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Developing a catalyst for green hydrogen production through water splitting, is one of the most
promising ways to meet current energy demand. Here, we demonstrate spontaneous water splitting
using gadolinium telluride (GdTe) with high hydrogen evolution rate. The spent catalyst can be
reused after melting, which regains the original activity of the pristine sample. The phase formation
and reusability are supported by the thermodynamics calculations. The theoretical calculation
reveals ultra-low over-potential for hydrogen evolution reaction of GdTe caused by charge transfer
from Te to Gd, hence enhancing the catalytic activity. Production of highly pure and instantaneous

hydrogen by GdTe could accelerate fuel cell-based sustainable technologies.



Hydrogen is a vital ingredient in chemical (majorly in synthesis of ammonia), metallurgical,
glass, semiconductor, and pharmaceuticals industries '>*. The calculated demand for hydrogen
in fossil fuels free future is expected to increase to more than two gigaton per year *. The
majority of all hydrogen produced globally comes from natural gas (50%), primarily through
steam methane reforming (reaction of steam and natural gas) and the rest is generated from oil
(30%), coal (16%), and electrolysis of water (4%). The by-products of the major synthesis
processes are complex mixtures of condensable hydrocarbons and CO». This causes emission of
830 Mt of CO; per year, which is detrimental to the environment. Therefore, the instantaneous

hydrogen production from water splitting will unleash the full environmental benefits.

Alkali metals like sodium, aluminum, magnesium, and potassium react with water to produce H»
gas >%7 However, these metals cannot be recycled, therefore they have limited scope in
hydrogen production. Moreover, these reactions are highly exothermic and extremely difficult to
control >%3°, Recently, several high-entropy alloy and metal-hydrides have been explored to
generate Hz by controlled water splitting '°. However, most of these materials have high
activation barriers for H» production. The state-of-the-art electrocatalyst consists of platinum and

2D materials hybrids that require external energy to overcome the activation barrier 11213141516,

Here we demonstrate instantaneous (without any external energy) generation of highly pure
hydrogen using Gadolinium Telluride (GdTe) crystal from water splitting (Figure 1A-B). The
GdTe is produced by a simple and easily scalable induction melting (see Method section in
supplementary material). The catalyst is recyclable without loss of any activity. Post reaction
analysis of catalysis confirms the formation of non-uniform oxide layers (Gd203) which assists
the reaction. Theoretical calculations indicate that the charge transfer from Te to Gd enhances
the chemical activity which results in ultralow overpotential for instantaneous hydrogen

generation.



GdTe crystals produced by induction melting method, (using Gd and Te in 1:1 atomic ratio
see ESI) crystallizes in the well-known NaCl-type fcc structure (SG: Fm-3m) (Figure 1C) with
lattice parameters of @ = b = ¢ = 6.25 A and a = = y = 90°. This matches with the optimized
lattice parameter of GdTe obtained from the DFT calculations and previously reported values !’
(Figure S1). Synthesized sample shows four major peaks corresponding to E'g, Ag, B%, and E2,
modes in the Raman spectrum (Figure 1D) which confirms its purity '*!°. Also, Energy
dispersive X-Ray analysis (EDAX) shows the presence of Gd and Te after melting (Figure S2).
Further, scanning electron microscopy (SEM) images (Inset of Figure 1C) reveal the smooth

surface of the crystals.

To understand the catalytic activity of produced GdTe crystal, its ability of splitting the
water to generate hydrogen without external energy is demonstrated. A large number of
hydrogen bubbles were generated immediately as GdTe reacts with water at room temperature
(Figure 2A and movie S1). In the beginning, a steady HER rate of ~0.022 pmol min ! gm™! was
observed for 5 min which then increases rapidly after 10 min where eventually ~1.0 g of GdTe
produced more than ~1.87 pmol of H> within 30 min (Figure 2B). Along with water, GdTe also
reacts with dry methanol and produced H> with slower rate (Figure S3). Moreover, GdTe shows

the most favorable onset potential when compared with state-of-the-art HER catalyst (Figure

2C) 20,21,22,23,24,25,26'

Such high activity was further quantified and compared by calculating the free energies of
HER for different closed packed planes of GdTe, namely (100), (110), (111) and (211), found
from the experimental XRD using Computational hydrogen electrode (CHE) model by Peterson
et al.>’. Computed free energies of HER are compared in (Figure 2C). H* intermediate is most
strongly adsorbed on the Gd atom in the terrace site of (211) plane, with adsorption energy of -

