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Abstract: Despite considerable progress, high-performing durable catalysts operating under large
current densities (i.e., >1000 mA /cm?) are still lacking. To discover platinum group metal-free (PGM-
free) electrocatalysts for sustainable energy, our research involves investigating layered topological
magnetic materials (semiconducting ferromagnets) as highly efficient electrocatalysts for the hydrogen
evolution reaction under high current densities and establishes the novel relations between structure
and electrochemical property mechanisms. The materials of interest include transition metal trihalides,
i.e., CrCl3, VCl3, and VI3, wherein a structural unit, the layered structure, is formed by Cr (or V)
atoms sandwiched between two halides (Cl or I), forming a tri-layer. A few layers of quantum
crystals were exfoliated (~50—60 nm), encapsulated with graphene, and electrocatalytic HER tests
were conducted in acid (0.5M HSO4) and alkaline (1M KOH) electrolytes. We find a reasonable HER
activity evolved requiring overpotentials in a range of 30-50 mV under 10 mA ¢cm~2 and 400—510 mV
(0.5M H,S04) and 280—500 mV (1M KOH) under —1000 mA cm~2. Likewise, the Tafel slopes range
from 27 to 36 mV dec ™! (Volmer-Tafel) and 110 to 190 mV dec~! (Volmer-Herovsky), implying that
these mechanisms work at low and high current densities, respectively. Weak interlayer coupling,
spontaneous surface oxidation, the presence of a semi-oxide subsurface (e.g., O-CrCl3), intrinsic
Cl (or I) vacancy defects giving rise to in-gap states, electron redistribution (orbital hybridization)
affecting the covalency, and sufficiently conductive support interaction lowering the charge transfer
resistance endow the optimized adsorption/desorption strength of H' on active sites and favorable
electrocatalytic properties. Such behavior is expedited for bi-/tri-layers while exemplifying the
critical role of quantum nature electrocatalysts with defect sites for industrial-relevant conditions.

Keywords: quantum magnetic layered materials; HER; alkaline/acid electrolytes; overpotential;
Tafel slope

1. Introduction

Catalytic and redox processes occurring on electrode surfaces are attracting enormous
interest since they play a significant role in our lives and are ubiquitous in chemistry. For
instance, the Haber-Bosch process is used to convert hydrogen and nitrogen into ammonia,
which is a key ingredient for fertilizers to sustain the global food supply. Likewise, within
the Sustainable Development Goals (SDG), the large-scale production and safe storage
of hydrogen fuel is playing a pivotal role in energy transition strategies since hydrogen
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is one of the most efficient energy solutions. Electrocatalysis holds the key to enhancing
the efficiency and cost-effectiveness of water-splitting devices, thereby contributing to
the advancement of hydrogen as a clean sustainable energy carrier. The research and
development of water splitting with Earth-abundant and cost-efficient electrocatalysts
for large industrial level current density are vital for Hy production. However, most of
the reported catalysts are usually evaluated at small current densities (<100 mA cm~2),
far from satisfactory for industrial applications. Thus, searching for high-performance
novel electrocatalysts for hydrogen evolution reactions (HER) is an important subject
around PGM (platinum group metal)-free catalysis. Hydrogen (H;) production through
electrochemical water splitting has been considered a “green” and sustainable energy
resource to fossil fuels by utilizing elemental Pt, Ni, semiconducting oxide TiO,, and
bi-metal (Fe-Ni, Pt-Pd, and Pt-Ir) catalysts [1-4]. Since the emergence of photocatalytic
water splitting [5], HER has attracted enormous attention because it requires harvesting
only water and is useful for fuel cells as the reverse reaction [6-8]. The possibilities for
enhancing the catalytic activity in HERs are facilitated by traditional methods of increasing
the concentration or areal density of active sites, metallicity by means of nanostructuring,
doping, straining, and edge-plane sites, as well as enhancing the metal-oxide (Me-O)
covalency. However, the reported electrocatalysts in the literature are often complex,
irreproducible, and have uncertain exposed crystal facets/surfaces and a high density of
defects, which can give rise to only an order of magnitude higher efficiency compared
with catalysts of high intrinsic activity. Moreover, these efforts have a large reaction
overpotential of 100-200 mV (ca. 382 mV for MoS, and 671 mV over commercial Pt/C),
referred at a current density of 10 mA cm~2 and activation barriers significantly larger than
the theoretical minimum of 1.23 V [9,10]. Despite rapid progress, materials” design and
advancing their principles will have a significant impact on the knowledge to improve
the performance of electrocatalysts for the forthcoming hydrogen economy. The current
state-of-the art research in the development of electrocatalysts, highlighting the principal
design rules inspired by solid-state materials chemistry and contributing to industrial
applications, has been reported [11-14].

