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The synthesis of hydrogen via water electrolysis is an important
step towards resolving the energy crisis and impeding global
warming, as hydrogen can be used as a green energy carrier.
The oxygen evolution as one half-cell reaction (OER) is currently
limiting efficient water splitting due to kinetic inhibition as well
as a complex mechanism, causing a large overpotential. Nickel-
iron layered double hydroxides (LDH) were found to be suitable
OER catalysts, as they are cost effective, stable and highly
active. This work focuses on the intercalation of different

organic and inorganic borates into the LDH interlayers to study
their influence on OER. Besides activity and stability measure-
ments, three borate candidates were chosen for a kinetic study,
including steady-state Tafel analysis and reaction order plots. It
was found that the Bockris pathway with the second step as
rate-determining step was predominant for all three catalysts.
Of all candidates, the intercalation of borate resulted in the
highest performance, which was associated with a high
reducibility affecting the active metal sites.

Introduction

The development of effective and low-cost catalysts for water
electrolysis is oblige for green hydrogen to be a viable
alternative to conventional energy sources, since it can be used
for energy storage of renewable energies.[1] The mayor issue
here is the large overpotential due to kinetic inhibition which
hinders efficient energy conversion. Of both half-cell reactions,
oxygen formation at the anode holds a greater impact on the
overall required potential caused by a complex electron transfer
mechanism.[2,3] Possible reaction pathways for OER in alkaline
media are listed in Table 1.[4] To lower the OER overpotential,
suitable catalysts that relieve electron transfer and optimize
oxygen formation are obligatory to make water electrolysis
efficient and competitive. Many efforts have been made over
the past decades in terms of synthesizing, characterizing and
tuning catalysts to achieve highly active and long-term stable
systems.[5] Noble-metal based electrocatalysts such as RuO2 or
IrO2 have shown the best performance, but their scarcity and
high cost make these catalysts not suitable for economic
hydrogen production.[3,6]

As alternative to noble-metal based catalysts, 3d transition
metals were identified, which are cost-efficient, earth abundant

and provide catalytic activity and durability under alkaline
conditions. According to Bockris and Otagawa,[9] Trasatti[10] and
Rossmeisl et al.[11] the good activity of transition-metal based
catalysts in OER was attributed to the 3delectron number of the
metal ions, the enthalpy of a lower to higher oxide transition
and the surface oxygen binding.[12] Nevertheless, it is still
difficult to date to predict transition metal catalysts with high
OER activity by means of these proposed descriptors. Our group
made a contribution to increase this generalizability of
descriptive characters in electrocatalytic systems.[13–15] Mürtz
et al. studied OER on perovskite LaCo1– xBxO3 (B = Al, Ni, Zn) and
found that covalency in the interaction of O 2p transition metal
3d states, eg occupancy and the charge transfer energy (CTE)
are linear descriptors for the electrocatalytic performance,
regarding overpotential, Tafel slope and charge transfer
resistance.[13] It was concluded that the catalysts’ covalency and
CTE show a negative, whereas eg occupancy shows a positive
correlation with OER activity. We also presented in our group
how forecasts for water oxidation catalysts can be made based
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Table 1. Possible mechanisms for the oxygen evolution reaction in alkaline
media.[4]

Electrochemical oxide path[7] Oxide path[7]

M + OH� !MOH + e�

MOH + OH� !MO + H2O +e�

2 MO!O2 + 2 M

M + OH� !MOH + e�

2 MOH!MO + M + H2O
2 MO!2 M + O2

Krasil‘shchikov path[8] O’Grady’s path[4]

M + OH� !MOH + e�

MOH + OH� !MO� + H2O
MO� !MO + e�

2 MO!2 M + O2

M + OH� !MOH + e�

MzOH!Mz+1OH +e�

2 Mz+1OH + 2 OH–!2 H2O + O2

Bockris’ Path[9]

M + OH� !MOH + e�

MOH + OH� !MH2O2 + e�

MH2O2 + OH� !MHO2
� + H2O

MH2O2 + MHO2
� !O2 + H2O + OH� + 2 M
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on machine learning approaches.[14] Therefore, about 6000
published samples of (Ni� Fe� Co� Ce)Ox catalysts with known
composition and OP (at 10 mAcm� 2) were used to train
different machine learning algorithms. We could show that
already simple models like artificial neural networks were able
to give a decent prediction quality and were capable to
outperform more complicated models. Another contributor to
OER kinetics was found to be the spin state transition from
H2O/OH� to O2.

