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Abstract

Phosphorus—nitrogen dual-doped carbon nanoparticles (PN-CNPs) have been successfully synthesised using chemical vapour
deposition (CVD), in the presence of triphenylphosphine and acetonitrile. PN-CNPs are used as carbon support for Pd and
employed as electrocatalyst in hydrogen evolution reactions. The prepared Pd/PN-CNPs electrocatalyst was subjected to mor-
phological and electrochemical studies carried out using FE-SEM, EDS, ICP, XRD, CV, and LSV techniques. The membrane
electrode assemblies (MEAs) were prepared and tested in 25 cm?” area PEM cell setup and the test results obtained are promising
as the cell voltage is 1.9 V at 1000 mA cm 2 at 80 °C. Furthermore, the cell setup was operated continuously for 500 h and has
shown stable performance without any hindrance in electrochemical activity.
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Introduction

Hydrogen is a promising fuel, can be produced from var-
ious sustainable and renewable energy sources [1-3].
Electrolysis of water using PEM technology is compact
and one of the most efficient, environmentally friendly,
and sustainable methods for high pure hydrogen produc-
tion [4-6]. In PEM water electrolysis, precious metals are
used as the electrocatalysts such as platinum (Pt) or pal-
ladium (Pd) at the cathode for hydrogen evolution reaction
(HER) and IrO, or RuO, at the anode for oxygen evolu-
tion reaction (OER) [7, 8]. However, one of the main
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challenges in PEM electrolysis is to reduce the noble met-
al usage and to maintain the high cell efficiencies. This
can be achieved by developing noble metals supported by
different carbons with large surface area low-cost electron-
ic carriers [7], typically, carbon nanomaterials, carbon
blacks used as electronic carriers due to its high electronic
conductivity, corrosion resistance, surface properties, and
low cost [9]. During the last decade, various carbons were
studied, like carbon black, CNTs, graphene, fullerenes, etc.
[10-12]. Recently, heteroatom-doped (N, P, B and S) car-
bon nanomaterials have gained interest in industry and
academia due to the long-term operational stability and
relatively low cost [5, 13, 14]. The introduction of hetero-
atoms within the lattice of carbon matrix creates structural
defects due to difference in electronegativity and atomic
size. The defects in carbon favour improvement of charge
exchange characteristics by anisotropy. The heteroatom (P,
N) doping drastically changes carbon framework, improves
the charge density and hydrophilicity, and decreases charge
transfer resistance [15, 16].

Nitrogen-doped carbon nanomaterials exhibit excellent
electrochemical performance towards the HER and OER,
can be attributed to incorporation to the heteroatoms in the
carbon matrix, which break the catalyst’s electro neutrality
to create electrochemically active sites, and therefore favour
the molecular adsorption and reduction of oxygen [17-19].
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Recently, heteroatoms other than N have been studied, includ-
ing phosphorus [18, 20], sulphur [21], and boron [22]; these
materials have also shown enhanced electrocatalytic activity
towards the oxygen reduction reaction (ORR), but the electro-
chemical performance is still lower than conventional Pt/C
catalysts. To address the challenges, several researchers have
reported that doping carbon materials with two or three het-
eroatoms can further improve their electrochemical perfor-
mance. For example, Choi et al. studied that P, N dual-doped
carbon materials show higher catalytic activity than the single
N-doped carbon in ORR, indicating that the supplementary P
doping could significantly improve the electrocatalytic activ-
ity [23, 24]. Similar contribution to the enhancement of spe-
cific capacitance by P, N dual doping and single P doping for
carbon materials is studied in supercapacitors [25, 26].
Although the performance of P- and N-doped carbon mate-
rials for the applications in fuel cells has been extensively
investigated, the P and N are in the same family and higher
electron-donating ability and exhibits stronger n-type behav-
iour [27, 28].

