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The synergistic effects between carbon supports and noble metal species of an electrocatalyst are known to
effectively boost the alkaline hydrogen evolution reaction (HER). Herein, Atomic Layer Deposition (ALD) was
employed to decorate carbon papers with Pd species comprising single atoms (SAs) and nanoparticles (NPs).
Transmission electron microscopy analysis revealed the metallic nature and coexistence of Pd as SAs and NPs.
The results of X-ray photoelectron spectroscopy supported the evidenced SA species, manifested as the Pd*2. An
increase in the electrochemical active surface area from 12.98 to 413.48 cm™2 was evidenced with increasing

ALD cycles from 30 to 300c Pd and remained unchanged until 600c Pd. The exceptional overpotential for CP
600c Pd exhibits the lowest value of 4.55 mV, compared to previous reports for Pd electrocatalysts in a non-
acidic environment, and confirms the synergistic effect of Pd SAs and NPs that plays a major role in

enhancing alkaline HER.

1. Introduction

Hydrogen is a clean and renewable energy carrier that can be pro-
duced by electrochemical water splitting [1]. Among the catalysts
studied for hydrogen evolution reaction (HER), platinum (Pt) has
emerged as a standard due to its unique activity for HER [2,3], combined
with low overpotentials [4-7] and very low Pt loading [8], in addition to
other catalysts such as Ru [9-12], Ir [13], and Rh [14]. However, one of
the problems that arise from the utilization of Pt as well as the other
mentioned catalysts is their high cost and scarcity, which limit the large-
scale application. In addition, the slower kinetics of Pt in alkaline
electrolytes of approximately 3 times lower than that in acidic medium
[4,15], triggered the search for substitution with similar or better per-
formance for HER purposes. The focus on hydrogen production in an
alkaline medium was more in demand because corrosion issues arise
from the use of an acidic environment during the long term HER process
[16]. Therefore, the development of alternative catalyst is needed that
can perform excellent in alkaline media.

To address these challenges, palladium (Pd) emerges as a promising
alternative to Pt showing good catalytic activity and long-term chemical

* Corresponding author.
E-mail address: jan.macak@upce.cz (J.M. Macak).

https://doi.org/10.1016/j.cej.2024.148959

stability during HER [17,18], especially in alkaline media [19]. One
strategy to achieve this is to combine Pd single atoms (SAs) and nano-
particles (NPs) on suitable supports, which can create synergistic effects
between the two types of Pd species and enhance the catalytic perfor-
mance of Pd. A study [20] demonstrates the synergistic activity by
anchoring the Pd species on carbon self-doped graphitic carbon nitride
(CCNy). The mechanism reveals that the synergy of the Pd species as
electron trapping sites significantly lowers the energy barrier of H*
activation. On the other hand, Pd can form alloys and hydrides with
other metals to enhance its activity and stability for HER [21,22]. Pre-
vious studies [23] demonstrate a significant low overpotential for Pd
NPs of approximately 80 mV at a current density of 100 mA cm 2 related
to the porous Pd nanoparticle assemblies. In some other cases such as
Pd-Cu-H [24] that show high catalytic performance and attributes this to
the better H* adsorption and activation on the Pd surface. Moreover,
Zheng et al. [25] reported that with increasing the size of Pd nano-
particles from 3 to 19 nm, higher HER exchange currents were obtained
in both acidic and alkaline medium due to the decreasing trend of sur-
face defects with increase in NPs size.. Furthermore, the proximity of
active species on a support introduces the intriguing concept of the
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hydrogen spillover effect [26,27], wherein H* species can diffuse from
donor to acceptor sites, potentially enhancing the catalytic activity. This
phenomenon becomes pivotal when considering the cooperative syn-
ergy between single atoms (SAs) and nanoparticles (NPs) in catalysis.
Recent research [28-30] has illuminated the possibility of integrating
SAs and NPs on the same support, creating a platform for novel catalytic
interactions. This synergy holds the potential to catalyze reactions that
may be challenging for either SAs or NPs alone.

