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Confinement Accelerates Water Oxidation Catalysis:
Evidence from In Situ Studies
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and Alberto Vomiero*

Basic insight into the structural evolution of electrocatalysts under operating
conditions is of substantial importance for designing water oxidation
catalysts. The first-row transition metal-based catalysts present
state-of-the-art oxygen evolution reaction (OER) performance under alkaline
conditions. Apparently, confinement has become an exciting strategy to boost
the performance of these catalysts. The van der Waals (vdW) gaps of
transition metal dichalcogenides are acknowledged to serve as a suitable
platform to confine the first-row transition metal catalysts. This study focuses
on confining Ni(OH), nanoparticle in the vdW gaps of 2D exfoliated SnS,
(Ex-SnS,) to accelerate water oxidation and to guarantee long term durability
in alkaline solutions. The trends in oxidation states of Ni are probed during
OER catalysis. The in situ studies confirm that the confined system produces
a favorable environment for accelerated oxygen gas evolution, whereas the
un-confined system proceeds with a relatively slower kinetics. The

gas at the cathode and O, gas at the
anode of an electrochemical cell. The
oxygen evolution reaction (OER) route
suffers from the requirement of an ex-
cess overpotential relative to that man-
dated by the thermodynamic value.
This is due to the fact that four con-
certed proton-coupled electron transfor-
mation occurs, which in turn leads to
the inherently sluggish kinetics. The de-
velopment of efficient catalysts to solve
this problem would not only make wa-
ter splitting technologies veritable, but
also accelerate kinetics of other sustain-
able pathways, such as carbon dioxide
reduction, rechargeable metal-air bat-
teries, and regenerative fuel cells.*] In

outstanding OER activity and excellent stability, with an overpotential of
300 mV at 100 mA cm~2 and Tafel slope as low as 93 mV dec™! results from
the confinement effect. This study sheds light on the OER mechanism of
confined catalysis and opens up a way to develop efficient and low-cost

electrocatalysts.

1. Introduction

Energy crisis and environmental pollution have stimulated re-
searchers to seek sustainable alternatives to non-renewable en-
ergy sources. To this end, electrochemical water splitting is a
promising strategy for the urgent development of green and af-
fordable energy production.['?! It involves the production of H,

line with this, first-row (3d) transition-
metal oxides are promising non-noble
electrocatalysts for OER. Different strate-
gies have been used to exploit these
materials.l’] Interestingly, they undergo
in situ surface reconstruction during
OER and turn into another oxide phase.
This newly induced phase, apparently,
performs better than the parent material. However, these materi-
als (despite their promising performance) tend to aggregate dur-
ing catalysis, thereby blocking the active sites, which is detrimen-
tal to realize efficient catalysis.[®l One credible scheme, to tackle
this problem, is employing the concept of confined catalysis!’ 2]
by using layered 2D materials, whose van der Waals gaps serve as
a confining pocket. Recently, 2D transition metal dichalcogenides
(TMDs)!3] based confined catalysts have emerged as viable
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Figure 1. Synthesis of OER electrocatalyst in alkaline media, consisting of Ex-SnS, confined Ni(OH), and their XRD and Raman characterization. a)

Schematic illustration of the synthesis. b) XRD pattern for SnS, (black) and

Ex-SnS, confined Ni(OH), (red). Raman spectra of c) exfoliated Ex-SnS,

(black), Li-Ex-SnS, (blue), Ex-SnS, confined Ni(OH), (Red), and d) bulk materials Ex-SnS, (black), Li-Ex-SnS, (blue), Ex-SnS, confined Ni(OH), (Red).

platform for achieving potent and efficient pre-catalysts in OER
and HER systems due to their tunable metal-sulfur coordina-
tion environment, excellent electrical conductivity, and remark-
able electronic and chemical properties.['*1¢1 Particularly, cobalt
sulfide, nickel sulfide, iron sulfide, copper sulfide, molybde-
num sulfide, tungsten sulfide and their composites are promis-
ing OER pre-catalysts.'>¥8] During OER, their surface un-
dergo an in situ electrochemical transformation under anodic
oxidation conditions, being irreversibly converted to transition
metal (oxy)hydroxides (TMHOs), which are proposed to be the
true active species. In this sense, the TMDs are “‘pre-catalysts
rather than “catalysts™.[12% Confining one of the first-row (3d)
transition-metal oxides into the van der Waals gaps of these
TMDs pre-catalysts endow the system with synergism, and pre-
vents aggregation, thereby guaranteeing the long-term catalytic
activity.[?!??] In the family of TMDs, SnS, possesses large vdW
gap (~0.6 nm), which allows easy intercalation by Li ion and de-
intercalation by an active metal oxide substitution.[?3] As to the
active metal oxide to be confined, it is reasonable to choose based
on the track record of first-row (3d) transition-metal oxides in the
catalysis of OER. In this regard, Ni and Co species like Ni(OH),
and Co(OH), are widely recognized as excellent water dissoci-
ation centers.[**?] Herein, we report a controllable confinement
of Ni(OH), nanoparticles into the vdW gaps of layered SnS, to en-
sure efficient catalysis in OER. Benefiting from the confinement
effect and the in situ reconstruction, the developed catalysts de-
liver current densities of 50, 100, 250 mA cm~2 at overpotentials

”
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of 270, 300, and 420 mV, which fairly compare with the state-of-
the-art catalysts. These experimental findings were inspired by
theoretical simulations, which gave us a deep understanding of
what happens when Ni(OH), nanoparticles are confined in the
vdW gaps of SnS,. This study offers an opportunity for a pro-
found knowledge on the confinement effect and in situ surface
reconstruction during the OER process.