Nitrogen (N) incorporation into the carbon materials en-
hances electrical conductivity and adsorption properties.
Phosphorus (P) doping into CNPs resulted in a negative
charge density in the carbon atoms because of the lower elec-
tronegativity of phosphorus (2.19) than that of C (2.55) and
therefore a high activity towards the HER [29]. Furthermore,
the structural modification of carbon by phosphorus doping
will be more effective, because phosphorus has a much larger
covalent radius (107 + 3 pm) than carbon (73 + 1 pm). This is
important in the enhancement of the HER activity of carbon.
Therefore, while doping the P and N onto the CNPs signifi-
cantly enhances the electrochemical performance. The appli-
cation of P-N dual-doped CNPs towards HER in PEM water
electrolysis has less studied.

In the present study, phosphorous—nitrogen dual-doped
CNPs have been successfully synthesised using spray-
pyrolysis technique in chemical vapour deposition (CVD)
method and used as a support material for Pd. The synthesised
Pd/PN-CNPs have been used as cathode and RuO, as anode in
the fabrication of MEA. These prepared MEAs were tested
and evaluated in in-house fabricated single-cell PEM water
electrolyser along with the corresponding yields of hydrogen.

Materials and methods

Materials

Palladium (II) chloride (PdCl,), triphenylphosphine (TPP),
and ruthenium (IV) oxide (RuO,) were purchased from

Sigma Aldrich, USA. Nafion® membrane was procured from
DuPont, USA. Acetonitrile (reagent grade) is purchased from
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Merck and Ferrocene (Fe(CsHs),) is purchased from SRL
chemicals, India.

Synthesis of phosphorus-nitrogen dual-doped carbon
nanoparticles (PN-CNPs)

PN-CNPs have been synthesised by mixture of ferrocene,
triphenylphosphine (TPP), and acetonitrile as precursors in
chemical vapour deposition (CVD) using spray-pyrolysis
technique. In this technique, 1-g ferrocene and 1-g
triphenylphosphine dissolved in 100 ml of acetonitrile
(CH;CN) and the solution mixture was pyrolyzed inside the
quartz tube of CVD reactor at temperature 850 °C along with
argon (99.999%) gas flow at 100 sccm. After 30 min, the
furnace was cooled to room temperature under the argon at-
mosphere. The resultant PN-CNPs were collected and purified
by treating with 1:3 nitrating mixture (nitric acid and sulphuric
acid) to remove amorphous carbons and residual iron
particles.

Synthesis of Pd/PN-CNPs

Palladium supported on PN-CNPs electrocatalyst (Pd/PN-
CNPs) has been synthesised by chemical reduction method
[13, 29]. In this method, 0.75 g of PdCI, dissolved in 20 ml
DI water, along with addition of 1.0 g of PN-CNPs followed
by stirring for 1 h. The pH of resulting mixture adjusted to 8
by adding 1.0 M Na,COs. Then, ethylene glycol (100 ml) was
added to the resulting mixture solution; it acts as solvent and
reagent. Further, formaldehyde (10 ml) was added dropwise.
After that, reaction temperature was increased gradually to
80 °C and maintained for 2 h; after completion of the reduc-
tion, the resulting mixture solution colour turns to clear solu-
tion. Later, heating was switched off and resulting mixture
was left overnight (12 h) for settling down of catalyst nano-
particles. The excess solution was decanted and washed with
excess amounts of DI water, followed by washing with meth-
anol and dried in vacuum oven at 80 °C for 12 h.

Characterisation of electrocatalysts

The synthesised Pd/PN-CNPs electrocatalyst surface mor-
phology has been characterised by field emission scanning
electron microscope (FE-SEM), (Hitachi S4700, Japan) and
elemental analysis carried out by energy-dispersive X-ray
spectroscopy (EDS). The amount of Pd loading on carbon
support was determined by ICP method. The structural prop-
erties of the Pd/P-CNPs were carried out using Philips
PW3050/60 X-ray generator and fitted with an X’Celerator
with Cu-K« radiation (A =1.540598 A). The data collected
over a 26 range of 10-80° with a scan speed of 2 degree min .
All scans were carried out in continuous mode using the
X’Celerator RTMS detector.
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Electrochemical studies were carried out using Gamry Ref
600 Potentiostat/Galvanostat. Cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) were employed to study the
electrochemical performance of prepared electrocatalysts. All
experiments were performed in a conventional three electrode
assembly using GC, Pt wire, and SCE as working, counter,
and reference electrodes respectively and the electrolyte is
0.5 M H,SOy, solution.