Carbon-based materials [31,32] are widely used as supports for
electrocatalysts, as they are low cost, have high stability and good
electrical conductivity. Among them, carbon papers (CPs) have a high
porosity and surface area [33], which can facilitate catalyst distribution,
the mass transport of reactants and products during HER, good electrical
conductivity known to enhance the charge transfer, and mechanical
stability to support durability of catalysts for practical long term HER
applications. Therefore, CPs are a promising substrate for electro-
catalysis. In addition, CP can be easily treated with an acidic solution to
introduce functional groups such as carboxylic acid, hydroxyl, and
carbonyl on the surface of carbon substrates [34,35], which can increase
their wettability and improved affinity with metal precursors during
deposition process. The degree of acid treatment can affect the hydro-
philicity of carbon substrates, as well as their mechanical, thermal, and
electrochemical properties.

Our study aims to explore the synergistic interplay between Pd single
atoms and nanoparticles on a suitable support for enhanced HER per-
formance. We employed acid-treated CPs as substrates for the deposition
of Pd species using Atomic Layer Deposition (ALD) [36], resulting in the
simultaneous presence of Pd species as both single atoms (SAs) and
nanoparticles (NPs). Furthermore, along the manuscript, Pd SAs and NPs
are collectively referred to Pd species. Different number of ALD cycles
(Narp) comprising of 30, 45, 60, 75, 150, 300, 450 and 600 were applied
to exploit the presence of Pd species and related activity for alkaline
HER. High-angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) images evaluation confirmed the coexistence
of Pd species as SAs and NPs on CPs starting from Najp = 75c¢ Pd. The
electrochemical measurements showed low overpotential values of 4.55
mV vs reversible hydrogen electrode (RHE) along with low charge
transfer resistance (R) of 0.65 Q at 20 mV of applied potential for the
CP 600c Pd sample. To evaluate the HER activity of the catalysts, the
electrochemical surface area (ECSA) and the number of available active
sites were assessed. Long-term stability tests employing a staircase
chronopotentiometry at different current densities show excellent sta-
bility of CPs decorated with Pd nanoparticles for duration of 15 h in
comparison to Pt developed by similar ALD route [12]. Accelerated
degradations tests at high scan rate in a limited potential window further
confirmed the excellent durability of the developed CP-600c Pd sample.

2. Experimental
2.1. Electrode preparation/treatment

Commercial carbon papers (CP) were treated with a 1:3 mixture of
HNO3 and HySO4 for 15 min under sonication at 60 °C. The acid treat-
ment is known to enhance the hydrophilic nature of the carbon sub-
strates [12,37]. Subsequently, the CPs were thoroughly rinsed with
distilled H2O several times. The resulting CPs were employed in ALD for
Pd deposition.

2.2. Atomic Layer deposition of Pd

Pd species were deposited onto treated CPs using a TFS 200 ALD
reactor. Palladium(I)hexafluoroacetylacetonate Pd(CsHFgO3)2 and
formalin were used as the precursor and co-reactant. The Pd precursor
was heated to 65 °C and the deposition process temperature was 200 °C.
The ALD cycle was defined by a sequence of Pd pulse (2 s), N, purge (30
s), formalin pulse (1 s), and N5 purge (30 s). A preliminary step of 250 ms
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of Pd precursor with a 30 s N, purge and 1 s formalin with a 30 s purge
for 20 cycles was applied to lower the Pd precursor consumption. This is
because in early stages of the ALD process, the volatility of the Pd pre-
cursor is significantly higher, which can lead to issues related to excess
Pd precursor wastage and control. By distributing the initial pulses in
this manner, we achieve better control over precursor consumption,
ensuring that the reactor is always with saturated with provided pulse
duration. Thus, the total number of ALD cycles were calculated taking
into consideration of initial 20 cycles (20 + x cycles = Total number of
cycles). Different “number of Pd ALD cycles (Narp)” were performed on
CPs with: Nayp = 30, 45, 60, 75, 150, 300, 450, and 600 cycles.