Two-dimensional (2D) layered transition metal dichalcogenides (TMDCs) have been
widely investigated as prospective electrocatalysts for H, generation, particularly mod-
ulation with sulfur vacancy, edge-planes sites, phases, and isoelectronic (W and Se) dop-
ing, which have been demonstrated experimentally and supported with DFT calcula-
tions [9,10,15-17]. However, electron hopping across the layer is unfavored because of large
interlayer potential barriers leading to occasional sluggish electron transfer and subsequent
injection into the surface adsorbates [15]. Transition metal carbides (MXene) and oxides
have emerged as major testing grounds for experimental and theoretical investigations
into electrochemical properties and associated electronic structures and surface reconstruc-
tions [18]. As the closest 3D analog to 2D materials, the layered oxide perovskite SryRuOy
(SRO) attracted intense interest because of its d orbital electronic correlation-derived exotic
properties (superconductivity, surface magnetism, and good metallicity) influencing catal-
ysis applications [19,20]. However, research studies conducted on SRO’s electrocatalytic
properties was mostly conducted with polycrystalline samples and under a low current
density range of ~10-100 mA cm~2 [21].

The emergent topological materials, a major category of quantum materials (topologi-
cal insulators; TI, Dirac-Weyl semimetals, and nodal line semimetals), are at the forefront
of improved technological performance, characterized by robust non-trivial topological
surface states (TSSs) protected from lattice disorders attributed to band structure topology
giving rise to favorable topological electronic bands [22,23]. Thus, quantum phenomena
have mesmerized the scientific community, gaining increasing attention in physical and
materials science for quantum information science, quantum sensing, and the unchartered
territory of alternative energy for multi-junction photovoltaics as quantum catalytic elec-
trodes, thereby going beyond the empirical development of electrocatalysts [24]. Moreover,
the band inversion in these topological electronic phases surpasses local electroactive site
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optimization with the abovementioned robust TSSs, such that high conductivity (especially
with defects) and carrier mobility can significantly influence interfacial charge transfer
(Ret) and ion transport behavior during complex electrocatalytic processes (e.g., multielec-
tron, quantum tunneling) at the electrode/electrolyte interface [25,26]. Additionally, the
protective surface states act as electron acceptors (p-type) or donors (n-type) for adsorbed
molecules consequently tailoring the desired adsorption energy (AH,4q) and Gibbs free
energy (AG,q) induced by the topological quantum phase with a specific electronic struc-
ture [27]. As opposed to surface states or Shockley states, TSSs have a unique electronic
structure that allows exploring quantum phenomena in surface chemistry such as that
conducted in this work, thereby looking at (electro)catalysis through the lens of inventive
quantum topology. Among various topological materials, Weyl semimetals: 1T"-MoTe,,
NbP, TaP, NbAs, NbS, and TaAs; topological insulators: BiySes, TiyTez and Sb;Tes, the
triple-point metal MoP and the nodal line semimetal PtSny have proven to be excellent
catalysts for photoelectrochemical water splitting [23,25,28].

