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A high performance and durable electrocatalyst for the cathodic hydrogen evolution reaction (HER) in anion
exchange membrane (AEM) water electrolyzers is crucial for the emerging hydrogen economy. Herein, we
synthesized Pt-C core-shell nanoparticles (core: Pt nanoparticles, shell: N-containing carbon) were uniformly
coated on hierarchical MoSy/GNF using pyrolysis of h-MoS,/GNF with a Pt-aniline complex. The synthesized
Pt—C core-shell@h-MoS,/GNF (with 11.3 % Pt loading) showed HER activity with a lower overpotential of 30 mV
at 10 mA cm™? as compared to the benchmark catalyst 20 % Pt-C (41 mV at 10 mA cm™2) with improved
durability over 94 h at 10 mA cm™2. Furthermore, we investigated the structural stability and hydrogen
adsorption energy for Pty3 cluster, Cgo molecule, h-MoS, sheet, Pt;3—Cgg core-shell, and Pt;3—Cgg core-shell
deposited h-MoS; sheets using density functional theory (DFT) simulations. We investigated the Pt-C core-
shell@h-MoS,/GNF catalyst active sites during HER performance using in-situ Raman analysis as well as DFT. We
fabricated AEM water electrolyzers with cathode catalysts of Pt—C core-shell@h-MoS,/GNF and evaluated device
performance with 0.1 and 1.0 M KOH at 20 and 60 °C. Our work provides a new pathway to design core-shell
electrocatalysts for use in AEM water electrolyzers to generate hydrogen.

1. Introduction conventional steam reforming and coal gasification, which are not

viable options because of their low pure hydrogen output and green-

Global energy demand has raised concerns over the depletion of
fossil fuels and their environmental impacts like climate change, ozone
depletion and carbon footprints [1-5]. This drives the need to develop
an alternate form of energy, which should be renewable, sustainable,
affordable, and clean, as indicated by the sustainable development goals
of the future. Among the present non-conventional sources energy
sources like wind, thermal, and solar [6], hydrogen holds great potential
as a future fuel due to its distinctive properties, including zero carbon
emissions and an abundant supply of raw material in the form of water
[7]. However, 80 % of hydrogen around world is still produced by

house gas emissions [8]. Electrochemical water splitting is an efficient
method of clean hydrogen production that overcomes all the conven-
tional drawbacks. Even though electrochemical water splitting has
proved to be the safest method of producing high purity hydrogen, it
suffers from energy efficiency problems and limited availability of
affordable electrocatalysts [9,10].

Electrochemical water splitting involves hydrogen evolution reac-
tion (HER) and oxygen evolution reaction (OER) as their core reactions
in the cathode and anode, respectively. The benchmark electrocatalysts
of these half reactions, including Pt (HER), IrO5, and RuOy (OER),
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demonstrated efficient electrocatalytic activity. However, their poor
durability and scarcity on earth hinder the commercialization of water
electrolyzers for hydrogen production. Cathodic hydrogen evolution
remains difficult when using non-noble catalysts. Two efficient strate-
gies can be employed to overcome this situation: (i) developing elec-
trocatalysts free of noble metals and (ii) minimizing the usage of noble
metals by alloying with affordable metals or depositing on suitable
support materials without compromising their hydrogen production
efficiency [11]. Strategically, introducing noble metals into transition
metal-based catalysts to alter the host structure can effectively improve
the electrocatalytic activity towards HER [12-16]. Transition metal
chalcogenide-based electrocatalysts are effectively used as cathodes in
energy storage and conversion devices such as fuel cells [1], batteries [1,
12], water electrolyzers [1,12,17], and solar cells [18] due to their good
electron conductivity, facile synthesis method and excellent electro-
chemical properties. Among the varying types of transition metal chal-
cogenides, molybdenum disulfide (MoS,) is a potential alternative
electrocatalyst for the HER reaction due to its high hydrogen adsorp-
tion-desorption energy, higher intrinsic activity, longer active edges,
basal planes, a d-band electronic structure, low cost, and an easy scal-
able synthesis method [19]. Further, the MoS; architecture consists of
the S-Mo-S layers with a van der Waals gap of 6.5 A between the two
layers, and MoSy with a 1T structural phase showed improved HER
activity due to the increased adsorption capability of the exposed active
sites and sulfur-edge sites with good electron/ion transportation [2,20,
21]. However, MoSs-based electrocatalysts showed insufficient elec-
trical conductivity and minimum active area due to rapid aggregation
during hydrothermal treatment. In this regard, hierarchical growth of
MoS; supported on conductive carbon-based graphite nanofibers (GNFs)
is a promising way to improve conductivity, reduce agglomeration, and
increase MoS; active sites along with surface area [22,23]. However, the
electrocatalytic performance of hierarchically structured MoS; on GNFs
remains inferior compared to the benchmark -catalyst, i.e.,
platinum-carbon (Pt-C) with 20 % loading. Consequently, it is crucial to
optimize the decoration of platinum (Pt) nanoparticles with minimal
loading on the hierarchically grown MoSy/GNF composite to achieve
enhanced catalytic performance.

The long-term HER performance of platinum (Pt) nanoparticles is
compromised by their inadequate stability, which is a consequence of
the progressive reduction in electrochemical surface area (ECSA)
stemming from Ostwald ripening and agglomeration processes. The
development of core-shell nanostructures ensures the stability of metal
nanoparticles, achieved through the incorporation metal nanoparticle in
carbon layer. Moreover, the core-shell configuration ensures long-term
electrochemical stability, and the carbon layer shell resists the dissolu-
tion or degradation of the core metal nanoparticles during electro-
chemical operations [1,24,25]. Therefore, encapsulating Pt
nanoparticles with a graphitic carbon shell is a viable approach for
mitigating the degradation induced by these phenomena, including
Oswald ripening, dissolution, and agglomeration [26]. Moreover, the
integration of nitrogen atoms into the graphitic carbon structure (that is,
surrounding the Pt nanoparticles with a nitrogen-containing graphitic
carbon layer) enhanced the electrocatalytic activity for HER while
simultaneously improving the stability of the nanoparticles [24,26].
This strategy aims to enhance the electrocatalytic activity towards HER
as following ways: (i) improving electrocatalytic activity through the
addition of Pt nanoparticles (with low loading of Pt) on support mate-
rials (MoS,/GNF), (ii) the stability of Pt nanoparticles achieved on
support materials, through the encapsulating Pt nanoparticle in carbon
layer, and (iv) improving durability of electrocatalyst through the
encapsulated Pt nanoparticles with the nitrogen-containing carbon layer
[27-29].

