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Modified PAd—HPMo@GNP as a highly effective
electro-/nanocatalyst for the hydrogen evolution
reaction and 4-nitrophenol reductiont

Selvaraj Iniyan,® Aathilingam Vijayaprabhakaran,?® Christy Sebastian® and
Murugavel Kathiresan (2 *3°

In light of current energy conversion paradigms, this study discusses the urgent need for the effective organic
pollution reduction and sustainable hydrogen production. The aim of this work is to fabricate precise
nanocatalysts and to investigate water electrolysis with the objective of enhancing the kinetics of the hydrogen
evolution process (HER). This work examines Pd and phosphomolybdic acid (HPMo) as modified electrocatalysts
after they were immobilized on graphene nanosheets using a two-step wet chemical procedure. The resulting
Pd—HPMo@GNP nanocomposite exhibited excellent catalytic performance, as validated through various analyti-
cal technigues. According to electrochemical investigation, Pd—HPMo@GNP performed better in the HER than
the benchmark HER catalyst Pt/C, which is commercially available. It displayed a low overpotential of 94 mV vs.
RHE (at 10 mA cm™2 current density); a low Tafel slope of 90 mV dec™?, indicating fast electron transfer kinetics;
robust stability during prolonged chronoamperometric studies for 24 h; and high turnover frequency (TOF) value
of 1397 x 10~* s7% indicating the existence of more active sites for the generation of H, molecules in the
acidic electrolytic medium (0.5 M H,SO,). Further, the synthesized Pd—-HPMo and Pd—HPMo@GNP nanocom-
posites were efficient towards catalytic 4-nitrophenol reduction in a water medium in the presence of NaBH,,
ie.,, 50 mL of 0.43 mM 4-nitrophenol was reduced to 4-aminophenol in 2 minutes and 7 minutes, respec-
tively, thus showcasing their potential in environmental applications. In general, this work advances the
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Introduction

Fossil fuels with a carbon base, such as coal, petroleum, and
their byproducts, are not renewable and account for the majority
of the world’s energy sources. Unfortunately, the widespread
usage of these conventional fossil fuels leads to the disruption of
Earth’s biological and meteorological balance.'™ Furthermore, it
poisons water resources, thereby harming human productivity
and raising alarming health concerns worldwide. For example,
organic wastewater containing 4-nitrophenol (4-NP) poses
several significant issues, such as prolonged pollution, massive
release, severe damage, high toxicity, and very challenging
treatment.>® Catalytic hydrogenation is the most environmen-
tally friendly, efficient, and practicable method of converting
4-nitrophenol (4-NP) to 4-aminophenol (4-AP) compared to other
approaches. The reaction generally takes place in water in the
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development of sustainable catalysts for hydrogen generation and pollutant remediation.

presence of a nanocatalyst and a hydrogen source, such as
NaBH,, which is seen as a more environmentally friendly way
for this reduction process. Finding a sustainable and eco-
friendly energy source is therefore imperative to lessen our
dependence’ on fossil fuels and for the reduction of toxic
organic compounds. Among the various options, molecular
hydrogen (H,) has emerged as a highly effective alternative
energy carrier because it avoids organic compound reduction
and exhibits significant energy content.*'° Currently, several
methods exist for hydrogen generation, including photoelectro-
chemical (PEC) water splitting, steam reforming of hydrocar-
bons, aqueous electrolysis, and metal hydride hydrolysis."*
However, each of these approaches has inherent limitations:
(1) PEC water splitting efficiency depends on the intensity of
sunlight; (2) metal hydride hydrolysis generates substantial heat;
(3) steam reforming of hydrocarbons releases significant carbon
emissions. Alternatively, water electrolysis is an attractive option
for environmentally conscious hydrogen generation.'*** Thus,
responsible and sustainable hydrogen production from renew-
able energy sources is critically important and has significant
implications for electrochemical energy conversion systems.
Nonetheless, the practical implementation of large-scale water

