RESEARCH ARTICLE

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

2D Ferromagnetic M;GeTe, (M = Ni/Fe) for Boosting
Intermediates Adsorption toward Faster Water Oxidation

Guyue Bo, Peng Li,* Yameng Fan, Xiaobo Zheng, Mengting Zhao, Qiang Zhu, Yang Fu,
Yitong Li, Wei Kong Pang,* Wei Hong Lai, Bernt Johannessen, Lars Thomsen, Bruce Cowie,
Tianyi Ma, Cheng Wang, Guan Heng Yeoh, Yi Du, Shi Xue Dou, and Xun Xu*

In this work, 2D ferromagnetic M;GeTe, (MGT, M = Ni/Fe) nanosheets with
rich atomic Te vacancies (2D-MGT,) are demonstrated as efficient OER
electrocatalyst via a general mechanical exfoliation strategy. X-ray absorption
spectra (XAS) and scanning transmission electron microscope (STEM) results
validate the dominant presence of metal-O moieties and rich Te vacancies,
respectively. The formed Te vacancies are active for the adsorption of OH*
and O* species while the metal-O moieties promote the O* and OOH*
adsorption, contributing synergistically to the faster oxygen evolution kinetics.
Consequently, 2D-Ni;GeTe,, exhibits superior OER activity with only 370 mV
overpotential to reach the current density of 100 mA cm~2 and turnover
frequency (TOF) value of 101.6 s~' at the overpotential of 200 mV in alkaline
media. Furthermore, a 2D-Ni;GeTe,, -based anion-exchange membrane (AEM)
water electrolysis cell (1 cm?) delivers a current density of 1.02 and 1.32 A
cm~2 at the voltage of 3 V feeding with 0.1 and 1 m KOH solution,
respectively. The demonstrated metal-O coordination with abundant atomic
vacancies for ferromagnetic M;GeTe, and the easily extended preparation
strategy would enlighten the rational design and fabrication of other
ferromagnetic materials for wider electrocatalytic applications.

1. Introduction

Anion-exchange membrane (AEM) water
electrolyzer is a very promising technology
for producing green hydrogen (H,) with the
input of renewable electricity, water, and
abundant catalysts.'””] Compared to the
conventional proton-exchange membrane
(PEM) water electrolyzers and alkaline wa-
ter electrolyzers, AEM water electrolyzers
feature many appealing advantages includ-
ing significantly reduced production costs
of major cell components (bipolar plates
and membrane), fewer corrosion problems,
and easy deployment.[>3131 Of the two fun-
damental reactions for the AEM water
electrolyzer, the oxygen evolution reaction
(OER) is a four-electron-transfer electrode
reaction accompanied by the adsorption
of multiple intermediates and O—O bond
formation.'*1>] The high energy barrier
associated with intermediates adsorption
(e.g., OH*, O*, OOH*) and O—O bond
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formation often leads to significant overpotential to drive the re-
action to happen. Consequently, previous catalyst design strate-
gies usually focus on using noble metals and creating various
noble metal nanoparticles, metal alloys, heterostructures, etc, as
efficient catalysts. Noble metal-based electrocatalysts have decent
activity; however, the ultimate goal of AEM water electrolyzers
is to achieve the deployment of non-noble metal and/or metal-
free compounds as electrocatalysts to improve the capital cost of
the electrolyzers and hydrogen production cost. Meanwhile, the
scarcity and high production cost of noble metals limit their long-
term applications. Therefore, developing efficient electrocatalysts
from earth-abundant elements is critical to increase the compet-
itiveness of hydrogen production costs.

Recently, 2D ferromagnetic materials M, GeTe, (M = Ni/Fe, de-
noted as MGT,) as a typical example of a topological quantum ma-
terial, have attracted wider attention in the fields of topology, spin-
tronics, and electrocatalysis owing to their giant electron motil-
ities, metallic character, topological electronic band structures,
and high stability.'*-18] The relatively weak van der Waals forces
for MGT make the preparation of thin-layered MGT possible
upon layer exfoliation, where the physiochemical character could
be rather interesting at an atomic level.l'1°20] Meanwhile, by
using theoretical simulations, several studies speculated the cat-
alytic activity of M;GeTe, in nitrogen reduction reaction, sulfur
reduction reaction, and even oxygen evolution reaction.!'7-21-23]
However, a critical demonstration from the viewpoint of exper-
imental research has rarely been reported. More importantly,
lots of atomic vacancies, surface reconstruction, and phase evo-
lution are very likely to occur, which are distinct from theoret-
ical studies and deserve to be re-investigated given their unique
role in activating intermediate adsorption in these electrocatalytic
reactions. 2426

To this end, as a proof-of-concept, M;GeTe, (M = Ni/Fe, de-
noted as MGT) was fabricated as a bulk material by a solid-state
reaction. Subsequently, 2D MGT nanosheets with rich atomic va-
cancies (2D-MGT,) were successfully acquired by using a gen-
eral one-step liquid exfoliation method. With the use of a series
of experimental techniques (SEM, TEM, XPS, and XAS), it is in-
teresting to find out that the 2D-MGT, features a very high pro-
portion of Te vacancies and metal-O moieties but still maintains
a metallic character compared to its bulk counterparts. We fur-
ther employed the oxygen evolution reaction as an example to
examine how the change of MGT structures is supposed to af-
fect the catalytic activity. Our results suggest that 2D-MGT, is a
very promising OER electrocatalyst, and its fascinating structure
endows it with rather broad electrochemical applications.

