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Abstract—Magnetite iron oxide (Fe;O,)/nickel oxide (NiO,) modified glassy carbon (GC) electrode shows enhance-
ment of oxygen evolution reaction (OER) compared to GC electrode modified with single NiO, or Fe;O, nanoparti-
cles. Many techniques such as linear and cyclic sweep voltammetry, electrochemical impedance spectroscopy (EIS)
have been employed. Field-emission scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) are both used for characterization of the electrocatalysts. Effect of loading amount of both NiO, and Fe,;O, and
the order of deposition on the OER was studied. A significant improvement of the electrocatalytic properties of the
Fe;O,/NiO, binary catalyst modified GC is obtained when NiO, is electrodeposited on GC/Fe;O, (i.e. GC/Fe;O,/NiO,)
compared to GC/NiO,/Fe;O, (where NiO, is deposited first on the GC then Fe;O,). The use of GC/Fe;O,/NiO, (where
Fe,0, is deposited first on the GC then NiO,) for OER in alkaline solution support higher currents and consequently
negative shifts of the onset potential of OER compared to that of GC/NiO, or GC/Fe,0,. The obtained electrochemical
impedance parameters confirmed the above conclusions. Tafel parameters confirm the superior activity of GC/Fe;O,/
NiO, and give insight into the mechanism of the OER on the above electrodes.
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INTRODUCTION

Research in efficient and adequate electrocatalysts for enhanced
oxygen evolution reaction (OER) has been under concern in recent
years [1-4]. OER is a major part of water splitting [5] with water
oxidation:

2H,0—>0,+4H"+4e Oxidation (generation of dioxygen)
4H +4e —2H, Reduction (generation of dihydrogen)
2H,0—2H,+0, Total Reaction

OER electrocatalytic reaction is important owing to its impact on
water splitting electrochemistry [6,7] and rechargeable metal-air
batteries [8,9]. It is considered to be kinetically sluggish (with respect
to hydrogen evolution reaction) and has been researched in pursuit
of high efficiency for water electrolyzers. This makes an increase
in the demand for pure hydrogen gas as clean fuel cells for the
search of efficient, low cost and available anodes for OER. This can
decrease the overpotential required for the whole process. Bulk
metal oxide electrodes have been known as a preferable candidate
for OFR in alkaline solutions [10-13]. In this context, single bulk
metal oxides of precious metals such as Ir,0; and RuO, have been
widely studied [14-16]. However, the aforementioned electrodes suf-
fer from high cost and scarcity. Recently, extensive research and
practical approaches have been established to offer alternative elec-
trodes of high electrocatalytic activity, stability and low cost. This
can be obtained by using alternative catalysts of efficient metal oxides
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such as Ni and Fe oxides [17-20].

Other OER catalysts depending on existing 3d metals were con-
sidered as Ni-containing materials which have special attention due
to they have good water oxidation potential and their earth-abun-
dant nature [5]. Mixed bulk metal oxides such as FeO/Co,0; and
NiO/FeO have been investigated for such purpose in order to over-
come some problems associated with the use of Ir,O; [21-23]. The
use of alkaline solution has the advantages of inhibiting metal and
metal oxide corrosion, decreasing the overpotential and increas-
ing the solution conductivity.

Nevertheless, the use of metal oxide nanoparticles for OER is still
not fully illustrated as in the case of bulk metal and metal oxides
[24]. The two reactions take place at the anode and cathode can be
written as follows:

40H —0,+4e+2H,0 (1)

@

Clear advantages of using metal oxide nanoparticles are the unique
electronic and electrocatalytic properties, high surface area and easi-
ness of preparations well. On the other hand, metal oxide nanoparti-
cles have proved unique applications in electrocatalysis [25-27], fuel
cells [28-30] and biosensors [31].

Chen et al. [3] examined nickel-based catalysts for methanol oxi-
dation or oxygen evolution reactions (OERs) in basic solution. Nano-
particles were used to get a high surface-to-volume ratio, owing to
their greater surface area/weight than larger particles that make
them more responsive to some other molecules [2].

Corrigan et al. [32] verified that the catalytic activity for nickel
hydroxide was improved when doped with iron which lowered sig-
nificantly the overpotential for OER [33-36]. For example, Klaus [37]

4H,0+4e—>2H, +40H
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demonstrated that small amount of iron impurities in the alkaline
solution considerably improves the OER activity of Ni(OH), elec-
trocatalysts. Such proof suggests the selection of compounds which
lead to exhibit synergic effects and enhanced performance. Accord-
ingly, here we account the enhancement of the use of binary cata-
lyst composed of nickel oxide and magnetic iron oxide nanoparticles
(Fe;0,/NiO,) (with different loading) modified GC electrode as an
anode for OER and the synergic effects upon interaction of NiO,
with Fe;O, in the alkaline solution. The NiO, is electrodeposited on
either bare GC or GC modified with Fe;O, nanoparticles and its
behavior towards OER is analyzed. Different electrochemical tech-
niques and surface analysis are used to interpret the performance
of such electrodes for OER from the alkaline solutions.

