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Nickel ditelluride (NiTey), one of the group-10 transition metal dichalcogenides, has shown intriguing surface
states originating from its topological semimetallicity. Here, we demonstrate abnormal catalytic activities at the
NiTe; surface for the hydrogen evolution reaction (HER). We investigate the differences in catalytic activities at
the basal and edge planes of NiTe, using a micro-sized electrochemical reactor. The basal plane is found to be
more active than the edge plane, resulting in a current density at the basal plane of NiTe, exceeding 700 mA/cm?

with a small overpotential of —0.162 V. Interestingly, our ab initio calculations show a discrepancy with the
experimental measurements, indicating that the crystal-orientation-dependent HER activity highlights the
unique characteristics of a topological semimetal, which can significantly influence the HER in NiTe; catalysts.

1. Introduction

Recent advances in two-dimensional (2D) catalysts have signifi-
cantly enhanced hydrogen evolution reaction (HER) performance
through innovative structural and electronic engineering strategies
[1-8]. Fundamental and thorough research has been conducted on two-
dimensional (2D) catalysts, demonstrating a trend toward rational,
multiscale design of 2D catalysts driven by experimental and data-
driven approaches [9,10]. These catalysts have been of great interest
because of their exotic physics and chemistry, which can be applied to
next-generation catalysis [5-8]. Some 2D catalysts are even considered
topological catalysts, possessing high current density and carrier
mobility, which can lead to improved and sustained catalytic perfor-
mance [11-14]. However, a detailed understanding of the mechanisms
behind the exceptional performance of these topological catalysts is still
needed.

Among 2D catalysts, group-10 transition metal dichalcogenides
(TMD) such as PdS,, PdSey, PtS, and PtSe; have attracted considerable
attention because group-10 noble metals such as Pd and Pt have shown
outstanding catalytic activities [15-17]. In group-10 TMDs, most TMD
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compounds with S and Se are semiconductors, whereas TMDs with Te
are semimetals. Meanwhile, group-10 transition metal ditellurides such
as PdTe; and PtTe; showed better catalytic activities for various elec-
trochemical reactions than other group-10 TMDs with S and Se [18]. In
the case of nickel-chalcogen compounds, Ni ions not only increase the
free energy density but also provide abundant reactive sites [19,20].
Because Te ions have higher metallic properties and lower electroneg-
ativity than other sulfides (O, S, and Se) [21,22], introducing Te ions in
NiTex could optimize electron states, enhance conductivity, and further
improve the electrochemical performance of HER [23,24].

Nickel ditelluride (NiTez) has been reported as a type II Dirac
semimetal exhibiting topological surface states with many Dirac points
near the Fermi level. It has been less studied in catalysis than other
group-10 TMDs so far [25,26]. Many researchers have reported that the
outstanding surface transport of Dirac/Weyl fermions of topological
semimetals can enhance the catalytic activity at the surface for elec-
trochemical reactions with theoretical and experimental evidence
[27-30]. Many studies have proven that the topological surface state is
symmetry-protected and robust against adsorbents, defects, oxidation,
or reduction at the surface, opening a new era of highly efficient 2D
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catalysts for next-generation energy conversion. However, the study on
how the remarkable transport properties of topological semimetals
contribute to the catalytic properties still needs further investigation.

Recently, Zhang et al. reported that topological surface state density
at the Fermi level can be a universal catalytic descriptor for electro-
catalytic reactions in the family of metal diborides. The (001) and (010)
surfaces of metal diborides exhibit different catalytic activities because
of different topological surface state densities [31]. Considering the
anisotropy of charge transport in topological semimetals, topological
semi-metallicity-driven electrocatalytic activities of topological semi-
metals must be analyzed with surface-orientation dependency. Howev-
er, electrochemical reactions conventionally measure the average
properties of massive catalysts. Therefore, the atomistic mechanism
behind the distinct reactivity of basal- and edge-plane atoms of 2D
materials has to be investigated by analyzing crystal-orientation-
sensitive activity for HER.

Various synthesis methods have been employed to grow high-quality
single crystals of NiTey, and the intrinsic properties of NiTe; have been
studied so far [32-36]. For practical application to catalysts, nano-
particulate NiTe, with porous geometry has been demanded. Therefore,
hydrothermal or electrochemical synthesis on foam or mesh substrates
has been suggested [37,38]. Some HER studies with nanoparticulate
NiTey have been reported so far. However, the inherent HER of NiTey
has not been experimentally investigated with atomic-level analysis.

