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In-Situ/Operando “Fe Mossbauer Spectroscopic Technique and
Its Applications in NiFe-based Electrocatalysts for
Oxygen Evolution Reaction

Jafar Hussain Shah', Qi-Xian Xie? Zhi-Chong Kuang', Ri-Le Ge', Wen-Hui Zhou',
Duo-Rong Liu', Alexandre 1. Rykov', Xu-Ning Li', Jing-Shan Luo?, Jun-Hu Wang"

(1. Center for Advanced Mossbauer Spectroscopy, Mossbauer Effect Data Center, Dalian Institute of Chemical
Physics, Chinese Academy of Sciences, Dalian 116023, Liaoning, China; 2. Institute of Photoelectronic
Thin Film Devices and Technology, Key Laboratory of Photoelectronic Thin Film Devices and Technology of
Tianjin, Ministry of Education Engineering Research Center of Thin Film Photoelectronic Technology,
Renewable Energy Conversion and Storage Center, Nankai University, Tianjin 300350, China)

Abstract: The development of highly efficient and cost-effective electrocatalysts for the sluggish oxygen evolution reaction
(OER) remains a significant barrier to establish effective utilization of renewable energy storage systems and water splitting to pro-
duce clean fuel. The current status of the research in developing OER catalysts shows that NiFe-based oxygen evolution catalysts
(OECs) have been proven as excellent and remarkable candidates for this purpose. But it is critically important to understand the
factors that influence their activity and underlying mechanism for the development of state-of-the-art OER catalysts. Therefore, the
development of in-situ/operando characterizations is urgently required to detect key intermediates along with active sites and phases
responsible for OER. ¥Fe Mussbauer spectroscopy is one of the appropriate and suitable techniques for determining the phase struc-
ture of catalysts under their electrochemical working conditions, identifying the active sites, clarifying the catalytic mechanisms, and
determining the relationship between catalytic activity and the coordination structure of catalysts. In this tutorial review, we have
discussed the current status of research on NiFe-based catalysts with particular attention to introduce in detail the knowhow about
the development and utilization of in-situ/operando *'Fe Mossbauer-electrochemical spectroscopy for the study of OER mechanism.
A brief overview using NiFe-(oxy)hydroxide catalysts, derived from ordered porous metal-organic framework (MOF) material NiFe-
PBAs (Prussian blue analogues), as a typical model study case for the OER electrocatalyst and self-designed in-situ/operando *'Fe
Massbauer-electrochemical instrument, has been provided for the better understanding of readers. Moreover, using in-situ/operando

'Fe Mossbauer spectroscopy, the crucial role of Fe species during OER reaction has been explained very well.

Key words: oxygen evolution reaction; NiFe-(oxy)hydroxide electrocatalyst; NiFe Prussian blue analogue; in-situ/operando “'Fe

Massbauer spectroscopy; key intermediate detection

1 Introduction solar, wind, and tidal energies)!". However, owing to

In recent decades, increasing demand for energy daily, seasonal, and regional variables, these renew-
and severe environmental implications have spurred able energies are unpredictable, restricting their sig-
the switch from fossil fuels to cleaner energy (such as nificant success in the global energy mix. Water split-
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ting devices, rechargeable metal-air batteries, polymer
electrolyte membrane fuel cells (PEMFCs) and CO,
reduction are several kinds of novel energy conver-
sion and storage technologies™®. Even though the ar-
chitecture of these devices differs, the fundamental
processes are almost the same. In a rechargeable met-
al-air battery, metal dissolution and deposition on the
negative electrode (metal), while the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER)
on the positive electrode (air)?. For the electrochemi-
cal CO, reduction reaction (CO,RR), the OER process
can serve as the anode reaction”. An unmet challenge
for this reaction is the lack of efficient oxygen evolu-
tion electrocatalysts (OECs), using a non-noble metal
electrocatalyst to pair with the CO,RR process for
high overall energy conversion efficiency!”. On the
other hand, electrochemical water splitting, which is
known as the most viable way of producing pure hy-
drogen quickly and an indirect way of storing electri-
cal energy obtained from intermittent sources in the
form of chemical fuels like H,, comprises two half-
cell reactions: hydrogen evolution reaction (HER) at
the cathode and OER at the anode®™. The overall re-
action is predicted to occur at 1.23 V vs. RHE (2H,O
— 2H, + Oy Where E = 1.23 V)" However, large
overpotentials associated with both OER and HER
prevent this. The general alkaline OER process in
water splitting is summarized in Figure 11", OER is
the kinetically sluggish one because it involves four

protons and four electrons coupled transfer with the
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formation of an oxygen-oxygen (O-O) bond in which
each elementary step has its own activation energy.
And the one with the highest activation energy is the
slowest elementary step, making it the rate-deter-
mining step in OER!?, Therefore, OER dominates
the overall efficiency of the two technologies be-
cause it pertains to the creation of O-O bonds and in-
cludes four proton-coupled electron transfer process-
es!®, As a result, highly OECs are required to accel-
erate the OER or decrease the overpotential to miti-
gate the energy loss inherent in energy conversion
technologies.

The innovative combination of materials science
and water splitting electrochemistry opens new path-
ways for creating different OECs. IrO, and RuO, are
considered as benchmark catalysts due to their low
onset potentials for triggering the OER. However,
small reserves and high prices restrict their utilization
at a larger scale™"\. To address these problems asso-
ciated with rare earth elements, scientists have fo-
cused on non-precious metals-based OECs, mostly
composed of 3d transition metals!"'*. In the start, ox-
ides and hydroxides of these 3d transition met-
als-based OECs have been investigated under alka-
line conditions*?. Beyond oxides and hydroxides,
significant efforts have been dedicated to develop
highly efficient electrocatalysts for OER from
cost-effective and naturally abundant materials, such
as layer structure materials™, metal chalcogenides!”,

metal nitrides®”, metal phosphide®, metal borides™,
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Figure 1 (A) Schematic of the electrochemical water splitting; (B) The reported OER mechanism for alkaline conditions!"". Copy-

right@The Royal Society of Chemistry 2019. Reproduced with permission. (color on line)
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1 and organometallics™. According

metal carbides
to recent studies, all non-precious metal catalysts
containing anions other than oxides and hydroxides
undergo surface chemical reconstruction, resulting in
the production of oxides/hydroxides on the surface in
contact with the alkaline electrolyte!™*], As a result,
regardless of the materials utilized for OER under
alkaline circumstances, their (oxy)hydroxides are al-
ways the real-time catalyst during OER. Among these
transition metal (oxy)hydroxides materials, NiFe-(oxy)
hydroxides have been proved to be the most potential
materials in alkaline electrolytes™. According to many
studies, pure Ni and Fe oxides/hydroxides are not ef-
ficient OER electrocatalysts, while their complexes
have shown higher OER activity™.

2 Recent Progress and Understand-
ing of Fe Role in Ni-Based Elec-

trocatalyst

The most active electrocatalyst for OER was
thought to be Ni(OH),/NiOOH at the start of the evo-
lution of 3d transition metals-based OECs. Subbara-
man and co-workers suggested that the OER activity
trend of 3d transition metal divalent cations goes in
the order of Mn*" < Fe*" < Co*" < Ni*'™!, And it was
believed to be true and accepted widely until it was
found that a trace amount of Fe (~ 1 ppm) largely en-
hanced the OER activity of Ni** based electrocata-
lysts®*31, In the late 1980s, the extraordinary OER per-
formance of Ni(OH), anodes-based alkaline batteries
was observed in Fe-containing (up to 1 ppm) KOH
electrolyte with smaller cell voltages than pure KOHF?,
This work found that Fe doping from the electrolyte
into the Ni(OH), electrode reduced both the cell volt-
age and the OER onset overpotential in an alkaline
medium. And this was the first time that researchers
discovered the Fe effect on increasing the OER activ-
ity of Ni(OH),. It was observed that the OER activity
of a Fe-doped B-Ni(OH), electrocatalyst increases
linearly as the quantity of Fe is high enough to enter
the B-Ni(OH);, lattice. And as a result, it was assumed
that Fe might be the active site for OER™!, Therefore,
Ni-based OECs attracted great attention, and a huge
amount of research was conducted to determine the

processes by which Fe improves the OER activity of
Ni-based OECs.

Without a doubt, Fe incorporation has been the
driving force behind the significant OER improve-
ment seen with Ni-based OECs in unpurified, reagent
grade KOH electrolyte so far. OER activities were
being massively reported for these materials without
realizing that Fe in concentration as low as 1 ppm
may significantly change the OER activities of
Ni-based OECs. Based on these findings, much re-
search has been published in literatures detailing the
various functions of Fe in the matrix of Ni-based
OECs. Important roles stated in literatures with ex-
perimental pieces of evidence are: 1) Incorporation of
Fe in place of Ni in their respective hydroxides/(oxy)
hydroxides matrices makes them harder to be oxi-
dized further and thus alters the redox electrochem-
istry of Ni, 2) When Fe is incorporated into Ni-based
OEQC:s, it causes structural changes, 3) It is well-known
fact that Fe** serves as the strongest transition met-
als-based Lewis acid with a stronger electrophilic na-
ture and notably affects the electronic properties of
the other cations in which being incorporated; hence
it changes the Ni oxidation states and aids in the for-
mation of active Ni* sites, and 4) Fe** ions in
NiFe-based OECs with a 1:0.33 ratio depicts a su-
perexchange magnetic contact that improves OER
electrocatalysis by allowing electrons to hop.