Based on the above, we first synthesized hierarchical MoS, coated
graphitic nanofibers (h-MoS2/GNF) using the hydrothermal method at
180 °C for 12 h. Then, Pt-C core-shell nanoparticles (Pt nanoparticles
are core and N-containing carbon layer act as shell) were uniformly
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coated on h-MoS,/GNF using pyrolysis of h-MoS,/GNF with a Pt-aniline
complex at 500 °C for 1 h at Ny medium. The inductively coupled
plasma-optical emission spectrometry (ICP-OES) results confirmed that
the Pt loading was 11.3 % in Pt-C core-shell@h-MoSy/GNF electro-
catalyst. The synthesized Pt-C core-shell@h-MoS,/GNF electrocatalyst
was characterized using various analytical techniques such as field
emission scanning electron microscopy (FE-SEM), high resolution
transmission electron microscopy (HR-TEM), X-ray diffraction, Raman
analysis and X-ray photoelectron spectroscopy (XPS) analysis. The
structural, morphological, and spectroscopic studies confirmed the
encapsulation of Pt nanoparticles with an N-containing carbon layer
supported on the h-MoSy;/N-GNF. The Pt-C core-shell@h-MoS;/GNF
electrocatalyst showed HER activity with a low overpotential of 30 mV
at a current density of 10 mA cm™2 as compared to the commercial
catalyst of 20 % Pt—C (41 mV at 10 mA cm3). Notably, 11.3 % Pt loaded
Pt-C core-shell@h-MoSy/GNF electrocatalyst showed to 26.8 % reduc-
tion in HER overpotential when compared to the 20 % Pt-C commercial
catalyst. Furthermore, we investigated the structural stability and
hydrogen adsorption energy for Pty3, Cop, M0S5 sheets, Pt;3/Cgyg (core/
shell), and Pt;3/Cgo deposited MoS; sheets using DFT. We also investi-
gated the Pt-C core-shell@h-MoSy/GNF catalyst active sites during HER
performance using in-situ Raman analysis. We fabricated an AEM water
electrolyzer using Pt-C core-shell@h-MoS,/GNF as the cathode catalyst
and evaluated the device performance in 0.1 and 1.0 M KOH at 20 and
60 °C. From the collective evaluations and results, we believe that this
work provides a promising pathway for designing a core-shell based
electrocatalysts towards AEM water electrolyzers for hydrogen
production.

2. Experimental section
2.1. Materials

Sodium molybdate dihydrate (NagMo0O4-2H20,>99.5 %), thio-
acetamide (CoHsNS), graphite nanofiber (GNF) with 95 % trace metals
basis (sizes 10-40 pm), potassium tetrachloroplatinate (II) (KyPtCly,
99.5 %), commercial Pt-C (20 wt%), ethanol (CoHsOH), hydrochloric
acid (HCL, 35 %), tetrahydrofuran, isopropyl alcohol solution and a 5 wt
% Nafion solution were ordered from Sigma-Aldrich. A styrene-
ethylene-butylene-styrene (SEBS) ionomer, low-density polyethylene
(LDPE) - vinylbenzyl chloride (VBC) - trimethylamine (TMA)-based ra-
diation grafted AEM was used [30]. Titanium fiber felt used as the gas
diffusion layer (GDL) and purchased from Bekaert Toko Metal Fibre Co.,
Ltd (78 % porosity and 0.3 mm). A carbon paper (GDL) without a
microporous layer (MPL) (non-wet proof, Freudenberg) and IrO5 and
NiCo304 were purchased from Alfa Aesar.

2.2. Synthesis of h-MoS2/GNF

Purchased GNFs were immersed in concentrated HNO3 for 2 days to
remove metal impurities and functionalize the GNFs. The h-MoS,/GNF
was synthesized using a hydrothermal reaction. Briefly, 30 mg of func-
tionalized GNF was dispersed in 30 mL of deionized water (DI), and then
2 mmol of the sodium molybdate dihydrate and 8 mmol of the thio-
acetamide were separately dissolved in 40 mL DI water. Both solutions
were mixed, and then 0.5 mmol of oxalic acid (a shape-promoting agent)
was added [23] (stirring was conducted for 1 h). Finally, the solution
was transferred to a 100 mL Teflon autoclave and was kept at 180 °C for
12 h. Finally, the h-MoS,/GNF product was washed several times with
DI water before being dried in a vacuum oven at 50 °C for 24 h.

2.3. Prepared of Pt-aniline complex
The Pt-aniline complex was prepared following a previous report

[24]. Briefly, 120 mg of chloroplatinic acid were dissolved in 30 mL of
aniline (purified using the vacuum distillation method) followed by
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stirring for 5 h to form the Pt-aniline complex. The unreacted aniline was
removed by washing the Pt-aniline complex with 0.2 M HCI.

2.4. Synthesis of Pt—C core-shell@h-MoS2/GNF

The prepared 20 mg of Pt-aniline complex and 30 mg of the h-MoSy/
GNF were dispersed in 40 mL of ethanol solvent followed by stirring for
1 h. The ethanol solvent was removed using a rotary evaporator. Finally,
Pt-aniline coated h-MoSy/GNF was pyrolysis at 500 °C in Ny medium for
1 h to obtain Pt—C core-shells formed on the h-MoS,/GNF, and this
product is denoted as Pt-C core-shell@h-MoS,/GNF.

2.5. Fabrication of membrane electrode assembly for AEM water
electrolyzer

A membrane electrode assembly was fabricated using NiCoy04 or
IrO, as an anode and Pt-C core-shell@h-MoS,/GNF as a cathode. The
radiation grafted AEM of LDPE with VBC was synthesized according to a
previous report [30,31]. The synthesized AEM of LDPE-VBC was func-
tionalized with Benzyl trimethylammonium groups through immersing
the membrane in TMA 45%wt solution in water for 24 h. Subsequently,
Cl™ ions were exchanged with OH™ by immersing the AEM in 1.0 M KOH
solution (KOH was replenished every 20 min, 3 times). The final AEM
was washed several times with DI water to remove excess OH™ ions, a
process confirmed using pH paper. Anode catalysts NiCo,O4 or IrOy
were dispersed in tetrahydrofuran (THF) by ultra-sonication. To this,
SEBS ionomer and polytetrafluoroethylene (PTFE) binder were added to
make the ink. The ink was sprayed on a titanium fiber felt GDL with an
optimized loading of 2 mg cm™2. The cathode catalyst Pt-C core--
shell@h-MoS,/GNF was mixed with SEBS ionomer and PTFE binder
using isopropanol as a solvent. The ink was sprayed on carbon GDL
(non-wet proof, Freudenberg) with an optimized loading of 0.2
mgpy/cm>. After coating on the respective GDLs, the anode and cathode
catalysts were treated with TMA for 24 h. The obtained electrodes were
washed with water several times and dried. All three components
(anode, cathode, membrane) were treated with 1M KOH before forming
the membrane electrode assembly (MEA). The MEA was placed in an
electrolyzer cell fixture and was torqued to 2 Nm. The cell was fed with
1.0 M and 0.1 M KOH solutions with flow rate of 50 mL min~!. Polari-
zation curves (from linear sweep voltammetry) of AEM electrolyzer was
recorded from 1.2 to 2.3 V with scan rate of 1 mV s~! and EIS data was
recorded from 0.1 Hz to 10° Hz with an amplitude of (Vyps) 10 mV and
cell voltage of 1.5 V. The stability test of the AEM electrolyzer was
investigated by using chronoamperometry with 1.85 V for 15 h. All the
electrochemical tests were performed on a Gamry interface 5000E
potentiostat.

