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Abstract: Herein, the effect of the alkali cation (Li*, Na*, K",
and Cs™) in alkaline electrolytes with and without Fe impurities
is investigated for enhancing the activity of nickel oxyhydr-
oxide (NiOOH) for the oxygen evolution reaction (OER).
Cyclic voltammograms show that Fe impurities have a signifi-
cant catalytic effect on OER activity; however, both under
purified and unpurified conditions, the trend in OER activity is
Cs™ > Na' > K* > Li", suggesting an intrinsic cation effect of
the OER activity on Fe-free Ni oxyhydroxide. In situ surface
enhanced Raman spectroscopy (SERS), shows this cation
dependence is related to the formation of superoxo OER
intermediate (NiOO~). The electrochemically active surface
area, evaluated by electrochemical impedance spectroscopy
(EIS), is not influenced significantly by the cation. We
postulate that the cations interact with the Ni—OO~ species
leading to the formation of NiOO —M" species that is
stabilized better by bigger cations (Cs*). This species would
then act as the precursor to O, evolution, explaining the higher
activity.

N ickel-based oxides have been extensively used as catalysts
for the oxygen evolution reaction (OER)!"% because of their
high intrinsic activity and stability in alkaline electrolyte.” %!
Understanding the processes and intermediates involved
during OER on the nickel oxyhydroxide (NiOOH) surface
is of key importance for further improving their performance.
The OER activity of NiIOOH is known to depend on the
electrolyte composition, in particular on the Fe content of the
electrolyte, the nature of the cation in the electrolyte, and the
pH of the electrolyte.> ! The exposure of the NiOOH to Fe
in the electrolyte changes the active-phase structure of
NiOOH. In spite of extensive in situ spectroscopic experi-
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ments and detailed density functional theory (DFT) calcu-
lations, the exact nature of the active site in the NiFe
oxyhydroxide is still under debate.'™?!! While Bell et al.!'"!
suggest that Fe are the active sites, Strasser et al. ascribe the
high activity to a synergy at highly active Ni-Fe sites involving
a negatively charged oxygenate ligand at Fe centers, activat-
ing adjacent Ni centers.'*?2! However, also catalytically non-
active alkali and alkali earth cations in the electrolyte may
impact on the activity of both NIOOH and NiFeOOH.
Michael et al.™® showed that in CsOH longer Ni—O bonds in
the NiOOH structure are observed. Toroker etal. have
ascribed these effects to the intercalation of electrolyte
cations into the layered structure of the nickel oxyhydrox-
ide™! which is known to undergo cation insertion upon the
oxidation of Ni(OH), to NiOOH.?*?" Generally, these results
show that the catalytic performance and active-phase struc-
ture of NiOOH catalysts can be tuned by changing the
electrolyte cation and Fe contents in the electrolyte.1>%]
Grimaud et al.*! also studied the interaction of cations with
the NiOOH structure. They showed that tetraalkylammo-
nium cations (TTA™) interact with the oxygen species formed
upon deprotonation and these interactions only occur for Fe-
containing NiOOH catalysts.

Our group has shown that the activity of (iron-free)
NiOOH for the OER is very sensitive to the pH of the
electrolyte, with higher pH leading to higher activity."*) The
pH dependence was explained by the degree of chemical
deprotonation of NiOOH, producing a negatively charged
surface species [Equation (1)], which is responsible for the
enhanced OER activity. Using in situ Raman spectroscopy,
a peak in the 800-1150 cm ™' wavenumber range was attrib-
uted to “active oxygen”" in the oxyhydroxide structure. We
assigned this band to a superoxo surface species (Ni-OO™)
acting as the precursor for the O, formation. We proposed
a mechanism for the OER on NiOOH in which the
deprotonation step (1) yields the active intermediate for O,
formation, consistent with the observed pH sensitivity.