[16] Li et al. studied the spin state density of Ni-
MOF by introducing transition metals into the framework.[17]

They found that OER activity has a volcanic relationship with
the d-band center, where NiFe-MOF was at the volcano summit,
benefiting from the synergistic effect of electronegativity sites
and high-density spin state, which balances the adsorption/
desorption of intermediates, and minimizes the energy barrier
for OER.

Among the transition-metal based catalysts for OER catal-
ysis, layered double hydroxides have gained great interest in
recent years. Trotochaud et al. studied oxygen evolution on thin
transition metal oxide films and found that Ni0.9Fe0.1Ox was the
most active water oxidation catalyst, with roughly one order of
magnitude higher activity than IrOx films. The high activity was
attributed to the in situ formation of layered NiFeOOH species
with nearly every Ni atom being electrochemically active.[18] In
addition to their great catalytic activity, their flexible structural
composition and the broad range of available synthesis
methods make LDHs one of the most advanced electrocatalysts
towards alkaline water splitting.[3,19] They possess a layered and
open structure, whereas the hydroxyl groups pointing into the
interlayer region favor the formation of hydrogen bonds to
interlayer anions and water molecules.[20,21] Due to the relatively
weak interlayer bonding, LDH materials exhibit interlayer
expanding properties, which opens up the possibility to
introduce foreign anions and organic molecules.[20] Luo et al.
successfully intercalated NiFe LDH with phosphorus oxoanions
via a simple co-precipitation process.[22] The anions strongly
interacted with the edge-sharing MO6 layers, resulting in a
modification of the surface electronic structure of the Ni sites.
NiFe LDH intercalated with H2PO2

� delivered superior OER
performance with a low onset overpotential of 215 mV and a
Tafel slope of only 38 mVdec� 1.[23] Zhou et al. systematically
investigated the effect of redox-active interlayer anions by
intercalating 16 anions with different reducing abilities.[24] They
showed that intercalated anions with strong reducing ability
modify the electronic structure of surface-metal sites and can
significantly improve the performance of NiFe LDH. While these
studies mainly focus on achieving superior catalysis perform-
ances, little effort has been made to gain a deeper under-
standing of why these performance differences based on
intercalation of different anions occur. In fact, few studies aimed
for a mechanistical view on alkaline OER over such Nickel based
catalysts.[5,25,26] Scarr et al. for example conducted a study of
oxygen evolution on nickel and other metals and found that for
nickel and its alloys, a dual Tafel behavior appeared.[8] Based on
these findings, they proposed a mechanism which suggests
that following the electrochemical adsorption of an hydroxide
ion, the formation of an adsorbed hydrogen peroxide radical

ion, MO2H2
� , occurs which is then discharged and dehydro-

genated to oxygen. The stated, so called adsorbed hydrogen
peroxide mechanism for alkaline OER, was also validated in
other studies.[27] In view of these findings, our working group
investigated the kinetic behavior of NiFe LDH with three
different intercalated anions (CO3

2� , H2PO2
� and B(OH)4

� ) which
also showed a dual Tafel behavior for all candidates.[25] We
observed fractional reaction orders which were validated
together with the Tafel slopes by Temkin adsorption conditions.
While the Bockris’ mechanism was valid for all candidates, the
change in Tafel slope could be attributed to a change in rate
determining step (RDS). Understanding the influence of material
properties on the mechanism in OER is of fundamental
relevance to enable a knowledge-based catalyst design, and
identifying kinetic bottlenecks allows for a better control and
process design.[5,26]