EXPERIMENTAL

1. Materials and Measurements

All the used chemicals were Sigma-Aldrich products. Double
distilled water was used. Three-electrode electrochemical cell was
used in this study. The working electrode was glassy carbon (GC)
(d=3.0mm) that was mechanical polished with emery paper rang-
ing from 500-1500 and then washed with second distilled water
and finally with acetone. Saturated calomel electrode (SCE) and a
Pt coil were used as a reference and counter electrodes, respec-
tively. Electrochemical characterization was t by using IM6 Zahner
potentiostat, Germany. Fitting the impedance data was carried out
using “SIM” program involved with the IM6 package. The ampli-
tude of 10 mV and with a frequency range of 100 kHz to 100 mHz.
Scanning electron microscopy (SEM) was done using field emis-
sion scanning electron microscope, FE-SEM (FEI, QUANTA FEG
250) near to elemental mapping and EDX Unit (Energy dispersive

“GC/NiOy/Fe3Os

X-ray analyses), which has accelerating voltage ~30 kV.
2. Electrode Modification

The GC electrode was modified by magnetite (Fe;O,) by cast-
ing Fe;0, on either bare GC or GC/NIO, electrodes. Suspension of
Fe,0, (magnetite) in oleic acid (stabilizer) of concentration 12.0 g/
L was purchased from Fluka. Certain loading of Fe;O, on the elec-
trode surface was done by controlling the volume of the Fe,O, sus-
pension that is dropped on the electrode by an appropriate micro-
pipette. The electrode is kept to dry in the air before use. Before
casting Fe;O, on the GC/NiO,, the NiO, is first electrodeposited
on the GC.

To modify the GC with NiO, two steps were done: a-Metallic
nickel potentiostatic deposition on the glassy carbon electrode in
acetate buffer solution (0.1 M, pH=4.0) which contains 1 mM
Ni(NO;),-6H,0O, and we applied electrolysis at a constant poten-
tial (—1 V) for various time durations (2, 4, 10 and 20 minutes); b-
Passivation of the obtained metallic Ni particles by cycling the poten-
tial between —0.5 and 1V for 10 cycles at a scan rate of 200 mV/s
in 0.1 M phosphate buffer solution (pH=7) [38,39].

RESULTS AND DISCUSSION

1. Characterization of the Electrodes

The modification for GC electrode was done with Fe;O,, NiO,
and Fe;0,/NiO, nanoparticles. The latter nanoparticles were intro-
duced to the GC surface in order, i.e., either GC/NiO,/Fe;O, (NiO,
is electrodeposited first) or GC/Fe;O,/NiO,, (Fe;O, is cast first). As
discussed in the experimental section, Fe;O, casting on the GC elec-
trode was done by dripping an appropriate volume of the Fe,O,
suspension on the GC surface. The used loading levels of Fe,O,
are 0.02, 0.085, 0.17 and 0.34 mg cm™? (of the GC electrode area).

GC/Fe304/NiOx

Fig. 1. (a) FE-SEM images and the inset show the elemental mapping of different atoms for GC/Fe;O, (a), GC/NiO, (b), GC/NiO,/Fe;O, (c)

and GC/Fe,;O,/NiO; (d).
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To calculate the loading level of Ni during electrodeposition, (I-t)
transient current-time relations were done at different conditions
both in a solution containing Ni ions and in Ni ions-free solution.
Subtracting the total current (I=Iy+I;;) from the current in blank
solution (Ni ion-free solution), I;; gives the value of current for nickel
electrodeposition, Iy, The nickel currents at different time periods
were used for determination of the charge passing through the
whole electrodeposition process, Qy; Using the last values we can
calculate the nickel loading levels by using Faraday’s law. The cal-
culated values of the NiO, loading levels on the GC electrode are
0.0197, 0.0504, 0.207 and 0.430 mg cm . The equivalent loadings
on the GC/Fe;0, electrode are 0.0294, 0.075, 0.240 and 0.529 mg
cm > which correspond to the same time intervals of 2, 4, 10 and
20 min, respectively.