NiOOH = Ni—0OO™ + H' (1)

Since the acid-base equilibrium [Eq. (1)] yields a nega-
tively charged species as the key intermediate, we expect it to
be sensitive to the cation in the electrolyte. Using in situ
Surface-Enhanced Raman spectroscopy (SERS) and electro-
chemical impedance spectroscopy (EIS), herein we present
experimental evidence for the different stabilization of the
active oxygen intermediate by different electrolyte cations.
Our results lend further credit to our mechanism for OER on
NiOOH, and provide another example of how electrolyte
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cations influence the activity and selectivity of electrocatalytic
reactions by their specific interaction with active surface
intermediates.”' =¥

NiOOH electrocatalysts were prepared by electrochemi-
cally assisted precipitation of Ni(OH), on polycrystalline
gold.[”] For measurements on iron-free catalysts, the electro-
lytes were purified from Fe using the method described by
Boettcher et al.’®! See the Supporting Information for further
experimental details.

We performed cyclic voltammetry (CV) of NiOOH
catalysts in both purified and unpurified alkali MOH electro-
lytes (with M*=Cs", K*, Na* and Li"). First, a CV was
recorded in Fe-free electrolyte until a stable profile was
obtained. Next, the electrolyte was switched to the unpurified
electrolyte containing traces of Fe. For each different electro-
lyte, a new NiOOH film was made in order to avoid any trace
remnants of cations or Fe from the previous experiment in the
structure of the nickel oxyhydroxide.

Figure 1 shows the current—potential curves for the four
different cations in each electrolyte condition. For the
unpurified electrolyte (solid lines in Figure 1), a clear en-
hancement effect of the cations is observed in terms of onset
potential (ca. 100 mV from Li* to Cs") following the trend
Cs™ > K" >Na" >Li" (in agreement with the literature!™>>),
which in principle might suggest that the bigger cation
leads to a higher OER activity. The CVs for the Fe-
free electrolyte (dotted lines in Figure 1) show thatFe 4
impurities have a significant catalytic effect on OER
activity, as is well known,>! so that the enhance-
ment may be primarily related to different Fe
contents of the different alkali electrolytes (see
Table S1). However, even in the purified electrolyte,
the trend in OER activity remains Cs* > Na* > K" >
Li", suggesting that there is an intrinsic cation effect
on the OER activity of NIOOH.

We used insitu Raman spectroscopy to inves-
tigate the cation effect on the active oxygen inter-
mediate. In agreement with previous work, SER
spectra at potentials below 1.4 V versus the reversible
hydrogen electrode (RHE) show two weak bands,
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Figure 1. Cyclic voltammograms of NiOOH at pH 13 in the region of
oxygen evolution in different electrolytes. Solid lines: unpurified
electrolytes; dotted lines: electrolytes purified by the method specified
in the text. Measurements were performed under rotation of the
working electrode (1600 rpm). Cyclic voltammograms were collected at
0.010 Vs™". Currents normalized by specific capacitance (see Support-
ing Information).?®

r
one at about 450 cm™' attributed to the a-Ni(OH), 300

and B-Ni(OH), phases and a second one at approx-
imately 494 cm™' which corresponds to the defective
or distorted Ni(OH), phase.”” ! The Ni(OH),/
NiOOH redox transition takes place at around
1.4V vs. RHE, which gives rise to two well-defined
SERS peaks at around 480 cm™" and 560 cm™', which
can be assigned to the bending and stretching vibration
modes, respectively, of Ni—O in NiOOH. As reported
previously, these results indicate that the oxidation of Ni-
(OH), occurs via a hydroxide-mediated process.!+!6:40-41]
Figure 2 shows spectra acquired at 1.7 V for all electro-
lytes. A cation dependence was observed for the bending and
stretching vibrations both in unpurified (Figure2a) and
purified (Figure 2b) electrolytes. The peaks related to Ni—O
bending in CsOH and Fe-free CsOH exhibit lower Raman
shifts (480.1 cm ™' and 481.2 cm ™!, respectively) compared to
the other cations. The highest Raman shifts for the Ni—O
bending mode were found for to LiOH and Fe-free LiOH at

13000 www.angewandte.org

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

b
480.1 em” !
555.7 cm”
=S
<
Cs’ =
561.8 cm” E‘A
B2
=
2
¢ =
il Na’ :
ags3em’ /1 a32em’ g
Li L
T+ 1. T ° 1 O IO S N R A
400 500 600 700 300 400 500 600 700

Raman shift / cm™ Raman shift / cm™

Figure 2. In situ Raman spectra of NiOOH obtained at 1.7 V in pH 13 in the
presence of different electrolyte cations. a) Unpurified electrolyte and b) purified
electrolyte.

