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Abstract

A series of Ag/NiO nanocomposite electrocatalysts, with a general molecular formula of Ag,Ni; — (O, was synthesised employing
the citrate sol-gel route and tested for the oxygen evolution reaction (OER) in 0.1 M KOH solution. Crystal structure, morphology
and stoichiometry of the catalysts were evaluated by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX). The face-centred cubic (fcc) crystalline structure of NiO was revealed as being dominant,
having an average crystallite size of 9.6 nm. SEM revealed a non-uniform, cotton-like surface for NiO showing aggregation of
particles. Crystallinity of the different synthesised compounds decreased as the Ag content increased. The maximum OER
activity was observed for pristine NiO, without any Ag additive, requiring an overpotential of only 263 mV to obtain a current
density of 10 mA ¢cm 2 at 25 °C. The addition of Ag inhibited the OER electrocatalytic activity, which might be due to Ag

oxidation being observed at 1.431 V.
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Introduction

Water electrolysis, employing metal oxide electrocatalysts, is to
date the most convenient way to generate hydrogen gas (H,) for
energy conversion and storage applications [1]. In this process,
efficiency of the electrochemical production of hydrogen is
linked to the activity of the oxygen evolution reaction (OER)
that occurs at the anode. Typically, slow kinetics, due to the four
electron catalytic reactions, and large overpotential related to
the OER process impede the large-scale viability of the elec-
trolysis process [2]. This has resulted in extensive research ef-
forts to develop efficient OER electrocatalysts that possess both
high electrocatalytic activity and stability under harsh condi-
tions [3]. Metal oxides, based on noble metals, for example
RuO, and IrO,, exhibit good electrocatalytic performance for
the OER; however, their scarcity, poor durability and high cost
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limit their commercial application [4]. These issues could be
addressed employing metal oxide electrocatalysts that are based
on less expensive, environmentally benign as well as naturally
abundant transition metals (TM), like Ni, Co, Fe, Mn, Cu, and
Sn [5-10]. These oxides have high thermal and mechanical
stability; however, their poor electronic conductivity notably
impedes their catalytic activity, which can be tuned either by
doping with other metal oxides or by altering the microstruc-
ture. Obtaining optimum metal oxide doping significantly en-
hances the active surface area, porosity and pore morphology as
well as electronic conductivity of the catalyst [11]. These fea-
tures enable electrocatalysts to generate a high current density at
low overpotentials, as well as improving electrode kinetics for
the OER [12]. Similarly, the performance of these
electrocatalysts are markedly influenced by the synthesis pro-
cedure, calcined temperatures and calcination time. Sardar et al.
reported that the high temperature solid-state synthesis of mixed
metal oxides enhanced the probability for the formation of in-
creased particle sizes, as well as increased crystalline structures
that impede the catalytic activity of the material. Hence, soft
chemical routes for the synthesis of oxide materials have to be
applied to obtain fine grains, accompanied with less crystallin-
ity, in order to obtain improved catalytic activity [13]. The
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aforementioned statement was also confirmed by Yang et al.
who reported that oxides with amorphous surface structures,
and distortion in their lattices, have reduced the activation en-
ergy of the OER and resulted in improved performance com-
pared to their crystalline counterparts [14].

Within the TM series, Ni-based oxides have received spe-
cial attention for the OER in alkaline media owing to their
catalytic activity and abundance, as well as low cost. The most
plausible proposed explanation for the high catalytic activity
of NiO is the formation of a 3-NiOOH phase, with a decrease
in activity (under certain circumstances) being related to
Ni(IV) formation [15]. To date, various Ni-based mixed oxide
catalysts, with different microstructures and grain sizes, have
been synthesised using different chemical synthesis routes.
For instance, McCrory et al. reported the OER activity of
NiO,, NiCeO,, NiCoO,, NiCuO,, NiFeO, and NiLaO, in
acidic and alkaline solutions at similar operating conditions
[16]. In these systems, overpotentials ranged from 0.35 to
0.43 V in achieving a current density of 10 mA cm 2.
Fominykh et al. also reported on an Fe(IlI)-doped NiO nano-
crystal, with a composition of Fe( 1 Nig 9O, exhibiting a current
density of 10 mA cm ~ at an overpotential of 297 mV, which
is better than the benchmark IrO, [17]. In pursuit of high
electrocatalytic activity (at low overpotentials), we prepared
Ag/NiO nanocomposite electrocatalysts by the citrate sol-gel
method and subjected it to physical and electrochemical char-
acterisation for the OER in alkaline medium. The structural
and electrochemical properties of these compounds were ex-
plored as a function of their composition.

