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In the pursuit of sustainable energy solutions, the development of efficient and environmentally friendly
catalysts is crucial. This study focuses on the design and synthesis of Rh@GO electrocatalysts for energy
conversion processes, particularly the hydrogen evolution reaction (HER). We introduce three innovative
preparation methods: conventional (Rhn@GO-SN), solvothermal (Rh@GO-ST), and pyrolysis (Rhn@GO-PY).
Each method utilizes ultralow amounts of rhodium under distinct conditions of heat and pressure to
achieve optimal performance. Rhodium nanostructures are renowned for their exceptional stability,
selectivity, and catalytic activity, presenting a promising alternative to traditional platinum-based
electrocatalysts. Our results indicate that the synthesized Rh@GO catalysts exhibit significantly enhanced
electrocatalytic performance in acidic media for the hydrogen evolution reaction. Key performance
metrics include increased current density, reduced overpotential, reduced Tafel slope, and improved
stability and durability. Notably, the Rh@GO-PY and Rh@GO-ST catalysts achieve overpotentials of just
31 mV and 38 mV, respectively, at a current density of 10 mA cm™2. This performance surpasses that of
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1. Introduction

The escalating impacts of climate change, primarily driven by
extensive fossil fuel combustion, have accelerated the global
transition toward sustainable energy solutions. As greenhouse
gas emissions continue to rise, the urgency for cleaner, more
efficient energy alternatives becomes paramount. This shift is
critical not only to mitigate environmental consequences but
also to ensure long-term energy security and economic stability.
Consequently, the transition from traditional fossil fuel-based
energy systems to renewable, carbon-neutral alternatives has
become a cornerstone of both scientific research and policy
frameworks worldwide."?

The global demand for energy has seen a relentless increase
over the past century, fueled by rapid industrialization, tech-
nological advancements, and population growth. By 2050,
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energy demand is projected to reach approximately 30 terawatts
(TW), far surpassing current generation capacity. This surge in
demand underscores the limitations of conventional energy
sources, such as coal, oil, and natural gas, which still account
for a substantial share of global energy consumption. These
sources are not only finite but also contribute significantly to
environmental degradation, including air pollution, global
warming, and ocean acidification. This reality has accelerated
the global quest for alternative energy sources that are both
clean and sustainable, capable of meeting future energy needs
without exacerbating climate challenges.>*

Among the various candidates for clean energy carriers,
molecular hydrogen (H,) has garnered particular interest due
to its high gravimetric energy density and environmentally
friendly combustion, producing only water as a byproduct.
Hydrogen offers a promising solution for decarbonizing sectors
that are traditionally difficult to electrify, such as heavy industry
and long-haul transportation. Moreover, it can serve as a
versatile energy carrier, allowing for efficient storage and dis-
tribution of renewable energy. Despite these advantages, cur-
rent methods for hydrogen production remain heavily reliant
on steam methane reforming (SMR), a process that involves the
conversion of natural gas into hydrogen. SMR, while commer-
cially dominant, is energy-intensive and results in significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CO, emissions, undermining the potential environmental ben-
efits of hydrogen as a clean fuel. Consequently, there is a
critical need for alternative hydrogen production methods that
are sustainable, efficient, and economically viable.

Electrochemical water splitting has emerged as a promising
approach to produce hydrogen in a carbon-neutral manner.
This process involves the electrolysis of water into hydrogen
and oxygen using renewable electricity, offering a pathway for
the large-scale production of green hydrogen. The efficiency of
this process hinges on the performance of electrocatalysts,
which facilitate the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER)—the two key half-reactions
in water splitting. Effective electrocatalysts can lower the
activation energy for these reactions, thereby reducing
the energy input required for hydrogen production. This
makes the development of advanced electrocatalysts a critical
research focus for achieving economically viable hydrogen
production.®”’

Traditional electrocatalysts for the HER, particularly those
based on platinum-group metals (PGMs), are highly efficient
but face limitations due to their high cost and scarcity. Rhodium
(Rh), another PGM, has demonstrated exceptional catalytic
activity and stability in various electrochemical reactions, mak-
ing it a promising alternative to platinum. However, the chal-
lenge lies in reducing the reliance on these precious metals while
maintaining high catalytic performance. One strategy to address
this involves synthesizing rhodium-based nanostructures with
minimal metal loading, optimized for maximum catalytic activ-
ity and stability.* >

In this context, rhodium-decorated graphene oxide (Rh@GO)
nanocomposites have emerged as a compelling solution.
Graphene oxide serves as an ideal support due to its large surface
area, high electrical conductivity, and ability to stabilize metal
nanoparticles, thus enhancing the dispersion and utilization of
Rh atoms. The integration of Rh with GO aims to synergistically
improve the electron transfer kinetics and catalytic efficiency of
the composite material. Notably, Rh@GO composites have
demonstrated enhanced electrocatalytic activity for the HER,
with reduced overpotentials and improved stability compared
to conventional catalysts."*"*

This study introduces a novel approach to the synthesis of
Rh@GO nanocomposites by exploring three distinct prepara-
tion methods: conventional synthesis (Rh@GO-SN) involves a
straightforward chemical reduction process to deposit Rh
nanoparticles onto GO. This method offers simplicity and ease
of implementation, allowing for the efficient production of
Rh@GO composites. Solvothermal synthesis (Rh@GO-ST) uti-
lizes elevated temperature and pressure conditions in a sealed
environment to control the size and distribution of Rh nano-
particles. This technique enables precise manipulation of
nanoparticle characteristics, leading to uniform dispersion
and enhanced -catalytic properties. Pyrolysis (Rh@GO-PY)
involves high-temperature treatment under an inert atmo-
sphere to enhance the crystallinity and interfacial interactions
between Rh and GO. This process aims to improve the struc-
tural integrity and durability of the electrocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The novelty of this work lies in the systematic comparison of
these synthesis routes to elucidate the relationship between
preparation methods, structural properties, and catalytic perfor-
mance. By tailoring the synthesis parameters, this study seeks to
optimize the design of Rh@GO electrocatalysts, achieving high
efficiency with minimal Rh loading. Such an approach addresses
the critical challenge of reducing reliance on scarce and expen-
sive PGMs while maintaining superior catalytic activity.