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-1208-5879
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma00256c&domain=pdf&date_stamp=2024-08-10
https://doi.org/10.1039/d4ma00256c
https://doi.org/10.1039/d4ma00256c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00256c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005017

Open Access Article. Published on 29 July 2024. Downloaded on 1/11/2026 7:07:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

electrolyzers is challenging due to the thermodynamic and
kinetic constraints intrinsic to the process.'>'® Consequently,
careful control of the kinetics of water splitting via precise
catalyst design and electrode engineering, which requires thor-
ough investigation, is necessary to realize the envisioned hydro-
gen economy.'”'® In water electrolysis, the HER happens
simultaneously at the cathode," while the OER occurs at the
anode.””*' Notably, the 4-nitrophenol reduction kinetics is
hindered by a six-electron transfer mechanism that leads to a
large energy barrier, whereas, HER kinetics involves only a two-
electron transfer mechanism. Despite being one of the most
difficult pollutants to eliminate after ingestion, 4-aminophenol
is an essential intermediate in the production of many pharma-
ceuticals (such as phenacetin, paracetamol, analgesics, antipyre-
tics, and non-steroid anti-inflammatory drugs) and industrial
chemicals (such as dyes, anti-oxidation agents, and anti-
corrosion lubricants).”>*® Conversely, platinum-based catalysts
(Pt/C) have traditionally been employed for the HER due to their
exceptional catalytic performance.”*® However, the limited
availability and high price of platinum hinder its widespread
use in the industry. Given this predicament, the exploration of
alternative catalysts to platinum has assumed significance.
Numerous metal species, such as gold, ruthenium, and iridium,
have drawn interest as potential catalysts since they demonstrate
significant electrocatalytic properties at varying pH conditions.'”*®
In conclusion, hydrogen production through water electrolysis,
which involves the orchestration of the hydrogen evolution reaction
and organic pollutant reduction, is underpinned by multifaceted
considerations, necessitating rigorous exploration of reaction
kinetics and mechanisms.>”*® Moreover, thoughtful design and
utilization of catalysts that can replace platinum, present a promis-
ing path toward achieving a sustainable hydrogen economy in the
context of contemporary energy conversion paradigms.

In the literature of materials, polyoxometalates (POMs),
which are also recognized as heteropolyacids (HPAs), have
garnered substantial interest due to their distinctive physico-
chemical attributes. HPAs also constitute a subclass of acids
characterized by a specific arrangement of hydrogen, oxygen,
and selective metals/non-metals, which enables rapid and rever-
sible multielectron transfers, facilitating their wide application as
catalysts.>® However, the practical utility of HPA-assembled
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Fig. 1 Schematic of the synthesis process for Pd—HPMo@GNP.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

catalysts remains hampered by their inherent susceptibility to
dissolution in aqueous media, thus necessitating strategies to
enhance their stability. One approach to boost catalyst durability
involves the immobilization of HPAs onto solid supports, for
which carbonaceous matrices are viable candidates. For instance,
carbon nanotubes (CNTs) can be an effective substrate for HPA
immobilization as the process can be facilitated by electrostatic
interactions between the negatively charged HPAs and the posi-
tively charged functionalized CNTs. While this approach shows
promise, its broad applicability in catalysis is constrained by the
intricacies and expenses associated with the electrochemical
synthesis process. An alternative avenue entails employing eco-
nomically viable materials, such as carbon paper and graphene,
for HPA immobilization, which presents a pragmatic solution to
the abovementioned limitations. Drawing inspiration from the
oxygen-enriched Keggin structural motif, phosphomolybdic acid
(PMA) has emerged as a compelling candidate for precise anchor-
ing of the Pd species onto the fourfold hollow (4-H) sites, resulting
in the formation of a robust and enduring architecture.>* The
Keggin structure, a preeminent architectural configuration asso-
ciated with hetero-poly acids, is the archetype underpinning these
catalytic assemblies.”® Pd generally has excellent adsorption
energy like Pt and can be a good catalyst for the HER. Strong
electrical and thermal conductivity, appropriate porosity, high
stability in the reaction, and good electrical carriers that boost
the electrochemical surface area and activity are among the most
significant beneficial properties of materials like graphene, car-
bon nanotubes, and carbon black. Due to these reasons, Pd-
HPMo®@GNP was expected to perform better in the HER, as well
as in the reduction of 4-nitrophenol, at room temperature. The
synthesized catalyst also displayed recyclability and exceptional
performance in the catalytic reduction of p-NP. A method for
creating extremely effective supported catalysts using a carbon
source is presented in this work, and it is crucial for the hydrogen
evolution reaction and other industrial catalytic applications.

