 
approximately 1600 K within just about 2 s, resulting in the formation of 
uniformly distributed catalytic NPs on the carbon fibers. This CTS 
technique offers a straightforward and efficient approach for the rapid 
synthesis of alloy nanoparticle electrocatalysts on carbon substrates, 
demonstrating significant nanofabrication potential for a variety of 
other nanomaterials. Overall, our research provides an effective strategy 
for the efficient fabrication of metal nanoparticle-supported carbon- 
based electrocatalysts and their subsequent applications.

2. Experimental

In this study, the main premise was to design Pt-based alloy catalysts 
based on the following three aspects: (1) Pt is the state-of-the-art elec
trocatalyst that efficiently catalyzes the HER and is a good choice as the 
active site for the reaction [42]; (2) the atomic radii of Fe (1.34 Å), Ru 
(1.52 Å), Ni (1.49 Å), and Cu (1.45 Å) are smaller than that of Pt (1.77 
Å), which creates compressive strain on the surface of the alloys, 
weakening the adsorption of H* on the surface Pt sites, thereby 
improving the catalytic performance for HER [43,44]; (3) lower cost by 
using non-precious metals [45].

2.1. Materials

H2PtCl6 (Merck, ACS reagent, ≥37.50 % Pt basis), NiCl2 (IWG 
Austria), RuCl3 (Roth, absolute 99.9 %, anhydrous), FeCl3 (Roth, ≥98.5 
%, anhydrous, extra pure) and CuCl2 (Sigma-Aldrich, absolute 99.9 %). 
All chemicals were used as received primordially. Commercial carbon 
paper (Toray Carbon Paper, TGP-H-60) was cut to a uniform size (0.5 
cm × 4 cm).

2.2. Synthesis of CP-X electrocatalysts

For the synthesis of the CP-PtM (M is Ni, Ru, Fe, Cu), The carbon 
paper required appropriate hydrophilic pretreatment to facilitate sub
sequent handling and reactivity. The specific procedures were as fol
lows: the cut carbon paper was immersed in sulfuric acid solution (Roth, 
absolute 96 %) and maintained at 333K for 2 h. Afterwards, it was 
alternately washed with deionized water and ethanol (Australco 
Ethanol, absolute 99.9 %), then dried at ambient temperature. The 
mixture with a concentration of 0.05/n mol/L (n is the total number of 
elements) was dropped onto pretreated commercial carbon paper with a 
loading of 60 μL/cm2 and dried at ambient temperature for 24 h. Fig. 1 
(a) shows a schematic diagram of the carbothermal synthesis process of 
the metal NPs: the sufficiently dried carbon paper decorated with the 
metal salt solutions was quickly placed in a small vacuum plastic box 
and Joule-heated to high temperatures by applying a pulsed voltage 
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(PeakTech 6226). The real-time temperature of the sample was moni
tored by a temperature sensor (Instrumart, OPTCTL3MH2CF3). The 
process of achieving instantaneous high temperature and rapid cooling 
resulted in the growth of fairly homogeneous metal NPs densely 
distributed on carbon fibers. The temperature and duration of the entire 
CTS process was precisely controlled by adjusting the parameters of the 
electrical pulse. In these experiments, a fixed voltage of 31 V was applied 
and the current was adjusted to rapidly increase the temperature of the 
samples to about 1600 K (Fig. 1 (b)). The samples were named CP-X (X is 
Pt, Ni, Ru, Fe, Cu) according to the metal elements introduced.