2.6. Computational methodology

DFT based first-principles calculations using CONQUEST code
[32-34] were performed to study the structural stability and hydrogen
adsorption energy of Ptj3, Cgp, M0Sy sheet, Pt;3—Cyo core-shell, and
Pt13-Cgg core-shell@h-MoS, sheet. PBE [35] functions were used for
exchange and correlation terms in DFT energy. In the case of Pt13-Cyg
core-shell@h-MoS,, DFT-D2 corrections for van der Waals interactions
were applied [36]. The double zeta plus polarization function (DZP)
basis sets [37] were used with a 120 Ha cut-off energy for the charge
density grid. The accuracy of DZP when compared to triple zeta plus
triple polarization functions (TZTP) basis sets is shown in Fig. S8c. A1 x
1x1 k-mesh was used for all the structures except isolated MoS, sheet
where a 12 x 12x 1 k-mesh with a Monkhorst-Pack scheme was pro-
vided. The free energy of the hydrogen evolution reaction (4Gy+) was
calculated using the following equation:

AGy, = AEy + AEzp; — TASy )
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where AEy, AEzpg = Efp — 1E/%, and ASy = SY — 182, are hydrogen
adsorption energy from the DFT calculations, the change in zero point
energy (ZPE) and entropy between the adsorbed state of hydrogen atom
and the gas phase hydrogen molecule at 298 K, respectively [38]. Values
of AEzpg—TASy were chosen from previous studies as 0.24, 0.38, 0.38,
and 0.29 eV for Pt, C, N, and S, respectively [38-40]. The hydrogen
adsorption energy (AEy) was calculated using the following equation.

AEH :E.xrrul'll4t‘e+l'1 - E.\rru('mre + %EHZ (2)
where Egpycture+H> Estrucaure; and Ep, are the calculated ground-state en-
ergies of optimized structures (such as Pt;3, Cgg, h-Mo0S; sheet, Pt13-Cgg
core-shell and Ptj3-Cyg core-shell@h-MoS, sheet) with adsorbed
hydrogen atoms, without hydrogen atoms and the ground-state energy
of the Hy molecule, respectively.

Before performing H adsorption studies, ab-initio molecular dy-
namics (AIMD) studies were further conducted at 600 K for Cgg, N doped
Cgp, Pt13-Cyg core-shell, and Pty3-Cyy core-shell@h-MoS, sheet to
examine their structural stabilities using CONQUEST [41]. Using the
Nose-Hoover chain thermostats, canonical ensemble (NVT) simulations
were carried out to study the time and temperature dependent energy
profile [42]. The AIMD simulations were allowed up to 2ps with a time
interval of 0.5 fs.

3. Results and discussion

3.1. Morphological and structural investigations of Pt-C core-shell@h-
MoS3/GNF nanohybrid

Fig. la—d presents a schematic diagram illustrating the synthesis of
the Pt-C core-shell@h-MoS,/GNF using the hydrothermal method at
180 °C for 24 h and pyrolysis method. In the first step, functionalized
GNF with —-COOH and -OH groups, which can enhance the binding
strength and stability with Mo precursors. During the hydrothermal
reaction, thioacetamide undergoes decomposition, releasing HyS gas,
which can react with the metal oxide to form h-MoS; on GNF [1]. In
second step, pyrolysis of Pt-aniline complex on h-MoS,/GNF at 500 °C
for 1 h at No medium result formation of Pt nanoparticles. These
nanoparticles are encapsulated with an N-containing carbon layer on
surface of the h-MoS;/GNF. These N-containing carbon layers formed
from aniline during the pyrolysis of Pt-aniline complex [24].

Fig. Sla shows the functionalized GNF a few micrometers in length
and a few nanometers in thickness. After the hydrothermal reaction,
MoS; was hierarchically grown on the GNFs and fully covered the sur-
face as shown in Fig. S1b(i,ii). Furthermore, TEM images of h-Mo0S>/GNF
revealed that the GNF is covered with h-MoS; layers as shown Fig. S1c(i-
iii), creating more active area for the electrocatalytic reaction. The
schematic diagram of the interlayer distance and interlayer distance of
MoS; was 0.63 nm, which belongs to the (002) plane of 2D layered MoS;
as shown in Fig. S1d-e. These data agree with the X-ray diffraction
pattern of MoS;. Fig.S1f shows the SAED pattern of the MoSy, confirming
its semi-crystalline nature. The high-angle annular dark-field scanning
TEM (HAADF-STEM) image of the h-MoS,/GNF confirmed the presence
of the carbon, molybdenum, and sulfur as shown Fig.S1g(i-ii). After
pyrolysis of h-MoS2/GNF with a Pt-aniline complex, FE-SEM images of
the Pt-C core-shell@h-MoS,/GNF showed that the hierarchical structure
of MoS; slightly changed with the Pt—C core-shell and energy dispersive
X-Ray spectroscopy (EDX) spectra with FE-SEM-EDAX elemental color
mapping confirming the presence of Pt, Mo, S, N and C in the electro-
catalyst as shown in Fig. 2a—d. The intrinsic structural morphology of the
Pt-C core-shell@h-MoS,/GNF was investigated using TEM and HR-TEM
analysis as shown in Fig. 2e and f. Fig. 2ei and Fig.S2ai show the pres-
ence of the Pt-C core-shell nanoparticles uniformly coated on the h-
MoS; layer with average Pt nanoparticle sizes of about 3.8 nm (see
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Fig. 1. Schematic diagram for synthesis of Pt-core-shell supported hierarchical MoS, coated GNF. (a) and (b) reactants and hydrothermal synthesis of h-MoS,/GNF.
(c) Coating of Pt-aniline complex on the h-MoS,/GNF and (d) Pt-C core-shell@h-MoS,/GNF obtained after pyrolysis at 500 °C under N, gas flow. (A colour version of

this figure can be viewed online.)

were encapsulated with an N-containing carbon layer with a nanometer
shell thickness. This would prevent Pt-nanoparticle dissolution, Oswald
ripening and aggregation during the electrocatalytic stability test [24,
43]. The inset image of Fig. 2e(ii) shows the SAED pattern of the Pt-C
core-shell@h-MoSy/GNF, which confirmed the crystalline nature of the
Pt nanoparticles coated on the h-MoS,/GNF. HR-TEM images of the Pt
nanoparticles showed a lattice distance about 0.22 nm, which belongs to
the Pt (111) phase, as shown in Fig. 2f(i,ii), and it agrees well with the
XRD pattern [12,44]. The HAADF-STEM elemental color mapping of
Pt-C core-shell@h-MoS,/GNF shows the presence of the Pt, Mo, S, N and
C elements in the prepared electrocatalyst as show in Fig.S12f.