Results and discussion

The ESIf provides a complete description of the synthetic
process (Fig. 1). The characteristics of the synthesised samples
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were examined, and the findings are discussed in this section.
The X-ray diffraction (XRD) analysis showed the existence of Pd,
HPMo, and graphene nano-sheet-based nanocomposite in the
Pd-HPMo and Pd-HPMo@GNP samples. Fig. 2(a) displays the
obtained XRD pattern of Pd-HPMo, with several characteristic
peaks located at 8°, 8.8°, 9.2°, 27.7° that can be indexed to the
(011), (101), (110), (014) planes of phosphomolybdic acid in the
anorthic crystal structure system, matching JCPDS No: 98-001-
3460. Further, some other distinctive peaks were noted at 40.1°,
46.7°, 68.1°, 82.1°, and 86.6°, which could be assigned to the
(111), (002), (022), (113), and (222) planes of palladium in the
cubic crystal structure system, matching JCPDS No: 96-900-
8479. For the Pd-HPMo sample, the characteristic peak of the
Pd (111) lattice plane at 20 = 40.1° was reasonably intense.*’
Moreover, the characteristic high-intensity peak of HPMo at
20 = 8° could be attributed to the (011) lattice plane. Besides,
the characteristic diffraction peaks at 8.8°, 9.2°, and 27.7° could
be attributed to the retained Keggin anion structure in Pd-
HPMo. This provides initial evidence for the interaction of the
Pd and MoOx species with HPMo.

The XRD pattern of PA-HPMo@GNP presented in Fig. 2(b)
shows a characteristic peak positioned at 26.3°, which can be
linked to the (003) plane of carbon in the hexagonal structure
system, matching JCPDS No: 98-001-1194, and several repre-
sentative peaks located at 40.1°, 46.7°, 68.1°, 82.1°, and 86.6°,
which can be attributed to the (111), (002), (022), (113), and
(222) planes of palladium in a cubic crystal structure system,
matching JCPDS No: 96-900-8479. For the Pd-HPMo@GNP
sample, the characteristic peak of the Pd (111) lattice plane at
20 = 40.1° was reasonably intense.** The n-n stacking
between the graphene nanosheets results in a broad, less
intense peak at ~26.3°. Thus, the XRD pattern of Pd-
HPMo@GNP provides initial evidence that the introduced
HPMo was uniformly dispersed throughout the graphene
nanosheets since no evident reflections related to the crystal-
lographic planes of HPMo could be detected. The suppression
of the other XRD peaks in Pd-HPMo®@GNP is also indicative of
the formation of a nanocomposite, as evidenced by the for-
mation of a new peak matching the C (003) planes.

View Article Online

Paper

Furthermore, the Raman analysis also confirmed the occur-
rence of significantly reduced graphene in the PA-HPMo@GNP
composite. Raman spectroscopy is an effective technique to
characterize graphitic nanomaterials, which exhibit poor crys-
tallinity. The characteristic D and G bands of the sample
appeared at 1352 cm™' and 1595 cm ', respectively. The
intensity ratio of these bands of a sample indicates the degree
of defect. The G band is indicative of the stretching mode of the
graphite crystals, whereas the D band is typically associated
with poor crystallisation. Because of the presence of crystalline
graphene in PA-HPMo@GNP, an increase in the D/G intensity
ratio indicated that the average size of the sp> domains had
decreased in the composite. Fig. S1 (ESIT) depicts the Raman
spectra of the PA-HPMo@GNP and Pd-HPMo nanoparticles.
The G band (1595 cm ™ ') associated with the in-plane vibration
of sp>bonded carbon atoms, and the D band (1352 cm™*)
linked to the vibrations of carbon atoms in the graphene
nanoparticles with an sp® electronic configuration were
detected following the addition of GNP to Pd-HPMo. These
results are consistent with those of earlier reports.>**34