2.3. Characterizations

The surface morphology of the prepared catalysts was tested by 
scanning electron microscope (SEM, Zeiss, Leo 1525) using secondary 
electron detector. Energy-dispersive X-ray spectroscopy(EDS) using SEM 
(Tescan Magna) with 7 keV was used for compositional characterization 
of the samples. The X-ray diffraction (XRD, Bruker D2 Phaser) was 
occupied to characterize the crystal characteristics of the electro
catalysts. XPS (Nexsa, Thermofisher) equipped with an Al K Alpha 
source gun was used to study the surface elemental composition of the 
samples. The XPS was performed with an X-ray spot size of 400 μm, pass 
energy 50 eV, and energy step size 0.1 eV for high resolution scan. 
Reference calibration was performed using C 1s peak at 284.8 eV. A 
Varian 715-ES ICP optical emission spectrometer was used for element 
analysis. For sample dilution and preparation of standards, ultrapure 
water (MilliQ, Millipore) and ultrapure acids(HNO3 and HCl, Merck- 
Suprapure) were used. Standards were prepared in-house by dilution 
of certified, traceable, inductively coupled plasma (ICP)-grade single- 
element standards (Merck CertiPUR). Prior to ICP-MS analysis, the 
samples were diluted with 2 %v/v aqua regia to lower the background 
and interferences and reach the desired concentration range for mea
surement. Thermogravimetric analysis (TGA) was performed using a 
TGA/DSC 3 thermogravimetric analyzer (Mettler Toledo, OH, USA). 
Measurements were conducted in the temperature range of 
25 ◦C–900 ◦C at a constant heating rate of 10 ◦C/min under a nitrogen 
atmosphere (flow rate: 50 mL/min). Upon reaching 900 ◦C, an 
isothermal hold was maintained for 10 min under an oxygen atmosphere 
(flow rate: 50 mL/min). Test samples, weighing between 0.8 mg and 1.3 
mg, were placed in 70 μL Al2O3 crucibles for analysis. Data processing 
and result evaluation were carried out using STARe Evaluation Software 
(Mettler Toledo) and Origin (OriginLab Corporation). Local Raman 
spectra of CP before and after pretreatment, as well as CP-PtNiRu before 
and after electrochemical testing were acquired at a WITec alpha 300A 
using a green laser of 532 nm wavelength and a grating of 600 g/mm.

2.4. Electrochemical measurements

The Biologic SP-300 Electrochemical Potentiostat is a high-precision 
instrument widely used for electrocatalytic performance testing and 
analysis (e.g. cyclic voltammetry, linear scanning voltammetry and 
electrochemical impedance spectroscopy). All tests were conducted at 
room temperature.

The working electrode was an experimentally prepared electrode 
(0.25 cm2), the counter electrode was a graphite electrode and the 
reference electrode was an Ag/AgCl electrode (sat. KCl). The perfor
mance of electrocatalytic HER was evaluated in nitrogen-saturated 0.5 
M H2SO4 solution. Linear sweep voltammetry (LSV) was performed at a 
sweep rate of 10 mV/s. Tafel slopes were calculated from the LSV data. 
The electrochemical surface area (ECSA) was determined from the 
double layer capacitance (Cdl), which was derived from CVs recorded at 
different sweep rates (400-100 mV/s) in the non-Faraday potential 
range. Electrochemical impedance spectroscopy (EIS) measurements 
were performed in the frequency range of 10 mHz–100 kHz. Stability 
tests were carried out for a number of hours under constant potential 
conditions.

3. Results and discussion

Prior to the drop casting of metal salt solutions and Joule heating, we 
conducted a pretreatment of the carbon paper to enhance its wettability 
and susceptibility surface condition. Fig. 2 shows SEM images of the 
carbon paper before and after the acid pretreatment. Comparison of the 
morphology of the carbon paper substrate before (Fig. 2 (a)) and after 
(Fig. 2 (b)) acid treatment reveals that the surface morphology of the 
carbon paper remains uniform and smooth. Fig. 2 shows the preserved 
morphology of carbon fiber substrate structures without visible signs of 
significant changes in the microstructure after pretreatment.

Fig. 3 depicts SEM images of all samples after a series of drop-casting 
tests with metal salt solutions, drying and Joule heating treatment. It is 
evident that metal NPs with an approximate diameter of about 50 nm 
are uniformly dispersed across the carbon fibers. Furthermore, the 
comparison with the surface morphology of the pure carbon paper 
substrate shows that the morphological characteristics of the carbon 
fiber surface coated with the metal salt solutions changed significantly 
after the Joule heating, exhibiting a distinct porous structure, with a 
rougher fiber surface. This observed change is likely attributed to the 
thermal decomposition of the metal salt solutions during the rapid 
heating treatment, which generates gases and creates localized pressure 
on the carbon paper surface, resulting in the formation of pores. Addi
tionally, as the temperature increases, the coalescence and migration of 
metal particles on the carbon paper surface contribute to localized 
structural collapse of the carbon fiber surface, further promoting pore 
formation.

To estimate the geometrical surface area of the NPs, we use ImageJ 
software to differentiate the alloy NPs from the carbon fiber area 
(Fig. S1). While Brunner Emmett-Teller (BET) surface area provides 
insight into the total porosity and nanostructure of the material, geo
metric surface area may offer a more realistic representation of the NPs 
on carbon fibers. Also, BET method could yield results that deviate from 
the actual value due to nature of its origin, which relies solely on 
physical adsorption. Unlike the reactivity of the NPs in electrochemical 
experiments, with only a portion of BET accessible surface may partic
ipate in the reaction due to mass transport and wetting limitations. 
While image processing from SEM images does not really represent the 
surface reactivity, it still gives impression on nanoparticle coverage 

Fig. 1. (a) Schematic diagram of the Joule heating process and (b) Temporal evolution of the temperature during thermal shock.
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achieved by Joule heating, showing similar coverage of around 4 % 
across all NPs. It also enables us to observe that the size of NPs ranges 
from a few nms to aggerates of around 50 nm, with a broader NPs size 
distribution observed in both CP-PtNiRuFe and pure Pt NPs.