Herein, different borate-based intercalated NiFe LDHs are
prepared by a simple co-precipitation process. Besides borate,
tetraborate as well as three different organic borates (named as
PBA, BDBA and BPBA) were chosen under otherwise constant
synthetic conditions to explore the influence of borates on the
catalytic behavior in alkaline OER. For all catalysts, cyclic
voltammetry and X-ray diffraction as well as other material
analyticswere used to characterize the electro- and physico-
chemical material properties. For three candidates, steady-state
Tafel plots and reaction order measurements were performed
to conduct a deeper mechanistic study. Here, steady-state
operations refine the determination of Tafel slopes and open
up the possibility to select the proper mechanism and
adsorption model for calculating the RDS. To further verify the
stability of the intercalated NiFe LDHs, chronoamperometry was
conducted for one inorganic and one organic borate-interca-
lated catalyst.

Results and Discussion

NiFe LDH in a ratio of 2 : 1 with intercalated anionic forms of
boric acid (BA), sodium tetraborate (TB), phenylboronic acid
(PBA), benzene-1,4-diboronic acid (BDBA) and 4-biphenylbor-
onic acid (BPBA) were prepared via a simple co-precipitation
process based on the work of Luo et al.[22]

The general structure of layered double hydroxides with
intercalated charge-balancing anions, as well as the anions used
here are shown in Figure 1.

Prior to electrochemical analysis, the existence of boron in
all catalysts and similar Fe/Ni ratios of 0.5 (Table S2) were
successfully confirmed via elemental analysis. X-ray diffraction
(XRD) was measured twice, each in the range of 2θ=10–90°
(Figure 2a) and 9–40° (Figure 2b) to investigate their crystal
structure and interlamellar spacing. All catalysts show multiple
characteristic reflections of NiFe LDH of which the most
prominent ones are shown at 2θ=12° (003), 24° (006), 39° (012)
and 60° (110).[28] The intercalated anions are likely not organized
enough to result in a reflex and do not have a large scattering
power, meaning that all reflexes are originating from nickel and
iron in the host layers. For NiFe(BA) LDH and NiFe(TB) LDH the
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(006) reflex could not be detected. As the (003) and (012)
reflections of these catalysts are broad and the (006) reflection
shows the least intensity in the other catalysts, it is likely that
the (006) reflections are too small to be detected.

A good indication for the success of anion intercalation is
the varying basal spacing due to the different molecule sizes of
the borates. This spacing can be calculated with the 2θ values
of the (003) reflex.[20,29] By using Bragg’s law, it follows that the
more the reflection is shifted to lower values, the bigger the
basal spacing is. The (003) reflections of the aromatic borate
intercalated LDH materials all have similar positions with 2θ =

11.50°, 11.62° and 11.74° for NiFe(PBA), (BDBA) and (BPBA) LDH,
respectively, resulting in basal spacings of 7.69 Å, 7.61 Å and
7.53 Å. Therefore, the size of anions seems not to have an

influence on the basal spacing, which could be explained by
the flat alignment of the aromatic molecules, forming stacked
layers in the basal space. Aisawa et al. studied the intercalation
of amino acids in LDH interlayers and found that for aromatic
phenylalanine, the LDH basal spacing was smaller than the
diameter of the anion. They postulated that the anion is
horizontally orientated in the basal spacing, which supports our
thesis of a flat alignment of aromats in the interlayer.[30]

Another important information from XRD analysis is the
relative intensity of the (003) and (006) reflexes, which is a
measure of the interlamellar electron density and thus holds
particular importance when intercalating aromatic anions.[31]

The higher intensity of the (006) reflection for all organic
borates indicate a higher interlamellar electron density com-

Figure 1. General structure of NiFe LDH with the respective intercalated inorganic (BA and TB) and organic (PBA, BDBA and BPBA) borates.