The morphology of the Pd-HPMo and Pd-HPMo@GNP
materials were examined by SEM, FESEM, and TEM. The corres-
ponding SEM images of the Pd-HPMo@GNP composite at
different magnifications are shown in Fig. 3a-c. The dispersion
of Pd-HPMo nanoparticles throughout the graphene nanosheet
is visible in Fig. 3(a)-(c). The sheet-like structure of the graphene
nanoparticles is apparent in Fig. 3(d). Upon the reduction of the
Pd precursors to their metallic state, the ensuing Pd nano-
particles exhibit uniform deposition on the HPMo supports,
facilitated by the strong association between Pd and HPMo.
The HPMo species impede the aggregation of Pd nanoparticles,
thus functioning as a protective agent in the process. Further-
more, the FESEM images also confirmed the successful for-
mation of polycrystalline Pd-HPMo nanocuboids, as shown in
Fig. S2(a) (ESIt). The images of the Pd-HPMo nanocomposite
dispersed on graphene nanosheets at different magnifications
are presented in Fig. S2(b) and (c) (ESIT).>” The energy-dispersive
X-ray spectroscopy (EDS) data endorsed the presence of 1.97
atomic% of Pd in the Pd-HPMo nanocomposite, as shown in
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Fig. 2 XRD patterns of (a) Pd-HPMo and (b) Pd—HPMo@GNP.
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Fig. 3 SEM images of (a)—(c) Pd-HPMo@GNP at different magnifications
and (d) GNP.

Fig. S2(d) (ESIt). HR-TEM analysis was done to obtain additional
morphological insights into Pd-HPMo@GNP. Fig. 4(a) shows
that palladium was encapsulated in HPMo, and Fig. 4(b) shows
Pd-HPMo dispersed on graphene nanosheets.

The SAED patterns in Fig. 4(c) and (d) demonstrate the
extremely polycrystalline nature of Pd-HPMo and Pd-HPMo®@
GNP. The HRTEM images revealed that palladium nanoparticles,
with a mean diameter of 3.45 nm, were evenly distributed on the

Fig. 4 HRTEM images of (a) Pd-HPMo and (b) Pd—HPMo@GNP, and
SAED patterns of (c) Pd—HPMo and (d) Pd—HPMo@GNP.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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GNP carrier, as shown in Fig. S3(c) (ESIt). The mean particle size
of 3.8 nm reported previously is significantly bigger than this,
indicating that the Pd NPs were polycrystalline.** The elemental
mapping of the Pd-HPMo and Pd-HPMo@GNP catalysts showed
the homogeneous distribution of Pd particles on the support.
Fig. 5 shows that the elements Pd, P, Mo, and O were evenly
distributed on PAd-HPMo@GNP. The lattice fringe distances mea-
sured for the Pd nanoparticles were 0.21 and 0.24 nm, which are
analogous to the (111) and (020) crystallographic planes of
palladium, complementing the XRD results.

X-Ray photoelectron spectroscopy (XPS) was employed to
determine the elemental composition and chemical valence of
the complexes. The XPS of PAd-HPMo@GNP displayed peaks at
342.7 eV and 337.4 eV attributed to the Pd 3d;,, and Pd 3ds),,
respectively. The binding energies of the Pd peaks were signifi-
cantly higher than those of the metal composite Pd-HPMo
peaks at 341.2 eV, 336 eV, and 338.8 eV. These findings
substantiate the possibility of adsorption of the Pd nano-
particles on the GNP surfaces. Further, the chemical state
information of the P, Mo, C, and O atoms were as follows:
133.6 eV for P 2p, 235.7 eV and 232.5 eV corresponding to the
Mo 3d;,, and Mo 3ds/, orbitals, major C 1s peaks at 288.1,
285.8, 284.4 eV and those of O 1s at 533.1 and 530.6 eV, as
shown in Fig. 6.%

