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Abstract: The electrocatalytic performance of palladium nanoparticles (PANPs) supported on rough graphite for the
hydrogen evolution reaction (HER) was investigated. Chronopotentiometric deposition resulted in a homogeneous
distribution of PANPs across the substrate surface. Electrochemical analysis of electrodes with varying Pd loadings
demonstrated that HER proceeds via the Volmer-Heyrovsky mechanism, with a loading of 43 pg/cm’ achieving notable
catalytic performance. Impedance spectroscopy revealed that the experimental data are accurately described by a
two-time-constant parallel equivalent circuit model. At this optimal loading, mass transfer resistance was markedly
reduced, particularly at high overpotentials. Under these conditions, charge transfer resistance became the dominant
factor influencing HER activity, highlighting the importance of loading-dependent kinetics in optimizing catalytic
performance.
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1. Introduction

In the expansive domain of sustainable energy generation, hydrogen has emerged as a crucial chemical energy
storage medium, particularly with regard to its application in fuel cells [1, 2]. This versatile element demonstrates
significant potential to supplant fossil fuels, facilitating energy production that yields only heat and water vapor as
byproducts, thereby substantially mitigating greenhouse gas emissions [3, 4]. The prominence of hydrogen in this
context is primarily attributed to its high energy density, zero-emission profile, and abundant reserves, positioning it as a
cleaner and more sustainable alternative to conventional energy sources [5-7].

Among different energy storage and conversion technologies, the electrochemical splitting of water using the
electricity produced from renewable energy sources such as solar and wind power enables hydrogen production
without carbon footprint [8, 9]. Realizing the potential of hydrogen as a sustainable energy carrier requires surmounting
substantial hurdles in its production, particularly in the realm of renewable energy-driven electrochemical water
electrolysis. A critical challenge in this pursuit is the considerable energy expenditure associated with the water splitting
process [10, 11].

The hydrogen evolution reaction and oxygen evolution reaction, which constitute the two half-reactions of water
electrolysis, are kinetically inhibited, resulting in slow product formation [12]. This kinetic limitation necessitates the
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application of a significant overpotential to facilitate faster electron transfer and overcome the high activation energy
barrier associated with the formation of reaction intermediates on the electrode surface [13]. The activation energy
represents a kinetic constraint that must be surpassed to initiate and sustain the electrochemical reactions. Consequently,
the efficiency of this crucial chemical process is intrinsically linked to the magnitude of the required overpotential. In
light of this relationship, catalysts play a pivotal role in optimizing the water splitting reaction by minimizing the energy
input necessary for hydrogen production and accelerating the overall reaction kinetics [14, 15].

Noble metal-based nanomaterials have demonstrated superior electrocatalytic performance for the hydrogen
evolution reaction due to their optimal hydrogen binding energy, excellent stability, and tunable electronic properties
[16, 17]. However, the scarcity of these materials in nature and their consequent high cost present substantial
economic challenges [18, 19]. This makes decreasing their usage in order to achieve cost-effective hydrogen
production necessary and has led to supported nanoparticle catalysts with low loading while still preserving the
electrocatalytic properties [20, 21].

Among noble metals, platinum (Pt) stands out as the most effective catalyst for the electrochemical production
of hydrogen, exhibiting near-zero overpotential [22]. However, its scarcity as a natural resource poses significant
challenges for widespread application [23]. In the quest for alternative catalysts, palladium has emerged as a promising
substitute for Pt. Pd shares many similarities with Pt in terms of its catalytic properties, demonstrating remarkable
capabilities in hydrogen evolution reactions [24].

Carbon-based materials, including carbon black, graphene, carbon nanotubes, and nanofibers, are frequently
employed as substrates in electrocatalysis due to their excellent stability and conductivity [25-28]. The graphitic skeleton
of these materials exhibits high electrical conductivity, which facilitates efficient charge transfer from the support to the
catalyst surface [29]. Furthermore, surface studies have elucidated that the structural and electronic properties of these
carbon supports significantly influence the spatial distribution and stability of metal species [5].