Experimental
Synthesis of Oxides

A series of Ag,Ni; —,O (x=0.0, 0.2, 0.4 and 0.6) nanocom-
posite electrocatalysts was prepared by the citrate sol-gel
method [18]. Briefly, metal nitrates (AgNO;3; and
Ni(NO3),.H,O from Merck), in the ratio of Ag:Ni 0:1,
0.2:0.8, 0.4:0.6 and 0.6:0.4 mol, were dissolved in 50 ml of
deionised water and mixed under constant stirring.
Subsequently, a 2.0 M aqueous solution of citric acid
(Merck) was added to the solution. The pH of the resulting
solution was adjusted to ~ 7 using a 5.0 M aqueous solution of
ammonia (Merck). The solution was then heated to 70 °C
under constant stirring to obtain a gel. A xerogel was achieved
after drying this gel overnight at 120 °C in an oven (Ecotherm,
Labotech). Finally, the xerogel was grinded using a pestle and
mortar to obtain a homogeneous powder and calcined at
400 °C for 5 h in a furnace (Carbolite ELF 11/14B). The
sample was subsequently again grounded to a powder form
using a pestle and mortar and stored for further use.
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Structural and Electrochemical Characterisation

X-ray diffractograms of the electrocatalysts were recorded in
the 26 range of 20°-80° employing a Bruker D2 phaser desktop
diffractometer employing a sealed tube Co X-ray source
equipped with Bruker Lynxeye PSD detector. The surface and
composition of the electrocatalysts were examined employing
SEM (FEI Quanta FEG 250) with an integrated XMax 20 EDX
system (Oxford Instruments). Cyclic voltammetry (CV), linear
sweep voltammetry (LSV) and chronopotentiometry (CP) tech-
niques were carried out for electrochemical characterisation of
the electrocatalysts employing a conventional three-electrode
electrochemical cell. A platinum wire (Pine Research
Instrumentation) and a Hg/HgO electrode (Radiometer) were
used as a counter and reference electrode respectively. Prior to
starting each experiment, a glassy carbon (GC) electrode disk
insert (Sigradur G, HTW Germany), with a geometrical surface
area of 0.196 cm?, was polished with 0.05 pm alumina suspen-
sion (Gamma Micropolish II, Buehler). The GC electrode was
subsequently washed using ethanol (Merck), Milli-Q water and
isopropanol (Merck), and dried employing nitrogen gas. The
GC disk inserts were employed as substrates for the prepared
electrocatalyst inks. The catalyst ink was prepared by the dis-
persion of 16 mg of oxide material and 5 mg of Vulcan carbon
XC 72 into the solution. In order to do this, 4 ml ofa 4:1 volume
ratio of water and isopropanol was first ultrasonicated for
10 min, and thereafter, catalyst and carbon were added to this
solution. The resulting mixture was sonicated for 20 min to
obtain a homogeneous dispersion. Subsequently, 0.2 ml of
Nafion (5 wt% in mixture of lower aliphatic alcohols and
H,O, from Aldrich) was added to the solution mixture and
sonicated for 15 min. Twenty microlitres of the produced ink
was dropped onto the top surface of a GC electrode using an
electronic micropipette and left overnight at room temperature
to dry. The catalyst loading was calculated to be ~ 0.38 mg cm .
The working electrode was assembled into a rotating disk elec-
trode (RDE) setup from Pine Research Instrumentation, and
thereafter, current potential curves of the samples were recorded
employing a VSP double-channel potentiostat from Bio-Logic
Science Instruments. All the measurements were carried
out in N,-saturated 0.1 M KOH (Merck, uniVAR) solutions
at 25 °C and 1600 rpm. Calibration of the Hg/HgO elec-
trode vs. RHE electrode was conducted in a H, saturated
0.1 M KOH solution and was measured as being —0.946 V
vs. RHE. The potentials were IR-corrected employing the
equation given below:

ER corrected = EAppilR ( 1 )

where [ is the current and R is the ohmic resistance of the
electrochemical cell. The ohmic resistance of the cell was
measured as being 43 {2 employing an impedance measure-
ment technique (ZIR).
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Fig. 1 XRD diffractograms of Ag,Ni; O electrocatalysts

Results and Discussion

The X-ray diffraction technique was used in order to ascertain
the effect of Ag addition on the NiO crystal structure. The
obtained X-ray diffractograms, in the 26 range of 10°-80°
for the Ag,Ni; _ O samples, are presented in Fig. 1. The pris-
tine NiO sample exhibits several peaks at 26 values of 39.00°,
43.50°, 50.05° and 74.00°, which point towards a face-centred
cubic (fcc) crystalline structure. These values are quite analo-
gous to those already reported [19, 20].

In the case of the Ag dispersed samples, Ag peaks along
with NiO peaks were observed at 20 values of 44.5°, 52.0° and
77.0°, which indicate to the formation of cubic crystalline Ag.
Subsequent to Ag dispersion, the intensity of the NiO peaks
significantly decreased confirming a homogeneous distribu-
tion. According to the XRD diffractogram, each phase was
separately present at their own position. Based on the afore-
mentioned, we concluded that there was only an interaction
between Ag and NiO, hence confirming the formation of a
composite. Moreover, peak broadness and zigzag base lines

Fig. 2 SEM images of
electrocatalysts for (a) pure NiO,
and (b) Ag2NigsO

were also realised as a function of Ag concentration, which is
associated with the decrease in crystallinity of the catalysts.
The average crystallite size of the Ag,Ni; —,O catalysts was
estimated using the Debye-Scherrer equation and was found
to be 9.60, 34.4, 34.3 and 28.4 nm for NiO, Ag,,Nij 0O,
Ag).4Niy O and Ag ¢Nij 40 respectively.

The surface morphology of the prepared samples was ex-
amined using SEM analysis and shown in Fig. 2. It is clear
from Fig. 2a that pure NiO exhibits a non-uniform, cotton-like
surface with aggregation of particles. The accumulation of
grains formed many small particles with different sizes, which
is of high surface energy, which is a key factor in being re-
sponsible for higher catalytic activity [19]. The surface mor-
phology of Ag,Ni; O (e.g. x=0.2; Fig. 2b) reflects a more
porous structure as well as agglomeration of particles, mainly
at lower concentrations of Ag content, with the SEM image of
Ago,NiggO being representative of all prepared composites.
To confirm the stoichiometry of the prepared samples, EDX
analysis was conducted. The obtained EDX results of the
samples are tabulated in Table 1. It is evident from the table
that the samples exposed a good distribution of Ni and Ag
across the scanned section with a considerable amount of ox-
ygen distributed in the metal-associated regions.

Cyclic voltammograms of the pristine and Ag dispersed
NiO samples recorded at a scan rate of 20 mV s ' are shown
in Fig. 3. In the case of the pure NiO sample, two well-defined
redox peaks were observed—one at 1.300 V vs. RHE, for the
oxidation of Ni(II) to Ni(III), and the other at 1.163 'V, for the
reduction of Ni(IIl) to Ni(I). These peaks, in the cyclic volt-
ammogram of pure NiO, can be attributed to the following
reaction:

NiO 4+ OH =NiOOH + ¢~ (2)