Figure 2. XRD patterns of NiFe LDH containing the anions TB (orange), PBA (turquoise), BA (blue), BDBA (pink) and BPBA (green). The values were collected
under CuKα radiation (λ=1.54 Å) with 2θ ranging from a) 10° to 90° and b) 9° to 40° in 0.02° steps. Reference lines (black) of the characteristic (003) and (006)
Peaks for NiFe(CO3

2� ) LDH (ICSD #107625) are marked.
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pared to (BA) and (TB), suggesting the successful intercalation
of the organic borates PBA, BDBA and BPBA. The results for
NiFe(TB) LDH and NiFe(BA) LDH must be discussed in more
detail. For NiFe(TB) LDH, the (003) reflection appears at 2θ =

10.82° resulting in a d-spacing of 8.17 Å whereas NiFe(BA) LDH
shows no (003) and (006) reflection, which arises the question
about the type of intercalated anion. Under the given synthesis
conditions, where the borate species were dissolved in water at
pH 10, giving a borate concentration of 0.5 M, boric acid and
sodium tetraborate form so called polyborates. According to
Anderson et al., dissolving 0.4 M boric acid in water at pH 10
leads to the formation of ~57% B(OH)4

� and ~23% B4O5(OH)4
2�

and small amounts of other polynuclear boron species.[32]

Therefore it can be assumed that mainly B(OH)4
� is intercalated

into the interlamellar spacing in NiFe(BA) LDH. The lack of (003)
and (006) signal and overall low signal intensity can probably
be attributed to a small crystallite size or stacking faults.[33]

Although sodium tetraborate was dissolved in the same
manner as boric acid, the 4 times higher boron content favors
the formation and intercalation of B4O5(OH)4

2� (tetraborate
anion) into NiFe LDH,[34] resulting in the increased basal spacing
of 8.17 Å.

After the successful intercalation of the anions was demon-
strated by XRD, electrochemical performance tests were con-
ducted. For OER activity analysis, linear sweep voltammetry was
performed in 1 M KOH solution in a classical three-electrode
setup. Ni sheet was used as the working electrode, where the
catalyst to be analyzed was drop coated on the sheets surface.
The LSV curves were recorded at a scan rate of 5 mVs� 1 and are
100% iR corrected to compensate for the electrolyte resistance
Rs. The dashed line in Figure 3a marks the potentials to be
considered at the defined current density of 100 mAcm� 2. As
shown in Figure 3b, the overpotentials at 100 mAcm� 2 (η100) of
the candidates follow the order NiFe(BA)< (PBA)< (BDBA)<
(BPBA)< (TB) LDH with the respective values of 308 mV,
326 mV, 331 mV, 337 mV and 349 mV. NiFe(BA) LDH shows the
highest activity and steepest slope, indicating high reaction

rates, followed by NiFe LDH with phenyl borate (PBA) interca-
lated. The intercalation of tetraborate into the layers led to the
worst performance and lowest gradient, indicating slower
reaction rates.

Different explanations about how intercalated anions
influence the performance of LDHs were made in
literature.[22,33,35] Carrasco et al. found that increasing the basal
spacing to a certain extend through space consuming anions
led to lower Tafel slopes and higher activities. Although
intercalation of the tetraborate anion in this research increased
the basal spacing, this material possessed the lowest perform-
ance. This contradiction suggests that other effects have a
greater impact on the performance here. Another value to
validate different performances of anion intercalated systems is
the pKa value of the conjugated acid of the anion.[22,33,35]

According to Luo et al., a strong reducing agent or Lewis base
can induce a lower valence state in the surface nickel atoms.
These high-electron nickel sites would then be easier to oxidize,
which would improve the OER performance and lower the
overpotential.[22] Boric acid is a Lewis acid with the highest pKa
value of 9.0–9.2 and therefore the strongest Lewis base, which
fits to the stated correlation. The other anions have a lower pKa,
which correlates to a weaker Lewis basicity and thus a lesser
interaction with the active sites.[36]

