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ABSTRACT: The oxygen evolution reaction (OER) is an essential anodic reaction in many energy storage processes. OER is most
often proposed to occur via a mechanism involving four consecutive proton-coupled electron transfer (PCET) steps, which imposes
a performance limit due to the scaling relationship of various oxygen intermediates. A bifunctional OER mechanism, in which the
energetically demanding step of the attack of hydroxide on a metal oxo unit is facilitated by a hydrogen atom transfer to a second
site, has the potential to circumvent the scaling relationship. However, the bifunctional mechanism has hitherto only been supported
by theoretical computations. Here we describe an operando Raman spectroscopic and electrokinetic study of two highly active OER
catalysts, FeOOH-NiOOH and NiFe layered double hydroxide (LDH). The data support two distinct mechanisms for the two cata-
lysts: FeOOH-NiOOH operates by a bifunctional mechanism where the rate-determining O-O bond forming step is the OH" attack on
a Fe=0 coupled with a hydrogen atom transfer to a Ni''-O site, whereas NiFe LDH operates by a conventional mechanism of four
consecutive PCET steps. The experimental validation of the bifunctional mechanism enhances the understanding of OER catalysts.

1. Introduction

The oxygen evolution reaction (OER) is an essential anodic re-
action for many cathodic electrochemical reactions, such as hy-
drogen evolution reaction (HER), CO, reduction reaction
(CRR), and N reduction reaction (NRR), which may be used to
generate renewable fuels and valuable chemicals.:2 An electro-
catalyst, typically a metal oxide or oxyhydroxide, is required for
OER to occur at a conceivable rate.>® The OER involves four
electrons and protons, rending it mechanistically complex.2 52
For OER catalyzed by metal oxides and oxyhydroxides, the
most commonly assumed mechanism involves four consecutive
proton-coupled electron transfer, where the O-O bond forming
step is nucleophile attack of water or hydroxide on a metal oxo
species (Scheme 1a).5 & DFT computations revealed a scaling
relationship between the adsorption energies of OH*, O*, and
OOH* .22 In particular, the difference of the adsorption energies
of *OH and *OOH is always 3.2 eV for nearly all metal oxides.
This scaling relationship poses an upper limit on the perfor-
mance of OER catalysts, which has a theoretical overpotential
of about 0.4 eV &°

To break the performance limit imposed by the scaling relation-
ship, a change of catalytic mechanism is required.2> An alter-
native mechanism involves the combination of two metal oxo
species as the O-O bond forming step (Scheme 1b). Although
there is theoretical debate in whether this O-O bond forming
step is kinetically favourable compared to the nucleophilic at-
tack step,t%13 electrokinetic studies seem to support such a
mechanism in a number of systems.242¢ In addition to these two
conventional mechanisms, a third-type, so-called “bifunc-
tional” mechanism has recently been proposed.t: 19 This
mechanism involves two catalytic sites, often based on two dif-
ferent metal ions, which work in a cooperative manner (Scheme
1c). One site provides the electrophilic M=0 entity, while the
other side provides a hydrogen atom acceptor (A). Although the
direct nucleophilic attack of an OH on the M=0 to form the M-

OOH intermediate is energetically too unfavourable, a con-
certed hydrogen atom transfer to the neighbouring acceptor sig-
nificantly lowers the energetics.

Until now, the bifunctional mechanism is supported by DFT
computations only.1t 110 |n a previous study, we developed an
unconventional iron nickel catalyst, FeOOH-NiOOH, that was
significantly more active than Ni-Fe oxyhydroxides and related
layered double hydroxides (NiFeOxHy and NiFe LDH), which
were the benchmark OER catalyst in alkaline medium.2 Oper-
ando X-ray absorption spectroscopy revealed the catalyst as
nanoclusters of y-FeOOH covalently linked to a y-NiOOH sup-
port. According to DFT computations, this structure could ena-
ble a bifunctional mechanism where the O-O bond forming step
is a nucleophilic attack of OH" on a Fe=O moiety coupled with
a concerted hydrogen atom transfer to a nearby terrace O site
on the y-NiOOH support. Here we present in-situ Raman spec-
troscopy and electrokinetic data that support this mechanism.
The experimental validation of the bifunctional mechanism
stimulates both the mechanistic understanding and the design
principles of OER catalysts.
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Scheme 1. Three OER mechanisms. (a) A conventional mechanism
involving four consecutive proton-coupled electron transfers; (b) A
conventional mechanism involving combination of two metal oxo
species as the O-O bond forming step; (c) An unconventional 'bi-
functional' mechanism. M represents an active metal center, A rep-
resents a hydrogen atom acceptor.