In the case of the dispersed samples, all cyclic voltammo-
grams exhibit a clear anodic peak at 1.430 V, which represents
the oxidation of Ag(I) to Ag(Il) [21]. The reduction peak of
Ag(Il) to Ag(I) merged into the peak of Ni(II) by manifesting a
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Table 1 EDX analysis of constituent elements
Sample Weight % Molar %

Ag Ni (o) Ag Ni (0)
NiO 0.00 77.81 22.19 0 0.96 1
Ago N0 20.23 62.61 17.16 0.16 0.97 1
Agp.4Nip O 41.18 41.02 17.80 0.34 0.62 1
Ago6Nip40 61.60 21.90 16.50 0.55 0.36 1

higher potential shift in the cyclic voltammogram [22]. The
addition and increase of Ag content limited the current peak(s)
of Ni(Il)/Ni(IIT) and shifted the Ag(1)/Ag(Il) current peak to a
higher potential region, which brings about the high
overpotential required for oxygen evolution. The variation
observed in the current peaks for Ni(II)/Ni(IlT) and Ag(I)/
Ag(Il) is linked to the Ag,Ni; O catalysts having different
electrocatalytic activities.

Moreover, to gain an improved understanding of the differ-
ences in electrochemical activity of these electrocatalysts, the
oxidation peaks of both Ni and Ag were examined. Generally,
capacitance measurements are employed to determine the
charge accumulation at the catalyst/electrolyte interface for
crystalline materials [23]. Hence, the specific capacitance for
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each sample was obtained by integrating the peaks of Ni- as
well as Ag-oxidation under the CV curves according to the
following equation:

T xm xl(Ez—El) _/;EZJ(E)dE (3)

where v is the scan rate (V s '), m is the mass in milligrams of
the oxide species deposited on the working electrode, £; and
E, are the lower and upper potential limits for the integration
curve, and j(E) is the current density at electrode potential E.
The calculated values of these electrocatalysts are presented in
Table 2. The capacitance value for Ni-oxidation decreases
with increasing Ag content in the composite sample, while it
shows an almost opposite trend for Ag-oxidation. The Ni-
oxidation in the pristine NiO sample possessed the maximum
capacitance value due to the larger peak area available in the
cyclic voltammograms, which points towards the high capac-
itive nature of the material. As we know that NiO is a far better
OER electrocatalyst compared to Ag or Ag,O, due to its low
overpotential required, our main concern was to examine the
effect of Ag on Ni-oxidation and its OER activity, and not the
effect Ni has on Ag-oxidation. In this context, the
voltammetric charges (¢*) of the electrocatalysts were also
calculated employing the following relation:
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Fig. 3 Cyclic voltammograms of Ag,Ni; _ O electrocatalysts in 0.1 M KOH electrolyte at 20 mV s~ ' and 25 °C
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Table 2 Calculated values of charge (¢*) and capacitance (C) for Ag,Ni; O electrocatalysts
Sample Ni Ag
g*(Cglem™ ¢* (Cmol ' ecm™) CFg) g*(Cglem? ¢* (Cmol ' cm™) CFg!)
Pure NiO 337.08 19,786.59 307.54 - - -
Ag2Nig 5O 76.86 4511.68 98.01 152.83 16,485.77 370.29
Ago 4Nig O 34.09 2001.08 46.46 139.69 15,068.36 286.48
Ago6Nig40 - - 166.85 177,998.10 357.64
! . O, molecule via the intermediates of metal-OH (M—OH) or
2 . .
q* = J(E)dE (4) metal-hydroperoxo species (M—OOH) [1]. Pure NiO

vxmxSJg

where ¢* is the charge (C g”' cm?) and S is the geometrical
surface area of the working electrode in square centimetre. £
and E) are the lower and upper potential limits for the integra-
tion curve, and j(E) is the current density at electrode potential
E. The calculated voltammetric charge (Table 2) is represen-
tative of the active surface area or the number of active sites
existing within the catalytic layer [24]. The highest charge
value for Ni-oxidation was obtained for pure NiO, compared
to the other electrocatalysts reported in this study, which is
most likely due to the higher concentration of active sites that
exist on the surface of the metal oxide and should therefore
point towards NiO being the most active OER electrocatalyst.
In the case of the Ag ¢Niy 3O electrocatalyst, the Ni-oxidation
peak is not clear, and it was therefore difficult to calulate the
associated capacitance and charge.