Here, we study the catalytic activity of NiTe, flakes for active HER
with different surface morphologies, bumpy and flat surfaces. NiTey
flakes are synthesized by tellurizing a Ni thin film, which is pre-
deposited on a SiOy/Si substrate, using a two-zone furnace method.
Flat NiTe, flakes are synthesized through high-temperature synthesis
with a lateral size of 20 pm. In contrast, a porous sample geometry and a
lateral size of 2 pm are obtained by low-temperature synthesis. The
crystal structure of the flat NiTey is well-aligned along the c-axis,
showing strong 2D characters. We also examine the HER activity of the
basal plane and edge atoms of flat and porous NiTe; flakes using an HER
microreactor with selectively opened HER windows to the electrolyte.
The HER microreactor is designed as a micro-sized electrochemical cell
fabricated by e-beam lithography. The HER activity measured from the
selective sample areas of the NiTe, surface shows that the basal plane
atoms have better catalytic activity than the edge atoms. The current
density at the NiTe, surface of >800 mA/cm? can be explained by the
topological behaviors of the 2D catalysts, which often show extremely
large current densities in recent studies [39-41]. We also perform a
series of ab initio calculations to estimate the intrinsic catalytic activities
of HER on the basal and edge planes of NiTe,. The observed abnormal
catalytic activities at the NiTey surface probably provide a new concept
of topological catalysts for next-generation HER nanocatalysts.

2. Experimental
2.1. Sample synthesis

Ni films are deposited on clean SiO,/Si substrates (with a SiOg
thickness of 300 nm) using a radio frequency (RF) magnetron sputter
with a Ni target (99 % purity). Commercial Ar (99.9 % purity) is used as
the sputtering gas at a flow rate of 20 sccm. Before deposition, the Ni
target is pre-sputtered in an Ar atmosphere for 2 min to remove any
oxide layers. The films are deposited on the substrates at room tem-
perature for 28 min. Two-dimensional NiTe; flakes are grown on Ni film
substrates (with a Ni thickness of 100 nm) using a two-zone tubular
furnace. Tellurium powder (Sigma Aldrich, > 99.8 %) in a ceramic boat
is placed in the upstream zone. The Ni-sputtered substrate is placed face
down on a ceramic boat in the middle of the second temperature zone.
Before heating, the system is purged with Ar gas to completely remove
oxygen and moisture from the quartz tube. Next, the first zone (T1) and
the second zone (synthetic temperature, Tsy,) are separately heated up
to 635 °C and 700 °C under a constant argon flow of 150 sccm. The
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temperatures are then held for 15 min in the flow of mixed gases of 5
scem Hy and 150 scem Ar. After a 15-min growth period, the heating is
terminated, and the furnace is opened immediately for quenching. Then,
the furnace is naturally cooled to room temperature with only an Ar gas

supply.
2.2. Sample characterization

For the chemical analysis of the CVD-grown NiTe; surface, X-ray
photoemission spectroscopy (XPS; Thermo Scientific, U.K.) is conducted
at the Yonsei Center for Research Facilities (YCRF). The base pressure is
2.9 x 107° mbar, and the photon energy is 1486.6 eV (Al Ka). The
chemical states of our NiTey are studied after a mild Ar-ion etching
process (0.2 keV, 10 s.). The intensities of the O 1 s and C 1 s spectra
decrease, and those of Ni 2p, Te 3d, and the valence band increase after
the mild etching process. This indicates that the surface adsorbents, such
as carbon oxides or hydroxides at the NiTe, surface, are partially
removed after the mild etching process. The binding energy (BE) cali-
bration was performed using the Fermi edge of NiTe,.

The surface morphology analysis of NiTes is performed using a field-
emission scanning electron microscopy (FE-SEM) system (Hitachi
SU8220 FE-SEM with a base pressure of ~1 x 108 Torr) equipped with
an energy dispersive spectrometry (EDS) system at the Metropolitan
Seoul Center, Korea Basic Science Institute.

X-ray diffraction (XRD) of NiTe, flakes is taken using an X-ray
diffractometer (D/MAX-2500/PC, Rigaku, Japan) with Cu K radiation
(A = 1.54060 f\) at room temperature at the Metropolitan Seoul Center,
Korea Basic Science Institute. Raman spectroscopy measurements are
also performed (XperRAM C series, Nanobase) with a wavelength of 532
nm for laser excitation. We used the excitation laser with a power of <1
mW to prevent sample damage while recording the Raman spectra. All
the Ramalln peaks are calibrated using the Raman peak of Si located at
520 cm™ .