2. Results
2.1 Compositions and activity of catalysts

As described previously, FeFOOH-NiOOH was prepared by dip-
ping a clean nickel form (NF) in a solution of FeCls, drying in
air at 80 °C, followed by anodic activation in a Fe-containing
KOH.22 While previously we assigned the support as pure
NiOOH, we found in the present study that some Fe ions were
incorporated in the lattice of NiOOH, which resulted in a posi-
tive shift of the Ni(OH),/NiOOH oxidation potential?®-2 during
the formation of FeOOH-NiOOH (Figure S1). The distribution

of Fe was not uniform, according to transmission electron mi-
croscopy (TEM), and energy dispersed X-ray (EDX) mapping
(Figure S2 and S3). Because Fe-doped NiOOH is an active OER
catalyst,2>22 to probe the possible influences of the Fe doping in
the NiOOH support in the activity and mechanism, we chose
NiFe LDH as a reference sample. Previous studies suggested
the structure of NiFe LDH is the active motif of Fe-doped
NiOOH.2-2 Additionally, DFT computations suggested OER
occurred via four consecutive PCET steps on this conventional
NiFe oxyhydroxide catalyst.22® The NiFe LDH was prepared
according to literature.2 The compound was characterized by
powdered X-ray diffraction (PXRD), transmission electron mi-
croscopy (TEM), and energy dispersed X-ray (EDX) mapping
(Figure S4 and S5). The Ni and Fe ions appeared to be uni-
formly distributed in NiFe LDH (Figure S5), and the Fe content
was about 22%.
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Figure 1. Electrocatalytic activity. (a) LSV curves of FeOOH-
NiOOH (red) and NiFe LDH (blue) in 1 M KOH. (b) Comparison
of TOFs of FeOOH-NIOOH (red) and NiFe LDH (blue) at various
overpotentials.

We compared the activity of FeOOH-NiOOH and NiFe LDH
with similar Fe loadings (Figure S6). To avoid the formation of
some FeOOH-NiOOH on NF during OER test,*® the activity of
NiFe LDH was tested on a carbon-cloth (CC) electrode. Both
catalysts were activated by multiple cyclic voltammetric (CV)
scans (Figure Sla, S7). The activation of FeEOOH-NiOOH was
related to the incorporation of Fe ions and formation of FeOOH



as reported previously.2® The activation of NiFe LDH was re-
lated to a morphology change that increased the surface area,
which was indicated by the increase of areas of the oxidation of
Ni(OH), to NiOOH (Figure S7). Moreover, TEM and HAADF-
STEM images (Figure S4b, S5, S8 and S9) showed that the in-
itial, large lamellar structure cracked into small layers upon ac-
tivation, while the Fe/(Ni+Fe) ratio remained unchanged (Fig-
ure S5e and S9e). According to linear sweep voltammetry
(LSV) data (Figure la and S10), the FeOOH-NiOOH is signif-
icantly more active than NiFe LDH, both in apparent geometric

activity (Figure 1a) and in electrochemical surface area
(ECSA)-averaged activity (Figure S10). The turnover frequen-
cies (TOFs) were also compared assuming a bimetallic Ni-Fe
active site for both catalysts (Figure 1b). The FeOOH-NiOOH
has TOFs that are about 10 times higher than those of NiFe
LDH. These data indicate a difference in the active sites of
FeOOH-NiOOH and NiFe LDH, and confirm that the Fe-doped
NiOOH support had no noticeable contribution to the measured
activity of FeEOOH-NiOOH.
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Figure 2. Operando Raman spectroscopic analysis. (a-f) Optical microscopy images of FeOOH-NiOOH at given potentials and (g-i) the
corresponding operando Raman spectra obtained from three different spots as indicated in the (a).

2.2. Operando Raman spectroscopic data
2.2.1 Spectral features

Figure 2 shows operando Raman optical microscopy images
and spectra of FeOOH-NiOOH, recorded from the open circuit
potential (OCP) to 1.6 V (vs. RHE) with an interval of 0.1 V.
Due to FeOOH, the surface looks brownish-yellow at OCP
compared with bare NF (Figure S11), which is silver-white.2®
2 The microscope objective collected Raman signals from three
different beam spots (I, 11, and Il in Figure 2a). The surface
gradually turned into black from 1.4 V (Figure 2b-f), indicative
of the formation of Fe-doped NiOOH support.Z2 The poten-
tial-dependent Raman spectra vary at three different spots of the

surface (Figure 2g-i), indicating a surface heterogeneity. Indeed
TEM and EDX mapping images (Figure S2 and S3) showed that
Fe ions were not uniformly distributed on the surface. Con-
sistent with previous XAS results,? surface y-FeOOH species
were identified by two main Raman bands at 526 cm™ and 690
cm?® (Figure 2g-i and S12).2% 381 At 1.4 V and above, two
strong Raman bands at around 480 and 560 cm* were observed
(Figure 2g-i). These two bands correspond to the Ni-O bending
and stretching vibrations of NiOOH, respectively.22 3235 Their
appearance indicated the presence of NiOOH at these poten-
tials, again consistent with previous XAS data.l® At the three
chosen spots on the surface, the relative intensities of the 480
cmt and 560 cm bands (Ig/ls) and the half-widths of the two



bands vary, indicating different local environments around the
Ni-O bonds. Fe-incorporation into NiOOH causes structural de-
fects and disorder of lattice, which leads to a lower Ig/ls.2% 3235
Accordingly, the amount of Fe dopant in the NiOOH at the three
spots follows the order of: 111 > | > 1. A broad band in the fre-
quency range of 900 to 1150 cm™, previously attributed to Ni-
00,3224 36 \was observed from 1.375 V (Figure S13a).