4853 cm™ and 483.2 cm™', respectively. Similar cation-de-
pendent shifts are observed for the Ni—O stretching mode
near 580 cm '. These results are in good agreement with
earlier results by Michael et al. who have related this longer
Ni—O bond to the higher OER activity observed.'”! A lower
Raman shift can indeed be induced by a longer M—O bond.*”!

Of specific interest in this communication is the cation
effect on the SERS feature at 800-1150 cm™', the “active
oxygen” which we have previously identified with the active
intermediate for the oxygen evolution reaction (experiments
in '®O-labelled water indeed confirmed the oxygen-related
nature of this band).['! Figure 3 shows the SER spectra in the
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model recently put forward by Grimaud et al.,” who
studied the influence of large organic tetra-alkyl
ammonium cations, on the OER activity of NiOOH
and Ni(Fe)OOH catalysts. They suggested that the
strong interaction with organic cations actually blocks
the active site and lowers the OER activity, specif-
ically of the Ni(Fe)OOH catalyst.

Since alkali cations are known to intercalate in
the NiOOH layers, an alternative interpretation of
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Figure 3. In situ Raman spectra in the wavenumber region 800-1200 cm™

obtained at 1.7 V in pH 13 for different electrolyte cations. a) Unpurified
electrolyte and b) purified electrolyte.

“active oxygen” wavenumber region (800-1150 cm ') for the
different unpurified and purified electrolytes.

The spectra exhibit two main broad peaks at 1010 and
1110 cm™" for all cations with similar relative intensities
independent of the Fe content of the electrolyte (purified and/
or unpurified). The Raman peak at 1100 cm™" in CsOH and
Fe-free CsOH is however broader and exhibits in both cases
a shoulder in the 930-950 cm™ region with a higher
intensity compared to smaller alkali cations. Even if

—
1100

the cation effect would be to view Equation (2) as an
effective exfoliation reaction, as suggested by Tor-
oker etal.™ 1 Since exfoliation should lead to
a more open structure with a higher surface area,
we measured the electrochemically active surface
area in the different electrolytes.

Watzele and Bandarenka recently suggested the
measurement of the adsorption capacitance (C,4) as the most
reliable method to evaluate the electrochemically active
surface area of NiOOH."” This adsorption capacitance was
determined by electrochemical impedance spectroscopy
(EIS) in purified electrolytes at 1.6 V vs. RHE assuming the
Armstrong-Henderson equivalent circuit shown in Figure 4a
(details can be found in Supporting Information).***1 A

1
1200

o

this vibration mode cannot be clearly assigned, it
underscores a different interaction of Cs" with
NiOOH compared to the other cations. Both this
observation and the red shift observed with smaller
cations in the Ni—O bending and stretching mode,
highlight the importance of the interaction of alkali
cations with the Ni-OO~ species that might lead to
a different stabilization of the superoxo intermediate.

To probe the effect of Fe in the electrolyte, we
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compared the spectra in the “active oxygen” wave-
number region for CsOH with different Fe contents
(Supporting Information-1b). The spectra showed
that the intensity of the superoxo peak is only slightly
influenced by increasing Fe content. This result
suggests that the active NIOOH intermediate in the
absence of Fe, is not the key active site in the
NiFeOOH catalyst, in agreement with the conclu-
sions drawn by Bell et al.™” and Strasser et al.l!%?
Therefore, our results cannot identify the active
intermediate in NiFe oxyhydroxide.

