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Waste plastic derived nitrogen-doped reduced
graphene oxide decorated core-shell
nano-structured metal catalyst (WpNrGO-Pd—-Ru)
for a proton exchange membrane fuel cell

Sunil Dhali,? Manoj Karakoti,”® Gaurav Tatrari,” Sandeep Pandey,’
Kundan Singh Rawat, {2 Chetna Tewari,” Boddepalli Santhi Bhushan,®
Yong Chae Jung, (©° Anurag Srivastava (2 and Nanda Gopal Sahoo () *?

Waste plastic-derived nitrogen-doped reduced graphene oxide (WpNrGO) was demonstrated for the
first time as a catalyst support for PEMFCs. WpNrGO plays a significant role in enhancing the efficacy
and durability of electrocatalysts for PEMFCs. Graphene nanosheets (GNs) are obtained by upcycling
waste plastic via pyrolysis, followed by the modified Hummers' method to obtain WpGO. WpNrGO was
produced by the thermal annealing of WpGO with urea (NH,CONH5) at 750 °C. Further, a WpNrGO-
supported palladium-ruthenium (Pd_Ru) electrocatalyst was synthesized with Pd:Ru concentration in
the ratio 2:1. Synopsys-QuantumATK was used to run DFT-based first principles simulations to
comprehend the ideal locations for adsorption on GNs. The resulting WpNrGO-supported Pd_Ru (2:1)
core—shell electrocatalyst demonstrated a higher electrochemical surface area (ECSA) of ~43 m? g7t
for the oxygen reduction reaction (ORR) and half potential of 0.33 V, along with high catalytic activity

rsc.li/materials-advances and stability.

1. Introduction

Over the past few years, significant environmental problems
have arisen due to the burgeoning production as well as
improper management and distribution of waste materials.
These waste materials may include plastic waste, food waste,
medical waste, etc. These have significant and widespread
negative effects on the environment and health, undoubtedly
contributing to the spread and emergence of various deadly
diseases. Additionally, these are responsible for increasing
global temperatures, causing the earth to erode and flood,
and other environmental calamities.
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Apart from solid waste, green and alternative energy sources
are a prime requirement in the present context. Currently,
fossil fuels are being used to meet the world energy needs.
There are two main problems with the continuous use of these
fuels: environmental challenges and longevity. According to the
Petroleum Corporation, the production peak of petroleum and
natural gas will be between 2020 and 2027 before beginning
to decline." Therefore, people are turning towards fuel cells
because they exhibit high efficiency (as high as 60%) with
almost zero carbon emissions, making them a considered
green energy source. Currently, various types of fuel cells are
known, and these are divided into alkaline fuel cells (AFCs),>?
proton exchange membrane fuel cells (PEMFCs),*” phosphoric
acid fuel cells (PAFCs),® molten carbonate fuel cells (MCFCS),”
solid oxide fuel cells (SOFCs),® and so on.

PEMFCs are a very popular choice among various fuel cells
owing to their numerous advantages, including the ability to
operate at low temperatures, making them easier to contain
and reducing thermal losses. Moreover, PEMFCs are extremely
lightweight and smaller in volume, and therefore, these are
suitable for automotive and portable applications. In PEMFCs,
catalysts play a significant role in their performance. Currently,
platinum (Pt) as a catalyst with a carbon (C) support has been
frequently used.” However, the higher cost of Pt limits its
extensive use in PEMFCs. In addition, the agglomeration of
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Pt in Pt/C and the instability of Pt/C in acidic environments
pose significant challenges. Therefore, the replacement of Pt
with other metal catalysts and carbon with graphene and CNT
derivatives can be a great choice for catalyst application.®
In this context, many metals such as Pd, Fe, Ru, Co and their
bimetallic combination as catalysts and CNMs (graphene,
graphene oxide, and heteroatom-doped graphene) as a catalyst
support have been used in PEMFCs. Nitrogen-doped catalyst
supports are considered effective in enhancing the properties of
carbon nanomaterials inherently, owing to their analogous
atomic size and the ability to form active, strong bonds with
carbon atoms. The doping of nitrogen in CNMs plays a crucial
role in regulating electrons and enhancing the durability of
carbon nanomaterials." In addition, recent research has
shown that NGO has better electrocatalytic activity for ORR,
and methanol oxidation demonstrates good performance in
energy storage devices than pure graphene."”>™”