2.3. HER microreactor fabrication

HER microreactors are fabricated to measure the electrochemical
properties of NiTe,. First, samples are spin-coated with poly (methyl
methacrylate) (PMMA), after which the areas excluding unnecessary
parts of the samples are removed by photolithography. Finally, thermal
evaporation is used to deposit Cr/Au (5 nm/50 nm) electrodes on the
SiO9/Si substrate (with a SiO, thickness of 300 nm). The CVD-grown
NiTe, flakes on the SiO2/Si substrate are transferred directly onto pre-
patterned Cr/Au electrodes on the SiOy/Si substrate by a dry transfer
method. PMMA is then spin-coated to cover the NiTe; and electrodes on
the SiO5/Si substrate. PMMA windows are developed to expose the
target areas of the NiTe; by photolithography. The transfer process starts
with preparing a polycarbonate (PC) solution by dissolving PC particles
into chloroform (99.8 %) for a mass fraction of ~8 %. PC curing is
performed by drop-casting the liquid PC on the glass slide and waiting
until it can be solidified into a PC film. Then, we take a new glass slide
where a small piece of polydimethylsiloxane (PDMS) is placed. The PC
film is removed from its glass slide using adhesive tape and laid across
the PDMS, acting as a stamp during the following transfer procedure.
Then heat the stage to between 80 °C and 120 °C, and as the SiO, heats
up, the contact area with the PC gradually increases further. The PC film
can be easily peeled off with 2D flakes remaining on the SiO; substrate.
After positioning the 2D sample at the targeted area, the stage temper-
ature is elevated to 180 °C to melt the PC film on the microreactor.
Finally, chloroform removes the residual PC film, leaving the NiTe;
flakes in the targeted position within the microreactor.

2.4. Electrochemical measurements

A graphite rod (CE) and Ag/AgCl (RE) are used, whereas the Cr/Au
electrode pattern is connected to the probe tip as a working electrode
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(WE). A drop of 0.5 M of sulfuric acid (H2SO4) electrolyte solution is
applied to the exposed PMMA window, where CE and WE are in contact
with the electrolyte. A Keithley 4200 device is used to apply the voltage,
which ranges from —0.5 to 1.3 V versus the RHE with steps of 5 mV/s, to
evaluate the HER performance. The resulting current is measured during
the HER process.

2.5. Density-functional theory (DFT) calculations

First-principles calculations are conducted within the Per-
dew-Burke-Ernzerhof exchange-correlation functional, as implemented
in the Vienna Ab initio simulation package [42,43]. The projector-
augmented wave method with a plane-wave basis set describes the
interaction between the ion cores and the valence electrons. An energy
cut-off of 400 eV is applied to expand the electronic eigenfunctions. The
surface slab structure is vertically separated from its periodic images
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(b)
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using a vacuum space of 15 A. A dipole correction is applied to all
surface calculations to avoid unwanted electrostatic interaction between
the periodic images along the surface’s usual direction. The bottom
NiTe; layers are fixed at the corresponding bulk positions. In contrast,
the upper NiTe; layers are fully relaxed using the conjugate gradient
method until the residual forces on all constituent atoms become smaller
than 5 x 102 eV/A. For the Brillouin zone integration, (3 x 3 x 1) and
(3 x 1 x 1) Monkhorst-Pack meshes of k-points are used to determine
the optimal geometries and total energy of the NiTe; (001) and NiTe;
(100) surface models, respectively. Reaction pathways and barriers are
determined using the climbing-image nudged elastic band (c-NEB)
method for each elementary step [44].