This study investigates the electrocatalytic properties of palladium nanoparticles deposited on rough graphite
substrates, examining the impact of varying palladium loadings. The inherent surface roughness and structural defects
of the graphite substrate are hypothesized to promote extensive dispersion of PANPs across diverse morphological sites,
facilitating a uniform distribution of the catalytic material [30]. This heterogeneous surface topology is expected to
provide a multitude of anchoring sites for the PANPs, potentially enhancing catalyst stability by mitigating nanoparticle
agglomeration and detachment [31].

The electrocatalytic performance of these PANP-modified graphite substrates is analyzed by combining microscopic
and electrochemical direct current (DC) and alternating current (AC) techniques. Scanning electron microscopy (SEM)
is utilized to examine the texture of the electrode substrates, with a particular focus on the localization and morphology
of the deposited palladium. The catalytic performance for the HER is evaluated using linear sweep voltammetry in
0.5 M H,SO,, assessing the promotion of higher hydrogen formation rates at equivalent applied potentials. Further
insights into the kinetic processes and their relationship with electrocatalysis are gained through Tafel analysis and
electrochemical impedance spectroscopy (EIS). The EIS technique is well-suited for distinguishing electrochemical
processes with different time constants, enabling detailed investigation of both charge-transfer kinetics at the electrode
interface and mass transport phenomena involving electroactive species [32, 33]. Conducting impedance analysis as a
function of palladium loading offers a promising approach to catalyst characterization. This methodology facilitates a
deeper understanding of how variations in catalyst composition influence the underlying kinetic mechanisms at different
overpotentials. By systematically relating palladium content to electrochemical performance, this strategy can provide
useful insights for optimizing catalyst utilization and improving the efficiency of hydrogen evolution.

2. Experimental
2.1 Preparation of palladium decorated graphite electrodes

Palladium decorated graphite electrodes (Pd/C) were prepared using PdCl, (Merck, Germany) with the
concentration 9.4 x 10” mol/l in an acidic solution with 0.14 mol/l HCl (Merck, Germany).

Before the deposition of Pd, the graphite substrates (Phywe, Germany) were treated in an ultrasonic bath of acetone
for 5 minutes. The electrodeposition was performed chronopotentiostatically for 15, 30, 60, 90, 120, 210 and 360 s onto
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the graphite substrates applying a constant current of -1 mA. This resulted in Pd coverages ranging from 5 to 122 pg/cm’. To
minimize hydrogen evolution during deposition, the applied potential was consistently kept above 0.1 V vs. reversible
hydrogen electrode (RHE) [34]. Following the electrodeposition, the electrodes were gently rinsed with deionized water
and allowed to dry under ambient conditions.

2.2 Electrochemical characterization methods

All the electrochemical measurements were carried out using a PalmSens4 (PalmSens, Netherlands) at room
temperature and a three electrode electrochemical system. The counter electrode was a graphite plate as opposed to a
conventional Pt electrode to avoid any Pt leaching in the acidic medium during the hydrogen evolution. An Ag/AgCl
electrode in 3 M KCI was used as a reference electrode.

Linear sweep voltammetry (LSV) was performed in a 0.5 M H,SO, electrolyte with a scan rate of 5 mV/s in the
potential range from 0.01 V to -0.29 V vs. RHE. Prior to recording the polarization curves, cyclovoltamogramms (CV)
were taken (50 mV/s) until a stable current voltage curve over the potential range was obtained. The polarization curves
were calibrated according to RHE using the equation Egye = Exgage +0.207 V 4 0.059 V - pH. The 0.5 M sulfuric acid
had a pH value of 0.48.

Electrochemical impedance spectroscopy was performed within a frequency range from 50 kHz to 0.02 Hz to
cover at least partially various kinetic processes with corresponding time constants in the range of 3.2 x 10° s to 8 s. A
sinusoidal AC voltage of 0.01 V was applied. The linearity of the measurements was tested with an AC signal of 5 x 10° V
giving identical results. For selected electrodes DC potentials ranging from -10 to -65 mV vs. RHE were applied. The
EIS data were taken varying the DC voltage from low to high overpotentials to ensure that the small current signals at
low overpotentials were not disturbed by excessively adherent hydrogen bubbles formed due to the previously applied
higher voltages. The real and imaginary parts of the EIS were normalized with respect to the geometric surface of the
electrodes. The recorded impedance data were analyzed using the Zview circuit fitting software.