2. Results and Discussion

Ni;GeTe, was prepared by a solid-state reaction!?’] (See Exper-
imental Section), and the resulting Ni,GeTe, exhibits a typical
layered structure with a decent thickness and a lateral size in mi-
crometers, which is denoted as Bulk-NGT (Figure S1, Support-
ing Information). In the next step, the liquid exfoliation method
was employed to synthesize thin-layered Ni,; GeTe, by unstacking
the Bulk-NGT. The strong mechanical shearing force upon liquid
exfoliation is the main driving force to overcome the relatively
weak van der Waals forces of Bulk-NGT. The well-established
liquid exfoliation strategy and our rich experience in preparing
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many other 2D materials have enabled us to obtain high-quality
thin-layered Ni,GeTe,, as seen in Figures S2-S4 (Supporting In-
formation). Figure 1a displays the X-ray diffraction (XRD) pat-
terns of the Bulk-NGT and thin-layered NGT, where the diffrac-
tion peaks can be well indexed to hexagonal Ni;GeTe, (PDF card
04-013-4282), indicating the successful fabrication of Ni,;GeTe,.
In particular, the intensity ratios of diffraction peaks (006) to (110)
are 0.226 and 0.601 for bulk-NGT and thin-layered Ni,GeTe,, re-
spectively, demonstrating the successful exfoliation of the struc-
ture along the ¢ direction. In addition, the (006) diffraction peak
is downshifted by 0.15° for thin-layered Ni,GeTe, in compar-
ison to bulk-NGT, further confirming the slight lattice expan-
sion along the c-axis deduced by layer delamination (Figure S5,
Supporting Information). In Figure 1b,c, the thickness of thin-
layered Ni,GeTe, is estimated in the range of 3 to 10 nm from
the atomic force microscopy (AFM) results. Figure 1d,e presents
a high-angle annular dark-field-scanning transmission electron
microscope (HAADF-STEM) image of thin-layered Ni; GeTe, and
the elemental mapping images, confirming that Ni, Ge, and Te
are dispersed uniformly in the thin-layered Ni;GeTe, (Figure
S6, Supporting Information). Moreover, the lattice plane spac-
ing in the high-resolution TEM image (Figure 1f) is calculated
to be ~0.2 nm, which can be indexed to the (110) plane of NGT.
HAADF-STEM images of thin-layered Ni,;GeTe, at high magni-
fications are shown in Figure 1g,h and Figure S7 (Supporting In-
formation). The atomic resolution along the [001] zone axis is pre-
sented, where the hexagonal packing of Ni, Ge, and Te atoms can
be viewed. Meanwhile, the atomic stacking forms in the HAADEF-
STEM image match well with the schematic atom forming de-
duced from the crystal structure file. In the zoomed profile in
Figure 1h, the Te—Te atomic bonding can be determined, and Te
atomic defects are illustrated according to the atomic Z contrast.
Furthermore, compared with bulk material, the ratio of Ni to Te
derived from X-ray photoelectron spectroscopy (XPS) is increased
from 1.19 for Bulk-NGT to 1.44 for thin-layered Ni, GeTe,, further
demonstrating the formation of atomic Te defects upon exfolia-
tion (Table S1, Supporting Information). Consequently, the thin-
layered

Ni,; GeTe, with rich atomic Te vacancies will be denoted as 2D-
NGT, hereafter. Figure 1i shows the inverse FFT image processed
by masking in the same area. The lattice planes of (010), (0-10),
(100), (—100), (1-10), and (—110) with a respective angle of 60° are
calculated and the Zone axis is determined to be [001], indexing
well with the hexagon structure of NGT.?’]

The surface chemical states and the electronic structure of the
Bulk-NGT and 2D-NGT, were analyzed by XPS. The survey spec-
tra (Table S1, Supporting Information) confirm the presence of
Ni, Ge, Te, and O for Bulk-NGT and 2D-NGT,, respectively. In
Figure 2a, the high-resolution XPS Ni 2p signals for Bulk-NGT
and 2D-NGT, can be mainly deconvoluted into two components
(Ni® and Ni?*) and satellite peaks. Specifically, the binding en-
ergies (BEs) of metallic Ni doublets (Ni 2p;;, and Ni 2p, ) for
Bulk-NGT are located at 870.1 and 852.9 eV.[?’] Meanwhile, the Ni
doublets at the BEs of 873.6 and 855.7 eV can be attributed to the
characteristic signals of Ni**.[28] For 2D-NGT,, the BEs of Ni’ and
Ni?* peaks remain little changed, while the peak ratio of Ni** to
Ni° increases significantly. The fitted results (Table S1, Support-
ing Information) show that the concentration of Ni** changes
from 15.9% for Bulk-NGT to 23.3% for 2D-NGT,, again demon-
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Figure 1. Physical characterizations of Bulk-NGT and 2D-NGT, . a) The XRD pattern of Bulk-NGT and 2D-NGT,. b,c) AFM image of 2D-NGT, and its line
scan profile. d) The HAADF-STEM image, €) the STEM-EDS mapping, and f) the HRTEM image of 2D-NGT, . g,h) HAADF-STEM image for 2D-NGT,,,
suggesting the presence of Te vacancies. i) The corresponding inverse FFT pattern of 2D-NGT,,.