Fabrication of MEAs

Nafion® 115 polymer membrane (DuPont, thickness 127 pm)
was used to fabricate the MEAs. Prior to fabrication of MEAsS,
Nafion® 115 membrane was pre-treated to remove impurities
of organic and inorganic by boiling at 80 °C in 3% H,0,
solution for 1 h followed by washing with DI water. Later,
the membrane was boiled in 0.5 mol L' H,SO, solution for
1 h and by washing with DI water. Finally, the membrane was
again boiled in DI water for 1 h and stored in DI water [30,
45].

The MEAs were fabricated using Pd/PN-CNPs and RuO,
electrocatalysts for HER (cathode) and OER (anode) respec-
tively. The Pd/PN-CNPs (30 wt% Pd/PN-CNPs) were ultra-
sonically dispersed in a mixture of Nafion® solution (5 wt%,
DuPont, USA), water, and isopropyl alcohol to form homo-
geneous electrocatalyst slurry. Later, the prepared
electrocatalyst slurry was directly sprayed on carbon cloth
with the metal loading of 0.7 mg cm 2 as the cathode for
HER electrode. Similar preparation process was followed for
OER electrode, RuO, as electrocatalyst on anode side with
typical metal loading of 3 mg cm™>. Subsequently, hot press-
ing the catalyst-coated carbon cloth along with Nafion® 115
membrane at 120 °C and at 60 kg cm 2 for 3 min to form
MEA [13].

PEM cell assembly

PEM single-cell assembly with 25 cm? active area was de-
signed (straight parallel flow field design) and constructed
with graphite plates (thickness 12 mm), and it is used to in-
vestigate the electrolysis performance and durability of the
fabricated MEA. In PEM cell assembly, the fabricated MEA
was placed in between two graphite plates followed by porous
titanium mesh (thickness 0.5 mm) was used as a current col-
lector, silicon rubber gaskets (thickness 0.5 mm) were used as
cell adhesives with SS end plates (thickness 12 mm) along
with the pencil heaters (6 mm) than assembled by nuts and
bolts with a torque 8 N m?. Later, DI water was supplied to the
cell with a flow rate of 60 ml min~' using a peristaltic pump
and electricity to the cell was supplied using DC regulated
power supply (SABA Electronics, India, 5 V-10 A). The
PEM cell is operated at various set temperatures from 30 to
80 °C for better performance. The -V characteristics of the

cell were recorded, and hydrogen yield was measured by cal-
ibrated flow meter.

Efficiency of PEM water electrolysis

During electrolysis process, the water is split into hydrogen
and oxygen, the energy required for splitting of water is same
as the energy released during formation of water. In thermo-
dynamic terms, the energy required for dissociation of water
into hydrogen and oxygen can be represented as Gibb’s free
energy (AG) and represented below in Eq. 1.

AG = nFEy, (1)
where
n No. of electrons involved

F 96,500 (Faraday’s constant)
E., Reversible voltage

The formula used to calculate the efficiency was given
below:

AG
Erev=—_ =123V 2
rev = —— (2)

According to the first law of thermodynamics, energy is
preserved, and the conversion efficiency calculates the yield
of conversion of electricity into the chemical energy. Heat is
considered as a loss of useful energy. However, in water dis-
solution processes, some entropy is generated. Therefore, it
would be more suitable to represent as enthalpy (AH) instead
of AG for a potential calculation. The change in Gibb’s free
enthalpy is AG =237.22 kI mol " and the change of enthalpy
is AH=285.84 kJ mol ' in standard conditions [31, 32].
Therefore, the minimum voltage Vry (thermo-neutral
voltage) required for the reaction can be calculated as:

AH AG TAS

+ 2 =148V (3)

VIN=—=—
™ nk nkF nk

where Vry is the thermo-neutral voltage, AS is change in
entropy change at temperature 7. Typically, HHV is used to
calculate the efficiency of electrolysis.

