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Abstract: The urge for carbon-neutral green energy conver-
sion and storage technologies has invoked the resurgence of
interest in applying brucite-type materials as low-cost oxygen
evolution reaction (OER) electrocatalysts in basic media.
Transition metal layered hydroxides belonging to the brucite-
type structure family have been shown to display remarkable
electrochemical activity. Recent studies on the earth-abun-
dant Fe*" containing mdssbauerite and Fe** rich Co—Fe
layered oxyhydroxide carbonates have suggested that grafted
interlayer anions might play a key role in OER catalysis. To
probe the effect of such interlayer anion grafting in brucite-
like layered hydroxides, we report here a systematic study on
the electrocatalytic performance of three distinct Ni and Co

brucite-type layered structures, namely, (i) brucite-type M-
(OH), without any interlayer anions, (i) LDHs with free
interlayer anions, and (iii) hydroxynitrate salts with grafted
interlayer anions. The electrochemical results indeed show
that grafting has an evident impact on the electronic
structure and the observed OER activity. Ni- and Co-
hydroxynitrate salts with grafted anions display notably
earlier formations of the electrocatalytically active species.
Particularly Co-hydroxynitrate salts exhibit lower overpoten-
tials at 10 mAcm™ (y=0.34 V) and medium current densities
of 100 mAcm™ (7=0.40 V) compared to the corresponding
brucite-type hydroxides and LDH materials.

J

Introduction

The idea of storing excess energy from intermittent renewable
solar and wind sources as an H, fuel is gaining traction as an
efficient way to deliver a steady supply of renewable energy."
Although the water-splitting reaction in an electrolyzer is
expected to occur when an applied potential (E) reaches the
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thermodynamic equilibrium potential (E.,=1.23 V), in practice,
electrocatalysts need to be employed to reduce the over-
potential (7=E-£E,,) and to lower the energy loss related to the
kinetic barriers for hydrogen and oxygen evolution reactions.”’
The main source for the observed overpotential is the oxygen
evolution reaction (OER). It is a complex process as it requires a
four-electron transfer to produce molecular oxygen at the
anode. The current benchmark OER catalysts are noble-metal-
based IrO, and RuO,, which are expensive due to global
scarcities of their mineral resources and are known to have
long-term stability issues in alkaline media.”

The initial OER studies dating back to the 1980s focused on
Ni-, Co- and Fe-based hydroxides and (oxy)hydroxides as
possible water oxidation catalysts in basic media.”! These
studies were prompted by the observation of detrimental
oxygen gas evolution at the positive electrode in nickel-
cadmium (NiCd) and nickel-metal hydride (NiMH) rechargeable
batteries. The last decade saw the resurgence of Ni-, Co-, and
Fe-based, brucite-type layered materials as OER catalysts, thanks
to several coinciding efforts to develop thin films of transition
metal oxide, hydroxides, oxyhydroxide, and Ni-borate.” Inter-
estingly, these studies observed the in situ oxidation of layered
hydroxide and oxyhydroxide during electrocatalysis, such as the
a-Ni(OH),/y-NiO(OH) couple as depicted in the Bode’s
diagram.” Later, Song etal. reported NiFe layered double
hydroxide (LDH) and oxyhydroxide as OER catalysts, out-
performing the benchmark IrO, catalyst” This encouraged
widespread research on OER activities of transition metal-based
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LDHs with various combinations of cations, exfoliated and
electrodeposited ultrathin LDH sheets, as well as numerous
graphite composites of LDHs."®

Recently, our research group introduced two OER active
materials, the earth-abundant Fe*' containing méssbauerite,”
and Fe’ " rich Co—Fe layered (oxy)hydroxides."” Later, a detailed
structural analysis of mdssbauerite by combining powder X-ray
diffraction fitting with the DFT computed structural models
revealed a randomly interstratified disordered structure with
the interlayer carbonate partially grafted to the brucite layers."”
In line with this, previously, Hunter et al.'? identified some of
the interlayer nitrite ions to be directly bound to Fe located at
the edge of the brucite-type layer.