strating that a higher proportion of Ni—O was formed for 2D-
NGT, after the exfoliation process. Meanwhile, the Ge 3d spectra
and the deconvoluted peaks for Bulk-NGT and 2D-NGT, are pre-
sented in Figure 2b. The major peak located at 29.68 eV can be
assigned to typical Ge?, and the other Ge doublets can be indexed
to Ge?* and Ge**. Similarly, the BEs of Ge peaks show negligible
shifts, but the ratio of Ge?* to Ge° increases from 1.6 for Bulk-
NGT to 13 for 2D-NGT,, and the ratio of Ge*" to Ge® changed
from 0.26 for Bulk-NGT to 1.4 for 2D-NGT,. The remarkably en-
hanced Ge—O ratio is further evidenced by the higher oxidation
state of 2D-NGT, upon exfoliation. In Figure 2c, the Te 3d spectra
for 2D-NGT, and Bulk-NGT exhibit similar behavior. The much
higher metal-O ratio for 2D-NGT, in comparison to Bulk-NGT
is believed to reflect the key active site for the enhanced catalytic
activity, which will be discussed thoroughly by using X-ray ab-
sorbance spectroscopy (XAS). X-ray absorption near-edge struc-

Adv. Sci. 2024, 11,2310115

ture (XANES) spectra of 2D-NGT,, Bulk-NGT, and the reference
Ni foil at the Ni K-edge are shown in Figure 2d. The Ni K-edge
scattering oscillation of 2D-NGT, is similar to that of Bulk-NGT,
but the edge position of 2D-NGT, is shifted positively compared
to Bulk-NGT, manifesting the increased average oxidation of Ni
for 2D-NGT,. Meanwhile, Ge K-edge XANES profiles of the two
samples and the reference Ge foil and GeO, are presented in
Figure 2e and Figure S8 (Supporting Information), where the
white line of the Ge K-edge has a +4.0 eV shift for 2D-NGT, in
comparison to Bulk-NGT. With Ge foil and GeO, as references,
the oxidation states of Ge in Bulk-NGT and 2D-NGT, can be es-
timated to be ~0.55 and ~0.95, respectively. All these results evi-
dence that a very high proportion of Ni—O and Ge—O moieties is
formed upon the exfoliation of NGT. The improved Ni—O and
Ge—O ratios for 2D-NGT, compared with Bulk-NGT deduced
from XANES profiles are consistent with the XPS results, further

2310115 (3 0f10) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Electronic characterizations of Bulk-NGT and 2D-NGT,,. a) High-resolution XPS spectra of (a) Ni 2p spectra, b) Ge 3d spectra, c) Te 3d spectra.
d) Ni K-edge and e) Ge K-edge XANES spectra of Bulk-NGT, 2D-NGT,, and the references. FT-EXAFS profiles of Bulk-NGT, 2D-NGT,,, and the references
at f) Ni K-edge and g) Ge K-edge. Wavelet transform plots of h) the Ni K-edge and i) the Ge K-edge K3-weighted EXAFS signal of 2D-NGT,.

demonstrating the formation of electron-deficient Ni and Ge moi-
eties for 2D-NGT,. We next employed extended X-ray absorption
fine structure (EXAFS) to elucidate the atomic coordination of
2D-NGT, versus Bulk-NGT. Figure 2f,g, and Figures S9 and S10
(Supporting Information) show the Fourier transformed (FT) EX-
AFS oscillations at the Ni K-edge and the Ge K-edge of the as-
prepared samples in R space. For Bulk-NGT (Figure 2f), two dom-
inant peaks are found at the positions of 1.72 and 2.41 A (without
phase correction), which can be assigned to Ni—Te and Ni—Ni co-
ordination, respectively. Furthermore, the coordination number
of Ni—Te and Ni—Ni is calculated to be 4.8 and 9.2, respectively,
based on the quantitative EXAFS fitting results (Figure S9 and
Table S2, Supporting Information). In the case of 2D-NGT,, two
major peaks located at 1.89 and 2.51 A are observed, which can
be attributed to Ni—O and Ni—Ni interaction, respectively. Mean-
while, the fitting results demonstrate that the coordination num-
ber of Ni—O and Ni—Ni for 2D-NGT, is close to 2.5 and 3.5, re-
spectively. The corresponding wavelet transform contour maps