Almost all researches involving Ni-based OECs
and Fe incorporation have revealed that the most ap-
propriate and active composition of Ni:Fe for OER is
1:0.2 ~ 0.3. NiOOH is an excellent electronic con-
ductor, with no change in conductivity before and af-
ter Fe inclusion. Boettcher and co-workers have re-
cently discovered that the effective conductivity of
NiOOH films diminishes as the cycle number in-
creases and becomes independent of the quantity of
Fe incorporated into the filmP¥. The decrease in con-
ductivity with increasing cycle number did not affect
the OER activity and substantially increased. Figure 2
illustrates the cyclic voltammetric (CV) cycles of a
NiOOH film electrode in a KOH electrolyte with and
without Fe-spiking, demonstrating an increase in OER
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activity despite a reduction in effective conductivity.
As a result, it is apparent that the observed increase
could not be attributed only to the change in conduc-
tivity that occurs when Fe is incorporated into
Ni-based OECs. The fact that Fe in FeOOH is insu-
lating, which is a big contradiction. In this way, how
could it improve the conductivity of NIOOH when
combined? Bell and co-workers proposed a plausible
mechanism in which Fe*" ions were incorporated into
B-NiOOH lattices in smaller amounts and exhibited
an extraordinarily shrunken Fe-O bond length, result-
ing in Fe*' sites in NiOOH lattice getting the required
conductivity not from their incorporation but from
the conductivity of NiOOH lattice. They also discov-
ered that increasing Fe concentration results in the
development of insulating FeOOH surfaces, which
decreases the OER activity. The incorporation of Fe
into Ni-based OECs could increase the OER activi-
ties, which was ascribed to the change in effective
conductivity (potential dependent), but it cannot be
the sole one reason.

Fe incorporation or doping has a significant impact
on electrochemical oxidation and reduction character-
istics of Ni(OH),. The incorporation of Fe effect was
first observed from the shifting of the Ni(OH), oxida-
tion peak to NIOOH during electrochemical water ox-
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Figure 2 Steady-state effective conductivity of NiO,H, on an
interdigitated array (IDA) electrode as a function of Fe incorpo-
ration from 1 mmol-L" Fe(NOs); in a 1 mol-L" aqueous KOH
solution P4, Copyright© 2017 American Chemical Society. Re-

produced with permission. (color on line)

idation™. Boettcher and co-workers observed compa-
rable anodic shifts of Ni(OH), — NiOOH oxidation
peak when aged the electrodeposited Ni(OH), film in
TraceSelect KOH (~ 36 ppb Fe) and reagent grade
KOH (~ 1 ppm Fe) for 1 hour (Figure 3(A-E))P%. When
the Fe concentration reached 5%, they found a simi-
lar change in the Ni:Fe co-deposited film in pure
KOH (Fe free). However, there was no such anodic
shift in Ni(OH), — NiOOH oxidation peak in the
Ni:Fe co-deposited film with 25% Fe content. The
most intriguing result of this research was the reduc-
tion in the strength of the Ni(OH), — NiOOH oxida-
tion peak when aged in Fe-free KOH and the devel-
opment of a new peak at a high overpotential, which
was ascribed to the production of Ni* ions. They also
discovered that OER activity was reduced with ag-
ing time and attributed it to the reduction in struc-
tural flaws in Ni(OH),. However, Ni(OH), films aged
in TraceSelect KOH (~ 36 ppb Fe) and reagent grade
KOH (~ 1 ppm Fe) showed a substantial increase in
OER activity. This suggests that incorporation of Fe
boosts activity, although the anodic shift of Ni(OH),
— NiOOH oxidation peak in these cases is opposite
to what was anticipated. Furthermore, aging had no
effect on the co-deposited NiFe-(oxy)hydroxide films.
They concluded that the OER activity is intrinsic to
NiFe-(oxy)hydroxide sheets and not linked to struc-
tural flaws in NiysFeq,sOOH. However, the observed
anodic shift of Ni(OH), — NiOOH oxidation peak in
their research could not be fully explained.

Later on, Strasser and co-workers published an in-
triguing result based on their in-situ/operando differ-
ential electrochemical mass spectrometric (DEMS)
and X-ray absorption spectroscopic (XAS) studies on
NiFe mixed oxides under OER conditions”. In this
research, they discovered that nearly all Fe** ions in
NiFe mixed oxides remained in the oxidation state of
3+, and that 75% of Ni remained in the 2+ and 3+
states, while the remaining Ni was oxidized to the 4+
state (shown in Figure 4(A-B)). These findings were
remarkably similar to those previously reported*’.
Furthermore, they hypothesized that the kinetic com-

petition between metal oxidation and metal reduction
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Figure 3 Cyclic voltammograms were taken during the aging of films in various purities of KOH. A total of 13 CV scans are

shown for each sample: one for the initial as-deposited film (the dark purple), and one additional scan after each 5 min aging period
up to a total of 1 hour of aging (the dark red). The changes in the anodic and cathodic peak positions (AE,, and AE,) are labeled for
each set of CVs. (AE,, value is shown for the Ni,sFe,,s(OH),, as the oxidation peak is partially obscured by the OER current.)"
Copyright©2014 American Chemical Society. Reproduced with permission. (color on line)

during O, evolution may be responsible for insignifi-
cant detectable high valence metal deposition®™, When
there was no Fe or very little Fe (less than 10%), the
kinetic competition preferred metal oxidation, but
when there was a lot of Fe, the kinetic rivalry favored
the metal reduction phase during O, evolution. This
means that for the substantial OER improvemnet in
NiFe mixed oxide catalysts, the required concentra-
tion of Fe should be more than 10% . Moreover, in
their explanation for why the oxidation peak strength
of the Ni(OH), — NiOOH decreased with increasing
Fe content was also the kinetic competition and this
resulted in most of the Ni remained unoxidized upon
polarization in the 2+ state. This is the main reason
that anodic shift for (oxy)hydroxide peak occurred in
Ni-based OECs. The faradic efficiency of OER de-
creased with increasing the oxidation (Ni(OH), —
NiOOH) peak which rises as the pH of the reaction
rises. The findings of this research highlight the im-

portance of Fe concentration, electrolyte strength,
and support material during catalyst fabrication. Al-
though there is an explanation for why anodic shift
and intensity drop occur in Ni-based OECs with in-
creasing Fe content, but enhancing mechanism by re-
dox inactive Fe** ions is still a subject of ambiguity.
Gray and colleagues recently published compara-
ble findings in a study of NiFe-LDH (LDH: layered
double hydroxide) inducing OER in water-depleted
conditions, i.e., in acetonitrile™. They discovered the
production of a cis-dioxo-Fe(IV) intermediate imme-
diately before OER. They found that when this inter-
mediate was separated and put into neutral water, it
produced hydrogen peroxide, and generated oxygen
in case of alkaline water. This was one of the
strongest arguments indicating and supporting Fe*
ions formation in the presence of Ni during catalyzing
water oxidation, whereas previously it was claimed

that some parts of Ni were changed to 4+ oxidation
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state upon Fe incorporation. It was also discovered
that the highly active NiFe,,OOH catalyst has two
active sites with remarkable difference in OER rate
constants, and the percentage of fast sites matched
well with the fraction of Fe in the catalyst™®’. These
findings clarified that Fe and Ni, both are active sites
for OER, with Fe sites being significantly faster. This
may be due to the optimal bond energies of interme-
diates when coordinated with Fe. On the other hand,
OER intermediates have a weaker adsorption contact
with Ni where they create more covalent M-O bonds,
which need a larger potential to break in order to de-
velop O,. This is why, in the absence of Fe, Ni(OH),
needs a greater overpotential to start the oxygen evo-
lution.

As a result of these massive efforts to understand
the intrinsic phenomena, phase, and structure of
NiFe-based OECs, researchers have reported several
conflicting findings. Here are some common and
general findings from past researches: 1) Fe** incor-
poration/doping into NiOOH generates a greater
number of catalytically active sites than a simple rock
salt structure with hydroxides, and the content of Fe*
dissolves up to 25% into Ni(OH)»/NiOOH matrices
under applied voltages or during electrolyte aging,
making it a superior OEC™, 2) The production of Ni*
is reduced when Fe** concentration rises®”. 3) The ac-
tive site is Fe*, although it is inactive when presented

alone as FeOOH at lower overpotentials. This is be-

cause the only first monolayer of FeOOH is OER ac-
tive and electrolyte-permeable at lower overpoten-
tials™. 4) The active sites are Fe*" ions that replaced
Ni** ions in NiOOH matrices at the edges, corners,
and defect sites. Those who are deeply embedded in
the majority of NiOOH do not take part in OER™, 5)
The active Ni** ions are simply stabilized by Fe*, as in-
dicated by the anodic shift of the Ni(OH), — NiOOH
oxidation peak with the decreased integrated charge®®.
6) Fe* ions have a 6-percent shorter Fe-O bond length
in NiOOH matrices, suggesting that Fe** ions may
have partly higher oxidation states, and active sites in
both NiFe systems are anticipated to be Fe®. The
conductive medium needed for Fe* to catalyze OER
is provided by NiOOH matrices™. 7) Fe*" in the con-
ductive Fe;Sg phase is OER active in the same way as
Fe** in NiOOH matrices™. 8) Both Fe* and Ni*" are
formed upon polarization, and they create a syner-
gism in which the high spin (HS) d, Fe* stabilizes the
oxyl radical generated with Ni* through superex-
change contact, while the low spin (LS) ds Ni* pro-
motes the production of O-O™,

From previous studies, it was not fully cleared that
which site is playing an active role in enhancing the
activity and how the structure of catalyst evolves dur-
ing the reaction. This is hampered due to insufficient
information about the electronic structure of the com-
posite during the chemical reaction. To observe the

electronic and structural changes in the composite
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during a redox reaction, Corrigan et al. conducted an
in-situ “'Fe Mossbauer spectroscopic study™. They said
that the electronic changes at Fe site are not due to
the redox process in Fe, but attributed to the host lat-
tice in a composite material. Moreover, an intimate
combination of Fe and Ni on an atomic scale rather
than the mixture of Ni(OH), and FeOOH particles
exhibited better performance for OER rather than
either of the single component hydroxides. It was
also expected that highly oxidized Fe sites in com-
posite hydroxide may play a key role in OER. Friebel
et al. investigated the NiFe oxide structure using
in-sttu/operando XAS and concluded that most of the
Fe remains in the 3+ oxidation state during the reac-
tion and computational studies by Ngrskov et al. im-
plicated Fe** as the active sites for OER®. Moreover,
NiFe-based catalyst was investigated at potentials
where only Ni*" could be oxidized but not enough to
promote OER™. And a change observed in 'Fe isomer
shift (8) value from 0.32 to 0.22 mm-s™ was ascribed
to transfer of electron density away from Fe* species

upon oxidation of the Ni centers.

