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Efficient Alkaline Water Oxidation Electrocatalysis Enabled

via the Modulation of Sn-Containing Anions towards NiFe

Oxyhydroxide

Jiaxin Xu,”’ Ruotao Yang,” Tianjue Hou,” Jinxin Chen,” Hongyuan Yang,"”
Prashanth W. Menezes,*® 9 and Ziliang Chen*™ ¢

Despite being considered as efficient non-noble metal-based
electrocatalysts for alkaline oxygen evolution reaction (OER),
NiFe (oxy)hydroxides (NiFeO,H,) typically fall short of meeting
practical requirements. To address this challenge, herein, we
introduce a facile in situ electrochemical incorporation techni-
que to form Sn-doped NiFe-layered double hydroxide (NiFeSn-
LDH) precatalysts. Subsequently, under the alkaline OER proc-
ess, the precatalyst evolves into stannate ion-adsorbed NiFe
oxyhydroxides (NiFeOOH). The presence of these stable stan-
nate oxyanions plays a key role in mitigating Fe leaching,
optimizing the electronic structure of NiFeOOH, and improving
its reaction kinetics, thereby significantly enhancing alkaline

Introduction

Hydrogen energy is regarded as one of the most promising
alternatives to conventional fossil fuels owing to its high energy
density and notable environmental friendliness."™ In contrast
to traditional methods reliant on fossil fuels, water electrolysis
offers a more efficient and eco-friendly means of generating H,,
and has garnered significant global research attention.>™®
However, the development of water electrolysis is severely
confined by its anodic half-reaction, i.e., oxygen evolution
reaction (OER), which suffers from sluggish reaction kinetics.”'”
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OER performance. Notably, the nickel foam-supported NiFeSn-
LDH demonstrates impressive results delivering a large current
density of 100 mAcm™ at an overpotential as low as ~260 mV
and maintaining the industrial-relevant ~500 mAcm™ current
density over 5 days with negligible activity decay, surpassing
the performances of most of the transition metal-based electro-
catalysts. Comprehensive advanced characterizations of the
precatalysts, before and after the OER reactions, have been
performed to uncover stable residual stannate ions at the
surface of NiFeO,H, and to determine their pivotal role in
promoting alkaline OER.

Recently, there has been a significant surge in the development
of electrocatalysts aimed at boosting the performance of the
OER." Especially, current industrial alkaline OER catalysts
predominantly comprise non-noble metals such as Ni and its
alloys (e.g., Raney nickel), albeit exhibiting moderate catalytic
performance.™'® Interestingly, over the past years, the nickel-
iron systems, particularly NiFe(oxy)hydroxides (NiFeO,H,),
emerged as the research focus in the field of OER, due to their
inherent superior OER activity, as highlighted by notable
contributions from the Bell and Boettcher groups.'”'" Never-
theless, a key challenge with NiFeO,H,, lies in the dissolution of
Fe atoms from its lattice into the electrolyte during alkaline OER
especially under strengthened conditions (such as higher
operating temperatures, pH levels, and extended operation
periods), leading to significantly decreased performance and
limiting their practical application potentials."®2°?"" Therefore,
there is a critical need to devise an effective, feasible, and
straightforward method for stabilizing the Fe atoms within
NiFeO,H,, thereby augmenting its intrinsic OER activity

On the other hand, currently, it is widely accepted that for
most NiFe-based compounds including oxides, hydroxides,
alloys, phosphides, borides, and chalcogenides,”?” it is inevi-
table that they undergo reconstruction into higher-valent
NiFeOH, structures, that usually serves as the real active
structures for alkaline OER. At the same time, other anions
present in these precatalysts typically oxidize into water-soluble
oxyanions, subsequently dissolving into the surrounding alka-
line aqueous media (KOH or NaOH solutions).”** The leaching
of nonmetal species (such as S, Se, and P) is believed to
significantly promote the formation of more porous surface
structures, increasing the specific surface area, and accelerating
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the OER capability of the in-situ reconstructed real active
(oxy)hydroxides.®®*" Furthermore, a couple of pioneering
investigations have uncovered a fascinating phenomenon
concerning transition metal (TM)-based precatalysts in alkaline
OER. It has been observed that non-metal species, corroded
into oxyanions, can undergo partial re-adsorption onto the
surface of reconstructed TM-based (oxy)hydroxides (TMO,H,).
This re-adsorption process further enhances the OER perform-
ance by optimizing the electronic structure of the associated
TMO,H,, as well as its reaction kinetics and thermodynamics
towards alkaline OER intermediates.®** Similarly, gathering
insights from Pourbaix diagrams of individual elements, it is
theoretically conceivable that analogous oxygenation-dissolu-
tion-re-adsorption phenomena may occur with numerous metal
species (such as Sn, Ge, Ti, and W) in TM-based precatalysts.>®
The reconstructed structures, i.e., the adsorption of metal-
formed oxyanions onto the surface of TMO,H,, likely exhibit
enhanced catalytic performance. However, investigations ad-
dressing this aspect are notably sparse, resulting in a significant
gap in understanding the potential role of oxyanions in
enhancing alkaline OER.