3. Results and discussion
3.1 Surface characterization

The morphology and structure of the nanoparticles and anchoring sites on the graphite substrate can provide
significant influence on the catalytic HER performance [35]. The deposition characteristics of the palladium particles
were studied using SEM for different prepared electrodes.

The mass m,, of the deposited Pd is calculated according to Faradays law under consideration of 2 electrons needed
for the reduction of Pd”". The metal loadings for the varying electrodes divided by the geometric area that was immersed
in the palladium solution during the deposition process are listed in Table 1. Figure 1 depicts SEM micrographs
taken from two electrodes with differing loadings to get insight into the deposition and growth process of the metal
nanostructures.

Table 1. Kinetic parameters of the Pd loaded electrodes in 0.5 M H,SO,

Pd loading (ug/cm?) 5 11 20 31 43 73 122
E 1o maren? (MV) -251 -171 -137 -123 -97 -84 -70
Tafel slope (mV/dec) -146 -115 -90 -79 -69 -63 -53

The SEM micrographs (Figure la, b) reveal a uniform distribution of PANPs across the entire graphite substrate.
Figure la highlights the surface structure of the polycrystalline graphite, showcasing a rough nanoscale topography
with a diverse array of features. These include flat, terrace-like regions alongside depressions and clefts, creating a
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heterogeneous landscape that provides a variety of anchoring sites with distinct electronic properties. Despite this
structural complexity, the even dispersion of PANPs suggests that palladium growth seeds do not exhibit a preference
for specific sites, enabling the formation of predominantly isolated nanoparticles. As shown in Figure 1b, analysis of the
SEM image indicates that the individual particles reach a maximum size of approximately 90 nm at low Pd loading.

Figure 1. SEM micrographs of electrodeposited Pd nanoparticles on graphite: (a) Pd loading mp, = 21 pg/cm’, (c) Pd loading m,, = 119 pg/cm’; (b), (d)
higher magnifications of (a) and (c)

In substrates with higher Pd loadings (Figure 1c), the nanoparticles remain well-distributed. Enlarged sections
(Figure 1d) reveal primarily single particles, some as large as 520 nm, alongside occasional agglomerates formed by
multiple nanoparticles merging. This combination of isolated particles and clusters indicates that increased deposition
leads to both individual nanoparticle growth and localized aggregation.

The palladium nanoparticles display a rough surface texture, likely featuring multicrystalline facets that could favor
hydrogen evolution reaction catalysis. Larger particles exhibiting pronounced polycrystallinity have been associated
with an increased density of active sites characterized by lower hydrogen bonding energy [36]. These surface properties
are particularly advantageous for palladium, which is known to lie on the strong hydrogen adsorption side of the
volcano plot [37]. A reduction in the prevalence of high-strength Pd-H binding sites can improve hydrogen desorption
kinetics, thereby enhancing catalytic performance. The nanoparticle morphologies observed in this study may therefore
confer significant benefits for efficient hydrogen generation.

3.2 Catalytic HER performance

The electrocatalytic performance of palladium-decorated electrodes with varying metal loadings was evaluated
through polarization curves, as illustrated in Figure 2a. These curves were corrected for solution resistance to accurately
reflect the intrinsic activity of the electrode materials. The solution resistance, estimated at 0.8 Q-cm’, was determined
by measuring the high-frequency resistance (HFR) of a platinum plate under identical cell configurations [38]. This
correction methodology ensures that the conductivity properties of the graphite substrates are not compensated, allowing
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the electrocatalysis measurements to represent the electrode material’s activity [39].
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Figure 2. (a) Polarization curves of the palladium loaded electrodes (5, 11, 20, 31, 43, 73, 122 pg/cm® Pd); (b) overpotential at -10 mA/cm” as a
function of the Pd loading; (c) Tafel plots of the various electrodes

Analysis of the polarization curves reveals a clear trend of enhanced electrocatalytic activity correlating with
increased palladium loading across all decorated electrodes. To quantitatively assess this relationship, the overpotentials
required to achieve a current density of -10 mA/cm” were determined for each electrode composition. These values,
which reflect the performance of the hydrogen evolution catalysts, are summarized in Table 1.