3:1 Ni:Fe LDH/Oxyhydroxide

B »
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A=0.46, , 1.49V
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The presence of Fe*" in the OER was first clearly
observed in 2015 when Stahl et al. investigated NiFe-
LDH electrocatalyst during OER™, They used in-situ/
operando “'Fe Mossbauer technique to track the Fe
oxidation state in 3:1 NiFe-LDH and Fe oxide cata-
lysts, while polarizing them in the OER zone. Inter-
estingly, as shown in Figure 5, the existence of Fe*
was confirmed upon polarization and under OER
conditions, which increased with increasing potential.
They found that the pure Fe oxide did not show any
Fe* in the OER reaction, demonstrating that Fe* can
only be stable in the NiOOH lattice. This also further
illustrated that Ni,Fe, ,OOH, in addition to Ni* gener-
ation in the OER reaction, also has Fe* and that the
presence of NiOOH lattice favors the generation of
Fe*. As shown in Figure 5(B), Mossbauer spectrum
under open circuit conditions exhibited a doublet
with a & value of 0.34 mm-s” and quadrupole splitting
(4) value of 0.46 mm -s”, and did not show any
change at 1.49 V vs. RHE as shown in Figure 5(C)
(potential below the onset). At 1.62 V where a signif-
icant OER activity recorded, a shoulder peak at 6 =

Hydrous Fe Oxide

Fe** (88%)
8=0.34
A =0.46

Fe** (12%)
6=-0.27

14 0 1 2 3
& (mm/s)

3 -2

Fe*® (79%)
5=0.34

A =0.46
Fe't (21%)
§=-0.25

o 1 2 3

----- Raw Counts — Total Fit

— Fe** — Fe* Fe oy

Figure 5 CVs of NiFe layered oxyhydroxide (blue) and hydrous Fe oxide (green) electrocatalysts used for the in-situ/operando ex-

periments with *’Fe Massbauer spectra collected at open circuit potential (gray), 1.49 V(purple), 1.62 V(yellow), and 1.76 V(red) vs.

RHE. CV data were recorded in the Mssbauer-electrochemical cell with a scan rate of 25 mV +s™ prior to Msssbauer measurements*”.

Copyright©2015. American Chemical Society. Reproduced with permission. (color on line)
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-0.27 mm -s” appeared, which indicates 12% of the
Fe sites shown in Figure 5(D). Further increasing the
potential to 1.76 V generates a stronger peak for Fe
oxidation corresponding to almost 21% of the total
Fe (Figure 5(E)). After bringing back the potential to
1.49 V, the current density dropped to baseline, but
Fe oxidation peak appeared in Mossbauer spectrum
accounting for almost ~ 20% of total Fe as shown in
Figure 5(F). After 48 hours without any applied poten-
tial, the Fe oxidation peak disappeared (Figure 5(QG)).
On the other hand, in the case of *Fe-enriched hy-
drous Fe oxide, they did not observe such a behavior
in Mossbauer spectra under all the conditions as
shown in Figure 5(H-J). And the spectra showed only
a doublet (6 = 0.36 ~ 0.37 mm-s’, A = 0.64 ~ 0.67
mm -s”). The significant feature of NiFe catalyst was
the appearance of Fe oxidation peak under an applied
potential (> 1.5 V). This new peak was fitted either as
a singlet (8 = -0.27 mm -s™) or as a doublet (5 = 0.0
and A = 0.58 mm-s"), and is consistent with the oxi-
dized Fe species as Fe*'. This was the first direct evi-
dence of the Fe* formation under reaction conditions.
Furthermore, the presence of these Fe*' species even
after lowering the potential where the activity
dropped to baseline indicated that these species were
not directly responsible for the observed activity but
playing a key role in enhancing the OER activity.
This discovery showed that Fe** in NiFe-LDH lattice
is redox-active under OER conditions and produces
highly OER-active Fe*" species. This now explains
why Fe exhibits such a significant OER increase
when doped to Ni host oxides/hydroxides. Another
intriguing result of this research was that no such oxi-
dation occurs when Fe* is isolated in Fe hydroxide.
As a result, a suitable host like NiIOOH is required
for Fe** to be redox-active and OER boosting. There-
fore, they believed that the stable host lattice of
NiOOH is responsible for the production of Fe*. Be-
cause Fe'" species are not anticipated to be identified
under the measurement circumstances, they hypothe-
size that these observed Fe* species are situated at an
interior location in the layer and are surrounded by

Ni. And suggested these undiscovered Fe*' species as

potential active locations if they exist, but could not
give any clear understanding about the role of Fe dur-
ing OER. XAS results showed that the bond length of
Fe-O in NiFe-based catalysts was significantly short-
er than that of Fe**-O, which indicated that Fe should
be in higher valence states during the OER process,
and supported the results of in-situ/operando Moss-
bauer studies™. This work gave a strong and clear in-
dication for the existence of high valance iron which
surely presents in the system and may have a crucial
role in OER, but not much clear. The results of oxy-
gen intermediates study also supported the presence
of high-valent iron™. However, there is still debate on
the mechanism of NiFe catalyst during OER reaction,
whether Ni is active sites or Fe is active sites.

Later on in 2018, NiFe Prussian blue analogues
(NiFe-PBAs) were studied for OER through in-situ/
operando XAS technique™. It was observed that NiFe-
PBA was first transformed into Ni(OH), and then into
NiOOH,, under the applied potential due to deproto-
nation, which showed an excellent activity at very
low overpotential. They called the deprotonation pro-
cess a reversible process which partially generated
Ni* as a result of charge compensation due to depro-
tonation. In other words, in-situ generated catalyst
NiOOH,., during OER was considered as responsible
for higher activity which can be transformed reverse-
ly to Ni(OH).. This indicated that the structure of the
catalyst cannot be stabilized under reaction condition
and could be changed by applying potential. In fact,
this study gave one clear example about dissociation
of catalysts under OER condition for in-situ/operando
spectroscopic characterization which is a major draw-
back for the in-situ/operando study.

It is apparent from the above significant findings
that there is no clear-cut mechanism, and it is difficult
to reach a consensus on how Fe improves the OER
activities of Ni-based OECs and what the structure or
real phase of catalyst is playing active role in OER,
and how it could be stabilized. There are some stud-
ies of NiFe-based OECs using in-situ/operando tech-
niques, but the problems in such studies are that they
could not determine the active sites for OER and
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failed to fully explain the underlying mechanism for
OER. Moreover, we believe that the higher activity is
crucial, but it should not be the only concern for any
OER catalyst. The stability of the structure under OER
conditions is also very important because the stability
of the catalyst structure under OER conditions is cru-

cial for commercial applications.

3 The General Introduction of In-
Situ/Operando Techniques for Cha-
racterizing the NiFe-Based OER
Electrocatalysts

In the past, traditional electrochemical techniques
such as Tafel slopes and electrochemical impedance
spectroscopy (EIS) typically offer only indirect and
partial information regarding reaction kinetics, mak-
ing it difficult to deduce the mechanism of OER P,
Motivated by this challenge, the structural and va-
lence states of the NiFe-based OECs have also been
determined using different in-situ/operando techniques
to study the OER mechanism, identify the actual ac-
tive phase, and demonstrate the functional roles of Fe
and Ni during OERPY, A variety of cutting-edge tech-
niques including Raman spectroscopy, XAS, ambient
pressure X-ray photoelectron spectroscopy (APXPS),
Massbauer spectroscopy, UV-visible (UV-vis) spec-
troscopy, DEMS, and surface interrogation scanning

electrochemical microscopy (SI-SECM) were used to

Gas-liquid .7.1’;') 2

interface o
b, £ Adsorbed
W/ intermediate
Massbauer » X-ray absorption
spectroscopy spectroscopy

Catalytic site

Figure 6 Selected in-situ/operando spectroscopic characteriza-
tion techniques for being available to capture the NiFe-based
OER electrocatalytic intermediate species, investigating the
OER pathways and mechanism™. Copyright©2021. Elsevier

Inc. Reproduced with permission. (color on line)

monitor the OER process in order to identify reaction
intermediates and electrochemical activity on the sur-
face of OECs during the OERP>*), These in-situ/op-
erando techniques can provide information about the
structural and electronic states of NiFe-based elec-
trodes. Figure 6 graphically shows several selected
in-situ/operando spectroscopic characterization tech-
niques which have been successfully applied to cap-
ture the NiFe-based OER electrocatalytic intermedi-
ate species, investigating the OER pathways and
mechanism®.