Among layered materials exhibiting quantum properties in bulk form down to the
monolayer limit, the transition metal trihalides (MX3, M = Cr, V; X = Cl, Bz, I) play a central
role; these are van der Waals ferromagnetic or antiferromagnetic materials exhibiting
both insulating and semiconducting behavior [29,30]. It is interesting to note that few
layers of these materials show a buckled honeycomb lattice—topologically equivalent to
that of graphene—showing pseudo-relativistic massless Dirac Fermions, with possible
multiple Dirac cones and spin texture due to strong spin-orbit coupling (SOC) useful
for scattering free quasi-two-dimensional spintronics, also sought for catalysis due to
the available conducting channels for fast electron and ion transportation. This work
examines the electrocatalytic properties of multilayer CrCls, VCl3, and VI3 (and VI,) as
prime case-study systems. For a given structural unit CrCl; (and VCl3, VI3), where the
Cr (or V) atom sits in a honeycomb planar lattice, the layered structure is formed by tri-
layers in which the Cr (or V) atoms are sandwiched between two halide layers [29,31]. In
addition, some of the crystals (e.g., CrCl; and VI3) appear to spontaneously oxidize upon
air exposure (O-CrCl3 and O-VI3), limiting their placement on substrates; thus, attention
was paid to encapsulation with a graphene equivalent (i.e., reduced graphene oxide, rGO,
5-nm-thick coating) required for the experiments to be viable. They were experimentally
studied in a reduced dimension, exfoliated into larger multilayer flakes starting from
bulk having a several micron lateral dimension and a few nanometers in thickness. We
investigated the electrochemical HER response in alkaline (and acid) electrolytes, while
they remained stable under high current densities, in addition to their complementary
structural properties. The data collected were analyzed to determine the overpotential and
Tafel slope, identifying the principle kinetic reaction mechanism (Volmer-Heyrovsky or
Volmer-Tafel) and the TOF (turnover frequency). The high catalytic performance, with
low overpotential (at high current densities), reasonable stability, and effective active
site density, is attributed to the control of layers, the surface oxygenation (wettability),
and the intrinsic Cl or I defect density, leading to in-gap states [32-34], which enable
them to be potential quantum catalysts for further investigations with control of the layer
number and deliberate oxygenation. These results are compared with continuous few-layer
MoS;, graphene/MoS, heterojunctions, SRO, commercial Pt/C, and others for accelerated
discovery in durable electrocatalysts design [35-38].

2. Results and Discussion

This section describes the results and discussion related to the microscopy, crystal
structure, and electrocatalytic properties of all MX3 (along with VI,) studied in this work.
Figure 1 shows the optical images (panels a-d) and SEM micrographs (panels f-h) of
the single crystal materials from which a few layers were exfoliated; nevertheless, they
remained a bulk, since the thickness was ~50-60 nm, determined from the surface pro-
filometer. The as-grown crystals show their characteristic intense hue in the form of shiny
bright purple (CrCl3), blackish (VCl; and VI3), and red orange (V1) flakes, as shown in
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Figure 1, and apparent lamellar or layer-like features in both sets of micrographs. The
crystals were stored and manipulated in a glove box with an Ar (Argon) gas atmosphere to
avoid oxidation and water contamination.
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Figure 1. Morphology and structure. (a—d) Optical photographs; (e-h) scanning electron micrographs;
(i) 6-26 XRD patterns; (j) Micro-Raman spectra excited with 514 nm of few-layered CrCls, VCl3, VI3,
and VI, crystals; and (k) room-temperature electrical conductivity comparison with other reported