2.3. Characterization methods

Pd deposited CPs were characterized using Scanning Electron Mi-
croscopy (SEM, FEI Verios 460L) and compared to the Blank CP. High-
resolution Transmission Electron Microscope (HRTEM, Titan Themis
60-300, Thermo Fisher Scientific,) operated at 300 kV was also
employed. HRTEM is equipped with a Cs image aberration corrector,
high-angle annular dark field scanning transmission detector (HAADF-
STEM), and Super-X energy dispersive X-ray (EDX) spectrometer with
four 30 mm? windowless detectors for STEM-EDX analysis to evaluate
the elemental composition and the morphology of the deposited Pd. The
crystallinity was assessed using X-ray diffraction XRD Rigaku Smartlab
3 kW diffractometer equipped with Cu-Kal radiation source (A =
1.54060 A), using 40 kV and 30 mA as beam energy source. The patterns
were collected in the 20 range (10 — 90°) and at a scanning rate of 0.01
°/step with a speed of 4 °/min. To verify the surface chemical compo-
sition before and after electrochemical measurements, X-ray photo-
electron spectroscopy (XPS) analysis was performed using Kratos
Analytical Axis Supra instrument, with Al-Ka monochromatic X-ray
source (hv = 1486.69 eV). The acquired spectra were further fitted using
CasaXPS software and referenced to the sp? species in C 1 s signal at
284.0 eV, in order to perform the binding energy scale correction. Pd 3d
spectra were fitted with asymmetric Lorentzian function LA (0.95, 2,
150) for metallic state (Pdo) and mixed Gaussian-Lorentzian functions
GL (30) for Pd oxides and Pd plasmon loss. Inductively coupled plasma -
optical emission spectroscopy (ICP-OES) analyses were performed using
(Thermo-Fischer iCAP 7400) axial mode, RF power 1150 W, 340.458,
324.270, and 363.470 nm after dissolving the CP@Pd in a solution of 1:3
mixture of HCl and HNOj3 in a microwave reactor (Multiwave 5000 —
Anton-Parr).

2.4. Electrochemical analysis

Electrochemical measurements were performed using the Autolab
VIONIC potentiostat supported by INTELLO software, where 1 M KOH
was used as the electrolyte. A calibrated Ag/AgCl (3 M KCl = 0.210 V
versus RHE) used as a reference electrode, graphite rod was used as a
counter electrode and CPs with and without Pd were used as a working
electrode. Linear sweep voltammetry (LSV) was performed at a scan rate
of 2mV s~ !, where the Tafel slopes are plotted after 100 % iR correction.
Electrochemical Impedance Spectroscopy (EIS) measurements were
evaluated at 20 mV overpotential using 10 mV as an AC perturbation
potential, within a frequency range of 102 to 10° Hz. Copper under-
potential deposition method was used to estimate the electrochemical
surface area (ECSA) at a scanning rate of 10 mV s Land compared for all
samples. Stability measurements were performed by 15 h long chrono-
potentiometry. Stability measurements were also performed by accel-
erated degradation test by subjecting the catalyst to 2500 repetitions of
cyclic potential sweeps in the potential range of + 50 mV at a higher
scanning rate of 50 mV s 1, in comparison to activity measurements of 2
mV s . All the potentials presented are given versus RHE unless
otherwise stated.
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3. Results and discussion
3.1. Morphological and chemical characterization

Figure S1 shows SEM images of CP blank and ALD decorated CPs
with Pd species. For reference, images of CP decorated with Pt nano-
particles are shown as well. The CPs decorated with Pd species by
different Narp from O to 600c Pd are presented. Samples with Najp = 75,
150, and 300 (Fig. S1 b-d) exhibit sparse and scattered Pd NPs on the
surface of CPs. However, for Naip > 450 and 600 (Fig. Sle,f), the
coverage of Pd NPs becomes more evident, in terms of size and distri-
bution. During the ALD process for noble metals, the initial nucleation
stage is followed by atom aggregation, leading to the formation of
atomic clusters, which subsequently develop into nanoparticles
[12,38,39]. However, the utilization of acid-treated carbon substrates

HAADF (Gaussian blur)

S

DF4 Gau§sian blur)

75¢c Pd 45¢c Pd 30c Pd

75c Pd AE

Fig. 1. HAADF-STEM images (left column) and Dark field (DF4) (right column)
images for 30, 45, and 75c Pd (before and after electrochemical measure-
ments (AE)).
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offers several advantages, including the provision of additional active
sites for Pd precursor adsorption and facilitating enhanced Pd nucle-
ation and growth [40]. A nucleation delay can be noted during the ALD
process with the Pd precursor employed, which is in line with reported
observations due to difficulty in removal of re-adsorbed Pd precursor
ligands (hexafluoroacetylacetonate) on the support [41]. Fig. S1 g,h
provides morphological overview of ALD decorated CP 50c Pt. Noip of
50c was chosen for Pt, taking into consideration of previous reports
[12,42]. The ALD of Pt on CPs shows an excellent coverage.