2.6. Thermodynamic analysis

A scheme previously reported by Norskov et al. [45] calculates the
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Fig. 1. (a) NiTe, with a top view (001) and a side view (100). Basal (yellow-shaded region) and edge (red-shaded region) planes of the NiTe, monolayer with vacant
atomic sites. (b) Band plot and PDOS plot of bulk NiTe, near Er. The d orbital of the Ni atom and the p orbital of the Te atom are denoted in red and blue, respectively.
The Dirac point (DP) at —0.4 eV is located along I'-A direction. (c) PDOS projected on the 4d orbitals of the Ni site for the basal plane (001) and edge plane (100) as a
function of the number of Te vacancies; VO, V1, V2, and V3 indicate zero-, one-, two-, and three-point vacant sites, respectively. Pure Ni metal with (001) and (100)
planes are added for comparison with the Ni sites in NiTe,. The insets depict a variation of the d-band center of the Ni site as a function of the number of Te vacancies
in the basal and edge planes. (d) HER with Volmer, Heyrovsky, and Tafel steps at the surface of NiTe,. Possible active sites for HER can be basal-plane Te atoms,
basal-plane Ni atoms near the Te vacancy, edge plane Te atoms, and edge plane Ni atoms near the Te vacancy. (e) Calculated free energies for H, evolution reaction
(H" + e~ — H¥) catalyzed by the basal plane (001) and edge plane (100) as a function of the number of Te vacancies (V0, V1, V2, and V3).
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electrode potential and free energy of hydrogen adsorption based on the
binding free energies of H* (AGg+) from the DFT calculations. The
calculated free energy with reduction steps of I'; and I'; (= — I'7) can be
directly converted into electrode potentials (E1 and E;) relative to the
standard hydrogen electrode (SHE), using a computational hydrogen
electrode (CHE) scheme and applying the Nernst equation (AG = —nFE°,
with n = 1, F = 1, and AG in eV). Therefore, the HER activity can be
enhanced by decreasing the free energy of hydrogen adsorption (I'7) in
the catalytic atoms. Here, the binding free energy of the adsorbed state is
calculated as I'1 = AGy» = AEy + AEzpg - TASy. In this equation, AEy is
the hydrogen adsorption energy at 0 K and 0 atm, AEzpg is the difference
in the zero-point energy, and ASy is the difference in entropy. For AEzpg,
we take 0.04 eV as a representative value, referring to the calculated
value for an H/Cu(111) system [46]. Then, the equation to calculate the
binding free energy of the absorbed state is given as I'; = AGy+ = AEy +
0.24 eV.

3. Results and discussions

NiTe, has a CdI,-type trigonal (1T) structure with a space group of
P3m1. Fig. 1(a) shows that one layer of NiTe; comprises Ni atoms
sandwiched by top and bottom Te atoms with octahedral coordination,
and each layer of NiTe; is stacked along the c-axis. The NiTey (001)
surface is considered a basal plane, whereas the NiTe, (100) surface is an
edge plane. We simplify that the HER process occurs at the basal plane
atoms (yellow shaded area in Fig. 1(a)) and edge (red shaded area in
Fig. 1(a)) plane atoms of NiTep with four kinds of active atoms; basal
plane Te atoms (Tepp), basal plane Ni atoms near Te vacancy (Nigp),
edge plane Te atoms (Tegp), and edge plane Ni atoms near the Te va-
cancy (Nigp).

Fig. 1(b) shows the electronic structure and the calculated density of
states (DOS) of bulk NiTe; with 1 T structure. Since the interlayer
hopping is negligible, many 2D systems exhibit dispersionless energy
bands in the out-of-plane k, direction [47,48]. The electronic structure
of NiTe; has a strong k,-dispersion in the out-of-plane I'-A direction with
a unique crossing-point of the linear energy dispersion curves, which has
been reported as a Dirac point (DP) of type II semimetal NiTey
[25,26,49-51]. Since topological semimetals have arisen by breaking
the inversion or time-reversal symmetry, it is expected to have a
considerable mixing of orbitals with different parities. Bahramy et al.
reported that some TMDs with 1 T structure could be topological
semimetals with Dirac points in the out-of-plane direction driven by
chalcogen p orbitals [52]. They insisted that the p,-derived bands (even
parity) have a strong k,-dispersion. In contrast, px and p,-derived bands
(odd parity) are dispersionless along the out-of-plane direction. This
leads to a band crossing of 5p orbitals with different parities in the I'-A
direction of 1 T TMDs. Interestingly, the NiTe; exhibits the DP in the out-
of-plane I'-A direction, and the DP is mostly made of Te 5p orbitals,
consistent with the reported type II semimetallic 1 T TMDs.

Conventional d-band center theory suggests that modulating the d-
band center can enhance the electrocatalytic activity of noble and
transition metal catalysts by adjusting the adsorption strength of mol-
ecules with catalysts [39]. The bulk NiTe, exhibits many dispersive
energy bands crossing the Eg, mainly composed of Te 5p orbitals hy-
bridized with Mo 4d orbitals, providing a semi-metallicity with multiple
types of carriers [29]. Therefore, charge transport can be enhanced
between the surface of NiTe, and adsorbed proton molecules via Mo 4d
—Te 5p hybridized orbitals near Eg. Fig. 1(c) shows the calculated par-
tial density of state (PDOS) of the Ni d orbital in the NiTe; and Te-
deficient NiTey surfaces. The basal plane (001) and the edge plane
(100) of NiTe, exhibit the PDOS with localized d bands compared with
the fully delocalized d bands of the Ni metal surface. The d bands in the
PDOS vary with the number of Te vacancies on the NiTe; (001) and
NiTey (100) surfaces. Additionally, the PDOS near the Fermi energy
increases with Te vacancies in NiTey [53]. Overall, the NiTe, (100)
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surface yields a more upshifted d band center than the NiTe; (001)
surface as the number of Te vacancies increases (see the insets of Fig. 1
().