HER catalysts. Also provided are conventional unit cells of MX3 crystals with their respective colored
atoms, Rietveld refinement, JCPDS nos., and an SEM image of substrate CNW /p-Si (001).
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Interestingly, the representative SEM images of cleavable VCl; and VI, crystals also
show occasional white dots on their surface, which may be due to the aggregation of the
material during vapor transport growth. The SEM image of the substrate is also provided
(panel e). The energy dispersive spectroscopy (EDS) analysis was performed with SEM, cor-
roborating the composition and stoichiometry of these crystals reported earlier in ref. [39].
The crystal structure is determined from the X-ray diffraction (XRD) along with Rietveld
refinement and micro-Raman spectroscopy (RS) at room temperature, as they were mostly
stable in the air for tens of hours, except for VI3, which was marginally unstable but less
pronounced than the reported Crl; crystals [30,40]. However, the microscopic images of
a few flakes of all these crystals at the micron level upon air exposure showed no direct
evidence of morphological degradation. This is because MX3 has a semi-oxidized stable
O-MX3 surface phase that is stable up to 400 °C with charge imbalance, and this phase pro-
tects the inner pristine material [33,34]. Nevertheless, for reliable practical applications, the
surface of the crystal layers was encapsulated with reduced graphene oxide for protection.
Figure 1 (panels i and j) shows the representative XRD and Raman spectra of bulk crys-
tals, respectively, displaying the characteristic peaks associated with their crystal/lattice
structure. Since a flake-like single crystal was used for the XRD experiment, only (00!)
reflections are observed. The as-synthesized CrCl; crystal adopts a monoclinic C; /,,, (No.
12) space group like the VI3, where there are eight atoms in a primitive cell, while the
VCl3 and VI crystallize in a two-dimensional trigonal R3 (rhombohedral, No. 148) and
P3m1 (hexagonal, No. 163) space group, respectively, as shown in Figure 1i (right) [41-44].
The calculated lattice parameters () and crystallite size (Lgg;) of these crystals from XRD,
following Bragg’s law and the Debye-Scherrer formula are CrCls: a = 6.02 A, b =6.02 A,
c=17.87 A, Lyyg =0.308 A; VCl3: 1 = 6.06 A, b =6.06 A, c =694 A, Ly = 0.325 A; VI5:
1=684A,b=11.84A,c=695A, Lijq=0.052 A;and VI,: 1 =412 A, b =412 A, c =7.12 A,
L = 0.317 A. The other values of the lattice parameters are reported from ref. [32,34]. The
surface sensitive Raman spectrum of CrClz shows resonant lattice vibrations at 116.9 cm ™!,
164.4 cm™1,206.5 cm™1,245.0 cm 1, 300.0 cm 1, and 345.0 cm 1, typical of a few-layered
crystal sample. The data are consistent with a recent report, where extensive work was
carried out as a function of temperature and light polarization [45]. These resonances
are assigned to A¢ optical modes labeled as A (1-6), and the energy degenerates with
B, optical modes, according to the group theory and lattice dynamical calculations (i.e.,
Loptic = 6Ag +4A, + 6Bg + 5B,,) [46]. Likewise, the VCl3 shows some resonance bands
at104 cm~1,1412cm~1,197.4 cm~!, and 225.1 cm ™! (247 cm™~!) and a collection of three
peaks between 380 and 460 cm !, in addition to a peak at 520.7 cm !, associated with the
Si substrate detected in all spectra. For the VI3 and VI, layers, the Raman spectra consisted
of a few bands at 108.3 cm ™!, 122.5em ™!, 141 em ™!, 220.1 em ™, 247.1 cm ™!, 302.1 em ™},
396.1 cm~!, and 442.3 cm™!, which is also in agreement with the literature [47-49]. All
the Raman spectra were normalized with respect to the highest intensity Raman band
for the respective spectra. Figure 1 (panel k) provides the room-temperature electrical
conductivity comparison of the pristine MXj crystals’ surface with other catalysts, and the
values are taken from the sources cited in this work that are typical for semiconductors
(10—10% S.m~1) [50]. Meanwhile, the edge states’ conductivity is anticipated to be larger
and comparable to the conductivity of the most reported metal, metal-oxide, and sulfide
electrocatalysts [19,47].

Having established the crystal structures and layered morphology, we now turn to the
HER catalytic investigations. Prior to the performance assessment of the crystals’ layers as
a working electrode, the conductive support for its negligible HER activity contribution
was evaluated. The electrocatalytic HER activity of metal trihalide quantum catalysts
(alongside VI,) were evaluated in 1.0 M KOH and 0.5 M H,SOj electrolytes. As a reference,
the HER performance of commercial Pt/C is also included under the same conditions. The
hydrogen production activity was examined by the LSV polarization curves, depicted in
Figure 2c,d, in addition to the cyclic voltammograms (CV) [Figure 2a,b] measured through
a three-electrode electrochemical cell configuration in both acid and alkaline electrolytes.
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To correct for the measured potentials due to solution resistance (Rg), they were subjected
to iR correction in the LSV curves according to E = Ergg-iR, where E is the iR-corrected
potential, Eryg is the measured potential with respect to RHE, i is the measured current,
and R is the uncompensated resistance as determined from the ac EIS Nyquist plot for
better accuracy (see Figure S1, Supplementary Information, also showing the Bode-Bode
plot), rather than during the experiment. EIS data analysis through an equivalent Randles
circuit (Figure S1 inset, Supporting Information) allows for the examination of electron
transfer at the catalysts’ surface/interface. The low charge transfer resistance (Rct) of VCls
(and of others) in acidic (187.4 Qcm~2) and alkaline (200.2 Qcm™~2) media regulates the
electronic structure through interface interactions, thereby reducing the electron transfer
(or ion transportation) resistance. Qualitatively, the cyclic voltammogram profiles appear
asymmetric with broad peaks in both the electrolytes and the non-Faradaic region; these
were analyzed to deduce the value of the electrochemical double-layer capacitance (Cg;)
[Figure 2c]. The Cgq; values of VCl3 and VI3 are 7.80 mF cm~2 and 8.80 mF cm ™2, re-
spectively, which are higher than that of CrCl3 (1.62 mF cm~2) and VI, (0.80 mF cm™2).
Additionally, the electrochemically active surface area (ECSA) can be analyzed through
the electrochemical double-layer capacitance (Cq;), and this was utilized to delve deeper
into the HER kinetics in the catalysis process. Considering that these crystals have lower
surface areas than the nanostructured catalysts, we are inclined to say that these crystals