Taking the aforementioned concerns into consideration,
stabilizing the metal-formed oxyanions adsorbed by NiFeO,H,
could offer a solution to addressing the challenge of unsat-
isfactory alkaline OER performance of NiFeO,H,, especially under
industrial-relevant environments. Therefore, this study focuses
on the deliberate development of a well-defined precatalyst for
alkaline OER, Sn-doped NiFe-layered double hydroxide (NiFeSn-
LDH), by a facile one-step electrodeposition process. This
approach aims to achieve in-situ formation of the targeted NiFe
oxyhydroxides (NiFeOOH) adsorbing stannate ions. This is
because: firstly, NiFe-LDH materials are widely used as an
effective OER precatalyst, which is known to readily transform
into the higher-valent NiFeO,H, during the alkaline water
oxidation process;*’*® Secondly, the Pourbaix diagram of Sn
indicates that within the anodic OER potential window in 1 M
KOH aqueous solution, Sn tends exist as Sn(OH)s>", which is
theoretically water-soluble.®® As a result, a series of advanced
characterizations supported this notion, revealing that after
subjecting NiFeSn-LDH precatalyst to OER chronoamperometry
(CP) for 24h in 1M KOH aqueous solution, the real active
structure, i.e., Sn(OH)¢>~ adsorbed NiFeOOH, is emerged.
Notably, as expected, compared with the reference sample
without the presence of Sn, the optimum NiFeSn-LDH sup-
ported on the fluorine-doped tin oxide (NiFeSn-LDH/FTO) glass
substrate and nickel foam (NiFeSn-LDH/NF) exhibited signifi-
cantly enhanced OER performances in 1M KOH aqueous
electrolyte. Specifically, NiFeSn-LDH/NF achieved a remarkable
current density of as large as 100 mAcm™2 at an overpotential
of only ~260 mV and maintained an industrial-relevant current
density of 500 mAcm™ over 5days with minimal activity
degradation, positioning it among the top-performing TM-
based alkaline OER catalysts reported to date. This substantial
performance enhancement can be attributed to the presence of
adsorbed Sn(OH),>~, which effectively shields the Fe atoms from
leaching into the electrolyte, and modulates the electronic
structure of NiFeOOH, thereby promoting its reaction kinetics.
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We believe the current work can inspire the community to
stimulate further research efforts towards developing more
efficient metal-formed oxyanions-incorporated non-noble met-
al-based OER electrocatalysts, and potentially extending such
catalyst systems to other electrooxidation catalysis applications.

Results and Discussion
Synthesis of FTO-Supported NiFeSn-LDH and NiFe-LDH

To prepare the binder-free FTO-supported NiFeSn-LDH and
NiFe-LDH, a typical three-electrode system was employed,
where the FTO glass substrate, Pt foil, and saturated calomel
electrode (SCE) served as the working, counter, and reference
electrode, respectively. The aqueous electrolyte contained Ni**,
Fe**, and Sn** with a targeted molar ratio. After exerting one-
pot electrodeposition under a constant applied voltage of
—1.2V for 4 min, the NiFeSn-LDH and NiFe-LDH nanosheets
were grown directly onto the surface of the FTO. Note that
compared to the pristine NiFe-LDH with its characteristic
hydrotalcite structure, the NiFeSn-LDH incorporates Sn into the
double layers consisting of [Ni,_,Fe,Os] motifs (as illustrated in
Figure 1 and Experimental Section).