Ady. Sci. 2024, 11,2310115

further demonstrate the bond transformation from Bulk-NGT
to 2D-NGT,, such as the presence of Ni—O, Ni—Ni, Ge—0, and
Ge—Ni in 2D-NGT, (Figure 2h,i; Figure S10, Supporting Infor-
mation). Based on the aforementioned results, it can be inferred
that the Ni-Ni and Ni-Te bonds are the two dominant bonding
configurations in the Bulk-NGT. In contrast, sufficient oxygen ex-
posure during the layer delamination and the strong oxophilicity
of Ni and Ge (since the electronegativity of O is much stronger
than that of Te) leads to the generation of Ni—O and Ge—O
bonds in the 2D NGT,. On the other hand, the O K-edge profiles
(Figure S11, Supporting Information) prove that a higher pro-
portion of metal-O bonding can be observed for 2D-NGT, com-
pared with Bulk-NGT, again demonstrating the generation of the
electron-deficient metal-O species. Consequently, Ni-Ni bonds re-
main slightly changed, while Ni—O bonds increase significantly
for 2D-NGT,. For the same reason, the coordination number of
Ge—O changes from 4.6 for bulk-NGT to 1.7 for 2D-NGT,, while
the coordination number of Ge—Ni is slightly decreased from

2310115 (4 of 10)  © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

120

www.advancedscience.com

a —+—Bulk-NGT b — Bulk-NGT (o ——Bulk-NGT 6
90— 2D-NGT, —2D-NGT, ol — 2D-NGT, s
< |- Ruo, S 18] — RuO, —— RuO,
g = 166.5 mV dec’ g, o
E 2 = 0 20
~ I N
=~ S 1.6 66.92 mV dec’! '
[ / 204
51.19 mV dec’
. . . . 14 / ik
13 1.4 15 1.6 1.7 1.8 00 02 04 06 08 1.0 0 50 100 150
Potential (V vs. RHE) Log (j/mA cm™) 7' (@)
6 105
d 772 Bulk-NGT € f 400 Feol)SBCoTe /NF
2D-NGT, Y o :
o 100 % 5 3601
E 44 7 o % < FeCoS.eZ/Co“‘XSSe
< % Ll 2 E 320
£ % i T as s NiPS; NS CoTe,@N-GC
é 2 %} % = 40 2 ® 2804 <« CoSe@NMC» C“n.s:&cﬂn.uSg/CNT
B % % - S ) Fe,P,S Co-MoS,/BCCF
7 % % 20 13 .2 NiF¢ LDH . &
1.5 1.55 1.6 2D-NGT, Bulk-NGT 30 40 50 60 70 80 90

Potential (V vs. RHE)

Tafel Slope (mV dec™)

Figure 3. Electrochemical characterizations of Bulk-NGT and 2D-NGT,. a) LSV curves, b) the Tafel plots, and c) the EIS spectra (at 1.65 V vs RHE)
of Bulk-NGT, 2D-NGT,, and the references. d) ECSA normalized OER activity and e) TOF values (at the overpotentials of 200, 300, and 400 mV) of
Bulk-NGT, 2D-NGT,,, and RuO,, respectively. f) OER performance comparison between 2D-NGT, and the reported OER electrocatalysts at the current

density of 10 mA cm=2.

Bulk-NGT to 2D-NGT,. Perfect agreement between the XPS re-
sults and the XAS profiles can be found, again manifesting that
the highly improved metal-O coordination is probably the main
reason for the highly accelerated oxygen evolution kinetics.

The electrocatalytic oxygen evolution activity of Bulk-NGT and
2D-NGT, was evaluated in 1 M KOH solutions using the rotat-
ing disk electrode configuration. The calibration of the reference
electrode was conducted in the 1 M Ni KOH solution (Figure
S12, Supporting Information). Linear sweep voltammetry (LSV)
curves of the as-prepared catalysts are presented in Figure 3a
and Figures S13 and S14 (Supporting Information). It shows
that 2D-NGT, exhibits a remarkably higher current density com-
pared with the benchmark RuO,, not even to mention Bulk-NGT.
The overpotential at the current density of 10 mA ¢cm~2 for 2D-
NGT, is 250 mV, much lower than the 300 mV for RuO, and
the 470 mV for Bulk-NGT. Impressively, to drive the current den-
sity of 100 mA cm™2, 2D-NGT, only needs 370 mV as overpo-
tential, which is considerably lower than many typical 2D cat-
alysts, such as Ni—Mo—S with 390 mV.[?-3% Moreover, we fur-
ther employed mass-normalized activity to justify the activity of
the as-prepared catalysts (Figure S15, Supporting Information).
Notably, the mass-normalized current density for 2D-NGT,, at
the overpotential of 250 mV reaches 391 mA mg™"', which is >3
times higher than that for RuO, (111 mA mg™') and 30 times
higher than Bulk-NGT (12.4 mA mg™!), respectively. Detailed re-
action kinetics was analyzed through the Tafel plot (Figure 3b).
2D-NGT, is found to have the lowest Tafel plot compared with
RuO, and Bulk-NGT, again manifesting its faster charge transfer
kinetics. The faster charge transfer kinetics of 2D-NGT, among
these catalysts can be further evidenced by the electrochemical