have topological protected surface states atj > 100 mA cm 2.
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Figure 2. Cyclic voltammograms and HER polarization curves. (a,b) CV profiles, (c) capacitive
current density difference versus scan rate, and (d,e) LSV polarization curves plotted in a large
overpotential range with (dotted) and without (solid) considering iR ohmic drop of few-layer CrCls,
VCl3, VI3, and VI, crystals, in acidic (0.5M H;SO4) and alkaline (1M KOH) electrolytes.
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Interestingly, all the catalysts exhibited reasonable HER activity shown in the LSV
curves (Figure 2d,e), although they tended to be broader compared to the Pt/C and MoS,
where the hydrogen evolution profiles were sharper or change downward rapidly. The
order of the electroactivity was VCl3 (400 mV) > VI3 (490 mV) > CrCls (500 mV) > > VI,
(515 mV) [VI3 (270 mV) > VCl3 (450 mV) > CrClz (510 mV) > VI, (600 mV)], at a current
density of 1000 mA cm~2 in acidic (alkaline) electrolytes, highlighting the significance of the
quantum catalysts at an industrial scale, with Pt/C having the lowest overpotential of 62 mV
in acidic and 101 mV in alkaline media, at 200 mA cm~2. Interestingly, recent research
reported for bimetallic sulfides evaluated for HER in an alkaline electrolyte required low
overpotentials of 333 mV to reach 1000 mA cm~2 with long-term durability comparable to
those found in this work for MX3 quantum materials [11,14]. It is important to note that
water splitting for commercial electrolyzers occurs at about 0.55 to 0.77 V higher than the
theoretical value (ca. 1.23 V), an excess potential indispensable to overcome the energy
barrier of the reaction system. The Tafel slope is employed to further assess the HER
catalytic reaction kinetics, as shown in Figure 3a—c. The values of the Tafel slopes derived
from the LSV curves (Figure 3a,b) ranged between 27 and 36 mV dec ™!, implying that they
afford faster reaction kinetics during hydrogen production, comparable to Pt/C (ca. 20 and
39 mV dec™!). Typically, electrochemical water splitting includes an oxygen precipitation
reaction (oxygen evolution reaction, OER) and a hydrogen precipitation reaction (hydrogen
evolution reaction, HER). It is widely accepted that the HER takes place on the surface
of the cathode via a multi-step electrochemical reaction process [51,52]. Specifically, the
kinetic reaction pathways in an acidic electrolyte occurs via the following reactions [53,54]:
H30" + e Hugs — Hags + H2O (Volmer); Hygs + H3O' + e — Hy + HyO (Herovsky);
2H,4s — Hp (Tafel), and in an alkaline/neutral electrolyte, the kinetic steps involve the
hydroxide ion: 2H,O + 2e™ — 2H,45 + 20H™ (Volmer) and 2H;0 + 2e™ — 2H,4s — Hy +
20H™ (Herovsky); meanwhile, the Tafel step remains unchanged [55-58]. Thus, the Tafel
slope is an important parameter to predict the HER mechanism, i.e., whether the HER
process will proceed via the Volmer-Heyrovsky or Volmer-Tafel mechanism. Both the Tafel
step and Heyrovsky step are related to the desorption of the hydrogen molecule from the
electrocatalyst surface. The low Tafel slope (30—40 mV) in electrolytes suggests the rate-
determining step for HER follows the Volmer-Tafel mechanism at low current densities,
i.e., it should be the adsorbed hydrogens rather than the water dissociation determined
for the MX3 and VI, crystals, aided by the subsurface semi-oxide and unsaturated bonds
induced by the edge vacancy/defects. Consequently, the HER reaction pathway at high
current densities is governed by the Volmer—-Herovsky mechanism. More importantly,
by comparing the LSV curves and the Tafel slopes with those of commercial Pt/C under
acidic and alkaline/neutral conditions, one can find that the alkaline HER performance of
V13 is close to the acidic HER behavior of Pt/C, suggesting the acid-like HER behavior of
VI3 in an alkaline medium. In addition, the stability in 1 M KOH was implemented via a
chronoamperometry test, and the current density of 100 mA cm~? remained unchanged
after several hours of operation.