Each of the three synthesis methods offers unique advantages
that justify their exploration. Conventional synthesis (Rh@GO-SN)
provides a baseline for comparison, offering insights into the
fundamental interactions between Rh nanoparticles and GO with-
out the influence of complex processing conditions. Solvothermal
synthesis (Rh@GO-ST) allows for precise control over nanoparticle
morphology and distribution, which are critical factors influencing
catalytic activity. The solvothermal method’s ability to produce
uniform nanoparticles with tailored properties makes it a valuable
technique for optimizing electrocatalyst performance. The pyrolysis
method (Rh@GO-PY) employs high-temperature treatment under
an inert atmosphere, enhancing the crystallinity of Rh nano-
particles and strengthening their interaction with the GO support.
This process aims to improve the structural integrity and durability
of the electrocatalyst, leading to superior performance in HER
applications. Such thermal treatments can result in catalysts with
enhanced activity and stability due to improved electronic proper-
ties and stronger metal-support interactions. By systematically
comparing these three synthesis methods, this study seeks to
elucidate the relationship between preparation techniques, struc-
tural properties, and catalytic performance of Rh@GO nanocom-
posites. The goal is to optimize the design of cost-effective, high-
performance electrocatalysts for sustainable hydrogen production,
contributing to the advancement of clean energy technologies.

The innovative synthesis methods explored in this study offer
distinct pathways to engineer Rh@GO nanocomposites with
tailored structural and catalytic properties. By systematically com-
paring these methods, our work provides critical insights into how
synthesis parameters influence the dispersion, particle size, and
interaction between Rh nanoparticles and the GO support, directly
impacting the electrocatalytic performance. This comprehensive
approach not only advances the understanding of Rh@GO sys-
tems but also contributes significantly to the broader field of
catalyst design for sustainable energy applications. The implica-
tions of this research are far-reaching, offering a viable strategy to
reduce dependence on scarce and expensive platinum-group
metals, thereby lowering costs and promoting the scalability of
hydrogen production technologies. Ultimately, the development
of efficient, durable, and cost-effective Rh@GO electrocatalysts
has the potential to accelerate the transition toward a hydrogen-
based energy economy, addressing critical challenges in energy
security and environmental sustainability.

2. Experimental section

The details about the materials and reagents used, instruments
and techniques used for materials characterization, electrode
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preparation and electrochemical measurements, and calcula-
tions are provided in Sections S1, S2, S3, and S4, respectively, of
the ESL.{

2.1. Materials synthesis

2.1.1. Synthesis of graphene oxide. Graphene oxide (GO)
was synthesized using a modified Hummers’ method.">*®
Briefly, 5 g of graphite powder was added to 230 mL of 98%
H,S0, and 5 mL of 78% HNOj;, and the mixture was stirred for
4 hours. Following this, 30 g of KMnO, was added while
maintaining an ice bath and continuous stirring for 1 hour.
The mixture was then heated to 35 °C and stirred for another
hour. Subsequently, 450 mL of deionized water (DW) was added
slowly, ensuring that the ice bath was maintained due to the
exothermic nature of the reaction, until the mixture reached
room temperature. The reaction mixture was then heated to 95—
98 °C for 2 hours, keeping in mind that it should not boil. After
turning off the heat, the mixture was allowed to cool naturally
to room temperature. At this point, 1 liter of DW and 100 mL of
H,0, were added, followed by stirring for 1 hour. The solution
was left overnight to settle. The supernatant was decanted, and
the remaining mixture was centrifuged and washed first with
30% HCI (2-3 times) and then with DW (4-5 times) until the pH
of the residue was neutral. The extract was then placed in a
Petri dish and dried in a vacuum oven at approximately 60 °C
for 2-3 days. The dried GO was used for structural and
morphological characterizations before electrochemical and
electrocatalytic studies.

2.1.2. Synthesis of Rh@GO. Three different methods were
used for the synthesis of the Rh@GO nanocomposite: high-
temperature pyrolysis, solvothermal synthesis, and the conven-
tional approach.

2.1.2.1. Conventional synthesis of Rh@GO. A total of 800 mg
of acid-functionalized GO powder was dissolved in 200 mL of
hot anhydrous ethylene glycol, and 80 mg of rhodium acetate
was added. This mixture was sonicated for one hour, and then
heated at 160 °C for six hours. After cooling naturally to room
temperature, the mixture was filtered using a PTFE membrane
with a 0.2-pm pore size to remove any remaining ethylene
glycol, unreacted rhodium acetate, and other impurities. The
residue was redispersed and washed several times with acet-
one. The resulting Rh@GO-SN composite was then dried in an
oven at 100 °C for one hour to eliminate any remaining solvent
molecules. This composite material was subsequently used for
further characterization and electrochemical research.

2.1.2.2. Solvothermal synthesis of Rh@GO. The solvothermal
Rh@GO nanocomposite was prepared by dissolving 800 mg of
acid-functionalized GO powder in 200 mL of preheated anhy-
drous ethylene glycol. Then, 80 mg of Rh acetate was added,
and the mixture was sonicated for one hour. The reaction
mixture was placed in an autoclave and heated at 160 °C in a
furnace for six hours. Afterward, the mixture was filtered using
Whatman filter paper and washed with acetone 4-5 times. The
resulting Rh@GO-ST composite was dried in an oven at 100 °C
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for one hour to remove solvent molecules. This composite
material was subsequently used for further characterization
and electrochemical studies.

2.1.2.3. Pyrolysis based synthesis of Rh@GO. The synthesis of
the Rh@GO-PY nanocomposite can be achieved by modifying
the basic pyrolysis process. Graphene and rhodium acetate, in
a 9:1 ratio, were mixed by ball milling for about 4 hours at
500 rpm. The mixture was then placed in a Teflon boat inside a
tube furnace. An inert atmosphere was maintained by introducing
argon gas for 4 hours while heating the sample to 800 °C at a scan
rate of 5 °C per minute. This composite material was subsequently
used for further characterization and electrochemical studies.

All the three methods are summarized in Table S1 of the
ESIt and represented in Scheme 1.