2. Results and Discussion

2.1. Structural Characterization of Nano-Confined Catalyst

A two-step method was followed to confine a transition metal
into the vdW gap of layered SnS,, i.e., by intercalating Li* via
dispersing n-butyllithium (n-BulLi) in hexane solution and then
exchanging it with Transition Metal (TM). Herein, we intercalate
Li* into the layers of Ex-SnS, and exchange the Li* with Ni** by
adding NiCl,-6H,0 to the Ex-Li SnS, solution, as illustrated in
the schematic representation (Figure 1a). In this step, the pH of
the solution changed from 6.8 to 9.85 indicating the increased
alkalinity due to the formation of -Ni(OH), nanoparticles.

To increase the amount of intercalated metal ion in the 2D
SnS,, we modified the inter-layer distance and vdW gap of SnS,
by exfoliation under high power ultra-sonication and various ex-
foliation experiments were conducted until the optimum result
was ensured. We varied the sonication time (0 min, 1, 1.5, and
3 h) and checked the amount of Ni atom in the final product.

2 0f12) © 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Accordingly, exfoliation procedure conducted at 1.5 h (Figure S1c,
Supporting Information) gives the maximum Ni atom in the fi-
nal product as corroborated by EDX elemental analysis taken
after each exfoliation experiments. To confirm the exfoliation
and metal intercalation process, XRD and Raman measurements
were performed as illustrated in Figure 1b. All the XRD peaks
of the samples can be indexed as the Berndite-2T layered struc-
ture of SnS, (JCPDS card no. 23-0677, (Figure S1a, Supporting
Information)) with an interlayer spacing of 5.90 A. The shift in
peak position in XRD pattern (Figure 1b; Figure S1b, Supporting
Information) as well as the peak broadening and the decrease
in the intensity of Raman spectra corroborates the widening of
the vdW gaps, and the modification of the interlayer spacing of
Ex-SnS,. Then, an easy intercalation of Li* and ion exchange
between Lit«— Ni** takes place into the modified vdW gaps
of 2D Ex-SnS,. As can be seen from the (Figure 1b, inset), the
(003) diffraction peak at 15.25° in bulk SnS, becomes broader
and shifts to lower position (15.1°) after Ni(OH), nanoparticle
confinement in 2D Ex-SnS,. The intensity of this peak is also di-
minished after intercalation and exfoliation, suggesting the de-
crease in particle size and accommodation of more metal ion in
the interlayers. However, the XRD patterns meant for the con-
fined Ni(OH), NPs are not observed in our result. This may be
due to the low crystallinity that is not strong enough to generate
detectable signals in the vdW pockets. To identify the phase of
the confined materials (a-Ni(OH), or 8-Ni(OH),), we synthesized
Ni(OH), using the same procedure adopted for the production of
the sample Ex-SnS, confined Ni(OH),, without adding Ex-SnS,.
Our XRD pattern, as shown in Figure S2¢ (Supporting Informa-
tion), reveals that the synthesized Ni(OH), is in the f§ phase. Fur-
ther, to study the change in structure of the as-synthesized ma-
terials (both bulk and exfoliated), Raman spectra were obtained
as depicted in Figure 1c,d. Accordingly, bulk SnS, displays an in-
tense Raman peak at ~320 cm™' and a narrow Raman peak fea-
ture at 200 cm~?, confirming the presence of A, and E, modes
for 2H-SnS,, respectively. After exfoliation, the Raman peak for
Ex-SnS, confined Ni(OH), becomes broader as compared to SnS,
confined Ni(OH), due to the decrease in particle size. However,
after lithium intercalation, both the bulk and Ex-SnS, show three
characteristic Raman peaks at 150 cm™' (J1), 218 cm™! (J2), and
334 cm™ (J3). This behavior can be ascribed to the presence of
alkali metals like Li: they can donate electrons to SnS,, making
it negatively charged and they can induce phase change, which
is stabilized by electrons.!?®%°! Nevertheless, the small peak at
150 cm™! (J1) disappeared after cation exchange Li—Ni. This is
an expected behavior because the transition metals like Ni reduce
electron donating ability in the surrounding.

To study the surface morphology, SEM and TEM were used.
The SEM images in Figure S3a,b (Supporting Information) show
that the exfoliation process downsizes the SnS, nanosheets into
nanoflakes. The high-resolution TEM (HR-TEM) image in Figure
2 clearly shows the lattice fringes recorded with well-defined lat-
tice space for both pristine SnS, and Ex-SnS, nanosheets con-
fined Ni(OH), nanoparticles. Moreover, from Figure 2b,c the
broader and disordered feature of the basal planes of Ex-SnS, is
evident after Ni(OH), confinement, as compared to bulk SnS,
(Figure 2a). This confirms the intercalation and confinement of
Ni(OH), into the layers of Ex-SnS,. The 0.57 nm d-spacing for
(001) plane in our HRTEM result (Figure 2b) confirms that the
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formed Ni(OH), is f-Ni(OH), phase, in agreement with XRD
data on Ni(OH), particles. Interestingly, the confinement process
induced the formation of defects and/or dislocations on the ma-
terial. This degree of disorder in 2D materials increases the den-
sity of active sites, and retains electron transport along basal sur-
faces, which in turn gives good catalytic performance.'3] The cor-
responding selected area electron diffraction (SAED, Figure 2d)
patterns for the confined surface expectedly contains (101) and
(100) planes of Ni(OH),, and (001) and (011) planes of Ex-SnS,.
To gain additional information on the composition and elemen-
tal distribution, energy dispersive spectroscopy (EDS) elemental
mapping connected to scanning TEM (STEM) (Figure 2e) and
SEM (Figure S3c—e, Supporting Information) were applied. The
Sn, S, Ni, and O elements are uniformly distributed in the synthe-
sized material. The HRTEM, STEM, and EDS results suggest that
Ni(OH), nanoparticles are confined into the interlayer spaces of
the Ex-SnS, Nanosheets.