Although significant advancements have been made in
graphene-based catalysts for the oxygen reduction reaction
(ORR), particularly when they are loaded with metal nano-
particles. But, the nitrogen-doped core-shell structured bi-
metal catalysts have been explored far less. Within this context,
Ramirez-Barria et al. explained that NGO enhanced the catalytic
activity and showed that the conversion of benzyl alcohol
increased five times in aerobic oxidation conditions.'®"?
Furthermore, it was reported by Zhang et al. and Liang et al
that nitrogen-doped graphene catalysts exhibited excellent cata-
lytic performance in acidic media, with superior onset potential,
electron transfer, durability, tolerance against methanol cross-
over, and carbon monoxide poisoning.>***' Similarly, Dong et al.
found that graphene-supported Pt/Ru showed significantly
enhanced performance for both methanol and ethanol electro-
oxidation.”* Awasthi et al. showed that graphene-assisted Pd/Ru
increased the ECSA exponentially, and it was three times higher
than that of PA/MWCNT. They found that the catalytic activity and

Proton Exchange Membrane Fuel Cell

Fig. 1 Schematic of the complete process.

3772 | Mater. Adv.,, 2024, 5, 3771-3782

Parameter Parameter
controlled controlled
Reaction | 15 Stage Pyrolysis | Reaction
N2 gas, Temp. 750°C
Temp. 350°C

_& PACLRuCl,

po Polyol Process ¢~
in EG at130°C

&
WpNrGO-Pd-Ru

View Article Online

Materials Advances

CO poisoning were 2.6 and 1.7 times greater than Pd/GNs in the
basic medium under similar experimental conditions.>*

According to the above discussion, graphene and its
derivative-based catalysts have shown promising catalytic activity
in fuel cells. However, the cost per gram of graphene is a concern,
raising questions about its affordability as the catalytic support.
Thus, several researchers are continuously preparing different
types of carbon nanomaterials from plastic waste,>* which not
only suppresses the cost of graphene but also helps to solve other
environmental problems. Various thermal technologies, such as
pyrolysis,”>?® gasification, chemical vapor deposition (CVD), and
upcycling processes,”” enable the conversion of waste plastics into
CNMs and value-added products.”®**° Among these, pyrolysis is
the most appropriate and cost-effective method for reducing the
volume of waste plastic and recovering more products such as
CNMs (like graphene, graphene oxide (GO), and nitrogen-doped
graphene (NGO)) for energy conversion devices and other
applications.***"

To date, limited research has been conducted on the synth-
esis and application of heteroatom-doped waste plastic-derived
reduced graphene-based nanohybrids as electrocatalysts for
oxygen reduction reaction (ORR) with a Pd-Ru composition.
This work addresses pressing environmental issues, from waste
mismanagement and the transition to green energy. It spot-
lights PEMFCs, highlighting challenges with expensive plati-
num catalysts. Innovatively, waste plastic-derived nitrogen-
doped graphene oxide (WpNrGO) is introduced as a cost-
effective catalyst support. WpNrGO-supported Pd-Ru in a 2:1
ratio with the core-shell decorated nanohybrid is an efficient
metal catalyst for the PEMFCs, and the study combines afford-
ability and performance. Density functional theory (DFT) vali-
dates the WpNrGO/Pd-Ru catalyst’s efficacy, marking a crucial
step toward sustainable, efficient energy solutions and waste-
derived catalysts. The synthesized WpNrGO-Pd-Ru core-shell
electrocatalyst showed increased catalytic activity, stability, and

v

Thermal annealing
process at 750°C
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higher electrochemical surface (ECSA) area as compared to
commercial catalysts (Pt/C) (Fig. 1).

2. Materials and method
2.1 Materials

Waste plastic-derived graphene nanosheet, potassium perman-
ganate (KMnO,), sodium nitrate (NaNO;), urea (NH,CONH,),
sulfuric acid (H,SO,), hydrochloric acid (HCI), sodium hydroxide
(NaOH), hydrogen peroxide (H,O, 30% aq), palladium(u)chloride
(PdCl,), and ethylene glycol (C,HgO,) were purchased from SRL,
and silicone oil was purchased from Merck. Ruthenium chloride
(RuCl,) and commercially accessible Pt/C catalysts were obtained
from Sigma Aldrich and used as received.

3. Experimental
3.1 Synthesis of graphene nanosheet and WpGO

Graphene nanosheet (GNs) is synthesized in the laboratory by
upcycling waste plastic via pyrolysis, according to our pre-
viously reported method.?>*' In addition, the GNs were sub-
jected to further processing using the modified Hummers’
method®” to obtain waste plastic graphene oxide (WpGO).
In this method, the GNs were treated with NaNO; and H,SO,
rather than the additional use of KMnO,. To remove the
impurities, 5% HCl was used to wash the obtained WpGO.
Further, WpGO was washed with distilled water (DW) using
centrifugation methods at 7000 rpm until the pH level reached
neutral and dried in an oven at 80 °C.