Electrocatalytic HER performance of Pd-HPMo and Pd-
HPMo@GNP

After extensive characterisation of the as-prepared materials
using several analytical methods, the electrocatalytic activity of
the as-prepared catalysts was examined using a three-electrode
setup in a 0.5 M H,SO, solution. Additionally, forward LSV was
used to determine their activity (with 85% iR compensation) at a
current density of 10 mA cm™ > The resultant LSV curves are
presented in Fig. 7(a) along with the HER activity of the bench-
mark catalyst Pt/C for comparison. Notably, Pd-HPMo@GNP
demonstrated a remarkably enhanced catalytic activity. Specifi-
cally, at a current density of 10 mA cm >, Pd-HPMo@GNP
exhibited an overpotential of 94 mV, while the standard catalyst
Pt/C displayed an overpotential of 31 mV. Pd-HPMo displayed a
low catalytic activity of 240 mV, while pristine HPMo displayed
the least catalytic activity, i.e., pristine HPMo exhibited an over-
potential of 456 mV to reach the same current density. The
higher activity of Pd-HPMo@GNP than pristine HPMo can be
ascribed to the enhanced electrical conductivity of the Pd ions
and graphene. This also results in an increased number of
electrocatalytic active sites, proving advantageous for the adsorp-
tion and desorption of H" and H, molecules, correspondingly.
Furthermore, the EIS analysis of Pd-HPMo@GNP displayed a
lower R, value of 9.90 Q at an applied potential of —0.222 V (vs.
RHE) than both Pd-HPMo (13.54 Q) and pristine HPMo
(380.60 Q), suggesting lower resistance for electron transfer at
the electrode-electrolyte interface [Fig. 7(b)]. The inset in
Fig. 7(b) shows the equivalent circuit of the resultant EIS curves
(whole range). Moreover, the Tafel slopes were derived using the
iR drop-free LSV polarization curves, and Fig. 7(c) illustrates
these results. Compared with the Pd-HPMo (175 mV dec™ ") and
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Fig. 5 HRTEM-HAADF elemental colour mapping of Pd—HPMo@GNP.
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pristine HPMo (230 mV dec™') catalysts, a much lower Tafel
slope value of 90 mV dec™ ' was estimated for Pd-HPMo@GNP,
indicating quick electron transfer kinetics that can effectively
surpass the kinetic barrier and enable superior HER perfor-
mance. More importantly, Pt-C showed the lowest Tafel slope
value of 27 mV dec "

As presented in Fig. 7(d), chronoamperometric studies were

carried out for a duration of 24 hours at an applied voltage of

7010 | Mater. Adv., 2024, 5, 7006-7015

Mo 3d
d Mo 572
3 3 3
s s &
= 2 z
7] 7] @
o c o
e e 2
£ & £
T T T T T T T T T T T T T T
240 238 236 234 232 230 228 290 288 286 284 282 280 538 536 534 532 530 528 526

Binding energy / eV

Binding energy / eV

(a) XPS survey spectrum of Pd—-HPMo@GNP and (b)-(f) the corresponding deconvoluted XPS spectra of Pd, P, Mo, C, and O.

—0.122 V (vs. RHE) in order to verify the long-term static
stability of PdA-HPMo@GNP. The chronoamperometric analysis
revealed hardly any drop in current density, suggesting the
extraordinary stability of Pd-HPMo®@GNP in the 0.5 M H,SO,
electrolyte. Additionally, the overpotential was evaluated at
various current densities, including 10, 50, and 100 mA cm™>.
Fig. 8(a) shows the relevant results as a bar diagram, indicating

the superior catalytic HER performance of PAd-HPMo@GNP to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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using the iR drop-free LSV curves. (d) Chronoamperometric analysis of Pd—HPMo@GNP at a —0.122 V (vs. RHE) applied potential for 24 h.