The Operando Raman spectra collected of NiFe LDH from OCP
to 1.5 V (Figure S13b) show no spectral features corresponding
to y-FeOOH. Compared to Ni LDH and pure NF, NiFe LDH
exhibits a peak corresponding to Ni''-O vibration at around 530
cm? but not 500 cm?, which originates from the structural dis-
order induced by Fe doping. (Figure S13b and S14).2035:3 The
two Raman bands of Ni'"'-O (from NiOOH) began to grow from
1.375 V and the growth was completed at around 1.45 V (Figure
S13b). The broad band in higher frequency range of 900 to 1150
cm?, due to Ni-O0",2234 % gppeared from about 1.4 V.(Figure
S13b).
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Figure 3. Operando Raman spectra of FeOOH-NiOOH (left col-
umn) and NiFe LDH (right column) obtained at various potentials
for oxygen isotope labeling (a) in 1 M KOH-H80 solution and (b)
subsequent isotope exchange experiments. The 8O-labeled sam-
ples were monitored at 1.55 V in 1 M KOH-H2®O solution. For
ease of comparison of peak shift in between the two solutions, 160-
labeled peaks of each sample are indicated respectively.

We compare directly the representative Raman spectra of
FeOOH-NiOOH and NiFe LDH at OCP and 1.5 V (Figure S15).
At OCP, Ni is mostly in the +2 oxidation state, and the Ni"-O
bands have low intensities (Figure S15, left). Accordingly, Ra-
man bands due to FeOOH could be observed (Figure S15, left).

The presence of FeOOH in FeOOH-NiOOH, but not NiFe
LDH, was obvious. At 1.5 V, NiOOH is formed where Ni is in
the oxidation state of +3, and the Ni'"-O bands have high inten-
sities (Figure S15, right). The Ig/ls of NiFe LDH (1.18) was sig-
nificantly lower than that of FeEOOH-NIOOH (1.72), bare NF
(1.91), and Ni LDH (2.2) (Figure S15 and S16), indicative of
the highest structural disorder of NiFe LDH among the four
samples. Because this NiFe LDH sample contains 20% whereas
FeOOH-NiOOH has an Fe content of about 10% in some region
(Figure S3), Raman spectra were also recorded for a NiFe LDH
with 10% Fe (Figure S17, EDX mapping images and CVs of
this catalyst are in Figure S18-S19). The Ig/ls of NiFe LDH
(10%Fe) was 1.33, again lower than that of FeOOH-NiOOH.

2.2.2 Oxygen isotope exchange experiments

We conducted **0 isotope labeling and exchange experiments
on FeOOH-NiOOH and NiFe LDH. The as-prepared, 60O-la-
beled, samples were first immersed in a **0-KOH solution. For
FeOOH-NiOOH at OCP to about 1.3 V, the peak of FeOOH
remained at the same position whereas the peaks of Ni'"-O, Ni'-
OH appeared to be shifted, but the shift could not be quantified
due to an overlap of peaks.(Figure 3a, left) For NiFe LDH same
as reported previously,2222 the peaks of Ni"-O, Ni"-OH at OCP
to about 1.35 V red-shifted by about 22 cm™, indicating the ex-
change of lattice **0 with 20 of the electrolyte (Figure 3a,
right). Upon formation of NiOOH, and more obviously at 1.55
V, the Ni"'-O bands were observed at around 455 and 535 cm!
for both FeOOH-NiOOH and NiFe LDH, red-shifted by about
22 cm! relative to those of **0-labeled samples. This shift indi-
cates O isotope exchange. For FeOOH-NiOOH, the Raman
peaks of y-FeOOH did not shift during this process up to 1.325
V. At higher potentials the peaks were hidden by those of Ni'!'-
O bands. To probe whether lattice O in FeOOH was exchanged
during OER, a FeOOH-NiOOH sample was first subjected to a
80-KOH solution at 1.55 V where OER was occurring, and
then the Raman spectrum was collected at 1.25 V. Again the
Raman peaks of y-FeOOH remained at the same positions of a
160-labeled sample (Figure S20). Thus, the lattice oxygens of y-
FeOOH do not exchange with the electrolyte even under OER.

The #0O-labeled samples of FeOOH-NiOOH and NiFe LDH
were immediately placed back in a 1 M *0-KOH solution and
potentiostatically charged at 1.55 V. For FeOOH-NiOOH, the
peaks corresponding to Ni"'-O vibrational modes were shifted
by about 3 cm™ to high frequencies (Figure 3b, left). For NiFe
LDH, no shift of peaks related to Ni'"'-O was observed (Figure
3b, right). As a reference, a shift of 18 cm™ was observed on
bare NF (Figure S21).

2.3 Electrokinetic data

FeOOH-NiOOH exhibited a similar Tafel Slope of 38+2
mV/dec in 0.5 M to 2 M KOH (Figure 4a, S22a, Table S1). The
potentials vs. Ag/AgCI (pH independent) at 10 mA/cm? linearly
depended on the log of the concentration of hydroxyl ions (Fig-
ure 4b), with a slope of -74 mV/dec. The rate order of [OH7] in
0.5-2 M KOH was determined according to Eq. 1.

Eqg. 1

(5728 om7)

( dlogj ) _ dlog [OH™V/;
dlog [oH™]/ (a&i j)

The denominator of eq.1 is the Tafel slope and the numerator is

the slope in Figure 4b. Accordingly, the order of [OHT] was
1.8+0.1.

pH



Similar analysis was performed for NiFe LDH (Figure 4c, 4d,
S23a). The Tafel slopes of NiFe LDH are 42 to 48 mV/dec, de-
pends on the concentration of hydroxyl ions (Figure 4c, Table
S1). The Tafel slope decreased with increasing [OH"]. The Tafel
slope in 2 M KOH is close to 40 mV/dec, similar to that of
FeOOH-NiOOH. The potentials vs. Ag/AgCI (pH independent)
at 1 mA/cm? linearly depended on the log of the concentration
of hydroxyl ions (Figure 4d), with a slope of -80 mV/dec. Ac-
cording to Eq. 1, the rate order of [OH] was also close to two.