To the best of our knowledge, the effect of grafting anions
to the brucite-type layers on the electrocatalytic performance
has not been studied systematically. For selected transition
metal cations such as Co and Ni, brucite-type materials, grafted
hydroxy salts, and intercalated LDHs are accessible (Figure 1)
and hence allowing for an investigation on the influence of
grafting on their electrocatalytic performances.

Results and Discussion

Hydroxides of divalent first-row transition metal cations such as
Ni?*, Co®", Fe?*, Mn?*, Cu*" and Zn?** with ionic radii in the
range of 0.60 to 0.75A crystallize in the brucite structure
(Figure 1a) with an interlayer distance of 4.6 A" LDHs of
general formula [M?*,,M**,(OH),,J{CO,:nH,0} with z=1.2 to 2,
are formed upon partial replacement of divalent with trivalent
cations, which results in positive hydroxide layers that are
charge compensated by hydrated interlayer anions (Fig-

(a)

Brucite-type

(b) (c)
E:* / Ni-/Co-hydroxide \ * &
RS

Layered Double Hydroxides (LDHs) Ni-/Co-hydroxynitrate

Figure 1. Schematic depiction of brucite-derived transition metal com-
pounds investigated in this work.

ure 1b)." Partial substitution of hydroxides with grafted anions
leads to the third class of brucite-derived compounds known as
metal hydroxy salts (Figure 1c) or hydroxide-rich basic salts,
[M(OH),, J{(A""),,, -nH,0} with distinct y values of 0.5, 0.67, and 1
and A"~ =NO,", CI-, CO,* or 50,2~

Unlike transition metal-based brucite M(OH), and LDHs,
basic hydroxy salts have received less attention as OER catalysts.
For instance, Co-hydroxycarbonate on carbon paper (=
240mV at 10mAcm )" or Nifoam (n=332mV at
10 mAcm3),"” and CoMn-hydroxycarbonate on Ni-foam (7=
294 mV at 30 mAcm )" have shown to catalyze OER at low
overpotentials. However, these materials were either amor-
phous or poorly crystalline, with barely visible reflections in
their PXRD patterns. The electrocatalytic studies on well-
crystalline basic hydroxy salts are mostly limited to CoZn-
hydroxy  sulfate  (y=370mV  at 10mAcm? for
Zn,,Co,,350,(0H)s-0.5 H,0) on a glassy carbon electrode." Ni-
hydroxynitrate on Ni-foam exhibited the lowest overpotential
(=231 mV at 50 mAcm )™ reported so far for hydroxy salts.
Later it has, however, been shown that the Ni-foam itself
contributes to the electrocatalytic activity.”"!

The focus of this study is not reducing the overpotential to
the minimum value. Instead, we want to gain insights into the
effect of grafting on the overpotential by comparing the
performance of three distinct Ni and Co brucite-derived layered
structures, namely, (i) brucite M(OH), without any interlayer
anions, (i) LDHs with free interlayer anions and (iii) hydroxyni-
trates with grafted interlayer anions.

For brucite structure, commercial reagent grade Ni(OH), and
Co(OH), were used. The LDH structure requires trivalent cations.
To avoid synergistic effects reported with Fe’*™ in
electrocatalysis,”? AP* is chosen as an electrochemically inert
trivalent cation. Both NiAl-CO; and CoAI-CO; LDHs were
obtained by urea hydrolysis. Ni and Co are known to exist as
hydroxynitrate.”® Here, nitrate bonds or grafts directly to the
metal cation, replacing hydroxide in the brucite layers (Fig-
ure 1¢), leading to an interlayer distance of 6.9 A, which is
intermediate between brucite-type hydroxides (Figure 1a) and
LDHs (Figure 1b).0"”

Synthesis and Characterization of Compounds

The compositions of hydroxide samples, LDHs, and hydroxyni-
trates were determined by elemental analyses and were found
to be within the expected range (Table 1). All X-ray powder
diffraction traces could be fully indexed, indicating phase pure

Table 1. Summary of compositions and the cell parameters of Ni- and Co-based phases.