Characterizations of NiFeSn-LDH and NiFe-LDH

The powder X-ray diffraction (PXRD) was first carried out on the
as-prepared NiFeSn-LDH/FTO and NiFe-LDH/FTO, as well as the
bare FTO substrate. In Figure 2a, apart from the peaks
originating from the FTO, a low-crystallinity LDH phase can be
observed, which is characteristically found for those LDH
samples prepared using electrodeposition (PDF #40-0215).5%4"
In order to further explore the chemical state, phase composi-
tion, and morphology of NiFeSn-LDH and NiFe-LDH, X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, field
emission scanning electron microscopy (FESEM), as well as
transmission electron microscopy (TEM) and the corresponding
selected area electron diffraction (SAED), high-angle annular
dark field-scanning transmission electron microscopy (HAADF-
STEM) and the associated energy dispersive X-ray (EDX)
characterizations were performed. In Figure S1a, the high-
resolution Ni 2p;,, XPS spectrum of NiFe-LDH can be fitted into
a prominent peak at ~855.5 eV together with a minor peak at
~857.2 eV, indicative of Ni** and Ni**, respectively, character-
istic of a typical NiFe-LDH structure.*" Additionally, the Fe 2p,,
XPS peak of NiFe-LDH was located at 712 eV, corresponding to
the presence of Fe®*(Figure S1b)."**? Notably, in the case of
NiFeSn-LDH, both Ni 2p3/2 and Fe 2p3/2 displayed positive and
negative shifts, respectively, indicating the successful incorpo-
ration of Sn atoms into the pristine NiFe-LDH lattice, which
induced the electron interaction among host Ni and Fe atoms
and their neighboring Sn dopants (Figure S1a, b).'>*! Interest-
ingly, an evident Sn 3ds;, XPS signal representing Sn** was
detected for NiFeSn-LDH at ~486.3 eV, further confirming the
incorporation of Sn atoms“* (Figure S1c). The Raman spectrum
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Figure 1. The schematic illustration for the synthesis of FTO-supported NiFeSn-LDH and NiFe-LDH.
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Figure 2. (a) The PXRD patterns of FTO, NiFe-LDH/FTO and NiFeSn-LDH/FTO, (b, c) The FESEM images of NiFeSn-LDH/FTO, (d, ) TEM image, (f) HRTEM image
and (g) SAED pattern of NiFeSn-LDH/FTO, together with (h) corresponding HAADF pattern and elemental mappings of Ni (i), Fe (j), Sn (k), and O (I).

of NiFeSn-LDH depicted in Figure S2 exhibited two character-
istic bands at ~457 and ~528cm™', arising from the
M3*—0-M?>* and M**—O-M?* in the LDH structure, implying
successful preparation of our targeted catalyst.””’ The FESEM
image of the as-prepared NiFeSn-LDH showed sheet-like nano-
structures (Figure 2b, ¢), which can be affirmed by its TEM
images (Figure 2d, e). The high-resolution TEM (HRTEM) image
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of NiFeSn-LDH presented discernible lattice fringes with a
distance of 0.23 nm, indexed to the (015) plane of the LDH
structure (Figure 2f). Moreover, the corresponding SAED pattern
also signified the presence of (012), (015), and (110) facets of
the LDH phase, further confirming the successful synthesis of
the targeted material (Figure 2g). Besides, the HAADF-STEM
pattern of such a sample with the associated EDX elemental
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mapping images was also recorded (Figure 2h-I). The homoge-
nous distribution of Ni, Fe, Sn, and O within the selected sample
region demonstrated the expected doping of Sn into NiFe-LDH,
which was also substantiated by the atomic ratio based on such
EDX measurements (Ni:Fe:Sn=1:0.26:0.02, Table S1). On the
other hand, similar FESEM, TEM, HRTEM, and SAED results can
be observed for the Sn-free NiFe-LDH sample (Figure S3a-g),
also illustrating the successful formation of the LDH structure.
Of note, the findings of the HAADF-STEM with the correspond-
ing EDX revealed an even distribution of Ni, Fe, and O within
the NiFe-LDH region, with an atomic ratio of Ni and Fe closely
matching that of NiFeSn-LDH (Figure S3h-k and Table S2), This
suggested that, in addition to the absence of Sn, NiFe-LDH
possessed a morphology, phase structure, crystallinity, lattice
parameters, and Ni/Fe content similar to those of NiFeSn-LDH.
Despite these similarities, distinct differences in electrochemical
OER performances between the two samples were observed
under identical testing conditions, suggesting that the presence
of Sn species could be the most prominent factor influencing
the observed differences, which will be elaborated in the
subsequent sections.