To gain insight into the surface chemistry, the chemical com-
position, and the oxidation states of the samples, we performed
X-ray photoelectron spectroscopy (XPS). In the Ni 2p spectra
(Figure 3a), 2p3/2 (856.2 eV) and 2p1/2 (874.3 eV) peaks were
assigned to the Ni?* in Ni(OH),. There is a noticeable differ-
ence in the BE of Ni in the confined Ni(OH), and that of un-
confined Ni(OH),. We have particularly measured a 0.3 eV differ-
ence of the main Ni** XPS peaks from Ex-SnS, confined Ni(OH),
(857.0 eV) and pristine Ni(OH), (857.3 eV) substantiating a re-
markable charge transfer between Sn** and Ni?*.3031] Similarly,
the surface chemical states of Sn were also investigated. The XPS
Sn 3d peaks located at the BE of 486.7 and 495.1 eV are assigned
to 3d5/2 and 3d3/2 of Sn (Figure 3b). They reveal that the va-
lence state of Sn is +4. The broadening of the doublet peak in the
confined material could be ascribed to the higher disorder of the
system after Ni(OH), confinement. The XPS S 2p spectra of SnS,
show the S*~ doublet at 162.3 and 163.7 eV (Figure 3b). The XPS
S 2p spectra of Ex-SnS, confined Ni(OH), show an additional
peak at higher binding energy (168.6 eV), which corresponds to
the existence of an S—O bond and formation of hydroxide species
at higher pH. The broader XPS S 2p peak of Ex-SnS, confined
Ni(OH), compared to that of SnS, reveals various sulfur bond-
ing. Likewise, the chemical nature and existence of oxygen and
hydroxide ion (OH™) is deemed from the collected XPS spectra,
as shown in Figure 3c. This resultis also consistent with previous
works.[3233] Thus, the XPS O 1s spectra of Ni(OH), and Ex-SnS,
confined Ni(OH), display two de-convoluted peaks centered at
531.6 and 530.5 eV (Figure 3d), corresponding to oxygen ions (O
lattice) and oxide species, respectively. Figure S4 (Supporting In-
formation) shows the survey XPS spectra of the Ni(OH),, SnS,
and Ex-SnS, confined Ni(OH), that confirm the co-existence of
the S 2p, Ni 2P, Sn 3d at their respective binding energy, in agree-
ment with the expected composition.

2.2. Insight into the Water Oxidation on Ex-SnS, Confined
Ni(OH),

At first, the surface electrochemical properties of Ex-SnS, con-
fined Ni(OH), were studied to understand the reaction types at
various applied voltages. To this end, cyclic voltammetry (CV) was
run. As expected, during the electrocatalytic water oxidation by

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 2. HRTEM image of a) Ex-SnS,, b) Ex-SnS, confined Ni(OH),, and c) magnified area of Ex-SnS, in Ex-SnS, confined Ni(OH),. d) SAED patterns
of Ex-SnS, confined Ni(OH),. e) STEM image and elemental mapping for Sn, Ni, S, and O in Ex-SnS, confined Ni(OH)s,.

nickel based catalysts, one common process attributable to the
Ni** « Ni¥/** peak (Figure 4a) was detected in the CV plots.
This redox process happens together with the formation of the
O”, which is an essential intermediate (coupling with one OH~
group to generate “OOH) for oxygen evolution.[**3%] Basically, the
OER begins with the adsorption and discharge of OH™ at catalyst
surface and gives rise to the formation of adsorbed OH species
(OH") [* + OH~ — OH" + e7]. Then, the produced surface OH"
can further react with OH~ in the electrolyte, resulting in the for-
mation of H,0 and adsorbed atomic O (O") [OH" + OH™ —» O" +
H,0 + e7]. Third, the surface O" combines with OH~ and forms
adsorbed OOH species (OOH") [O* + OH™ — OOH™ + 7], and
the additional OH~ reacts with the OOH" leading to the forma-
tion of adsorbed O, and H,0 [OOH" + OH™-" + O, + H,0
+ €7].3%1 Electrochemically, these reaction intermediates occur
in three different potential regions: at the low potential (region
®), “OH generation; in the mid potential (region @), metal redox
transition; then, O, will be generated under high potential (re-
gion @, water oxidation regions). The three simplified processes
of water oxidation involve the “OH species adsorption, “O radical
formation, and “OOH transformation and desorption.l*’] Specifi-
cally, these categories can be considered as pre-catalytic stage also
called metal oxidation stage, catalytic OER stage, and post OER
stage. In the pre-catalytic stage, de-protonation (“Ni-O-H-O-H—
“Ni**-O +H,0) and structural transformation from hydroxides
into oxyhydroxides in (Ni(OH),— NiOOH, which is the OER ac-
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tive site) takes place. Likewise, in catalytic OER stage, Ni>*-O " +
20H - Ni**-0 * + O, is formed.[?*38] The result from CV study
confirms that the confined Ni(OH), is transformed to NIOOH
in the second stage of OER process, suggesting the formation
of a new active component in the confined environment. In this
sense, the synthesized material is just a pre-catalyst delivering the
true catalyst containing NiOOH via electrochemical activation.