More in-depth information about the Pd species on CPs was obtained
by HRTEM studies, where the elemental composition and indexing of
crystalline lattice of Pd NPs were collected. Fig. 1 shows the high-angle
annular dark-field imaging (HAADF) and dark field (DF4) images,
providing further information about the presence of Pd species. The CP
30c Pd sample showed no traces of nanoparticles, but only single atoms
(SAs) that were marked by red circles in the relevant images. Increasing
the Naip to 45c cycles showed a mixture of SAs and SA clusters (marked
by a red square, while no nanoparticles (NPs) were observed. When the
Narp increased to 75 cycles, the presence of NPs was observed in addi-
tion to SAs and SA clusters. The presence of SAs in addition to NPs on CP
150, 300, and 600c Pd was also approved by TEM in Fig. S2a-c with
further XPS analysis provided later.

Fig. S3a-i shows the elemental distribution by combining HAADF-
STEM imaging and STEM-EDX for the CP 600c Pd sample, providing
elemental mapping for C-K, O-K, Pd-L, and ovelapped C + O + Pd maps,
respectively. From the mapping, a significant reduction in oxygen dis-
tribution at Pd NPs location suggesting dominance of metallic nature
from ALD depositied Pd. This was further confirmed by the STEM-EDX
line scan that was conducted to take advantage of isolated Pd NP on
CP as shown in Fig. S3e. Fig. S3f provides details of the graphical weight
percentages along the analysed line scan (Fig. S3e) for C, O and Pd. The
trend of O line when compared with Pd line were inversly related
providing a cross confirmation of metallic nature of the ALD deposited
Pd. HAADF-STEM imaging from Fig. 1 revealed the presence of SA for
lower NALD sample (CP 30c Pd), clusters (CP 45c Pd) and NPs staring
from 75c¢ Pd, which is in accordance to the ALD noble metal deposition
profile, as suggested before. The distribution density of individual spe-
cies of Pd increases with increase in NALD. As shown in Fig. S4, the NPs
sizes exhibit a gradual growth with increasing the ALD cycles, showing
average sizes of 0.7, 1.3, 7.1, 8.1 nm size for 75¢, 150c, 300c, and 600c
Pd, respectively. The Fast Fourier Transformation (FFT) pattern ob-
tained from a single Pd NP (Fig. 3g-i) reveals distinct diffractions rep-
resented by marked spots. These diffractions correspond to cubic
structure and to (311), (002) and (11 1) planes with d-spacings of 0.12,
0.19, and 0.23 nm, respectively, which is inline with XRD analysis.

The crystal structure and phase composition of the CPs modified with
Pd species were investigated by X-ray diffraction (XRD). Fig. S5 shows
the XRD patterns of the CPs decorated with Pd using different Na;p. The
Pd peaks are barely visible for Ny p = 75 (indicating a low Pd loading on
the surface) and become more evident from Narp > 150, suggesting
crystalline nature and a higher Pd loading with increased Naip. How-
ever, some of the Pd peaks are partially overlapped by the CP substrate
peaks evidenced at higher Narp (300 to 600 cycles), especially around
44.59°. The ALD Pd has a cubic crystal structure with diffraction peaks
matching well with the standard reference pattern (PDF 01-087-0641).
The characteristic Pd peaks at 20 = 39.39, 45.8, 66.7, and 80.4° corre-
spond to the (111), (200), (220), and (311) lattice planes, respec-
tively. The diffraction peaks intensity for Pd increases with increasing
the ALD cycles with lower half width of full maxima indicating a gradual
increase in the crystallite size from 5.03 to 5.61 nm for CP 300c Pd to CP
600c Pd respectively (Equation (S1), Table (S1) in supplementary
information).