The redox potentials of the precatalytic Ni(l1)/Ni(lll) shifted

negatively by ca. 100 mV when the [OH] increased by 10 fold,
indicating a 30H/2e™ process (Figure S22b-c, S23b-c) for both
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FeOOH-NiOOH and NiFe LDH. The activity of NiFe LDH was
very different in 1 M KOH, NaOH, LiOH (Figure S24a), indi-
cating a cation effect. On the contrary, the cation effect was not
obvious for FeFOOH-NiIOOH (Figure S24b).

The OER activity of FeOOH-NiOOH had an H/D isotope effect
of 1.4 to 2.0, depending on the concentration of hydroxyl ions
and the applied potential (Figure 4e, S25a, S26a). On the other
hand, NiFe LDH had an H/D isotope effect of 2.0-2.4 (Figure
4f, S25h, S26b), and the isotope effect did not vary substantially
at different potentials nor [OH].
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3. Discussion
3.1 Raman spectroscopic analysis

Operando Raman spectra revealed the presence of surface y-
FeOOH in FeOOH-NiOOH, but not in NiFe LDH. Otherwise
the two catalysts have a similar component, Fe-doped y-
NiOOH. Bulk y-FeOOH is a poor OER catalyst,2 3 whereas
the surface y-FeOOH here is responsible for remarkable OER
activity (Figure 1, and S10). This difference suggests a mecha-
nism that involves more than y-FeOOH alone. The doping of
Fe in NiOOH causes structural disorder in the lattice of NIOOH,
which could be inferred by the Ig/ls of the Raman spectra of
NiOOH. 22 32 35 The lower structural disorder of FeOOH-
NiOOH compared to NiFe LDH is consistent with most Fe ions
being on the surface in FeEOOH-NiIOOH but in the bulk of NiFe
LDH.

As reported previously,322 the lattice O of NiOOH in NiFe
LDH can exchange with O from the OH" electrolyte. The ex-
change can occur without applying a potential when Ni is at the
+2 oxidation state (as in Ni(OH),), but not when Ni is oxidized
to +3 or above. The lattice O of NiOOH in FeOOH-NiOOH can
also be exchanged at the Ni'" stage. Under OER potentials, a 3
cm? isotopic shift of FeOOH-NiOOH indicates partial O ex-
change. Compared to bulk NF (18 cm™ shift), the exchange is
about 16%. The different O exchange behavior reflects a mech-
anistic difference between FeOOH-NiOOH and NiFe LDH.

3.2. Electrokinetic analysis
3.2.1. Tafel slope and rate order

We employed a quasi-equilibrium model to describe the OER
kinetics, in which the key steps are described by one pre-equi-
librium step (PES) plus one rate-determining step (RDS).2-40
The RDS limits the OER velocity while the PES determines the
concentration of the resting states. The overall OER rate and
catalytic behavior are controlled by both steps. The other steps
are fast and do not restrict overall reaction rate. This model is
suitable for catalysts in the intermediate applied overpotential
(Tafel region), where the concentration of the resting state is not
high (see Appendix 1, Sl).

For the conventional mechanism involving four PCET steps
(Scheme 1a), if the formation of M=0 is the PES, and the nu-
cleophilic attack of OH on a M=0 is the RDS (Scheme 1a), the
predicted Tafel slope is 40 mV/dec and the predicted rate order
in [OH] is two, assuming there is no charge transfer barrier.2>
4 For the bifunctional mechanism (Scheme 1c), if the formation
of M=0 is the PES, and the nucleophilic attack of OH" on a
M=0 coupled with a hydrogen atom transfer is the RDS
(Scheme 1c), the predicted Tafel slope is also 40 mV/dec and
the predicted rate order in [OH] is also two (Appendix 1, SI).
The experimental values for both FeOOH-NiOOH and NiFe
LDH, thus, agree with the predictions of both mechanisms.
However, there are noticeable differences in the Tafel behaviors
of FeOOH-NiOOH and NiFe LDH. The Tafel slopes of
FeOOH-NiOOH is independent of [OH]. In contrast, the Tafel
slope of NiFe LDH decreases with increasing [OH], suggesting
a charge transfer barrier across the bulk film, which is more pro-
nounced at lower [OH] (for a detailed description, see SI, Ap-
pendix 1).4242 The absence of charge transfer barrier in FeOOH-
NiOOH would be consistent with surface-dominated catalysis.
The significant cation effect for NiFe LDH also indicates bulk
sites are involved in OER,#6 although the origin of this effect
is under debate.*4¢ The small cation effect observed for
FeOOH-NiOOH is again consistent with surface catalysis.

3.2.2. H/D isotope effect

H/D exchange affects both thermodynamics and kinetics of
PCET reactions.*”#8 Accordingly, both thermodynamic isotope
effect (TIE) and the kinetic isotope effect (KIE) exist.248 The
TIE originates from a change in the reaction thermodynamics
due to different vibrational zero-point energies (ZPEs) of bonds
involving hydrogen and deuterium.2> 42 In the present case, H/D
TIE effect should be observed in PES involving proton transfer.
On the other hand, H/D KIE originates from the different acti-
vation barriers caused by the differences of ZPEs between H-
and and D-substituted analogues.#™48 3051 KIE is usually em-
ployed to probe the involvement of proton transfer in RDS 448
5051 The combination of TIE and KIE leads to the overall ob-
served isotope effect (IE).