We have utilized X-ray diffraction (XRD) analysis to investigate the
crystalline nature of prepared electrocatalysts of Pt-C core-shell @h-
MoS,/GNF, and the results are represented in Fig. S3a. The XRD pattern
of the h-MoSy/GNF shows strong diffraction peaks at ~14.0°, 33.8°,
39.7°, and 59.9°, which belong to (002), (100), (103), and (110) planes,
respectively, of the crystalline MoS; (JCPDS No. 37-1492) [23]. More-
over, the characteristic peak of 14.0° that belongs to the stacked, layered
morphology of the h-MoS; was also observed with strong graphitic
characteristic peaks at 26.0° belonging to the (002) plane of the GNF
[23,44]. After pyrolysis of the h-MoS2/GNF with the Pt-aniline complex
at 500 °C, the characteristic peaks of the MoS; were suppressed and Pt
nanoparticle characteristic peaks appeared at 39.7, 46.7, 67.4 and 82.2°
corresponding to the (111), (200), (220), and (311) planes, respectively,
of crystalline Pt. These XRD analyses confirmed the formation of the

Pt-C core-shell on the h-MoS2/GNF during the pyrolysis process. Raman
spectroscopy is a powerful tool to examine the crystal structure, defects,
and electronic properties of the Pt-C core-shell@h-MoS,/GNF,
h-MoS,/GNF and GNF. Fig. S3b shows the micro-Raman spectra of the
prepared electrocatalyst of Pt—C core-shell@h-MoSy/GNF, h-MoS,/GNF
and GNF. The functionalized GNF showed two peaks at 1341 and 1589
cm ™, belonging to D (presence of defects or edges in the graphite lat-
tice) and G (in-plane vibration of spz-hybridized carbon atoms) bands,
respectively. After growth of the h-MoS; on GNFs, the peak positions of
the G and D bands appeared with positive shifts at 1353 and 1596 cm ™%,
respectively [1]. After undergoing pyrolysis of the h-MoS,/GNF with a
Pt-aniline complex, the D and G band peaks appeared at 1353 and 1595
em ™}, respectively. Notably, the intensity ratio of the D and G (Ip/Ig) of
Pt—C core-shell@h-MoS,/GNF was 1.11, which was lower than that of
GNF (1.37) and h-MoS,/GNF (1.33). Additionally, the full width at half
maximum (FWHM) of D and G bands in Pt-C core-shell@h-MoS,/GNF
showed considerably increased as compared to h-MoS; on GNFs. This
suggests a reduced degree of the graphitization compared to GNF due
the formation of an N-containing carbon layer on the h-MoSy/GNF
during pyrolysis of the Pt-aniline complex. This could correlate well
with the observed decrease in the Ip/Ig ratio from 1.37 to 1.11 [45].
Moreover, we observed characteristic MoS; peaks of the E; and Ajq at
380 and 408 cm‘l, respectively in h-MoSy/GNF. In contrast, Pt-C
corle-shell@h-MoS2/GNF showed Ezg and A1g peaks with slight nega-
tive shifts at 374 and 407 cm™!. The intensity of Epg and A peaks
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Fig. 2. (a-b) FE-SEM images and (c-d) EDX spectra with elemental color mapping of Pt-C core-shell@h-MoS,/GNF. (e-f) HR-TEM images of Pt-C core-shell@h-
MoS,/GNF, inert image of (e) (ii) is the selected area diffraction (SAED) pattern of Pt-C core-shell@h-MoS,/GNF and (e) (iii) histogram curves of sizes of Pt
nanoparticles, which confirmed the average Pt nanoparticle size was about 3.8 nm and (f) (i-ii) lattice spacing distance of Pt(111) planes. (g) Schematic diagram of

Pt-C core-shell@h-MoS. (A colour version of this figure can be viewed online.)

increased as compared h-MoS;/GNF, confirming an increase in the
crystalline nature of the MoS, [46-49].

3.2. XPS analysis of Pt—C core-shell@h-MoS2/GNF

The chemical states and composition of elements of the Pt-C core-
shell@h-MoS,/GNF were investigated using XPS analysis. Fig. 3a—f and
Table S1 shows the interpreted results of Pt—C core-shell@h-MoSy/GNF
and h-MoSy/GNF electrocatalysts. The survey spectra illustrated in
Fig. 3a confirmed the presence of Pt 4f, Mo 3d, S 2p, C 1s, and N 1s in the
Pt-C core-shell structure of h-MoSy/GNF. Fig. 3b shows the deconvo-
luted Pt 4f spectra, which displays two major peaks at 71.5eV and 74.8
eV belonging to Pt4f;,» and Pt4fs,,, respectively. Further, the peaks
corresponding to Pt (0) appeared at 71.2eV (Pt 4f7,3) and 74.5 eV (Pt
4f5,5), whereas the peaks at 72.2 eV and 75.5 eV of Pt 4f; 5 and Pt 4f5 5
corresponding to Pt (II) appeared due to the Pt oxidation in the Pt-C
core-shell@h-MoSy/GNF [12,13]. The deconvoluted N1s spectra in
Fig. 3c proved the incorporation of N-atoms in the encapsulated carbon
layer. Deconvoluted N1s showed peaks at 400.7, 400.0, and 398.8 eV
corresponding to graphitic-N, pyrrolic-N, and pyridinic-N, respectively
[24,50]. This confirmed the presence of N-containing carbon layers
covered by Pt nanoparticles during the pyrolysis of h-MoS,/GNF with a
Pt-aniline complex at 500 °C [24]. Fig. 3d shows the Mo 3d spectra of
Pt-C core-shell@h-MoS,/GNF and h-MoS,/GNF, which clearly depicts