3. Results and discussion

3.1. Materials characterization

The crystal phase analysis was conducted using the X-ray
diffraction (XRD) technique. Fig. 1(a) contrasts the XRD signa-
tures of the pristine GO and Rh@GO (Rh@GO-PY, Rh@GO-ST,
and Rh@GO-SN) catalysts. As seen, the pristine GO exhibits a
sharp peak at 10.4°, corresponding to the (100) plane, indicating
the formation of the graphite oxide structure and the disappear-
ance of a peak at 20 = 26.6°. The transformation of graphite into
graphite oxide resulted in a shift to the left, signifying the
successful oxidation of graphite.'” GO also shows a weak, broad
peak around 22°-27°, which has nearly one-eighth of the inte-
grated intensity of the main GO peak. This peak suggests that the
framework of the sample comprises few-layer stacked graphene
nanosheets and is attributed to the (002) plane.'® In the case of
Rh@GO-PY, Rh@GO-ST, and Rh@GO-SN, the broad peak located
at 20 = 24°-27° is attributed to the (002) peak of stacked reduced
graphene oxide (rGO) sheets, indicating that the GO has been
reduced to rGO.' Additionally, other new diffraction peaks,
appearing at 41.05°, 47.77°, 69.87°, and 84.39° for Rh@GO-PY, at
40.96°, 47.71°, 69.75°, and 84.39° for Rh@GO-ST, and at 41.03°,
47.67°, 69.95°, and 84.39° for Rh@GO-SN, could be attributed to
the (111), (200), (220), and (311) planes of the face-centered cubic
(FCC) Rh crystal (DB Card No. Rh@GO-PY = 03-065-2866, Rh@GO-
ST = 00-005-0685, and Rh@GO-SN = 01-072-3120) with a space
group of 225: Fm3m, respectively, indicating the high purity of the
as-prepared catalysts.>>*" Table 1 presents the various parameters
obtained from the XRD analysis of the materials.

The as-synthesized Rh@GO catalysts and GO were further
examined using Raman scattering spectroscopy. Fig. 1(b) dis-
plays the Raman spectra of the GO and Rh@GO (Rh@GO-PY,
Rh@GO-ST, and Rh@GO-SN) catalysts. As shown, two primary
vibrations are observed in the range of 1100 and 1700 cm™" for
GO. The D vibration band, resulting from a breathing mode of
J-point photons of A,, symmetry,** is seen at 1348.87 for GO.
Conversely, the G vibration band, from first-order scattering of
E,, phonons by sp® carbon,” appears at 1592.01 for GO.
Moreover, the G vibration band is also influenced by the
presence of the stretching C-C bond, which is typical in all

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the synthesis of Rn@GO-SN, Rh@GO-ST and Rh@GO-PY.

sp> carbon systems.** The D band and G band in the Raman
spectrum represent the disorder bands and the tangential
bands, respectively.>* Additionally, a broad and shifted-to-
higher-wavenumber 2D band is observed at 2761.24 cm™ " for
GO. The 2D band is crucial for determining the layers of
graphene (monolayer, double layer, or multilayer) as it is highly
sensitive to the stacking of graphene layers.*” Therefore, the
position of the 2D band confirms that the produced GO is
multilayer since monolayer graphene is typically observed at
2679 cm ™' in the spectrum.>® The shifted location of the 2D
band is also due to the presence of oxygen-containing func-
tional groups that prevent the graphene layers from stacking.>?
The Ip/I ratio for GO was found to be 0.85, and the I,/I; ratio
was 0.02. In the case of Rh@GO catalysts, the two main peaks
at about 1342.97 cm ' and 1587.54 cm™' for Rh@GO-PY,
1348.99 cm ! and 1599.58 cm ™ for Rh@GO-ST, and 1342.97 cm™*
and 1587.54 cm™ ' for Rh@GO-SN, correspond to the typical D
and G bands, respectively. A much broader peak of a 2D band is
also present in the Rh@GO catalysts, indicating the stacking of
rGO with a few layers. The Ip/lg ratio for Rh@GO-PY, Rh@
GO-ST, and Rh@GO-SN was determined to be 0.95, 1.08, and
1.10, respectively. The increased ratio suggests enhanced dis-
order in the graphene due to the interactions between GO and
Rh, which may be beneficial for electrocatalysis.*® These results
also confirm the in situ conversion of GO into rGO during
catalyst formation. It is established that the I,/I; ratio indicates
the degree of defects present in the rGO samples, while the I,p/
Is ratio reflects the recovery of the sp> C=C bond in the
graphitic structure and hole mobility.*® A lower Ip/l; ratio
indicates fewer defects, and a higher I,p/Ig ratio indicates
higher charge mobility.”® The ILp/l; ratio for Rh@GO-PY,
Rh@GO-ST, and Rh@GO-SN was determined to be 0.22, 0.23,
and 0.1, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The FT-IR spectra of the GO and Rh@RGO catalysts
(Rh@GO-PY, Rh@GO-ST, and Rh@GO-SN) shown in Fig. 1(c)
reveal strong signals for GO at 3741, 1710, and 1654 cm ',
corresponding to OH, C=0, and C=C stretching frequencies,
respectively. These signals are typical indicators of oxidative
functional groups such as OH and COOH, confirming the
formation of GO. Additionally, the signals at 672 cm™ "' (Rh-0)
and 1024 cm™ ' (C-O) indirectly confirm the formation of the
Rh-GO nanocomposite. The peaks around 2835 and 2880 cm ™
are attributed to the asymmetric and symmetric vibrations of
C-H stretching frequencies, respectively, which align well with
the literature.>"*”°

Fig. 2 presents the SEM images of Rh@GO (Rh@GO-PY,
Rh@GO-ST, and Rh@GO-SN). Fig. Si(a) and (b) of the ESIt
show the SEM images of graphene oxide at various magnifica-
tions, confirming the successful formation of GO flakes and
layers in the form of thin sheets.*" Fig. 2(a)-(c) depicts the SEM
images of Rh@GO-SN, revealing the morphology of rGO sheets
with Rh nanospheres decorating the surface and interlayer
spaces. It also confirms that the rGO layers are well-separated
and uniformly decorated with Rh nanospheres, with a particle
size of approximately 8.01 nm.***? Fig. 2(d)-(f) displays the
SEM images of Rh@GO-ST, showing rGO sheets with lamellar-
shaped Rh nanoparticles on the surface and between layers.
These lamellar Rh nanostructures are homogeneously distrib-
uted, with a particle size of around 45.03 nm.** Fig. 2(g)-(i)
shows the SEM images of Rh@GO-PY, indicating well-separated
rGO sheets that result in small pores between them. The Rh
nanoparticles, in the form of small nanospheres, are finely
distributed and uniformly decorate the surface, interlayers, and
small pores, with a particle size of approximately 12.25 nm."***

To understand the chemical composition and elemental
distribution, EDS study of the materials was conducted.