Linear sweep voltammetry was used to study the OER
activity of the Ag,Ni, O electrocatalysts at 25 °C with a scan
rate of 5 mV s~' (Fig. 4). The activity of the metal oxide
electrocatalyst for the OER in alkaline solution is due to the
adsorption of OH  ions on the surface of metal ions [25]. This
process helps to boost the electron transfer process during
which two adsorbed oxygen atoms combine to produce an
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Fig. 4 LSV curves for Ag,Ni; _ O electrocatalysts in 0.1 M KOH
electrolyte at a scan rate of 5 mV s 'and 25 °C

displayed maximum catalytic activity for the OER exhibiting
the lowest overpotential for the studied samples.

The overpotentials determined for all samples are presented
in Table 3, with the pure NiO electrode requiring an
overpotential of only 263 mV to reach a current density of
10 mA cm 2 It is widely accepted that Ni-oxides form Ni-
oxy-hydroxides (NiOOH) through oxidation, which is the
characteristic feature for high catalytic activity [20, 26] (Egs.
5-9), with the superscript “*” denoting the surface adsorbed
species.

OH —OH" + e (5)
OH +HO'—0" + H,0 + ¢ (6)
OH +O0"—00H" + ¢ (7)
OH +200H"—OOH" 4+ H,0 + 0, + ¢~ (8)
Hence, the overall reaction is 4OH —0,1 + 2H,0 + 4e¢~ (9)

The activity of the NiO electrocatalyst (prepared as part of
this investigation) surpasses the activity of various NiO
electrocatalysts reported in literature (Table 4). In addition,
the obtained OER overpotential of NiO at 10 mA cm ? is
lower when compared to the benchmark RuO, (380 mV)
and IrO, (380 mV) electrocatalysts as reported by Jung et al.
[33] as well as that of IrO, (320 mV) as reported by McCrory
etal. [16]. If we compare the OER activity of NiO prepared by
Manivasakan et al. [30] having different morphologies, i.e.
nanowires and nanoparticles, the NiO-nanowire
electrocatalyst attained a higher OER activity compared to
the NiO-nanoparticles due to the ultra-fine nanocrystals and
high density of mesopores. Work conducted by Liang et al.
[20], on a NiO/Ni foam electrocatalyst, clearly showed that
the calcination temperature influences the OER activity of the
electrocatalysts. An increase in calcination temperature (up to
a specific point) significantly enhanced the catalytic efficiency
by producing more NiO. However, the prolonged heating and
high calcination temperature generated the largest amount and
domain size of the NiO, which constraints charge transport
that is owed to the low conductivity and larger domain
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Table 3 Overpotentials and Tafel slopes for Ag,Ni;_,O
electrocatalysts in 0.1 M KOH electrolyte

Sample Overpotential at Tafel slope
10 mA cm 2 (mV) (mV dec )
NiO 263 65
Agp2NipsO 305 93
Ago.4Nip O 316 94
Ago6Nip 40 402 178

contact. As such, an optimal calcination temperature is re-
quired to accomplish high OER activity. It is evident that the
synthesis method has a direct effect on the electrocatalytic
activity with overpotentials varying from 324 to 510 mV
(Table 4). These different synthesis methods result in different
dominant crystal planes as well as different crystallite sizes,
with NiO, synthesised as part of this investigation (employing
a citrate sol-gel route), exhibiting a (200) dominant crystal
plane (Fig. 7) and a crystallite size of 9.6 nm. It is this com-
bination of different crystal planes, crystallite size and inher-
ent electronic effects that give rise to electrocatalytic activity.