1.03 eV where formation of H> is highly endothermic and promotes poisoning of the surface.
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However, low stability of the intermediate on Te atom of (110) surface with adsorption energy
1.78 eV also decreases the reactivity of GdTe. Therefore, considering all possible different
adsorption sites, H* is optimally stable on Gd atom of (100) plane having free energy of
hydrogen adsorption, AG; = 0.06 eV. This outperforms Platinum (Pt), which otherwise showed
prominent capability for HER with AGY; = —0.09 eV. Similarly, the Gd atoms in (110) plane and
corner site of (211) plane have substantial potential for HER with AG)} = 0.14 eV and 0.21 eV,
respectively. Further, according to calculated overall surface activities, (100) plane shows best
potential for HER reaction followed by (110), (211) and (111) surface. Eventually this ensures

uninterrupted formation of large number of H» as (100) plane has lowest surface energy of 0.02

eV/AZ.

After 30 min of the reaction, the H> generation reaches saturation (Figures 2A-B) and the
color of the water changes from transparent to blackish brown (Inset of Figure 2A and Figure
S4a). The reacted particles separated from the water after reaction saturation was found in the
nanoscale range (a few nanometers) under microscopic analyses (Figure S4b). Thus,
nanostructuring of GdTe is possible by the simple addition of water without any external energy
and the GdTe surface morphology changes with time and forms black-colored nanoparticles in
water (Figure S4). This surface reaction is shown by in-situ optical microcopy (Figure 2E and

Figure S5 and S6) and 3D surface profile of GdTe surface (Figure 2F).

Further, High-resolution TEM images (Right panel of Figure 3A) of the reacted particles
separated from the water after 30 min show the formation of non-uniform amorphous oxide layer
on the GdTe surface. Moreover, Fast Fourier transform (FFT) patterns of two selected regions
(Inset) confirms formation of oxide layer and crystalline GdTe. EDAX also confirm the presence

of Gd and Te (Figure 3B). The final product of the HER reaction after 30 minute was melted



(GT-II sample) and its X-ray photoelectron spectroscopy (XPS), XRD was analyzed. The
powder XRD pattern of GT-II sample shows that the observed peaks correspond to cubic Gd203
and Gd>Tes, along with GdTe (Figure 3C-D). The elemental compositions of the GT-II sample
were analyzed as shown in Figure 3E-H and Figure S7. Full-scan XPS survey spectra confirm
the presence of all chemical elements with their respective oxidation states (Figure S7). The
high-resolution XPS spectra of Gd 4d, Gd 3d, O 1s, and Te 3d agree well with the previously
reported values for pure metal and their oxidation states (Figure 3E-H). The de-convoluted
spectra of Gd 4d shows three sub-peaks at 141.1 eV, 143.1 eV and 147.6 eV corresponding to
Gd 4ds», oxidation state of Gd and Gd 4ds/ respectively, indicating the presence of Gd** in
GdTe crystal along with the formation of Gd-Ox.?® The de-convoluted O 1s spectrum shows two
peaks positioned at 530.2 eV and 531.6 eV, which could be ascribed to oxygen-metal bonds and
surface adsorbed oxygen, respectively. The core level spectra of Gd 3d reveal its characteristics
peaks at 1186.5 and 1218.6 eV by virtue of 3dss2, and 3d32, respectively which originates due to
the spin-orbital coupling on a doublet. Absorption spectra also confirms the regeneration of
GdTe after reaction and melting (Figure S8). Therefore, due to the presence of GdTe in GT-II
sample, it regained its ability to produce H> when reacted with water at equivalent rate. Although
the amount of generated H> decreases from freshly prepared GdTe, Further, The Te 3e XPS
profile can be assigned to Te® (572.9 eV), 0-Te3ds2 (575.9 eV), C-Te3ds (583.3 eV), and O—
Te3ds» (586.2 eV) peaks (Figure 3H), indicating the formation of elemental Te and oxides of Te

along with Gd»03 and Gd,Tes 2%,

To understand the role of produced by-product on the reaction kinetics of GdTe in water,
Thermodynamics calculations were performed at 25°C by varying the mole fraction of reacting
reagents (Figure 31-J). Both the production of H2 and Gd,03 increase with increase in mole