Furthermore, considering that the weight loss corresponds to organic 
binder by comparing it to pristine CP without any metal onto it, we 
calculated the metal loading by thermogravimetric analysis (TGA). TGA 
weight (%) plots are presented in Fig. S2. The calculations were based on 
the normalized weight loss and to the total mass of the material per 
surface area according to the following equation: 

Metal wt. % × total mass of material per cm2 = Metal loading per cm2 

Results of metal loading of all samples are provided in Table 1.
The resulting metal loading values are approximately 0.3 mg/cm2 for 

all alloy combinations, exception for CP-PtNiRuFeCu, which shows a 

lower loading of 0.16 mg/cm2. These findings support the assumption 
that Joule heating is an effective method for reducing Pt metal loading in 
alloy systems. These experimental values fall within the range typically 
used for HER studies [46,47] Moreover, with the addition of more 
metals to the alloy system, the relative Pt content is expected to decrease 
further, leading to even lower Pt loading. Therefore, this study high
lights the potential of the Joule heating approach as a simple and scal
able method for fabricating electrocatalytic electrodes aimed at 
reducing Pt usage.

To characterize the composition and crystal characteristics of the 
electrocatalysts, the samples were analyzed by X-ray diffraction (XRD). 
The XRD patterns are presented in Figure. The carbon paper substrate 
shows a dominant graphite peak at 2θ = 30.6◦ (Fig. 4(a)), which cor
responded to the graphite 2H phase. This characteristic peak is also the 
most pronounced one in the XRD patterns of all other electrocatalyst 
samples, suggesting a dominant effect of the carbon fiber structure that 
significantly prevails the contribution of the NPs. At the same time, the 
peak intensities for the characteristic peak positions of the expected 
metallic phases are comparable to the noise level of the diffraction 
patterns. Thus, they are too small for a quantitative analysis. Comparing 
the theoretically calculated metal content and the XRD patterns, we 
attribute this to the small volume fraction of metal NPs in comparison 
with the carbon substrate. This result is also supported by the SEM im
ages (Fig. 3) and explains why the peak intensities of the metal elements 

Fig. 2. SEM images of carbon felt-paper substrates (a) before pretreatment and (b) after pretreatment in acidic conditions prior to NP synthesis.

Fig. 3. SEM images of (a) CP-Pt; (b) CP-PtNi; (c) CP-PtNiRu; (d) CP-PtNiRuFe; (e) CP-PtNiRuFeCu showing successful fabrication of NPs by Joule heating method 
(cf. Fig. 1).

Table 1 
Metal loading of samples by TGA.

Sample wt.% metal/alloy (TGA) Metal loading mg/cm2

CP-Pt 7.30 0.30
CP-PtNi 6.34 0.27
CP-PtNiRu 6.76 0.29
CP- PtNiRuFe 8.06 0.33
CP- PtNiRuFeCu 4.76 0.16
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are much weaker than the peaks originating from the carbon substate. 
Only some weak characteristic peaks of Pt are observed at 46.3◦ and 
53.9◦ because of the higher Pt loadings, indicating the face-centered 
cubic (FCC) structure of Pt in the samples.

To further investigate the spatial distribution of the introduced metal 
elements in the samples, we used EDS for comprehensive characteriza
tion of the top surface of the samples. The results are shown in Fig. 5. An 
electron energy of 7 keV was chosen for the tests, and the corresponding 
results outlining the composition of the samples by mapping of selected 
sample areas reveal the presence of all Pt-based mixed alloy NPs, as 

expected from the synthesis procedure. This result also confirms that we 
can successfully synthesize alloy NPs on the surface of the carbon paper 
used as a substrate by employing the Joule heating method at transient 
high temperatures and moderate time.

Individual NPs are labeled in the SEM images and analyzed for their 
elemental composition (Fig. 6).