The investigated electrodes show a good capability to promote hydrogen evolution with rising Pd content.
Already a very small Pd amount of 5 pg/cm’ reduces the overpotential by 169 mV compared to bare graphite
which is essentially not HER catalytic. The highest Pd loaded graphite electrode needs only an overpotential of -70
mV for a current density of -10 mA/cm’. This activity is comparable to a commercial 20 wt% Pd/C electrode with an
overpotential of approximately -76 mV [40].

The overpotential to drive a current of -10 mA/cm’ was observed to be strongly dependent on the amount of
deposited palladium (Figure 2b). Already small amounts of Pd effect a significant reduction in the overpotential.
However, this effect gradually flattens so that an increase in Pd from 73 to 122 pg/cm’ results only in an overpotential
reduction of 10 mV while an increase from 5 to 11 pg/cm’ yield a reduction in overpotential of 80 mV. The notably
smaller increase in Pd HER activity can be attributed to the formation of larger nanoparticles as the palladium loading
increases. As evident from SEM micrographs, these larger particles exhibit a reduced surface area relative to their
loading, in contrast to smaller nanoparticles. Furthermore, the tendency of nanoparticles to agglomerate limits the
expansion of accessible surface area. As a result, the catalytic activity begins to flatten despite higher palladium
loadings.

The analysis of Tafel plots with the logarithmic dependence of the current density i as a function of the
overpotential £ vs. RHE (Figure 2¢) allows to gain insight into the kinetics and mechanism of HER. In acidic media,
the formation of molecular hydrogen is a two-step process involving in the first step the discharge of the hydronium ion
(H,0") under the formation of a surface adsorbed hydrogen atom H,, (Volmer step).

H,0"+e - H,+H,0

The formation of the hydrogen molecule can either proceed according to an electrochemical desorption reaction
(Heyrovsky step).

H,+H,0"+¢ - H,+H,0
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or by recombination of two adsorbed hydrogen atoms (Tafel step).
H,+H, —>H,

The Tafel slope derived in a linear current density dependent overpotential region implies which mechanism is
rate-determining. If the Volmer reaction is the rate-determining step of the hydrogen evolution, the Tafel slope should
be about -120 mV/dec, while a rate determining Tafel or Heyrovsky mechanism should result in slopes of about -30 and
-40 mV/dec, respectively [41, 42].

The Pd/C electrode with the highest loading (122 pg/cm’) exhibits in the linear low overpotential region a Tafel
slope of -53 mV/dec. This value is in the same range as the commercial 20 wt% Pd/C with -34 mV/dec [40]. The Tafel
slope values indicate that the hydrogen evolution proceeds via the Volmer-Heyrovsky mechanism. This is characterized
by a primary discharge step, followed by a slow electrochemical desorption reaction as the rate-determining step. In
the high overpotential regime with current densities above -10 mA/cm’ the Tafel slopes increase due to the potential-
dependent reaction rates of individual HER steps [43]. Due to the increased surface coverage of adsorbed hydrogen
atoms at higher potentials, the Volmer discharge step is becoming rate-determining for the hydrogen formation [44].

The electrocatalytic performance of the PANP-activated electrodes for the hydrogen evolution reaction aligns with
previously reported results for various PANP-decorated substrates. Notably, a study utilizing Pd nanoparticles on carbon
black (CB) substrates demonstrated pronounced HER activity, achieving -53 mV at -10 mA/cm’ with a Tafel slope of
-48.8 mV/dec for a 20.9 wt% Pd loading [45]. This superior performance was attributed to the hierarchical porosity of
carbon black, which combines micro-, meso-, and macropores. Such a structure enhances nanoparticle dispersion and
facilitates electrolyte penetration while reducing ion-transport resistance [46, 47].

The rough graphite substrate in this study exhibits an inhomogeneous surface morphology with diverse structural
elements, akin to the hierarchical porosity of carbon black substrates. This unique topography provides numerous
favorable Pd anchoring sites, ensuring highly accessible catalytically active areas. Similar to the benefits observed in
carbon black, this configuration is believed to significantly contribute to the observed high HER activity by optimizing
the electrode-clectrolyte interface for efficient catalysis.