Raman spectroscopy could be used to observe vi-
bration, rotational, and other low frequency modes of
the NiFe catalysts™. The in-situ/operando Raman spe-
ctroscopy could monitor the intermediates during the
electrochemical systems under the applying test volt-
age in aqueous media, which could provide real-time
reaction information. This technique helps to under-
stand how an electrochemically driven reaction oc-
curs. The in-situ/operando XAS could serve as a
valuable technique for studying the electronic struc-
ture and local geometric structure of catalyst materials
under working conditions. The XAS technique in-
cludes two regions: X-ray absorption near the edge
structure (XANES) and extended X-ray absorption
fine structure (EXAFS). Combing with the in-siu/
operando XAS techniques, Friebel et al. found that the
Nig7sFesO0H catalyst has an a-Ni(OH), structure at
a low potential and a y-NiOOH structure at a high
potential. With the potential increasing, the shrink-
ages of the metal-oxygen and metal-metal distances
indicate that in @-Ni(OH), and y-NiOOH, Fe has re-
placed Ni*). Moreover, Gorlin et al. found that the
carbon-supported NiFe catalyst has a larger propor-
tion of Ni* centers than the non-carbon-supported
catalyst via the in-situ/operando XAS tool. They at-
tributed it to the fact that the electrolyte can more
easily contact more OER active centers®™. The XPS is
served as a useful tool for obtaining surface element
composition, and chemical oxidation and electronic
state of materials. However, due to the need for ultra-
high vacuum (UHV), many in-situ applications are

subject to constrained conditions. APXPS based on
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synchrotron radiation can overcome the limitations of
UHYV conditions™, Ali-Lcytty et al. conducted in-situ
APXPS experiments on NiFe based catalysts under
OER conditions. They found that when the electric
potential is increased from 0 to 0.3 V (vs. Ag/AgCl),
i.e., Ni(OH), is oxidized to NiOOH, the O/OH ratio in-
creases significantly. In addition, the Ni and Fe 2p
XPS spectra also show the oxidations of Ni and Fe
during OER process®”. The in-situ/operando UV-vis
spectroscopy is used to track the metal oxidation pro-
cess that occurs in Ni(OH),. Gorlin et al. used in-situ/
operando UV-vis spectroscopy to track the metal oxi-
dation process in NiFe based electrocatalyst. It was
found that Fe inhibited the oxidation form Ni** to
Ni*"* during the OER process. Combing the in-situ/
operando UV-vis spectroscopy, they concluded that
OER was carried out at the center of Ni* in the
NiFe-based catalyst®”. Moreover, Gorlin et al. used in-
situ/operando DEMS to track the Faraday charge dis-
tribution from the addition of the catalyst to the prod-
uct formation and the redox process of the catalyst.
The lower metal redox charge indicates that the aver-
age valence of Ni in the NiFe-based catalyst is lower
than that of nickel oxide catalysts. They concluded
that the Fe inhibits the oxidation of Ni during OER
and seems to have a stabilizing effect on low valent
Ni, thereby promoting OER?,

Among several other in-situ/operando techniques,
’Fe Mossbauer spectroscopy is a strong method with
very high energy resolution that uses the three main
hyperfine interaction parameters of “Fe &, A, and
magnetic hyperfine field (B) to determine the oxida-
tion state, electron spin configuration, symmetry, and
magnetic information of Fe centers in materials P®.
Therefore, our focus is not only to investigate the role
of Fe in enhancing the OER activity of NiFe-based
OECs but also stabilizing and confirming the struc-
ture of catalysts during OER through in-situ/operando
Fe Mussbauer spectroscopy. We hope that one may
better understand how Fe doping/incorporation im-
proves the OER activity of Ni-based OECs and de-
sign a better catalyst system for OER in alkaline me-

dia, providing new solutions for the further deep

study of NiFe-based OER catalysts towards practical
applications.

4 Introduction of Fe Maossbauer
Spectroscopy

Massbauer spectroscopy has progressively become
a standard technique for analyzing catalysis processes
soon after Mossbauer effect was discovered™. This is
unique for revealing the “black box” of catalysis be-
cause of its in-situ/operando application capabilities™,
The main applications of Mssbauer spectroscopy in
catalysis research are: 1) identification of active sites
or active phases for catalytic processes; 2) investiga-
tion of correlations between catalyst structure and
catalytic performance; and 3) characterization of cat-
alysts during reaction activation and deactivation un-
der ex-situ and/or in-situ/operando conditions. There
are limited numbers of Mossbauer-active elements
such as iron (*Fe), tin (**Sn), antimony (**'Sb), gold
(*’Au), nickel (®*Ni), ruthenium (*Ru), iridium (*'Ir
and "’Ir), and neptunium (*'Np) etc., which can be
studied using Mossbauer spectroscopy. This limita-
tion is due to several criteria such as suitable lifetime
of nuclear excited state, transition energy, easy acces-
sibility, and handling. Among these different ele-
ments, “'Fe is the most studied and well-known Moss-
bauer nuclide.

Massbauer spectroscopy, which involves the emis-
sion of y-rays from radioactive nuclei and the absorp-
tion of these y-rays by other nuclei of the same ele-
ment, is a powerful technique for studying materials
by measuring the hyperfine interactions that arise
from the coupling of nuclear moments with electric
and magnetic fields acting on the atomic nucleus.
The uses of Massbauer spectroscopy in catalysis and
theoretical concepts have been described before in
previous reviews where they mainly focused on phys-
ical concept of Missbauer spectroscopy rather than

3. 61621 Furthermore, it is

its applications in catalysis!
yet unclear that which sector is best suited for a cer-
tain Fe-based catalyst, as well as the exact function of
“Fe Mossbauer spectroscopy in various catalysis
fields. As a result, in-situ/operando “Fe Mossbauer

spectroscopy is a valuable tool for determining the
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link between OER behavior and Fe structural charac-
teristics in Fe-based catalysts during the OER process.
4.1 Principle of Mdossbauer Spectroscopy

The Mossbauer effect is the absorption and emis-
sion of y-rays from a recoilless nuclear resonance
phenomenon, analogous to the acoustic resonance of
two tuning forks with the same frequency f; = f, for
sender (s) and receiver (r). A nucleus with energy E,
at an excited state (with Z proton and N neutron) un-
dergoes transitions to the ground state with energy E,
by producing y-rays of energy F,. The y-rays may be
absorbed by another nucleus of the same type (identi-
cal Z and N) in its ground state, resulting in a transi-
tion to the excited state of energy FE.. This phe-
nomenon is called y-rays recoilless resonance ab-
sorption as schematically shown in Figure 7(A). Res-
onance absorption can only be seen if the emission
and absorption lines overlap enough. When vy-rays
with energy E, are emitted or absorbed in freely mov-
ing atom (molecule) of mass m, it undergoes a recoil
effect with energy Er which is many orders of magni-
tude greater than the natural line-width (I'), hence
resonance is not possible in a freely moving atom or
molecule (gas, liquid). As a result, the Méssbauer eff-
ect cannot be seen in the presence of freely moving
atoms or molecules, such as those in a gaseous or lig-
uid form. Recoilless emission and absorption of
y-rays are conceivable in the solid state, and basically
un-shifted transition lines may (at least partly) overlap,
resulting in nuclear resonance absorption.

German scientist, Rudolf Ludwig Mbossbauer,
while he was 27 years old in graduate school, proved
this effect experimentally by freezing the source and
absorber close to liquid nitrogen temperature, where
atoms are firmly bonded in the lattice and the recoil
effect is much reduced. Rudolf Ludwig Mossbauer
was able to explain this phenomenon using quantum
mechanics, demonstrating that atoms as lattice har-
monic oscillators do not change their quantum me-
chanical state upon emission or absorption of y-rays
for a certain probability, which is relatively high for
hard and low for soft materials (zero-phonon process-

es)®™. Nuclear resonance absorption of recoilless y-

rays, named as Muossbauer effect, soon after he was
awarded the Nobel prize in physics 1961, may be de-
tected only for this proportion, known as the Lamb-
Massbauer fraction®,

Figure 7(A) describes the overall Missbauer effect
phenomena in which the mean lifetime of the excited
state of the parent nuclei is very important. For exam-
ple, the first excited state of Co has the mean life-
time of around 100 ns which is normally being used
for ¥Fe Mossbauer experiment. As a result of the ra-
dioactive decays, the excited state of Co decays to
Fe excited state by electron capture process. The ex-
cited state of Mossbauer nucleus decays and comes to
ground state. The decay of “Co generates two excited
states of “Fe where almost 99% decay occurs for the
lowest energy level which is 14.4 keV and is known
as the first excited state from ground state of “'Fe.
The ground state of ¥Fe does not undergo any kind of
decay and the decay constant is zero for it due to zero
energy level. Each nuclear level possesses specific
energy, spin, parity, and decay constant £ mean prob-
ability of decay per unit time.

As shown in Figure 7(B), due to the electrical mo-
nopole interaction, the electrical quadrupole interac-
tion, and the nuclear Zeeman interaction, the nuclear
energy levels of “Fe (ground and first excited states
with nuclear spins of 1/2 and 3/2, respectively) can
be split by electric or magnetic fields acting at the nu-
cleus. The hyperfine interactions are able to cause a
positive or negative shift of the peak position from
zero position of the relative velocity (Doppler veloci-
ty), and the shape of the ¥Fe Mossbauer spectrum can
be changed from a single absorption peak to double
and even sextet. In Figure 7(B) schematically shows
the shift and splitting of nuclear energy levels and the
corresponding ¥Fe Massbauer spectral shape changes
when the three kinds of hyperfine interactions are
considered solely. In actual samples, the three kinds
of hyperfine interactions are often existed simultane-
ously at iron nuclear positions, and the peak position
of the resulting Mossbauer spectrum, the peak spac-
ing and the shape of the Mossbauer spectrum will be

more complex.
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Usually there are three main parameters obtained
from Mossbauer spectroscopy in data form by curve
fitting measured Mossbauer spectra, which gives in-
formation about electronic, structural and magnetic
properties of investigated material include: 1) Isomer
shift (8) arises from Coulombic interaction between
the nucleus and the s-electrons, 2) quadrupole split-
ting (A) arises from the interaction of electric field
gradient with the electric quadrupole moment of the
nucleus, and 3) magnetic hyperfine field (B) arises
from the interaction between the nuclear magnetic
dipole moment and the effective magnetic field at the
nucleus. That is, in turn, through the observation of
the y-rays recoilless nuclear resonance phenomenon,

the Mossbauer effect, obtaining measured Mossbauer
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spectrum, analyzing it by considering the various hy-
perfine interactions existed in the nuclear location,
we can study the configuration and distribution of or-
bital electrons, the physical properties of catalytic
material, structural properties and chemical bonding
properties, etc.
4.2 “Fe Mossbauer Instrumentation