Sample Composition a(h) c(A) Polytype
Ni(OH), Ni(OH), 3.127(5) 4.613(1) 1H
NiAl-CO, LDH Ni, 04Al 66(OH)15(CO5)05 2.5 H,0 3.027(1) 22.57(1) 3R,
Ni-hydroxy-nitrate Ni(OH), 5(NO5)55-0.12 H,0 3.131(3) 6.869(1) 1H
Co(OH), Co(OH), 3.183(0) 4.657(2) 1H
CoAl-CO;-LDH C0407Al;63(0OH);,(CO3)p67+ 3.2 H,O 3.077(7) 22.83(2) 3R,
Co-hydroxy-nitrate Co(OH); 54(NO3)446-0.05 H,0O 3.188(9) 20.79(8) 3R,
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materials (Figures 2). The PXRD patterns of Ni(OH), and Co(OH),
conform to a typical brucite structure (Figures 2a and d) with
P-3m1 space group and refined cell parameters in close
agreement with reported literature values (PDF: 14-117 (4.6 A)
and PDF: 30-443 (4.7 A) for Ni (OH), and Co(OH),, respectively;
Table 1).

The PXRD patterns of NiAl-CO; and CoAl-CO; LDHs (Fig-
ure 2b and e) could be indexed with a three-layer rhombohe-
dral cell with R-3m space group with interlayer distances of
7.52(3) A and 7.61(0) A for NiAl-CO; and CoAl-CO, LDHs,
respectively, which is in perfect agreement with published
values for carbonate intercalated LDHs (for instance 7.5 A for
NiAlI-CO; (PDF: 015-0087)). In line with earlier studies, the
presence of prominent mid-20 reflections around 2.6 A, 2.3 A,
and 1.9 A in these PXRD patterns match with (012), (015), and
(018) reflections supporting the 3R, polytype structure having a
stacking sequence of AC CB BA AC?¥

As expected, for hydroxynitrates (Figure 2c and f), interlayer
distances of 6.9 A (Co-hydroxynitrate) and 7.0 A (Ni-hydroxyni-
trate) were found to be intermediate between the values of the
hydroxide and the LDH counterparts. This confirmed the
presence of grafted nitrate anions. A nice integral series of (00l)
reflections indicates a uniform interlayer distance with grafted
anions being present in all interlayers. For both the Co- and Ni-
hydroxynitrate salts (Figure 2c and f), (hkl) reflections with /0
indicated ordered polytypes. For Ni-hydroxynitrate, the reflec-
tions observed at d-values of 6.9 A, 3.5A, 27 A, 254, 2.1 4,
1.7 A, 1.6 A, and 1.5 A correspond to (001), (002), (100), (101),
(102), (103), (110), and (111) reflections of the 1H polytype as

shown in earlier reported data (PDF: 022-0752).”® The non-
systematic broadening of mid-20 reflections between 30° to 50°
(FWHM varying from 0.5° to 0.8° compared to 0.3° of basal
ones), however, indicated a certain degree of stacking faults. As
previously reported and contrary to Ni-hydroxynitrate, Co-
hydroxynitrate crystallizes in the 3R, polytype with an AC BA CB
A stacking sequence.”® The positions of the prominent mid-20
reflections in Co-hydroxynitrate (Figure 2f) at 2.7 A, 2.4 A, and
2.0 A are consistent with this earlier polytype assignment and
correspond to (101), (104), and (107) reflections. Again, the non-
systematic broadening of mid-20 reflections (FWHM varying
from 0.1° to 0.3° compared to 0.1° of basal ones) is due to the
presence of stacking faults similar to its Ni analogue.

FTIR spectra of both, Ni(OH), (Figure 3a) and Co(OH),
(Figure 3d), showed three absorptions bands in two different
regions as typical for brucite structures: A sharp peak due to

-1

non-hydrogen bonded hydroxide groups around 3630cm™,
and two overlapping M—O vibration mode at ~500 cm ™.