The identification of electrochemical desorption as the rate-determining step in hydrogen evolution aligns also
with observations from composite systems such as Pd nanoparticles supported on MoS,/CB (0.14 mg Pd/cm”) which
displayed a Tafel slope of -57 mV/dec and an overpotential of -78 mV at -10 mA/cm’. Similarly, Pd/graphitic carbon
nitride electrodes demonstrated values of -105 mV and -68 mV/dec [48]. These performance metrics, analogous to
our findings, validate the efficacy of our catalyst design. The consistency across diverse support materials underscores
the intrinsic catalytic properties of Pd nanoparticles for HER, highlighting their versatility in various electrocatalytic
environments.

3.3 EIS studies

A deeper insight in HER kinetic processes can be obtained by electrochemical impedance spectroscopy. The
impedance measurements were carried out with four electrodes with differing Pd loadings in the overpotential regime
-10 mV to -65 mV vs. RHE.

Figure 3a-d show the Nyquist plots of electrodes loaded with 20, 43, 73 and 122 pg/cm’ Pd at selected
overpotentials.
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Figure 3. T;Iyquist plots at various overpotentials obtained for the Pd/C electrocatalysts with the Pd loadings (a) 20 pg/em’, (b) 43 pg/em’, (c) 73 pg/eny?, (d)
122 pg/em

In the investigated overpotential range, the complex plane plots of the nanoparticle-decorated substrates exhibit two
overlapping semicircles at high and low frequencies, both slightly depressed towards the real axis. In electrochemical
impedance spectroscopy, each semicircle typically corresponds to a distinct electrochemical process: the high-frequency
semicircle is usually associated with charge transfer kinetics at the electrode-electrolyte interface, while the low-
frequency semicircle often reflects slower processes such as hydrogen adsorption or mass transport limitations on
the electrode surface [49, 50]. The relatively small size of the semicircles in the present measurements indicates low
resistances for both charge and mass transfer, suggesting efficient electrode kinetics and minimal hindrance to these
processes. This is a desirable feature, as it reflects the high catalytic activity and good accessibility of active sites on the
Pd-decorated electrodes.

The dependence of the size of the semicircles with the cathodic overpotential further supports their kinetic
origin [49, 51]. The clear separation between the semicircles—spanning approximately two orders of magnitude in
timescale—allows these processes to be well resolved in the impedance spectra.

For the electrode with a Pd loading of 20 pg/cm’, a pronounced broadening and expansion of the low-frequency
semicircle is observed. This effect indicates a distribution of relaxation times, which can be attributed to the high degree
of surface heterogeneity, resulting in diverse hydrogen adsorption sites. Consequently, the impedance response at low
frequencies extends over a wider range, leading to a flattened appearance of the curve in this region [52].

The shape of the EIS has been proposed to hint at possible tendencies in the electrocatalytic behavior of HER-
active electrodes [53]. For high-activity Pt and Pd catalysts, two semicircles in the EIS, associated with distinct time
constants and dependent on overpotential, may suggest a correlation with hydrogen binding energy near an optimal
range for HER activity [54, 55].

The determination of the kinetic parameters from the EIS technique is performed by the fit of the experimental
data to a model described by the two-time constant parallel equivalent circuit (Figure 4) [56, 32]. This model predicts
the formation of two capacitive semicircles in the Nyquist plot which are related to the two time constants. Due to the
deviation from ideal capacitive behavior which is manifested in the depressed shape of the capacitive response the
constant phase elements CPE, and CPE, were introduced.
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The impedance of the CPE is described by Equation 1

1
A 1
0wy v
where Q is the capacitance parameter in F-s"'-cm”, j the imaginary unity, » the angular frequency in rad/s and n < 1
dimensionless constant defining the deviation from ideal capacitive behavior with n = 1 [33]. The CPE accounts for
electrode roughness and heterogeneity which produces a certain frequency dispersion leading to a flattening of the
semicircle [57, 58]. By use of the constant phase elements sufficiently modelling of the impedimetric data is possible.