XPS analysis for CP 600c Pd was carried out to gain more insight
about the surface chemical composition. Fig. 2a shows the wide-scan
XPS survey spectrum revealing the presence of C, O, and Pd elements,
where the C peak was used to correct the binding energy scale of the
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Fig. 2. XPS spectra of CP 600c Pd sample: a) wide survey spectra; b) and c) high-resolution spectra for C 1 s and Pd 3d, respectively.

spectra. The minor peak observed for F arise from the fact of the re-
adsorbed Pd precursor fragments (containing F species) on the sub-
strate as explained before. On the other hand, Pd 3d two sublevels
shown in Fig. 2¢ exhibits a significant amount of Pd in metallic form, as
shown in the red fitted curves at 335 and 340.3 eV. Here, the peak en-
ergy splitting for Pd 3d spin-orbit doublets appears to be around 5.26
eV, similar values to those reported in the literature [43,44]. The
shoulder peaks fitted in blue curves and located around 336.4 and 341.6
eV were denoted as Pd?" and they correspond to the bonding with
surface active O linked species, such as (C-OH and O-C = O) in the
286-289 eV range originated as a result of CP pretreatments resulting in
SAs [45,46] and also a minor amount from O that forms PdO as a result
of sample exposure to air, in-line with previous reports [44]. The olive
peaks correspond to Pd** species centered at 338.2 and 343.4 eV. The
reported PdO binding energy for CP 600c Pd was around 336.4 eV, close
to the values reported for the surface oxides in the literature [47-50]. It
is important to note that the bulk oxides typically exhibit lower binding
energies. This is supported by the presence of Pd single atoms detected
by TEM, which contributes to the presence of shoulder Pd peak
[45,51,52] (represented as Pd*"). Table S2 provides a quantitative
assessment for the deconvoluted high resolution spectra of Pd peak,
confirming atomic percentages of 79.8 and 13.5 for Pd® and Pd*?
components, respectively.

3.2. HER activity of CP@Pd

During the H2O dissociation on the surface of Pd, OH™ and H* are
formed as intermediates, where the H* will participate in the production
of Hy. Polarization experiments were conducted to investigate the per-
formance of CPs decorated with Pd species for HER activity. The LSV
analysis was performed in 1 M KOH solution with additional iR
correction as shown in Fig. 3a. The LSV curves show excellent HER ac-
tivity, with a blank CP sample shown as a reference. It is important to
assess the overpotential for each electrode required to reach a cathodic
current density of 10 mA cm ™2 The data in Fig. 3a shows that the
presence of only SAs as a catalyst on the lowest Narp (30c Pd) results in
much higher overpotential of 313.6 mV. As the SA density increases, SA
clusters start to form, as shown in Fig. 1 for 45¢ Pd, leading to lower
overpotentials. A substantial decrease in overpotential values was ob-
tained for 75c¢ Pd ALD, leading to as low overpotential as 28.8 mV, a
much lower value than the commercial Pd/C and Pt/C reported with a
value of 175 and 72 mV [53]. Increasing the Pd loading quantity to 450
and 600c ALD shows a gain in overpotentials recording 5 and 4.55 mV,
respectively. The observed overpotentials are much lower than the
values reported in the literature [23,24]. This indicates that the treated
CPs with ALD decorated Pd species have supported to facilitate faster
electron transfer and HoO reduction.
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Tafel analysis was used as a parameter to elucidate the reaction
mechanism and kinetics of the HER taking place at Pd species surface.
This can provide a clear understanding of the Pd species behavior, and
the mechanism involved within the HER. According to previous findings
[54-56], Tafel slope for Pd NPs can range from 40 to 130 mV dec™l. In
the present case, the CP@Pd species including NPs, such as Naip 75c,
150c, 300c, 450c, and 600c, have Tafel slopes of 99, 59, 49, 47, and 49
mV dec™! respectively, as shown in Fig. 3b indicating that the reaction
kinetics follow Volmer-Heyrovsky mechanism. However, the lower Pd
loaded CPs with SAs showed substantial increase in Tafel slope value
recording 265, 197, and 226 mV dec™! for 30, 45, and 60c Pd, respec-
tively. The improved kinetics of Pd species on CP increased with
increasing Narp up to 300c Pd, while higher Na;p (300, 450, and 600)
showed very similar Tafel slopes. The Np of Pd deposition influenced
the Pd species density, which played a critical role for alkaline HER
performance. According to our understanding, the optimal density of Pd
species for HER performance was observed with Naip 300c and stabi-
lizes with further increase until 600c Pd. However, the Tafel slope ob-
tained from Na;p 300 to 600c Pd, is comparable to some of the best
reported values for Pd-based electrocatalysts [53]. For a comparative
purpose, Tafel slope values for CP 50c Pt overlayed in Fig. 3b showing a
value of 50.14 mV dec ™!, which is close to those recorded for the higher
palladium loading of 450 and 600c Pd.