2.3. Electrocatalytic Water Oxidation Performance

The activity of the electrochemically induced catalyst was mea-
sured in O,-saturated 1 m KOH solution by using a conven-
tional three-electrode configuration where a Ag/AgCl, (refer-
ence), a graphite rod (counter), and the samples under investiga-
tion (working electrodes) were applied. The polarization curves
of SnS,, Li-Ex-SnS, and Ni(OH), depicted in Figure S5a (Sup-
porting Information) display only modest activity toward OER.
In any way, to avoid the effect of capacitive current originating
from the Ni ion oxidation on the catalytic performance, LSV with
reverse scan was measured for the OER performance test as can
be seen in Figure 4b. As expected, the Ex-SnS, confined Ni(OH),
exhibited substantially higher catalytic activity with an onset over-
potential of 180 mV. The Ni(OH), delivers current density of 10,
100, and 250 mA cm™2 at a potential of 1.60, 1.70, and 1.85 V
versus RHE, respectively, far beyond those of the counterpart

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. High-resolution XPS a) Ni 2p spectra of Ni(OH), and Ex-SnS, confined Ni(OH),, b) XPS Sn 3d spectra of SnS, and Ex-SnS, confined Ni(OH),,
and c) XPS S 2p spectra of SnS, and Ex-SnS, confined Ni(OH),, and d) XPS O 2p spectra of in Ni(OH), and Ex-SnS, confined Ni(OH),.

samples and compared with the best OER electrocatalysts re-
ported by far (Table S1, Supporting Information). Benefiting
from these features, Ex-SnS, confined Ni(OH), delivers current
density of 10, 100, and 250 mA cm™2 at a potential of 1.55, 1.65,
and 1.78 V versus RHE, respectively. However, the redox reaction
associated to Ni** and Ni**/ Ni** develops a capacitive current
and hence impairs the direct measurement of the performance
of the catalyst pertinent to OER. This redox reaction is recognized
from the prominent peak in the LSV curve, typical of Ni based
materials. In our case, this oxidation peak for Ex-SnS, confined
Ni(OH), appears at lower anodic peak than the pure Ni(OH),.
This is due to the higher 3d electron density that is induced by
the electron flow between the Ex-SnS, and Ni(OH),, which pos-
sibly suppresses the electrochemical oxidation of Ni(OH), in the
confined material.

To confirm that the interface confinement is beneficial to in-
crease the activity of the materials, electrochemically active sur-
face area (ECSAs) of catalysts was calculated based on the propor-
tional relationship with double-layer capacitance (Cy) values and
ECSAs (Figure 5¢; Figure S4a,b, Supporting Information). In this
framework, the C,; was estimated by measuring the cyclic voltam-
metries at different scan rates in a non-faradic region.[*l As a re-
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sult, the C, value of Ex-SnS, confined Ni(OH), (11.3 mF cm™2)
is found to be higher than that of Ni(OH), (10.8 mF cm™2). As
one member of the layered metal dichalcogenides family, the
basal planes of pristine SnS, exhibit poor activity and limited
exposure of active sites in catalysis. It is expected that most of
the surface oxygen functional groups are attached on the edge
planes. This study focuses on improving the catalytic activity of
SnS, on the basal plane in addition the edge. We believe that
the confined Ni(OH), into the vdW gaps of Ex-SnS, result in in-
troducing another catalytically active site in the confined pocket.
Therefore, whereas the active sites on the edge may also con-
tribute to the OER, the new catalysts in the confined environ-
ment (together with the associated defects) most evidently play
a more pronounced role than in the case of the bulk SnS,. This
result demonstrates that the surface confinement obviously trig-
gers the exposure of more active sites on the surface, which can
significantly enhance the intrinsic activity. To further understand
the OER kinetics, Tafel slopes were extracted from the polariza-
tion curves. The Ex-SnS, confined Ni(OH), exhibits a Tafel slope
of 93 mV dec™!, much lower than the Ni(OH), (106 mV dec™")
(Figure 4d). The lower Tafel slope suggests the faster reaction
kinetics for oxygen evolution and rapid electron transfer in the

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 4. Electrochemical analysis of Ex-SnS, confined Ni(OH), for OER processes. a) Cyclic voltammetry. b) Reverse scan OER polarization curves
from the linear sweep voltammetry. c) Double-layer capacitance (C4) measurements of Ex-SnS, confined Ni(OH), and Ni(OH), catalysts. d) Tafel plots
of pristine Ni(OH), catalysts and Ex-SnS, confined Ni(OH),. e) Chronopotentiometric run of Ex-SnS, confined Ni(OH), for the long-term durability
test at 10, 30, and 100 mA cm~2.

