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Abstract 
In this work, using epitaxial graphene as a supporting material for the platinum-based catalysts used for 
electrochemical energy storage is presented. The epitaxy of graphene support layer was carried out by UV 
laser irradiation of graphene buffer layer on silicon carbide surface. Results showed that when platinum 
coverage increases, the available graphene surface area decreases, and the growth mechanism shifts toward 
nucleation on existing clusters. As well, the desorption spectra of deuterium on platinum clusters on graphene 
exhibit a peak at around 185°C, followed by a broad shoulder with an increasing signal. As platinum coverage 
increases, the peak at 185°C becomes more pronounced. 
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1. Introduction 
Energy storage plays a critical role in modern energy systems, enabling the efficient use of renewable 

resources like solar and wind [1]. By capturing energy when production exceeds demand and releasing 
it when needed, storage systems help stabilize power grids and enhance reliability [2]. Technologies 
like batteries, pumped hydro, and thermal storage are widely used, with lithium-ion batteries being the 
most prominent due to their high energy density and efficiency [3,4]. Emerging innovations, including 
solid-state batteries and hydrogen storage, promise to further transform the sector [5]. As energy 
demands grow and the shift toward renewable sources accelerates, energy storage will remain essential 
for a sustainable future [6]. 

Electrochemical energy storage plays a crucial role in modern energy systems, offering efficient and 
sustainable solutions for storing and utilizing energy [7]. It involves the conversion of electrical energy 
into chemical energy, which can be stored and later converted back to electricity when needed [8]. 
Common technologies include batteries (e.g., lithium-ion, sodium-ion), supercapacitors, and fuel cells 
[9-11]. These systems are integral to renewable energy integration, electric vehicles, and portable 
devices, addressing the intermittent nature of solar and wind power [12,13]. Advances in materials 
science, such as improved electrodes and electrolytes, aim to enhance energy density, efficiency, and 
cycle life, driving the evolution of clean energy solutions [14-16]. 

Catalysts play a crucial role in energy storage applications by enhancing the efficiency and 
sustainability of key chemical reactions. In electrochemical systems like fuel cells and batteries, catalysts 
accelerate reactions such as oxygen reduction and hydrogen evolution, reducing energy losses and 
improving overall performance. Platinum-based catalysts, for example, are widely used due to their high 
activity and stability [17-19]. By lowering activation energy, catalysts enable faster reaction rates at lower 
temperatures, making energy storage systems more efficient and cost-effective. Furthermore, 
advancements in catalyst design, such as developing durable and cost-efficient materials, are pivotal 
for advancing renewable energy technologies and enabling a cleaner energy future [20-25]. 

Platinum-based catalysts play a critical role in energy storage technologies, particularly in fuel cells 
and metal-air batteries [26]. Renowned for their exceptional catalytic activity and stability, platinum 
catalysts efficiently facilitate the oxygen reduction reaction (ORR), a key process in electrochemical 
energy conversion [27]. However, their high cost and scarcity pose challenges, prompting research into 
advanced support materials that enhance performance and durability while reducing platinum usage 
[28]. Innovations like carbon-based supports, metal oxides, and nanostructured materials improve 
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catalytic activity, stability, and resistance to degradation [29-32]. These advancements make platinum-
based catalysts more efficient and cost-effective, contributing significantly to the development of 
sustainable energy storage systems [33-35]. 

The enhancement of platinum (Pt)-based catalysts through advanced support materials has 
revolutionized their performance in electrochemical applications, particularly in oxygen reduction 
reactions (ORRs) [36,37]. Support materials, such as carbon-based structures, metal oxides, and 
conductive polymers, play a crucial role in improving the dispersion, stability, and activity of Pt 
nanoparticles [38,39]. These materials provide high surface area, conductivity, and strong interactions 
with Pt, reducing aggregation and enhancing catalytic efficiency [40]. Additionally, some supports 
introduce synergistic effects, boosting ORR kinetics and durability [41]. Innovations in nanostructured 
and hybrid supports are paving the way for more cost-effective and sustainable Pt-based catalysts, vital 
for energy storage and fuel cell technologies [42-44]. 