High-magnification SEM images with EDS mapping show a hetero
geneous distribution of alloy nanoparticle sizes (ranging from a few nm 
to about 50 nm) labeled in Fig. 5. The low acceleration voltage with 7 
keV beam electrons reduces the interaction volume and increases the 

Fig. 4. (a) XRD patterns of plain carbon paper substrates after acid treatment (CP) and different alloy NPs synthesized on carbon paper substrates upon rapid thermal 
treatment; (b) Corresponding XRD patterns in the higher 2θ region (excluding the most intense graphite peak) revealing emerging peaks characteristic of the 
alloy NPs.

Fig. 5. SEM secondary electron images and elemental maps of integrated intensity from the EDS analysis for CP-Pt; CP-PtNi; CP-PtNiRu; CP-PtNiRuFe; CP- 
PtNiRuFeCu. The elemental maps are filtered and the contrast is adapted in order to display the spatial distribution of each element also for low integrated in
tensities and low signal to noise ratios.
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lateral resolution for EDS. Due to the fact, that the alloy NPs are located 
at the surface of the CP, the influence of the interaction volume is further 
reduced when analyzing the metal elements. Thus, the spatial resolution 
of the EDS analysis for the metal elements is greatly enhanced. A 
detailed analysis of the elemental composition of individual nano
crystals is given in Fig. 6. The spatial distribution of metal elements in 
the filtered elemental maps in Fig. 5 reveal that the metal elements are 
concentrated inside NPs, thus confirming the successful alloying pro
cess. For CP-PtNi and CP-PtNiRuFeCu a higher Ni content was achieved 
than in the cases of CP-PtNiRu and CP-PtNiRuFe. Also, high-resolution 
XPS spectra confirm the presence of Ni in the alloy NPs (Fig. S3). In 
contrast, Cu could not be alloyed to the NPs for the CP-PtNiRuFeCu 
system. The rather uniform distribution of Cu in Fig. 5 supports that 
finding. The elemental maps and an analysis of the elemental compo
sition (Fig. 6) confirms the presence of surface bound oxygen on the 
samples. The oxygen spatial distribution differs depending on the 
alloying system. For CP-Pt, CP-PtNiRu and CP-PtNiRuFeCu the corre
lation between oxygen spatial distribution and nanoparticle areas is 
weak and the oxygen concentration varies between individual NPs. 
Thus, the NPs are metal NPs located at CP positions with a varying 
surface oxygen concentration. For CP-PtNi and CP-PtNiRuFe, the cor
relation between spatial oxygen distribution and nanoparticle areas is 
high and the oxygen concentrations of individual NPs are similar. For 
these alloying systems, the NPs are metal oxide NPs suggesting higher 
oxidation of transition metals.

The carbon support used in this work is commercial carbon paper 
with a thickness of more than 200 μm and fibers with a diameter of 
about 7 μm. However, for HR-TEM analysis, the sample thickness must 
be in the range of 10 nm. As a result, the overlap of thick fibers and NPs 
makes an HRTEM analysis impossible. Conventional sample preparing 
methods, such as mechanical milling and ion thinning, can easily 
damage the structure of the sample. Therefore, we used XPS and EDS to 

identify the elements and the compositions of the alloy NPs.
The core-level spectra of Pt 4f doublets (Pt 4f7/2 and Pt 4f5/2) of all 

compositionally alloyed NPs, obtained by Joule heating on carbon 
supports prior to electrochemical testing, are represented by XPS spectra 
in Fig. 7. The main photoelectron lines of Pt 4f spectra are deconvoluted 
into three parts to indicate the presence of Pt, Pt2+, and Pt4+. The two 
components of CP-Pt (Fig. 7 (a)) with lower binding energies (71.6 eV 
for Pt 4f7/2 and 74.9 eV for Pt 4f5/2) correspond to metallic Pt [48]. The 
doublets at 72.9 eV for Pt 4f7/2 and 76.4 eV for Pt 4f5/2 indicate the 
presence of Pt2+ oxidation states, while the highest binding energies 
(75.2 eV for Pt 4f7/2and 78.4 eV for Pt 4f5/2) are associated with Pt4+