3.2 Preparation of WpNrGO

WpNrGO was prepared by thermal annealing®® at 750 °C in a
tube furnace with urea (NH,CONH,) in an inert medium of Ar
gas at a flow rate of 2.5 ccm s~ . In this process, WpGO was
treated with 20% (by weight of WpGO) NH,CONH, at a tem-
perature rate of 5% min ‘. The WpNrGO was collected after
cooling down the reaction temperature and washed with
5%HCI and DW. After this, WpNrGO was kept for drying in
the oven at 80 °C overnight.

3.3 Preparation of WpNrGO-Pd-Ru (2:1) metal catalyst

A polyol technique was used to prepare the WpNrGO-supported
Pd-Ru electrocatalyst in an ethylene glycol (EG) solution.”**
Briefly, 80 mg of WpNrGO was dispersed in an EG solution and
sonicated for an hour at ambient temperature. PdCl, (66.66 mg
Pd) and RuCl; (133.33 mg Ru) were dispersed in 20 mL of
ethylene glycol and sonicated for an hour to achieve a homo-
genous dispersion. Further, both solutions were mixed and
then sonicated for 1 hour. Then, 15 mL of 1 M NaOH solution
was added drop by drop in the above mixture to adjust the pH
to 12. In order to attain a uniform dispersion of the metal
nanoparticles inside the WpNrGO suspension, the mixture was
stirred for 1 hour at 130 °C. The mixture was allowed to cool at
room temperature and was maintained at pH 4 with the
addition of ~20 mL of HCL Later, it was centrifuged and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cleaned with DW to obtain the final WpNrGO-Pd-Ru nano-
hybrids (2:1). Further, the synthesized WpNrGO-Pd-Ru was
dried in the oven at 80 °C overnight.

4. Characterizations

The synthesized WpGO, WpNrGO, and WpNrGO-Pd-Ru were
investigated using various spectroscopic and microscopic tech-
niques. The defects and quality of WpGO, WpNrGO, and
WpNrGO-Pd-Ru nanohybrid were confirmed by Raman
spectroscopy (Horiba Scientific xplora plus-532 nm). The Four-
ier transformation infrared spectroscopy (FT-IR) study was
conducted to detect functional groups using the KBr pellet
system (Model IR PerkinElmer, Spectrum 2000) within the scan
ranges 400 and 4000 cm™'. The degree of graphitization and
crystallization in the WpGO, WpNrGO and WpNrGO-Pd-Ru
nanohybrids was evaluated by X-ray diffraction (XRD) examina-
tion using a Rigaku Japan (Ultima IV X-ray diffractometer). The
internal and external morphologies of synthesized nanohybrid
were studied using transmission electron microscopy (TEM)
(JEOL, JEM 2100) and scanning electron microscopy (SEM) (JOEL,
Model-JSM-7610F), respectively.

4.1 Electrochemical measurements

The electrochemical measurements were carried out with AUTO
LAB PGSTAT302N electrochemical system, using a conven-
tional 3-electrode cell in 0.1 M H,SO, electrolyte. Platinum
wires and double-junction Ag/AgCl were employed as counter
and reference electrodes, respectively. For the working elec-
trode, 10 puL of synthesized nanohybrid dispersion in ethyl
alcohol was drop-cast over the glassy carbon disk electrode.
Prior to nanohybrid deposition, the glassy carbon electrode is
polished with a 0.05 mm alumina suspension, then cleaned
thoroughly with distilled water and dried in air for 30 minutes.
The ECSA of the WpNrGO-Pd-Ru nanohybrid is calculated from
the charge density of Pd and Ru gpg_g, (C cm ™~ electrode) obtained
from the CV at very low catalyst loading (00.0976 mg cm™?),
where the conversion factors for Pt, Pd, and Ru are 210 C cm 2,
424 C cm ™%, and 420 C cm™ 2, respectively.

5. Result and discussion

Raman spectroscopy was conducted to examine the existence of
defects in the number of layers and quality of WpGO, WpNrGO,
and WpNrGO-Pd-Ru. The Raman spectra of these materials
exhibit D and G bands, which are common in all (Fig. 2).
However, WpNrGO and WpNrGO-Pd-Ru show the two overtone
bands (2D and D’) along with D and G and are affected by the
sensitivity of the restricted atomic arrangement.