changes in the host structure after the addition of Pt-C. Fig. 3d shows the
Mo 3d peaks of the h-MoS,/GNF at 232.1 and 228.9 eV, which corre-
spond to the 3ds/; and 3ds,2, respectively, and a peak around 226.1 eV
belonging to S 2s of MoS,. After pyrolysis of the h-MoS,/GNF, the peaks
of 3ds,» and 3ds,; appeared with positive shifts at 232.5 and 229.2,
respectively, and the S 2s peak (226.1 eV) intensities increased as
compared to h-MoS3/GNF [1,13,44]. The peak at 235.7 eV corresponded
to Mo ™, indicating the presence of the M — O bond in the Pt-C core--
shell@h-MoS,/GNF. Fig. 3e shows the deconvoluted peaks of S 2p for
Pt—C core-shell@h-MoS,/GNF and h-MoS5/GNF. The deconvoluted
peaks at 161.7 eV and 162.9 eV correspond to S 2psg,» and S 2p; /o,
respectively [51,52]. After the pyrolysis process, Pt-C core-shell formed
on the surface of h-MoS2/GNF, deconvoluted to S 2p3/> and S 2p; /2
peaks are shifted positively appeared at 162.5 eV and 163.7 eV
respectively as compared to h-MoS,/GNF. Further, oxidized sulfur peaks
(168.8 eV) intensity increased as compared to h-MoSy/GNF. The Pt-C
core-shell@h-MoS,/GNF shows carbon C1s spectra and its deconvoluted
peaks at 284.3, 284.9, and 285.8 eV which correspond to C—=C, C-N, and
C-0, respectively [25], as shown in Fig. 3f. XPS results confirmed the
formation of Pt nanoparticles, and these nanoparticles were encapsu-
lated within an N-containing carbon layer, establishing the Pt-C
core-shell structure in the Pt-C core-shell@h-MoS,/GNF electrocatalyst.
Furthermore, we investigated the loading of the Pt and Mo in Pt-C
core-shell@h-MoSy/GNF using ICP-OES. The results revealed that
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Fig. 3. XPS analysis of (a) survey spectra, (b) Pt 4f and (c) N 1s of Pt-C core-shell@h-MoS,/GNF. High-resolution XPS spectra of (d) Mo 3d, (e) S 2p and (f) C 1s of h-
MoS,/GNF and Pt-C core-shell @h-MoS,/GNF. (A colour version of this figure can be viewed online.)

loadings of Pt and Mo were 11.3 and 21.2 % respectively (See Table S2).

3.3. Electrochemical performance of Pt-C core-shell@h-MoSz/GNF

A standard three electrode setup was utilized to evaluate the elec-
trochemical performance of Pt—C core-shell@h-MoS,/GNFs in a 1.0 M
KOH alkaline electrolyte medium. Pt-C core-shell@h-MoS5/GNF, h-
MoS5/GNF, and commercial 20 % Pt-C electrodes with similar loadings
were fabricated and measured to compare the HER performances. All
the recorded linear sweep voltammetry (LSV) curves were measured at
the lowest scan rate of 1 mV s ' and were iR corrected as shown in
Fig. 4a. Fig. 4a shows the measured LSV curves of all the prepared
electrocatalysts at a current density of 10 mA cm ™2, in which Pt-C core-
shell@h-MoSy/GNF (with 11.3 % Pt loading) showed the low over-
potential of 30 mV at current density of 10 mA cm ™2, which comparable
overpotential with commercial 20 % Pt-C (41 mV) and lower than to h-
MoS5/GNF (180 mV), GNF (450 mV) at same current density. Thus, the
as-prepared Pt-C core-shell@h-MoSy/GNF electrocatalyst required an
overpotential that was 11 mV (i.e., 26.8 %) lower than the commercial
state of the art 20 % Pt—C and also compared HER performance with
recently reported electrocatalyst (See Table S3). Fig. 4b shows a
graphical illustration of the overpotential required for each of the pre-
pared electrocatalysts at a current density of 10 mA cm ™2 Furthermore,
Tafel slope values of the prepared electrocatalysts were calculated to
evaluate the reaction kinetics and reaction mechanism. Based on the
Tafel equation, the Tafel slope was extrapolated from the log (j) vs.
overpotential [53] graph as represented in Fig. 4c. Fig. 4c illustrates that
the Pt—C core-shell@h-MoS,/GNF and commercial 20 % Pt-C electro-
catalysts, both exhibit the low Tafel slope value of 32eand 38 mV dec™!
respectively. In contrast, h-MoS, and GNF display significantly Tafel
slopes values of 99 mV dec™! and 138 mV dec™?, respectively. These
finding suggest that the electrocatalytic HER activities of Pt-C

core-shell@h-MoSy/GNF (with 11.3 % Pt loading) and commercial 20 %
Pt-C electrocatalysts are similar, as evidenced by their comparable Tafel
slope. Both electrocatalysts adhere to the Tafel-Volmer reaction
pathway (as shown in Equations (3)—(5)), indicating efficient HER.

H,0 + Catalyst + e~ —Catalyst — H,y + OH™ : Volmer step (120mV dec™)

3)

H,0 + Catalyst — H,; + ¢~ =>H, + Catalyst
+OH" : Heyrovsky step (40 mV dec’l) 4
2Catalyst — H,; —H, + 2Catalyst : Tafel step (30 mV dec’l) )

The electrochemical double layer capacitance (Cq)) was estimated by
measuring CV curves at different scan rates in the non-faradaic region to
calculate the electrochemically active surface area of the as prepared
electrocatalysts. Fig. 4d and Fig. S4a—e shows the calculated Cq) values of
Pt—C core-shell@h-MoS,/GNF, 20 % Pt-C, h-MoS,/GNF, and GNFs of
28.8, 24.1, 20.3, and 12.0 mF cm ™2, respectively. The optimized Pt-C
core-shell@h-MoSy/GNF retained a higher ECSA value of 720 cm? as
compared to h-MoS,/GNF (508 cm?), and GNF (300 cm?) and 20 % Pt-C
(603 cm?) (see Fig. 4Se) [54]. To understand the electrode kinetics
during the HER process, we explored the electrochemical impedance
spectroscopy (EIS) of Pt-C core-shell@h-MoS,/GNF, commercial 20 %
Pt-C, h-MoS,, and GNF, as depicted in Fig. S4f. Fig. S4f presents a
Nyquist plot highlighting the interfacial charge transfer resistance (Rcr)
of the electrodes. The charge transfer resistance (R¢r) of the h-MoS; and
GNF were approximately 8.9 and 39.5 Q respectively. Intriguingly, upon
incorporating Pt nanoparticles, the R¢r of Pt-C core-shell@h-MoS,/GNF
reduced to approximately 2.0 Q. This decrease indicates enhanced HER



S. Ramakrishnan et al.

Carbon 220 (2024) 118816

(a) &0 (b) 400 352 mV (C) 0:0 T2 9 9000,
£ fw f w @10mA cm? 32V e’ 38 my dec
) w
< 100 f 5 99 mV dec™!
£ -0.2
~ [—o— Pt-C core-shell @h-| MoSZIGN ‘g
2> o— Pt-C S @ Pt-C core-shell@h-MoS,/GNF
® 2001 o h-MoS,/GNF ;‘ < > 20% Pt-C
S o GNF F, S .04 @  h-MoS,/GNF
o F B @ GNF
+ -300 ] g
3 3 o 138 mV dec!
5 i3 06
O -400
-0.6 0.4 0.2 0.0 03 06 09 1.2 15 1.8 2.1
Potential (V) vs RHE Log (j/ mA cm?)
(d)
@ Pt-C core-shell@h-MoS,/GNF
84 o ptc s w
@ h-MoS,IGNF T 064
T GNF x n -2
& 6- L o 0.3 @ Current density 10 mA cm
£ >
(3] o
> 4
< 4/ & 0-0 Tossentneee.
1= ©
-~ S -0.3 4
>, B
=5 4] E 0.6
< . : : .
0 12.0 mF cm? 0 20 40 60 80 100
T T T T T Time (h)
0 20 40 60 801 100 Pt-C core-shell@h-MoS,/GNF
Scan rate (mV s~
( ) (f) Laser (g)
el - 0.2V
g 3
© _,/‘/\....—
; \f 0.1V
: = \
@ b 0,075V
> electrode £ ™ &
) .4/\/ y f/Wr‘ \\\
sibumde S S
Worki}:{electrode AOV ™
N
400 1200 1400 1600