Small Methods 2023, 7, 2300348

2300343 (6 0f12) © 2023 The Authors. Small Methods published by Wiley-VCH GmbH

85U8017 SUOLULLOD 9AIIe1D) 3[cfed ! dde U Aq pauenob a6 SooiLe YO ‘SN JO S3INJ 10} AeIq1T8UIIUQ AB]1M UO (SO PUOO-PUR-SLLIBY WD A3 1M ATe1q 1 [Bu 1 U0//:SdNY) SUORIPUOD PUe SWB | U1 89S *[1Z02/2T/8T] Uo AlidITauIuO AB]IM BIZOUS A 113504 D @IISIBAIUN A] 8¥E00£Z0Z PILUS/ZO0T OT/I0p/LI0Y™ A8 |1 Akeq iUl |uo//Sdny wouj pepeo|umod ‘0T ‘£202 ‘80969962



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

www.small-methods.com

(@

— —
[ ] N
2 1

S
s
A

Normalazed Intensity (a.u)

)

1.24

0.8 -

[—J

b

'S
Il

Normalazed Intensity (a.u)

0.0+ 0.0
L) L) L] )
8320 8340 8360 8380 8320 8340 8360 8380
Energy (eV) Energy (eV)
Potential (V vs RHE)
1 6' (C) T U T ¥ T ¥
d) 06 09 412 15
8348.0 - ( Q ~ -1 8350
£} 4 1— o9
& o Forward Scan::
51.2- 8347.5+ (* ] (2" run)
% | 8347.0 ;
E E] ’ Forward Scan o J 8348
$0-84 £ o =
3 —_—123V - ke ° ' r
s —130V © Reverse Scan é
E . 4 o—
50.4- —140V 8346.0 / o 7
z — 145V - @ / :
! —155V 834554 @ / @ | 3345
= )
00+ T T v 8345.0 y ' . - T
8320 8340 8360 8380 1.2 1.5 1.5 1.2 0.9 0.6
Energy (eV) Potential (V vs RHE)
100
(e) >1.55V
804 OH- adsorption < OH- consumption
60 1.35 V-1.40V DPSO-GH-F HFE0-O
_ *Ni3+_0 + OH- > *Ni3+_0_0_H Ni**-0-0-H + OH- = "Ni**-0 + +1/202
g 40- 1.40 V-1.45V
g 1.25 V-1.35V Ni oxidation: Ni3+ to Ni**
<
£ 209 1.05V-1.25V *Ni-O-H-O-H- *Ni¥+-0 +H20 *Ni*-0 + OH- > " Nit*-
e 0 “Ni-O-H +OH- “Ni-0-H-O-H - B /
1.45 V-1.55V
=20 4 OH- consumption < OH- adsorption
“Ni®*-0 + OH- - "Ni**-0-0-H
-404 “Ni**-0-0-H + OH- = *Ni**-0 + H,0 +1/20,
-60 v T v T i ) v
1.0 1.2 1.4 1.6
Potential (V vs RHE)

Figure 5. Electrochemically controlled in situ Ni K-edge XANES for Ex-SnS, confined Ni(OH), collected under different a) forward scan polarization
potentials, b) reverse scan polarization potentials, and c) 2" run forward polarization potentials. d) Ni K-edge energy shift of Ex-SnS, confined Ni(OH)s,.
e) OER reaction intermediates and corresponding electrochemical potentials.
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confinement. Furthermore, OER catalyst stability is a bottleneck
in realizing scalable water-splitting technology. We performed
chronopotentiometry at 10, 30, and 100 mA ¢cm~2 current den-
sities for a total of 45 h (15 at each current density). As can be
seen from Figure 4e, Ex-SnS, confined Ni(OH), retains 99.99%
of the activity at all current densities. This is due to the “sand-
wich” structure resulting from the confinement, which avoids the
aggregation or loss that could happen in free space, and facilitates
easy mass transfer in this catalytic system.!*]