A standard Massbauer spectrometer mainly con-
sists of a radiation source (normally ¥Co in a Rh or
Pd metal matrix for Fe Mossbauer spectroscopy), a
velocity transducer, a device for velocity calibration,
waveform generator and synchronizer, y-rays detec-
tion system, multichannel analyzer, computer, and an
optionally cryostat (low temperature) or oven (high
temperature) attached in the setup to control the
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Figure 7 (A) Schematic illustration for emission of specific energy y-rays from the excited state of nucleus in the Mossbauer source
and recoilless y-rays resonant absorption of the same nucleus in the ground state in the absorber (sample). (B) Nuclear energy levels
splitting in case of a transition between I, = 1/2 and I. = 3/2 like that of *Fe due to electric monopole interaction, or electric

quadrupole interaction or magnetic hyperfine interaction, and the corresponding *’Fe Méssbauer spectra.
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temperature during measurement, which make this
instrument suitable to operate at a wide range of tem-
perature conditions. Schematic illustration of (A) con-
figuring a Mossbauer spectrometer and (B) observing
modes of a Mgssbauer spectrum is shown in Figure 8.
In transmission mode as shown in Figure 8(B), an
absorber (sample under study) is placed between the
source and detector to observe the negative peaks
corresponding to absorption of 14.4 keV y-rays. In
backscattering mode, the source and absorber are
placed on the same side to observe positive peaks
corresponding to absorption of 14.4 keV vy-rays, and
the conversion electron Massbauer spectrum (CEMS)
is produced by detecting only the emitted internal con-
version electrons by using specific CEMS detector.
Massbauer spectra are generated by the velocity

sweep method in which a moving driver or velocity
transducer is used to move the source or sample re-
peatedly (so-called Doppler moving) with a specific
velocity, while y-rays are transmitted or emitted con-
tinuously through the sample and counted on syn-
chronization channels. Usually, the source is mount-
ed on a vibrational axis of an electromagnetic trans-
ducer which moves according to voltage waveform
applied on the driving coil of the systems, and acceler-
ation with a triangular waveform frequency of this
transducer is between 5 ~ 50 Hz. The detecting system
is used to detect and store the signal counts in a mem-
ory of typically 1024 channels. An external clock sub-
divides the time intervals of waveform applied to the
driven system into number of channels which syn-
chronizes the channel number in the memory and
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Figure 8 Schematic illustration of (upper part) configuring a Mgssbauer spectrometer copied with permission from webpage: http://

www.wissel-instruments.de/ and (lower part) Operational modes of Méssbauer spectroscopy for observing a spectrum: Transmission

mode (right) and backscattering mode (left, CEMS measurement). (color on line)
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instantaneous velocity of the source by advancing
memory address one by one. The triangular wave-
form and 1024 memory channels produce two mir-
ror-imaged Mossbauer spectra each with 512 chan-
nels. With sufficiently good velocity linearity, the two
spectra can be easily combined (to increase the signal
to noise ratio) to give one 512 channel Miossbauer
spectrum.
4.3 Data Analysis and Fitting

After obtaining data from experiment, the next
step is analysis and fitting of the spectra to determine
the active phase structure and valence states of Fe in
the catalyst. The fitting of data is usually approximat-
ed after comparison with previously available data in
the literature or database system. The past data can
help in the attribution and screening of the object
phase, valence state, spin state and coordination
structure based on the analytical and fitted results.
Therefore, the database system was developed which
is a globally connected network of different centers
for Mossbauer effect reference and data. These cen-
ters collect data from the Massbauer analysis of the
published literature where it can be used for fitting
and analysis of future materials. One of the biggest
centers of Mossbauer effect, where the reference and
data collected from the whole world for different
Maossbauer samples, is Mossbauer Effect Data Center
at Dalian Institute of Chemical Sciences, Chinese
Academy of Sciences (https://medc.dicp.ac.cn/)*.

Furthermore, there are several sophisticated meth-
ods and software available for analyzing and interpre-
tation of Mossbauer data. Among different types of
software available in market, Mosswin is one of the
most sophisticated software for data analysis and fit-
ting (http://www.mosswinn.com/), Fitting methods
and model assumptions can have a significant impact
on the interpretation of Mossbauer spectra under cer-
tain situations due to overlapping of data peaks usu-
ally. Therefore, members of a research group use one
common software and analysis method for spectral
analysis, and any discrepancy in interpretation due to
the usage of different programs could be reduced.

Massbauer spectra have been interpreted using differ-

ent physical models, but only a few of these models
have been compared and published.

A variety of physical models are used by the analy-
sis software to produce a model spectrum with which
measured spectrum could be compared, fitted, and
analyzed. The fitting of the Maissbauer spectrum
should not only be carried out on the obtained data,
but first also consider a theoretical model. This is be-
cause fitting could get superficially unreasonable
chi-squared value (x?) if based on unphysical model.
Commonly, there are three different line shapes em-
ployed for modeling of a Maéssbauer spectrum as
shown in Figure 9. The combination of Lorentzian
and Gaussian line resultant is called as the Voigt line
shape which is referred to as a pseudo-Voigt function
since it is a linear mixture of the two shapes.

Error in analysis is obvious and it varies from labo-
ratory to laboratory. Doublet areas are typically stated
to no better than one significant place after the deci-
mal. Isomer shift (6) and quadrupole splitting (A) val-
ues are often + 0.02 mm-s”, and magnetic hyperfine
field (B) values are exceedingly erratic. In general,
Massbauer technique can detect down to 1% of the
total normal Fe in the sample, but challenging for the
samples containing less than 0.1% weight Fe, the
Massbauer signal is available to be largely enhanced
if the enriched isotope 'Fe is used for preparing the
samples.

Taking an example of NiFe-(oxy)hydroxide OECs,
generally two symmetrical peaks of almost equal
height are expected for pre-OER powder-based cata-
lyst, indicating the presence of only one kind of Fe**
species. This kind of spectrum could be simply ap-
proximated and fitted with two Lorentzian lines, only
one doublet confirms the one kind of Fe* species in
the system. In our work recently published, all spectra
of NiFe-(oxy)hydroxide OECs were fitted to Loren-
rentzian profiles by the least-squares method, and the
fit quality was controlled by the standard y* and mis-
fit tests (MossWinn program)®®.

In this way, the *’Fe Mossbauer spectral parameters
could be determined, including the isomer shift (),

the electric quadrupole splitting (A), the full width at
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Figure 9 Different line shapes employed for approximation of

practically measured “Fe Massbauer spectra. (color on line)

half-maximum (/'.,,), and the relative resonance area
(A) of the different components of the absorption pat-
terns. In the case of two different kinds of Fe
species in the system which could arise due to differ-
ence in coordination at the surface and inside the lat-
tice, the fitting of the spectrum may not be simple
and could require fitting with two doublets or one
doublet and one singlet. The presence of high valence
Fe such as Fe* could be confirmed if the spectra
could not be fitted with only one doublet and an iso-
mer shift is observed around zero and even negative
side. Moreover, stability of catalyst structure can also
be confirmed by comparing pre-OER and post-OER
spectra by fitting equally. Any difference in the spec-
tra of two states indicates that catalyst structure is not
stable and phase changes might occur which could
create ambiguity about the final results. Therefore, it
is strongly recommended that in-situ/operando study
is conducted for the catalyst which does not undergo
any kind of structural transformation under applied

potential or during OER.
S In-Situ/Operando Mossbauer Spec-
trometer Setup for OER Study

Massbauer spectroscopy becomes very important
tools for the characterization of NiFe-based OECs
since a very small amount of Fe significantly en-
hances the OER activity of these materials. Later in

the 1980s, it was received a huge attention to the re-

search on electrochemical water splitting processes
utilizing non-precious metal oxides and hydroxides to
replace the precious metal ones and costly anodic
materials. Corrigan conducted one of the significant
researches in which he discovered that when Fe impu-
rities are injected into NiO anodes, the OER activity
increases®. Afterward, several other transition metal
cations were investigated for their impact on OER
performance by impregnating into NiO electrodes™.
But not a comparable OER-enhancing impact was
observed from any other d-block element except Ce*,
which showed similar improvement in OER activity
of NiO. Nonetheless, the degree of Ce*-induced en-
hancement was near to that of Fe**-induced enhance-
ment. However, until 2014-2015, no significant effort
was made to give a logical and acceptable explana-
tion for this enhancement. And for more than two
decades, these findings of Fe impurities-based en-
hanced OER performance of Ni-based materials were
completely hidden.

Since Maossbauer study of NiFe-OECs provided
some reasonable explanations to this unprecedented
OER activity, it became crucial to develop and im-
prove the in-situ/operando Mossbauer electrochemi-
cal setup and experimental understandings. Firstly,
we discuss the key challenging issues and parameters
to develop an in-situ/operando Missbauer instrument
for OER reaction to observe the evolution of the
chemical state of the iron dynamically in the catalyst
and structure of the catalyst during electrochemical
reactions. The in-situ/operando setup consists of “Fe
Massbauer spectrometer connected with electro-
chemical station to conduct electrochemical reactions
and Mossbauer analysis simultaneously. A typical in-
situ/operando Mossbauer electrochemical setup, which
was self-developed in our lab, is shown in Figure 10
(D). This setup consists of three main parts: 1) Moss-
bauer spectrometer, 2) electrochemical station, and
3) locally designed in-situ/operando OER electroche-
mical reaction cell. In our lab, we use single line “Fe
Méssbauer radiation source Co(Rh) with 14.4 keV
level y-rays, which could reduce attenuation in elec-

trolyte and obtain a satisfactory signal-to-noise ratio
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attached with CHI660E electrochemical station. The
Doppler velocity of the spectrometer is calibrated
with respect to a-Fe at 298 K according to the inter-
national recommended standardization. Generally,
before the in-situ/operando OER characterization ex-
periment, the electrolyte is saturated with nitrogen or
argon to remove the dissolved oxygen. Therefore, ac-
cessories such as a gas cylinder are added as shown
in Figure 10(D).