For the conventional mechanism (Scheme 1a), there is direct
proton transfer in the PES but not in RDS. Consequently, only
TIE and secondary KIE are expected. Secondary KIE is typi-
cally below 1.3,5% %2 so TIE would dominate. The data for NiFe
LDH (H/D IE of 2.0-2.4) fit this model. The IE is roughly inde-
pendent of applied potential, characteristic of TIE.> 4 Moreo-
ver, the IE is pH-independent, consistent with a PCET-type
PES.15:49

For the bifunctional mechanism, the direct proton/hydrogen
transfer is involved in both PES and RDS (Scheme 1c), so that
KIE becomes significant. In the Tafel region, the overall IE can
be expressed as Eq. 2 (Appendix 2 of SI).%°

(Eq.2)

ko and ko' are the rate constants of H- and D-substituted reac-
tants, respectively; azand oy'are the transfer coefficients of RDS
for H- and D-substituted reactants; R, T, n, and F are universal
gas constant, thermodynamic temperature, overpotential, Fara-
daic constant, respectively. Typically a; is bigger than o' due
to a higher barrier of charge transfer after D-substitution.2 In
the Tafel region, ko and ko', o2 and ay' can be considered poten-
tial-independent. Therefore, the observed IE should increase
with increasing overpotential. Moreover, if the generation of the
hydrogen atom acceptor is pH-dependent, the KIE is expected
to depend on pH as well .52 The data for FeOOH-NiOOH fit this
model. The observed isotopic effect indeed increases with ap-
plied overpotential, and decreases with [OH]. Note that the
overall IE of FeOOH-NiOOH, dominated by KIE, is lower than
that of NiFe LDH, dominated by TIE. Accordingly, the TIE of
FeOOH-NiOOH is lower than that of NiFe LDH, reflecting a
difference in the nature of M=0 in these two catalysts. The KIE
of FeOOH-NiOOH is rather small likely due to the internal hy-
drogen transfer in RDS. Previous literatures suggested internal
hydrogen or proton acceptor could minimize the H/H* transfer
distance, significantly decreasing the H/D KIE .+

3.3. Catalytic cycle

Based on the above data, we propose a catalytic cycle for
FeOOH-NiOOH (Figure 5a). The as-prepared catalyst A-l is
composed of y-FeOOH clusters covalently linked to a Ni(OH).
support, which is lightly doped by Fe. At about 1.35 V, the sup-
port is oxidized to NiOOH via a 30H7/2e” process. The process
is best described by oxidation of a dimeric Ni" unit into a di-
meric Ni"" unit accompanied by the loss of three protons from
coordinated water or OH" groups (A-Il). The Fe'' center in
FeOOH then undergoes a PCET to form an electrophilic
Fe(IV)=0 center (A-111), which is the PES of the catalytic cycle.
Consequently and in the RDS, the Fe(IV)=0 center, an external

(az—aé)nﬁ)

=k
IE = P exp(; =



OH’, and the Ni"'-O moiety react in a concerted manner to give
Fe''-Ni"-OH (A-1V), O, and an electron. Oxidations of Fe'' and
Ni' then regenerates the catalyst (A-11).
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Figure 5. Proposed OER reaction mechanisms of (a) FeOOH-
NiOOH. (b) NiFe LDH (assuming Fe is the catalytic center).

For NiFe LDH (Figure 5b), the as-prepared catalyst is com-
prised of Ni(OH), doped by Fe'"" ions (B-1). A 30H/2¢" process
generates Fe-doped NiOOH (B-I1). Although there are debates
on whether Ni or Fe site serves as the site of O-O bond for-
mation,® 22 5¢ 3 dimeric Fe-O-Ni active site would agree with
most data. The catalytic cycle proceeds via a PES to form a
M=0 (B-1Il, assuming M is Fe, but the same result is obtained
when M is Ni), followed by a RDS of OH" attack on M=0 to
give M-OOH (B-IV). A further PCET oxidation gives O, and
M (B-V), which can then be oxidized back to the initial catalyst
B-1l. When M is Fe, the Fe ions shuffle between Fe", Fe!", and
Fe'V while the Ni ions remain as Ni"' during catalysis. When M

is Ni, the Ni ions shuffle between Ni", Ni'", and Ni'V while the
Fe ions remain as Fe'".

The results from O isotope exchange experiments (Figure 3b)
suggest the presence of transient Ni" sites in FeOOH-NiOOH
but not NiFe LDH during OER. About 16% of lattice O in
FeOOH-NiOOH exchanges with OH" under OER, but such an
exchange is absent in NiFe LDH. It is known that at Ni" the
lattice O of Fe-doped NiOOH and NiFe LDH can exchange
with O from OH- electrolyte without applied potential, but at
Ni'"and above, the exchange does not occur even under OER.22
3 These results are consistent with FeOOH-NiOOH operating
via the bifunctional mechanism (Figure 5a) where a Ni"'-O site
accepts a hydrogen atom in the RDS to become a Ni'-OH site.
They are also consistent with NiFe LDH operating via the con-
ventional mechanism (Figure 5b) where the redox changes oc-
cur at the Fe site.