Energy Adv., 2025, 4, 930-946 | 933
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Fig. 1 XRD patterns, Raman spectra and FTIR spectra of GO and Rh@GO catalysts: (a) XRD spectra of GO, Rhn@GO-PY, Rn@GO-ST and Rhn@GO-SN,
(b) Raman spectra of GO, Rh@GO-PY, Rh@GO-ST and Rh@GO-SN, and (c) FTIR spectra of GO, Rh@GO-PY, Rh@GO-ST and Rh@GO-SN.

The elemental composition, weight%, and atomic% of
Rh@GO-PY, Rh@GO-ST, and Rh@GO-SN are shown in Fig. S2
of the ESI. T

Fig. 3 presents a comparative transmission electron micro-
scopy (TEM) and selected area electron diffraction (SAED) ana-
lysis of the Rh@GO electrocatalysts (Rh@GO-PY, Rh@GO-ST
and Rh@GO-SN). The Rh@GO-PY (Fig. 3(a)—(c)) shows an excel-
lent dispersion of Rh nanoparticles across the graphene oxide
sheets. Low-magnification TEM reveals a uniform distribution
with minimal aggregation, while medium-magnification images
show nanoparticles that are small, spherical, and relatively

Table 1 Parameters of crystal structure obtained from XRD analysis of
Rh@GO-PY, Rhn@GO-ST and Rh@GO-SN

Rh@ Rh@ Rh@
Parameters GO-PY GO-ST GO-SN
Crystallite size (D) (nm) 6.50 5.01 6.44

(Scherrer equation)
Strain (%) 0.4 0.0 0.0
(Williamson-Hall method)

Crystallinity (%) 78.97 69.31 70.27

DB card no. 03-065-2866  00-005-0685 01-072-3120

a=b=c 3.80 3.81 3.80

a=B=y 90° 90° 90°

Crystal system FCC FCC FCC

Space group 225: Fm3m  225: Fm3m  225: Fm3m
Rh@GO-PY Rh@GO-ST Rh@GO-SN

Parameters 20 (°) d (A) 20(°)  d(A) 20(°)  d(A)

d-Spacing 26.23 3.394 22.82 2.1702 25.39 3.504
41.05 2.1966 40.96 2.2015 41.03 2.197
47.77 1.9023 47.71 1.9048 47.67 1.905
69.87 1.3452 69.75 1.3472 69.95 1.343

934 | Energy Adv, 2025, 4, 930-946

monodisperse, typically below 10 nm. High-resolution TEM
confirms the polycrystalline nature of the Rh nanoparticles, with
clear lattice fringes corresponding to the (111) and (002) planes.
The SAED pattern (Fig. 3(d)) further supports this, showing sharp
and well-defined diffraction rings indexed to the (111), (220), and
(002) planes of face-centered cubic Rh and partially reduced GO
confirming its polycrystalline nature. The high crystallinity and
uniform morphology suggest strong metal-support interactions
and controlled nanoparticle formation due to the thermal condi-
tions of pyrolysis. This makes Rh@GO-PY highly suitable for
catalytic applications where uniform particle size and high crystal-
linity are critical. The Rh@GO-ST sample (Fig. 3(e)—(g)) displays
moderately well-dispersed Rh nanoparticles with noticeable aggre-
gation. TEM images at low magnification show particle distribu-
tion on the GO surface, but with the presence of some larger
clustered domains. Medium-magnification TEM reveals nano-
particles that are generally larger and more polydisperse com-
pared to Rh@GO-PY. High-resolution TEM still shows clear lattice
fringes with d-spacing values consistent with the (111) and (002)
planes, indicating the presence of crystalline Rh on partially
reduced GO. The SAED pattern (Fig. 3(h)) confirms this with
visible but slightly less intense diffraction rings for the (111),
(220), and (002) lattice planes of Rh and partially reduced GO and
which shows its single crystalline nature. The solvothermal
method appears to provide good crystallinity, but less control
over particle size and dispersion, likely due to slower nucleation
and growth processes. This sample may be suitable for catalytic or
electrochemical applications where slightly larger nanoparticles
are acceptable or desirable. The Rh@GO-SN sample (Fig. 3(i)-(k))
exhibits the least uniform nanoparticle dispersion among the
three methods. TEM analysis at low and medium magnification

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of Rh@GO catalysts at different magnifications: (a) Rn@GO-SN at 200 nm, (b) Rh@GO-SN at 500 nm, (c) Rh@GO-SN at 5 um,
(d) Rh@GO-ST at 200 nm, (e) Rh@GO-ST at 500 nm, (f) Rh@GO-ST at 5 um, (g) Rh@GO-PY at 200 nm, (h) Rh@GO-PY at 500 nm, and (i) Rh@GO-PY at 5 um.

shows a heterogeneous distribution with significant nanoparticle
clustering and irregular shapes. The particles are larger and highly
polydisperse, lacking the uniformity observed in the PY and ST
methods. High-resolution TEM does reveal lattice fringes, con-
firming the presence of crystalline Rh, but the fringes are less
distinct, suggesting partial disorder or smaller crystalline
domains. The SAED pattern (Fig. 3(l)) presents diffuse rings
corresponding to the (111), (220), and (002) planes, indicating
polycrystalline structures with a more amorphous background.
This reduced structural order and weaker dispersion can be
attributed to the lower energy input and shorter reaction times
characteristic of sonication. While the sonochemical method is
simple and rapid, it offers the least control over nanoparticle
formation, making Rh@GO-SN less ideal for applications requir-
ing fine-tuned nanostructures, though it could be useful for bulk
catalytic processes or as a low-cost material. Overall, the results in
all the three catalysts are in agreement with the XRD pattern,
which further confirms the successful incorporation and disper-
sion of Rh nanoparticles on and inside the partially reduced GO
sheets resulting in the synthesis of Rh@GO electrocatalysts.*>%>°

The catalytic performance of electrocatalysts is primarily
influenced by their surface composition. To investigate the
chemical makeup and surface atomic electronic structures of
the Rh@GO electrocatalysts and GO, XPS was conducted. Fig. 4
presents the XPS spectra of graphene oxide (GO). As illustrated
in Fig. 4(a), the XPS survey spectrum confirms the presence of

