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Fe doping into NiTe bulk crystal was demonstrated as a robust
catalyst for electrochemical oxygen evolution reaction. The
promotion effect at least can be correlated to the significant
electronic effect and the formation of lattice oxygen via bimetallic
synergy by Fe doping.

Hydrogen fuel has been considered as a most promising
resource in the upcoming era and hydrogen generated from
water driven by sustainable energy like wind and solar energy is
an alternative technique to remedy the intermittent nature of
such new energy sources. Electrochemical water splitting is the
key technique to realize the efficient energy transfer and
oxygen evolution reaction(OER) is regarded as the bottleneck
reaction for water splitting due to the complicated proton-
coupled electron transfer process.? Reliable non-precious
electrocatalysts are highly desired to lower the cost of water-
splitting devices because the state-of-the-art noble metal
catalyst like RuO, and IrO, cannot meet the large scale demand
from hydrogen production plants3->.

Recently, Ni-based catalysts of sulfur group have been found
active for OER because of the proper surface oxygen binding
energy.®® Compared with O, S, Se atoms, Te atom has a more
metallic character in nature that can increase the conductivity
of catalyst system;>C alloy of Ni-Te is thus very promising to
catalyse OER while it has not been intensively studied. A porous
nickel telluride has been tentatively developed while it requires
a very high overpotential of 679 mV to drive 10 mA cm for
OER;!! by increasing the conductivity, Ni foam or Ti mesh
supported nanostructured NiTe can greatly enhance the
catalytic ability with an overpotential of 315 mV to drive 10 mA
cm2.12 Fe in general can enhance the activity of Ni-based
catalyst for OER through a Ni—Fe partial-charge-transfer
activation process.'3 The role of Fe is found to be significant, but
not yet fully understood, in enhancing the activity of the Ni-
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based catalyst for OER. A series of operando experiments and
calculations demonstrated that Fe ion in Ni-Fe system would
reduce the overpotential by altering the adsorption energy of
OER intermediates, but the activity will be declined if the
catalyst is rich of too many Fe due to the formation of low
activity of FeOOH.%* While both high catalytic performance
was found for the Ni-Fe system with more content of Fe in the
form of Fe-Ni alloy or the trace amount of Fe with the form of
surface doping. For example, the Ni-Fe alloy with a large
amount of Fe in the system was very active for OER,'®
meanwhile the Fe impurities (< 1 ppm) in the unpurified KOH
electrolyte can also enhance the catalytic activity of some Ni-
based catalyst.®

Driven by the above motivations, Fe-doping might be an
efficient and cost-effective approach to boost NiTe catalyst for
OER. To the best of our knowledge, however, no relevant report
has been done before. Herein a Fe-doped NiTe nanoplate was
developed for OER and the spectrum analysis showed a bulk
crystal doping of Fe into NiTe that was different to previously
reported Fe ion surface adsorption/doping. The electrochemical
experiments demonstrated that Fe doped NiTe catalyst can
greatly enhance the OER catalytic performance by a negative
shift of 108 mV overpotential compared with NiTe alone to offer
a benchmark current density of 10 mA cm2. Moreover, to our
surprise, a trace amount of iron impurity in the electrolyte was
not sufficiently found promoting the performance of NiTe for
OER, while a highly stable catalytic activity was well observed
for this Fe doped NiTe catalyst, namely without an initial
activation process. However, without any doubt, the high
performance should be attributed to Fe doping effect. The
current work provides some novel understandings for the Fe-
doping effect on Ni-based catalyst performance improvement.