We have self-developed several kinds of in-situ/
operando electrochemical reaction cells for Fe and
"Sn Mossbauer spectral measurements using one
kind of commercialized Teflon material without con-

taining any iron impurity, which is a cheap, stable,

A In-situ working electrodes B

Electrolyte

Station

out-let pump

Electrochemical

and easily machined material with very low y-ray ab-
sorption property. An electrochemical reaction cell
with high versatility for in-situ/operando M Gssbauer
spectral measurements is shown in Figure 11. Very
thin windows of about ~ 0.6 mm thickness with the
diameter of about ~ 10 mm aligned with the source
and detector were carved into both walls of the work-
ing electrode area for the facile passage of y-rays.
The distance of the two windows was only a few
millimeters to reduce the attenuation of y-rays and
enough to immerse 3 ~ 5 pieces of working elec-
trodes parallel to each other with a distance of less
than 1 mm. Two small peristaltic pumps, such as
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Figure 10 (A) Fabricated electrodes for in-situ/operando Mossbauer-electrochemical test. (B) A front view of self-designed Mass-

bauer-electrochemical reaction cell connected with electrochemical station. (C) In-situ/operando Mossbauer-electrochemical cell

placed inside the Mossbauer instrument ready for coinstantaneous OER reaction and Mossbauer measurement. (D) The schematic

illustration of in-situ/operando electrochemical ¥Fe and "Sn Mossbauer setup for electrochemical OER characterizations®. Copy-
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reaction cell where the electrolyte enters from lower
part of reference electrode and after passing through
working electrode area leaves from upper side of
counter electrode. This kind of flow style can help to
maintain the pH during the electrochemical reaction.
The flow rate of both pumps keeps same during the
reaction and the amount of electrolyte in a beaker
should be enough such as 100 ~ 200 mL to maintain
the pH of 0.1 mol-L"' KOH solution.

The fabrication of electrode for in-situ/operando
Massbauer test is very sensitive task and needs high
attention. For this purpose, the key step is to prepare
ink of the catalyst. In a typical OER experiment in
our lab, 10 mg of catalyst powder is added into solu-
tion containing 40 wL Nafion, 480 pL isopropanol,
and 480 pL deionized water in a 5 mL plastic vial.
The suspended solution of catalyst is kept in sonica-
tion for six hours to obtain a uniform slurry which is
important for uniform and stable deposition of catalyst
on substrate. The catalyst ink must be evenly coated
on substrate such as carbon paper or carbon foil be-
fore the test and a conductive copper foil is connected
with the substrate as shown in Figure 10(A). A front
view of self-designed Massbauer-electrochemical re-
action cell connected with electrochemical station is
shown in Figure 10(B). Figure 10(C) is a picture of
the in-situ/operando Mossbauer-electrochemical cell
placed inside the Maossbauer instrument ready for
coinstantaneous OER reaction and Méssbauer mea-
surement. A lead plate with 3 mm thickness, with a

window of the same size as the in-situ/operando cell,
is pressed to the cell’s front, ensuring that the Moss-
bauer y-rays only can enter from the cell’s window,
and the Mossbauer y-rays in other directions are
shielded by the lead plate. We call this specific lead
plate a Mossbauer spectrometer collimator.

Generally, 5 ~ 10 mg Fe cm™ of absorber thickness
is recommended in case of normal iron containing
substance used in catalyst preparation for a conven-
tional Fe Mossbauer spectra measurement, in which
the ¥Fe nucleus, one kind of the Fe isotopes with on-
ly ~ 2.2% natural abundance. For the in-situ/operando
electrochemical “Fe Mossbauer testing, the catalyst is
recommended to be prepared using enriched *’Fe iso-
topes for enhancing the resonant absorption signals.
Compared with the window material and the carbon
paper substrate, the electrolyte solution is the greatest
affecting the Mossbauer y-rays, so, the distance be-
tween the two windows of the reaction cell should be
as close as possible to be minimized. This is also the
main reason for the recommended use of enriched
*Fe isotopes for electrocatalyst preparation. General-
ly, the enriched “'Fe isotopes can be purchased on the
market, the purity is basically 95% and above, which
is provided in the form of metallic iron foil or iron
oxide. It can be dissolved in a medium such as hy-
drochloric acid, nitric acid or sulfuric acid, and pre-
pared into the corresponding salts as stock solution
for use.

It is well-known fact that only a small amount of
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Out-let 5mm 5
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rays pass

Electrolyte through windows L AR A
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Figure 11 (A) A schematic diagram of self-designed in-situ/operando *'Fe and "Sn Mossbauer electrochemical reaction cell. (B) A

schematic illustration of multiple working electrodes parallel arrangement inside the reactor. (color on line)
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catalyst is needed for one OER test, but for the in-
situ/operando 'Fe Mossbauer studies enough Fe con-
tent in the catalyst is required to detect good quality
signals. Depositing a too thick catalyst layer on one
working electrode is not recommended as only sur-
face particles will take part in OER while the bottom
particles may not take part, hence signals could be
mixture of unreacted and reacted Fe in OER catalyst.
Therefore, to make it sure that every particle of the
catalyst is taking part in OER, and enough amount of
catalyst is presented to detect signals, we need sever-
al pieces of well-prepared working electrodes placed
parallel to each other as shown in Figure 11(B) (3 ~ 5
pieces of electrodes deposited with the same catalyst
ink placed at the distance of less than 1 mm). This
will facilitate every particle of the catalyst to take
part in the OER reaction and enough amount of Fe
content to detect good quality signals.

On the other hand, we prefer a continuous flow of
electrolyte rather than changing electrolyte after
some time as using a small amount of electrolyte and
highly active electrocatalyst may result in change of
pH of the electrolyte which could alter the reaction
dynamics. Hence, a continuous flow of electrolyte
through reactor will prevent this kind of pH from
changing during the reaction even at longer run. And
at the same time, also enough amount of electrolyte
must be presented inside the reaction cell during the
flow process but only at counter and reference elec-
trode sites, while the working electrode should have
very less amount only to make sure electrolyte con-
tact with the catalyst for reaction so that a good qual-
ity of signals could be obtained to study briefly. The
formation of bubbles on the electrode surface is in-
evitable during OER especially at higher potential,
which could affect the signal quality, so using multi-
layers of catalyst and exposure to limited amount of
electrolyte could largely suppress this problem but
not completely.

The electrochemical tests should be conducted in a
systematic manner such as first pre-OER should be
conducted for catalyst powder without substrate.

Then after depositing the catalyst powder on the sub-

strate to study the effect of substrate because if there
is any effect we should consider during analysis and
fitting process to normalize. After pre-OER tests, first
in-situ/operando test should be conducted at open cir-
cuit potential (OCP) to study the effect of electrolyte.
Usually, the absorption of y-rays or strength of the
signals could be decreased in the presence of elec-
trolyte, but this problem could be lessened if experi-
ment continues for longer time. Next, one test should
be conducted at an applied potential lower than the
potential required for OER, i.e., lower than the onset
potential. This will show whether there is any change
of electrochemical state of Fe species at lower poten-
tials or not. After these initial experiments, now we
can go for onset potentials and higher potentials. Af-
ter studying at different potentials, one should test the
post-OER immediately after taking out the electrolyte
and removal of applied potentials, and then after 48
hours to 72 hours when the electrode is fully dried.
This will give a clear understanding about the struc-
ture stability and time required for recovering the o-
riginal structure capability of the catalyst. If the
pre-OER and post-OER spectra of a catalyst are simi-
lar and show symmetric, then it could be considered
that the catalyst has a stable structure and does not
undergo any structural transformation, and the role of
the chemical state change of Fe species could also be
confirmed under OER catalyst working conditions.
One most important point here is that the current
density must be stable during whole reaction at every
applied potential, which will not only confirm the
catalyst stability but also help in determining the real
structure of the catalyst.

6 In-Situ/Operando “Fe Mossbauer
Spectroscopic Study Case

As we have discussed above that presence of Fe*
was first time observed by Stahl et al. but they could
not completely explain the role of high valence state
of Fe in the OER™. And it was assumed that this
high valence Fe either plays a direct role as an active
site during OER or it enhances the activity of Ni
sites. Later on, in-situ/operando XANES study of
NiFe-PBAs indicated that NiFe-PBAs were trans-
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formed to NiOOH,., during OER, which generate Ni**
hence the OER activity was improved. These contra-
dictory and incomplete claims indicated two major
flaws in these studies: 1) the real role of Fe* could
not be clearly understood and explained and 2) the
reversible structural transformation of NiFe-OECs
during the OER, making it unclear that which phase
of NiFe-OEC:s is responsible for higher OER activity.
Therefore, we tried to solve both these challenging
issues and address well in our following studies.

We have so far discussed the effects of doped/in-
corporated Fe in Ni-based OECs, their activities, pos-
sible factors responsible for higher activity. But it is
important to highlight the suitable method for their
synthesis and in-situ/operando studies. We here rec-
ommend a suitable and facile method for the synthesis
of NiFe-(oxy)hydroxide OECs by using PBAs as pre-
cursors, which was newly developed in our lab®™. We
know that PBAs have the typical chemical formula
AM,[Mm(CN),)] -xH,0, where A indicates the alkali
metal ions such as Na* and K' etc., while M and M
represent the transition metal cations'®®), In the PBAs
crystal structures, cyanide groups serve as bridges be-
tween transition metal ions (M*'~C =N-M?"). Due to
the difference in electronegativities of C and N, the
corresponding M and M metals show high and low
spin states, respectively. These materials are useful
for different applications such as batteries, gas stor-
age, catalysis, energy storage, sensors, drug delivery,
and environmental cleaning®!. One of the most pro-
mising applications of these materials is the use of
these materials as a precursor for the synthesis of in-
organic nanostructures™. It is now possible to syn-
thesize volumes of PBAs with specified compositions
and morphologies. PBAs have also gained attention
due to diverse and tunable morphologies and sizes.
But effective and beneficial use of PBAs mainly de-
pends on processing and synthesis steps to control
shape, composition, and size according to the desired
application.