Since HER activity is tested using an acidic electrolyte (0.5 M H2SO4)
in this study, we can expect the Volmer-Tafel mechanism or Volmer-
Heyrovsky mechanism for HER, which can be analyzed based on the
reaction-free energies of the two successive electrochemical reduction
steps, I'1 (H" + e~ — H*) and I'y (H* — 1/2 H,), at the NiTe; surface
[54]. The proton ion (H") approaches the active sites such as the basal
plane atoms, edge atoms, or vacant active sites (marked with red spheres
in Fig. 1(d)). Then, H' ions turn to adsorbed H atoms (H*) at the active
sites of the NiTe, surface by receiving electrons (Volmer step). The H*
atom reacts with the approaching H' ion, resulting in an H, molecule by
receiving an electron (Heyrovsky step), or two H* atoms meet in a
surface diffusion process, resulting in an Hy gas molecule (Tafel step).
We then estimate the site-dependent HER activity by calculating the
reaction-free energy (AGys) of the hydrogen adsorption step (I';
reduction step, H' + e~ - H*) for different active sites [55-58]. All four
active sites (Tepp, Nigp, Tegp, and Nigp) yield positive AGy+ values for
both the basal and edge planes. For each plane, the Te sites have larger
AGy+ values than the Ni sites (see Table S1 in the Supplementary),
indicating that the hydrogen adsorption at the NiTe; surface likely oc-
curs at the Ni atoms in both the basal and edge planes.

Fig. 1(e) shows the calculated AGy- at Nigp (basal plane Ni atoms)
and Nigp (edge plane Ni atoms) as a function of the number of Te va-
cancies. We find that for both Nigp and Nigp sites, the calculated AGy+
values tend to decrease as the number of Te vacancies increases. In
particular, for a given number of Te vacancies, the Nigp site yields a
consistently lower AGy+ value than the Nipp site. These calculation re-
sults suggest that the edge planes are likely to have higher HER activity
than the basal plane and that the Ni atoms at the Te-deficient edge
planes are likely active sites for the HER in NiTe,.

Our theoretical analysis has focused on the hydrogen adsorption
energies, central to the Volmer and Heyrovsky steps of the HER pro-
gression. To investigate the effects of the Tafel step on the overall HER
activity, we perform the c-NEB simulations to characterize the surface
diffusion probability of the adsorbed hydrogen atoms (H*) on the basal
and edge plane of NiTey. The c-NEB simulations are designed to find the
minimum energy pathway and energy barrier for the diffusion of H*.
The minimum-energy path on the basal plane is from Ni to Ni. Therefore,
the energy barrier is created when the H* transfers from Ni to the Te
atom and from the Te atom to Ni, as shown in Fig. 2(a). We define the
first energy barrier (Ni to Te) as the energy barrier of the transition state
(TS) for the basal plane surface. The minimum-energy path creates an
energy barrier for the edge plane surface when the H* transfers from Ni
to the Te atom, as shown in Fig. 2(b). The energy barriers for the surface
diffusion of H* are 0.41 eV and 0.29 eV for the basal and edge plane,
respectively. This indicates that the Tafel step undergoes at the edge
plane faster than the basal plane. Therefore, our theoretical predictions
claim that the edge plane of NiTey is more favorable for the HER than the
basal plane, both kinetically and thermodynamically.

To experimentally study the HER process at the basal and edge
planes of NiTey, we synthesized NiTe; by tellurizing a Ni thin film using
the conventional CVD method. Different morphologies, a flat, sloped, or
bumpy surface (see Fig. S1), of as-prepared NiTey flakes have been
employed to study the HER with basal-plane-rich or edge-plane-rich
conditions. The detailed synthetic conditions are described in the
methods. The sample morphologies of the CVD-grown NiTe; flakes with
different synthetic temperatures (Tsy,) are checked by optical micro-
scopy and FE-SEM. As shown in Fig. 3(a), NiTez grown at Tsy, = 600 °C
has arbitrarily shaped grains with small sizes of 1-3 pm, and the size of
the NiTe; grains increases as increasing Tsy, from 560 °C to 700 °C. The
trend curve of grain size as a function of the synthetic temperature
shows that the lateral size increases rapidly, indicating that the high-
temperature synthesis aids the lateral growth of NiTe;.