The initial HyO dissociation has been widely considered as bottle
neck problem for alkaline HER. A previous study [57] provides valuable
insights into this process through comprehensive investigations, utiliz-
ing both Density Functional Theory (DFT) calculations and Extended X-
ray Absorption Fine Structure (EXAFS) measurements. These analyses
elucidate the role of Pd nanoparticles (NPs) as active centers in facili-
tating HyO dissociation, leading to the generation of key reactive spe-
cies, active Hydrogen atoms (H*) and hydroxyl groups (OH ). Our study
builds upon these findings by investigating the impact of NPs in the
context of our experimental framework. We observed a pronounced
correlation between the presence and concentration of NPs and the
enhancement of H,O dissociation. The increased footprint of NPs in the

samples of CP@Pd with the rise in Nayp concentration suggests a rela-
tion with improved H,O dissociation, resulting in the enhanced gener-
ation of reactive H* species. Our findings support and further
demonstrate the significance of NPs in the HoO dissociation process
during the alkaline HER. By integrating the results from reference [56]
with our own experimental observations, we aim to provide a more
complete understanding of this critical reaction mechanism.

The generated H* on the Pd NPs surface are expected to spillover
onto the available SAs of Pd, where the Volmer-Heyrovsky mechanism
(explained in the Supplementary Information) occurs. Recently, the
unprecedented activity for HER was demonstrated by SA of Pd [46] in
comparison to SA of Pt and Au, when employed as cocatalysts on TiOy
photocatalyst. This enhanced activity of Pd SA was mainly due to more
prominent charge localization according to DFT analysis [46]. Similarly,
in the current context, the adsorbed H* on Pd SAs active sites reacts with
the neighboring H>O molecule, such that the proton from the HyO
molecule combines with the adsorbed H* to form Hydrogen molecule
(H2). This overall synergistic effect between the Pd NPs and SAs repre-
sent the enhanced HER performance of the CP@Pd, the main highlight
of this work.

Charge transfer analysis was carried out by employing EIS and is
presented in Fig. 3c. Fitting the experimental EIS data was performed
using a simple equivalent circuit model, consisting of only five elements.
The circuit fits the experimental data well, as evidenced by the excellent
agreement between the experimental data and the fitted data for all CPs
decorated with Pd species. The fitting results illustrate the values of Ry,
R2/Q1, and Rg/Q2 indicating that the electrical properties of the CP
substrate and the Pd species on CP in relation to the Nayp. The values
obtained from the fitting (Table S3) showed that the resistance (Rs) of
the samples ranged from 2 to 3.19 Q used for iR correction. The first
parallel component (Rp/Q;) illustrates the charge transfer kinetics of the
carbon substrate, with resistance values varies from 0.57 to 1.69 Q.
While the second component (Rs/Q3) illustrates the charge transfer
resistance at the interface of catalytically active Pd species. The R
decreased significantly from 178.28 to 0.65 Q with increasing Nayp from
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30 to 600c Pd. The decrease in R with increase in Narp, confirms
improvement on the electrical properties and thus the HER activity of
CP@Pd. The observed increase in capacitance can be related to increase
in the amount of adsorbed H* on the Pd surface [58]. The CP 50c Pt
sample was used to perform a comparative assessment of HER under the
same conditions. Fig. 3d provides a comprehensive view of the activity
profiles of the respective electrodes, as depicted by the comparative bar
plot of overpotentials and Tafel slopes. Pt displays an overpotential of
6.8 mV, which falls within the range of overpotential values observed for
CP 300c and CP 450c Pd.