The addition of Ag to NiO did not improve the electrocat-
alytic activity as a drop in current density was observed in the
OER potential region. This is due to a silver oxide layer grow-
ing on the surface of the NiO electrodes, which is not as
efficient as NiO itself. In fact, the composition with the highest
Ag content, i.e. Agg¢Nig 40, exhibited the lowest electrocat-
alytic performance as part of this study. In addition, the in-
creased concentration of Ag inhibits the crystallinity as well as
covers the surfaces of NiO particles as we can easily see from
the XRD graphs and SEM images, which results in a reduction
in electrocatalytic activity.

The electrode kinetics related to the specific electrocatalyst
for the OER is explained by the Tafel plot, which is obtained

by fitting the LSV curve for the Tafel equation 7 = b(logj) + a.
Figure 5 shows the Tafel plots of pristine and Ag dispersed
NiO samples at low potentials. The Tafel slope values for
electrocatalysts were determined from the linear part of the n
vs. logj curve, and the calculated values of the slopes for the
AgNi; _,O electrocatalysts are displayed in Table 3. Pure
NiO exhibits the lowest Tafel slope value (65 mV dec ") com-
pared to the Ag-dispersed samples, and points towards
favourable electrode kinetics and good catalytic activity of
NiO compared to that of Agy,NipgO, Agp4NigcO and
Ag6Nig 40. Nonetheless, this Tafel slope value (for NiO) is
comparatively higher than that of the noble metal oxide
electrocatalysts: RuO, (47.7 mV dec™ ') and IrO,
(64.6 mV dec™ ') as well as transition metal oxide
electrocatalysts: NiO nanoparticle (54 mV dec ') and NiO
bulk (50 mV dec™") [28, 33]. The higher Tafel slope value
obtained in this study points towards the electrocatalyst
exhibiting slower kinetics compared to the aforementioned
electrocatalysts. The differences observed in Tafel slope
values might be either due to the intrinsic ability of the
adsorbed hydroxyl groups to form oxyhydroxide or variations
in the resistance of the catalysts to transfer charge on the
surface of the metal oxide [27]. As we know, water oxidation
includes several mechanisms with different rate determining
steps because of the four electron transfer and complex reac-
tion pathway. Therefore, it has different Tafel slope values
120, 40, 60 and 15 mV dec ' for different rate determining
steps [24]. Our calculated value for pure NiO is close to the
theoretical value (60 mV dec ') suggesting that a second-
order reaction, reaction 5, is the rate determining step [34].
In order to assess the (short-term) durability of all prepared
electrocatalysts, CP measurements were conducted at
10 mA c¢m 2, 25 °C and 1600 rpm for 8 h, with the results
presented in Fig. 6. It is clear that the stability plots of all
electrocatalysts followed almost a linear horizontal line

Table 4 OER activity in alkaline medium for NiO electrocatalysts (taken from literature)

Electrocatalyst Synthesis method Overpotential Electrolyte Dominant crystal Crystallite
(at 10 mA cm %) plane (Miller index) size (nm)
NiO (NA/CC) [27] Hydrothermal 324 mV 0.1 M KOH (200) -
NiO-MWNT/GC [28] Green synthesis using gelatine 324 mV 0.5 M KOH - 12
NiO bulk [29] Chemical reduction 324 mV 1 M KOH - -
NiO nanoparticles [29] Chemical reduction 331 mV 1 M KOH (012) 6
NiO nanowires [30] Reactive-template directed solvothermal 363 mV 0.5 M KOH (200) 12
NiO [31] Thermal annealing 364 mV 1 M KOH - -
NiO/Ni composite [20] Leaven dough 364 mV 1 M KOH (111) -
NiO [16] Electro-deposition 420 mV 1 M NaOH - -
NiO nanoparticles [30] Facile hydrothermal 510 mV 0.5 M KOH - -
NiO [32] Spin-coating ~300 mV 1 M KOH (220) -
(at 1 mA cm )
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Fig. 5 Tafel plots for the Ag,Ni, O electrocatalysts generated from the
LSV data in Fig. 4

subsequent to 2 h of testing. Apart from NiO, slight changes/
instability are observed in the potential of all Ag-doped nickel
oxide electrocatalysts, which might be due to surface passiv-
ation of the electrocatalysts under an oxidising regime [35].
The slight initial increase in potential of especially
Ag).4Ni O and Agg,NijgO can be attributed to either selec-
tive leaching or oxidative degradation of the catalytic layer.
This phenomenon, however, has not been explored further. It
is clear that pure NiO exhibits not only the best stability, but
also the best activity.