fraction of GdTe that reacts with 1 mole of H>O. However, their production saturates at around
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0.66 mole fraction of GdTe where the amount of Gd,Tes starts increasing. Further, for all
increasing mole fraction of H>O that reacts with 1 mole of GdTe, production of both H> and
Gd»03 increases. However, the GdTe is fully consumed at around 0.5 mole fraction H>O and the
amount of Te starts increasing. This indicates that the formation of Gd2O3 helps in formation of
H> and drives the reaction, whereas Gd>Tes and Te has no role. As a result, the ratio of mole
fraction of GdTe and H>O should be maintained far from 1, so as to generate optimum number of
products (H2 and Gd>0O3) and waste (Gd,Tes and Te). Therefore, the reaction has happened in 3
possible stages: (i) After immersion, the water molecule diffuses into the crystal surface though
the active site and reacts with GdTe to start a linear production of H»; (ii) after that, Gd>Os is
formed over the surface which opens more reaction sites progressively and reaction rate
increases rapidly; (iii) At the end, the production of Gd20O3 and H» reach saturation and the

amount of Gd;Tes is increased.

However, similar thermodynamic calculation demonstrates that while Te does not produce
hydrogen, Gd does, along with the formation of stable Gd,Os. Therefore, to differentiate the
reactivity of Gd and Te and the contribution of Te to make GdTe as an active catalyst for HER,
the orbital overlap and d-band center model was considered. For (100), (110), and (211) surfaces,
Gd atoms consist of higher amounts of states overlapping with the H states and d-band center
closer to Fermi level (pinned at 0 eV) that increases the stability of H* intermediate in
comparison with Te (Figure S9-S12) and Figure 4A and Table S1. This causes Gd to atoms to
react with water and form Gd>Os3. However, 3-coordinated Te atom in (111) surface is more
reactive than 6-coordinated Gd atom and hence, forms respective oxide. Further, the reaction of
Gd in water shows less activity (0.0011 umol min 'gm™!) for HER in comparison with GdTe
(Figure S13). As, d-band centre of Gd atom is at -0.35 eV for Gd (100) surface, which is less

appropriate than the Gd atom on (100) surface of GdTe for the adsorption of hydrogen.
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Moreover, according to the DOS plot of Gd (100), the filled states near fermi level is contributed
by the filled dx2-dy2 and dyy orbital. However, in GdTe (100) surface, the filled states near fermi
level are mainly contributed by the dx. orbital (Figure 4B-C). This is because in GdTe the Gd
atoms interact with the Te atoms by their dx2-y2 orbitals as confirmed by the electron
accumulated blue region around Te atoms that is spread along the bond (Figure 4D).
Correspondingly, the electron density in the dx2-y2 orbital in Gd decreases as Te atoms being
more electronegative pulls electron density from Gd. Now, H atom approaching the surface from
the z-direction interacts by its s-orbital with the orbitals of the surface atoms having more z-
directed orientation (dxz, dyz, d;2). This in turn proves the superiority of GdTe bimetallic surface

over Gd surface.

In conclusion, spontaneous water splitting without any external energy was observed. One gram
of GdTe crystal produced ~1.75 pmol of H» within 30 minutes of vigorous reaction. The GdTe
crystals were produced by industrially scalable induction melting in Argon atmosphere. The
reaction produces nano structures of Gd203 on GdTe which assists in continuous production of
hydrogen by opening more reaction sites progressively. The spent catalyst can be reused after
melting which doesn't lose its catalytic activity. The theoretical calculation reveals the ultralow
overpotential for HER on most stable (100) surface of GdTe as a reason of suitable orbital
overlap and d-band center of Gd atom. Production of highly pure and instantaneous hydrogen by

GdTe could accelerate fuel cell based sustainable technologies.
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Fig. 1. Synthesis and structural property of GdTe: (A) Schematic illustration for the synthesis
of GdTe crystal. Digital image with atomic arrangement of as-prepared GdTe. (B) Schematic
showing representative mechanism of hydrogen evolution from GdTe surface in water. (C) XRD
pattern of the as-synthesized sample. Inset shows the low magnification SEM image. (D) Raman
spectrum of GdTe under excitation wavelength of 532 nm.
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Fig. 2. Hydrogen generation and surface morphology of GdTe: (A) Hydrogen generation as a
function of time. Inset shows the digital photograph of the hydrogen generation in water. (B)
Represents a sample gas chromatography (GC) data. Inset shows the bubble formation during
hydrogen generation (C) Comparison of onset potential with other metals and metal composites.
(D) Free energy of hydrogen adsorption for different active sites. (E) Optical microscopy images
of the GdTe during reaction. (F) 3D surface plots of GdTe surface during reactions.
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Materials and Methods

Synthesis of GdTe:

Gadolinium telluride (GdTe) was obtained via the vacuum induction melting route.
Stoichiometric amounts of 99.99% pure gadolinium and tellurium were taken in a quartz tube. The
metals were melted at a temperature of 1500 °C under vacuum conditions and cooled by quenching
to room temperature using Argon. Although the melting point of GdTe is 1825 °C, a lower
temperature was sufficient because the high vacuum conditions of 1 x 10~ mbar inside the furnace
reduces the melting point of the metals and the compound. Hydrogen evolution reaction started
immediately after contact with the atmosphere. Thus, the samples were stored under a vacuum.
While handling the samples, they were immersed in ethanol to reduce interaction with ambient

water vapor.