Pd-HPMo, even at greater current densities. The TOF of Pd-
HPMo@GNP, Pd-HPMo and pristine HPMo were determined
per unit active site per second. PdA-HPMo@GNP exhibited a
higher TOF value of 1.397 x 10~* s~* than Pd-HPMo (3.080 x
10> s7') and pristine HPMo (3.301 x 10~ ° s™') (Fig. 8b). This
indicates that more active sites were involved in the production
of H, molecules in Pd-HPMo@GNP compared with the Pd-
HPMo and pristine HPMo catalysts. Besides, the durability of
the catalyst was evaluated by a CV test for 1000 consecutive

500
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cycles at a scan rate of 100 mV s~ ', LSV was then measured, and
Fig. S6 (ESIt) shows the observed outcomes. As illustrated in
Fig. S6 (ESIT), the catalytic activity dropped with an overpoten-
tial difference of 15 mV in order to reach a current density of
50 mA cm 2. This may be because of the continuous CV cycles,
which can lower charge accumulation at the active sites and
consequently, the electrocatalytic HER activity of the sample.
Further, several intrinsic parameters were examined in
order to comprehend the reason for the better performance
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Fig. 8 (a) Overpotential comparison of Pd—HPMo and Pd—HPMo@GNP at current densities of 10, 50, and 100 mA cm™2. (b) TOF of pristine HPMo,

Pd-HPMo, and Pd—-HPMo@GNP at a 250 mV overpotential.
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of Pd-HPMo@GNP than the Pd-HPMo -catalyst. First, the
roughness factor (R¢) and electrochemical active surface area
(ECSA) of Pd-HPMo®@GNP and Pd-HPMo were calculated by
determining the double layer capacitance (Cq) in a potential
window of 0.125-0.227 V (versus RHE). Fig. S5(a)-(c) (ESIT) display
the results of the Cy plots. For the Pd-HPMo@GNP and
Pd-HPMo samples, the obtained Cg values were 2.11 mF ¢m™>
and 1.62 mF cm 2, respectively. After obtaining the Cq values,
the values of R and the ECSA were calculated using the formula
R¢ = Cqi/Cs, where Cs denotes the specific capacitance of the plane
electrode surface (C; = 0.035 mF cm ™), and ECSA = R; x S, where
S is the geometrical surface area of the working electrode
(0.5 cm®). The determined R; values for the Pd-HPMo@GNP
and Pd-HPMo catalysts were 60.286 and 46.285, respectively,
and the corresponding ECSA values were 30.143 cm” and 23.143
cm?® The higher ECSA of Pd-HPMo@GNP than Pd-HPMo
indicates its higher H, generation potential. Further, Fig. S7 (ESIt)
shows another chronoamperometric study conducted for a dura-
tion of 36 hours at a higher applied voltage of —0.250 V (vs. RHE)
to experimentally verify and validate the long-term static stability
of Pd-HPMo@GNP at higher current densities. This chronoam-
perometric analysis showed only a slight drop in current density,
suggesting the extraordinary stability of Pd-HPMo@GNP in
the acidic electrolyte medium even at higher current densities.
Table S2 (ESIt) compares the electrocatalytic HER performance of
different previously reported phosphomolybdic-acid-derived cata-
lysts with Pd-HPMo and Pd-HPMo®@GNP. The reported Tafel
slope values and overpotentials at a current density of 10 mA cm™>
under similar and different electrolytic conditions obviously show
that Pd-HPMo@GNP exhibits excellent electrocatalytic activity
towards HER even with the least mass loading in comparison with
other reported phosphomolybdic-acid-derived catalysts. The lower
Tafel slope of PdA-HPMo@GNP and its lower overpotential to reach
a 10 mA current density with just 0.1035 mg cm > loading mass
shows its excellent efficiency in catalyzing the HER.