[49]. Fig. 7(b)–(e) shows the Pt 4f peaks of CP-PtNi, CP-PtNiRu, 
CP-PtNiRuFe and CP-PtNiRuFeCu. Using CP-Pt as a reference, the 
binding energy of the Pt 4f7/2line for metallic Pt on CP-PtNiRu (Fig. 7(c), 
71.6 eV) shows no significant shift, suggesting that the electronic state of 
Pt was not markedly affected by the presence of other metals in the 
alloy. However, since the catalytic activity of CP-PtNiRu was higher 
than that of CP-Pt, it can be inferred that the synergistic effect of Ni and 
Ru can effectively regulate the exposure of Pt active sites, thereby 
improving HER activity. Meanwhile, the Pt 4f7/2 peaks for CP-PtNiRuFe 
and CP-PtNiRuFeCu are shifted to higher binding energies, which could 
be due to the high electronegativity of Fe and Cu compared to Pt in these 
multicomponent alloys. This increased electronegativity could reduce 
electron transfer between the alloys, which is unfavorable for the redox 
reaction, causing the low catalytic activity of the Fe- and Fe– 
Cu-containing alloy NPs. Additionally, the data show that the 4f7/2 
binding energy of Pt2+ in the multimetal samples also shifted to higher 
binding energy, with CP-PtNiRu exhibiting the largest shift. This may be 
due to Pt2+ being more readily reduced in this system, resulting in a shift 
of the Pt 4f7/2 to a higher binding energy. On the other hand, the binding 
energy of Pt2+ on CP-Pt (72.9 eV) is lower than that of CP-PtNiRu (73.2 
eV), indicating that the carboxyl groups on CP-PtNiRu may serve as 

Fig. 6. Elemental composition in atomic % for all Pt-based alloy systems: CP-Pt; CP-PtNi; CP-PtNiRu; CP-PtNiRuFe; CP-PtNiRuFeCu. Separately analyzed NPs shown 
and labeled in Fig. 5 are numbered on the horizontal axis.
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Fig. 7. High-resolution XPS spectra of Pt 4f of: (a) CP-Pt; (b) CP-PtNi; (c) CP-PtNiRu; (d) CP-PtNiRuFe; (e) CP-PtNiRuFeCu and (f) Atomic percentage distribution 
between three Pt valance states among all CP-Pt based catalysts, as calculated from respective and fitted XPS spectra depicted in (a)–(e).

Fig. 8. (a) Linear Sweep voltammetry (LSV); (b) Tafel slopes; (c) Nyquist curves and (d) Electrochemical stability of CP-PtNiRu; (e) Electrochemical double-layer 
capacity (Cdl) of all samples.
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anchoring sites for Pt, immobilizing it in the form of PtO (or PtOH). 
Fig. 7 (f) shows the high compositions of Pt followed by the composi
tions of its oxide states, which indicates that the as-synthesized NPs are 
predominantly Pt-metal. This also confirms that the chemical reduction 
process during preparation effectively transforms the [PtCl6]2- species 
into metallic Pt. Nevertheless, small amount of Pt2+ and Pt4+ still pre
sented in the alloy NPs, which could be due to the incomplete reduction 
of Pt4+ in H2PtCl6 ⋅ 6H2O. The oxide status Pt were probably attributed 
to oxygen chemisorption on low-coordination sites of Pt NPs and re
sidual [PtCl6]2- species from the synthesis process [50].

Following the XPS analysis we compared the HER performance of all 
the samples.

First, the catalytic performance of the prepared samples using linear 
scanning voltammetry (LSV) was tested. Based on the dependence of the 
current density versus the potential, we further evaluated the ability of 
the catalyst to promote HER. The results are shown in Fig. 8 (a). As 
expected the pure carbon paper electrode exhibits a poor hydrogen 
evolution capability yielding a current density below 10 mA/cm2 even 
under very negative applied potentials (− 500 mV vs RHE). Contrary, the 
HER is more likely to occur when the carbon paper is decorated with 
metal NP electrocatalysts, indicating that all metal NPs used in this study 
possess HER activity.

Among the all samples, the PtNiRu alloy NPs electrocatalyst sup
ported on carbon paper demonstrates the best HER performance with a 
lowest potential (~30.5 mV) that is even better than that of pure Pt NPs 
on carbon paper electrode (~50 mV) at 10 mA/cm2.

To further understand the reaction kinetics, we recorded the linear 
part of the Tafel plot near a current density of 10 mA/cm2 (Fig. 8 (b)). 
The Tafel slope for CP-PtNiRu (~46.7 mV/dec) is much lower than that 
of the other electrocatalysts, which suggests that this electrocatalyst has 
a strong ability to drive the HER process.

Next, we analyzed the electrode kinetics of all catalysts by electro
chemical impedance spectroscopy (EIS) measurements (Fig. 8 (c)). The 
charge transfer resistance values (Rct) determined from semicircles 
recorded at low frequencies indicate that the CP-PtNiRu electrocatalysts 
have a higher charge transfer efficiency compared to pure carbon paper 
and CP-Pt electrocatalysts. The results of long-term voltage stability tests 
of the CP-PtNiRu conducted at a current density of 10 mA/cm2 are 
shown in Fig. 8 (d).