Adv. Sci. 2024, 11,2310115

impedance spectroscopy (EIS) spectra, as shown in Figure 3c.
From the Nyquist plot, the 2D-NGT, displays the lowest charge
transfer resistance (16.82 Q) than the Bulk-NGT (108.61 ) and
RuO, (28.07 Q) at the overpotential of 1.65 V versus RHE. The
equivalent circuit and the fitted results are shown in Figure S16
and Table S3 (Supporting Information), again confirming the
enhanced OER transfer kinetics for 2D-NGT,. To further eval-
uate the intrinsic activity of 2D-NGT, and Bulk-NGT, the elec-
trochemically active surface area (ECSA) was assessed by cyclic
voltammetry (CV) (Figure S17, Supporting Information), and the
ECSA normalized current density of the as-prepared catalysts
is shown in Figure 3d. On the one hand, the slightly increased
pseudo capacitance of 2D-NGT, (0.228 mF cm™2) in comparison
to Bulk-NGT (0.196 mF cm~?) implies that the exfoliation strat-
egy promotes the increased exposure (1.2 times higher) of ac-
tive sites for 2D-NGT,. On the other hand, the ECSA normalized
current density shows that the current density of 2D-NGT, ap-
proaches 3.85 mA cm™ at the potential of 1.6 V, which is 22.6
times higher than that of Bulk-NGT (0.17 mA cm~2). Such a con-
siderably improved ECSA normalized current density indicates
that the outstanding OER activity is not merely attributed to the
increased active sites but to the vastly enhanced intrinsic activ-
ity. Based on the discussions of the XAS and XPS sections, it is
reasonable to conclude that the in-situ formed Ni—O and Ge—O
moieties and rich Te vacancies are critical active sites for the pri-
marily enhanced intrinsic activity. In addition, the turnover fre-
quency (TOF) of RuO,, Bulk-NGT, and 2D-NGT, is presented in
Figure 3e, where the considerably enhanced TOF value for 2D-
NGT, again validates the highly improved intrinsic OER activity.
Compared with typical 2D materials such as MoS,, FePS;, and

2310115 (5 0f10) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Theoretical calculation of OER mechanisms on Bulk-NGT and 2D-NGT,,.. PDOS of Ni d, Ge p, and Te p orbitals for a) Bulk-NGT, b) 2D-NGT,,.
) Bulk-NGT with Te vacancies. d) Free energy diagram of the OER for Bulk-NGT and 2D-NGT,. e) Charge density difference of 2D-NGT,,. f) Schematic

image of the OER mechanisms for 2D-NGT,,.

even NiFe LDH, the as-prepared 2D-NGT, still exhibits compet-
itive alkaline OER performancel®'-*] (Figure 3f; Table S4, Sup-
porting Information). Moreover, the XRD patterns and the TEM
images 2D-NGT, after the course of OER are shown in Figures
S18 and S19 (Supporting Information), where the strong inten-
sity peak at ~#26° ~40.0° and ~54.5° can be ascribed to the carbon
paper (Toray TGP-H-090). Meanwhile, the peaks at the 2 theta de-
gree of 31.41°, 33.73°, 43.34°, and 46.69° can be indexed to (103),
(006), (106), (110) planes of 2D-NGT,, confirming the presence
of NGT even after the electrolysis reactions. These results vali-
date that the NGT structure can be sustained after the course of
OER. On the other hand, the TEM, HRTEM, and HAADF-STEM
images of 2D-NGT, are depicted in Figure S19 (Supporting In-
formation). The diffraction pattern is displayed in Figure S19b
(Supporting Information), where the lattice planes of (—1-10),
(2-10), (1-20), (110), (2-10), and (1-20) with a respective angle of
60° along the Zone axis of [001] are determined. Meanwhile, the
d-spacings of the lattices in Figure S19¢,d (Supporting Informa-
tion) are calculated to be 0.2 nm, aligning well with the (110)
lattice plane of NGT. The XRD patterns and the TEM results col-
lectively demonstrate that the NGT structure is well sustained
after OER conditions.

To further clarify the distinct OER reaction kinetics on the 2D-
NGT, versus Bulk-NGT, we employed DFT calculations to ana-
lyze the electronic structures of the as-prepared NGT samples
and the probable reaction mechanisms. As shown in Figures 4a—
and S20 (Supporting Information), the calculated project density
of states (PDOS) of bulk-NGT and 2D-NGT, are presented. For
bulk-NGT, a significantly higher population of Ni 3d state and Ge
p state is found at the Fermi level, indicating the metallic states
of the bulk-NGT samples. For comparison, we built a 2D-NGT,