In situ Raman analysis

Raman shift (cm™)
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rate vs. AJ of Pt-core-shell on h-MoS,/GNF, h-MoS,/GNF, GNF and 20 % Pt-C in 1.0

M KOH electrolyte. (e) Chronopotentiometry curve of Pt-C core-shell h-MoSy/

GNF at a current density of 10 mA cm ™2 for 95 h. (f) Schematic diagram in situ Raman analysis, and (g) in situ Raman spectra of Pt-core-shell h-MoS,/GNF with 1.0 M

alkaline medium. (A colour version of this figure can be viewed online.)

activity and reduced Ry after the integration of Pt nanoparticles into the
h-MoS,/GNF framework. Furthermore, we compared this Rct value with
that of commercial 20 % Pt-C, which exhibited an R¢y of approximately
2.5 Q. Remarkably, the Pt-C core-shell@h-MoSy/GNF electrode
demonstrated a comparable R¢y value to that of the commercial 20 %
Pt—C [12,13]. The electrochemical results revealed that the Pt—C core--
shell@h-MoS,/GNF with 11.3 % loading of Pt achieved the HER per-
formance comparable to that of commercial 20 % Pt—C. Notably, Pt-C
core-shell@h-MoS,/GNF exhibited 26.8 % lower HER overpotential (30
mV at 10 mA cm’z) as compared to the 20 % Pt-C (41 mV at 10 mA
cm™2). These improvement of Pt—C core-shell@h-MoS,/GNF due to the
highly dispersed and stable Pt nanoparticles, which might be attributed
to the supportive framework of h-MoS,/GNF, the carbon shell with
N-containing, or a combination of both [13,24,51,55].

In addition to the electrochemical performance, the structural integ-
rity, robustness, and durability of the optimized Pt-C core-shell@h-MoS,/
GNF electrocatalyst was investigated using cyclic stability and chro-
nopotentiometry measurements. Fig. S4g shows the LSV curves taken
before and after 1000 continuous cycles of cyclic voltammetry, illus-
trating the structural integrity of the electrocatalyst with minimal varia-
tion of only 14 mV. The chronopotentiometry measurements of optimized
Pt-C core-shell@h-MoS,/GNF from Fig. 4e indicate that there were no
significant potential changes over 90 h for a constant current density of
10 mA cm 2 Also, the LSV curves before and after 90 h chro-
nopotentiometry measurements showed insignificant changes in the po-
tential, again signifying the robustness of the optimized electrocatalyst.

Fig. S5a-b shows TEM images of the Pt-C core-shell@h-MoS,/GNF
after durability. The hierarchical structure of the MoS; on GNF changed
(see Fig. S5a) over time during hydrogen evolution due to accumulation
of bubbles and continuous release of the Hy gas [56]. The Pt nano-
particles rarely agglomerated on h-MoSy/GNF due to the N-containing
carbon layer protecting the Pt nanoparticles against Oswald ripening
and agglomeration during the long-term durability test. The HR-TEM
image of Fig. S5b and c shows that Pt nanoparticle average sizes were
3.5-4.0 nm, and the d-space value of 0.22 nm belonged to the Pt (111)
phase. The HAADF-STEM color mapping images of the Pt-C core--
shell@h-MoS,/GNF catalyst indicate the presence of Pt, Mo, S, N and C
after the durability test as shown in Fig. S5d and e.

Fig. S6(a-f) presents the XPS spectra of Pt-C core-shell@h-MoS2/
GNF, including a survey spectrum (a) and high-resolution spectra for
Pt 4f, Mo 3d, S 2p, N 1s, and C 1s (b-f). Specifically, Fig. S6b highlights
the Pt 4f high-resolution XPS spectra, showing peaks at 71.4 and 74.7
eV, corresponding to the 4f;, and 4fs; states, respectively. XPS analysis
(See Tables S1 and S4 in supporting information) indicates a reduction
in the atomic percentage of Pt from 3.91 to 2.92, alongside a decrease in
the Pt/C atomic ratio from 5.35 to 3.87 % (a 27.4 % loss) following the
stability test. Conversely, after the durability test, the atomic percentage
of Pt decreased only to 25.3 %, confirming that approximately 74.7 % of
Pt remained stable. This stability is attributed to the encapsulation of Pt
nanoparticles within an N-containing carbon layer, which protects
against Pt nanoparticle dissolution during the HER stability test [24]. In
contrast, the XPS spectra of Mo 3d (Fig. S6¢) showed a reduction in peak
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positions and intensities post-stability test, with the appearance of single
broad peaks. Additionally, the Mo 3ds,» and 3ds,2 peak positions shifted
to higher binding energies, indicating a reducing crystallinity, and
reducing Mo loading with conversion their hydroxides or oxides during
HER in alkaline conditions [57]. The atomic percentage of Mo decreased
from 1.48 to 0.88 (loss of 40.54 %), and the Mo/C atomic ratio fell from
2.00 to 1.16 % (loss of 42.0 %) after the stability test. Regarding the S 2p
peaks (Fig. S6d), there was a significant reduction in intensity at 162.7
eV due to the formation of OH- and H* on h-MoS; during the HER.
Conversely, the intensity of the oxidized sulfur peak at 168.5 eV
increased. Meanwhile, the C 1s and N 1s peaks (Fig. S6e-f) showed there
is minimum changes compared to the pristine Pt-C
core-shell@h-MoS5/GNF.