The electrochemical active surface area (ECSA) of the catalysts was 
quantitatively evaluated by the electrochemical double-layer capacity 
method. Cyclic voltammetry (CV) scans were performed in the non- 
Faraday potential interval at scan rates of 40 mV/s, 60 mV/s, 80 mV/s 
and 100 mV/s. The results are shown in Fig. S4: (a)–(f) are CP; CP-Pt; CP- 
PtNi; CP-PtNiRu; CP-PtNiRuFe and CP- PtNiRuFeCu in order. The 
interfacial capacitance of the electrocatalysis (Fig. 8(e)) was obtained by 
calculating the current difference at various scan rates (Δj=(ja− jc)/2) 
and the linear fitting slope of different scan rates (Cdl). Considering the 
surface area of the CP that shows a lowest Cdl (23.7μF/cm2), calculated 
roughness factors of electrocatalysts yield an increase of about 2.1 as 
lowest for CP-PtNiRuCuFe to the highest of 3.3 of CP-PtNiRu that has the 
largest Cdl (77.5 μF/cm2). Thus, electrochemically accessible surface 
area of CP-PtNiRu stands out and corresponds to best HER activity 
among all electrocatalysts used in this study.

In Pt-based metal electrocatalyst systems, Pt serves as the main 
active center, exhibiting a low hydrogen adsorption free energy, which 
facilitates the HER process. Adding Ni not only reduces the amount of Pt 
required but also reduces the d-band center of Pt due to the interaction 
between Pt and Ni, facilitating the efficient adsorption of hydrogen and 
improving the overall HER activity [51]. The introduction of oxyphilic 
Ru accelerates water dissociation, and the carbon layer confinement 
further facilitates the water dissociation as well as subsequent *H 
adsorption, thus synergistically promoting the HER kinetics [52]. 
Additionally, the presence of Ni and Ru atoms modifies the d-band 
center of Pt, adjusting the hydrogen adsorption energy and optimizing 
the reaction pathway for HER [53]. In summary, the PtNiRu alloy NPs 

primarily enhance the HER activity through the synergistic effects of 
their constituent elements. The main reason why Fe-containing elec
trocatalyst systems fail to achieve ideal HER activity lies in the fact that 
Fe is prone to dissolution and corrosion under acidic conditions, 
resulting in the formation of Fe-ion byproducts and a loss of active sites. 
Additionally, compared to Pt and Ru, the synergistic effect between Fe 
and the carbon substrate is limited, leading to lower catalytic activity of 
the electrocatalyst [54].

Also, a comparison between the overpotential of CP-PtNiRu in this 
work and those of Pt-based electrodes from other recent studies 
(Table 2), which is included commercial Pt/C demonstrates its superior 
HER catalytic performance. Joule heating, as a fabrication method, al
lows for a simplified synthesis procedure of a variety of single or alloy 
NPs, making it a promising method for further optimization of the car
bon support. It is well known that Ni is a bifunctional catalyst that ex
hibits excellent activity for both HER and OER [55–57]. Furthermore, 
recent studies highlight the synergetic effects of Ru single atoms adjunct 
to Ru nanoclusters, which tune the electronic structure and enhance 
HER performance [58].

As a challenge, platinum-based materials tend to leach from the 
support during the HER and detach over prolonged reaction times, 
which severely affects the electrochemical stability. Additionally, nickel 
tends to dissolve in the acidic conditions, which is another factor 
contributing to the poor stability of the electrocatalytic materials [66,
67]. Furthermore, the carbon support is highly susceptible to corrosion 
and dissolution after long term reactions in acidic electrolytes, leading 
to voltage instability [68,69]. To investigate the performance of 
CP-PtNiRu, the electrochemical stability tests were performed up to 60 
h. The results shown in Fig. S5 suggest further degradation. XRD of 
CP-PtNiRu shows shift to higher 2θ suggesting Ru- rich structure 
(Fig. S6). To fully explore the potential of using this method and PtNiRu 
NPs as an efficient electrocatalyst for HER, a custom-made carbon sup
port is needed. This would allow better optimization of adhesion and 
performance compared to the commercial carbon support.

In order to confirm our conjecture, we analyzed the surface of the CP- 
PtNiRu sample again after electrochemical testing (Fig. 9). It is obvious 
from Fig. 9 that after a long period of electrochemical testing, the carbon 
paper fibers fractured and the diameter of the loaded metal NPs 
increased significantly (from ~50 nm to ~200 nm). We assume that this 
might be due to the long-time electrochemical reaction resulting in some 
of the metal NPs interacting with the electrolyte on the surface of the 
carbon paper, subsequently generating secondary products leading to 
significant particle growth.