Characterizations:

The GdTe polycrystals obtained were powdered and XRD patterns were obtained using a
Bruker D8 Advance Diffractometer with Cu-Ka (A = 1.5406 A) radiation and characterized based
on the Pearson’s Crystal Database. Room temperature Raman spectroscopy was done using WiTec
UHTS Raman Spectrometer (UHTS 300 VIS, Germany) at a laser excitation wavelength of 532

nm. UV-Visible Spectroscopy was used to study the optical absorbance.

HER measurements:

The catalyst was enclosed in a glass vial, and gas inside the vial was taken as a blank gas
sample. Deionized water (1 ml) was added to the glass vial, and gas evolution was analyzed in a
specified time interval. GdTe reacted with water immediately at room temperature and produced
gas bubbles on the surface of the GdTe sample in the glass vial. Quantitative analyses of the

product were carried out to corroborate the hypothesis of Hydrogen production and to determine
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the number of moles of gas produced. High precision gas-tight syringe was used to transfer the
evolved gases into a gas chromatograph (GC; Dhruva CIC Baroda) during the experiment.
Thermal Conductivity Detector (TCD) was used for H» detection and quantification. The Standard
gas mixture was used for GC Calibration. 1 gm of GdTe produced more than 1.87 umol of
Hydrogen within 30 minutes. The H» generation reaches saturation within 30 min, whereas for Gd
in water, Hydrogen production occur but comparatively very less to GdTe and didn’t attend

saturation even after 1380 minutes (23 hours) of experiment.
We also note at the early stage, around ~5 min, during which the H; evolution rate is linearly increased. We observed

a steady Hp evolution rate of ~0.02205 umol min 'gm™' for GdTe and 0.0011 pmol min 'gm™! for Gd in water.
y 1= g

Computational Details:

Density functional theory (DFT) were done with Vienna ab initio simulations (VASP)
package (/). The electron-ion interactions were described using all-electron projector augmented
wave pseudopotentials, and Perdew-Bruke-Ernzehof (PBE) generalized gradient approximation
(GGA) was used to approximate the electronic exchange and correlations (2). The plane-wave
kinetic energy cut off of 520 eV was used. All the structures were optimized using a conjugate
gradient scheme until the energies, and the components of forces reached 10°eV and 0.001 eV A"
! for bulk GdTe and 107 and 0.01 eV A! for all the surfaces respectively. A vacuum region of 10
A was added in the z-direction to prevent interactions between the periodic images. The Brillouin
zone of bulk GdTe, (100), (110), (111), and (211) planes were sampled with 7x7x7 Monkhorst-
Pack, 3x3x1 Monkhorst-Pack, 3x3x1 Monkhorst-Pack, 3x3x1 Monkhorst-Pack, 2x3x1
Monkhorst-Pack, respectively. Density of states (DOS) calculations for planes were performed by

sampling the Brillouin zone with 7x7x1 Monkhorst-Pack. Band center was calculated by



considering the first moment of d-states for Gd atoms and p- states for Te atoms. All the
calculations were spin-polarized.

Posterior to the electronic and lattice optimization of the bulk GdTe structure, taken from
Materials Project database (3), different surfaces, namely (100), (110), (111) and (211) were
created each of them having 4 layers. Afterwards, 2x2x1 supercell of each considered surfaces
was created followed by electronic optimization. (100), (110), and (111) surfaces can adsorb H on
either Gd or Te atom. However, for (211) surface, it can allow H to adsorb on 5 different positions,
namely Gd and Te atoms on step, terrace and only Gd atom on corner site as adsorbed H on Te
atom diffuses on top of Gd atom after optimization.