At the time of finalising this paper, we learnt that (i) nickel
has a very strong affinity for iron [32] and (ii) iron as impu-
rity, both related to the synthesis of the electrocatalyst as well
as to the electrolyte used for studying the OER, enhances the
electrocatalytic activity of NiO [36]. It is a well-known fact
that NiO is chemically unstable and transforms into NiOOH
under alkaline conditions. The intermediate NiOOH species
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Fig. 6 Chronopotentiometry plots attesting to the durability of Ag,Ni, —
O electrocatalysts (recorded at 10 mA cm 2 at 1600 rpm and 25 °C)
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Fig. 7 XRD diffractogram highlighting the major crystal planes of pure
NiO as well as lines for Fe and FeO

absorbs the Fe-impurity from the electrolyte with subsequent
enhancement of the OER activity, with Nig gFey ;OOH being
regarded as one of the better OER electrocatalysts [37]. Upon
closer inspection, however, we realised that the ammonia
solution, used to alter the pH during synthesis of the compos-
ites, contained 0.002% of iron as impurity. This constitutes a
small molar percentage of 0.6% Fe (relative to the Ni content
of the synthesised composites) and we did not venture in
quantifying the iron content experimentally. However, the
presence of an iron phase was not observed as part of the
XRD diffractogram of pure NiO (Fig. 7). Despite this appar-
ent observation of no iron being present, a “significant” elec-
trocatalytic presence of iron cannot be discounted and de-
mands further investigation. In this vain, it has to be stated
that the presence of iron in the NiO electrocatalysts listed in
Table 4 cannot be discounted either.
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Fig. 8 Effect of electrolyte impurities on cyclic voltammograms of an
Au-electrode in 0.1 M KOH solution recorded at a scan rate of 20 mV's ™!
and 25 °C
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Furthermore, to ascertain the presence of iron in our electro-
lyte solution, we followed a cyclic voltammetry procedure as
reported by Stevens et al. [36], who stated that an observed
increase in OER current (during cyclic voltammetry) is due to
the presence of iron in the electrolyte. From Fig. 8, an initial
increase in OER current is evident, which is ascribed to iron
(being present in the 0.1 M KOH electrolyte) depositing onto
the surface of the Au-electrode. Initially, the deposition of iron is
high (during the first 5 cycles), resulting in an increase in OER
current, followed by an incremental decrease in OER current,
which is reported as being the result of oxidative dissolution that
decreases the amount of iron on the surface [38, 39].

Conclusions

In this study, we synthesised a series of Ag,Ni; — ,O nanocom-
posite electrocatalysts employing a citrate sol-gel route and
tested it for the OER in alkaline medium. The structure and
morphology as well as composition of these catalysts were
elucidated employing XRD, SEM and EDX techniques. The
addition of silver had no effect in enhancing the electrocata-
lytic activity of the Ag,Ni, _,O nanocomposites; in fact, the
presence of silver had a detrimental effect. Pure NiO, on the
other hand, exhibited exceptional electrocatalytic activity to-
wards the OER, with an overpotential of only 263 mV at a
current density of 10 mA c¢m 2 and a Tafel slope of
65 mV dec . The electrocatalytic activity could be attributed
to a combination of the dominant (200) crystal plane, the small
crystallite size (of 9.6 nm) and inherent electronic effects. The
presence of iron, as impurity, positively affecting the electro-
catalytic activity towards the OER, cannot be discounted and
demands further investigation.
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