The D band originates in WpGO, WpNrGO and WpNrGO-
Pd-Ru due to their sp® carbon domain, which also indicates the
defects in the graphene and its based materials. The G band
arises due to the stretching of the C—=C bond in such materials,
which is very common to all conjugated carbon systems. The
WpGO shows typical Raman spectra of GO with two significant
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Fig. 2 Raman spectroscopy of WpGO, WpNrGO and WpNrGO-Pd—-Ru.

peaks at 1353 cm ™" (D-band) and 1582 cm™" (G-band), respec-
tively. In the case of WpNrGO, the G band is less broadened and
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shows a little blue shift, which is due to the appearance of a
new 2D peak at 2767 cm ™. Also, the intensity of the D band in
WpNrGO is higher as compared to WpGO, which indicates the
occurrence of more defects in WpNrGO.>* The higher intensity
of the D band also confirms the breakage of sp* and the formation
of a new sp® carbon domain. Consequently, the higher intensity
ratio of the D and G bands (Ip/I) shows that new defects arise in
WpNrGO during the thermal annealing process. However, the
Raman spectra of WpNrGO-Pd-Ru do not differ significantly from
WpNrGO, except for a slight decrease and broadening in the
intensity of the 2D and D’ peaks. This is attributed to the reduction
in functional groups on WpNrGO, which occurred during the
polyol process, as well as the introduction of Pd and Ru.*®

In order to determine the presence of functional groups on
WpGO, WpNrGO and WpNrGO-Pd-Ru, FT-IR was used, as shown
in (Fig. 3a). FT-IR spectra showed peaks at 3402-3341 cm ", 2958
8261 cm™ %, 1720 cm ™ %, 1530-1436 cm ™}, 1156 cm™*, 1266 cm™*,
1020 cm ™", and 1600 cm™ " corresponding to O-H stretching
vibrations, C-H stretching vibration, C—=0 (carbonyl/carboxy),
C-N stretch, C-O group, C-O (alkoxy) and skeletal vibrations of
un-oxidized graphite, respectively. The FTIR spectra of WpGO
clearly show the O-H stretching vibration peak at 3402-3341 cm™ %,
which disappears in WpNrGO and WpNrGO-Pd-Ru due to the
high-temperature annealing and Pd-Ru incorporation processes.
Also, due to these synthesis processes, epoxy and hydroxyl groups
were significantly decreased in WpNrGO and WpNrGO-Pd-Ru;
however, the major peak of C-N stretch is found in the range
between 1467 cm ™" and 1436 cm™.>"°

Fig. 3b shows the XRD pattern of WpGO, WpNrGO, and
WpNrGO-Pd-Ru. The WpGO shows a broad and sharp peak at

WpGO

(@)

OH. ,,€0,C0C-N¢c o

c
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4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber (cm'1)

Fig. 3
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(a) FT-IR spectra of WpGO, WpNrGO, and WpNrGO-Pd—-Ru. (b) XRD pattern of WpGO, WpNrGO, and WpNrGO-Pd-Ru.
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12°, which corresponds to the (111) plane with an interlayer
d-spacing of 6.822 A. Such an enlarged interlayer distance
between the layers is due to the intercalation of oxygen func-
tional groups, which indicates the chemical oxidation of
WpGO. However, the XRD diffraction peak at 27.6° in WpNrGO
is due to the presence of defects on the surface of WpGO,
whereas a peak at 30° concerning the (220) interlayer spacing is
attributed to the intercalation of nitrogen atoms over its surface
(Fig. 3b). Similarly, WpNrGO-Pd-Ru shows a broad diffraction
peak in the range of 12° to 85°, along with the broad feature in
the low-angle scattering region, suggesting that nanocrystallites
with an XRD pattern of nanoparticles of palladium (JCPDS card
No. 75-584) and ruthenium (JCPDS card No. 6-663).*%*' The
average crystallite size of the metallic palladium nanoparticle
with an average size of 2 nm with (200) interlayer d spacing of
2.09 A and ruthenium nanoparticle with an average particle size
of 2-3 nm concerning the plane of (102) and (103) interlayer
distance of 1.6 A (Fig. 3b).

(Fig. 4a, d and g) depict SEM images of WpGO, WpNrGO,
and WpNrGO-Pd-Ru. (Fig. 4a) showed the SEM image of WpGO
that indicated the combination of thin and thick crumpled
layers or sheet-type structures, which were generated due to the
oxidation of GNs into WpGO.***?

Similarly, WpNrGO has an irregularly wrinkled silk veil wave
orientation with stacks of sheets. These sheets have rippled and
become entangled with each other. This could have occurred
due to the removal of oxidative groups during the nitrogen
doping process at high temperatures and an increase in the van