The NiTe nanoplates doped by different contents of Fe (Fe-
NiTe-1, 2 or 3) were synthesized by a one-step solvothermal
approach(ESI). The pristine NiTe had a typical hexagonal crystal
structure, and no other characteristic peaks assigned to metallic
Fe or Fe oxide were found in all the Fe doped NiTe samples while
the peak intensity of NiTe became stronger and the diffraction
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peaks shifted to the higher angle direction by increasing the
amount of doped Fe (Fig. 1la-b). This phenomenon can be
attributed to the distortion of lattice parameter of NiTe by the
substitutions of smaller Fe for Ni. Fe-NiTe-2 had a layered
nanoplate morphology (Fig. 1c and Fig. S1) and clear lattice
fringes with d-spacing of 2.80 A and 2.04 A corresponding to
(101) and (102) facet of NiTe were found, smaller than that of
pristine NiTe ° because of the lattice distortion (Fig. 1d-e). A
quasi-single crystal pattern was indicated by the ordered spots
acquired from the selected area electron diffraction (SAED)
pattern (Fig. 1f). The relevant elements of Ni, Fe, O and Te were
also observed in the elemental mapping images (Fig.1g-k) and
the amount of Fe was measured to be 0.2%, 2.3% and 5.6 at.%
for Fe-NiTe-1, 2 and 3 respectively by energy dispersive X-ray
spectroscopy (EDS) (Fig. S2 and Table S1). The above results
indicated the successful doping of Fe into NiTe bulk crystal
through a simple solvothermal approach.
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Figl. XRD patterns (a) of pristine NiTe and Fe-doped NiTe catalysts; (b) the magnification
of XRD patterns around 30°, (c-€) high-resolution TEM images, (f) corresponding SAED
pattern, STEM mapping image (g) and corresponding elemental (h-k) distribution for Fe-
NiTe-2 catalyst.

X-ray photoelectron spectroscopy (XPS) was carried out to
probe the electronic structure and surface chemical
configuration (Fig. S3a-b). Ni 2p spectrum had two bands of
2ps;2 and 2pys;, and each band can be deconvoluted into
metallic Ni, divalent Ni and satellite peaks (Fig. 2a). The peak
position of Ni 2p spectrum for Fe-NiTe-2 shifted to the high
binding energy direction compared with pristine NiTe (Table
S2). The high-resolution Te 3d spectrum had two components
of 3d3/; and 3ds/,, and each component can be assigned to Te
(0) and Te (+4) (Fig. 2b); compared with pristine NiTe catalyst,
no obvious peak position shift was found on Te 3d spectrum but
the content of Te(+4) for Fe-NiTe-2 was largely increased
implying more TeO, was formed after Fe-doping (Table S3).
Spin-orbit peaks of Fe 2p,/, and Fe 2p3/, were observed and they
can be deconvoluted into Fe?* and Fe3* accompanying their
satellite peaks (Fig. 2c). The deconvoluted O 1s peaks had four
peaks at 529.5, 530.5, 531.7, and 533.2 eV, that can be assigned
to metal-oxygen, lattice oxygen, the surface oxygen and oxygen
species from the adsorbed water on the surface (Fig. 2d and
Table S4).177:18 The content of the lattice-oxygen for Fe-NiTe-2
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was significantly increased compared with the pristing. NiTe
because of the electronic structure chaRpé®L0tREGneridsad
lattice-oxygen might be attributed to the lattice distortion
arising from the Fe-doping effect that can release partial O
atoms?°. Lattice oxygen can participate in OER reaction and
facilitate the reaction by reversible formation of surface
vacancies and the increased metal-oxygen co-valence was
considered critical in promoting the kinetics,’> thus a greatly
increased catalytic performance for OER was observed (vide

infra).
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Fig. 2 XPS spectra of Ni 2p (a) and Te 3d (b) of NiTe and Fe-NiTe-2; Fe 2p (c) of Fe-NiTe-
2, 0 1s (d) of NiTe and Fe-NiTe-2.

The OER performance of Fe-NiTe nanoplates was evaluated
by polarization curves compared with IrO, and pristine NiTe at
5 mV s (Fig.3a). The pristine NiTe had the lowest catalytic
performance requiring 388 mV overpotential to drive 10 mA cm-
2, that was consistent with the reports elsewhere.! After
doping by Fe, the catalytic performance was significantly
improved and the best performance was found on Fe-NiTe-2
that offered the benchmark current density with the
overpotential of 280 mV, about 108 mV less than that of the
pristine NiTe. This performance was also higher than other
similar advanced catalyst materials and superior to the
commercial IrO, catalyst requiring 330 mV overpotential to
drive 10 mA cm2 (Table S5).