In Figure 4 the resistance R, represents the electrolyte resistance measured between the working and reference
electrode and is described by the intercept of the Nyquist plot with the real axis at the highest frequencies [33]. R, and
CPE, are related to the reaction charge transfer kinetics, and R, and CPE, to mass transfer kinetics [55]. R, is the charge
transfer resistance across the electrode/electrolyte interface, and CPE, is a constant phase element related to the double
layer capacitance formed at the electrode/electrolyte interface. R, is a pseudo resistance and CPE, a constant phase
element related to a pseudo capacitance [49].

Ry CPE,
| } > >
R, CPE,
> >
R,

Figure 4. Equivalent electrical circuit with two parallel time constants used to model the EIS response of the HER

Figure 3a-d show that the equivalent circuit models properly the impedance response, manifesting a good
agreement between experimental data (represented as symbols) and the fit. This indicates that the proposed model is
suitable for the system under study.

The values for the electrochemical double-layer capacitance (Cy) (Table 2) were determined from the equation
proposed by Brug and collaborators that relates some of the parameters that make up the equivalent circuit of Figure 4
[59].

Cue| | 0 (o) 8
S 1

The values of the pseudocapacitance C, were calculated from fit parameters of the equivalent circuit (Figure 4)
using the modified Equation 2 according to [55].

1
I

c =0 [(RS +R)" +R2’1J e 3)

Table 2 lists fitted EIS parameters and calculated capacitances Cy and C, obtained for the various decorated
electrodes.
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Table 2. Parameters obtained from the fitted impedance responses of Pd loaded graphite electrodes in 0.5 M H,SO,

Pd loading (ug/cm?  E vs. RHE (mV) R, (Q cm?) R, (Q cm’) R, (Q cm®) C, (mF/cm®) G, (mF/cm’)

-10 2.69 222 38.2 0.54 20.9

-25 2.69 21.8 239 0.53 27.6
20

-45 2.69 20.5 8.92 0.50 433

-65 2.68 19.9 4.27 0.47 78.0

-10 2.73 8.96 25.7 0.62 69.0

-25 2.69 8.86 9.72 0.61 82.6
43

-45 2.71 7.81 3.19 0.57 98.5

-65 2.68 6.84 1.59 0.54 116

-10 2.73 6.27 229 0.98 168

-25 2.71 6.26 7.02 0.96 161
73

-45 2.70 6.11 2.62 0.89 152

-65 2.69 5.96 1.59 0.83 137

-10 2.72 3.62 12.1 1.15 394

-25 2.69 3.59 4.09 1.09 336
122

-45 2.71 3.49 1.80 1.03 286

-65 2.70 3.54 1.16 0.95 233

Table 2 indicates that both the double layer capacitance and the fitted charge transfer resistance decrease with
increasing cathodic overpotential. This behavior, observed in the high-frequency semicircle of the impedance spectra,
reflects the rapid charge transfer kinetics of the hydrogen evolution reaction. Here, C, represents the capacitance
at the electrode-electrolyte interface, while R, corresponds to the resistance associated with HER charge transfer.
Additionally, the coupled R,-C, behavior varies with cathodic overpotential and is accompanied by a reduction in the
low-frequency semicircle. This response is attributed to hydrogen adsorption on the electrode surface, confirming that
the low-frequency semicircle is linked to the pseudo-capacitance and resistance associated with the hydrogen adsorption
phenomenon [60, 61].

As shown in Table 2, a common trend across all electrodes is the decrease in Cy values with increasing HER
overpotential. This can be attributed to a reduction in available active surface area due to hydrogen gas bubble formation
at higher overpotentials, which blocks active sites and limits electrolyte access [62]. Conversely, changes in Cy with Pd
loading are attributed to an increase in active surface area, enhancing the catalytic performance.

Figure 5a illustrates the inverse relationship between charge transfer resistance and overpotential for various Pd
loadings. A notable 10% reduction is observed when increasing the overpotential from -10 mV to -65 mV (20 pg/cm’).
This phenomenon stems from the enhanced driving force for the HER at higher cathodic biases, facilitating faster charge
transfer kinetics and consequently accelerating the HER rate. The improved electron transfer capability manifests as a
decrease in charge transfer resistance, coinciding with the contraction of the high-frequency semicircle in the Nyquist
plot [63].
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The impact of Pd loading on R, is considerably more pronounced. At -65 mV overpotential, R, diminishes by
approximately 82% when increasing the catalyst amount from 20 to 122 pg/cm’. This substantial reduction, coupled
with an expansion of the catalytically active surface area, indicates that Pd efficiently catalyzes the HER by promoting
electron transfer to protons from the electrolyte [64]. Notably, a 65% decrease in R, is achieved by increasing the
loading from 20 to 43 pg/cm’ (-65 mV). However, subsequent additions of Pd yield smaller returns. This observed
behaviour can be attributed to the formation of larger nanoparticles and the onset of cluster aggregation at higher
loadings potentially reducing the number of active sites available for catalysis relative to the total amount of Pd present.
These structural modifications could explain why the enhancement in electrocatalytic performance does not directly
correspond to the increment in Pd quantity.

