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Recent research on van der Waals (vdW) metal chalcogenides
electrocatalysts for the hydrogen evolution reaction (HER) has
been devoted to finding new catalysts with active basal planes.
Here, we report on experimental and theoretical investigations
of the HER activity of a recently discovered iron-rich vdW
spintronic material, Fe;Ge,Te, (FG2T) in alkaline media (1 M
KOH). We show that a densified electrode of FG2T requires an
overpotential of only —90.5 mV to drive a current density of
10 mA/cm?. Free energy calculations of hydrogen adsorption
using density functional theory (DFT) proved that the numerous

Recent climate change-related issues and the increase in energy
demand are helping to accelerate the transition from non-
renewable and polluting fuels such as fossil fuels and coal to
renewable and non-toxic ones.l" Due to its cleanliness, sustain-
ability and high energy density hydrogen has been accepted as
one of the most promising, eco-friendly alternatives.”” Further-
more, hydrogen can be produced through water electrolysis,
which is an environmental-friendly method.®”’ Many research
efforts in this field are focused on developing new, efficient,
and cost-effective electrocatalysts to replace current scarce and
expensive  platinum-group  metals  and noble-metal
compounds.”

Van der Waals (vdW) materials such as transition metal
dichalcogenides (TMDs) are among the most-studied HER
electrocatalysts due to their unique physical and chemical
properties.”’ The majority of these vdW materials do not show
basal plane electrochemical activity toward HER, making them
almost inactive in bulk form. Therefore, to improve the basal
plane activity, various surface modifications such as defect
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sites present on the hexagonal Te layer are more active than
those found in the recently proposed Fe;GeTe, (FGT) catalyst,
supporting higher activity for the new Fe-richer catalyst. Like in
FGT, XPS analysis has found that a thin oxide layer covers the
active FG2T layers, suggesting the real active surface to be a
hybrid FG2T/oxide layer. These results strengthen the idea of
continued screening of iron-based vdW materials to replace the
non-abundant platinum group electrocatalysts toward HER and
other electrocatalytic processes.

engineering,”® doping,” and interfacial engineering® have been
successfully applied. Recent research is focused on the develop-
ment of new basal-plane-active vdW materials that will induce
greater electrochemical activity post surface modifications.
Among all the vdW layered materials, some are being
considered for spintronic applications, especially Fe;, GeTe,
(FGT), which is an itinerant ferromagnet below a Curie temper-
ature of 220 K. Similar to other TMDs, FGT is currently being
considered as a potential electrocatalyst candidate for several
reactions, including the oxygen-evolution reaction (OER) and
nitrogen reduction reaction (NRR).F*'” We have recently
reported the first experimental and theoretical investigations of
the HER activity of FGT.'" We found that a densified FGT
electrode requires the smallest overpotential (17,=—0.105V)
among all bulk TMDs reported so far, and that it displays no
significant HER activity loss after 3000 cycles and 24 hours of
operation in an alkaline electrolyte. Furthermore, density func-
tional theory (DFT) calculations of the free energy of hydrogen
adsorption (AG,) showed that FGT's flat Te basal plane is as
active as the puckered Te layer in monoclinic MoTe, (1T-
MoTe,),"? thus supporting the basal plane activity of FGT. All
active basal plane TMDs so far have puckered chalcogenide
basal planes including 3R-MoS,,"¥ making FGT the first electro-
catalyst with an active flat basal plane. Additionally, DFT
calculations presented an active edge layer (106) that is superior
to the basal plane, supporting the observed increased activity
with particle size reduction. The discovery of FGT’s HER activity
has put other iron-based vdW materials into focus, especially
those richer in iron as they will ultimately be less expensive
than FGT. Herein, we report on the experimental and theoretical
investigations of the HER activity of a recently discovered iron-
richer phase that is structurally related to FGT, Fe;,Ge,Te,
(FG2T). Compared to FGT, FG2T has an extra Fe,Ge layer that
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allows for a change in crystal symmetry from a hexagonal
(space group P6;/mmc) to trigonal (space group P3m1T). In fact,
FG2T's crystal structure consists of a “Fes,Ge,” substructure
sandwiched between two layers of Te atoms weakly bonded by
vdW forces on adjacent slabs as seen in Figure 1c.