4. Conclusion

Operando Raman spectroscopy and electrokinetic analysis were
employed to study two active OER catalysts, FeOOH-NiOOH
and NiFe LDH. Despite their similar chemical compositions,
the two catalysts exhibit different electrochemical and spectro-
scopic features, which indicate that most Fe ions exist in surface
v-FeOOH clusters in FeOOH-NiOOH but they are doped in the
lattice of Ni(OH)./NiOOH in NiFe LDH. This different results
in a 10-fold higher OER activity of FeEOOH-NiOOH compared
to NiFe LDH. During OER, different O isotope exchange be-
haviors of the NiOOH component were observed for the two
catalysts: about 16% of lattice O in FeOOH-NiOOH exchanged
with the OH" electrolyte whereas there was no exchange for
NiFe LDH. These data suggest that Ni" species are present in
the catalytic cycle of FeFOOH-NiOOH, but not NiFe LDH. The
two catalysts exhibit similar Tafel slopes and rate orders in [OH"
] under standard conditions. However, they have different H/D
isotope effects. FEOOH-NiOOH has an IE of 1.4 to 2.0, which
had a significant KIE component and depend on [OH"] and the
overpotential. NiFe LDH had an IE of 2.0-2.4, which is mostly
TIE and is independent of [OH7] and the overpotential. The
spectroscopic and Kinetic data support two distinct mechanisms
for the two catalysts. FeOOH-NiOOH operates by a bifunc-
tional mechanism where the rate-determining O-O bond form-
ing step is the concerted OH" attack on a Fe=O coupled with a
hydrogen atom transfer to a Ni"'-O site. On the contrary, NiFe
LDH operates by a conventional mechanism of four consecu-
tive PCET steps, and the rate-determining O-O bond forming
step is the attack of OH" on a Fe=0 unit.

The data describe here constitute the first experimental evi-
dences for the bifunctional mechanism which has hitherto only
computational supports. The superior activity of FeOOH-
NiOOH demonstrates the potential of bifunctional catalysts to
overcome the performance limit of conventional catalysts im-
posed by the scaling relationship. The bifunctional mechanism
provide an opportunity to individually fine-tune two compo-
nents of an OER catalyst for optimized activity, adding a new
design principle. For example, analogous to the present
FeOOH-NiOOH catalyst, the FeOOH component might be re-
placed by another material with a low energy barrier to form an
electrophilic M=0 unit, while the NIOOH component might be
replaced by another hydrogen atom acceptor, including even or-
ganic materials.

5. Experimental Sections



5.1 Chemicals and the synthesis of the catalysts

KOD (30% in D,0) is purchased from ABCR; ethanol (99.5%) is purchased
from Fluka; 1 M KOH standard solution is purchased from Merck KGaA.
All other chemicals were purchased from Sigma-Aldrich. The electrolytes
were prepared by using ultra-pure water (18.2 MQ/cm).

Pretreatment of nickel foam (NF) The NF was first cleaned by sonicating
in acetone for 30 mins to remove the organic impurities. Then the NF was
dried and dipped in 15% HCI for 30 mins with sonication. The electrode
was washed by ultra-pure water and dried in room temperature. Noted that
the electrode should be used within two hours, else the surface generated
nickel hydroxide would decrease the adsorption ability of the catalysts
(FeOOH).

Synthesis of FeOOH-NiOOH?2 A cleaned NF electrode was dipped in 10
mM FeClj; solution with stirring for 15 mins. After that, the electrode was
directly dried in 75 °C oven over night. The FeOOH-NiOOH was formed
during the drying period.

Synthesis of NiFe LDH (20% Fe) We used a method according to previous
literature with modifications.Z Typically, Ni(NOs),6H,0 (2.0 mmol, 582
mg), Fe(NO3)39H,0 (0.5 mmol, 202 mg), NHF (10 mmol, 371 mg) and
urea (25 mmol, 1.50 g) were dissolved in H,O (40 ml) with vigorous stir-
ring. The mixed solution was stirred for 30 mins and then transferred to a
50 mL Teflon-lined stainless steel autoclave. The autoclave was heated at
120 °C for 16 h. After cooling down to room temperature, the yellowish
solid was washed by ultrapure water for 3 times and ethanol for 1 time, and
then naturally dried on a watch glass. If no special indication, the NiFe LDH
samples mentioned in SI and main-text have 20% Fe content.

Synthesis of NiFe LDH (10% Fe) The synthetic procedure is a bit different
to that of 20% Fe samples. Typically, the 40 mL DI water was degassed for
1h, before dissolving Ni(NOs),6H,0 (2.25 mmol, 654 mg), FeSO,7H,0
(0.25 mmol, 70 mg), NH4F (10 mmol, 371 mg) and urea (25 mmol, 1.50 g).
The mixed solution was stirred for 30 mins under nitrogen. Then the solu-
tion was sealed in a 50 mL Teflon-lined stainless steel autoclave. The auto-
clave was heated at 120 °C for 16 h. After cooling down to room tempera-
ture, the green solid was washed by ultrapure water for 3 times and ethanol
for 1 time, and then naturally dried on a watch glass. The color of the solid
will turn to yellow in the air, while the electrochemical property is not in-
fluenced by this color change.