Post-electrocatalytic HER characterization of PA-HPMo@GNP

Following the electrochemical HER catalytic studies, the dur-
ability of catalyst morphology and chemical composition was
confirmed through various characterization techniques, including
XRD, SEM, HR-TEM, and ICP-MS. Fig. S8 (ESIt) shows the XRD
patterns of Pd-HPMo@GNP before and after chronoampero-
metric studies at an applied potential of —0.25 V (vs. RHE) for a
duration of 36 hours (long-term stability test at a higher current
density). The patterns distinctly indicate that the peaks remained
consistent, thereby demonstrating that the catalyst retained its
crystallinity. Fig. S9(a) and (b) (ESIt) display the SEM images of
Pd-HPMo@GNP following the chronoamperometric experiments.
The post-catalysis SEM images clearly depict PdA-HPMo dispersed
in the sheet-like graphene structure, thereby confirming the
preservation of catalyst morphology. Fig. S9(c) and (d) (ESIY)
present the HR-TEM images of Pd-HPMo@GNP after the chron-
oamperometric studies. The HR-TEM images indicate that the
morphology of PAd-HPMo@GNP remained intact, with the Pd-
HPMo particles still uniformly dispersed, decorating the surface of
the graphene nanosheets. To examine the leaching of palladium

7012 | Mater. Adv,, 2024, 5, 7006-7015

View Article Online

Paper

and molybdenum ions from the catalyst, ICP-MS analysis of the
Pd-HPMo@GNP catalyst was conducted both before and after the
chronoamperometric experimental analysis, as shown in Table S3
(ESIT). The initial concentrations of palladium and molybdenum
were found to be 15.33 and 0.97 ppm, respectively, while the
post-catalysis concentrations were 15.47 and 0.38 ppm, demon-
strating negligible leaching of Pd from this composite. These
results indicate that there was substantial leaching of Mo from
the sample during catalysis, whereas Pd remained intact.
Furthermore, the ICP-MS analysis revealed that only ~15% of
palladium was present in Pd-HPMo@GNP, corroborating our
strategy of using a minimal amount of noble metal palladium in
catalyst preparation. This approach ensures efficient perfor-
mance, making the catalyst both cost-effective and viable for
catalytic applications.

Catalytic reduction of 4-nitrophenol to 4-aminophenol

The catalytic reduction ability of the as-prepared nanocatalysts
in the reduction of 4-NP to 4-AP was evaluated in the presence
of a strong reducing agent NaBH,. Under normal circum-
stances, NaBH, will not reduce nitro compounds to amines;
however, in the presence of a nanocatalyst, NaBH, performs
this transformation in aqueous media. Due to its extreme
toxicity, 4-nitrophenol is regarded as a hazardous solid waste.
However, its reduced product, i.e., 4-aminophenol is frequently
employed in the production of industrial and agricultural
products, including colours, preservatives, insecticides, herbi-
cides and medicines. As a result, it is critical to remove 4-NP
from wastewater before it is discharged into potable water
sources. Moreover, the presence of boron increases the toxicity
of NaBH, at higher concentrations; however, several research
works have used larger doses of NaBH, in comparison with
4-AP to achieve a faster reaction rate and a perfect fit to the
pseudo-first-order reaction process, so that the reaction is so
sluggish that it requires an efficient catalyst to enhance the
electron transfer process. When stable and uniform-sized Pd
NPs are synthesized, they dominate other metal nanoparticles
in terms of catalytic efficiency towards converting 4-NP to 4-AP.

In our investigation, it was found that self-assembled Pd NPs
have significant catalytic 4-NP reduction efficiency in the
presence of a hydrogen source. As seen in Fig. 9(a) and (b),
the UV-vis absorption of 4-AP was observed at wavelengths
400 nm and 300 nm as a function of time in the presence of
NaBH, to evaluate the catalytic performance of Pd-HPMo and
Pd-HPMo@GNP; the color of the solution instantly changed
from bright yellow to deep yellow. During reduction, a decrease
in peak intensity at 402 nm was observed over time; the
complete disappearance of this peak specifies the completion
of the reduction process. The UV-vis spectra of the solution
containing the Pd-HPMo NP catalyst indicated that the
reduction reaction of 4-NP was complete within 2 min, demon-
strating its good catalytic activity (Fig. 9(a)).