NiFe(PBA) shows a similar, but slightly later onset compared
to NiFe(BA) LDH and a gentler slope afterwards, indicating
similar activation energy but slower reaction rates. A possible
explanation would be that the phenyl group of PBA leads to a
greater dislocation of the negative charge in the anion, which
could hinder the electrostatic interaction. It is possible that the
higher dislocation of the negative charge, due to more possible
distinct resonance structures, weakens the Lewis basicity,
decreasing the electrostatic interaction and leading to the
higher overpotential. NiFe(BDBA) LDH shows a distinct later
onset as the previously discussed catalysts. It is possible that a
higher dislocation of the negative charge due to more possible
distinct resonance structures weakens the Lewis basicity, which

Figure 3. a) Polarization curves of NiFe LDH intercalated with TB (orange), PBA (turquoise), BA (blue), BDBA (green) and BPBA (pink) vs. RHE for the OER. The
data points were received at a scan rate of 5 mVs� 1 using a three-electrode setup with glassy carbon as the counter electrode and Hg/HgO as the reference in
1 M KOH as electrolyte. All curves are 100% iR corrected. b) Comparison of the overpotentials at 100 mAcm� 2 calculated from the activity curves. All values
are 100% iR corrected.
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in turn decreases the electrostatic interaction and leads to the
higher overpotential. The slope is comparable to NiFe(PBA)
LDH, indicating similar kinetics and reaction rates. NiFe(BPBA)
shows a late, but harsh onset. The reaction rate of this catalyst
is slower but comparable to the reaction rate of (PBA) and
(BDBA). The additional phenyl group has an insignificant effect
on the kinetics, but a distinct influence on the onset and thus
the activation energy.

In addition, the strength and matter of the metal-anion
interaction can also influence the reaction rate.[22,23] NiFe(TB)
LDH is least active in OER with the highest overpotential of
349 mV. This could be caused by a weaker interaction with the
nickel sites, or a slower ion transport, caused by the three
dimensionally voluminous nature of tetraborate.

Figure 4 shows Nyquist plots as a result of electrochemical
impedance spectroscopy (EIS). Thereby, the diameter of the
semicircle is equal to the charge transfer resistance Rct, which

describes the electron transfer from the electrode to the liquid
and models the overall rate of the OER.[37] Our activity trend is
in line with the Rct values of all catalysts. NiFe(BA) LDH obtained
the lowest charge transfer resistance, emphasizing its superior
catalytic performance. All Rct values are summarized in the SI.

For a more profound insight, a kinetic study was performed
for NiFe(BA) as the best performer and two organic candidates,
NiFe(PBA) LDH and NiFe(BPBA) LDH. For this purpose, steady-
state Tafel plots were conducted around the onset potential
from steady-state LSV measurements with 100% iR correction
(Figure 5a). For all candidates, a change in Tafel slope at around
250 mV overpotential occurred, which can be associated with
the onset of OER. In the low Tafel region a slope of
28.7 mVdec� 1, 25.5 mVdec� 1 and 20.6 mVdec� 1 was obtained
for NiFe(PBA), NiFe(BA) and NiFe(BPBA) LDH respectively,
whereas 114 mVdec� 1, 104 mVdec� 1and 131 mVdec� 1 were
obtained in the high region. While the slopes are similar in the
low Tafel region (capacitive region), the trend in the high Tafel
region fits the activity trend. To determine the rate determining
step of the reaction, the transfer coefficient α was further
analyzed, in the second Tafel region for all three catalysts. The
transfer coefficient can be calculated with Equation (1).

a ¼
1
b

2:303 RT
F

� �

¼
nf
u
þ nrb (1)

Here, b is the Tafel slope, which is inversely proportional to α,
meaning that a small slope correlates to a high activity and vice
versa.[39] The second part of the equation allows for more
mechanistical insight. Hereby, nf refers to the number of
electrons exchanged by the electrode before the RDS, υ is the
number of occurrences of the RDS in the assumed mechanism,
nr is the number of electrons involved in the RDS and β
presents a symmetry factor.[25]

In our previous work, the same assumptions were made
about the RDS as in the following (see SI). The elementary steps

Figure 4. Nyquist plots of all candidates at 0.5 V (vs Hg/HgO) in a frequency
range from 100 kHz to 100 mHz at the amplitude of 10 mV. The semicircles
were fitted according to the Randles equivalent circuit.