© 2024 The Author(s). Published by the Royal Society of Chemistry
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der Waals interactions between the sheets of WpNrGO. These
sheets appear translucent with lateral diameters ranging from
2-6 nm to several um.** Further, (Fig. 4g and 5a and b) show
the SEM images of WpNrGO-Pd-Ru. These images show the
distribution of Pd and Ru all over the surface of WpNrGO.
(Fig. 4b, e and h) depict the surface topology for WpGO,
WpNrGO, and WpNrGO-Pd-Ru. (Fig. 4b) demonstrates a sheet-
shaped structure for WpGO, while the WpNrGO (Fig. 4e) shows a
few upraised needled shapes in the WpGO sheets due to doping
and intercalation of nitrogen atoms, which perturb the sheet
structure. (Fig. 4h) depicts the final core-shell structure of the
composite material with submerged Pd and Ru in the WpNrGO
sheet and exhibits an excellent distribution. The continual changes
are visible in the sheet structure of WpNrGO, with several dotted
structures showing the immersion of both metals. Further, the
evaluations were elaborated on with corresponding hill stack plots
for each material, viz WpGO, WpNrGO, and WpNrGO-Pd-Ru. Hill
stack plots displayed a clear structure of the surface in a 3D display
showing the topologic view from the top position for each struc-
ture, where WpGO is displayed as a dense arrangement of layers,
while WpNrGO is displayed as separated stacked layers of WpGO,
and broadly condensed structure showing the immersion of both
metals to develop a core-shell structure of the composite in
WpNrGO-Pd-Ru (Fig. 4c, f and i).

Moreover, TEM was studied to find out the structural surface
morphology of synthesized WpGO, WpNrGO, and WpNrGO-
Pd-Ru. (Fig. 6), shows a comprehensible structural analysis of
WpGO, WpNrGO, and WpNrGO-Pd-Ru, depicting their internal

Fig. 4 SEM images of (a) WpGO, (d), WpNrGO, and (g) WpNrGO-Pd—-Ru; 3D surface topology from the SEM analysis of (b) WpGO, (e) WpNrGO, and
(h) WpNrGO-Pd-Ru; hill stack plot of (c) WpGO, (f) WpNrGO, and (i) WpNrGO-Pd-Ru.

Mater. Adv,, 2024, 5, 3771-3782 | 3775
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Fig. 5 SEM images: (a) distribution of Pd/Ru over the WpNrGO sheet.
(b) Core-shell structure and domain arrangement of nanoparticles on
WpNrGO-Pd-Ru.

structure and hill stack pattern. A clear distinction in internal
structure visible in TEM images, viz. relatively separate layers
for WpGO, more closed layers for WpNrGO, and dense compo-
site arrangements with possibly submerged Pd and Ru are
visible in internal analysis and hill stack pattern of WpNrGO-
Pd-Ru (Fig. 6a-i).

TEM images revealed that more than one layer of material
was present in the synthesized powder sample. WpGO (Fig. 7a)
appears almost transparent and the morphology comprises
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thick flat flake layers, rough surfaces, and irregular shapes
with non-uniform particle sizes. The disorder and unwrinkled
shape suggested the presence of oxygenated functional groups
during the exfoliation and oxidation process.**® The TEM
image in (Fig. 7a) exhibits multilayer patterns that might be
attributed to the defective structures during exfoliation, as well
as the presence of external nitrogen atoms. Furthermore, the
TEM pictures of the foldable graphene layers on one edge reveal
isolated small fragments on the surfaces.*”*®

The high-resolution HRTEM image has revealed the con-
formation of the deposit and distribution of Pd and Ru nano-
particles on the WpNrGO sheet (Fig. 7a-d). TEM image of
WpNrGO depicted in (Fig. 7a) showed a sheet-like structure
while (Fig. 7b and c) shows the distribution of Pd-Ru in
WpNrGO-Pd-Ru sheets as dotted spots, further confirmed in
elemental analysis of the composite material depicting the
presence of Pd, and Ru with carbon, nitrogen, and oxygen
(Fig. 7d). In contrast, Pd and Ru particles of are aggregated
and located meagerly on the graphene surface with a broad
particle size distribution. However, the d spacing value of
TEM analysis shows good agreement with the d value of XRD
2d sin 0 = nA data. In this sequence, the distribution of Pd and
Ru in WpNrGO-Pd-Ru has been further confirmed by EDS
analysis in (Fig. 7d), where the distribution of Pd and Ru
is 14.54 wt% and 8.88 wt%, respectively. Further DFT was

Fig. 6 TEM images of (a) WpGO, (d) WpNrGO, and (g) WpNrGO-Pd—-Ru; internal 3D structure from the TEM analysis of (b) WpGO, (e) WpNrGO, and
(h) WpNrGO-Pd-Ru; Hill stack plot of (c) WpGO, (f) WpNrGO, and (i) WpNrGO-Pd—-Ru.
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Fig. 7

performed to evaluate and confirm the doping possibilities of
N, Pd, and Ru on the surface of WpGO.