FTIR spectra of NiAlI-CO; (Figure 3b) and CoAI-CO; LDHs
(Figure 3e) displayed peaks in three different regions due to the
presence of interlayer anions and interlayer water molecules in
addition to structural hydroxyl anions. The hydroxide stretching
modes in LDHs appear to be broad and shifted to a lower
region around ~3400 cm ' due to hydrogen bonding with the
interlayer water molecules. The corresponding bending mode
showed up as a weak signal at 1600 cm™""2" A large mass
difference between the transition metal Ni/Co and Al cations
split the M—O—H bending modes into a doublet at 560 and
615 cm™'. Additional peaks like a strong v; band at 1350 cm™
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Figure 2. PXRD patterns of Ni-compounds (top): (a) Ni(OH), without interlayer anions, (b) NiAl-CO, LDH, and (c) Ni-hydroxynitrate with grafted nitrate anion.
PXRD patterns of Co-compounds (bottom): (d) Co(OH), without interlayer anions, (€) CoAl-CO; LDH, and (f) Co-hydroxynitrate with grafted nitrate anion. A
minor Co(OH), impurity in (f) is marked with an asterisk.
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Figure 3. FTIR spectra of Ni-compounds (top): (a) Ni(OH), without interlayer anions, (b) NiAl-CO; LDH, and (c) Ni-hydroxynitrate with grafted nitrate anion. FTIR
spectra of Co-compounds (bottom): (d) Co(OH), without interlayer anions, (e) CoAl-CO; LDH, and (f) Co-hydroxynitrate with grafted nitrate anion.

along with two weak signals due to v, and v, modes around
810 and 667 cm™' that overlap with the M—O lattice vibrations
modes confirmed the presence of intercalated carbonate anion
in D3, symmetry in both LDH:s.

The FTIR spectra of Ni- (Figure 3c) and Co-hydroxynitrate
(Figure 3f) were distinctly different from the LDH spectra
regarding both wavenumbers and the splitting of the bands.
For instance, the band due to the hydrogen-bonded hydroxide
group appeared as a broad peak around 3600 cm™' and
M—-O—OH and M—O lattice vibration modes at ca. 650 and ca.
450 cm™" respectively. A strikingly distinct part was the
presence of three strong absorption bands at 1300 cm™,
1500 cm ™', and 980 cm ™', which could be assigned to v,, v, and
v;, vibration modes of the nitrate anion with symmetry lowered
to C,,. The presence of two distinct v, and v, modes with a
wavenumber difference of 200 cm™' indicated that one oxygen
of nitrate is directly bound to the metal cation completing its
octahedral coordination shell. This provides direct experimental
evidence for the nitrate grafting in both Ni- and Co-hydroxyni-
trate.

As evidenced by the SEM micrographs (Figure 4), all
compounds tend to form larger, intergrown aggregates of platy
crystals as expected for layered structures. The corresponding
BET surface areas are depicted in the micrographs and give a
first hint regarding the accessible surface, solely based on
morphological considerations. For Ni-based compounds, the
NiAI-CO; LDH and Ni(OH), feature the highest and the lowest
surface area, respectively. Similarly, the CoAl-CO, LDH resembles
the compound with the highest BET surface area, while the Co-
hydroxynitrate features the lowest. Based on these structural

Chem. Eur. J. 2021, 27, 16930- 16937 www.chemeurj.org
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Figure 4. SEM micrographs of Ni- (top) and Co- (bottom) compounds:
Ni(OH), and Co(OH), without interlayer anions (left), NiAI-CO; LDH and CoAl-
CO; LDH (middle), and Ni-/Co-hydroxynitrate with grafted nitrate anion
(right) with corresponding BET values.

considerations alone, the samples with the lowest accessible
surface area are expected to perform the least active in OER
catalysis.

However, as the active site for OER has been proposed to
be located at the edges of the brucite layers rather than the
planes, activity is expected to increase with the surface area
and the contribution of the edges to it.”® Thus, platelets with
small diameters and small aspect ratio (diameter/thickness)
should be most advantageous. To determine the accessibility
based on the electrochemically active surface area, double layer
capacitance measurements are performed complementary to
the electrocatalytic measurements in the following section.