It is also worth mentioning that the working mechanisms of HER catalysts under
low and high current densities are significantly different, which is discussed below. Re-
examining the Tafel slopes at a larger current range of 1000 mA cm~2, the Tafel slopes
determined for these electrocatalyst crystals layer ranged between 100 and 110 mV dec™!
and 185 and 200 mV dec ™! under acidic and alkaline electrolytes, respectively, implying
that the recombination of adsorbed hydrogens is the rate-determination step. This means
there are no electrons involved during the chemical reaction (Volmer—Tafel step). It is
interesting to note that these values are comparable to those state-of-the-art Pt catalysts,
with the Tafel slope as 125 mV dec™! at 300 mA cm~2 in 0.5M H,SO,. However, the
Tafel slope is potential dependent; thus, so too is the surface coverage of intermediate
species (0) [59]. The value is close to the prediction at the highest coverage 6 =1, indicating
the rapid hydrogen adsorption at large current densities. In addition, lower Tafel slopes
guarantee low applied voltage during industrial-relevant conditions, as elucidated in
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Figure 3¢, providing discerning behavior for low and high current densities, as well as low
and high overpotential corresponding to low and high surface coverage.
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Figure 3. Overpotential and Tafel slopes under low and high current densities. Overpotential
versus log current density, |j!|, and Tafel slopes under low current densities of few-layer CrCl;, VCls,
VI3, and VI, in (a) acidic (0.5M H,;SO;) and (b) alkaline (1M KOH) electrolytes. (c) Corresponding
Tafel slope analysis under high current densities. The dotted curve shows the coverage-dependent
current densities.

At a fundamental level, the trends in catalytic activity are rationalized by the d-
band theory, which assumes that metal-adsorbate interactions are characterized by the
hybridization of the metal d—band with the bonding o—orbital of the adsorbate, forming
the basis of the electrocatalytic reactions following a volcano plot (i.e., log current density
versus AG,qgs). Thus, the catalytic reactions of layered topological magnetic materials
should shift towards the metals with weak reactivity due to their TSSs (surface effect) and
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magnetic (bulk) character. In addition, they have shown good electron transport with
reasonable conductivity due to the complex Fermi surface (see Figure 4). Figure 5 illustrates
the experimental scheme (panel a) and the ingredients proposed to be responsible for
the HER in relation to the atomic defects (panels b and c) in the two-dimensional view
of crystals and (panel d) the electronic structure (DOS) of complex topological quantum
electrocatalysts with the coexistence of the WSM (Weyl semimetal) and DNL (Dirac nodal
line) behavior of the surface/edge states. Because of the time-reversal symmetry protection,
the electrons stay longer on these materials surface states without dissipation that can
populate the conduction band, such that they are readily supplied to H* ions for HER.
Furthermore, the presence of multiple Dirac cones and band crossing leads to a large
density of states, which can be another possibility as predicted by theory [60]. This can
facilitate the rapid charge transfer associated with the catalytic process, thereby accelerating
the HER kinetics. This performance for metal trihalides can be attributed to multivalent
metal (V and Cr), the presence of intrinsic defects, and subsurface semi oxidation (O-MX3),
providing more (re)active sites and the delocalization of electrons leading to better HER
activity [32]. The oxygen-containing species act as perfect ligands for surface engineering,
considering these groups can form hydrogen bonding and attract hydronium ions/water
reactant molecules to the surface. Therefore, a well-conditioned surface is required for
desirable HER kinetic advancements. Therefore, modifying the electronic structure, which
is defective and oxidized, as well as TSS, would be a more effective approach than the
traditional method of creating only electroactive sites, thereby providing a guide in the
search for high-performance electrocatalysts for HER. Finally, the HER reaction efficiency
can be evaluated through H adsorption free energy (AGy), and for a thermodynamically
favorable HER process, a close to zero or small negative value is identified (see Figure
52, Supporting Information, for a comparison of the reported calculated values for HER
catalyst surfaces with an anticipated estimate for defective/oxygenated MX3, yet to be
directly demonstrated). Our study provides strategic quantum materials for efficient PGM-
free electrocatalysts for strategic industrially relevant clean energy-related applications
within the SDGs.