5.1 Density functional theory (DFT) analysis

The EDS analysis showed the presence of N, Pd, and Ru as the
dopants in WpNrGO-Pd-Ru. Thus, using Synopsys-QuantumATK,
first-principles simulations based on density functional theory
(DFT) were performed to identify the optimal locations for these
dopants to adsorb on WpNrGO (N) and WpNrGO-Pd-Ru (N, Pd
and Ru).*® The Local Density Approximation (LDA) tool is used to
define the exchange-correlation interaction energy of electrons.
The valence electrons are described using the localized Double
Zeta Polarized (DZP) basis sets, with a density mesh cutoff of
75 Hartree. A 6 x 6 x 1 Monkhorst-Pack grid of K-points is used
to conduct the structural relaxations of the 5 x 5 supercells.
A sufficient vacuum padding of 10 A has been considered in the
non-periodic directions to avoid interactions among the mirror
images. The structural relaxations (optimizations) are carried out
using the Limited memory Broyden-Fletcher-Goldfarb-Shanno
(L-BFGS) algorithm®>" to obtain stress and force tolerance levels
of 0.05 eV A~ and 0.05 eV A, separately. Initially, various
possible adsorption cases of nitrogen on WpGO in WpNrGO
have been analyzed for their thermodynamic stability. In case-1,
nitrogen is adsorbed on the bond site (C—C bond) of WpGO. In
case 2, nitrogen is adsorbed on the hollow site of the carbon ring
of WpGO. In case 3, nitrogen is adsorbed on top of the carbon
atom of the WpGO. In case-4, nitrogen is adsorbed at a single
vacancy defect site of WpGO in the graphitic pattern. In case-5,
nitrogen is adsorbed at the double vacancy defect site of WpGO
in a pyridinic pattern. In case 6, nitrogen is adsorbed at the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) HRTEM image of WpNrGO, (b) and (c) distribution of Pd—Ru in WpNrGO-Pd—-Ru, and (d) the concentration of Pd and Ru.

hexa-vacancy defect site of WpGO in the pyrrolic pattern. The
structure of the WpNrGO sheet for each adsorption case before
and after optimization is shown in (Fig. 8). The corresponding
formation energy per unit length of the sheet (EF) is also given
in (Fig. 8) for each adsorption case, which offers information
about the relative thermodynamic stability of the structure. A low
formation energy indicates the relatively high thermodynamic
stability of the structure in comparison to its counterparts. The
formation energy per unit length is calculated using the expres-
sion given below.

E
EN adsorbed sheet — XEc — y%
£l . )

Here, Enadsorbed sheet; Ec and Ey, refer to the energies of the
nitrogen-adsorbed WpGO in WpNrGO, the carbon atom of
WpGO, and nitrogen gas, respectively. x indicates the number
of carbon atoms, and y indicates the number of nitrogen atoms
in the sheet. L is the sheet length, which is approximately
~12.30 A.

As seen from (Fig. 8), the formation energies for various
nitrogen adsorption cases viz. bridge site (case-1), hollow site of
carbon ring (case-2), top of carbon atom (case-3), at single
vacancy site in graphitic pattern (case-4), at double vacancy site
in pyridinic pattern (case-5), and hexa-vacancy site in pyrrolic
pattern (case-6) are 0.31 eV A~*, unstable adsorption, 0.31 eV A%,
—0.02 eV A7, 0.39 eV A7, and 1.27 eV A™?, respectively. The N
adsorption at the hollow site (case-2) is treated unstable as this
site offers no affinity towards the adsorbed nitrogen. The unstable

Mater. Adv., 2024, 5, 3771-3782 | 3777
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A

Ert=0.31 eV/A

E¢t=0.31eV/A

Before Optimization (Front and side
views)

After Optimization (Front and side views)

Before Optimization (Front and side
views)

After Optimization (Front and side views)

Case-1: N adsorption on bridge site (C=C bond) of WpGO sheet in WpNrGO.

Case-3: N adsorption on Carbon atom site of the WpGO sheet in WpNrGO.

1624

Unstable

Egt=-0.02 eV/A

¢

Before Optimization (Front and side | After Optimization (Front and side views)

Before Optimization (Front and side
views)

After Optimization (Front and side views)

views)

Case-4: N adsorption at the Single Vacancy defect site of WpGO sheet in WpNrGO in

Case-2: N adsorption on hollow site of WpGO sheet in WpNrGO.

Graphitic pattern.

) Ert=0.39 eV/A

Before Optimization (Front and side
views)

After Optimization (Front and side views)

pyridinic pattern.

Case-5: N adsorption at the double vacancy defect site of WpGO sheet in WpNrGO in a

S

L Ef'=127eV/A

Before Optimization (Front and side
views)

After Optimization (Front and side views)

pyrrolic pattern.