Electrocatalytic OER Performances

The OER performance of all samples was assessed in a typical
three-electrode system under ambient conditions, employing a
1M KOH aqueous solution as the electrolyte. The working
electrode comprised FTO-supported samples, while a Hg/HgO
electrode and Pt foil served as the reference and counter
electrodes, respectively. To begin, we systematically screened
the NiFeSn-LDH samples with varying Sn incorporation levels
by electrodeposition in solutions containing progressively
increased Sn proportions (relative to the total Ni**, Fe**, and
Sn** concentrations in equimolar solutions), ranging from 0.05
to 0.15. In Figure S4, the SEM-EDS proved that the above
proportion of the sample after deposition is strictly in
accordance with the designed ratio. As shown in Figure S5, the
fresh samples appear uniform color of yellow, and they turn to
black after activation. The linear sweep voltammetry (LSV)
results in Figure S6 unveiled that the NiFeSn-LDH with a Sn
proportion of 0.1 exhibited the most favorable OER activity.
Therefore, this sample was then selected for comprehensive
characterization in the subsequent analyses. Next, we compared
the OER electrochemistry of such an optimum NiFeSn-LDH
deposited on FTO with the pristine NiFe-LDH/FTO. As illustrated
in Figure3a and Figure S7, NiFeSn-LDH/FTO demonstrated
superior OER activity, i.e., affording 10 mAcm™ current density
at only ~252 mV overpotential, outperforming NiFe-LDH/FTO.
Note that the bare FTO substrate showed inert OER activity and
Figure S8 clearly ruled out the possible influence of Pt foil
(counter electrode) for OER catalysis.”? Figure S9 verifies the
good reproducibility of the experiment by testing the LSV
curves of three distinct electrodes. Subsequently, the Tafel
analysis was measured by the steady-state method on both
NiFeSn-LDH/FTO and NiFe-LDH/FTO.*¥ As shown in Figure 3b,
the former exhibited a significantly lower Tafel value, meaning
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more favorable reaction kinetics than the latter.">*" In addition,
the cyclic voltammetry (CV) curves of NiFeSn-LDH/FTO and
NiFe-LDH/FTO at different scanning rates were conducted to
obtain their electrochemical double-layer capacitance (Cy)
values (Figures S10 and 3c). NiFeSn-LDH/FTO demonstrated a
Cq value of 0.1923 mFcm™, approximately double that of NiFe-
LDH/FTO (0.1099 mFcm™). Given the fact that Cg is propor-
tional to the electrochemically active surface area (ECSA), this
indicated that the incorporation of Sn species into NiFe LDH
leads to an increase in surface active sites.

As there are no precise methods proposed for calculating
accurate Cy so far, we adopted the common determination of
C, through CV cycling for calculation in the current work.!"**®
Furthermore, we normalized the LSV curves of NiFeSn-LDH/FTO
and NiFe-LDH/FTO against their respective Cy to understand
their intrinsic activity.®****” Notably, Sn-doped NiFe-LDH dis-
played superior inherent activity compared to its Sn-free
counterpart (Figure S11). Besides, the electrochemical impe-
dance spectra (EIS) results manifested that Sn-doping can also
boost the charge transfer ability during the OER process, which
further contributed to the elevation of OER activity of NiFeSn-
LDH (Figure 3d and Table S3). The stability tests for NiFeSn-
LDH/FTO and NiFe-LDH/FTO were operated by chronopotenti-
ometry (CP) measurement at a current density of 10 mAcm ™2
for 24 h. In Figure 3e, only a slight activity decay was observed
for NiFeSn-LDH/FTO, while the continuously increased over-
potential for NiFe-LDH/FTO, indicating that the introduction of
Sn dopants indeed improved the presented OER stability.
Encouraged by the superior OER performances of NiFeSn-LDH/
FTO, we also electrodeposited NiFeSn-LDH on nickel foam
(NiFeSn-LDH/NF) substrate with excellent electrical conductivity
and three-dimensional macroporous architecture. The FESEM
images first confirmed the homogenous growth of NiFeSn-LDH
on NF (Figure S12a-c). Meantime, the TEM, HRTEM, SAED, and
HAADF-STEM with EDX characterizations on the NiFeSn-LDH
peeled from NF demonstrated that NF-supported NiFeSn-LDH
had a similar morphology, phase structure, crystallinity, and
lattice parameters to those deposited on FTO (Figure S12d-l).
Based on these points, we conducted the OER electrochemistry
towards NiFeSn-LDH/NF with the reference sample, NiFe-LDH
deposited on NF (NiFe-LDH/NF) using the same method and
conditions. As expected, the LSV (Figure 3f), Tafel slope (Fig-
ure S13), Cy (Figure S14a-c) and the associated Cy-normalized
LSV (Figure S14d), as well as EIS (Figure 3g and Table S4) results
uncovered the similar trend between NiFeSn-LDH/NF and NiFe-
LDH/NF to the cases when deposited on FTO. Notably, NiFeSn-
LDH/NF only required an overpotential of as low as ~260 mV to
deliver 100 mAcm™ current density, and its Tafel slope was
merely ~38.78 mVdec™' (Figure 3f). It is worth noting that such
an alkaline OER activity of NiFeSn-LDH/NF surpassed previously
documented TM-based catalysts supported on NF (Figure 3h
and Table S5). Subsequently, to measure how much oxygen is
experimentally observed relative to the amount that is theoret-
ically predicted, the faraday efficiency (FE) was measured. In
Figure S15, the highest OER FE of NiFeSn-LDH/FTO was
determined as 97%, which shows that NiFeSn-LDH/NF has a
good efficiency in the electrolytic process.”” Eventually, the
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Figure 3. (a) Comparison of linear sweep voltammetry curves of NiFe-LDH/FTO and NiFeSn-LDH/FTO at the scanning rate of 5 mVs™". (b) The Tafel curves of
NiFe-LDH/FTO and NiFeSn-LDH/FTO under steady-state conditions. (c) The Cy value of NiFe-LDH/FTO and NiFeSn-LDH/FTO achieved by acquiring CV curves at
scanning rates of 20, 40, 60, 80, 100, and 120 mVs™', followed by calculations. (d) Nyquist plot of NiFe-LDH/FTO and NiFeSn-LDH/FTO obtained from EIS fitting
to an equivalent circuit at an anodic potential of 1.53 V (vs RHE). (e) The stability test curve acquired by conducting CP tests on NiFe-LDH/FTO and NiFeSn-
LDH/FTO at a current density of 10 mAcm™2 (f) Linear sweep voltammetry curves of NiFe-LDH/NF, NiFeSn-LDH/NF, and NF at the scanning rate of 5 mVs™".
(g) Nyquist plot of NiFe-LDH/NF and NiFeSn-LDH/NF attained from EIS fitting to an equivalent circuit at an anodic potential of 1.5 V (vs RHE). (h) The
performance comparison using overpotentials and Tafel slopes of the current NiFe-based catalysts in alkaline environments. (i) The observed stability curve by