Synthesis of Ni LDH The bulk Ni LDH was synthesized through a hydro-
thermal method.*? 0.10 M of Ni(NO;),6H,0 and 0.15 M of urea were dis-
solved in 80 mL of deionized water that was already boiled to remove dis-
solved CO; in it. The mixed solution was sonicated for 30 mins to make it
homogeneous. Then, the resulting solution was transferred to a 50 mL Tef-
lon-lined stainless steel autoclave and heated at 190 °C for 48 h. The as-
obtained green product was collected by centrifugation as it washed with
ultrapure water for 3 times and ethanol for 1 time.

Synthesis of y-FeOOH The material was synthesized according to previous
literature with modifications.X® Typically, 20 mL of 0.02 M Fe(NOs)s solu-
tion was sealed in a glass container, which was then maintained at 75 °C for
24 h. After centrifuging and washing with water for 3 times and ethanol for
1 time, yellowish-brown powder was obtained as y-FeOOH.

Preparation of Fe-free KOH The Fe-free KOH was prepared for Oper-
ando Raman experiments of pure NF and pure Ni LDH (see below). The Fe
impurities in normal KOH solutions can be removed by treating with high-
purity Ni(OH)..2% In a clean 50 mL polypropylene centrifuge tube, 2 g of
Ni(NO3),-6H,0 (99.99%) was dissolved in 5 mL of ultrapure water. 20 mL
of 1 M KOH solution was added to give a Ni(OH), precipitate. The suspen-
sion was agitated and centrifuged, and the supernatant was decanted. The
Ni(OH), precipitate was washed with ultrapure water for three times by
centrifugation. The solid was dispersed in 10 mL of 1 M KOH by centrifu-
gation, and the supernatant was decanted. This solid was used as the Fe-
absorber. The normal KOH solutions could be cleaned by adding to this
Ni(OH),. The cleaning procedure involves dispersing Ni(OH); in the KOH
solution, mechanically agitated over-night, followed by at least 3 h of rest-
ing.

5.2 Characterizations

Powder X-ray diffraction (PXRD) measurements were carried out on an
X'Pert Philips diffractometer in Bragg-Brentano geometry with monochro-
matic CuKa radiation (0.1541 nm) and a fast Si-PIN multi-strip detector.
The step size was 0.02 degree s*. Transmission electron microscopy (TEM)
was performed on an FEI Talos instrument that operated at 200 kV high
tension. Energy dispersed X-ray (EDX) mapping was used for determining
the distribution of the elemental compositions. The images were collected

in HAADF-STEM (High-angle annular dark-field scanning transmission
electron microscopy) mode and the mapping was performed in ESpirit soft-
ware. Samples for TEM were prepared by drop-drying the samples from
their diluted ethanol suspensions onto carbon-coated copper grids. Suspen-
sion of FeOOH-NiOOH was collected by sonicating the electrode in ethanol
for 1h. ICP-AES (Inductively coupled plasma — Atomic Emission Spectros-
copy) results were obtained by a Nexlon 350 (Perkin Elmer) machine. All
the samples were dissolved by ultra-pure nitric acid (65%, Merck KGaA)
then diluted by 30 times.

Raman spectroscopic experiments were performed at a Raman spectros-
copy (inVia confocal Raman microscope, Renishaw) with a 63x water im-
mersion objective (Leica-Microsystems) for both operando and ex-situ
analysis. A transparent Teflon film (0.001 in thickness, McMaster Carr) was
applied to cover the lens of the objective in order to prevent direct contact
with electrolyte. The wavelength of the laser excitation source was 532 nm
with a laser power of ~0.5 mW at a grating of 1800 | mm™. Charge coupled
device (CCD) detector was used to collect the scattered light from electrode
surface. Prior to use, peak position of Raman spectrum was calibrated based
on 520+0.5 cm* peak of silicon. Each spectrum was recorded with a reso-
lution of ~1 cm™* by setting up the measurement condition such that 30 con-
secutive scans and exposure time of 2 sec to laser at a beam spot were ap-
plied. All Raman experiments were carried out with a custom-made elec-
trochemical cell in which a platinum wire and a custom-made double-junc-
tion Ag/AgCI served as counter and reference electrodes respectively. Prior
to each experiment, the cell was dipped in an acid bath to remove all traces
of metals and other dirt, and subsequently it was rinsed with acetone, alco-
hol and distilled water. For FeOOH-NiOOH samples, they were pressed
with a hydraulic machine at 5 tons to make them flat and thin enough to fit
the electrochemical Raman cell. For other powder-type samples (LDHs),
the same catalyst ink as used in electrochemical measurements was drop-
casted on a thin Au foil and then dried. The catalyst deposited Au was em-
ployed for subsequent operando Raman spectroscopy experiments.

5.3 Electrochemical test conditions

FeOOH-NiOOH (geometric area: 0.2-0.3 cm?) was directly used for elec-
trochemical measurements. For NiFe LDH samples, the catalyst ink was
prepared by mixing of 1 mL water, 0.25 mL isopropanol, 0.01 mL 5 wt%
Nafion solution and 3 mg materials. The ink was sonicated for at least 2 h.
Then 160 pL/cm? of the ink was uniformly loaded onto a carbon cloth elec-
trode (CC, plasma treated, geometric area: 0.2-0.3 cm?). The electrodes
were dried in a 75 °C oven for 30 mins before measurements.