Case-6: N adsorption at the Hexa Vacancy defect site of WpGO sheet in WpNrGO in a

Fig. 8 Various possible adsorption cases of N on a graphene sheet. Color code: @ carbon, @ nitrogen.

case-3 turned into the stable case-1 after optimization. This
implies that only the bridge site (C—C bond site) offers good
affinity for nitrogen in the defect-free WpGO sheet. However, all

3778
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the defective WpGO offer good affinity towards nitrogen, as
witnessed from case 4 to case 6. In case-4, case-5, and case-6,
the side views of the optimized structures show a perfect planar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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arrangement of carbon atoms, indicating that the carbons have
retained their sp® hybridization even after the creation of defect
and adsorption of nitrogen. However, in case-1 and case-3, the
side view of optimized structures reveals that the two carbon
atoms supporting the nitrogen are slightly plucked out of the
plane, indicating a possible hybridization change in these two
atoms from sp” to sp>. Out of all the possible nitrogen adsorption
cases, the graphitic pattern (case-4) exhibits the relatively lowest
formation energy of —0.02 eV A™', and thereby the highest
stability. This implies that the majority of the nitrogen atoms
present in the WpGO might have undergone a graphitic pattern of
doping during the synthesis of WpNrGO. Prompted by these
results, we have used the graphitic patterned WpNrGO to under-
stand the positioning of palladium (Pd) and ruthenium (Ru)
dopants below.

(Fig. 9a and b) show the adsorption of Pd and Ru dopants on
the WpNrGO sheet in WpNrGO-Pd-Ru, respectively. Here, the

View Article Online

Paper

Pd/Ru dopant is placed just above the graphitic nitrogen of
WpNrGO before the optimization to assess the influence of the
nitrogen dopant on Pd/Ru dopants. The formation energy for
Pd/Ru adsorption is calculated using eqn (2) given below.

_ [Epd or Ru adsorbed NGO — ENGO — Epd or Rul @)

EL 7

From (Fig. 9), the calculated formation energies are very
low, indicating a very stable reaction between Pd/Ru and the
WpNrGO sheet. It is worth noting that the Pd/Ru dopants bond
only with the carbon atoms of WpNrGO after optimization,
even though they were placed over the graphitic nitrogen atom
before the optimization. It indicates that the graphitic nitrogen
with an intrinsic lone pair is pretty stable and unwilling to
entertain the Pd/Ru dopant. Thus, the Pd/Ru dopants are
accommodated by the carbon skeleton of WpNrGO and the

Eft =-0.22 eV/A

2.19A

Before Optimization (Front and side

views)

2

2.16 A

Before Optimization (Front and side

views)

After Optimization (Front and side views)

Fig. 9

(a) Pd adsorption on the graphitic patterned WpNrGO sheet. (b) Ru adsorption on the graphitic patterned WpNrGO sheet in WpNrGO-Pd—-Ru.

Color code: @ carbon, @ nitrogen, @ oxygen, @ palladium, @ ruthenium.
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presence of nitrogen does not enhance the accommodation of
these dopants. This may be one of the reasons behind the low
atomic percentage of Pd (2.24%) and Ru (1.44%) dopants in the
synthesized WpNrGO-Pd-Ru composite, given the fact that the
nitrogen is present in a large quantity (14.49%) in WpNrGO.
However, the presence of graphitic nitrogen in WpNrGO
enhances its electronic properties owing to the rich chemistry
of nitrogen with carbon and the inherent lone pair. To sum-
marize the discussion of computational results, the graphitic
form of nitrogen doping may be prominent in the synthesized
WpNrGO. Moreover, the Pd/Ru dopants are bound to the
carbon skeleton of WpNrGO, as the nitrogen atoms do not
offer any affinity to them.

5.2 Electrochemical analysis

The electrochemical study was carried out through the three-
electrode system. The WpNrGO-Pd-Ru or commercial Pt/C (for
comparison study), Pt wire and Ag/AgCl were used as a working,
counter and reference electrode, respectively. The cyclic vol-
tammetry was performed at the scan rate of 10 mV s~ ' to
500 mV s~ ' between —0.2 V and 1.0 V in 0.1 M H,SO, aqueous
electrolyte. Initially, the commercial Pt/C as a working electrode
was tested and further compared with WpNrGO-Pd-Ru at
similar electrochemical parameters viz. scan rate of 500 mv s *
with a potential window between —0.2 V and 1.0 V (Fig. 10a and b).
The comparative plot displayed a higher current response and
very high ECSA of WpNrGO-Pd-Ru as compared to the commer-
cial Pt/C. ECSA results are strongly evident in the determination