The FG2T sample was synthesized via our previous
method" through a solid-state reaction [check the SI for
details]. The as-grown crystals were characterized by powder
X-ray diffraction (PXRD) for their phase purity (Figure 1a),
scanning electron microscope (SEM) for their morphology,
and energy dispersive X-ray spectroscopy (EDS) mapping
(Figure 1b) for elemental distribution. The PXRD pattern
displayed FG2T as the majority phase (90%), according to
Rietveld refinement (Figure S1). However small percentages
of FGT (8.3%) and Fe,, Ge (1.7%) were identified as side
phases. Intensity mismatches were also observed for the (00/)
peaks, similar to the previously reported FGT,"" which is due
to the preferred orientation of these layered crystals (Fig-
ure 1b). The EDS mapping on the FG2T crystals confirmed the
existence and homogenous distribution of all three elements
(Figure 1b).

In our previous report on the HER activity of FGT,"" we
showed that a pressed pellet electrode from an ultra-
sonicated powder sample of this vdW material has the best
performance versus its bulk or sonicated powder electrode
forms. Therefore, we have studied the HER activity of FG2T
based on its similarly pressed pellet electrode. FG2T powder
was dispersed in ethanol and ultrasonicated in an ice-water
bath for two hours. The ultrasonicated powder was then
compressed under a hydraulic press at room temperature
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providing a densified disk (check the S| for more details). The
PXRD pattern of the densified pellet displayed an increased
preferred orientation toward the [00/] direction similar to the
previously reported FGT (Figure 1a). The preferred orientation
was also observed for the small FGT impurity. SEM micro-
graph confirmed the highly oriented sheet-like morphology
of the electrode’s surface (Figure S2).

X-ray photoelectron spectroscopy (XPS) was applied to
investigate the surface chemical composition and the core-
level binding energy of the FG2T pellet before (Figure 2) and
after HER activity measurements (Figure S3). The results of the
analyzed surface show the oxidation states of the Fe 2p,
Ge 3d, and Te 3d species (Figure 2 and Table S1). As seen in
Figure 2a, the spectra are very similar to those reported for
FGT,!""" thus only similarities and differences will be discussed
here. Similar to FGT, the high-resolution Fe 2p spectrum shows
two peaks at 706.6 eV/719.6 eV which originate from the
metallic iron (Fe° in FG2T) as well as two other doublets at
710.9 eV and 724.5 eV (with 713.2 and 726.2 eV satellites)!"""
ascribed to Fe’" from the surface oxide layer. The high-
resolution Ge 3d spectrum (Figure 2b) depicts peaks at 29.2/
29.9 eV assigned to metallic germanium (Ge® in FG2T) and
others at 31.7 eV (Ge*") and 32.5 eV (Ge*") corresponding to
germanium oxide peaks.""'¥ The high-resolution Te 3d
spectrum (Figure 2¢) contains peaks at 573.2/583.5 eV ascribed
to metallic tellurium (Te® in FG2T) while those at 576.5/
586.9 eV are assigned to Te*".'"""” The O 1s spectrum (Fig-
ure 2d) indicates peaks at 530.6 eV and 532.4 eV assigned to
metal oxide and oxygen deficiencies on the surface,
respectively.'® The sonication decreases the particle size, thus
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FG2T Pellet <8r = Fe, Ge
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Figure 1. a) Powder X-ray diffraction patterns of FG2T samples (bulk and pellet). b) SEM images and EDS mappings of as-synthesized FGT
crystals. c) Crystal structure of FG2T (* represents FGT peaks, Ml represents Fe, Ge peaks)
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Figure 2. X-ray photoelectron spectroscopy spectra of a) Fe 2p, b) Ge 3d, c) Te 3d, and d) O 1s for the sonicated FG2T pellet. Experimental

and fitting data are indicated as ([J) and solid lines, respectively.