Figure 5. a) Steady-state generated Tafel plots of NiFe LDH with the intercalated anions PBA (green), BA (blue) and BPBA (pink). Steady-state measurements
were performed at nine potentials from 0.500 to 0.700 V vs. Hg/HgO. For each applied potential, the current response was measured for 150 s and the last 25
data points were averaged. All values are 100% iR corrected. b) Reaction order plots for NiFe(PBA) LDH (green), NiFe(BA) LDH (blue) and NiFe(BPBA) LDH
(pink) at 0.650 V vs. Hg/HgO. For that, five KOH electrolyte solutions with concentrations of 0.2, 0.4, 0.6, 0.8 and 1 M were used. The LSV data was collected at
a scan rate of 5 mVs� 1 using a three-electrode setup with GC as the counter electrode and Hg/HgO as the reference.

Wiley VCH Mittwoch, 13.11.2024

2422 / 376010 [S. 6/9] 1

ChemElectroChem 2024, 11, e202400457 (5 of 8) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202400457

 21960216, 2024, 22, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202400457 by R
w

th A
achen U

niversity U
niversitätsbibliothek- 021000, W

iley O
nline L

ibrary on [17/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



in the mechanism can either be an electron transfer step or a
chemical reaction. All elementary reactions following the rate
determining step do not affect the reaction rate and can be
ignored in determining the RDS. Additionally, the calculation
assumes the reaction pathway stated by Bockris[9] (Table 1), in
which an intermediate adsorbed peroxide is formed. We also
made a statement about the symmetry factor β which can
deviate from its ideal value of 0.5.[25,40] The reason for that can
be the unsymmetrical potential distance profile during an
electron exchange step.[25,41]

Therefore, additional mechanistical aspects have to be
considered through the electrochemical reaction order, which
provides the relationship between the concentration of one
reactant species and the reaction rate.[39] The electrochemical
reaction order mOH,E is mathematically defined as in Equa-
tion (2).

mOH;E ¼
@logi
@logaOH

� �

E
(2)

Here, aOH is the hydroxide ion activity and E is the potential. For
the determination of mOH,E, reaction order plots for all three
candidates were experimentally obtained at 0.650 V vs. Hg/
HgO. This potential was selected as it represents the midpoint
of the high Tafel region (cf. Figure 4). Therefore, activity
measurements at five different electrolyte concentrations (0.2 –
1.0 M KOH) were conducted, and the logarithmic current
densities at 0.650 V (vs. Hg/HgO) were plotted against the
respective logarithmic ion activity (OH� ) (Figure 5b). The slopes
then represent the occurring reaction order mOH,E at the given
potential.

Fractional reaction orders for hydroxide anions have been
previously reported.[5,39,42] Here, the fractional values were
assumed to be caused by competing reaction pathways and
thus the combination of the expected kinetic parameters for
the different pathways, so not-rate determining steps or other
mechanisms might also influence the reaction order. The
fraction of active sites involved in each particular pathway
determines the relative contribution of the pathway to the
reaction order.[5,42] In such cases, the fractional reaction order
can be explained using Temkin adsorption conditions. A
detailed derivation of the underlying formulas based on Temkin
adsorption conditions can be found in our previous work.[25]

Assuming the second step of the Bockris’ path as rate
determining, the following terms are valid for b and mOH,η

(Equation (3) and (4)).