VN
= 4
Vcell ( )

where Vry is the thermo-neutral voltage and V. is the cell
voltage. The conversion efficiency of a PEM water
electrolyser cell can be calculated at any current density.
While operating the lower current densities at lower voltages,
the electrolyser cell efficiency becomes higher [31].

@ Springer
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Fig. 1 a, b SEM images of Pd/PN-CNPs, ¢ SEM image of Pd/PN-CNPs, d EDS elemental analysis spectrum of Pd/PN-CNPs

Faradaic efficiency

According to the Faraday’s law, the faradaic efficiency was
calculated by a ratio between the experimentally produced
amounts of gas and theoretically calculated amount of gas that

could be produced based on the energy input.

_ Via(Produced) (ml min—1) (5)
Moraday = Vz(Calculated) (ml min—1)

where, the theoretically calculated amount of gas can be mea-
sured according to Faraday’s second low [33]. The theoretical
hydrogen yield Vi, (ml min~') with respect to the input
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Fig. 3 Cyclic voltammograms of 0.8 T

30 wt% Pd/PN-CNPs and 30 wt%
Pt/CB in 0.5 M H,SO, solutions
with the scan rate of 10 mV s !
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where Vyy, is the theoretical hydrogen yield (ml mjnfl), Vm is the
R(273+ T)
P

ideal gas expression (VM =

stant (0.082 1 atm K! mol ™), T'is the temperature (°C), P is the
presser (atm), ¢ is time (s), / is the applied current (A), and F'is the
Faraday’s constant (96,485 C mol ).

, R is the ideal gas con-
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Results and discussion
Physico-chemical characterisation

Fig. 1a, b shows the FE-SEM images of Pd/PN-CNPs; the
surface morphology of Pd/PN-CNPs shows spherical shape
with an average diameter of 50-100 nm. A uniformly dis-
persed Pd nanoparticles on the surface of CNPs can be clearly
seen in Fig. la, b. Figure 1c shows the typical SEM—-EDS
image of Pd/PN-CNPs and Fig. 1d shows the EDS elemental
analysis of the Pd/PN-CNPs and confirms the presence of
palladium (Pd), phosphorus (P), nitrogen (N), and carbon with

Fig. 4 CV stability studies of !
30 wt% Pd/PN-CNPs D65
electrocatalyst in 0.5 M H,SO, y
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Fig. 5 HER polarisation curves 0.10 T T T
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the weight percentages of 29.18%, 3.56%, 6.12%, and
61.14% respectively. Further, loading of Pd on PN-CNPs
was confirmed by ICP analyser; the attained results has shown
29.92% of Pd on PN-CNPs, this is approximately equal to
EDS analysis and theoretically calculated value of Pd wt%.
The synthesised Pd/PN-CNPs electrocatalyst structural
properties and crystallinity have been characterised by X-
ray diffraction (XRD) studies and represented in Fig. 2.
The major diffraction peaks of Pd in Pd/PN-CNPs were
observed at corresponding 26 values at 40.1° {111}, 46.3°
{002}, and 68.0° {022} and for carbon was observed at
the 26 values at 26.7° {002} [12, 13]. The sharp intense

Voltage / V vs. SCE

peaks confirm the crystalline structure of the Pd/PN-
CNPs. The average crystallite size was calculated from
the major X-ray diffraction patterns of Pd {111} accord-
ing to the Debye—Scherrer’s equation [34] and represented
in Eq. (7).

kA
:ﬁcose ™

where D, the average diameter in nm; k, the Debye—
Scherrer’s constant (0.89); A\, wavelength of X-rays (A=
0.154 nm); 3, full width at half maximum (FWHM) of the

Fig. 6 1-V polarisation curves of 24 T T T T
30 wt% Pd/PN-CNPs-catalysed ‘
MEA in 25 cm? single-cell as- 1 B
sembly at different temperatures 2.2
30.80 °C . - -
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Table. 1 Hydrogen yield for
30 wt% Pd/PN-CNPs (cathode) S. Hydrogen yield Faradaic efficiency Current density mA Cell voltage (V) at
and RuO, (anode) No. (Lh™) (%) cm 2 80 °C

1 6.48 96.00 500 1.72

2 12.98 96.07 1000 1.90

3 19.48 96.10 1500 2.04

4 25.98 96.11 2000 2.16

diffraction peaks; and 6, the Bragg’s diffraction angle.
The calculated Pd/PN-CNPs crystalline size is 4.23 nm.