16933  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Linear sweep voltammograms of the Ni- (a and b) and Co-based compounds (c and d). LSVs were recorded with a scan rate of 5mVs™' and RDE
speed of 1600 rpm in O, saturated purified 1 M KOH solutions. In plots (a) and (c), the current density is calculated using the geometric area of the electrode.
In contrast, in plots (b) and (d), the current density is calculated using the ECSA.

Table 2. Summary of the ECSA and the overpotential (V) required to record 10 and 100 mAcm~2 of Ni- and Co-based layered hydroxides (overpotentials for
geometric area normalized 10 mAcm 2 and 10 mAcm 2 ECSA normalization).
Sample ECSA (cm?) Overpotential 7 (V) 10 mAcm™? Overpotential 7 (V) Overpotential 7 (V)
10 mAcm2 (ECSA) 100 mAcm™
Ni(OH), 1.88+£0.09 0.49+£0.03 - -
NiAI-CO;-LDH 1.39+0.17 - - -
Ni-hydroxy-nitrate 0.51+0.01 0.56 £0.03 - -
Co(OH), 0.80+0.02 0.358 +0.003 0.40£0.01 0.4144+0.009
CoAl-CO;-LDH 1.57+£0.03 0.366 +0.005 0.41540.001 0.416+0.003
Co-hydroxy-nitrate 2.224+0.10 0.34+0.02 0.415+0.002 0.401 +0.005

OER electrocatalysis of Ni and Co compounds

The OER electrocatalytic performance of the different brucite-
type layered materials was analyzed using linear sweep
voltammograms recorded in the OER potential window (Fig-
ure 5). The normalization of the recorded currents was done
using both geometric area of the catalyst film, as well as its
ECSA evaluated from the cyclic voltammograms recorded in the
non-Faradaic region using different scan rates (Table 2). When
normalized to the geometric area, significantly higher activity is
observed for Co-based compounds, for which current densities
up to hundreds of mAcm™ are recorded with ~400 mV
overpotential. At the same time, in the same potential window,
just a few tenths of mAcm™2 are generated for the Ni-based
materials (Figure 5, Table 2). This fact suggests the superior
activity of Co-based compounds towards OER and is in line with
the proposed activity trend for different transition-metal (oxy)
hydroxides in alkaline media.”

Chem. Eur. J. 2021, 27, 16930- 16937 www.chemeurj.org

In the LSVs recorded using the Ni-based compounds (Fig-
ure 5a and b), different features are observed associated with
the Ni** oxidation. In the case of B-Ni(OH), and Ni-hydroxyni-
trate, the Ni** electro-oxidation to Ni** was observed as a pre-
oxidation shoulder which appeared at potentials below OER. In
the case of Ni-hydroxynitrate, Ni>" electro-oxidation occurred at
more cathodic potentials (~ 1.4 V vs. RHE) than in the case of 3-
Ni(OH), (~1.45 V vs. RHE), while for NiAl-CO, LDH, no clear Ni**
oxidation peak could be observed. This indicates that the
grafted nitrate anions influence the oxidation of Ni**, allowing
its conversion to the active Ni** OER electrocatalyst at more
cathodic potentials already. Different activity trends were
observed depending on the area used to normalize the
recorded currents, the geometric or the ECSA one. While the
normalization by the geometric area indicates 3-Ni(OH), as the
most active, the normalization to the ECSA concludes that Ni-
hydroxynitrate shows the highest catalytic activity of Ni-based
electrocatalysts. Based on these findings, we conclude that

16934  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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electrocatalytic centers in Ni-hydroxynitrate are the most active.
Still, the overall performance suffers from the lower number of
active sites accessible due to its morphology. The rotating ring
disk electrode (RRDE) technique was used to confirm the O,
formation on the Co- and Ni hydroxynitrates (Figure S1). The
faradaic efficiencies (FE) of O, obtained using Ni-hydroxynitrate
at +1.5V vs. RHE was 91+9% indicating that the recorded
currents correspond mainly to the OER.