Fig. 1(a) presents SEM images for GC/Fe;O, (a), GC/NIO;, (b),
GC/NiO,/Fe;0, (c) and GC/Fe;O,/NiO, (d). Fig. 1(a) shows that
Fe;O, nanoparticles (image A) are semispherical in shape with an
average particle size ~40 nm and uniformly cover the surface of GC.
For the NiO, (image B), the nanoparticles show semispherical shape
with an average diameter of ~90 nm (larger size than Fe;O,) with
reasonable uniform distribution on the surface. In images (C), we
can see that NiO,/Fe;O, (NiO, deposited first) shows similar fea-
tures with the image A (ie., Fe;O,) where Fe;O, may cover most
of NiO, surface. Image D (Fe;O,/NiO,), where Fe;0, eas cast first,
demonstrates NiO, particles of larger size than Fe,O, on the top of
the latter. The EDX charts (shown in supplementary materials S1)
for Fe,O, (chart a) show typical peaks of C (GC), peaks of O and Fe
as the atomic structure of the Fe;O,. In the EDX charts ¢ and d
(shown in supplementary materials S1), related to GC/NiO,/Fe;O,
and GC/Fe;O,/NiO,, respectively, reveal characteristics peaks of Fe
and Ni. We may conclude that both elements (Ni and Fe (and hence
oxides, Fe;O, and NiO,) are exposed to solutions and yet no com-
plete coverage of one component (oxide) is obtained by the other
component (oxide). However, in chart ¢ (Fe;O,/NiO,), the Ni peaks
are more pronounced than that in chart b (NiO,/Fe;O,). In the lat-
ter, Fe;O, may have covered the NiO, surface. This may give rise
to possible synergism where the two metal oxides are exposed to
the solution and hence participate in the OER. The distributions
of the different elements for each electrode are presented in the
inset of Fig. 1(a). For all studied electrodes uniform distribution of
the elements along the whole electrode surfaces, which enhances
the chance to increase its electrochemical active surface area and
in turn enhances their role in OER.

Characteristics CVs for the different electrodes were measured
in 0.5M NaOH at 100mV s~ as shown in Fig. 2. As can be seen,
GC electrode (a) does not reveal any features at this potential range.
For the GC/Fe;O, (b), a broad peak starts from E=0.5 V, which is
corresponding to the following reaction [40,41]:

Fe,0,+160H —3FeO} +8H,0+10¢ (3)

where Fe,0, is converted to ferrate ion (FeOj") in the present alka-
line medium. For the three electrodes, GC/NiO; (c), GC/NiO,/Fe;O,
(d), and GC/Fe;O/NiO; (e), their CVs reveal a couple of peaks cor-
responding to NiOOH/Ni(OH), redox pair in the potential range
of 0.3-0.5 V. However, the values of peak current (I,) and onset poten-
tial depend mainly on the electrode type. For instance, Fe;O,/NiO,
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Fig, 2. CV for the different electrodes in 0.5 M NaOH at 100mV s
scan rate: (a) GC, (b) GC/Fe;0,, (c) GC/NiO,, (d) GC/NiO,/
Fe;0, and (¢) GC/Fe;0,/NiO, (NiO, loading=0.207 mg cm ™
in (c) and (d) and 0.240 mg cm ” in (e). Fe,;O, Loading is 0.17
mg %,

shows the highest value of I, and bearing negative shift in the onset
potential for the redox couple. One way to explain the high values
of peak currents (both in the anodic and the cathodic sweeps) is
to consider the oxidation power of the ferrate ion, FeO; which
can convert Ni(OH), to NiOOH and enrich the nickel oxide matrix
with a high concentration of the Ni(IIT)ions.

Inspection of the CV obtained at the GC/Fe;O,/NiO, electrode
(curve e) gives some features. The peak currents of both Ni(II)/
Ni(III) redox couple both in the anodic and cathodic scans at the
GC/Fe;0O,/NiO, are the highest among the used electrodes. For
instance, I, is doubled compared with NiO,/GC (curve c). The
loading extents for NiO, on both GC (GC/NiO,) and on Fe,O,
(GC/Fe;O,/NiO,) are 0.207 and 0.240 mg cm’?, respectively. This
difference in loading cannot count for the large increase in the
peak current of the Ni(OH),/NiOOH transformation shown in
Fig. 2. One can attribute the current peak enhancement of the cou-
ple Ni(I[)/Ni(III) to the increase of the active species concentra-
tion (Ni(IIT) and/or Ni(IT)) in the mixed oxide matrix (i.e., Fe;O,/
NiO,).