conducting a CA test lasting over 5 days at a current density of 500 mAcm 2

practical application potential of our NiFeSn-LDH/NF was
assessed,(Figure 3i). Under a chronoamperometry (CA) at an
industrial-relevant current density of ~500 mAcm™ the NiFeSn-
LDH/NF maintains a remarkable stability curve over 5 days,
affirming its promising prospects for further larger-scale
application.

Determination of the Active Structures and Role of the
Doped Sn

As aforementioned, it is widely accepted that the surface
reconstruction of NiFe-LDH would inevitably occur during the
OER process in alkaline media. Therefore, to understand the real
active structures of the investigated catalysts in the present
work, as well as the role of the doped Sn in promoting the basic
OER performances, herein, a series of post-OER (after 24 h OER
CP at 10 mAcm™) characterizations were carried out based on
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the samples supported on FTO (to exclude possible interfer-
ences from the NF substrate).

To begin, comparing their initial states, the PXRD pattern of
post-OER NiFeSn-LDH/FTO and NiFe-LDH/FTO showed that in
addition to the peaks originating from the FTO substrate, very
similar weak and broad (003) and (006) peaks assigned to LDH
phase were hardly be identifiable (Figure 4a). This observation
suggests the structural transformation of NiFeSn-LDH to NiFe-
based oxyhydroxides. To gain more insights into this point,
surface-sensitive techniques including Raman and XPS spectros-
copies were adopted on the samples peeled from the FTO
substrate. As displayed in Figure 4b, two characteristic bands,
i.e, E4 bending and A, stretching vibration of Ni—O in NiOOH
were easily discernible in the Raman spectra of the post-OER
NiFeSn-LDH (at ~480 and ~565cm™') and NiFe-LDH (at ~473
and ~560 cm™')."**2%3 These findings manifested that these two
LDH precatalysts successfully transformed into the NiFe oxy-
hydroxides (NiFeOOH)."™ Notably, two points are worth
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Figure 4. (a) XRD patterns of NiFe-LDH/FTO and NiFeSn-LDH/FTO after CP test. (b) Raman spectra of NiFe-LDH/FTO and NiFeSn-LDH/FTO after CP test. The
high resolution (c) Ni 2p,,,, (d) Fe 2p,,, and (e) O 1s XPS spectra of NiFe-LDH/FTO and NiFeSn-LDH/FTO after CP test. (f) High resolution Sn 3d;,, XPS spectra of

NiFeSn-LDH/FTO before OER and after CP test.