3.4. In-situ Raman analysis

In-situ micro-Raman analysis is an analytical technique to investigate
the hydrogen evolution reaction (HER) mechanism. This analysis pro-
vides the mechanisms of the changes of the formation of reaction in-
termediates, changes in the crystal structure, and the formation of
defects during electrochemical performance [58,59]. We conducted
in-situ Raman analysis using a confocal microscope Raman system
(Horiba) with a laser wavelength of 532 nm and laser power about 0.9
mW along with a 50x objective lens and in situ Raman analysis set up
shown in Fig. 4f. In-situ Raman analysis was carried out using a
home-made electrochemical cell and kept at different constant potential
for 200 s to achieve stable current before collection of the Raman
spectrum (acquisition time of 10 s with 10 sweeps). The in-situ Raman
spectra of Pt—C core-shell@h-MoS,/GNF and h-MoS,/GNF with different
potential ranges of 0 to —0.2 V vs. RHE are shown in Fig. 4g and S7a. The
Raman spectra of Pt-C core-shell@h-MoS,/GNF (Fig. 4g) from the O to
—0.2 V vs. RHE show MoS; characteristic peaks of 374 cm‘l, which
belong to Exg (Mo—s) due to in plane vibration within the S-Mo-S layer.
The peak at 404 cm™* belongs to the vibration mode of A1g due to in
plane vibration within the S-Mo-S layer [58,60]. The intensities of Eag
and A;g changed and there is no significant changes in peaks position
during the different applied potential of 0 to —0.2 V vs RHE [58,60-62].
Furthermore, we investigated the HER mechanism of the MoS; using
DFT analysis, confirming the formation of the absorption of the
hydrogen on MoS; (see Section 3.5).

3.5. DFT calculations

3.5.1. Structure modeling

DFT-based first-principles calculations were performed to further
explore structural stability of Pty3-Cgg core-shell@h-MoS, and to find
the active sites for HER on this hierarchical structure at the atomic scale,
which is not accessible by experiments. The core consists of a Ptj3
atomic cluster, whereas the shell is made of Cgg. Then, the Pt;3-Cgyg core-
shell structure deposited over the monolayer of h-MoSy, mimicking the
morphology of experimentally synthesized catalyst. In the experimental
procedure, carbon fibers were used as a supporting material to deposit or
grow the catalyst. The carbon fibers, which do not take part in HER,
were not considered in the simulations. The structural model of the Pt-C
core-shell particle is based on experimental information, and its size is
about 1.3 nm. Although this size is a little smaller than the experimental
value (ranging from 2 to 3 nm), the present DFT study focuses on the
active sites at atomic scale and can capture the essential features of HER.

3.5.2. Structure optimization

As described in the structure modeling section, atomic positions of
Cgo molecule (Fig. S8d) as a shell and Pt clusters with 10 and 13 atoms as
two different cores were optimized separately. Using these optimized
structures, Pt;3-Cgg core-shell (Fig. S8g) and Pt;(p-Cgy core-shell were
designed as core/shell structures. The calculations on core-shell struc-
tures revealed that Pt;3-Cqp had efficient atomic packing in terms of
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void between core and shell when compared to the Pt;(-Cgyg core-shell.
Since ~5 % of carbon atoms in the shell were chemically replaced by
nitrogen atoms based on the experiments, Cgp.xNy (x = 0 to 5) structures
with and without Pt;3 core were considered and optimized to study the
HER properties. Additionally, the stability of the simulated structures
was tested with AIMD calculations using CONQUEST. It was observed
that the structure of Cgp.xNx (x = O to 5) was stable during the AIMD
simulations for 2 ps. The time profiles of temperature and potential
energy during AIMD are shown in Fig. S9a and b. On the other hand,
when the AIMD simulations were performed for Pt;3-CgoxNx core-shell
with x = 0 to 5, Pt;3—Cgg and Pt;3-CggNs core-shell structures were
stable up to 2 ps (Fig. S9a and b) while the shells of Pt;3-Cg7N3,
Pt13-CgeNy4, and Pty3-CgsNs structures were broken within 1 ps by
opening the shell geometry (Ref Fig. S9¢ and d and atomic movies in the
supporting materials). This suggests that increasing N concentration at
the shell leads to structural instability.

Therefore Pt;3-CggN5 core-shells were selected to build a hierarchi-
cal structure by depositing a Pt;3-CggNy core-shell particle on the h-
MoS; sheet (Pt;3-CggNa@h-MoSz). Monolayers of h-MoS; were chosen
to model the h-MoS; sheet. The optimized lattice constant of h-MoS; is
3.237 A, which is in good agreement with existing experimental value of
a = 3.25 A (Fig. S8a and b) [63]. A large supercell using this optimized
h-MoS; monolayer was constructed to accommodate a Pt;3-CggNy
core-shell particle (Fig. S8i). AIMD simulation on Pt;3-CggNo@h-MoS,
was performed to investigate the stability and the time profile of po-
tential energy and temperature as shown in Fig. S9a and b. AIMD results
show that the structure of Pt;3—CggNo@h-MoS; stays close to their
optimized structure and the distance between the core-shell particle and
the h-MoS2 layer was about 4.2 A. This optimized Pt;3-CggNo@h-MoS,
was used to model the experimentally synthesized catalysts and to study
their HER properties.

3.5.3. DFT calculation for HER studies

To understand the HER properties in Pt]3-CggNo@h-MoS; in detail,
AGy+ was calculated for each atomic site that is available in Cgg, CggNao,
CgsNs, Pty3-Cog, Pty3—CggNo, and Pt3-CggNo@h-MoSs. An analysis of
AGy+ during the construction from Cgg to Pt;3-CggNo@h-MoSo
(Fig. 5a—f) shows how HER non-active sites (mostly hydrogen desorption
sites or energetically highly unstable hydrogen binding sites) at Cy are
converted into active sites for hydrogen adsorption/desorption at
Pt;3-CggNo@h-MoS; by developing a hierarchical structure. The sites
having AGy+ near-zero or ranging from —0.2 to 0.2 eV can be considered
as HER active [64]. The calculated AGy+ values of Cyg highly depend on
different carbon sites that are located at five or six membered carbon
rings in the Cgp molecule. As shown in Fig. 5a, carbon sites with lower
(<0.3 eV) and higher (>0.7 eV) AGy- values are directly connected with
five and six-membered C rings of the Cgp molecule, respectively. Though
the AGy+ values between 0.3 and 0.7 eV belong to six-membered C rings,
this variation from 0.3 to 0.7 eV is related to the distance of active sites
from its nearest five-membered C ring. When AGy+ was calculated for N
sites in CggNy and CgsNs, hydrogen atoms were unstable with a AGys«
higher than 1 eV (highly desorption nature). It is worth noting that H
adsorption sites from five-membered rings in CgsN5 become more stable
as compared to that in Cgy when increasing N from CggNy to CgsNs
(Fig. 5b and c¢).