The surface concentration is the concentration of the immobi-
lized electroactive containing-nickel species at the electrode sur-
face (/). The value of / can be expected from the charge used during
the redox transformation of Ni(II)/Ni(III), (ie., /'=Q/nFA), where
Q is the charge (Q can be calculated from the CVs shown in Fig.
2), n is the number of electrons, F is the Faraday constant (96,500
C mol ") and A is working electrode surface area. The values of 7~
were found to be 53x107°, 7.2x10"° and 9.8x10™> mmol cm™> for
GC/NiO,, GC/NiO,/Fe;O,, and GC/Fe;0,/NiO,, respectively. These
values of /”confirm the above-mentioned conclusion. The genera-
tion of the ferrate ion in the oxide matrix causes the oxidation of
the Ni(OH), and accordingly; it converts some of the Ni** to Ni**
and increases the conductivity of the oxide matrix according to
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Fig. 3. LSV for OER in 0.5 M NaOH on GC/Fe;0;: (a) GC, and GC/
Fe,0, of different loadings: (a) GC, (b) 0.02, (c) 0.085, (d) 0.17
and (e) 0.34 mg cm’2, at a scan rate of 10mV s

the reaction:
Fe(IV)+Ni(II)—> Ni(III)+Fe(III) (4)

One more feature regarding the enrichment in the Ni(IT)/Ni(III)
couple is the more negative shift in the onset potential and peak
potential of the Ni(II)/Ni(IIl) redox couple GC/Fe;O,/NiO, elec-
trode as compared with the NiO,/GC electrode (curve c), confirm-
ing the enhancement of the kinetics of Ni(IT)/Ni(III) redox species.
Also, the order of deposition of NiO, is important since GC/Fe;O,/
NiO,; offers better exposure of the NiO, to the electrolyte than that
offered by GC/NiO,/Fe;O,.

2. Oxygen Evolution Reaction (OER)

The OER was studied by making linear sweep voltammetry (LSV)
in the range of 0.2V to an upper potential in the OER range in
0.5M NaOH. Optimization of the electrocatalysts loading is sig-
nificant in the electrochemical systems. Fig. 3 illustrates LSV of
GC/Fe;0, electrode at different Fe;O, loadings on the GC. These
loadings are 0.02, 0.085, 0.17 and 0.34 mg cm . By Comparing to
bare GC (curve a), the GC/Fe;O, shows a great enhancement with
values of the current depend on the loading level. Also, there is a
less positive shift in the onset potential, E,,, of the OER. For exam-
ple, loading of 0.085 mg cm ™ of Fe;0, (curve c) causes a 150 mV
in the onset potential and five-times increase in the current of the
OER at 1.2'V. As can be seen, there is no significant enhancement
of the OER observed at loading of Fe,O, higher than the range of
0.17 mg cm™’. That is, a loading range of ~0.17 mg cm ™ is proper
for OER at the current experimental conditions. It is well docu-
mented in the literature [42-44] that iron oxide coated electrodes
enhance OER from the alkaline solution.

Fig. 4(A) represents LSV responses for OER on GC/Fe;O,/NiO,
electrode in 0.5 M NaOH. The electrode was prepared by first cast-
ing Fe;0, on the GC electrode at its proper loading as concluded
from Fig, 3, i.e., 0.17 mg cm . In Fig. 4, an attempt to optimize the
NiO, loading at the present experimental conditions is achieved by
electrodeposition of NiO, using different time periods. The NiO,
loading levels used in Fig. 4 are 0.0294, 0.075, 0.240 and 0.529 mg
cm™ corresponding to deposition time, 2, 4, 10 and 20 min, respec-

(A) 200
160 + (d)
(c)
L 120}
-5 (b)
-
E 8o}
40
(a)
o} =
0.0 02 04 0.6 08 1.0 1.2
E/V (SCE)
(B) 180

160 |-

140 |

120 |

"
J
< 100 |
E
T
I E=08V

60 ///_//.

40

20 " ' " ' " 1 " 1 1

0.0 0.1 02 03 04 05 06

Laoding of Ni/ mg em”

Fig. 4. (A) LSV for OER in 0.5 M NaOH on GC/Fe;O,/NiO, of dif-
ferent loadings of NiO,: (a) 0, (b) 0.029, (c) 0.075, (d) 0.24 and
(e) 0.529 mg cm >, at a scan rate of 10 mV s, (B) Variation of
the current of OER on GC/Fe;0,/NiO, with the NiO, load-
ing level (Fe,0, loading is fixed at 0.17 mg cm°).

tively. Fig. 4(B) shows the change of the current value of the OER
at E=08, 1.0 and 12V at different NiO, loadings on the GC/Fe;O,
(where loading of Fe;0, is kept constant at 0.17 mg cm ). The figure
shows a considerable increase of the OER currents (at definite poten-
tial) with the NiO, loading level. In Fig. 4(B), the change of the OER
current density at different potential is presented. The current (rate)
increases with the loading of NiO, before it reaches a constant value
depending on the potential, E. High potentials support higher cur-
rents with higher sensitivity to the loading level. However, no sig-
nificant difference in the currents obtained at loading level higher
than 0.240 mg cm ™ at all potentials. This may point to the nature
of the surface catalytic of the OER process and yet not all the NiO,
matrix is active for the OER.