The NP coated carbon papers after electrochemical testing and pu
rification were subjected to XPS measurements. The relative content of 
Pt0 increases, while the Pt2+ content decreases in CP-Pt, CP-PtNi and CP- 
PtNiRuFeCu samples after the HER reaction (Fig. 10). This effect could 
be attributed to easy dissolution of Pt2+ and Pt4+. However, the disap
pearance of the Pt 4f signal in CP-PtNiRuFe indicates poor stability of 
this alloy composition for HER. Moreover, considering the effect of Ni 

Table 2 
This work compared with other electrocatalysts.

Catalysts Overpotential (mV vs 
RHE) at 10 mA/cm2

Electrolytes Source

CP-PtNiRu (this work) 30.5 0.5 M 
H2SO4

​

Cr0.6Ru0.4O2@MOF 178 0.5 M 
H2SO4

[ [59]]

PtNi/NC-10 35 0.5 M 
H2SO4

[ [60]]

PtRu@C2N 52 0.5 M 
H2SO4

[ [61]]

Surface-restructured 
PtRu alloy

28 0.5 M 
H2SO4

[ [62]]

Pt/C 30 0.5 M 
H2SO4

[ 

[63–65]]
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dissolution in acidic solutions, we focus on the stability of the most 
active alloy, i.e., CP-PtNiRu. Assuming higher stability of the alloy 
particles, we aim to explore whether the dissolution of this alloy in 
acidic electrolyte (0.5 M H2SO4) leads to Ni leaching from the alloy NPs. 
In this context, we note that not only the dissolution of metal NPs but 
also the increased roughness and brittleness of carbon support particu
larly after prolonged electrochemical testing could influence the quality 
of XPS signal, resulting in the inability to detect the Pt 4f signal in the 
XPS spectra of CP-PtNiRu (Fig. S7).

To clarify the possible degradation mechanism of CP-PtNiRu, iden
tified as the most active HER electrocatalyst in this study, we analyzed 
the metal content in the solution after prolonged electrochemical 
testing. ICP- MS results of the solution from CP-PtNiRu tested at a 
selected current density of 10 mA/cm2 over a long time (ca. 60 h) show 
the expected dissolution of Ni. Interestingly, the Ni content is lower than 
initially assumed, and we also observe significant content of both Pt and 
Ru in the electrolyte after prolonged chronoamperometry testing of this 
catalyst (Table 3). Namely, the Pt:Ni:Ru ratio in the solution, as tested by 
the ICP-MS method, is 10:8:5, respectively, indicating that all the metal 
components in CP-PtNiRu are partially dissolved into the electrolyte 
during long electrochemical testing. We attribute this to the deteriora
tion of the carbon support, not only dissolution of alloy NPs, during 
prolonged electrochemical testing. Therefore, despite the good results of 
one step NP fabrication on commercial carbon paper as the support and 
the good initial activity of CP-PtNiRu NPs (Fig. 8), we observe a 

significant decrease in activity over the testing period. This decrease can 
be ascribed not only to the dissolution of Ni but also to the influence on 
carbon fiber support. We assume that parts of the carbon fibers may have 
chipped away from the support, suggesting that the commercial carbon 
fiber is brittle. This is further supported by Raman analysis (Fig. 11).

To further investigate the intrinsic reasons for the decrease in elec
trochemical stability of the electrocatalyst, Raman spectra using a green 
laser were acquired at single CP fiber positions after different steps of 
sample preparation: CP before (I) and after pretreatment (II), CP-PtNiRu 
after Joule heating (III) and after electrochemical testing (IV) (see 
Fig. 11). To separate overlapping Raman bands in the spectra (e.g., the 
characteristic carbon bands G at 1580 1/cm Raman shift and D’ at 1620 
1/cm Raman shift), the peaks were fitted with Pseudo-Voigt functions 
after background subtraction using the software fityk, as shown in 
Fig. 11 (a).

Fig. 11 (b) shows the ratios of the integrated Raman bands of single 
CP fibers with PtNiRu nanocrystals after the different preparation steps 
(I-IV) displayed in Fig. 11 (a). The ID/IG ratio of each spectrum reveals 
defects in the CP fibers. C–H and O–H ratios are displayed relative to (I) 
the untreated CP, indicating chemical changes, possibly by contamina
tion on the fibers.