© 2025 The Author(s). Published by the Royal Society of Chemistry

carbon (C) and oxygen (O) as the primary elements in GO,
consistent with the EDX findings. The atomic percentages
derived from the survey spectrum indicate high oxygen content,
reflecting the substantial oxidation of graphite during GO
synthesis. The high-resolution C1s spectrum (Fig. 4(b)) reveals
three deconvoluted peaks at 284.88, 286.88, and 288.63 eV,
which correspond to C=C (sp>-hybridized carbon), C-O (epoxy/
hydroxyl groups), and C—O (carbonyl groups), respectively.
This distribution indicates the presence of various oxygenated
functional groups characteristic of GO, confirming successful
oxidation. The dominant C-O and C=O peaks highlight the
disruption of the graphitic structure and the introduction of
oxygen functionalities. Fig. 4(c) shows the O1s high-resolution
spectrum, exhibiting peaks at 532.68 and 534.95 eV, corres-
ponding to oxygen in C-O and C—O environments, respec-
tively. The relatively higher intensity of the C-O peak compared
to C—O0O suggests that hydroxyl and epoxy groups are more
prevalent in the GO structure. These features are essential for
subsequent reduction and functionalization steps, as they serve
as anchoring sites for metal ions and reducing agents.*3%6-3

Fig. 5 illustrates the XPS spectra of the Rh@GO-PY nano-
composite. In the survey spectrum (Fig. 5(a)), Rh, C, and O are
clearly observed, verifying the successful loading of Rh nano-
particles and agreeing with the EDS results. The high-
resolution Cls spectrum (Fig. 5 (b)) shows two peaks at
284.45 and 285.19 eV, assigned to sp®> C-C/C=C and C-O

Energy Adv., 2025, 4, 930-946 | 935
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of Rh@GO-SN.

bonds, respectively. Compared to GO, the absence of a signifi-
cant C=O0 peak and a shift in the C-O peak suggest partial
reduction of GO during Rh incorporation. This implies that Rh
precursors or the synthesis process itself facilitated in situ
chemical reduction, restoring some graphitic domains and
enhancing electrical conductivity. The O1s spectrum (Fig. 5(c))
contains two peaks at 532.29 and 533.78 eV, which represent C-
O and C=O0 bonds, respectively. The reduced intensity of these
peaks, compared to GO, further confirms the partial reduction of
GO during the composite formation. The Rh 3d spectrum
(Fig. 5(d)) shows two main peaks at 307.28 eV and 312.08 eV,

attributed to Rh 3ds, and Rh 3d;, levels of metallic Rh®,
respectively. The binding energy (BE = 4.9 eV) is in agreement
with literature values for elemental rhodium, confirming the
metallic state of the Rh nanoparticles. The narrow peak width
and absence of Rh®" species suggest successful reduction and
minimal oxidation of Rh during synthesis."***?~°

The XPS spectra of Rh@GO-SN are shown in Fig. 6. The
survey spectrum (Fig. 6(a)) confirms the presence of Rh, C, and
O. The C1s spectrum (Fig. 6(b)) reveals peaks at 284.47 and
285.46 eV, corresponding to C-C/C—C and C-O, respectively.
The C=O peak is not prominent, indicating more complete

E -
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Fig. 4 XPS spectra of GO: (a) survey spectrum, (b) Cls region, and (c) Ols region.
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reduction compared to GO, similar to Rh@GO-PY. In Fig. 6(c),
the O1s spectrum reveals peaks at 531.72 and 533.24 eV,
attributed to C-O and C—=O species, respectively. The peak
shifts and lower intensities imply that most oxygenated groups
have been reduced, possibly due to the reducing environment
created by SN during synthesis. The Rh 3d spectrum in Fig. 6(d)
shows BE values at 307.28 and 312.13 eV for Rh 3d5/, and 3d3),,
respectively, with a BE of 4.9 eV. This confirms the metallic
state of Rh, as observed in Rh@GO-PY, and indicates stable
binding of Rh nanoparticles in the GO matrix without
oxidation."®?%3¢-%?

The XPS spectra of Rh@GO-ST are displayed in Fig. 7. The
survey spectrum (Fig. 7(a)) confirms the presence of Rh, C, and
O. Notably, in Fig. 7(b), the C1s high-resolution spectrum
shows three distinct peaks at 284.44, 285.51, and 288.42 eV,
corresponding to C-C/C—=C, C-O, and C=O bonds, respec-
tively. The reappearance of the C=O0 peak suggests less effec-
tive reduction of GO in this synthesis, indicating that the ST
additive provided weaker reducing power or led to partial
oxidation post-synthesis. The O1s spectrum (Fig. 7(c)) shows
peaks at 532.56 and 534.60 eV, confirming the retention of
oxygen functionalities, possibly due to incomplete reduction or
re-oxidation during or after synthesis. Interestingly, the Rh 3d
spectrum in Fig. 7(d) presents slightly shifted peaks at 306.09
and 312.19 eV for Rh 3ds/, and Rh 3d;,, respectively, with a BE

© 2025 The Author(s). Published by the Royal Society of Chemistry

of 5.5 eV. The increased BE may indicate slight electronic
interactions between Rh and oxygenated groups or charge
transfer between Rh and the GO matrix. This suggests a
possible variation in the chemical environment or coordination
of Rh in Rh@GO-ST compared to other composites."*?**¢739
To estimate thermal stability and phase transformation,
thermogravimetric analysis (TGA) studies were conducted
within the temperature ranges of 30-750 °C for the GO and
Rh@GO catalysts (Rh@GO-PY, Rh@GO-ST, and Rh@GO-SN) in
an N, inert atmosphere, with the respective thermograms
presented in Fig. 8. The gradual weight loss of about 26% for
GO in the 30-180 °C range is attributed to the decomposition of
oxidative functional groups, and a rapid weight loss up to
96.94% occurs between 180-200 °C due to the oxidative decom-
position of graphene to carbon dioxide. Thus, GO is thermally
stable within the 30-180 °C range, but starts to decompose
rapidly beyond 180 °C, reaching a weight loss of 96.94% at
200 °C and up to 99.9% at the given temperature. For Rh@GO,
the weight loss was only 27%, 28%, and 39% for Rh@GO-SN,
Rh@GO-PY and Rh@GO-ST, respectively, at the given tempera-
ture. As shown in Fig. 3(b), the Rh@GO catalysts exhibited slow
thermal decomposition with minimal weight loss, likely due to
the decomposition of GO from Rh-GO, where Rh acts as a
catalyst for the decomposition at a low temperature. From dTG
analysis, thermal decomposition was found to occur in one
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Fig. 6 XPS spectra of Rn@GO-SN: (a) survey spectrum, (b) Cls region, (c) O1s region, and (d) Rh 3d region.

stage at 190 °C for GO, and in three stages at 42 °C, 150 °C, and
342 °C for Rh@GO-SN, at 79 °C, 160 °C, and 319 °C for Rh@GO-
ST, and in two stages at 280 °C and 450 °C for Rh@GO-PY. These
results indicate that the thermal stability order of Rh@GO
catalysts is RhR@GO-SN > Rh@GO-PY > Rh@GO-ST.***