The kinetics information was probed by Tafel slope (Fig.3b).
The pristine NiTe had a slope value of 117 mV dec? indicating
the rate-determining step (RDS) of the formation of reactive —
OH adsorbed on the metal surface;?%?? while the slope value
was largely reduced by doping Fe into NiTe, and Fe-NiTe-2 had
the smallest Tafel slope value of 40 mV dec™ following the RDS
of the reactive —O formation and subsequent release as 0,.23
The smaller Tafel slope implied more favorable OER kinetics.
Nyquist plots from electrochemical impedance spectroscopy
(EIS) were compared for all the concerned catalyst (Fig. 3c), the
smallest R value was obtained on the NiTe-Fe-2 elucidating the
fast charge transfer and superior electro-catalytic behaviour
after fitting the data by an equivalent circuit (Fig. S4 and Table
S6). The increased charge transfer rate generally can be
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attributed to the improved conductivity and surface adsorption
ability.1® Compared with the pristine NiTe, Fe doping into NiTe
bulk crystal not only increased the charge transfer rate but also
changed the RDS during the catalyst process.
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Fig. 3 Polarization curves with IR correction (a) and Tafel plots (b) of NiTe, Fe-doped NiTe
and IrO,. Nyquist plots (c) of NiTe, Fe-doped NiTe at 1.52 V vs. RHE. Polarization curves
(d) of Fe-NiTe-2 before and after 1000 cycles (inset for chronoamperometry curve at 1.52
V vs. RHE).

Though only a minor amount of Fe was introduced into the
NiTe system, the electrochemically active surface area was
found evidently increased (Fig. S5 and Table S7a). The catalytic
efficiency of the active sites was further evaluated by the
specific activity and TOF (turnover of frequency) values?*, and
NiTe-Fe-2 also exhibited the best catalytic efficiency (Fig. S6 and
Table S7b). Specifically, the specific activity and TOF values at
300 mV overpotential were increased by 13 and 34 times
compared with the pristine NiTe catalyst. The stability was
compared by chronoamperometry (CA) and cyclic
voltammetry(CV) technique. After 1000 CV cycling
measurements, no obvious change was observed by comparing
the initial and final polarization curves; consistently, CA
measurement also demonstrated no obvious performance
decay for 12 h to offer 10 mA cm2 signifying excellent
electrocatalytic stability (Fig. 3d and its inset). The current
efficiency was evaluated by comparing the amount of oxygen
generated theoretically and experimentally at a constant
voltage of 1.52 V vs. RHE for 1 h, the faradic efficiency nearly
100% was obtained for water oxidation (Fig. S7a). The
electrolytes saturated by N, and O, were also compared for the
OER performance study, and no obvious performance
difference was found as shown in Fig. S7b.

The structure and surface state of Fe-NiTe-2 after OER test
were studied to understand the catalytic process. Hexagonal
crystal structure of Fe-NiTe-2 was maintained after the stability
test, while interestingly the intensity of several peaks was found
changed (Fig. 4a). Specifically, the intensity of diffraction peak
for (102):(110) was increased from 1.27 to 1.74, and the
intensity of (201):(103) peaks was reduced from 0.91 to 0.29
probably due to the surface oxidation. Considering the highly

This journal is © The Royal Society of Chemistry 20xx

ChemComm

stable catalytic performance, these facets of (11Q),and.(231J
might contribute little to maintainDahE 1High 9atalytic
performance. Ni and Te elements were clearly indicated in the
XPS spectrum for Fe-NiTe-2 catalyst after OER test. Due to the
surface oxidation at high overpotentials for OER, the metallic
state of Ni and Te was weakened while the content of high
valence state was largely increased (Fig. S8a-d and Table S8-9).
To our surprise, the profile of O1s of Fe-NiTe after OER test
became more narrow and the peak position of the main peak
was shifted to the low binding energy direction with more
content of lattice oxygen formation. The well-kept high content
of lattice oxygen in the catalyst system indicates its important
role for the OER process (Fig. 4b, Table S10).
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Fig. 4 XRD patterns (a) of Fe-NiTe-2 before and after OER electrolysis, XPS spectrum of O
1s (b) of Fe-NiTe-2 before and after OER electrolysis.