HER consist of two elementary steps:
* +H" + e~ > H* (S1)

H*+H"+e >+ +H, (S2)

The adsorption energy of the H* intermediate involved in HER was calculated from the DFT using

the following expression (27, 28):

1
AE.qs = Ey- — E, — EEHZ €Y)

where, * represents a pristine GdTe surface, and the * superscript denotes that hydrogen is
adsorbed on the GdTe surface. The intermediate adsorption energy was converted into Gibb’s free
energy of adsorption using the following (4, 5):

AG,gs = AEaqs + AZPE — TAS — AGy )
where, AZPE is the difference in zero-point energies, AS is the change in entropy due to vibrational
contributions, and AGu = -euy, where U is the applied electrode potential. The values of (AZPE-
TAS) for the reference molecule (H> gas) is 0.1328 eV. Calculated values of adsorption energies,

(AZPE-TAS), free energies of hydrogen adsorption are given in Table S1.
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The goal is to find optimal stability of H* on the surface that agrees with the Sabatier principle.
Hinnemann et al. confirmed that AG; ~ 0 is a good descriptor for materials acting as catalyst for

hydrogen evolution (6).

Yn AGI(-)I (n)

S where Y, AGJ(n) is the total free energy of

The overall surface activitiy is given by
hydrogen adsorption in (n) number of different sites for a particular surface

Band centre and DOS have already been established to be good descriptors for correlating
materials and their HER catalytic activity. As the number of states of a particular adsorption site
increases in the energy range of H states, interaction between them rises and consequently,

adsorption energy increases.

The d-band centre model has been used extensively to understand the role of d-electrons in bonding
with the adsorbates by Norskov et. al. (7). According to this model, the d-band centre of the
adsorbent being in close in energy with respect to the Fermi energy enhances the bond stability
with adsorbate, having more electrons in the bonding state and less electrons in the bonding state
the antibonding state, as shown in Table S1.

In order to ascertain the feasibility of H> production owing to chemical reaction of GdTe with
water, thermodynamic calculations were performed using FactSage 8.0 software using FactPS
database. The thermodynamic properties of the reactants (GdTe and water) and all the possible
reaction products are already present in the database. The calculations predict the reaction products
on the basis of the global minimization of system’s free energy depending on pressure and

temperature.



Figure S1. (a), (b), (c), (d) represents the side view and (e), (f), (g), (h) represents the top view of (100), (110), (111)

and (211) surfaces, respectively
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Figure S2. EDAX spectra of synthesized GdTe sample
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Figure S3: (a) Hydrogen generation as a function of time for GdTe in dry methanol. A Logistic fit of the data recorded

is shown as red dashed line. (b) Sample Gas Chromatography data representing the generation of H, over period of

time for GdTe in water.
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Before After

At t=10 min

Figure S4. (a) Digital photographs of GdTe before and after reaction. (b) HRTEM image of the GdTe.
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Figure SS. Snapshots of change of GdTe surface during reaction with water. Red circles indicate

the changes.
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Change of GdTe surface with reaction time

Initial
T=0 min

Figure S6. Optical microscopy images of the GdTe surface as a function of time.
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Figure S7. Full scan XPS spectrum of GdTe and elemental mapping of the surface.
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Figure S8: Optical absorption spectra of GdTe before and after HER reaction
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Figure S9. Partial density of states(DOS) for Gd and Te atom on (100) surface
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Figure S10: Partial density of states(DOS) for Gd and Te atom on (110) surface
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Figure S11: Partial density of states(DOS) for Gd and Te atom on (111) surface
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Figure S12: Partial density of states(DOS) for Gd and Te atom on (211) surface
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Figure S13: Hydrogen generation as a function of time for Gd in water. The inset image shows the evolution of gas

for initial minutes to calculate rate of reaction. A Logistic and linear fit of the data recorded is shown as red dashed

line.

Table S1: Adsorption energy, Free energy corrections, Free energy, Average activity, Band centre

for different active sites.
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Table S1.

Adsorption Adsorption A(ZPE-TS) Free Energy | ¥, AGY(n) Band centre (eV)
site energy (eV) | (eV) (eV) Ynn (V)

100 _Te 1.4599 -0.0256 1.4343 0.7488 -3.05
100_Gd 0.1181 -0.0548 0.0633 0.11
110 _Te 1.7844 -0.0705 1.7139 0.9293 -2.70
110_Gd 0.1915 -0.0468 0.1447 0.19
111 _Te 0.9034 -0.0112 0.8922 1.0238 -1.79
111 Gd 1.2117 -0.0563 1.1554 0.37
211 s Te 1.325 -0.0204 1.3045 -2.16
211 s Gd -1.0352 -0.0221 1.0573 0.00
211 t Te 1.1516 -0.0168 1.1348 0.93116 -2.00
211 t Gd 0.9649 -0.0214 0.9435 -0.05
211 ¢ Gd 0.1709 0.0448 0.2157 -0.07
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