Electrochemical characterisation

The synthesised Pd/PN-CNPs catalyst electrochemical
performances have been studied using CV method and
compared with Pt/CB, as represented in Fig. 3. CV ex-
periments were carried out using three electrode assem-
bly set up with GC, SCE, and Pt wire as working, ref-
erence, and counter electrodes respectively. 0.5 M H,SO4
solution was used as electrolyte with scan range of —
0.2 V-1.0 V. The HER occurs at the starting scan poten-
tial of —0.2 V. During the CV experiments, the increase
and decrease in current during reverse scan from — 0.2 to
0.4 V might be due to the adsorbed oxygen atoms on the
electrode [35]. Both the electrodes (Pd/PN-CNPs and Pt/
CB) have shown well-defined hydrogen adsorption/
desorption activities. However, the Pd/PN-CNPs have
shown higher hydrogen adsorption/desorption capacities
at the same potential compared to Pt/CB, as show in Fig.
3. Further, the electrochemical surface areas (ECSA) of
the catalysts were calculated from CV results obtained
for Pd/PN-CNPs and Pt/CB. The ECSA of Pt/CB was
calculated using the columbic charge associate with

hydrogen desorption adatoms (Qpy) and represented in
Eq. (8).

On

ECSA = —"—
Opo x M

(8)

where Qyo is an amount of electric charge per unit area
for full coverage of one mono layer of hydrogen on the
surface of Pt metal particle, Qo is 0.21 mC cm 2, and M
is the metal fraction of the catalyst taken [7, 29, 36]. The
ECSA of the Pd/PN-CNPs were calculated from the mean
charge of the current peaks associated with the reduction
peak of chemisorbed oxygen and the current peak of hy-
drogen desorption was considered. The mono layer of
oxygen on Pd surface considered to be 0.41 mC cm >
[37, 38, 45]. The calculated ECSA of Pd/PN-CNPs and
Pt/CB are 34.75 m? gm ' and 30.85 m? gm™ ' respectively.
The synthesised Pd/PN-CNPs have shown higher ECSA
than Pt/CB; this phenomenon might be due to difference
in crystalline size of metal particles [39]. The Pd/PN-
CNPs are larger in size compared to Pt/CB when taken
in the same identical concentrations; it is a common trend
for the faster reduction kinetics [7].

Further, CV studies of 30 wt% Pd/PN-CNPs electrocatalyst
were done for to determine the durability of electrocatalyst
and represented in Fig. 4. The CV experiments were done at

Fig.7 Cell efficiency and voltage ! ! j 4 j J ' ! !
with the function of temperature 78 —m— Cell Efficiency 2.04
with 30 wt% Pd/PN-CNPs- S —s—Voltage "~
catalysed MEA in 25 cm” single-
cell assembly 77
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< 76
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< =3
2 Y
o 754 -1.96 @
- (1]
e () ~
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T 74-
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Fig. 8 1-V polarisation curves of 24

30 wt% Pd/PN-CNPs and 30 wt%

Pt/CB catalysed MEAS tested in

—=—Pd/PN-CNPs -
| —e—PtiCB

25 cm? single-cell assembly at 22
80 °C “ 7
> 2.0-
—
()
(o)}
S
o 1.8-
>

1.6 4

14

10 mV s ! scan rate in 0.5 M H,SO, solution. The obtained
results have shown stable electrochemical performance from 1
to 100 repetitive cycles. This might have attributed to better
structure and improved activity of the substrates [40].

LSV studies were carried out for Pd/PN-CNPs and Pt/CB to
evaluate the performance of HER. LSV experiments were done
in 0.5 M H,SO, solution with the scan rate of 10 mV s, in the
interval of 0-0.4 V corresponding to the HER region and repre-
sented in Fig. 5. The onset potential at 150 mA cm ~ is — 0.28 V
for PA/PN-CNPs and at 120 mA c¢m 2 is —0.3 V for PY/CB; it
shows that the Pd/PN-CNPs have shown higher electrocatalytic

T T T
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Current Density / mA.cm”

T
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activity with increased kinetics than Pt/CB; it may be due to the
nanostructured carbon support [13, 29].