No obvious peak of Fe 2p was observed in the XPS spectrum
indicating the dissolution of Fe during the catalytic process (Fig.
S8e) while the presence of Fe can still be detected by the bulk
EDS analysis (Fig. S9 and Table S11). Some reports observed the
Fe impurity in the electrolyte can enhance the catalytic
performance on some Ni-based catalyst for OER, while some
work did not. The effect of the dissolved Fe in the electrolyte
was also studied by comparing the fresh electrodes in the newly
prepared electrolyte and Fe-containing electrolyte. For the
pristine NiTe catalyst, the reduced catalytic performance was
found both in the fresh electrolyte and Fe-containing
electrolyte by increasing the cycling numbers and the current
density was gradually reduced to reach a stable state after ca.
10 cycles (Fig. S10a-b and the inset); it means there was no
sufficient promotion effect found on NiTe electrode from Fe
impurities. While a very stable catalytic activity was found in the
initial several cycles cycling process for Fe-NiTe-2 catalyst in the
fresh electrolyte indicating no activation process required (Fig.
5a and the inset). Moreover, this stability can be well
maintained for quite a long time as shown in the above dynamic
and steady-state evaluation (Fig. 3d). During the long-term test,
the Fe was found lost into the electrolyte and no Fe was
detected in the catalyst surface, thus the Fe probably didn’t
contribute more to maintain the high catalytic performance. In
order to exclude the effect of Fe impurity in the electrolyte, this
aged electrode (after water cleaning) was moved to a fresh
electrolyte and similar cases were found to the fresh Fe-NiTe-2
electrode in the fresh electrolyte that a quite stable catalytic
performance was found (Fig. 5b). For this aged electrode, no Fe
was found on the surface by XPS analysis, thus, basically the
promotion from Fe adsorption was not supported or the trace
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amount of Fe did not affect its catalytic performance. Similar
cases have been recently found on Ni/Co catalyst.?>

Bimetallic NiFeOx had much better OER catalytic
performance than FeOx and NiOx alone because of the
synergetic effect between the two metals?®. Fe-doping can
synergetic with Ni to decrease the adsorption free energies of
intermediates on the catalysts surface, enhance the
conductivity of the catalyst, induce partial charge transfer to
activate the Ni centers for OERY!6. Considering the above
results, the performance improvement obviously can be
attributed to the Fe-doping effect induced bimetallic synergy as
confirmed by the structure and electronic state change after Fe
doping. Once this doping structure was formed, the promotion
effect was formed. It can also explain the promotion effect of
Fe-NiTe-2 compared with pristine NiTe that no activation
process was found in the initial cycles. It was proposed recently
that lattice oxygen can adsorb OH- to form -OO and surface O
vacancy, the adsorbed OO evolves back to —OH with the
generation of O,(g).?” The catalytic mechanism can be found in
the supporting information (Figure S10c). From the XPS analysis,
the Fe-doped into NiTe would initiate and maintain the high
amount of lattice oxygen formation by lattice distortion,
correspondingly high catalytic activity and stability performance
for OER was observed even the Fe was gradually lost during the
long-term stability test. The formation of the lattice oxygen in
the system induced by electronic effect from Fe-doped into the
crystal structure of NiTe would thus be a key factor to maintain
the high catalytic activity and stability.
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In summary, Fe doped into bulk crystal NiTe was
demonstrated very active and stable for electrochemical
oxygen evolution reaction. The current work found that the
promotion effect at least can be correlated to the formation of
a high amount of lattice oxygen in the Fe-doped NiTe catalyst
system. The best catalytic performance of Fe-NiTe nanoplates
can drive 10 mA cm with a low overpotential of 280 mV, about
108 mV less than the pristine NiTe catalyst. The impurity of Fe
in the electrolyte was not found to affect the catalytic
performance of NiTe, while Fe-doped into the crystal structure
of NiTe caused a significant electronic effect via the Fe-Ni
synergistic effect that greatly promoted the catalytic activity
and stability for OER. The current findings contribute some
novel understandings in the promotion effect of Fe for OER and
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well support the significant role of lattice oxygen.in,the QER
catalytic process. DOI: 10.1039/C9CC04429A
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