Ady. Sci. 2024, 11,2310115

model by creating Te vacancies and surface O species. Notably, a
considerable amount of Ni d states are found crossing the Fermi
level while no obvious Te p states can be observed. This result is
in agreement with previous theoretical reports. It again demon-
strates that Te vacancies and surface O moieties do not affect the
metallic features of 2D-NGT,, which is also a key factor for the
much-enhanced OER reaction kinetics. A detailed PDOS analy-
sis between Bulk-NGT, 2D-NGT,, and NGT-bearing Te vacancy
is shown in Figure 4c. Furthermore, the Gibbs free energy of the
four elementary steps on Bulk-NGT, NGT (Te vacancy), and 2D-
NGT, is depicted in Figure 4d and Figure S21 (Supporting Infor-
mation). Specifically, the rate-determining step (RDS) for Bulk-
NGT is determined to be the adsorption of *O and the formation
of *OOH, due to the very low Gibbs free energy for adsorbing *O
and the high binding strength. Meanwhile, the incorporation of
Te vacancies does not change the reaction barrier too much, and
the RDS for NGT (Te vacancy) is maintained to be the combina-
tion of *O and hydroxyl for generating *OOH. The two models
indicate that the basal NGT plane and NGT plane with Te vacan-
cies are not effective for boosting the formation of *“OOH, thereby
resulting in considerably high reaction overpotential. Notably, for
2D-NGT,, the rich metal-O moieties endow Ni/Ge 3d state with
much higher overlap with O 2p orbital, thus contributing to the
facile adsorption of oxygen species as well as improved charge
transfer kinetics. Consequently, the reaction overpotential is cal-
culated to reduce from 0.429 V for NGT to 0.217 V for 2D-NGT,,
respectively. The calculated differential charge density distribu-
tion is shown in Figure 4e, where the electron transfer between
Ni and O is observed. This further consolidates our consump-
tion that the boosted metal species are critical for activating in-
termediate adsorption and accelerating the charge transfer kinet-
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Figure 5. a) LSV curves of Bulk-NGT and 2D-NGT,-based AEM water electrolyzers feeding with 1 M KOH and 0.1 m KOH. b) The stability test of the

AEM electrolyzer at the voltage of 2.5 V for 7.5 h.

ics. A schematic reaction mechanism is presented in Figure 4f.
Compared to the basal NGT plane, 2D-NGT, has enhanced in-
trinsic activity stemming from both the Te vacancies and metal-O
moieties. The Te vacancies are active for initial *OH adsorption
and the formation of *O, as demonstrated by our calculation re-
sults and previous reports. Meanwhile, the metal-O species are
dedicated to boosting the subsequent generation of *OOH and
0, formation owing to their significantly enhanced Ni d-O p or-
bital hybridization, thus contributing synergistically to the over-
all fast oxygen evolution kinetics. To analyze the surface chem-
ical states of Bulk-NGT and 2D-NGT,, the XPS spectra of Ni
2p, Ge 3d, Te 3d, and O 1s for Bulk-NGT and 2D-NGT, tested
with a series of etching times (from 0 s to 180 s) further demon-
strate the gradually enhanced oxygen content (Figures S22 and
S23, Supporting Information), again manifesting a higher pro-
portion of metal-O moieties is a necessity for the improved OER
activity.

The research on the AEM water electrolyzer was conducted
and the results are presented in Figure 5. Specifically, we em-
ployed Bulk-NGT versus 2D-NGT, as the cathode catalyst and
20% Pt/C (commercial sample from Aldrich) as the anode cat-
alyst, respectively to assemble the catalyst-coated membrane.
Anion-exchange membrane (Fumasep FAA-3-50, Fuel Cell Store)
was used as the anion-exchange separator and what we did was
to coat anode/cathode catalyst inks onto carbon paper.[*>=*] In
the next step, the anion-exchange membrane water electrolyzer
was assembled by placing endplates, gaskets, O-rings, and the
catalysts-coated membrane in the right sequence and the two
types of feeding electrolytes (1 m KOH solution vs 0.1 m KOH
solution) were employed>*! (Figure S24, Supporting Informa-
tion). As shown in Figure 5a, when changing the electrolyte
from 0.1 m KOH solution to 1 m KOH solution, both Bulk-
NGT and 2D-NGT, deliver remarkably enhanced current den-
sity at the identical potential. This is because, at 1 m KOH so-
lution, the highly improved ion conductivity favors the reaction
kinetics.[*~#6] For a 2D-NGT,-based AEM device, the current den-
sity reaches 1.02 A cm™~ at the voltage of 3 V in 0.1 m KOH solu-
tion and this value further increases to 1.32 A cm™? in 1 m KOH
solution. The AEM water electrolyzer was tested under a fixed po-
tential (2.5 V) to evaluate the device’s stability under working con-
ditions. As depicted in Figure 5D, the cell exhibits decent device
stability within 7.5 h of operation and this implies that 2D-NGT,

Adv. Sci. 2024, 11,2310115

delivers nice overall stability even in a practical AEM water elec-
trolyzer. These results confirm that it is a promising candidate for
potential applications as an OER electrocatalyst. Similar to NGT,
Bulk-Fe;GeTe, (denoted as FGT) and 2D-FGT, were synthesized,
following the identical preparation strategy, respectively. XRD
patterns (Figure 6a; Figure S25, Supporting Information) and the
intensity ratio of the (004) plane to (110) confirm that the 2D-
FGT, is successfully exfoliated along the c direction (PDF card 04-
022-8878). Furthermore, the downshift of (004) diffraction peak
0f 0.05° indicates the lattice expansion after exfoliation to layered
FGT. In Figure 6b—d and Figures S26-S28 (Supporting Informa-
tion), plane spacing is nearly 0.2 nm, corresponding to the (110)
plane. HAADF-STEM demonstrates the hexagonal atomic stack-
ing of Fe, Ge, and Te along the c-axis (Figure 6e,f; Figure S29, Sup-
porting Information). The electrocatalytic OER performances of
2D-FGT, and Bulk-FGT are presented in Figure S30 (Supporting
Information). Specifically, the much-improved OER overpoten-
tial and reaction kinetics for 2D-FGT, compared with bulk-FGT
further suggests that 2D ferromagnetic M;GeTe, (M = Ni and Fe)
are efficient electrocatalysts for oxygen evolution reactions.