6.1 NiFe-PBAs/Carbon Nanotubes OER
Electrocatalysts

In first part of our case study here, the structural

stability issue of NiFe-OEC was investigated and the
real phase of the catalyst was confirmed during OER
before going for in-situ/operando Mossbauer study to
further elucidate and understand the mechanism. For
this purpose, composites of NiFe-PBAs/carbon nano-
tubes (CNTs) with the optimized amount of CNTs
were synthesized and their OER activities were com-
pared with that of NiFe@C obtained from high-tem-
perature pyrolization of NiFe-PBAs. The NiFe-PBAs/
CNTs OER activity with the optimum amount of
8wt.% of CNTs was found to be significantly superi-
or to NiFe@C as shown in Figure 12(A), and the
Tafel slope showed the smallest value of 83 mV -dec”
among other samples as shown in Figure 12(B). The
X-ray diffraction (XRD) results before and after de-
position and activation by CV of NiFe-PBA/CNTs
(8wt.% ) on carbon paper indicated that the crystal
structure was changed after activation as shown in
Figure 12(C). The XRD peaks intensities were signif-
icantly reduced after activation, which suggests that
the crystal structure of NiFe-PBAs was broken during
the activation process. The characteristic peaks repre-
senting NiFe-PBAs completely disappeared after 125
cycles, indicating that the NiFe-PBA structure had
been completely transformed into other structures.
The XRD results after the 500 cycles were similar
to 125 cycles, which suggests that there is no further
change in crystal structure after 125 cycles. Further-
more, ex-situ “'Fe Maossbauer spectral measurement
shown in Figure 12(D) before and after activation of
NiFe-PBAs showed that after activation no resonance
absorption signal could be observed, which proved
that the iron cyanide large anions had been complete-
ly dissolved into the electrolyte during the reaction
and the structure no longer belonged to NiFe-PBAs.
This was further confirmed by ex-situ and in-situ/
operando Raman spectra as shown in Figure 12(E-F),
which exhibited the same results. Hence, the dissocia-
tion of [Fe(CN)¢]* after activation indicated the for-
mation of new Ni-O stretching vibration band which
belongs to Ni(OH),/NiOOH. Therefore, this study re-
vealed that NiFe-PBAs/CNTs OER catalysts will com-
pletely undergo dissociation of [Fe(CN)q]* upon elec
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Figure 12 (A) Linear sweep voltammetric results of NiFe-PBAs/CNTs with varying amount of CNTs. (B) Tafel slopes for NiFe-
PBASs/CNTs. (C) XRD analysis showing the structures of NiFe-PBAs/CNTs, carbon paper, NiFe-PBAs/CNTs/carbon paper, and
NiFe-PBAs/CNTs/carbon paper after activation through cyclic voltammetry. (D) Ex-situ ¥Fe Mossbauer spectroscopic analysis of
NiFe-PBAs/CNTs before and after CV activation. (E) Raman spectra for NiFe-PBAs/CNTs before and after CV activation. (F) In-situ/
operando Raman spectroscopic analysis for NiFe-PBAs/CNTs at different applied potentials. (color on line)

trochemical activation in the alkaline condition gen-
erating Ni(OH)/NiOOH. In this stage, this Ni(OH),/
NiOOH can be considered to the real active phase,
which is more reasonable to claim that why NiFe-PBAs
has high activity in the OER.
6.2 NiFe,-Fe PBAs Derived NiFe,-(Oxy)
Hydroxides OER Electrocatalysts

In the first part of our case study above, we con-
firmed that the spontaneous dissociation of the NiFe-
PBAs in the alkaline solution generated Ni(OH),/
NiOOH, serving as potential and stable structures
which do not undergo any kind of further transforma-
tion under the applied potential once it is generated. In
addition, we previously developed a novel and scalable
strategy, containing a “copolymer-co-morphology”
conception, to compositionally control synthesis of
various types of PBAs which can be topotactically de-
rived into corresponding double oxides®™. Therefore, a

series of NiFe,-(oxy)hydroxides (NiFe,-O.H,, m refers

to the atomic ratio of Fe/Ni) catalysts were synthe-
sized by the topotactic transformation of NiFe,-Fe
PBAs in an alkaline solution. The NiFe,Fe PBAs
materials with different iron contents doped in the Ni
sites were prepared by our previously developed
strategy™.

One of the novelties in our second part case study
here is the topotactic transformation of NiFe,-Fe
PBAs into NiFe,-OH,. It was observed from the
ex-situ. “’Fe Mossbauer analysis of NiFe,-Fe PBAs
that there are two kinds of Fe** with different spin
states in the system. This indicates that two different
Fe* species are on two different crystallographic po-
sitions and all the spectra could be reasonably fitted
with two doubles as shown in Figure 13(A-D). The
relevant amount of different kinds of Fe* in every
sample containing different amounts of Ni/Fe ratio is
given in Table 1. The sensitivity of Fe Mossbauer

spectroscopy is so high that it could even differentiate
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Figure 13 (A-D) Ex-situ *’Fe Mossbauer analysis of NiFe,-Fe PBAs doped with different ratios of Ni:Fe. (E-H) Ex-situ Fe Moss-

bauer analysis of NiFe,-O,H, derived from the precursors NiFe,-Fe PBAs by topotactic transformation. (color on line)

between two different crystallographic positions of
Fe* which is usually not possible with other charac-
terization techniques. This makes “Fe Missbauer
spectroscopy more sophisticated and sensitive to
study Fe containing materials. Moreover, increasing
the Fe ratio increases the Fe** amount in the Ni sites,
which, later on, will be transformed into NiFe,-O,H,
after treatment with KOH. Interestingly, only one
type of high spin Fe** was observed in ex-situ “'Fe
Maossbauer analysis for NiFe,-O,H,, and increasing Fe
doping without further influence on the one doublet
spectral shape and parameters as shown in Figure 13
(E-H) and also listed in Table 2.

Figure 14(A) shows that the NiFey,-O,H, exhibited
a significant decrease in onset potential after activa-
tion through 100 cycles of CV where phase changes
occurred from a-phase Ni(OH), structure to y-phase
NiOOH structure. Ex-situ “Fe Mossbauer analysis
shows a negligible change in the 6 values, but there
were significant changes in the A values before and
after electrochemical activation as shown in Figure

14(B-C). Iron has the coordination structure of 6-oxy-

gen coordinated octahedral in both crystal phases of
a-phase Ni(OH), and y-phase NiOOH, with smaller A
value indicating the octahedral sym metry should be
higher in later one than the former one. This also fur-
ther illustrates the high energy resolution of the *'Fe
Massbauer spectroscopic technique where even sub-
tle changes in the electron density and the electric
field distribution at the iron nuclide position can be
clearly identified. Similar trend was also observed in
ex-situ and in-situ/operando Raman spectra where
peak shifting and significant rise in peaks intensity
were observed after activation as shown in Figure 14
(D-E). The LSV results for different NiFe,-O,H, cata-
lysts shown in Figure 14(F-G) indicate that NiFe,,-O,-
H, exhibited the lowest overpotential of 263 mV at
the current density of 10 mA - cm? and the Tafel slope
with a value of 35 mV -dec” was observed (Figure 14
(H)). The catalyst NiFe,,-O,H, showed a great stabili-
ty for 100 hours while exhibiting the current density
of 100 mA -cm?,

In summary, in the second part of our case study

work, the high-performance OER catalyst of NiFe-
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Table 1 Ex-situ Fe Mossbauer spectral parameters of NiFe,-Fe PBAs at room temperature

Sample Valence/spin state &/Fe (mm-s™) A (mm-s™) I'o(mm-s™) A (%)
Fe high spin 0.44 0.50 0.43 14
NiFe,-Fe PBA
Fe' low spin -0.17 0.50 0.38 86
Fe high spin 0.40 0.65 0.38 19
NiFey,-Fe PBA
Fe"low spin -0.16 0.59 0.46 81
Fehigh spin 0.37 0.65 0.34 21
NiFe,,s-Fe PBA
Fe'low spin -0.15 0.62 0.45 79
Fehigh spin 0.37 0.64 0.36 24
NiFeovzq-Fe PBA
Fe' low spin -0.15 0.57 0.44 76
Table 2 Ex-situ Fe Mossbauer spectral parameters of NiFe,-O,H, at room temperature
Sample Valence/spin state ~ 6/Fe (mm-s™) A (mm-s) I, (mm-s”) A (%)
NiFe,,;,-O.H, Fe** high spin 0.32 0.44 0.28 100
NiFey,-O.H, Fe** high spin 0.32 0.58 0.42 100
NiFey5-O.H, Fe** high spin 0.34 0.35 0.36 100
NiFeg,-O,Hy Fe** high spin 0.32 0.43 0.33 100

(oxy)hydroxides (NiFe,-O,H,) was firstly developed
through the topotactic transformation of NiFe,-Fe
PBAs in an alkaline solution. Furthermore, the phase
purity and stability were thoroughly confirmed by
ex-situ and in-situ/operando Raman and ex-situ “'Fe
Massbauer spectroscopies in combination with other
several kinds of conventional techniques. It is indi-
cated that phase structure of NiFey,-OH, was irre-
versibly transformed from a-Ni(OH), to y-NiOOH by
applying an anodic potential which is different from
that of previous report mainly obtain ing from in-
situ/operando XAS characterizations™. The amount of
Fe was optimized, and the excellent OER electro-
chemical activity and stability were also demonstrat-
ed. That is to say, these catalysts are confirmed to be
more stable with no changes into any other structure
once it is generated after CV activation.