Graphene has emerged as an excellent support material for platinum (Pt)-based catalysts, 
particularly in oxygen reduction reactions (ORR) for electrochemical energy storage applications [45]. 
Its exceptional properties, including high surface area, outstanding electrical conductivity, and robust 
mechanical strength, enhance catalyst dispersion and electron transfer [46,47]. Graphene's two-
dimensional structure enables uniform Pt nanoparticle distribution, reducing agglomeration and 
maximizing active sites for ORR [48]. Moreover, its chemical stability and resistance to corrosion extend 
catalyst durability, addressing challenges faced by traditional carbon supports [49]. Functionalization of 
graphene further improves Pt interaction, optimizing catalytic performance [50]. As a result, graphene-
supported Pt catalysts show significant potential in advancing fuel cells and batteries [51]. 

In this work, using graphene as a supporting material for the platinum-based catalysts used for 
electrochemical energy storage is presented. The graphene support layer was synthesized by UV laser 
irradiation of graphene buffer layer on silicon carbide surface. 
 

2. Experiment 
Epitaxial graphene samples were prepared through thermal decomposition on silicon carbide (SiC) 

in a custom experimental furnace. Graphene growth occurred on the silicon face of 4H–SiC(0001), using 
a graphite crucible placed in a vacuum environment (10-6 mbar) and heated to 1500°C for 10 minutes. 

This process produced graphene surfaces consisting of a mixture of monolayer and bilayer graphene, 
with monolayer coverage exceeding 70%. The graphene's quality, composition, uniformity, and 
thickness were initially assessed using atomic force microscopy and Raman spectroscopy. As shown in 
Fig. (1), before platinum deposition, the graphene samples were irradiated with UV laser pulses (~1 
J/cm2 fluence) to perform rapid annealing, followed by 20 minutes thermal annealing at 700°C to remove 
contaminants and ensure clean surfaces. Temperatures were monitored using a thermocouple in direct 
contact with the sample holder, cross-verified with a pyrometer. The high quality of the graphene films 
was confirmed by atomically resolved scanning tunneling microscopy (STM) images. 

Platinum was deposited onto graphene at room temperature using an electron-beam evaporator, 
with STM imaging used to calibrate Pt coverage. Hydrogenation of Pt clusters for thermal desorption 

spectroscopy (TDS) was performed by exposing the samples to molecular deuterium at 10⁻⁵ mbar and 
27°C for 10 minutes. Deuterium, being chemically identical to hydrogen but less abundant in the vacuum 
chamber, provided a better signal-to-noise ratio for TDS. During TDS measurements, samples were 
placed in front of a mass spectrometer, heated at a constant rate of ~15°C/s to target temperatures 
(400–750°C), and monitored via the mass 4 channel. 

 

 
 

Fig. (1) Scheme of the experimental system used in this work 
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3. Results and Discussion 
The Pt growth on graphene was analyzed and figure (2) shows the amount of graphene surface area 

covered by Pt clusters with respect to the total area scanned (Pt area coverage) versus the total volume 
of the Pt clusters, upon room temperature Pt deposition at constant flux. 

From STM imaging at the atomic level, the Pt atoms result to be arranged with (111) packing. Thus, 
we define 1 monolayer (ML) as the Pt atom density in Pt(111). A lattice constant of 0.383 nm yields 1 
ML = 1.61x1015 atoms/cm2. Whereas the interlayer distance is about 0.221 nm. Figure (3) shows STM 
images of the epitaxial graphene surface with 0.62 ML, 1.48 ML, and 4.5 ML of Pt. These scans are 
representative of the surface morphology in the Pt growth regimes that we identified and which will be 
discussed in the following. 

 

 
 

Fig. (2) Area coverage (%) versus the total cluster volume (ML) 

 
At Pt coverages up to approximately 1 monolayer (ML), platinum particles tend to disperse randomly 

across the graphene surface. As the Pt coverage increases, the cluster density rises from only a few 
clusters, each containing at least 5-10 Pt atoms, to around 176 clusters per 100x100 nm². However, the 
average height of the clusters remains largely consistent. A typical surface morphology for this coverage 
is depicted in Fig. (3a), representing a surface with 0.62 ML of Pt, covering 28% of the graphene area. 
The Pt clusters range in diameter from 1.5 nm to 11.5 nm, with an average diameter of about 6.5 nm, 
and their height varies from 0.5 nm to 2.5 nm, averaging around 0.8 nm. In this growth regime, a linear 
relationship is observed between the volume of Pt and the area coverage, with the intercept being zero. 