3.2. Electrochemical analysis

To investigate the activity of the electrocatalysts in controlled-
potential techniques, it is crucial to examine the electronic
conductivity of the electrocatalyst and the potential drop at the
working electrode-electrolyte interface.*® The electrochemical
impedance spectroscopy (EIS) technique was used to investigate
the uncompensated resistance (R,) of the system and the charge
transfer resistance (R.) of the electrode surfaces. Fig. 9(a) repre-
sents the normalized Nyquist plots of Rh, GO, Pt/C, Rh@GO-SN,
Rh@GO-ST and Rh@GO-PY modified GC electrode surfaces in
the frequency range of 0.1 Hz to 0.1 MHz at their open circuit
potentials in 0.1 M H,SO, solution. It displays the distinct
semicircles for each modified electrode, indicating that the
uncompensated resistance (R,) is in series with the parallel
combination of constant phase element (CPE) and charge trans-
fer resistance (R.) on each electrode surface. The diameter of the
semicircles in the Nyquist plots represents the R.. of the elec-
trode surface, where a larger R, value suggests slower reaction
kinetics.*”*° The R, values of the Rh, GO, Pt/C, Rh@GO-SN,

938 | Energy Adv, 2025, 4, 930-946

Rh@GO-ST, and Rh@GO-PY modified GC electrodes were found
to be 108.04, 401.15, 20.79, 69.58, 19.34, and 17.35 Q, respec-
tively. The lowest R. value of the Rh@GO-PY modified GC
electrodes indicates that Rh@GO-PY has a higher electronic
conductivity than the other electrocatalysts.

The electrocatalytic HER performance of Rh@GO-PY,
Rh@GO-ST, Rh@GO-SN, GO, Rh and Pt/C was investigated by
using iR-drop corrected linear sweep voltammetry (LSV) in
0.5 M H,SO, solution at a scan rate of 5 mV s ', as shown in
Fig. 9(b). The LSV curves clearly showed that Rh@GO-PY exhibits
a lower overpotential value of 31 mV to attain 10 mA cm >
current density, indicating the highest electrocatalytic activity for
the HER. Whereas, Rh@GO-ST, Rh@GO-SN, Pt/C, Rh and GO
catalysts required an overpotential value of 38, 76, 59, 118 and
552 mV, respectively to achieve a current density of 10 mA cm 2.
Thus, the electrocatalytic abilities of the prepared catalysts
towards the HER followed the overall order of Rh@GO-PY >
Rh@GO-ST > Pt/C > Rh@GO-SN > Rh > GO. Based on the
aforementioned findings, the poor HER performance of GO can
be attributed to its inherent limitations in active sites and
electrical conductivity, which hinder efficient proton reduction.
The Rh@GO-PY catalyst exhibited the lowest overpotential (j =
10 mA cm~?) and superior electrocatalytic performance for the
HER, which might appear due to its high crystallinity (78.97%).
Meanwhile, the Rh@GO-SN catalyst (crystallinity = 70.27%)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrated moderate HER activity, surpassing GO due to
the presence of Rh nanoparticles that enhanced its catalytic
activity. The Rh@GO-ST catalyst displayed lower overpotential
(j = 10 mA cm %) than the Rh@GO-SN catalyst, indicating
enhanced catalytic activity that further exceeded the perfor-
mance of GO. Although, Rh@GO-ST showed slightly lower
crystallinity (69.31%) compared to Rh@GO-SN (70.27%), which
might occur due to the presence of high atomic% of Rh
nanoparticles in the Rh@GO-ST -catalyst. As evidenced,
Rh@GO-PY and Rh@GO-ST show excellent HER activity even
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100 e RN@GO-ST
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s GO
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Fig. 8 TGA of GO, Rh@GO-SN, Rhn@GO-ST and Rh@GO-PY.

© 2025 The Author(s). Published by the Royal Society of Chemistry

better than Pt/C. Despite being a noble metal, pristine rhodium
exhibits relatively low hydrogen evolution reaction (HER) activity
compared to benchmark catalysts like platinum. This is largely
due to its non-optimal hydrogen adsorption free energy (AGy-),
which impairs the balance between hydrogen adsorption and
desorption—both essential steps in HER catalysis. Rh tends to
bind hydrogen either too strongly or too weakly on different
crystallographic facets, reducing its overall catalytic efficiency.
In addition, pristine Rh lacks sufficient surface area and active
site density, further limiting its HER performance. As noted by
Sheng et al., the intrinsic activity of Rh surfaces falls short when
compared to Pt, emphasizing the need for support materials or
structural modifications to enhance its catalytic behavior.”*

To further elucidate the electrochemical performance of
the HER, Tafel analysis was conducted in the kinetic region
according to the following eqn (1):*>™*

2.303RT 2.303RT
= (2227 Y loe(y) — [ 222 ) 1og( )
n ( nF )og(/o) < po= )og(J)

(1)
where n is the overpotential, o is transfer co-efficient, j is
current density, j, is the exchange current density and others
represent their usual meanings.

A lower Tafel slope signifies that a smaller increase in over-
potential results in a substantial increase in the reaction rate,
indicating more favorable and efficient reaction kinetics. Specifically,
for the HER, a lower Tafel slope suggests that the catalyst is more
effective in promoting the formation of hydrogen gas from water,
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and (f) schematic representation of the mechanism of the HER in acidic media.

implying that the reaction proceeds more easily with less energy
input.**> Therefore, catalysts with lower Tafel slopes are considered
superior in terms of electrocatalytic activity and efficiency. Tafel plots
were constructed from the LSV curves to analyze the kinetics of the
HER on Rh@GO catalysts synthesized by different methods, as well
as Pt/C, GO and Rh as shown in Fig. 9(c). The low Tafel slope of
29.35 mV dec™ " was recorded for the Rh@GO-PY catalyst, compared
to 31.26, 41.80, 44.20, 50.79 and 104.31 mV dec™* for Rh@GO-ST, Pt/
C, Rh@GO-SN, Rh and GO, respectively. These results revealed that
the Rh@GO-PY catalyst holds the highest electrocatalytic activity for
the HER and followed the HER activity order of Rh@GO-PY >
Rh@GO-ST > Pt/C > Rh@GO-SN > Rh > GO. This result is
congruent with our earlier observation. Tafel analysis can also be
applied to evaluate the insights of the reaction mechanism and
identify the rate-determining step. To the best of our knowledge, the
process of hydrogen evolution on the surface of an electrode in an
acidic medium is mainly divided into two steps as represented in
eqn (2)-(4).>%°