3.3. Number of active sites and their role in performance enhancement

For supported catalysts such as SA, NPs or thin films on flat or high
surface area supports, the calculated electrochemical surface area
(ECSA) used to determine the active catalyst surface area. One of the
common methods to evaluate the ECSA of Pd noble metal electro-
catalysts is to use the reduction peak of the oxide layer formed on the
metal surface [59]. However, this method need to be carefully consid-
ered basing on the available Pd facets and potential range chosen in the
CV scan to oxidize and reduce the Pd species available on the surface
[60].

An alternative method that can overcome these drawbacks is to use
under potential electrodeposition of Cu with a further stripping of
deposited monolayer of Cu. Therefore, the ECSA for CP Pd electrodes
was determined by integrating the Cu stripping peak, as shown in
Fig. S6(a-f). The initial choice of the applied potential was evaluated by
performing a series of LSV initiating from different potentials as shown
in Fig. S6a, where 0.31 V was used for Cu monolayer deposition. There
is a large distinction of bulk Cu deposition and monolayer Cu deposition
with applied initial potential for LSV. This potential for monolayer
deposition was adopted for the rest of the CP samples decorated with Pd.
As shown in Fig. 4a, ECSA increased gradually from 12.98 to 413.48 cm?
as the Njjp increased from 30c to 300c. Further increase in the Narp
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from 300 to 600c shows approximately close ECSA values of 413.48,
395.63, and 411.98 cm? respectively, which agrees with the over-
potentials recorded from LSVs. The increase of ECSA values with
increasing Napp can be attributed to the higher active surface area of Pd
species exposed to the electrolyte [61-63]. Furthermore, the number of
active sites (N) shown in Fig. 4b increases from 1.72 x 10%° t0 5.47 x
107 by increasing the Najp from 30 to 300c Pd, and with further in-
crease in Nppp, the number of active sites remains relatively stable with
values of 5.47 x 1017, 5.23 x 1017, and 5.45 x 10" for 300, 450, and
600c Pd respectively, which is proportional with ECSA obtained values.
Therefore, the saturation of the available active sites starts to occur at
Naip = 300c.

To gain deeper insight about the intrinsic activity of Pd species, the
turnover frequency (TOF) was quantified as a pivotal marker of intrinsic
catalytic performance [64]. TOF measures the efficiency of a catalyst
active site for a specific reaction [65]. While our study has emphasized
the ECSA values and the quantification of active sites within the Pd
species, it is crucial to examine the TOF values, as depicted in Fig. 4c.
Our analysis reveals that the TOF values for Pd species fall within the
range of 0.15 to 0.22 Hy s~! at 30 mV, however, by applying Naip < 45¢
Pd, TOF value start to decline. This suggest that apart from having only
SAs as a catalyst, as observed in 30 and 45c Pd, all the samples share
similar HER reaction strategy and only the increase in the number of
active sites directly influences the low overpotentials observed with LSV
measurements. It is worth noting that our determination of ECSA
through copper monolayer deposition involve both single atoms (SAs)
and nanoparticles (NPs) present as a catalyst. This is a critical point of
consideration in our TOF calculations. ICP-OES analysis was carried out
for all samples that include NPs to determine the Pd metal loadings. The
estimated weight percent (wt. %) of Pd as shown Fig. S7 follow a linear
increase of 1.61, 4.4, 9.87, 12.82, and 15.88 for CP 75, 150, 300, 450
and 600c Pd, respectively. However, the activities found for the CP@Pd
samples are mostly correlated with the number of active sites, rather
than the loading mass, due to the fact that all the loading mass will not
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participate in the HER catalytic activity. It is possible to have confusion
when relating the improved overpotentials with the decrease in SAs as
Narp increases. Due to agglomeration, the increase in NPs size as
depicted in Fig. S4 lowers the probability of SAs presence as the NPs are
consuming larger area of the CP surface. However, NPs exhibit a
stronger interaction with water molecules than SAs as described [57].
Thus, the increase in the NPs quantity in the higher Pd-loaded CPs
resulting in producing more hydrogen atoms, compensating for the drop
in Pd single atoms.