We confirmed the lateral 2D growth of the NiTe, grains using XRD
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Fig. 2. (a) Minimum-energy pathway from Ni to Ni on the basal plane (001) and the corresponding energy barrier for the diffusion of an H atom on the basal plane
(001). (b) Minimum-energy pathway from Ni to Te on the edge plane (100) and the corresponding energy barrier for the diffusion of an H atom on the edge plane
(100). Ni, Te, and H atoms are presented in green, gray, and white, respectively.

measurement. As shown in Fig. 3(b), the XRD patterns are well-matched
with the trigonal structure of 1 T, and no impurity peaks are observed.
The Rietveld refinements show the lattice constants of a = 3.8504 A and
¢ = 5.2612 A, consistent with the reported lattice constants of good
stoichiometric NiTe,. Moreover, an XRD peak corresponding to (00n)
becomes stronger as Tsyn increases (see Fig. S2), indicating that the
high-temperature synthesis of NiTey leads to a preferential growth di-
rection along the c-axis.

Fig. 3(c) shows that the as-prepared NiTe, exhibits an in-plane Eg
Raman mode around 80.4 cm™!. However, an out-of-plane Ajg Raman
mode around 140.2 cm™' has almost disappeared [36,59]. Using the
scotch tape method, we also measure the Raman spectra of mechanically
exfoliated NiTe; flakes on the SiOy/Si substrate. Fig. S3 shows that the
intensity of the Si peaks at 520 cm™! coming from the SiO,/Si substrate
enables us to anticipate the relative thickness of the NiTe; flakes, thin
(red line), thick (black line), and bulk (blue line) NiTes. Unlike the bulky
NiTey, the exfoliated NiTe; exhibits two prominent Raman spectra, in-
plane E; Raman mode around 80.4 em ™! and an out-of-plane A
Raman mode around 140.2 cm™!. The intensity ratio of Ajg and Eg de-
creases from 0.40 to 0.12 as the thickness of NiTe; is consistent with the
tendency of the intensity ratio (A;g/Eg) found in the thickness-

dependent Raman spectra of 1 T TMDs [60]. However, contrary to the
reported tendency of thickness-dependent Raman in 1 T TMD, we
observed that the Eg and A1; Raman modes of 1 T NiTe; have been red-
shifted by 1.5 cm ™! and 2.1 cm ™, respectively. Qi et al. reported that the
Eg Raman modes of 1 T NiTe; are sensitive to the external pressure.
Therefore, the Eg Raman modes experience phonon hardening as the
thickness increases [61].

The quantitative analysis of the NiTe; flakes is analyzed using EDS,
showing that the NiTe, flakes have Ni and Te atoms, with the atomic
ratio of Ni and Te being approximately 1:2 (see Fig. S4). The element
mapping images of Si, Ni, and Te indicate the uniform distribution of Ni
and Te in the NiTe; flake, as shown in Fig. 4(a). The high-magnification
SEM images show that the NiTe; has a layered structure (see Fig. S5). We
further study the chemical state of the NiTe; flakes grown on the SiO4/Si
substrate using XPS. The XPS survey in Fig. 4(b) shows that most ele-
ments are Ni, Te, Si, and O, and there are small amounts of carbon ox-
ides. The valence band spectra of XPS in Fig. 4(c) show that NiTe; has a
metallic character with a considerable density of states at the Fermi
energy (Ep). The Ni 2p and Te 3d spectra have sharp, prominent peaks
from NiTey and small peaks related to Ni and Te oxides [59]. We sum-
marize the XPS fitting parameters in Table S2.
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To study the contribution of basal plane atoms and edge plane atoms
for HER, experiments with an HER microreactor with three electrodes,
reference (Ag/AgCl), counter (graphite rod), and working (Au) elec-
trodes are implemented as shown in Fig. 5(a). The bumpy, sloped, and
flat NiTe,, flakes are transferred to the pre-patterned Au electrode in the
HER microreactor and the NiTe; flakes are selectively opened as HER
windows to the acidic electrolyte with the PMMA layer. The selected
sample areas of bumpy (numbered as ‘1°), sloped (numbered as ‘2’), and
flat (numbered as ‘3’, ‘4’) NiTe; flakes are marked with black squares

(see Fig. 5(b)). Sample 1 probably contains many edge atoms because
the NiTey flake has a bumpy surface with many crystal orientations. In
sample 2, there is an interference with a rainbow pattern at the surface
of NiTey, indicating that light is reflected by the sloped sample [15].
Thus, sample 2 has many exposed edge atoms in the sloped surface of
NiTey. On the other hand, samples 3 and 4 mainly have basal plane
atoms with a small number of edge atoms in the HER windows because
of their flat geometry.