First step:
Volmer reaction: H;0" + e~ + M — Hpqgs + H,O (2)
Second step:
Heyrovsky reaction: Hygs + H;0' + €~ —» H, + H,O  (3)
or,
Tafel reaction: Hqs + Hags — H, (4)

Fig. 9(f) gives a schematic representation of the mechanism
of the HER in acidic media. Typically, the predominant HER

940 | Energy Adv, 2025, 4, 930-946

mechanism of various catalysts can be identified by comparing
the Tafel slope values: the Volmer reaction is the dominant rate-
determining step when the Tafel slope is close to 118.2 mV dec ™",
whereas slope values close to 39.4 and 29.6 mV dec ' represents
that the Heyrovsky and Tafel reaction controls the rate-
determining step of the HER, respectively.’®®" The Tafel slope
value of Rh@GO-PY and Rh@GO-ST was determined to be 29.35
and 31.26 mV dec™?, indicating that both catalysts might follow
the Volmer-Tafel reaction mechanism, while the Tafel reaction
(2H,gs — H,) becomes the dominant rate-determining step of the
HER in 0.5 M H,SO, solution.®*®® In contrast, the Rh@GO-SN
(44.20 mV dec™ "), Rh (50.79 mV dec™ ) and GO (104.31 mV dec™ )
catalysts are expected to follow the Volmer-Heyrovsky reaction
mechanism, while the Heyrovsky reaction (Hygs + H;O" +€~ — H,
+H,0) for Rh@GO-SN and the Volmer reaction (H;0' +e~ + M —
Hags + H,0) for GO becomes the main rate-determining step.>*%

For constant proton activity, constant molecular hydrogen
fugacity, and constant temperature, the electrocatalytic activity
heavily depends on the composition and surface structure of the
electrode. This activity is typically examined by the exchange
current density (ji,), which is proportional to the reaction rate.**
The exchange current density represents the anodic or cathodic
current density flowing under dynamic equilibrium conditions.
The exchange current density reflects the intrinsic activity of the
electrocatalyst. A high exchange current density generally
indicates excellent catalytic activity.®* ®® Fig. 9(d) shows the Tafel
lines extrapolated to (7 = 0) of the Rh@GO-PY, Rh@GO-ST,
Rh@GO-SN, Pt/C, Rh and GO-modified GC electrodes. At the
point of zero overpotential, the value of log(|jecsal) is equal
to log(jo). It was observed that the Rh@GO-PY catalyst has the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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highest exchange current density value of 0.699 mA cm™> com-
pared to Rh@GO-ST (0.396 mA cm™2), Pt/C (0.349 mA cm ?),
Rh@GO-SN (0.259 mA cm ?), Rh (0.015 mA cm ?), and GO
(7.36028 x 10> mA cm ?). This result is congruent with our
earlier observation.

The electrochemical double-layer capacitance (Cg4;) is com-
monly employed to estimate the electrochemically active sur-
face area (ECSA) of catalyst materials, with higher Cy; values
typically indicating a larger ECSA. However, it is important to
recognize that a material’s catalytic performance is influenced
not solely by its ECSA but also by its intrinsic activity, which
encompasses factors such as electronic structure, surface
chemistry, and the nature of active sites. Consequently, some
materials may exhibit exceptional catalytic activity despite
possessing a relatively low Cg. This phenomenon can be
attributed to several factors, such as intrinsic activity of the
active sites, surface chemistry and functional groups, pore
structure and accessibility, etc. The Cy; is influenced by factors
beyond surface area, including the dielectric properties of the
interface and ion adsorption characteristics. Variations in these
properties can lead to discrepancies between Cq and actual
catalytic activity.®®®” Fig. 9(e) presents the linear relationship
between the capacitive current and scan rate (v), which reflects
the Cgqj, acting as an indicator for ECSA. The capacitive current
values were obtained from the CV non-faradaic curves of the
catalysts, as shown in Fig. S3 of ESL.f The Cq4 of different
catalysts follows the order Rh@GO-ST (72.52 mF cm ?) >
Rh@GO-SN (33.00 mF cm %) > Rh@GO-PY (31.79 mF cm?)
> GO (2.95 mF cm ) > Rh (0.50 mF cm ?). The observed
variations in the hydrogen evolution reaction (HER) activity and
electrochemical double-layer capacitance (Cq;) of Rh@GO-PY
with respect to Rh@GO-ST and Rh@GO-SN can be attributed to
differences in their synthesis methods, which influence the
structural and electronic properties of the resulting composites.
Pyrolysis involves high-temperature treatment that can lead to
the formation of well-crystallized rhodium nanoparticles with
strong interactions with the graphene oxide (GO) support. This
process may enhance the electronic coupling between Rh and
GO, optimizing the electronic structure of the composite and
thereby improving intrinsic catalytic activity. Despite a poten-
tially lower Cy), indicating a smaller electrochemically active
surface area (ECSA), the superior intrinsic activity of the active
sites can result in enhanced overall HER performance of
Rh@GO-PY as compared to Rh@GO-ST and Rh@GO-SN. This
suggests that the quality and electronic properties of the active
sites can outweigh the effects of surface area in determining
catalytic efficiency. Hydrothermal synthesis typically yields mate-
rials with higher Cq4 values due to the formation of nanostruc-
tures with increased surface area. However, the interaction
between Rh nanoparticles and the GO support in this method
may be weaker compared to pyrolysis, potentially leading to less
optimal electronic properties and intrinsic activity. Therefore,
even with a higher ECSA of Rh@GO-ST, the HER activity might
not match that of Rh@GO-PY if the active sites are less cataly-
tically efficient. Sonication-assisted synthesis can facilitate the
dispersion of Rh nanoparticles on the GO sheets, potentially