mentioning: i) In the case of post-OER NiFeSn-LDH, an addi-
tional band was clearly identified at ~670 cm™', originating
from the presence of the Sn**—0 bond.®¥ Intriguingly, such a
band was absent in the spectrum of the same NiFeSn-LDH
sample before electrochemistry. This can be probably inter-
preted that the Sn dopants within the NiFe-LDH lattice were
evolved as water-soluble Sn(OH),>~ during the OER process in
1M KOH aqueous solution (as predicted by the Pourbaix
diagram of Sn).?¥ As demonstrated by considerable previous
works, the anions of many TM-based compounds would trans-
form into oxyanions during alkaline OER, which were dissolved
into the aqueous electrolytes and subsequently re-adsorbed by
the concurrently in-situ reconstructed TM-based
(oxy)hydroxides. Accordingly, in the case of NiFeSn-LDH, the
dissolved Sn(OH)s*~ was then re-adsorbed by the surface of in-
situ evolved NiFeOOH; ii) In the system of NiFeOOH, the Raman
intensity ratio of E; bending and A,, stretching vibration of
Ni—O (lgy/lag) can serve as a direct indicator of amounts of Fe
dopants within NiOOH. Typically, the lower this intensity ratio,
the more Fe is present.">* The lg/ly, value of the post-OER
NiFeSn-LDH (0.175) was apparently lower than that of the post-
OER NiFe-LDH (2.812), indicating more stabilized Fe. This could
be attributed to the presence of surface-adsorbed Sn(OH)*~
may inhibit the leaching of Fe from the reconstructed NiFeOOH
during the OER process.

Additionally, the XPS results of Ni2p,, XPS for both post-
OER NiFeSn-LDH and post-OER NiFe-LDH revealed an evident
increase in the proportion of Ni** compared to Ni**, signifying
the surface reconstruction of LDH into higher-valence oxy-
hydroxide (Figure 4c). In the Fe 2p,, XPS spectra for both
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samples, the Fe*™ peaks positively shifted compared with those
in their respective spectra before electrochemistry, also sub-
stantiating the occurrence of surface oxidative reconstruction
(Figure 4d). Moreover, the surface evolution of oxyhydroxides
can be further verified by the O 1s XPS spectra of these two
samples (Figure 4e), from which NiOOH could be identified.”**”

Furthermore, the Sn3ds, XPS peak indicative of Sn**
slightly shifted to higher binding energy for the post-OER
NiFeSn-LDH compared with that for the sample before OER.
This demonstrated that the doped Sn** within the NiFe-LDH
was evolved as a stannate ion and then adsorbed on the
surface of reconstructed NiFeOOH during OER in 1M KOH
aqueous solution, in agreement with the Raman data and
analysis (Figure 4f). Another noteworthy point here is that the
XPS peaks representing Ni*™ and Ni**, as well as Fe** for the
post-OER NiFeSn-LDH emerged at higher and lower binding
energy positions, respectively, compared with those for the
post-OER NiFe-LDH, unveiling the electronic modification of the
reconstructed NiFeOOH induced by its surface-adsorbed stan-
nate ions (Figure 4c, d). On the other hand, various microscopic
characterizations were also employed to determine the real
active structures of NiFeSn-LDH and NiFe-LDH under alkaline
water oxidation. The FESEM images of post-OER NiFeSn-LDH
and post-OER NiFe-LDH both displayed sheet-like morphology,
which are the typical structures for (oxy)hydroxides®* (Figur-
es 5a, b and S164, b). Such a morphology can be further proven
through TEM images of these two samples (Figures 5¢ and
S16c). In addition, from the HRTEM images in Figure 5d, the
distance of the lattice fringes at the edge region of the post-
OER NiFeSn-LDH can be identified as 0.206 nm, which can be

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH

85U017 SUOLULLIOD AAIIR.D 3|qeljdde au Aq pausenob a2 Sape YO ‘8N JO S3JJ o} Afeiq 18Ul UO AB|IAA UO (SUONIPLOI-PUR-SLUB)AL0D' A8 |1 AfeIq 1 pU1|UO//SNY) SUORIPUOD PUe SIS 1 ay) 89S *[G202/€0/2T] U0 AkeiqTauliuo A3IM 'Ind Ulpeg Winnuez-zyoyw H Ag E¥E00¥Z02 9199/200T 0T/I0p/wod A8 |imArelqpui|uo-adone-Ans iwayo//sdny woly papeojumod ‘LT ‘vR0z ‘668€.98T



Chemistry

Research Article Europe
doi.org/10.1002/cctc.202400343

European Chemical
Societies Publishing

ChemCatChem

Figure 5. (a, b) FESEM images of NiFeSn-LDH/FTO after the CP test, (c) TEM image and (d) HRTEM image of NiOOH scratched off from NiFeSn-LDH/FTO after

the CP test, together with (e) corresponding HAADF pattern and elemental mappings of Ni (f), Fe (g), Sn (h), and O (i).

ascribed to the (105) plane of NiOOH (PDF #6-75). Similarly, the
(105) plane and (101) plane of NiOOH (PDF #6-75) can also be
found from the HRTEM image against the edge of the post-OER
NiFe-LDH (Figures S16d). Besides, from the HADDF-STEM pat-
tern and the associated EDX elemental mapping, Ni, Fe, Sn, and
O were distributed evenly within the selected post-OER NiFeSn-
LDH area, implying the stable existence of Sn(OH)s>~ (as
oxyanion) adsorbed on the surface of in-situ evolved NiFeOOH
(Figure 5e-i). Analogically, homogenous Ni, Fe, and O can be
also found in the region of post-OER NiFe-LDH (Figure S16e-h).
Importantly, the corresponding EDX atomic ratio results showed
that sufficient Sn was still retained for the post-OER NiFeSn-
LDH, arising from the remained LDH precatalyst and the re-
adsorbed Sn(OH)s>".