As observed for the Ni-hydroxynitrate, and also in the case
of Co-hydroxynitrate, an oxidation peak associated with Co**
oxidation®” was present at ~ 1.2 V. In comparison, for f-Co(OH),
and CoAl-CO; LDH, an oxidation process was observed at more
anodic potentials with ~1.35V and 1.4V vs. RHE, respectively.
This suggests that the presence of grafted nitrate anions is
influencing the formation of the Co®" species. Different activity
trends were also observed for the Co-based compounds when
comparing the potentials at which a current density of
10 mAcm~? was obtained, depending on the considered area.
When the geometric area is used, Co-hydroxynitrate shows the
highest activity reaching 10 mAcm™ at 0.34V overpotential
while $-Co(OH), requires 0.36 V. At a higher current density of
100 mAcm™?, the Co-hydroxynitrate still allows for a lower
overpotential than the other materials under investigation. With
an overpotential of 0.4V, it performs better than the 3-Co(OH),
(0.41V) and the CoAI-CO; LDH (0.42V). When the ECSA is
considered, the Co-hydroxynitrate initially shows the earliest
onset of OER. However, at a current density of 10 mAcm™ the
recorded overpotential for 3-Co(OH), is 0.4 V while 10 mV more
are needed for Co-hydroxynitrate and CoAl-CO; LDH. These
differences are not as pronounced as in Ni-based materials,
indicating that in the case of Co-based materials, nitrate
grafting influences the oxidation of Co?*. Still, overall the OER
electrocatalytic activity is not so strongly affected as in Ni-based
compounds. Since higher current densities are recorded on Co
hydroxynitrate compared with the Ni one, to quantify the
formed O, we used a gas chromatograph coupled to a gas-
tight electrochemical cell. In this case, the Co-hydroxynitrate
catalyst was deposited on carbon paper, and the electrolysis
was performed in galvanostatic mode. We started by applying
15mA (3.75mAcm™), and we increased the current up to
200 mA (50 mAcm™). The produced O, was quantified by gas
chromatography, and FE values in the range 91-103 were
calculated (Figure S3). For example, at 50 mAcm™, the calcu-
lated FE is 9541 %.

In general, the performance of electrocatalysts must be
interpreted in terms of oxidation state, electronic structure, and
coordination state of the active metal sites.®™™ In-situ studies of
layered electrocatalysts have recognized the transition metal
positions located at the edges and corners of the layers as more
active OFR sites.”" Here, synergistic effects based on metal
cations in the second coordination sphere are regarded
negligible as the catalytic activity of CoAl-CO; LDH (=366 mV
at 10 mAcm?) is comparable to NiCo-CO; and CoCo-CO; LDHs
with overpotentials of 385 and 395 mV at 10 mAcm~2" Thus,
we assume that the effect of electrochemically inactive,
structural Al can indeed be neglected.
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Ni-hydroxynitrate showed the earliest formation of electro-
catalytically active Ni** from all Ni-based compounds. Similarly,
among all Co-based samples studied, Co-hydroxynitrate addi-
tionally featured the highest OER activity up to 407 mAcm™.
This would indicate that the grafted anion of hydroxy salts
triggers a larger separation of individual layers than the
hydroxide compounds. Thus, it improves the accessibility of
electrochemically active cation sites for OER catalysis at the
edges, facilitating the OER reaction. Furthermore, the electronic
structure and thus redox activity is modulated by the formal
replacement of hydroxide by nitrate anions. According to the
spectrochemical row,”? the electron-donating capability of
hydroxide ions is expected to be higher than those of the
nitrate-ions. Thus, a lower electron density is expected at the
electrocatalytically active transition-metal centers for hydroxy
salts compared to hydroxide or LDH compounds. Previous
investigations on NiFe-LDHs have shown that charge delocaliza-
tion and reduced electron density created by incorporating
electron-withdrawing anions or cations can facilitate higher-
valent electrophilic transition metal ion sites. These can
promote the nucleophilic attack of hydroxyl and water mole-
cules and thus improve the adsorption of the reaction
intermediate during OER.®*