It is worth noting that the signal is enhanced in the Raman shift re
gion approximately between 1000 and 1700 1/cm after electrochemical 
testing, and additional bands appear on the background, indicating the 
presence of additional chemical compounds. Moreover, the integrated 
peak analysis shown in Fig. 11 (b) reveals a strong increase of C–H 
stretching vibrations after electrochemical testing (IV). In combination 
with the high ID/IG integrated intensity ratio of carbon D and G bands in 
IV, these results demonstrate that the electrolyte used during testing 
affects the CP fibers. While the pretreatment of CP leads to no significant 
changes of the ID/IG ratio, a first strong increase in the ratio occurs after 
Joule heating (III), followed by another strong increase after electro
chemical testing (IV). The measured increase in carbon defects of CP 

Fig. 9. SEM images of CP-PtNiRu after electrochemical stability testing.

Fig. 10. High-resolution XPS spectra of Pt 4f of: (a) CP-Pt; (b) CP-PtNi; and (c) CP-PtNiRuFeCu after their testing as HER electrocatalysts.

Table 3 
The ICP-MS result of concentration of metal elements in elec
trolyte of CP-PtNiRu after stability testing.

Metal element Concentration (mg/L)

Pt 0.1
Ni 0.08
Ru 0.05
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agrees well with the SEM observations where pore formation is observed 
after step III and increased damaged (cut) CP fibers are observed after 
step IV, along with morphology changes of the PtNiRu NPs (cf. Figs. 3 
and 8).

From the above results, it can be concluded that prolonged periods of 
electrochemical stability testing affect the carbon fiber structure of the 
substrate and the PtNiRu NPs significantly. Additionally, particle growth 
and the oxidation of metal NPs are accelerated, deteriorating the sta
bility of the electrocatalyst.

While CP-PtNiRu demonstrated superior HER activity, the addition 
of Fe and Cu into Pt-based alloys aims at exploring potential synergistic 
effects, cost-effectiveness, and additional surface compositional alter
ation, which are also critical for practical catalyst design. In contrast to 
traditional alloys (e.g. binary, ternary or quaternary) having discrete 
binding energies, the present alloys gives broadened compositional 
space which could lead to continuous energy landscape. This is believed 
to be beneficial to match the optimal hydrogen binding strength ac
cording to classical Sabatier principle [70]. Despite not favorable HER 
activity for the alloys with Fe and Cu, understanding the 

structure–activity relationships in these multi-metallic systems con
tributes to the broader knowledge of catalyst development, even if the 
activity does not surpass that of CP-PtNiRu.

The stability of NPs is influenced by dissolution and oxide formation 
also in alloy NPs, the strategy to incorporate abundant elements such as 
Cu or Fe in form of alloy NPs aiming to increase their stability does not 
result in enhanced HER activity. In this context, this fabrication method, 
applied at moderate heating rates, offers ample opportunities to further 
tune catalytic activity and improve through the use of self-made carbon 
fiber supports. PtNiRu, in particular, could be a promising electro
catalyst of choice. However, further theoretical studies and deeper in
sights into degradation mechanisms are still needed to optimize catalyst 
performance.

4. Conclusion

In summary, we developed a synthesis process for carbon-supported 
Pt-based alloy nanoparticles with different compositions under high 
temperatures using a Joule heating method. Various methods were 
applied to study the structure, composition and electrocatalytic activity 
of the Pt-based alloy nanoparticles. The synthesis process employed on 
commercial carbon supports shows a broad size distribution of nano
particles ranging from several nms up to 50 nm. The electrocatalytic 
activity of CP-Pt, CP-PtNi, CP-PtNiRu, CP-PtNiRuFe, and CP- 
PtNiRuFeCu identifies CP-PtNiRu as the most effective catalyst for 
hydrogen evolution reaction among all synthesized catalysts. The results 
indicate that the high activity of CP-PtNiRu stems primarily from the 
synergistic effect of introducing Ni and Ru into Pt and carbon support. 
Besides the alloy leaching, the decreasing stability over time of the CP- 
PtNiRu alloy is also impacted by the mechanical integrity that results in 
deterioration of carbon supports in acidic electrolyte. This method offers 
a novel strategy for further improvements by designing alloy 
nanoparticle-carbon matrix composite electrocatalysts and may be also 
applicable to other materials systems.

CRediT authorship contribution statement

Huanqing Zhang: Writing – original draft, Visualization, Validation, 
Methodology, Investigation, Formal analysis, Data curation, Conceptu
alization. Stefan Manuel Noisternig: Writing – review & editing, 
Investigation, Formal analysis. Qixiang Jiang: Writing – review & 
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