3.4. Stability evaluation by staircase chronopotentiometric and
accelerated degradation tests

How well an electrocatalyst works in practice depends largely on
how long it can maintain stable activity over the time. To further
investigate the stability of CP 600c Pd, chronopotentiometric measure-
ments for CP 600c Pd were assessed for 15 h with steps of different
current densities, as shown in Fig. 5a. The overpotentials remained
stable during the initial 12 h at an applied current density of 10 mA
cm 2. Stepping the current density to 20, 50, and 10 mA cm~2 and
maintained for 1 h did not hamper the overpotential with change in
current densities. In fact, a slight gain of 3 mV was observed during the
final 1 h stability measurement employing 10 mA cm™~2. For comparison,
50c Pt ALD coated CP stability measurement was carried out under the
same conditions. A 10 mV rise in overpotentials were observed during
the initial 12 h measurement at 10 mA cm™2. Further changing the
current densities to 20, 50, and 10 mA cm 2 displayed an average of 5, 2,
and 6 mV higher overpotential respectively, when compared with Pd.

(a)o

Chemical Engineering Journal 482 (2024) 148959

LSV was performed for CP 600c Pd before and after the long-term
stability test, as shown in Fig. 5b. The overpotential increased from
8.27 mV to 15.2 mV after the stability test, while the overpotential of CP
50c Pt increased from 6.8 mV to 17.6 mV, as shown in Fig. 5c. This is
around 6.9 mV change for CP 600c Pd, compared to 10.8 mV for CP 50c
Pt overpotential change, suggesting that CP@Pd retain more activity
after the stability test. Part of the recorded change could be correlated to
the loss of some fragments of the electrode due to Hy bubbles generated
on the surface. TEM (Fig. S8) and XPS (Fig. S9 and Table S2) analyses,
carried out after the stability measurement, did not show any significant
change in the morphology and oxidation state of the samples. This is a
promising result, as it suggests that the Pd species are stable and resis-
tant to degradation under the test conditions. HR-TEM imaging and FFT
pattern analysis in Fig. S10a,b showed that the Pd nanoparticles had a
matching cubic crystalline structure with the (311), (002) and (111)
planes with d-spacings of 0.12, 0.19, and 0.23 nm respectively, after
stability measurements.

Additionally, the stability of the electrodes was evaluated in dynamic
conditions, where electrode was subjected to repeated CV at higher scan
rate [66]. An accelerated degradation test was performed for the CP
600c Pd sample for 2500 cycles in a potential range of + 50 mV and a
scanning rate of 50 mV s~ 1. The electrode displayed excellent stability,
with 1 mV gain in the overpotential between the polarization curves
collected before and after test, as observed in Fig. 5d. A comparative
summary of the relative overpotentials and Tafel slopes achieved in this
work are listed in Table S4, along with results from other studies. The
low values recorded for CP 450 and 600c Pd suggest excellent HER
performance by highlighting the importance of using treated CPs and
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ALD technique to obtain Pd species comprising of SA and NPs having
unique synergistic activity and excellent stability for the alkaline HER.

4. Conclusion

ALD was employed to decorate Pd species on activated CPs. The
coexistence of both SAs and NPs plays the major role in improving the
HER activity in the alkaline medium. The NPs play a crucial role in HoO
dissociation and the HER process proceeds in the presence of SAs. The
combination of these parameters with an increased number of active
sites by increasing Napp, ushered to an efficient and highly active
catalyst with overpotentials of 4.55 mV. The overpotentials were com-
parable to CP@Pt catalyst prepared in similar fashion. However, the
presence of only SAs on the lower Pd loaded CPs show poor HER activity.
Moreover, the developed CP@Pd catalyst showed excellent stability for
prolonged duration with no significant loss in activity, as confirmed by
various characterization techniques (XRD, XPS, HRTEM). Overall, this
work highlights the synergistic effect of SAs and NPs of Pd on a con-
ducting support as highly efficient and stable electrocatalysts for alka-
line HER.
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