b ¼
@h

@logf T

� �

aOH

¼
2:303 RT

F ð1 þ b � gÞ (3)

mOH;h ¼
@lnfT
@lnaOH

� �

h

¼ 2 � g (4)

Here, NiFe(BA) LDH shows a reaction order of mOH = 1.37,
suggesting a symmetry factor of γ = 0.63 and a Tafel slope of
b = 104 mVdec� 1, fitting to a symmetry factor of β = 0.19.
NiFe(PBA) LDH exhibits a reaction order of 1.18, which fits with

a symmetry factor of γ = 0.82. The corresponding Tafel slope
of b = 114 mVdec� 1 can be rationalized with a symmetric
potential energy barrier constant of β = 0.33. Finally, for
NiFe(BPBA) LDH a reaction order of 1.26 was obtained, which
calculates to γ = 0.74. It shows a Tafel slope of b =

131 mVdec� 1, which translates to a symmetry factor of β =

0.18.
All symmetry factors lay between 0 and 1 when assuming

the second step as rate determining, meaning that for all
candidates the second adsorption of a hydroxide ion and the
formation of the hydrogen peroxide intermediate is rate
determining. It also confirms our assumptions about the
adsorption conditions and mechanism, as Temkin adsorption
and the Bockris path are the only conditions that rationalize the
measured Tafel slopes together with the measured reaction
orders.

Lastly, stability measurements were made to investigate
how the catalysts performance changes due to usage. There-
fore, the catalytic activity before and after 24 h electrolysis was
investigated by LSV (Figure 6). For both candidates, a slight
increase in activity could be observed, which is in good
agreement with previous studies, where the activity increase
was attributed to the incorporation of residual Fe into the LDH
structure.[43] Furthermore, Dionigi et al. proved that, under
applied anodic potential, NiFe LDH oxidizes from the initial α-
phases to activated γ-phases potentially leading to increased
activities after aging.[44] Aside from the occurring activation
mechanisms, the exchange of the anions with carbonate can
rather be excluded, as the activity should decrease when an
exchange with carbonate anions occurs.

Figure 6. Comparison of OER polarization curves of pristine (p) and aged (a)
(dashed lines, 24 h at 1.7 V vs. Hg/HgO) NiFe(BA) LDH (blue) and NiFe(BPBA)
LDH (pink). The data points were received at a scan rate of 5 mVs� 1 using a
three-electrode setup with glassy carbon as the counter electrode and Hg/
HgO as the reference in 1 M KOH as electrolyte.
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Conclusions

In this work, we have investigated the underlying mechanisms
of alkaline OER on borate intercalated NiFe LDH. We interca-
lated NiFe LDH with boric acid (BA), tetraborate (TB), phenyl-
borate (PBA), benzene-1,4-diborate (BDBA) and 4-biphenylbo-
rate (BPBA) to explore the influence of inorganic and organic
borates on the catalysts activity and chose three interesting
candidates NiFe(BA) (PBA) and (BPBA) LDH for a kinetic study.
All investigated candidates showed dual Tafel behavior and
fractional reaction orders, that could be rationalized by the
occurrence of Temkin adsorption conditions and the over-
coming of the onset potential. We found that the Bockris’ path,
where a physisorbed hydrogen peroxide intermediate is
formed, was prevalent for all three candidates. Here, the second
OH� adsorption step was found to be the rate determining
step, which agrees with the findings of our previous work.
Furthermore, we found that the intercalation of boric acid into
NiFe LDH resulted in excellent catalytic performance in alkaline
OER, reflected by a low charge transfer resistance and the
lowest Tafel slope at high current densities. Fast kinetics and
high conductivity are suggested to be due to the high pKa
value of borate, which is beneficial for efficient OER catalysis.