Meanwhile, Pd-HPMo@GNP took a slightly longer time
(7 min) for complete conversion. Furthermore, the reusability
of the Pd-HPMo catalyst was further investigated for five
repeated catalytic cycles. The Pd catalyst could be recovered

© 2024 The Author(s). Published by the Royal Society of Chemistry
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easily from the reaction mixture with no noticeable loss in
activity even after 5 cycles, as shown in Fig. 10. In the recycling
experiments, the time taken by the catalyst to reduce 4-
nitrophenol significantly decreased compared to the first cycle.
The kinetics of the reaction was estimated using the pseudo-
first-order reaction kinetics equation,*® as follows:

In[A,/Ay] = kt

A, and A, represent the concentrations of 4-AP at time ¢ and
zero, respectively. Fig. 9(c) and (d) show the reaction time ¢
versus In(A,/A,) plots of the catalysts. Both of them exhibited a

© 2024 The Author(s). Published by the Royal Society of Chemistry

linear evolution, and the slope of the curve represented their rate
constants (k). Pd-HPMo showed the highest catalytic activity,
and the rate constant k was calculated as —3.133 min ™!, similar
to the Pd-HPMo@GNP catalyst, which showed a lower rate of
—0.864 min~" due to the carbon ratio.

Conclusion

This comprehensive study focused on advancing sustainable
hydrogen production through water electrolysis by meticu-
lously designing and exploring novel catalysts. In this work,
we report the successful synthesis of the Pd-HPMo@GNP
nanocomposite by a two-step wet chemical synthesis process
using palladium chloride, phosphomolybdic acid, and gra-
phene nanopowders as precursors. The successful encapsula-
tion of palladium nanoparticles in the HPMo support, followed
by their stabilization in the graphene nanosheets, was con-
firmed by surface morphological and elemental analyses using
various characterization techniques, such as XRD, XPS, and
HRTEM. The electrochemical analysis demonstrated the notable
electrocatalytic activity of Pd-HPMo@GNP towards HER, with a
lower overpotential of 94 mV vs. RHE at a current density of
10 mA cm™? and a lower Tafel slope of 90 mV dec™' than Pd-
HPMo and HPMo, indicating fast electron transfer kinetics.
Further, its robust stability during prolonged chronoamperometric
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studies for 24 h and a higher TOF value of 1.397 x 10~ * s "
indicate the existence of a greater number of active sites for the
generation of H, molecules in the acidic electrolyte medium in
comparison with its precursor Pd-HPMo and pristine HPMo.
Further, the catalytic behavior of Pd-HPMo and Pd-HPMo®
GNP towards the chemical transformation of toxic 4-nitro-
phenol to industrially useful 4-aminophenol was tested in the
presence of NaBH,. They exhibited highly efficient catalytic
activity with pseudo-first-order kinetics. In the presence of
120 mg NaBH,, 50 mL of 4-nitrophenol (0.43 mM) was com-
pletely reduced within 2 minutes and 7 minutes when 1 mg of
Pd-HPMo and Pd-HPMo@GN were added, respectively, under-
scoring their potential for environmental applications. The
outcomes of this research emphasize the pivotal role of catalyst
design in overcoming thermodynamic and kinetic constraints
inherent to large-scale water electrolyzers. Pd-HPMo@GNP
emerges as a promising candidate, and it is comparable with
the benchmark HER Pt/C catalyst as it offers enhanced catalytic
activity and long-term stability and is cost-effective compared
with the costly traditional Pt-based electrocatalysts. Incorporat-
ing phosphomolybdic acid (PMA) in graphene nanosheets
provides a unique structural motif, contributing to the excep-
tional performance of the catalyst. The results underscore the
significance of this work in advancing the development of
sustainable catalysts for hydrogen evolution, with broader
implications in electrochemical energy conversion systems.
The synthesized nanocomposite demonstrates versatility in
catalytic applications, such as HER and 4-NP reduction, mark-
ing a significant step towards environmentally conscious and
energy-efficient technologies.
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