2.4. In Situ XAS Probed Electronic Structure of Ex-SnS, Confined
Ni(OH), Nanoparticles

To understand the local electronic state, and the coordination en-
vironment of the pre-catalyst and in situ generated catalyst, in
situ XAS spectra were collected. With this method, we probed
the change in oxidation state and the structural stability during
OER catalysis at various applied potentials. We performed a for-
ward LSV run while measuring the XAS spectra to observe the
change in oxidation state of Ni atom during catalysis. We further
cross-checked the reversibility of this phenomenon by repeating
the same XAS measurement under reverse LSV scan. In the case
of the forward run, as depicted in Figure 5a, the very small peaks
in the range of the pre-edge at (8.325 to 8.335 KeV) in Ni K-edge
imply that the octahedral atom arrangement is predominant as in
the form of Ni(OH), species. Likewise, the white line of Ni K-edge
shifts to higher energy during the 1% forward LSV scan, when
the potential changes from OCP to 1.55 V, confirming the de-
protonation and oxidation of Ni(OH), to NiOOH species. Specif-
ically, upon the increase of polarization potentials, the shift to-
ward higher energy of the Ni K-edge implies the increment of
the oxidation state of from Ni** to Ni*/**. In the potential range
from OCP to 1.23 V, mainly "Ni-O-H + OH™— "Ni-O-H-O-H
is formed.[?*] The small positive shift of the white line in 1.3 V
compared to OCV and 1.23 V, confirms that the slight oxidation
of Ni starts at 1.3 V. In the range 1.3-1.40 V, where the metal ox-
idation peak appears in the LSV, the transformation from Ni**
to Ni** takes place. At this stage, the protons on the hydroxyls
of Ex-SnS, confined Ni(OH), are partially decoupled. Thereafter,
the Ni** begins to be slowly oxidized at 1.40 V toward a higher
oxidation state, where the OER is still not yet activated. With the
further increase in the applied potential to 1.45 V, where the ap-
parent OER is already started, the valence state of Ni reaches a
higher state, indicating that the pre-catalyst is transformed into
the real active OER catalyst (i.e NIOOH). However, the Ni K-edge
XANES spectra at 1.45 and 1.55 V almost coincide, indicating that
the transformation to Ni** was already finished at 1.45 V. As to
the case of the reverse scan, Figure 6b indicates that the oxida-
tion states of Ni are back to their original position. The observa-
tion from both reverse and forward scan in situ measurements
serve as a solid proof that the de-protonation reaction of the as-
synthesized catalyst is potential dependent and shows good elec-
trochemical reversibility. Moreover, to gain a deeper understand-
ing on the material’s structural stability during electrochemical
measurements, we further measured the forward LSV scan for
the second time and recorded the in situ XAS data (2" forward
LSV run). From Figure 6b, it is clear that the trend is similar to the
first forward LSV run. This suggests an excellent structural stabil-
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ity, in addition to the redox reversibility, at the surface of the cata-
lyst. Further, the energy shifts (E-E,) in Ni K-edge XANES spectra
was plotted as a function of potential (Figure 5d). The absorption
energy of white line position was defined over the half height of
the normalized edge height. The variation in oxidation state dur-
ing the 1 run (both forward and reverse LSV scan) and the 2™
run forward LSV scan, and the corresponding electrochemical
behaviors with its possible reaction mechanisms are depicted in
Figure 5e. For a comparison purpose, we measured the in situ
XAS for the un-confined Ni(OH), as shown in Figure S6b (Sup-
porting Information). It is evident that the oxidation state of Ni
in the un-confined Ni(OH), takes place relatively slowly as com-
pared to the one in the case of confined Ni(OH),. This explains
the reason behind the sluggish kinetics observed from the Tafel
plot in Figure 4d for unconfined Ni(OH),. The corresponding I-t
curve of Ex-SnS, confined Ni(OH), used for collecting the in situ
XAS data is also illustrated in Figure S7a—c (Supporting Informa-
tion).

Concurrently, details about the local environment and the aver-
age bond length of neighboring atoms can be acquired from EX-
AFS spectra.l’’] The Ni K-edge EXAFS spectra display two main
peaks at 1.5 A, which are attributed to six-equidistant oxygens
around Ni, i.e., Ni-0O, and at 2.6 A the Ni—M derived from the
contribution of Ni—Ni and Ni—Sn shells scattering. The Ni-O
and Ni—M distances of 1.5 and 2.6 A prevailing at 1.23 V cor-
respond to Ni(OH), phase.l*") According to the fitting results of
in situ Ni K-edge EXAFS spectra (Figure S7d; Table S2, Sup-
porting Information), we found that the distances of Ni—O and
Ni—Ni/Sn undergo a significant change. In situ Ni K-edge k?-
weighted FT spectra of Ex-SnS, confined Ni(OH), show that
the coordination number and bond length of Ex-SnS, confined
Ni(OH), were altered successively with the applied potentials.
Hence, the intensity of both Ni—O and Ni—M shells gradually
decreases with the increase in applied potentials, because of the
phase formation existing in the different environments, due to
the occurrence of redox transition from Ni(OH), to NIOOH. Like
the white line shift, the Ni-O peaks under forward polarization
potentials (Figure 6a) show variation in bond length of Ni-O and
Ni-Ni and contract step by step with the increment of polariza-
tion potentials from OCP to 1.55 V. Meanwhile, the Ni-O bond
(1.44 A) in the confined material is decreased, as compared to
the Ni—O bond (1.46 A) in un-confined Ni(OH), (Figure S6c, Sup-
porting Information), which might be attributed to the formation
of Ni**/#* species during OER.[*!l In comparison with the pristine
one (without electrolytes, Figure S6¢, Supporting Information),
the increase in peak intensity in Ex-SnS, confined Ni(OH), rel-
ative to OCP, confirms the increased coordination number (CN)
of Ni-O with the intercalation of a large number of OH™ into
the interlayer space. Compared to OCP, the decrease in CN at
1.23 V from 6.00 to 5.08 is due to the vacancy formation. As the
applied potential increases from 1.23 to 1.30 V, the protons on hy-
droxyls decouple and recombine with the adsorbed OH™ to form
H,O. Thus, the coordination number around Ni decreases the
electrochemical adsorption of OH™ again in the potential range
of 1.30 to 1.40 V. As the potential further increase from 1.40 to
1.45 V, Ni** is further oxidized to the higher valence state. The
Ni~O pairs with dy; o of 1.38 A and Ni-metal pairs with dy;
of 2.45 A at 1.45 V. The gradual decrement in bond length with
the increment of the applied potentials suggests the formation of
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Figure 6. In situ Ni K-edge k?-weighted FT spectra of Ex-SnS, confined Ni(OH), collected under a) forward polarization potentials, b) back polarization
potentials, and c) 2" run forward polarization potentials. d) The schematic illustration of the OER reaction mechanism on the surface of Ex-SnS,
confined Ni(OH), nanoparticle (M stands for Ni Metal). The OER mechanism possibly involves the formation of NiOOH intermediate species.