All of the electrochemical measurements in this study were independently
repeated for at least three times. The electrochemical measurements were
performed in a three-electrode electrochemical cell, in which Pt wire and
Ag/AgCl electrode (saturated KCI, E(Ag/AgCl) = 0.197 V vs. NHE, normal
hydrogen electrode) were used as counter and reference electrode, respec-
tively. The working electrode and reference electrode were separated with
counter electrode by a glass frit. All potentials were reported versus the re-
versible hydrogen electrode (RHE) unless otherwise specified. Before
measurements, all of the electrolyte were calibrated the point of 0 V versus
RHE by standard hydrogen saturation calibration experiments. A glassy
carbon electrode drop-casted by Pt/C was used as the working electrode.
After bubbling with hydrogen for 30 mins, the electrode was subjected to
linear scan voltammetry (LSV, scan rate: 2 mV/s), in which the current of
both hydrogen evolution and hydrogen oxidation could be observed. The
cross-point is 0 V vs. RHE. Based on Eq. 3, the pH values of various elec-
trolytes can be measured. The solution was stirred by a magnetic stirring
bar in all of the electrochemical measurements. The polarization curves
were recorded by LSV, and the scan rate was 1 mV/s, with 95% IR correc-
tion. The data was collected from cathodic potential to anodic potential (for-
ward scan). 3 LSV scans were obtained for each measurements and the third
LSV was used for analysis. The first LSV was typically influenced by oxi-
dative peak. The Tafel plots were derived from LSVs. To investigate redox
peaks, the scan rate was set to 10 mV/s, with 90% IR correction. The acti-
vation process is performed from 1.20-1.53 V vs. RHE. The scan rate is 10
mV/s, with 90% IR correction. The TOFs were calculated by Eq. 4, where
J is the anodic current density at certain overpotential, A is the geometrical
surface area of the electrode, F is the Faraday constant (96485 C/mol), and
m is the loadings of Fe (assumed to be active sites).

E(RHE) = E(Ag/AgCI) + 0.197 V + 0.0592xpH V (Eq. 3)
x4
TOF = 22— (Eq. 4)

Electrochemical active surface area (ECSA) was calculated from double-
layer capacitance (eq 5).2 The C; the specific capacitance of monolayer




NiFeOy (0.081 mF/cm?),® while the Cy are the double-layer capacitance of
the working electrodes. The Cq was measured according to eq 6, where j,
and j are charging and discharging current densities and v is the scan rate.
The potential range of the measurements is from 1.00 to 1.10 V vs. RHE,
where no catalytic current and Ni redox peaks were observed. The differ-
ence of charging and discharging current densities at 1.05 V was used for
calculation. The scan rates were from 10 to 200 mV/s (10, 20, 50, 100, 150,
and 200 mV/s).

ECSA = @ (Eq. 5)
lja—Jcl
Car =~ Zvj (Eq. 6)

Electrokinetic studies were performed in KOH with concentration from 0.5
M —2 M. The 0.5 M and 0.75 M KOH were prepared by dilute 1 M KOH
standard solution, while 1.5 M and 2 M KOH were prepared by further add-
ing desired amount of KOH flakes in 1 M KOH standard solution. The
LSVs of investigated electrodes were obtained sequentially in 0.5 M, 0.75
M, 1M, 1.5 M and 2 M KOH. The Tafel plots were derived from LSVs and
linear fitted, as (OE/0j)pn. The relationship between the potential at a con-
stant current and the concentration of hydroxyl ions ((OE/0log[OH-]);) were
obtained by calculating the potential at a constant current (10 mA/cm? for
FeOOH-NiOOH; 1 mA/cm? for NiFe LDH) and log [OH], and then linear
fitting. The order dependence on the hydroxyl ions ((6j/0log[OH-])e) in 0.5-
2 M KOH can be determined according to Eq. 1. This parameter should not
be directly read from LSVs since it is hard to ensure that in a certain poten-
tial, all the current densities are in Tafel region for KOH with different con-
centrations.
Cation effect of each catalysts was investigated in 1 M KOH, 1 M NaOH
and 1 M LiOH. The point of 0 V vs. RHE of each electrolyte was calibrated
by standard hydrogen saturation calibration method (see experimental sec-
tion above). Noted that the apparent pH value of KOH, NaOH, LiOH is
different, despite the same concentration. The pH values are 13.7,13.5,13.1
for 1 M KOH, NaOH, LiOH, respectively. The LSVs of investigated elec-
trodes were obtained sequentially in 1 M KOH, 1 M NaOH and 1 M LiOH.
H/D isotope experiments were performed in 0.5 M and 1 M electrolyte.
KOD in D,0 solution were prepared by diluting 30% KOD with D,O to
desired concentrations. The pH of KOH was calibrated by standard hydro-
gen saturation calibration method. The pD of KOD were calculated by add-
ing 0.87 based on pH of KOH with same concentration. This treatment is
according to the different pK,, values of H,O (14.00) and DO (14.87). The
isotope effect value is calculated by the ratio of the current density in KOH
and KOD, in the same overpotential (Eq. 7). Noted that the theoretical po-
tential of OER in water is 1.229 V vs. RHE, while that of OER in D,0 is
1.262 V vs. RDE (reversible deuterium electrode).2? Therefore, the overpo-
tential in KOH and in KOD is calculated as Eq. 8-9.
Isotope ef fect value = LKOH (Eq.7)
Jkop

nkon = E(Ag/AgCl) +0.197V + 0.0592V x pH — 1.229V

(Eq.8)
Nkop = E(Ag/AgCl) + 0.197 V + 0.0592 V x (pH + 0.87)
-1.262V (Eq.9)
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