In contrast, compared to the post-OER NiFe-LDH, substan-
tially more Fe was found in the NiFeSn-LDH after OER CP
(Tables S1, S2), consistent with the Raman analysis, i.e., the
presence of Sn(OH):>~ could effectively protect the Fe within
NiFeOOH from leaching into the KOH electrolyte during OER
process. According to the Pourbaix diagram, it can be seen that
Sn and Fe will form Sn(OH),>~ and ferrate ions, respectively,
which then dissolve into the electrolyte in a strong alkali
environment.®® Due to the high electronegativity of oxygen
anion (Sn(OH),?"), there is a strong interaction between Fe
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element and oxygen anions, which weakens the occupation
between the 3d orbital of Fe*™ and the 1 s orbital of OH™ in the
electrolyte, thus effectively avoiding the oxidation of Fe
element to a higher valance state in a strong alkali
environment.*3

Based on the above post-OER characterizations, we can
conclude that the surface of NiFeSn-LDH and NiFe-LDH
reconstructed into the NiFeOOH with and without Sn(OH).*~
adsorption, respectively. At the same time, the improved
activity and stability of NiFe-LDH induced by Sn doping mainly
stemmed from the re-adsorption of the Sn(OH)Z> on the
surface of the in-situ reconstructed NiFeOOH during the OER
process, and the involved alkaline OER reaction steps are
summarized in Figure S17."" The stable presence of the surface
Sn(OH)¢>~ can greatly suppress the dissolution of Fe from
NiFeOOH during basic OER, as well as tune the electronic
structure of NiFeOOH and enhance its reaction kinetics.***”

Conclusions
In this study, we synthesized a Sn-doped NiFe-layered double

hydroxide (NiFeSn-LDH) using a facile electrodeposition techni-
que for alkaline OER. Based on the comprehensive pre- and
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post-OER characterizations, coupled with the related back-
ground knowledge, we reasonably conclude that during water
oxidation in 1M KOH aqueous media, the Sn dopants from
NiFeSn-LDH were evolved as the soluble Sn(OH)s*", dissolved
into the electrolyte, and are subsequently re-adsorbed onto the
concurrently reconstructed NiFeOOH surface. This stable exis-
tence of surface-adsorbing oxyanions effectively prevented the
leaching of Fe atoms from the NiFeOOH lattice. Furthermore, it
induced beneficial alterations in the electronic structure of
NiFeOOH, resulting in enhanced OER kinetics. Notably, when
NiFeSn-LDH is deposited on the conductive NF, it can afford a
current density of 100 mAcm™ at an overpotential of only
~260 mV, as well as maintain an industrial-relevant current
density of as high as ~500 mAcm™ over 5 days without visible
activity degradation. This performance surpasses that of most
reported TM-based electrocatalysts for alkaline OER. Our work
sheds light on the key role of residual surface oxyanions during
water oxidation and provides insight into the design strategy to
develop a new generation of low-cost, high-performance NiFe-
based catalysts for water electrolysis. It is also intriguing to
discover that the adsorption of residual surface Sn-containing
oxyanions can positively influence the OER performance of d-
block TM-based precatalysts as well as potentially improve the
kinetics by stabilizing OER reaction intermediates.®'*® This
finding is likely to inspire further development of novel p-block
metals (such as Ge, Bi, Al, and In)-mediated TM-based
precatalysts for electrocatalysis.

Experimental Section

Chemicals and Materials

Deionized water was used to carry out all the experiments. The
potassium hydroxide KOH (95%), nickel nitrate Ni(NO;),-6H,0
(98%), ferrous nitrate Fe(NO;),-9H,0O (98.5%) were acquired from
Sinopharm Group Co. Ltd. and SnCl,-4H,0 was obtained from
Macklin Biochemical Technology Co., Ltd. The electrode substrates
NF and FTO were purchased from Merck & Co., Inc.