Performance of Pd/PN-CNPs in PEM cell

The fabricated Pd/PN-CNPs and Pt/CB catalysed MEAs elec-
trolysis performances were evaluated in 25 cm?® single-cell
PEM water electrolyser for hydrogen production. Typically,
I-V polarisation curves were recorded with different temper-
atures (30-80 °C) along with the corresponding yields of hy-
drogen were measured and represented in Fig. 6 and Table 1.

Fig. 9 Long-term stability of

30 wt% Pd/PN-CNPs-catalysed
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The obtained results shows that, as the temperature increased
from 30 to 80 °C, the cell voltage has been reduced and the
hydrogen yield has been increased significantly. This implied
improved electrocatalytic activity and decrease in ohmic re-
sistance of the cell [41-43].

However, the Pd/PN-CNPs-catalysed MEAs cell efficiency
was calculated with the function of temperature and represent-
ed in Fig. 7. The calculated cell efficiency at 30 °C was ob-
tained as 72.54% while increasing the temperature up to
80 °C; the cell efficiency also increased from 72.54 to
77.89% at 1000 mA cm 2 current density, due to the improve-
ment in electrochemical activity at high temperatures [6, 29].
The faradaic efficiency of PEM water electrolyser with Pd/
PN-CNPs-catalysed MEAs was calculated from the ratio be-
tween theoretical and experimental hydrogen yields. The cal-
culated faradaic efficiency was 96% as shown in Table 1. The
remaining 4% may be due to internal current losses, cell con-
tact resistance, and gas measuring errors [39].

Further, the prepared Pd/PN-CNPs-catalysed MEAs elec-
trolysis performances were compared with commercial Pt/CB
in 25 cm? single cells PEM water electrolyser at 80 °C are
represented in Fig. 8. The noble metal loading on MEAs for
both the cases was maintained at 0.7 mg cm ~ at cathode and
3 mg cm 2 at anode. The obtained results with Pd/PN-CNPs
and commercial Pt/CB were 1.9 V and 1.91 V respectively
with an operating current density of 1000 mA cm 2 at
80 °C. The synthesised Pd/PN-CNPs has shown approximate-
ly similar performance to Pt/CB.

Further, Pd/PN-CNPs-catalysed MEAs electrolysis stability
experiments were performed in 25 cm? single cells PEM water
electrolyser at a constant current density of 1000 mA cm ~ at
80 °C and represented in Fig. 9. The observed cell voltage of
1.9 Vat 1000 mA cm 2 was stable for 500-h continuous opera-
tion and the obtained results have shown better stability towards
the HER in PEM water electrolyser. From the qualitative view
point, the obtained results of Pd/PN-CNPs towards the HER
have shown almost similar performance and stability when com-
pared to Pt/CB owing to the synthesised Pd/PN-CNPs
electrocatalyst surface area was similar to Pt/CB, well crystalline
structure, and higher activity of the substrates. From the qualita-
tive point of view, these synthesised PN-CNPs competitive with
commercial carbon blacks and production method is very simple,
relatively mass produced, and significantly low production cost.
Consequently PN-CNPs are potentially attractive materials for
HER. In the economical point of view, the PA/PN-CNPs can be
an alternative to Pt-based electrocatalysts due to low costs [9, 44].

Conclusion

Pd/PN-CNPs have been synthesised using chemical reduction
method and used as HER catalyst in fabrication of MEA. The
prepared Pd/PN-CNPs-catalysed MEAs performance studied

in PEM water electrolyser and their performance was com-
pared with commercial Pt/CB. The obtained results show that
the Pd/PN-CNPs-catalysed MEAs have shown similar elec-
trochemical activity compared to Pt/CB, probably due to its
nanostructured carbon support. Palladium which is less ex-
pensive compared to platinum can be an alternative to plati-
num for HER, HOR applications.
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