When Pty3 core was introduced to Cyg shells, the optimized bond
distances between Pt(core) and C(shell) are in the range from 2.15 to
2.30 A. The calculated AGpy+ values of these structures show that more
than 70 % of carbon sites fall between —0.2 and 0.2 eV of AGy+ to
become HER active sites. In the case of CggN3 shell with a Pty3 core, 11 %
more C sites became active than N-free Pt;3-Cgg core-shell structure and
the AGy+ corresponds to a few stronger H adsorption sites on C atoms
due to doped N atoms. Except for two five-coordinated C sites bonded
with N atoms shown in Fig. Se, the free energies of other five-
coordinated C sites bonded with N atoms were less than —2 eV. Most
of the Pt sites at the core become unstable (AGy+ > 2.0 eV) for H
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adsorption except for a few sites that are shown in Fig. 5d and e. Finally,
before calculating the free energy for Pt;3-CggNa@h-MoSz, AGy+ at Mo
as well as S sites on pristine h-MoS; were calculated and found to be
higher than 1eV. At the same time, Mo atoms near S vacancy (Fig. 5f and
Fig. S8j) participate in the HER activity as calculated free energies are in
the range from 0.11 to —0.13 eV that are in good agreement with pre-
vious reports [20,21]. In addition to this, when Pt;3-CggN3 deposited on
h-MoS,, free energy at the sulfur atoms in the interface becomes ~0.5 eV
(Ref. Fig. 5f), which is unlike pristine sulfur atoms that act as hydrogen
unstable sites (or more than 0.75 eV of AGy+). Therefore, engineering of
hierarchical structure, Pt;3—-CggN2@h-MoS;, produces comparatively
more active sites and prevents agglomeration of core-shell structures
that may decrease the surface area (and thus durability) of the catalyst.

3.6. AEM water electrolyzer performance of Pt-C core-shell@h-MoS2/
GNF

The excellent HER activity of prepared catalyst was further
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confirmed in a full cell AEM water electrolyzer system as shown in
Fig. 6a-d and Fig. S(10a-d), which show the full cell electrolyzer per-
formance with the optimized Pt-C core-shell@h-MoS,/GNF. Fig. 6a
shows a schematic diagram of the AEM water electrolyzer cell. The AEM
water electrolyzer was fabricated using an anode catalyst of NiCo204 (2
mg em2) and a cathode catalyst of Pt-C core-shell@h-MoS,/GNF (Pt
loading of 0.2 mg cm™~2). The radiation grafted LPDE-VBC-TMA used as
AEM and device fabrication details are provided in the experimental
section. As expected, the cell performance (see Fig. 6b and c) increased
with increasing temperature where the reaction kinetics and hydroxide
transport were enhanced [65]. It is interesting to note that Pt-C core--
shell@h-MoS,/GNFIINiCo,04 achieved a current density of 20 mA cm 2
at 1.55 Vin 1 M KOH at 60 °C, whereas the same current density was
achieved at 1.64 V and 20 °C. Fig. 6b and c shows the effect of sup-
porting electrolyte concentration on the cell performance. Diluting the
supporting electrolyte by a factor of 10 improved the cell potential by
just 30 mV compared to 1 M KOH, suggesting the possibility of operating
over a wide range of pH. Area specific resistance (ASR) plays an
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Fig. 6. AEM electrolyzers performance: (a) schematic diagram for AEM electrolyzer, AEM water electrolyzer performance with (b) 0.1 M and (c) 1.0 M electrolyte at
20 and 60 °C (Anode catalyst: NiC0,04 (2 mg cm™?); Cathode: Pt-C core-shell@h-MoS,/GNF (Pt loading 0.2 mg cm~2) and AEM LPDE-VBC-TMA), (d) stability test of
AEM water electrolyzer @ 1.85 V for 15 h. (A colour version of this figure can be viewed online.)
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important role in the improvement of the electrolyzer performance, and
it is calculated from Fig. S10a-b. The bar chart shows the calculated ASR
values with different temperature and concentrations of electrolytes.
Further, Fig. S10a—c shows area specific resistance (ASR) values for the
MEAs at 20 °C and 60 °C in 0.1 and 1 M KOH calculated from the high
frequency intercept of the EIS spectra. It is noteworthy that a 38.80 %
(0.090-0.055 Q cm~2) reduction in ASR was observed when the tem-
perature increased from 20 °C to 60 °C in 0.1 M KOH, while a 52.22 %
(0.090-0.043 Q cm’z) reduction ASR was observed when the concen-
tration increased from 0.1 M to 1 M at 20 °C. The Pt-C core--
shell@h-MoSy/GNFIINiCo,04 AEM water electrolyzer achieved a
current density of 1000 mA cm ™2 at 2.08 V in 1 M KOH at 60 °C (See
Table S5 comparison of AEM performance of Pt-C core--
shell@h-MoSy/GNF with recently reported catalysts), while a similar
current density was achieved at 2.18 V 0.1 M KOH at 60 °C. The MEA
was subjected to a constant potential at 1.85 V, and current density was
measured for 15 h in 1 M KOH to examine the long-term use of the
prepared catalysts, as shown in Fig. 6d. It is interesting to note that the
cell initially showed a current density of 135 mA cm™2, and a 22 % drop
in current density was observed within the first hour of operation. On
the other hand, only a 28 % drop was observed for the next 14 h. The
initial drop in current density may be attributed to the change in elec-
tronic structure of the OER catalyst and the membrane activity.

The electrode architecture of Pt-C core-shell@h-MoS,/GNF provide
highly dispersed and stable Pt-C core -shell on the h-MoSy/GNF. In
addition, the inclusion of GNF furnished an efficient conductive
pathway, thereby significantly enhancing the overall performance of the
AEM water electrolyzer. Finally, we used precious anode electrode
catalyst (IrO3) and fabricated an AEM water electrolyzer Pt-C core-
shell@h-MoSy/GNFIl IrO,. The LSV polarization curves are shown in
Fig. $10d.

4. Conclusion

In conclusion, addressing the critical need for low cost, active and
durable electrocatalyst for AEM water electrolyzers is an essential task
to achieve net zero emission and decarbonization goal in coming de-
cades. In this study, we successfully synthesized hierarchical MoS,
coated graphitic nanofiber (h-MoS,/GNF) supported Pt—C core-shell
structure with Pt-loading of 11.3 %, compared to the 20 % Pt-loading
in commercial Pt-C. Experimental findings indicated that the synthe-
sized Pt—C core-shell@h-MoS,/GNF exhibited 26.8 % lower HER over-
potential, achieving 30 mV at 10 mA cm ™2 as compared to commercial
20 % Pt—C (41 mV at 10 mA cm™2). This improvement is attributed to the
highly dispersed and stable Pt nanoparticles, potentially due to the
supporting framework, the carbon shell, or a combination of both.
Furthermore, DFT simulations provided an atomic level understanding
of Pt-C core-shell and interface of core-shell@h-MoS; structures, as well
as HER mechanism. To practical aspect, cathode catalyst of Pt-C core-
shell@h-MoS,/GNF with AEM water electrolyzer, achieved cell current
density of 1 A cm ™2 at 2.08 V1 M KOH at 60 °C and comparable stability
up to 14 h @ 1.85 V. This present work provides a new pathway to
designing innovative core-shell electrocatalysts with reduced Pt-
loading, thereby decreasing the cost of the anode catalyst for AEM
water electrolyzers and promoting the generation of green hydrogen.
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