new phases, existing in the different environments due to the oc-
currence of redox transition from Ni(OH), to NIOOH. Similarly,
excess OH™ on the surface of active Ex-SnS, confined Ni(OH),
accumulates.[*?] These peaks reversibly shift back to lower en-
ergy upon reverse scan, as shown in Figure 6b. This increase
in CN comes from the electrochemical adsorption of OH™ on
the surface of confined Ni(OH),, as the increasing coordination
number of Ni-O promotes the multiple scattering in Ni-O co-
ordination geometry. This suggests that the redox pair reactions
(either a two-step reaction of Ni’*/Ni** and then Ni**/Ni**, or a
one-step reaction of Ni**/Ni*") might take place during forward
and reverse OER scan. Similar to XANES spectra of Ex-SnS, con-
fined Ni(OH), catalysts, we also measured the EXAFS spectra of
Ex-SnS, confined Ni(OH), catalysts during the 2" run forward
scan (Figure 6c¢) for the confirmation of the materials structural
stability during electrochemical measurement. As a result, the
confined Ni(OH), fully oxidizes to higher oxidation state of Ni,
suggesting that the “sandwich” structure of the Ex-SnS, confined
Ni(OH), keeps the material stability of Ni(OH),. The shortening
of both Ni-O and Ni-M bonds suggests that the crystal structure
of Ni(OH), underwent dynamic changes during OER reaction to
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NiOOH. Based on the above results, herein we summarize the
OER reaction mechanism on Ex-SnS, confined Ni(OH), catalyst,
as shown in Figure 6d.

To unlock the key understanding of the source of the real
catalytic activity, we characterized the crystal structure (XRD),
the electronic state/chemical environment (XAS/EXAFS) and the
morphology (FE-SEM) of the sample after OER.I}l Post-OER
XRD characterizations were conducted to understand the crystal
structure and electronic state changes during the catalytic reac-
tion. This result shows the advent of new peaks (as compared to
Figure 7a) meant for SnO, in addition to SnS,.We believe that
the newly induced oxide phases synergize with the existing par-
ent phase that results in the true catalyst. Such electrochemically
induced oxides/hydroxides apparently perform better in cataly-
sis as compared to pristine oxide (un-confined Ni(OH),). This is
due to the synergism and enhanced conductivity as reported in
another literature as well.**] From the EDS elemental mapping
(Figure 7b—e) we can see the presence and consistent distribu-
tion of Ni, Sn, and S across the entire surface of the nanosheet.
To further approve the change in oxidation state and electronic
properties, post OER XANES and EXAFS measurements were

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 7. Post OER characterizations: a) XRD, b) SEM, relative EDS mapping for c)Ni, d) Sn, and e) S. f) XANES and g) Ni K-edge k?-weighted FT

spectra of Ex-SnS, confined Ni(OH),.

performed. As a result, the Ni K-edge XANES spectrum
(Figure 7f) of the Ex-SnS, confined Ni(OH), nanoparticle sam-
ple before OER is very similar to the XANES spectrum of the
Ni(OH), sample, exhibiting the Ni oxidation state of +2. Af-
ter OER, the XANES spectrum of Ex-SnS, confined Ni(OH),
nanoparticles coincides to that of LiNiO,, because the surface
oxidized and the Ni oxidation state lay above two. The Ni EX-
AFS spectra of Ex-SnS, confined Ni(OH), nanoparticle before
and post OER (Figure 7g) display Ni-O, and Ni—-M (M = Ni, Sn)
shells. Accordingly, the positions of the Ni~O (1.5 A) and Ni—-M
(2.7 A) shells gradually decrease to Ni-O (1.35 A) and Ni-M
(2.4 A) after OER, suggesting the formation of new phases exist-
ing in the different environments due to the occurrence of redox
transition of Ni(OH), to NiOOH. In this case, the SnS, undergo
an in situ electrochemical transformation under anodic oxida-
tion conditions, being irreversibly converted to transition metal
(oxy)hydroxides (TMHOs), which are proposed to synergize with
the NiOOH and to act as the true catalyst for OER.

3. Conclusion

In summary, we presented a facile confinement procedure for
efficient water oxidation pre-catalyst under alkaline medium. To
confirm the confinement, HRTEM, XRD, Raman, EDS, and XPS
analyses were used. By using Ex-SnS, as a pre-catalyst, the in situ
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generated and confined Ni(OH), catalyst delivered outstanding
OER activity with current density of 100 mA cm~2 at an overpo-
tential as low as (300 + 5) mV versus RHE and excellent cycling
stability without potential drop for 45 h at current densities of
10, 30, and 100 mA cm~2. The excellent cycling stability is due to
the “sandwich” structure of the Ex-SnS, confined Ni(OH),, which
avoids the aggregating or the falling out of Ni(OH),, and that fa-
cilitates the easy mass transfer in this catalytic system. Herein, we
combine electrochemical measurements and in situ XAS to eluci-
date the catalytically active phase, the reaction center and the OER
mechanism. The XAS analysis shows that Ni(OH), and Ex-SnS,
play co-joint roles for the outstanding OER performance. In addi-
tion to the improved activity, the Ni(OH), “promoters” confined
in the 2D Ex-SnS, nanosheets are protected from aggregation or
losses that could happen in free space, leading to the improved
cycling stability of the confined catalyst. This work shows that
the confined material as pre-catalyst and the in situ-formed hy-
droxide and oxyhydroxide moieties play an active role in catalysis,
in which the sulfide vicinity also contributes its part. Moreover,
the oxygen-bound intermediates interact more favorably on the
Ex-SnS, confined Ni(OH), surface as compared to the pristine
Ni(OH), ones, which can contribute to the enhanced OER cataly-
sis. This study demonstrates the prominent role of confinement
as pre-catalyst in water splitting and paves the way for the sub-
sequent investigations in the quest for breakthroughs in many
energy conversion and storage techniques.