3. Conclusion

In summary, ferromagnetic material M;GeTe, (M = Ni/Fe, de-
noted as MGT) was experimentally prepared as 2D nanosheets
bearing rich atomic vacancies (2D-MGT,) via a general solution-
based exfoliation method and demonstrated as an efficient elec-
trocatalyst toward alkaline oxygen evolution reaction. The in-situ
generated atomic vacancies and surface metal-oxygen configu-
ration along exfoliation endow 2D-MGT, with considerably en-
hanced intrinsic activity toward electrocatalytic reactions, which
is a distinctive viewpoint compared with previous works that were
studied by theoretical simulations. Consequently, the 2D-MGT,
were found to have highly improved reaction kinetics owing to
the synergistically promoted adsorption toward key intermedi-
ates of OH*, O%*, and OOH* and the optimized charge transfer
kinetics, as confirmed by experimental analysis and DFT calcu-
lations. Our work is expected to shed light on the rational design
and preparation of 2D ferromagnetic materials as efficient elec-
trocatalysts for a wider range of electrocatalytic applications.
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Figure 6. a) XRD patterns of Bulk-FGT and 2D-FGT,. b) TEM image, c) STEM-EDS mapping image, d) HRTEM image, e) HAADF-STEM image, and

corresponding FFT pattern of 2D-FGT,,.

4. Experimental Section

Preparation of Bulk-MGT and 2D-MGT, materials:  Bulk-MGT was pre-
pared via a solid-state sintering method. Iron (99.99%), germanium
(99.99%), tellurium (99.99%), and nickel (99.99%), germanium (99.99%),
tellurium (99.99%) with calculated amounts were enclosed in a quartz
glass ampoule. The sealed ampoules were sintered in a muffle furnace
at 700 °C for 10 days. After that, the samples were cooled to room temper-
ature. Bulk-MGT was obtained and stored in the glove box under an Argon
atmosphere.

2D-MGT, was obtained by shear force exfoliation. Bulk-MGT (2 g) was
added to 150 mL dimethyl formamide (DMF) solution, and the mate-
rial was exfoliated by shear force exfoliation for 2 h at 5000 rpm in DMF
solution (Silverson L5M). Ice cubes were supplied during the exfoliation
process. After exfoliation, the as-prepared suspension was centrifuged at
5000 rpm for 15 min to remove the large bulk material. The suspension
was washed and then dried at 60 °C, Finally, 2D-MGT, was collected for
the tests.

Material Characterizations: XRD patterns were collected using Cu Ka
radiation (A = 1.541A). XPS spectra were characterized by a Phoibos 100
Analyzer (SPECS, Germany, Al Ka X-rays). TEM images were obtained
with a JEOL JEM F200 microscope operating at a working voltage of
200 kV. Scanning transmission electron microscopy — energy dispersive X-
ray spectroscopy (STEM-EDS) images were obtained on a JEOL ARM200F
at 200 kV. The Near-edge X-ray fine structure (NEXAFS) characterization
for O K-edge was processed by soft X-ray beamline. X-ray absorption (XAS)
studies were used to analyze the local chemical and coordination environ-
ment for Ni, Ge, and Te. Ni, Ge, and Te K-edge spectra were collected
on a beamline at the Australian Synchrotron. The data was processed
using Demeter software. The wavelet transformation was performed us-
ing the Igor Pro script by Funke et al. This procedure was focused on
characterizing the backscattering atoms and the bond atoms and bond
lengths.

Ady. Sci. 2024, 11,2310115

DFT Calculations: FeGeTe(001), FeGeTe(001)-V,, and FeGeTe(001)-
V1.+0 surfaces were constructed, and then the intermediates of OH, O,
and OOH groups were absorbed on the Te and Ni sites. All atoms were
allowed to relax to the minimum in their enthalpy without any constraints.
First-principles calculations in the framework of density functional theory,
including structural and electronic performances, were carried out based
on the Cambridge Sequential Total Energy Package known as CASTEP.[4/]
The exchange-correlation function under the generalized gradient approx-
imation (GGA) with norm-conserving pseudopotentials and the Perdew—
Burke—Ernzerhof applicable was adopted to describe the electron—electron
interaction. An energy cut-off of 750 eV was used, and a k-point sampling
set of 7 X 7 X 1 was tested for convergence. A force tolerance of 0.01 eV
A=1, energy tolerance of 5.0 x 10~7 eV per atom, and maximum displace-
ment of 5.0 X 10~ A were considered. The GGA+U approximation, where
U is the Hubbard correction, with spin polarization, was adopted to de-
scribe the localized d states, where U = 3.29 eV was applied for the Ni
atom. The Grimme method for DFT-D correction was considered for all
calculations.[48-49]

Thermodynamics:  The adsorption energy AE for A= OH, O, and OOH
groups on the surfaces of substrates was defined as:[*]

AE =E,, — (E,+Ep) (O]

where *A and * denote the adsorption of A groups on substrates and the
bare substrates, while E, denotes the energy of A groups.
The free energy change AG of the reaction was calculated as the dif-

ference between the free energies of the initial and final states, as shown
below:[30]

AG = AE+ AZPE-TAS (2)

where AE is the energy change between the reactant and product obtained
from DFT calculations; AZPE is the change in the zero-point energy; T
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and AS denote the temperature and the change of entropy, respectively.
Herein, T= 300 K was considered.