crcl —s— Acidic (0.5 M H,SO,)
SRO/RU RV _
? 1000 | o Alkaline (1 M KOH)

Pd,S/Pd,S, 6 VI, | MV @ 1000 mA cm?
\ /

800

600
40% PYC_

Fe _ — Pt-Mos,
MosS, _
/MoO, Fe-H,
~ N
MoS,/Gr 2H-Nb,S,

/ \
1T-Mos, i | Ta/Tas,
2H-MoS, MoS,/Mo,C

Figure 4. Performance evaluation. Comparison of the required overpotentials to reach the current
density of 200 mA cm~2 and 1000 mA cm 2 between the recently reported catalysts to those studied
here. The scale bar of the catalysts is based on the LSV measurements.
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Figure 5. Proposed HER mechanism in relation to the defects and electronic structure. Illustrations
of (a) the experimental scheme for high efficiency HER (b,c), the two-dimensional view of the crystal
structure for MX3 viewed along the (b) a-axis (planar) and (c) c-axis (side view), where the M (=Cr, V)
atoms are the bigger spheres, and the X (Cl, I) atoms are the smaller spheres. The MXg octahedra form
a layered honeycomb lattice via edge-sharing within each layer, and the layers are stacked in an ABC
sequence along the c-axis. The bond lengths for CrCl are shown in panel (b). Also provided are the
presence of the Cl vacancy (dotted circle) and the vacant interstitial sites occupied by oxygen (solid
red circle) in the honeycomb array responsible for the HER reaction. (d) Cartoons of a momentum
space diagram and the DOS (density of states) for topological magnetic materials with the coexistence
of the WSM and DNL behaviors of the surface/edge states.

3. Methods

Synthesis and characterization of electrocatalysts. High-quality single crystals of
the abovementioned layered magnetic materials of 10 mm X 10 mm X sub-mm size
were grown via a self-transport technique starting from polycrystalline commercially
available precursor powders or from the stoichiometric ratio of the constituent elements
(e.g., CrClz3—Alfa-Aesar (Haverhill, MA, USA) 200050, 98% purity; VCl3—Sigma-Aldrich
(St. Louis, MO, USA) 208272 >99% purity; V—Alfa-Aesar 262935, 99.5% purity; and
iodine (Ip) pieces—Fisher Scientific (Hampton, NH, USA), >99.9% purity, for VI3 and VI,).
Briefly, the polycrystalline powder was first subjected to oxygen purification cycles and
then sealed in a 20-cm-long quartz glass tube. The tubes were then placed in a three-zone
horizontal furnace in appropriate temperature gradients, with a temperature gradient of
25 °C between the hot and cold zones. The hot end of the tube was heated at 1000 °C,
with a 50 °C per hour heating rate, maintained at this temperature for 1 h, and then slowly
cooled down to 700 °C, at a 3 °C per hour cooling rate. The quartz tube was then held
between 700 °C and 200 °C and kept there for 7-10 days. More details on the growth
procedure can be found in refs. [32,34]. The as-grown crystals were obtained in the form
of shiny intense purple (CrCls), blackish (VCl3 and VI3), and red—orange (VI,) flakes, as
shown in Figure 1. The crystals were stored and manipulated in a glove box with an Argon
(Ar) gas atmosphere to avoid oxidation and water contamination. For evaluating the HER
performance, a few layers were mechanically exfoliated from large flakes using the Scotch
tape method, as with traditional layered graphene and TMDCs from bulk counterparts
on 285 nm SiO, /p-5i (100) substrates, as well as using an adhesive polydimethylsiloxane
(PDMS) film, and cured at 80 °C. Prior to flake transfer, the substrates were cleaned with
acetone, methanol, isopropanol, and deionized water for 10 min each in an ultrasonic
bath. Interestingly, since these crystals were insulating, and the electrochemical response
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was weaker, we used nanocarbon coated substrates CNW /p-Si (100) that allowed better
conduction without the SiO, film. X-ray diffraction (XRD) was performed to determine
the structure and orientation of the free-standing crystals using a Bruker D8 diffractometer
(Bremen, Germany) with Cu Ka radiation in the 10-100° 26 range. For these experiments, a
crystal plate was laid down on a zero-background holder. The JCPDS card nos. for each of
the XRD spectra are provided, according to the current ICDD. Micro-Raman spectroscopy
was performed with a Renishaw InVia spectrometer (West Dundee, IL, USA), equipped
with an optical microscope model Olympus BXF41 (with 50X objective, Waltham, MA,
USA), operated with 514 nm (Ar*-laser, E;, = 2.14 eV). The Raman spectra were calibrated
against the Si peak at 520 cm ™.