After making clear the stability issues, the NiFe,,-
O.H, catalyst with the optimized iron proportion was
selected to probe the reaction mechanism of NiFe,-
O.H, OER electrocatalyst using the self-developed in-
sttu/operando electrochemistry Mossbauer characteri-

zation instrument as shown in Figure 10(D)®!, This in-
strument has also been applied in ORR™ and CO,RR™,
which provides a high level of research tool for the
preparation of highly efficient catalysts of electrolytic
water, carbon dioxide reduction, fuel cell develop-
ment and even for detecting the structural and elec-
tronic properties of single atom catalysts”!, The id-
entifications of durable and non-durable FeN, sites in
Fe-N-C materials for PEMFCs towards practical ap-
plications have also been successfully investigated,
and the results will be published soon as like that re-
ported by the well-known French team™,

The in-situ/operando *Fe Mossbauer results indi-
cated that Fe was only in 3+ oxidation state in
NiFe,-O.H, at lower applied potentials, such as 1.22 V
and 1.32 V, and the spectral shapes are almost the
same as the one collected at the open circuit voltage
(OCV) as shown in Figure 15(A), where only one
doublet is observed with the equal intensity of the
two peaks and can be ascribed to high spin Fe*.
However, as the applied potential increased and

reached to 1.37 V, the intensity of the two peaks began
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Figure 14 (A) Cyclic voltammetric curves of NiFe,,-O.H, before (the black curves, a-phase Ni(OH), structure) and after electro-
chemical activation (the red curves, y-phase NiOOH structure). (B-C) “Fe Massbauer spectra of NiFe,,-O,H, before and after elec-
trochemical activation. (D) Raman spectra of NiFe,,-O,H, before (black) and after (red) applying anodic potential. (E) Operando Ra-
man spectra of NiFe,,-O,H, collected at different applied potentials (V vs. RHE). (F) The OER polarization curves with iz correction.
(G) Overpotentials at 10 mA -cm?. (H) Tafel plots of NiFe,-O,H, with different molar ratios of Fe/Ni and commercial RuO,. (I)

Chronopotentiometric curves of NiFe,,-O,H, on Ni foam with different catalyst loadings at a constant current density of 100 mA -cm?

for 100 h. The inset shows the chronopotentiometric curve of NiFe,,-O,H, at a constant current density of 10 mA -cm™*. Copyright

2021. ELSEVIER B.V. Reproduced with permission. (color on line)

to become unequal, and a small shoulder peak started
to develop with the 8 value of around -0.25 mm-s™
as shown in Figure 15(B) which can be attributed to
Fe*¥". The observed spectral shape has been changed
more significantly, indicating that the content of Fe*
further increases as the applied anode potential in-
creases (Figure 15(C-D)). The amount of Fe* further
increased to ~ 40% as the applied potential reached
1.57 V as shown in Figure 15(E). And after that Fe*

completely disappeared as the applied potential was

removed, indicating the crucial role of Fe* species in
OER (Figure 15(F)). The pre-OER and post-OER
spectra were similar, which indicates the excellent
structure stability of the catalyst. The stability was also
confirmed through measurement of current density
which remained stable throughout the in-situ/operando
Massbauer measurements (Figure 15(G)). Moreover,
combining with the cyclic voltammetric curves (Fig-
ure 15(H)), the generation of Fe* (~ 12% in total) was
also observed at around the onset potential 1.42 V vs.



ML AL~ (). Electrochem.) 2022, 28(3), 2108541 (24 of 31)

RHE of OER (Figure 15(C)). As listed in Table 3, it potential rather than around onset potential™. There-
is different from the previous in-situ/operando Moss- fore, the in-situ produced abundant Fe*" at onset po-

bauer tests, in which Fe*" was observed at a higher tential and different applied potentials suggested that
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Figure 15 The in-situ/operando “Fe Mossbauer spectra of NiFe,,-O,H, collected at (A) the open circuit voltage, (B) 1.37 V, (C)
142V, (D) 1.47 V, and (E) 1.57 V (vs. RHE). (F) Ex-situ “Fe Mossbauer spectrum of NiFe),-OH, collected after OER. The unit of
'Fe Mossbauer parameter of isomer shift (§) is mm- s relative to standard a-Fe foil. (G) The current-time curves at different applied
potentials obtained during the in-situ/operando measurements. (H) Cyclic voltammogram without i correction of NiFe(,-O,H, record-
ed during the in-situ/operando measurements. (I) The content of Fe* and corresponding electric current determined at different ap-
plied potentials™!. Copyright 2021. ELSEVIER B.V. Reproduced with permission. (color on line)

Table 3 The content of high-valent iron in-situ produced in the NiFe(,-O,H, electrocatalyst during the oxygen evolution reaction.

This work™ (NiFe,,-OH,) Previous report!*” (Layered 3:1 NiFe oxyhydroxide)
Potential Fe* Potential Fe*
(V vs. RHE) Fe* (%) 8/Fe (mm-s™) (V vs. RHE) Fe* (%) 8/Fe (mm-s™)
1.32 0 - - - -
1.37 2 -0.25 - - -
1.42 1.49
(around onset) 12 -0.24 (around onset) 0 )
1.47 23 -0.25 - - -
1.52 36 -0.24 - - -
1.57 40 -0.25 1.62 12 -0.27

- - - 1.76 21 -0.25
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Fe* has critical role in OER as shown in the last
Figure 15(1). Therefore, it can be concluded that the
amount of high-valent iron species in-situ produced
in the NiFe,»- (oxy)hydroxide has a positive correla-
tion with its water oxidation reaction performance,
which further deepens the understanding in the
mechanism of NiFe-based electrocatalysts.

7 Summary

In this tutorial review, NiFe,-Fe PBAs are used as
probe precursors for preparing highly efficient NiFe-
(oxy)hydroxide (NiFe,-O,H,) OER electrocatalysts by
a novel topotactic transformation method and the
home-made in-situ/operando electrochemical “Fe Mo-
ssbauer spectroscopic technology independently de-
veloped is used to conduct in-depth research on the
OER real active intermediates and working mecha-
nism. Here we introduced in detail the application of
in-situ/operando *Fe Maossbauer technique in the
electrochemical OER test process, including its work-
ing principle, instrumentation, the design of reaction
cell, NiFe-based OECs sample detection, data analy-
sis, simulation and study case results discussion. The
in-situ/operando “'Fe Mossbauer technique has also
been successfully applied in the ORR, CO,RR, etc.,
the authors hope to be able to provide a high level of
research tool for the preparation of highly efficient
catalysts of electrolytic water, carbon dioxide reduc-
tion, fuel cell development and even for detecting the
structural and electronic properties of single atom
model catalysts.

The low cost, excellent OER activity, and better
stability of NiFe-based catalysts make them ideal
candidates. In order to develop novel NiFe-based
OECs and their use in commercial applications, first-
ly, it is crucial to understand the OER process of
NiFe-based OECs under realistic working conditions
and to investigate their structure-activity relationship.
Recently, several in-situ/operando characterization
techniques have been developed to study the OER
process at the solid/liquid interfaces under real-time
applied potential to understand how the chemical and
electronic structure changes take place in NiFe-based

catalysts, the effect of electrochemical environment,

and reaction intermediates interacting with each oth-
er. The focus of all these in-situ/operando techniques
was to investigate the transformation of Ni(OH), to
NiOOH and the changes in oxidation states of Ni and
Fe. And most of the results indicated that NiOOH is
an active phase for OER, while both Ni and Fe are
important for high OER activity in NiFe-based OECs.
But all these in-situ/operando characterizations could
not bring researchers to reach a consensus whether Fe
is an active site or Ni as some in-situ/operando results
indicated that Fe acts as an active site for OER, while
NiOOH helps in the stabilization of Fe*™. On the
other hand, some others suggested that Ni is the active
OER center as a-Ni(OH), nanostructure showed better
OER activity compared to RuO,". Moreover, the opti-
mal interaction strength of Ni with OH,, also satisfies
the Sabatier criteria for the required design of OER
catalysts®. There could be several factors that are con-
sidered as the potential factors for different active
sites during in-situ/operando characterizations. For
example, during in-situ/operando studies, it becomes
difficult to find out real active sites in the presences
of several other disturbing factors while focusing on
selective intermediates. Another factor is the differ-
ent configurations of in-situ/operando cells for the
study of materials under in-situ/operando conditions.
As per the current status of in-situ/operando charac-
terizations analysis, not any single technique has
shown comprehensively the ability to study the phase
transformation, changes in valence state and variation
in morphology under OER.

Massbauer spectroscopy is a powerful technique to
study the local electronic structure, local coordination,
bonding, and oxidation states of the element under an
investigation in nanostructure materials. Moreover, it
can help in the identification of the several in-
sttu/operando redox processes characterizing the in-
termediate phases which lead to understand the pos-
sible catalytic reaction mechanisms and pathways.
Recently, Mossbauer spectroscopy has gained huge
attention in electrocatalysis where it has been found
more useful for the detection of primary active sites

in different Fe-based materials. A deep understanding
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of probing the local electronic structure, identifying
the active sites and phases, determining the crystal
structure, and tracking the oxidation state and environ-
ment change of various Fe-based catalysts is critical
for further development in catalysis fields. For in-
stance, the active sites of NiFe-based OECs could be
clearly probed with the development of quasi-in-situ
cells to in-situ/operando analyze the properties of cat-
alysts. Further development of high temperature in-
situ/operando or quast in-situ cells would greatly pro-
mote the investigation in the phase transformation of
Fe-based materials.

To address key problems, more comprehensive in-
situloperando techniques are highly desired to deter-
mine the active sites accurately and the variation in
morphologies of NiFe-based catalysts under OER
conditions, and those techniques influencing the in-
terfacial interaction between catalysts and elec-
trolyte/electrodes are crucial to be investigated simul-
taneously. For example, transmission and scanning
electron microscopies may detect surface reconstruc-
tion and interface structure if they can overcome the
difficulties of utilizing liquid electrolytes in a high
vacuum environment. Although NiFe-based electro-
catalysts have shown excellent OER activity, but lack
of long-term stability prevents them from use in com-
mercial applications. Therefore, understanding about
degradation mechanism of catalysts, which includes
variations in morphology, composition, crystal struc-
ture, and the number of active sites, is very important
to design stable and highly active materials. This de-
mands a precise and set of combining multiple com-
plementary in-situ/operando characterization tech-
niques to detect all the above-mentioned changes si-
multaneously. Hence, it will be beneficial to under-
stand the activity-structure relationship in different
catalysts by combining different in-situ/operando
characterization techniques and theoretical calcula-
tions to determine the active sites for OER. This will
help in understanding the OER mechanisms compre-
hensively, and will guide the design of the robust and
efficient catalysts for OER to commercial applica-
tions.
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