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increasing the surface area and Cq of Rh@GO-SN. However,
similar to the hydrothermal method, the electronic interactions
and the nature of the active sites may not be as favorable as those
achieved through pyrolysis. Consequently, the intrinsic activity
of the catalyst may be lower, resulting in HER performance that
does not scale directly with the increased Cg;. Similarly, pristine
rhodium, despite having a lower Cy), can exhibit higher HER
activity than GO due to its inherently superior catalytic proper-
ties. Rhodium possesses favorable hydrogen adsorption energy,
facilitating efficient HER processes. In contrast, GO itself is not
catalytically active for the HER, but serves as a support material
that can enhance the dispersion and utilization of metal nano-
particles. Therefore, the catalytic activity of Rh is intrinsically
higher than that of GO, regardless of surface area and Cg
considerations. Overall, while a higher Cq often correlates with
increased surface area and potentially more active sites, the
intrinsic activity of these sites, governed by factors such as
electronic structure and metal-support interactions, plays a
crucial role in determining overall HER performance. Thus,
synthesis methods that optimize these intrinsic properties can
produce catalysts with superior activity, even if their Cy is
comparatively lower."*%®

The comparative study of Rh@GO catalysts synthesized via
sonication, solvothermal, and pyrolysis methods, alongside
pristine graphene oxide (GO), offers valuable insights into
how synthesis methods can tailor catalyst performance for
the hydrogen evolution reaction (HER). The results highlight
that the choice of synthesis method significantly influences the
electrochemical properties and catalytic activity of the catalysts.
Among the methods investigated, the pyrolysis method yields
the highest HER activity, followed by solvothermal synthesis
and sonication. This trend suggests that high-temperature
treatment during pyrolysis promotes the formation of well-
defined Rh nanoparticles on the GO support, thereby enhan-
cing catalytic performance. The solvothermal method also
enhances catalyst morphology and surface area compared to
sonication, contributing to improved HER Kkinetics, albeit falling
short of the catalytic activity achieved by the pyrolysis method.
Pristine GO serves as a reference material with minimal HER
activity due to its limited active sites and electrical conductivity.
Incorporating Rh nanoparticles via different synthesis methods
effectively mitigates these shortcomings, enhancing the catalytic
performance of GO-based catalysts. These findings underscore
the importance of optimizing synthesis conditions to design
efficient electrocatalysts for the HER. The demonstrated effec-
tiveness of the Rh@GO catalysts, particularly those synthesized
via solvothermal and pyrolysis methods holds promise for
various renewable energy applications such as water electrolysis
and hydrogen fuel cells.®*”” Table S2 in the ESIf presents a
comparison of the HER performances of Rh@GO-PY, Rh@GO-
ST and Rh@GO-SN with some previously reported Rh-based
electrocatalysts at 10 mA cm™ 2 current density in 0.5 M H,SO.

Electrocatalysts used in practical applications like water
electrolyzers are exposed to continuous redox cycling and harsh
potential conditions. Therefore, assessing both short-term
stability and long-term durability under constant potential is

Energy Adv., 2025, 4, 930-946 | 941
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Fig. 10 Stability and durability tests of the Rh@GO electrocatalysts (Rh@GO-PY, Rh@GO-ST and Rh@GO-SN) in 0.5 M H,SO, solution by using a
chronoamperometric (CA) i—t curve: (a)-(c) durability tests at varying potentials (—0.30, —0.35, —0.40 or —0.45 V vs. SCE, and finally returning to —0.30 V
vs. SCE), (d)-(f) 30-hour stability tests, and (g)—(i) LSV curves before and after durability and stability tests at a scan rate of 5 mV s™%.

critical to ensure sustained performance without significant
degradation. The chronoamperometric (CA) i~ curve technique
was used to check the stability and durability of the catalysts.
The durability of Rh@GO electrocatalysts (Rh@GO-PY, Rh@
GO-ST and Rh@GO-SN) was evaluated through exposure to vary-
ing potentials of —0.30, —0.35, —0.40 or —0.45 V vs. SCE, and
finally returning to —0.30 V vs. SCE, as shown in Fig. 10(a)—(c).
Despite undergoing 1-h intervals at each step, only minimal
fluctuations in current density were observed. Significantly, upon
returning the potential to its starting value, the current density
promptly returned to its starting point, indicating a notable
degree of reversibility. Fig. 10(d)—(f) presents the stability evalua-
tion of the Rh@GO electrocatalysts (Rh@GO-PY, Rh@GO-ST and
Rh@GO-SN) for a time duration of 30 h each. During this period,
the catalysts maintained a stable current density with minimal
fluctuations, demonstrating their strong electro-catalytic durabil-
ity. Rh@GO-PY has superior stability as compared to Rh@GO-ST
and Rh@GO-SN.

Fig. 10(g)-(i) presents HER polarization curves (iR-corrected)
for three Rh@GO electrocatalysts (Rh@GO-PY, Rh@GO-ST, and
Rh@GO-SN) before and after stability testing, plotted as current

942 | Energy Adv, 2025, 4, 930-946

density (jgcsa) versus potential (E — iR, vs. RHE). These
measurements are used to assess the electrocatalytic perfor-
mance retention after prolonged electrochemical operation.
It is observed that in the case of Rh@GO-PY (Fig. 10(g)), the
polarization curve after stability testing shows minimal devia-
tion from the initial curves. However, the change is modest,
suggesting good electrochemical durability. In the case of
Rh@GO-ST (Fig. 10(h)), the curves before and after stability
testing are nearly overlapping, indicating excellent retention of
HER activity. This suggests that Rh@GO-ST remains electro-
chemically stable, with minimal degradation under extended
operation. Rh@GO-SN (Fig. 10(i)) also shows minimal deviation
between the initial and after activity curves. The negligible
shift further confirms high durability and stable catalytic
performance.

4. Conclusion

Based on the findings, it is evident that the synthesis method
plays a vital role in dictating the HER performance of Rh@GO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalysts. Among all variants, the pyrolysis-derived Rh@GO
catalyst exhibits the most superior HER activity, as demon-
strated by its lowest overpotential, smallest Tafel slope, and
minimal charge transfer resistance, indicating enhanced pro-
ton reduction kinetics and improved electron transport.
The solvothermal-synthesized Rh@GO also performs well, clo-
sely following the pyrolyzed sample; whereas the sonication-
based Rh@GO shows comparatively inferior HER activity due
to less efficient Rh dispersion and weaker interaction with GO.
In comparison, pristine Rh nanoparticles exhibit moderate
catalytic activity but suffer from nanoparticle agglomeration
and limited surface area. Graphene oxide (GO) alone shows very
poor HER activity due to its inherently low conductivity and
lack of active sites. The pyrolysis and solvothermal Rh@GO
composites emerge as cost-effective, stable, and active alter-
natives to Pt/C, with enhanced catalytic performance than Pt/C
resulting from improved Rh dispersion, strong Rh-GO inter-
action, and conductive support, underscoring their potential in
scalable hydrogen production systems.
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