Catalytic Performance Tests. The electrochemical measurements were performed
using Potentiostat—Galvanostat VMP-300 Bio-Logic (Seyssinet-Pariset, France) and EC-Lab
software ver. 11.52 with a custom made three-electrode electrochemical cell in 1M KOH
(pH =13.67) and 0.5 M of H,SOy (pH = 1.3) electrolytes. While linear sweep voltammetry
(LSV) profiles were recorded with scan rates of 5 mV /s and 10 mV/s in potential range
—0.5V—+1.6V (or —0.6 V to +1 V vs. RHE), cyclic voltammetry (CV) curves were recorded
with scan rate of 20, 40, 60, 80, 100 mV /s in potential range —0.5 V-+1.5V (or —0.6 V
to +1.0 V vs. RHE) with MXj; layers as the working electrode, Ag/AgCl as the reference
electrode and platinum helical wire as the counter electrode. The chronoamperometric tests
were used sparsely to characterize the electrodes’ stability. The geometric surface area of the
electrode immersed in the electrolyte was A = 0.205 cm?. All overpotentials referred to RHE
(reversible hydrogen electrode) calculated using the following equation: Erpg) = E(ag/agc)
+ B (ag/agay + 0.059 x pH (V), where Eo(Ag/AgCl) = 0.1976 V. iR-compensation due
to solution resistance (Rs) was performed that was determined from the electrochemical
impedance spectroscopy at 0V (vs. RHE) in frequency range from 200 kHz to 100 mHz
with 25 mV AC dither. The Tafel plots recorded with LSV at low overpotentials fitted to the
Tafel equation: n =b log |j| + a, where 11 the overpotential (E — Ey), j the current density, b
the Tafel slope, and a = log |jo |, the exchange current density.

4. Conclusions

In summary, we report the unprecedented reasonable electrocatalytic activity for
hydrogen evolution reaction from few layers of transition metal trihalides as potential
quantum electrocatalysts having distinct electronic and magnetic behavior exposing unique
surface states in acidic and alkaline solutions while discerning the reaction mechanisms
at low and high current densities, which is comparable to those advanced electrocatalysts
investigated. Specifically, we determined required overpotentials ranging from 30—50 mV
under 10 mA cm~2 and 400—510 mV (0.5M H,S0,) and 280—500 mV (1M KOH) under
1000 mA cm~2 current densities. Likewise, Tafel slopes ranged between 27—36 mV dec™!
(Volmer-Tafel) and 110—190 mV dec~! (Volmer-Herovsky) implying the different working
mechanisms at low and high current densities, respectively. We attributed this activity at
high current densities primarily to unusual synergistic effect between surface chemistry
(atomic level defects and subsurface semi oxide) and layered structure influencing catalysis,
whereby the layer facilitates a barrier-free water dissociation while the active halogen site (or
absence thereof as electroactive defect site) layer promotes favorable hydrogen adsorption
and evolution through recombination. These defect-triggered vacancy formation and in-gap
states factor into the control and performance parameters desirably. The DFT simulations
corroborated the defect associated structure changes and favorable hydrogen evolution
reaction analogous to mono- and di-vacancy as well as substitution of sulfur by oxygen
in 2H-MoS; surfaces. Such behavior is anticipated to be accelerated for systems down
to bi-/trilayers while exemplifying the critical role of catalysts with quantum nature and
defect sites for industrial-relevant conditions. These experimental findings serve as a
bedrock on the potential of quantum electrocatalysts that could withstand harsh conditions
of industrial-scale hydrogen production while protected not only by a thin carbon layer, but
also topological surface states. The future scope is to improve activity by tuning catalytic
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reaction pathways for abundant clean energy by employing an unexplored territory of
electrochemical-induced activation under external magnetic field.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14100676/s1, Figures S1 and S2: The impedance spectroscopy
and performance comparison with other significant catalysts.
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