We interpret the cation dependence of the OER activity
by assuming that the cation interacts with the Ni“OO~ species
in Equation (1), leading to a modified acid-base reaction as
expressed in Equation (2):

NiOOH + M* = NiOO™—M* + H* 2)

The results displayed in Figure 3 would imply that bigger
cations (in this case Cs*) provide a better stabilization to the
Ni—OO —M" intermediate. This species acts as the precursor
to O, evolution, explaining the higher activity. The exact
nature of this cation stabilization should be the subject of
further computational study (see, e.g., Refs.[34,43]). The
model expressed in Equation (2) is subtly different form the
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Figure 4. Typical Nyquist representations of electrochemical impedance spectra
of NiOOH at 1.6 V vs. RHE and pH 13. a) El spectrum of a NiOOH layer in
KOH: experimental spectrum (red dots) and fitted spectrum (gray line) using
the Armstrong—Henderson equivalent circuit shown. The inset displays the high
frequency region; b) El spectra plotted for different alkali cations (inset: high-
frequency region).

representative EI spectrum is given in Figure 4a with the
fitted spectrum exhibiting two frequency regimes: the high-
frequency regime is characterized by a time constant 7, =
CarR, (electrochemical double-layer) and the low-frequency
time constant 7, = R4 C,qs 1S characteristic of the adsorption
process (Faradaic process). Figure 4b displays four EI spectra
recorded at 1.6 V for the four different electrolytes: the same
two-frequency behavior is observed in all electrolytes and as
expected the low frequency impedance increases with the
same trend observed for OER activity in CVs Li > Na > K >
Cs. In the Supporting Information, we show that the
adsorption capacitance increases linearly with the amount
of nickel deposited (C,4= 6.6 pFnmol™'y; in LiOH, pH 13)
on the gold electrode, indicating that active sites are located
within the bulk material. This trend is also accompanied by an
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increase of the OER activity within the investigated range of
NiOOH thickness (Figure S2). Therefore, the adsorption
capacitance values are normalized by the amount of nickel
atoms deposited on the electrode. Table 1 gives the adsorp-
tion capacitance values in the four different electrolytes.

Table 1: Adsorption and double-layer capacitances measured in different
electrolytes at 1.6 V versus RHE, pH 13.

Cation Coas (LF nmol™y) Cy (WFcm™)
Lit 72+1.1 216+ 66
Na*t 6.0t1.9 291136
K" 45420 278 £15
Cs™* 6.7+£2.5 289+12

Although the values are rather dispersed around the average
value of approximately 6.1 pFnmol~'y; within the error bars
they are found not to be significantly influenced by the nature
of the cation, suggesting that the alkali cations do not
measurably increase the electroactive area of the electrode.
Moreover, the double-layer capacitance at 1.6 V is in the 200—
300 uFem 2 range, which is consistent with values reported
previously for similar nickel oxyhydroxide electrodes,**>" but
they are not significantly affected by the alkali cations in the
electrolyte. If there is any trend in Table 1, the trend has no
correlation with the activity trend observed in Figure 1.

We conclude that the insertion of alkali cations and their
interaction with the NiOOH sheets does not yield a meas-
urable change in the electroactive surface area. We therefore
postulate that the interaction of the cation with the charged
intermediate and its resulting stabilization plays a major role
in the promoting effect of large alkali cations on the OER
activity. Future computational investigations should take into
account the changes in the structure induced by alkali cations
insertion” and their interaction with the (deprotonated)
NiOOH active sites.

In conclusion, we have shown that there is an intrinsic
cation effect on the OER activity of Fe-free Ni oxyhydroxide
catalysts. This cation effect is related to the interaction of the
cation with the active oxygen species within the three-
dimensional oxide structure detected by using SERS, and
not by an increase in surface area caused by cation-induced
exfoliation. This explanation agrees with a model for the pH
dependence of the NiIOOH OER activity, which assumes the
existence of a negatively charged reaction intermediate, the
stability of which is sensitive to interaction with cations in the
electrolyte. Our work thereby provides a rationalization for
activating Ni(Fe)OOH catalysts for high OER activity by
electrolyte cations. Further work will be needed to elucidate
the exact nature of this stabilization.
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