Figure 5b illustrates a more rapid decrease in mass transfer resistance R, compared to R, as overpotential
increases. Specifically, when the overpotential changes from -10 to -65 mV, R, experiences a substantial reduction of
approximately 89% (20 pg/cm’) or 90% (122 pg/cm’), respectively. However, a flattening trend becomes apparent,
indicating that further increases in overpotential yield progressively smaller decrements in R,, an effect that becomes
more pronounced with higher Pd content. This phenomenon is also evident in the complex plane plot, where the low-
frequency (LF) semicircle diminishes less and less in size with increasing overpotential.

The observed behavior can be attributed to a strong increase in surface coverage whereby in case of a constant
surface coverage which is no more changing with overpotential the second semicircle may ultimately vanish [55]. This
substantial rise in hydrogen coverage results in mass transport becoming less of a limiting factor for kinetics, while
the electron transfer process increasingly dominates the impedance response at elevated overpotentials. This shift
in dominance aligns with the observation of an increasingly rate-determining Volmer step at elevated overvoltages,
suggesting that charge transfer kinetics become the primary governing factor of catalytic performance under these
conditions. Consequently, a small charge transfer resistance facilitates enhanced catalytic activity towards hydrogen
evolution. This finding is corroborated by electrochemical impedance spectroscopy studies on Pd-containing
nanoparticle composite catalysts, which indicate that minimal charge transfer resistance promotes superior catalytic
performance [63].

The impact of increasing palladium loading on electrochemical performance exhibits a nuanced relationship with
overpotential. At the lowest overpotential, augmenting Pd content demonstrates the most pronounced effect, indicating
that further increases in Pd loading still have the potential to enhance mass transfer kinetics. However, this relationship
changes at higher overpotentials, where a Pd loading of 43 pg/cm’ yields a mass transfer resistance (R,) that remains
relatively constant despite additional increases in Pd content.

The experimental results indicate that for elevated overpotentials, a Pd loading of approximately 43 pg/cm’
is optimal, as it results in a low charge transfer resistance while mass transfer resistance (-65 mV) remains largely
unchanged with further increases in loading. Additional palladium beyond this level does not significantly enhance
either parameter, indicating that both charge transfer and mass transfer limitations are effectively addressed at
43 pg/em’,

Corroborating evidence for this conclusion is provided by DC voltage investigations which demonstrate that the
hydrogen evolution reaction is efficiently catalyzed when Pd loadings fall within this range.
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This synergy between mass transfer optimization and charge transfer enhancement at a specific Pd loading suggests
that such an optimized loading can lead to improved catalytic performance without necessitating excessive use of the
precious metal, thereby potentially increasing both the efficiency and cost-effectiveness of Pd-based HER catalysts.

4. Conclusion

Graphite electrodes decorated with palladium nanoparticles were fabricated via constant current deposition onto
pristine substrates. The hydrogen evolution reaction was efficiently catalyzed from a loading level of 43 pg/cm’. Beyond
this threshold further increases in Pd content tended to have a diminishing effect on the catalytic efficiency.

Kinetic analyses corroborated the excellent electrocatalytic activity, evidenced by a Tafel slope of approximately
-53 mV/dec. EIS analysis revealed that at -65 mV overpotential, mass transfer limitations diminished, while charge
transfer resistance became increasingly dominant as Pd content rose. Both resistive components exhibited their most
pronounced decrease as the loading approached the critical value. These findings collectively demonstrate that even
small quantities of Pd enable efficient HER electrocatalysis, with optimal performance achieved at moderate loadings.
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