To further understand the potential of hydroxynitrates as
OER electrocatalysts, their stability was evaluated by current-
controlled electrolysis (Figure 6a). A constant current corre-
sponding to 10 mAcm™? current density was applied for 2 h
while continuously monitoring the potential. While Ni-hydrox-
ynitrate shows an initial deactivation, followed by activation
with time, a constant potential is recorded when using Co-
hydroxynitrate (Figure 6b), indicating superior stability of the
latter with time at these moderate electrolysis conditions. For
the Co-hydroxynitrate catalyst, we analyzed every 15 minutes
the concentration of the formed O, during the 2 h electrolysis.
The calculated FEs indicate a stable electrolysis process in which
O, is produced with FE close to 100% without significant
variations over the course of the 2 h (Figure S4).

LSVs recorded for both materials before and after the
stability test support the previous observation. While for Ni-
hydroxynitrate, higher current densities are recorded after the
prolonged electrolysis (Figure S7), in the case of Co-hydroxyni-
trate, a slight decay of the activity is observed, probably due to
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Figure 6. (a) Chronopotentiometric measurements performed in 1 M KOH at
a current density corresponding to 10 mAcm™ for 2 h under 1600 rpm,
using Co- and Ni-hydroxynitrate modified GC electrodes; (b) LSVs recorded
for the Co-hydroxynitrate modified GC before and after the stability test.
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decreased conductivity of the Co-hydroxynitrate as it can be
observed from the LSV slope. Still, the Co-hydroxynitrate shows
higher electrocatalytic activity compared with the Ni one. No
significant changes can be noticed on the electrocatalysts film
based on the SEM pictures taken before and after the stability
measurement.

Post-electrolysis XRD analysis was performed for both the
Ni-hydroxynitrate (Figure S8) and the Co-hydroxynitrate (Fig-
ure S9). Both XRD patterns show the presence of the initial
catalyst with some side phases formed during the 2h
electrolysis. However, an unaltered basal spacing of the layered
structures indicates that the interlayer space composition has
not changed over the course of the experiment. For Ni-
hydroxynitrate, some of the additional reflections can be
assigned to the presence of K;Ni(CO;), (PDF: 00-046-0783),
K,CO; (PDF: 00-011-0655), and NiO (PDF: 00-047-1049). Previous
studies of this catalyst have also shown the alteration of the
surface layer upon prolonged electrolysis.*¥ The newly formed
phases can contribute to the fluctuations observed in the
chronopotentiometric measurements. Besides this, possible
catalyst dissolution occurring during the electrolysis process
can change the catalyst film conductivity and generate a
catalyst film with an overall higher electrocatalytic activity. In
Co-hydroxynitrate, evidence for the presence of Co,0, (PDF: 00-
042-1467) and K,CoO, (PDF: 00-049-1556) can be found. Post-
electrolysis EDX measurements for Ni- and Co-hydroxynitrate
indicate no detectable incorporation of secondary metal ions
from the electrolyte (Figure S10, S11). Despite the fact that
secondary phases formed during the 2h electrolysis, no
significant impact can be noticed in the overall performance of
the Co-hydroxynitrate coated electrode.

Conclusion

Grafting of anions to brucite-type layered structures formally
represents a substitution of hydroxides, for example, by nitrate.
On the one hand, adjacent layers are separated to larger
distances allowing for easier access to active sites at the edges.
On the other hand, the nitrate ligand’s basicity is smaller than
the hydroxide ligand, and the electron density at the metal
center is reduced. Both factors may contribute to the observed
increased OER efficiency of hydroxy salts than simple hydrox-
ides or LDH structures. While hydroxy salts are less flexible with
respect to compositional variations than LDHs, doping, for
instance, with Fe, will be feasible to some extent. During 2 h
electrolysis performed at 10 mAcm™2, both Co and Ni-hydrox-
ynitrates form secondary phases, as often observed for
transition metal-based OER electrocatalysts. Hydroxy salts show
high versatility, being accessible for various anions like acetate,
sulfate, carbonate, perchlorates, and halides. Based on previous
experience with NiFe-LDHs, further performance improvement
should be achievable this way. Hydroxy salts certainly deserve
further attention in the electrocatalysis world.
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