The linear sweep voltammetry (LSV) curves of the NiTe; flakes are
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measured with different sample morphologies, bumpy, sloped, and flat
surfaces, as shown in Fig. 5(c). The overpotentials values of NiTey with
the current density of 10 mA/cm? are different: —0.645, —0.469,
—0.187, and — 0.162 V for the sample 1, 2, 3, and 4, respectively.
Interestingly, a high current density of >800 mA/cm? has been observed
at the flat samples of NiTe; (see Fig. $6), which can be explained by the
topological behaviors of the extremely large current density in recent
studies of 2D catalysts [39-41]. Large Tafel slopes of 162, 196, 148, and
139 mV/dec are deduced from the LSV curves of samples 1, 2, 3, and 4,
as shown in Fig. 5(d). The large Tafel slopes of NiTe; can be explained by
the fact that the proton adsorption at the active sites (Volmer step) could
be the rate-determining step because of the small HER windows during
HER measurements with the HER microreactor.

Such HER activity of NiTey with different HER windows could be
attributed to the other active sites of NiTe, as described in Fig. 1(d),
basal plane atoms, edge atoms, and vacant atomic sites. It has been re-
ported that metallic TMDs have basal plane activity for HER [6,62,63].
Therefore, we hypothesize hydrogen conversion occurs at Te atoms on
the NiTe; surface. We estimate the conversion rate from a proton to a
hydrogen molecule of the basal plane Te atoms in the three HER win-
dows. We calculate the turnover frequency (TOF) of a proton with

equation, TOF = ’;:,ﬁ}, where jj is the exchange current density, n is the
number of electrons transferred per molecule (2 for HER), F is the
Faraday constant (96,458C-mol~1), S is the active site density, and Ny is
Avogadro’s number (6.02 x 10%3 mol’l). The active site density (S) is
calculated by counting the number of Te atoms at the topmost layer,
11.40 nm~2 and 7.79 nm 2 for the (100) and (001) planes of NiTe;. The
exchange current densities (jo) at the potential of 0 V are taken from the
LSV curves of samples 1, 2, 3, and 4 (see Fig. 5(d)); 0.001, 0.038, 0.667,
and 0.856 mA/cm?, respectively.

The detailed values for the calculation of TOF are summarized in
Table 1. The estimated TOF values of NiTe, are 0.003, 0.104, 2.671, and
3.429 57! for samples 1, 2, 3, and 4, respectively. The flat NiTey surfaces
have larger TOF values than the bumpy and sloped NiTey surface,
indicating that the basal plane atoms have better HER activity than the
edge plane atoms, which is inconsistent with our theoretical results.

The experimentally obtained TOFs of NiTe,, 0.003-0.103 s~} for

Table 1
Summary of electrocatalytic activities observed in four different NiTe,.
# Overpotential Tafel S Jo TOF Comments
(mV vs. RHE) slope (#/nm?) (mA/ shH
(mVv/ cm?)
dec)
#1 645 162 11.40¢100) 0.001 0.003 Edge-rich
plane
#2 469 196 11.40¢100) 0.038 0.103 Edge plane
#3 187 148 7.79001) 0.667 2.671 Basal plane
#4 162 139 7.79001) 0.856 3.429 Basal plane

edge plane atoms and 2.671-3.429 s~ ! for basal plane atoms, seem to
contradict our theoretical predictions, which showed that the edge plane
atoms can convert protons into hydrogen molecules more effectively
than the basal plane atoms. Considering that the Te vacancy creation can
lower AGy+ in NiTey, there might be more Te vacancies at the basal
plane than at the edge plane. However, the calculated formation en-
ergies of Te vacancies at the basal plane are higher than the edge plane
by 0.13 eV, 0.12 eV, and 0.09 eV for one, two, and three Te vacancies in
NiTe,, respectively. This indicates that the basal plane of NiTe, hardly
has Te vacancies, which is consistent with our experimental character-
ization results: suitable stoichiometry and crystallinity of the basal plane
are confirmed by XRD, EDS, Raman spectroscopy, and XPS.

Defunctionalized edge plane atoms by oxidation or degradation
could also be considered to explain the controversy between the theo-
retical prediction and the experimental results. As the edge plane atoms
could be more active than the basal plane atoms because of less-
coordinated Ni atoms, edge plane atoms can be easily oxidized or
deformed during HER in acidic environments. However, considering
that the calculated AGy~ values for NiTe; (see Fig. 1(e)) are consistently
higher than those for other Ni-related catalysts [64,65], the basal and
edge plane atoms of pristine NiTe; should be almost inactive for HER.
Therefore, the observed high HER activity of the basal plane atoms in
NiTe, is somewhat mysterious.