a
0.0004-
0.0002-
—_
<
-
€
0.0000-
(]
.
S
=
O .0.0002
-0.0004 4
T T T . T T T
02 00 0.2 0.4 0.6 0.8 1.0

Potential (V vs Ag/AgCl)
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of the performance of the WpNrGO-Pd-Ru (2: 1 ratio) core-shell
nanohybrid as a catalyst for anode and cathode. The ECSA was
nonetheless obtained by integrating the area under the curve in
the vicinity of hydrogen adsorption and desorption after double-
layer correction. According to the CV analysis for the ECSA
assessment, the WpNrGO-Pd-Ru 2:1 core-shell electrocatalyst
demonstrated a better mass-specific ECSA value of ~43 m> g~*
than the commercial Pt/C value of ~36 m* g~ " at extremely low
catalyst loading (00.0976 mg cm ). To do this, the ECSA of the
WpNrGO-Pd-Ru catalyst is calculated from the charge density of
Pd and Ru gpgry (C cm™? electrode) obtained from the CV,
where the conversion factors for Pt, Pd, and Ru are 210 C cm™ 2,
424 C cm™? and 420 C cm™ 2 respectively. The metal loading in
the electrode L in g Pd-Ru per cm?.

4dpPd—Ru
ECSA = ——
I L

(3)

Furthermore, the experimental results proposed that excep-
tional ECSA was achieved by the doping of nitrogen in
WpNrGO. The lone pair of electrons in nitrogen provides an
electron transport system for Pd and Ru metal nanocatalyst.
Therefore, the results endorsed high surface area and better
stability. Stability assessments were made by evaluating electrodes
after 6000 cycles, which displayed excellent retention of ECSA
performance. (Fig. 10c) shows high stability for WpNrGO-Pd-Ru,
which was tested up to 6000 cycles at 500 mV s~ with a potential
window of 1.2 V. The stable alignhment of each CV cycle predicts
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Fig. 10

Potential (V vs. Ag/AgClI)

(a) CV curves of commercial Pt/C (0.1 M H,SO,, scan rate 500 mV s~3). (b) CV curves of WpNrGO-Pd-Ru and commercial Pt/C at 500 mV st

(Pd—Ru loading 0.0976 mg cm~2). (b) CV curves of WpNrGO-Pd-Ru at different scan rates. (d) CV curves after 1, 4000, and 6000 cycles (0.1 M H,SO,).
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Table 1 ECSA and stability of the synthesized WpNrGO-Pd—-Ru catalyst compared with the catalysts reported literature

S. No. Catalyst ECSA (m* g™ ") Stability (cycles/hours) Ref.

1 Pt-B-Gr/CB (30%) 33.6 1200 52

2 PtNW-Pd/rGO 19 200 53

3 Au/rGO 12.9 9200 54

4 Pd;Co/N-G 39.8 — 55

5 PdRU/MWCNT-GNP 20.7 — 56

6 Pd/C 43 — 57

7 Pd/untreated-MWCNT 21.4 — 58

8 Pd/acid-oxidized MWCNT 35.7 — 58

9 Pt/GO 13.62 5000 (19%) 59

10 Pt/G 8.2 60

11 Pt/BG-1 (reduction by NaBH,) 17.8 60

12 Pt/BG-2 (polyol method) 30.0 60

13 Pt/BG-3 (modified polyol method) 46.9 50 hours 60

14 Pt/rGO 0.51 1000 (49%) 61

15 Pt/GO-r 1.11 1000 (50%) 61

16 Pt/GO 0.62 1000 (50%) 61

17 Pt/C ~36m*g ! 5000 Present study
18 WpNrGO-Pd-Ru ~43m> g ! 5000 Present study

Note: Pt-B-Gr/CBx: Pt-boron doped graphene/carbon black; NW: nanowire; Pd;Co/NG: palladium-cobalt supported nitrogen-doped rGO; PdRu/
MWCNT-GNP: palladium-ruthenium (PdRu) supported on multiwalled carbon nanotube-graphene; Pt/G: platinum/graphene; Pt/BG: platinum/
boron-doped graphene; Pt/GO-r: platinum/partially reduced graphene oxide (GO-r).

high stability that can be attributed to the electron mobility and
charge carrier of nitrogen-doped graphene oxide support.
Further, results obtained in terms of ECSA and stability from
the prepared catalysts were compared with the previously
reported literature (Table 1). The comparison results indicate
the utility and importance of the prepared catalyst for PEMFCs.

6. Conclusion

The waste plastic GNs are obtained from the pyrolysis of waste
plastic, followed by the modified Hummers’ method to obtain
WpGO, which is further doped with nitrogen through the
thermal annealing process. However, the WpNrGO-Pd-Ru pre-
pared from the polyol process showed a core-shell structure,
and the Pd and Ru nanoparticles are immersed in the WpNrGO
sheet. Pd and Ru nanoparticles exhibit excellent homogeneous
distribution. The WpNrGO-Pd-Ru shows incomparable electro-
chemical activity and electrochemical stability before and after
6000 cycles of ORR activity compared to commercial Pt/C.
The observed result reveals that WpNrGO-Pd-Ru shows much
higher ECSA ~ 43 m” ¢~ than commercial Pt/C ~ 36 m*> g™ ".
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