The electrochemical model of the oxygen evolution reaction/ oxygen
reduction reaction (OER/ORR) in alkaline media could be divided into four
one-electron reactions:

% +OH™ < OH* + ¢~ 3)
OH* + OH™ « 0" + H,0 () + ¢~ 4
O* + OH™ « OOH* + ¢~ (5)
OOH* + OH™ & % +0, (g) + H,O () + e~ (6)

where the * denotes the active site. The adsorption energies of interme-
diates (OH, O, and OOH groups) on substrates were calculated by the
following equations:

AE,o= E(sub/O) — E (sub) — [E(H,0) — E(H,)]l ™
A E,on = E(sub/OH) — E (sub) — [E(H,0) — E(H,)/2] ®)
A E,oon = E(sub/OOH) — E (sub) — [2 X E(H,0) =3 X E(H,)/2]  (9)

where E(sub/H,0), E(sub/OH), E(sub/O) and E(sub/OOH) denoted the
total energies of H,O, OH, O, and OOH groups on substrates. E(sub),
E(H,0), and E(H,) were the energies of the bare substrate, water, and
hydrogen gas, respectively.

The Gibbs free energy changes of Equations (3-6) could be estimated
by:

A Gy = AGop, (10)
A Gy = AGo, — AGops Q)
A Gy = AGoon. — AGo. (12)
AG, = 4.92eV — AGoops (13)

where the sum of AG,_ 4 was fixed to the negative of the experimental Gibbs
free energy of the formation of two water molecules (-2 Afjfo = 4.92¢eV).

The Gibbs free energy of (H* + e7) in solution was estimated as half the
energy of the H, molecule in the standard condition.

The overpotential of the OER was determined by the following Equa-
tions:

7R = Uger —1.23 (14)
Uogr = Max (AG,, AG,, AG;, AGy) /e (15)

Electrochemical Measurements: All electrochemical data were col-
lected by a VSP 300 electrochemical workstation. A rotating disk electrode
and WaveDriver system (Pine Instruments) were employed. All measure-
ments were conducted in 1 M KOH (potassium hydroxide (90%, reagent
grade, flakes)) solution. Hg/HgO was used as the reference electrode, and
a graphite rod was employed as the counter electrode. The catalyst ink that
was deposited on the glassy carbon electrode with 0.196 cm™2 of the ef-
fective working area was used as the working electrode. To prepare the
working electrodes, 2 mg electrocatalyst was dispersed in Nafion mixed
solution, which contained 16 uL Nafion solution (Nafion 117, 5%), 384 uL
deionized water, and 100 uL isopropanol, for ultrasonication for 2 h to ob-
tain a uniform ink. Then, 10 uL ink was dropped on the polished glassy
carbon electrode and dried in air. The working electrode was rotated at
1600 rpm during measurements. CV was conducted from 1.02 to 1.72 V
versus RHE at the scan rate of 10 mV s~ before LSV testing. The LSV
curves were recorded at 5 mV s~'. All LSV curves were corrected with 95%
iR compensation. EIS was conducted at 1.65 V versus RHE in the frequency
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range of 10-100 kHz. The ECSA was estimated based on the following
Equations:

iC = VCp, (16)
ECSA = Cp, /Cs (17)

The ECSA was calculated with double-layer capacitance (Cp) and spe-
cific capacitance (Cg) in 1 m KOH.

Electrochemical Measurements in AEM Electrolyzer: The AEM testing
follows the recent procedure, initiating with the immersion of the ion-
exchange-memberane into KOH solution for 24 h before constructing the
AEM electrolyzer. Bulk-NGT and 2D-NGT, were employed as anode cat-
alysts, separately. 20% Pt/C (Sigma-Aldrich) was used as a cathode cata-
lyst. The AEM electrolyzer was assessed at 20 °C, using 1.0 m KOH and
0.1 M KOH with a flow rate of ~40 mL mi~'n, respectively. Prior to AEM
testing, 10 cycles of CV were performed at a scan rate of 100 mV s™'.
Subsequently, the AEM electrolyzer was operated at 2 V for 5 min for sta-
bilization. For stability measurement, the catalyst ink was prepared as de-
scribed earlier, and 20% Pt/C and 2D-NGT, served as cathode and anode,
separately, with an active surface area of 1 X 1 cm™2. The CA test was
conducted at 20 °C, using 1.0 m KOH as electrolyte with a flow rate of
40 mL min~".

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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