exposing more surface area to oxidation. However, the FG2T
peaks are still clearly detectable by XPS, suggesting that the
formed oxide layer is thin. In fact, the peak intensities of Te®
are higher than those of the oxidized Te-species, indicating
that Te® is the most abundant species on the surface due to
the Te-terminated vdW atomic structure in FG2T. This finding
contrasts with that of FGT which showed dominating oxidized
Te-species instead. Interestingly, our DFT calculations (dis-
cussed later in the manuscript) clearly show that FG2T is
intrinsically active, showing even more active sites on its basal
Te plane than FGT. Nevertheless, the presence of surface
oxidized species may affect the HER activity, suggesting that
the real active surface may be a complex hybrid FG2T/oxide
layer.

The HER activity of the FG2T pellet electrode was
examined in 1T M KOH electrolyte. To rule out any effect of
the Fe,,Ge impurity, its activity was studied, and it showed
very poor performance (Figure S4). The linear sweep voltam-
metry (LSV) curve of the sonicated FG2T pellet exhibits an
overpotential of 7,,=-90.5mV at 10 mA/cm? and 7,5 =
—358 mV at a high current density of 250 mA/cm? (Figure 3a).
Consequently, the FG2T pellet shows a 13.8% improved
overpotential (at 10 mA/cm?) if compared to the previously
reported FGT pellet (17;,0=—105mV and 7,5, =—398 mV).'!
To support this result, we have estimated the electrochemical
active surface area (ECSA) from cyclic voltammetry (CV)
measured at various scan rates. ECSA was estimated from the

electrochemical double-layer capacitance (Cy). The Cy is
linearly proportional to the effective surface area. This is
because the double layer charging current (i) is proportional
to the electrochemically active surface area of the
electrode."” Therefore, large C, indicates more exposed
surface-active sites. Figure S5 shows that the C, value
(55.2 mF/cm?) of the FG2T pellet is larger than that reported
for the FGT pellet (52.7 mF/cm?),"™" confirming the presence
of more active sites on FG2T. Furthermore, electrochemical
impedance spectroscopy (EIS) data in Figure S6 and Table S2
also indicate that FG2T is a more efficient electrocatalyst than
FGT. The first parallel components (R, and CPE) indicate the
charge transfer kinetics and the second parallel components
(R and Q) reflect the hydrogen adsorption behavior.” In fact,
the charge transfer resistance (R.), which is derived from the
Nyquist plot, shows that the FG2T electrode has a smaller R,
(8.06 Q) than the FGT electrode (9.71 Q),'" supporting the
idea that electrons will move more efficiently on the FG2T
electrode surface and thus boosting its charge transfer rate
during HER.

The Tafel slope was used to understand the reaction kinetics
by evaluating the rate-determining step. From the Tafel plots
(Figure 3b) extracted from the LSV curve, the FG2T pellet
demonstrates a high HER activity with a lower Tafel slope
(93.4 mV/dec) versus the FGT pellet electrodes (97.3 mV/dec)""
indicating a more efficient HER with faster kinetics for FG2T. In the
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Figure 3. a) Polarization curves of sonicated FG2T pellet, sonicated FGT pellet from the previous study,"" and Pt/C. The data was recorded
in 1 M KOH at a scan rate of 1 mV/s with iR-correction. b) Tafel plots obtained using the polarization curves in a).

alkaline electrolyte, there are three microscopic steps as shown  active bulk catalysts.”? Moreover, continuous CV measurements

below.2" were used to evaluate the stability of FG2T (Figure S7a), and the
Tafel reaction: electrode showed very little degradation after 3000 cycles.
Besides, at a fixed overpotential, a chronoamperometric test
2 H,y5H, (Tafel slop =~ 30 mV/dec) (Figure S7b) of the electrode yields a stable current density of
about 10 mA/cm? for 24 h, proving its high durability under
Heyrovsky reaction: these HER conditions. The high stability of the FG2T electrode
was further confirmed by XPS, which showed almost identical
H,g +e +H,05H, + OH™  (Tafel slop =~ 40 mV/dec) spectra before (Figure 2) and after (Figure S3) HER activity
measurements. In the O 1s spectrum, a hydroxide peak appears
Volmer reaction: after electrochemical measurement due to the alkaline electro-
lyte. However, the amount is so small that it did not affect the

H,g +OH™ = H,0+e  (Tafel slop =~ 120 mV/dec) activity.