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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4. Experimental Section

Synthesis of 2D Exfoliated SnS, Confined Ni(OH), Electrocatalyst: The
Ex-SnS, confined Ni(OH), was synthesized by a two-step method.
The first step was the preparation of Li-intercalated commercial SnS,
nanosheets. SnS, nanosheets (1 g), obtained by exfoliation (named as Ex-
SnS, here after), were dispersed in n-BulLi/ hexane solution (15 mL, 2 m)
in an argon filled glovebox, and stirred at room temperature for two days.
The black product obtained was then washed repeatedly with anhydrous
hexane and then centrifuged (8000 rpm for 30 min) to remove excess
n-BuLi and other soluble impurities. The second step is the ion exchange
of Li* by Ni?* in an alkaline environment to form SnS, nanosheets inter-
calated with Ni(OH),. To achieve this, NiCl,-6H,0O, and anhydrous NMP
(18 mL) were added to a Teflon autoclave containing estimated amount of
Ex-SnS, obtained in the first step. After stirring the mixture in a glovebox
to form a homogeneous suspension, it was sealed in the autoclave and
underwent a solvothermal process at 80 °C for 48 h. The pH values of the
suspension were 6.8 and ~9.85, before and after the reaction, indicating
the generation of OH™ during the reaction of lithium with water in
NiCl,-6H,0 upon heating. The product was then washed thoroughly with
four different solvents (NMP, isopropanol, ethanol, and water) before
being dried in a freeze-dryer. The obtained sample was denoted Ex-SnS,
confined Ni(OH)s,. For the synthesis of SnS, confined Ni(OH),, bulk SnS,
powder was used instead of Ex-SnS, Nanosheets, while all the other steps
were the same. For comparison purpose, un-confined Ni(OH), was also
synthesized according to the synthesis procedure described in Supporting
Information.

Material Characterization Techniques: X-ray diffraction (XRD) using a
Bruker D2 Phase XRD diffractometer, equipped with a Cu-Ka irradiation
photon source (4 = 1.5406 A, Ni filter, 30 kV and 10 mA) was applied
to characterize the crystal structure of the samples. The surface mor-
phology and elemental composition were determined by field emission
scanning electron microscopy (FESEM; JEOL 6700F) equipped with an
energy-dispersive X-ray spectrometer (EDS; Inca Energy 400). High-
resolution transmission electron microscopy (HRTEM; JEOL JEM-2100F)
and energy-dispersive X-ray spectroscopy (EDS; OXFORD X-Max) were
conducted to investigate the crystal structure and the elemental composi-
tions, respectively. The Raman spectra were obtained using a Jobin-Yvon
Lab RAM HR800 system with a laser source of 532 nm. High-resolution
XPS spectra were acquired at the VG Scientific ESCALAB 250 (NTU,
Taiwan).

In Situ X-Ray Absorption Spectroscopy (XAS): In situ X-ray absorp-
tion spectroscopy (XAS) measurements were performed at the TLS 17C
and 01C1 beamlines in National Synchrotron Research Radiation Center
(NSRRC). The in situ X-ray absorption spectra, including X-ray Absorption
Near Edge Fine Structure (XANES) and Extended X-ray Absorption Fine
Structure (EXAFS), were collected for the Ni K-edge using Fluorescence
mode. The in situ measurement was performed in 1 m KOH at various
applied potentials within a potential range of oxygen evolution reaction
(OER) at room temperature for un-confined Ni(OH), and Ex-SnS, con-
fined Ni(OH),. The spectra were collected after applying the potential for
at least 25 min to ensure that the system has reached a steady-state.[2¢]
Prior to XAS measurement, the Ex-SnS, confined Ni(OH), /carbon pa-
per (CP) electrodes were prepared by dropping the catalyst ink. The XAS
results obtained in transmission mode were analyzed with DEMETER soft-
ware package.!?’]

Electrochemical Measurements: The electrochemical performances of
the as-prepared samples were studied with a standard three-electrode sys-
tem where Ag/AgCl/sat. KCl, graphite rod, and Ex-SnS, confined Ni(OH),
casted on carbon paper act as a reference, counter, and working electrode,
respectively, in 1 M KOH electrolyte. The ink was prepared by dispersing
7 mg of the sample and 50 pL of Nafion solution (0.05 wt.% in alcohol) in
1 mL of isopropanol and distilled water (3:1) followed by ultrasonication
for 1 h to form a homogeneous catalyst ink. Later, 70 pL of catalyst ink was
drop cast on a carbon paper (1 X 2 cm?). The LSV curves were measured
at a scan rate of 1 mV s™! and CV at a scan rate of 10 mV s~ were col-
lected. Before the electrochemical measurement, the electrolyte was sat-
urated with argon (Ar > 99.99) for 20 min to remove dissolved oxygen in
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KOH solution. The durability test was carried out through chronopoten-
tiometry run at a current density of 10, 30, 100 mA cm~2. Moreover, the
electrochemical double-layer capacitance, which is expected to be linearly
proportional to the ECSA, was determined by measuring the capacitive
current at non-Faradic region from scan rate dependent CV runs.

Supporting Information
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