According to our approach with d-band theory, thermodynamic, and
kinetic analyses, the edge plane has to be more active than the basal



S.W. Jeong et al.

plane in NiTe,. However, the experimental results showed extraordinary
HER activity in the basal plane of NiTe,. Therefore, we must consider an
intriguing carrier transport originating from low-dimensionality beyond
the d-band theory. Recently reported theoretical calculations confirmed
that the dispersive bands composed mainly of Te 5p orbitals near the
Fermi level strongly contribute to the topological surface states of NiTey,
which can influence the carrier transport between the surface atoms of
NiTe, and the approaching protons at the interface of the catalytic
surface and the electrolyte [25,26]. As shown in Fig. 6, we analyze the
band structure evolution of the NiTe, basal and edge plane surfaces
upon hydrogen adsorption. We define the 2D Brillouin zone and the
corresponding K-point path for the basal and edge planes. It has been
reported that the topological states of Dirac semimetal efficiently
transfer the electrons to the adsorbed hydrogen atoms, leading to an
outstanding HER with a high value of TOF [6,14,66-68]. Our band
structure analyses show that hydrogen adsorption on the basal and edge
planes causes minimal changes in the band structure. In contrast, sig-
nificant changes are induced by the hydrogen adsorption near Eg on the
edge plane. In many Dirac semimetal catalysts, the hydrogen adsorption
shifts the surface state bands above or below Ep because of the charge
transfer between hydrogen and the catalyst surface [67,69,70].
Interestingly, the Dirac points of NiTe, are located at different en-
ergies with different crystal orientations, resulting in an anisotropic
electronic band structure [71]. Therefore, the characteristic features of
relativistic carrier transport could be resolved if the HER has been tested

(a)

Basal plane (001)
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with different crystal orientations of NiTes. Recently, crystal-
orientation-dependent catalytic activity has been reported in the topo-
logical catalysts, showing that topological states are responsible for
catalytic activities [31,72,73]. Considering that the (001) surface of
NiTe; has Dirac points near Eg, while the Dirac points of the (100) sur-
face of NiTe2 are far from EF [25,26], the basal plane of NiTe2 can show
an outstanding HER performance even though there are contradictory
theoretical predictions. The electronic structure of NiTey also exhibits
one Dirac point along I'-A direction, which corresponds to the c-axis of
NiTes. It indicates that the Dirac fermions with high carrier mobility
(300-400 cm?/V's [25]) can contribute to the HER of the (001) surface
of NiTey and show outstanding HER performance. Therefore, the high
HER activity observed at the basal plane of NiTe; might have originated
from the outstanding carrier transport of Dirac fermions, which prob-
ably provides a new concept of topological catalysts.

4. Conclusion

We demonstrate the anisotropy of HER activity in a possible type II
Dirac semimetal NiTe,. The HER activities of basal and edge plane atoms
have been compared theoretically using DFT calculations and experi-
mentally using atomic-level analysis with the HER microreactor. Our
electronic structure analyses based on the d-band theory, which has
been accepted for many 3d and 4d metal catalysts, show that less-
coordinated Ni atoms at the edge plane could be major active sites for
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Fig. 6. (a) The Brillouin zone for the basal plane (001) corresponds to the basal surface with a hexagonal structure, where the K-path follows the sequence I'-M-K-TI".
The Brillouin zone for the edge plane (100) corresponds to the edge surface with an orthorhombic structure, and the K-path follows the sequence I'-X-S-Y-I". Ni, Te,
and H atoms are denoted in green, gray, and white, respectively. The band structure of (b) the basal plane (001) and (c) the edge plane (100) without and with an
adsorbed H atom. Changes in the band structure near the Fermi level are highlighted with red boxes, and the d orbital of the Ni atom and the p orbital of the Te atom

are denoted in red and blue, respectively.
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HER. Subsequent DFT calculations suggest that NiTe, edge plane sur-
faces are more favorable for the HER than the basal plane surfaces, both
kinetically and thermodynamically. However, our electrochemical
measurements with the HER microreactor reveal that the basal plane of
NiTe, shows better catalytic activity than the NiTe; edge. This indicates
that the basal plane atoms are more active than edge atoms, which is
inconsistent with our theoretical predictions. We claimed that the high
basal plane of NiTe; with high current density could originate from
significant contributions of Dirac fermions located near the Fermi level,
and the carrier transport could be enhanced between the active site
atoms and the approaching proton at the interface. Therefore, the
different contributions of Dirac fermions to the carrier transport at the
interface lead to the anisotropic behavior of the HER activity. Our
studies demonstrate abnormal catalytic activity at the NiTe, surface,
which opens a new era of topological catalysts for next-generation en-
ergy conversion.
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