Experimental Section
All reactants and solvents are commercially available and of
analytical grade and were used without further purification. 4-
Biphenylboronic acid (BPBA), benzene-1,4-diboronic acid (BDBA),
Nickel(II) nitrate hexahydrate, sodium tetraborate decahydrate (TB)
and sodium hydroxide were purchased from Sigma-Aldrich, boronic
acid (BA), ethanol abs. and potassium hydroxide from ChemSolute,
phenylboronic acid (PBA) from Thermo Scientific and ferric(III)
nitrate nonahydrate was bought at Merck. Deionized water was
degassed with N2 for 1 h and used to prepare all reaction solutions.

Herein, NiFe(BA), NiFe(TB), NiFe(PBA), NiFe(BDBA) and NiFe(BPBA)
were synthesized via a co-precipitation process. For that, 33 mmol
Fe(NO3)3 · 6H2O and 66 mmol Ni(NO3)2 · 6H2O were dissolved in
40 mL DI water to form a homogenous solution (solution A, Ni : Fe
2 :1). Solution B was prepared by dissolving 0.05 mol of the
respective anion in 100 mL DI water. In case of NiFe(BDBA) and
NiFe(BPBA), the concentration of solution A and B were adjusted to
one tenth of the standard concentration due to poor solubility on
the anion. The third solution (solution C) was prepared by
dissolving 0.34 mol NaOH in 100 mL DI water. For co-precipitation,
solution A was added dropwise into solution B, whereas solution C
was added to keep the pH value constant at 10. After completely
adding solution A, the resulting brown dispersion was stirred for
24 h at room temperature. The precipitate was then filtered under
vacuum, washed with DI water until pH 7 and dried at 80 °C. Before
preparing catalyst ink, the product was mortared to receive a fine
powder.

Electrochemical measurements were performed in a typical three-
electrode setup with a glassy carbon counter electrode and a Hg/
HgO reference electrode, controlled by a Metrohm Autolab
potentiostat PGSTAT302 N. If not mentioned otherwise, 1 M KOH
solution in Milliq water was used as the electrolyte. For the working
electrode, a polished nickel sheet was used. Before coating the Ni
sheet with catalyst ink, the sheet was taped to reduce the area to
1 cm2. For catalyst ink, 5 mg of catalyst powder was mixed with

900 μL H2O and 900 μL EtOH sonicated for 30 min to ensure
homogeneity. To obtain a uniform loading, 3×10 μL catalyst ink
was dropped onto the nickel sheet and dried under a heating lamp,
resulting in a catalyst loading of 80 μgcm� 2. Lastly, 10 μL of 0.1%
Nafion (Sigma Aldrich) was added for stabilization. For each
electrochemical measurement, the electrode was conditioned by
running 50 cycles at low scan rates (ν=200 mVs� 1) in order to
clean the WE surface.[25,39] The electrocatalytic activity was inves-
tigated by CV at a scan rate of 0.005 Vs� 1, whereby only the
forward scan was considered. For iR correction, EIS was measured
after each activity test at 0.5 V from 100 kHz to 100 mHz at the
amplitude of 10 mV, to obtain the electrolyte resistance. For Tafel
plots, steady-state activity measurements were performed at nine
potentials in the range of 0.5–0.7 V in 0.025 V steps, whereby every
recorded value was given 150 s to reach equilibrium. For iR
correction of the Tafel values, EIS measurements were conducted at
the same potentials. For reaction order plots, CV measurements
were performed in different electrolyte concentrations (0.2–1.0 M
KOH in 5 steps) at 0.525 V and 0.650 V to cover the Tafel regions.[25]

For stability determination, chronoamperometry tests at 1.7 V in a
two electrode setup were performed with NiFe(BA) and NiFe(BPBA)
for 24 h. Afterwards the electrolyte was carefully exchanged with-
out removing the electrodes and the conditioning and activity
testing was done again as described above.

X-ray diffraction (XRD) patterns were measured on a Bruker D2
Phaser device under CuKα radiation (λ=1.54 Å) with 1° incidence
angle and 2θ ranging from 6° to 90° with 0.02° steps.
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