When Pt coverage exceeds 3 ML, the clusters begin to merge, and as a result of coalescence, their 
density drops from around 38 clusters to a single cluster per 100x100 nm² at full coverage. Meanwhile, 
the average height of the clusters increases significantly. At a Pt coverage of 4.5 ML, corresponding to 
95% area coverage (as shown in Fig. 3c), the average height rises to 2 nm, with the maximum height 
reaching 5.4 nm. Even in this regime, a linear relationship between Pt volume and area coverage is 
observed, although with a smaller slope and an intercept around 51% area coverage. As the Pt volume 
increases, the curve approaches 100% area coverage asymptotically. 

The two growth regimes can be better understood by considering the interaction strength between 
Pt and the graphene substrate compared to the cohesive energy of Pt–Pt interactions. It is worth noting 
that no Pt intercalation occurred during deposition at room temperature. At low coverage, the cluster 
growth is mainly influenced by the balance between adsorption and desorption on the graphene surface. 
If all the evaporated Pt atoms were to stick to the graphene and follow a layer-by-layer growth 
mechanism, saturation would occur at 1 ML coverage. However, the linear fit for the first growth phase 
shows full coverage at about 1.85 ML, suggesting that in the early growth stages, the average cluster 
height is nearly 2 layers, which aligns with the measured value of 0.6 nm. As coverage increases, the 
available graphene surface area decreases, and the growth mechanism shifts toward nucleation on 
existing clusters. Additionally, since the evaporator flux remains constant, the non-zero intercept from 
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the linear fit of the second growth phase indicates that the Pt–graphene interaction is weaker than Pt–
Pt interactions. This explanation is consistent with the data presented in Fig. (2). 

 

  
(a)     (b) 

 
(c) 

Fig. (3) STM scans of 100x100nm2 areas representative of the surface with a Pt content (a) 0.62 ML – 28% (green), (b) 1.48 
ML – 51% (blue), and (c) 4.5 ML – 95% (red). Colors for the frames of STM images (a)–(c) have been used accordingly to 
the colors of the data points highlighted in Fig. (2) 

 

The adsorption of deuterium (D2) on Pt-covered graphene was investigated and analyzed with 
increasing Pt content. For this purpose, more Pt was gradually deposited onto the sample. After each 

deposition, the sample was exposed to molecular hydrogen (D₂) and TDS was performed. The sample 
was heated to 450°C, at which, the Pt island shape as well as the distribution remained mostly 
unchanged, as revealed by the STM results. Higher temperatures may cause a significant, irreversible 
morphological changes, so the 450°C was the highest limit of temperature for TDS measurements. 

Figure (4) shows the temperature-dependent D₂ desorption behaviors for various Pt coverages. Pure 
graphene (0% Pt) exposed to D2 displayed minimal adsorption, which agrees with the fact that D2 does 

not adsorb onto defect-free graphene at room temperature. The D₂ desorption spectra of Pt clusters on 
graphene, shown in Fig. (4), exhibit a peak around 185°C, followed by a broad shoulder with an 
increasing signal. As Pt coverage increases, the peak at 185°C becomes more pronounced. 

 
4. Conclusion 
In concluding remarks, using epitaxial graphene as a supporting material for the platinum-based 

catalysts used for electrochemical energy storage is presented. The epitaxy of graphene support layer 
was carried out by UV laser irradiation of graphene buffer layer on silicon carbide surface. Results 
showed that when platinum coverage increases, the available graphene surface area decreases, and 
the growth mechanism shifts toward nucleation on existing clusters. As well, the desorption spectra of 
deuterium on platinum clusters on graphene exhibit a peak at around 185°C, followed by a broad 
shoulder with an increasing signal. As platinum coverage increases, the peak at 185°C becomes more 
pronounced. 
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Fig. (4) TDS spectra of D2 desorption from Pt clusters supported on graphene. Pt coverage ranging from 0 to 5 ML. 
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