According to the XPS results discussed above Te° from the

The FG2T pellet's Tafel slope is located between that  FG2T basal plane is the dominant species on the FG2T's surface
proposed for the Volmer reaction (Tafel slope ~120 mV/dec) and electrochemical activity studies proved that FG2T is more
and that of the Heyrovsky reaction (Tafel slope ~40 mV/dec), active than FGT. Consequently, we hypothesized that FG2T
hinting at a complex reaction as often observed for highly  should have a more active Te basal plane than FGT. To verify

20] FGT-Hol2 —
OFf /= FG2T-Hol2

FGT-Hol-1 ; FG2T-Top

FG2T-Brdg
FG2T-Hol-1

Fe;,Ge,Te,

Reaction coordinate diagram (FG2T)

Figure 4. a) The Gibbs free energy (AG,) of H-adsorption on the studied active sites of FG2T and FGT (obtained from""). b) FG2T slab
model generated for the (002) basal plane highlighting the studied sites.
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this hypothesis first-principles DFT calculations were carried out
on a model of FG2T’s basal plane (002) using a unit cell doubled
in the c-direction. The Gibbs free energy (AGy) values of
different H-adsorption sites were calculated. AG, for atomic
hydrogen adsorbing on a catalyst surface is widely accepted as
a descriptor of HER activity as it was shown to correlate with
the experimentally measured HER activity for a variety of
systems.”® Theoretically, the optimal HER activity is achieved
when the AG, value is close to zero, as it ensures that the
reaction rates for both a H atom adsorbing and H, molecule
desorbing onto/off the surface are maximized. For the all-
tellurium (002) layer, four sites were considered as shown in
Figure 4b: (1) on top (Top) of a Te atom, two hollow sites (2&3),
one above an Fe atom (Hol-1) and another above a Ge atom
(Hol-2), and lastly (4) a bridge (Brdg) site between two Te
atoms. The calculated AG, values are 1.53 eV, 0.91 eV, 1.90 eV,
and 1.04eV for the Top, Hol-1, Hol-2, and Brdg sites,
respectively. As Figure 4a illustrates, almost all sites are also
present in the recently discovered HER-active FGT, with the
missing site in FGT being the bridge site which converged to
the top site after structure optimization."” Interestingly,
comparing the AGy values of the two materials (Figure 4a)
shows that the FG2T-Brdg site is more active than the best FGT
site (Top). Furthermore, the two most active FG2T sites (Hol-1
and Brdg) have lower AG, than all FGT sites. These theoretical
results not only supports the experimental findings that FG2T is
more HER active than FGT, but it also possesses a basal plane
that is more active than other highly studied chalcogenides
such as 1T"-MoTe,”” and 3R-MoS,."™

In summary, the iron-rich layered chalcogenide Fe; , Ge,Te,
(FG2T) was synthesized by a solid-state reaction route and
characterized through PXRD, SEM, and EDS analyses. The HER
activity of the FG2T pellet was investigated, the results of which
demonstrated an improved HER activity by 13.8% if compared
to the recently reported iron-poorer Fe;,GeTe, (FGT) pellet. DFT
calculations evaluated and confirmed these findings by discov-
ering the existence of numerous active sites on the hexagonal
tellurium layer of FG2T, two of which attained lower AG,, values
versus all FGT sites. This study introduces FG2T as a highly HER
active trigonal vdW material showing the most active basal
plane to date among all vdW materials.
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