Synthesis of NiFeSn-LDH and NiFe-LDH

The electrodeposition was conducted in a standard three-electrode
system, where bare FTO or NF served as the working electrode, Pt
foil worked as the counter electrode, and SCE was used as the
reference electrode. Ni (NO,),-6H,0, Fe(NO);-9H,0, and
SnCl,-4H,0 (totally 50 mM) were dissolved into 50 mL deionized
water with a molar ratio of Ni*:Fe*":Sn*" =4:1:0.56 (the Sn**
proportion relative to the total molar sum of Ni**, Fe**, and Sn*"
was ~0.1). For optimizing the Sn dopants, the electrodeposition
was also performed in the aqueous solution where the proportion
of Sn** against the total molar of Ni?*, Fe**, and Sn** was ~0.05
and ~0.15 (note that the volume of the deposition solution and
molar ratio of Ni**:Fe** was fixed as 50 mL and 4:1, respectively).
The constant applied potential was set as —1.2 'V for 240 s with a
CHi760e electrochemical workstation. The resulting loading mass
was around ~1.03mgcm? on the FTO, and that on NF was
comparable. For the preparation of FTO or NF-supported NiFe-LDH
preparation, the same procedure as mentioned above was
followed, except no Sn*" source was included. The loading mass
was controlled to match that of the NiFeSn-LDH case.
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Characterization

The phase information of the studied samples was obtained using
PXRD on a Bruker D8 ADVANCE X-ray diffractometer with Cu Ka
radiation (L=1.5406 A). The morphology and structure of the
targeted samples were investigated by FESEM (electron microscopy
SU800, Hitachi, Tokyo, Japan) at a 20 kV acceleration. The TEM (FEI
Talos F200X) was further employed to gain more insights into their
microstructures, phase, as well as composition presence and
distribution. The XPS measurements were carried out on an
ESCALAB 250Xi spectrometer (Thermo Scientific, USA) equipped
with a pass energy of 30 eV with a power of 100 W (10 kV and
10 mA) and a mono-chromatized a X-ray (hv=1486.65 eV) source.
All samples were analyzed under a pressure of less than
1.0x107° Pa. Spectra were acquired through the avantage software
(Version 5.979) with a step of 0.05 eV. The Raman spectroscopy was
recorded using a Horiba LabRam HR Evolution confocal Raman
microscope with a laser excitation wavelength of 473 nm, laser
power of 1.25 mW, and 100 x objective lens (NA=0.95).

Electrochemical Measurements

The electrochemistry was conducted using a CHi760e and EC-Lab
electrochemical workstations in a standard three-electrode system.
The catalysts electrodeposited on different substrates directly
served as the working electrodes, while a Pt foil (1x1 cm) and Hg/
HgO electrode acted as the counter electrode and reference
electrode, respectively. The LSV, CV, CP, and CA experiments were
carried out with an iR compensation of 95% on the CHi760e
instrument. Moreover, the CV and LSV tests were conducted at a
scan rate of 5 mVs™'. All measured potentials were calibrated with
respect to RHE based on the following equation: E(RHE)=E(Hg/
HgO) +0.098 V+(0.0591xpH) V, where the pH value of 1 M KOH
was adopted from our previous report®® The method for
calculating overpotential involves measuring the potential at a
current density of 10 mAcm ™2 and then subtracting the theoretical
potential for water splitting (1,0=Ezy—1.23 V). The choice of
10 mAcm™ as a reference point is because this current density is
close to the practical operating conditions for solar fuel synthesis,
thus holding significant practical value.*” The Tafel slope, C4, and
EIS were conducted on the EC-Lab electrochemical workstation.
The Tafel slope was determined through a steady-state measure-
ment, i.e., the CA was performed at a fixed potential for 3 minutes,
and the applied potential gradually increased with an interval of
15 mV.®" The average current density obtained at each potential
was used for the calculation of Tafel plots. The Tafel slope was
determined according to the Tafel equation: n=blog j+a, where 7,
b, and j represent overpotential (V), Tafel slope (mV dec™), and
current density (mA cm?), respectively. To assess the Cy, CV was
performed at a non-Faradaic voltage region. The half of the
difference for the current density at the middle point of the CV
potential window was plotted as a function of the scan rate,
yielding the corresponding slope, which is the specific value of Cy.
The EIS was recorded at 1.53 V (vs. RHE) for catalysts deposited on
FTO, as well as 1.50 (vs. RHE) for the ones on NF. The amplitude of
the sinusoidal wave was determined in a frequency range of
100 kHz to 1 mHz. The charge transfer resistance (R.) was reflected
by the diameter of the semicircle in the Nyquist plots after fitting in
the EC-Lab. The FE was measured through the water drainage
method. During this process, a consistent potential was maintained
at the electrode, while the volume of gases (oxygen) generated was
continuously tracked. Subsequently, the quantity of hydrogen
moles was determined by utilizing gas laws. Lastly, the theoretically
anticipated amount of O, was calculated by invoking the Faraday
law, which asserts that the passage of 96,500 coulombs produces
one equivalent of a chemical reaction."
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