Fig. 5 shows LSV responses for OER on GC (a), GC/Fe;O, (b),
GC/NIO, (c), GC/NiO,/Fe;O, (d) and GC/Fe;O/NiO, (e). The load-
ing of NiO, is 0.240 mg cm™* and for Fe,0, is 0.17 mg cm . Note
that the difference in the case (b) and case (d) is that the Fe,;O, was
cast (with the same amount of loading) on GC and on GC/NiO,,

Korean J. Chem. Eng.(Vol. 36, No. 11)
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Fig. 5. LSV responses for OER for different electrodes in 0.5 M NaOH:
(@) GC, (b) GC/Fe;0,, () GC/NiO,, (d) GC/NiO,/Fe;O, and
(e) GC/Fe;0,/NiO, (loading of NiO,=0.207 mg cm™ in (c) and
(d) and 0.240 mg cm” in (e). Fe;O, loading is fixed at 0.17
mg cm .

respectively. The figure shows clearly variant activities of the elec-
trodes towards OER. Although GC/Fe;O, reveals higher currents
and hence superior catalytic activity for OER compared with bare
GC electrode (see Fig. 3(c)), it is much less active than the other
electrodes. LSV for GC/NiO, was also studied (see the supplemen-
tary materials Fig. S2). The results show that there is an increase in
the value of OER current as the nickel loading increase, but still
less than both electrodes which are GC/NiO,/Fe;O, and GC/Fe;O,/
NiO, electrodes.

A remarkable enhancement of the OER was obtained when Fe;O,
was cast on GC/NiO,, (curve d, GC/NiO,/Fe;O,) when compared
with that cast on bare GC (curve b, GC/Fe;O,). Also, when Fe;O,
is cast on top of the GC/NIO,, it supports higher currents for the
OER than that supported by GC/Fe;O, or GC/NiO,. For instance,
at a potential E=1.0V, the current increases from 3 mA cm > at
GC/Fe;0, to 75mA cm™ at GC/NIO,/Fe;0, electrode. That is, the
GC/NiO,/Fe;0, (NiO, is deposited first) supports greater currents
for OER, which is higher by ~12 and 1.5-times compared to GC/
Fe;O, and GC/NIO,, respectively at E=1.0 V.

When NiO, is electrodeposited on GC/Fe;O, (i.e, GC/ Fe;O,/
NiO,, curve e), it supports higher currents than that of GC/NiO,/
Fe,0, (and consequently higher than that of GC/NiO,). One can

R. H. Tammam et al.

conclude that the order of deposition of NiO, and Fe;O, is a cru-
cial factor. Table 1 shows the current density of OER at different
potentials at two loadings of NiO, for the different electrodes (0.029
and 0.240 mg cm ). The potentials are 0.6, 0.8 and 1.0V, which
represent low, intermediate and high potentials (polarization). The
same trends shown in Fig. 5 can be derived from Table 1. The larg-
est difference and enhancement was obtained at E=1.0, which is of
practical importance. Note that mixed metal oxides are known for
enhancement to OER [45,46]. However, in the present work, dif-
ferent orders (layer atop of layer) of loading the oxide nanoparti-
cles were used. This was explained in the light of the synergism
between Fe;O, and NiO, and also from the fact that NiO, may be
electrodeposited on GC/Fe;O, with a different electrocatalytic active
phase compared with that electrodeposited on the GC [47,48]. Fur-
thermore, the enhanced OER activity of the oxide nanoparticles
originated due to the synergic effects resultant from the interac-
tion of Fe,0, with NiO,, since the isolated materials, particularly
Fe;0, or NiO,, have much lower activity than the respective binary
oxide nanoparticles [49]. The synergistic effect between Ni and Fe
has received extensive attention since researchers realize that even
a few amounts of iron incorporation can greatly improve the turn-
over frequency of Ni-based materials and then significantly enhance
their OER activity [50]. Even though the exact mechanism for the
synergistic effect is still under discussion, the strategy in different
material systems has been widely published [51-54].

Our study gives a high current density reaching about 131.4 mA
cm™ compared to others in the previous study, which is 111 mA
cm? as obtained by Yoon et al. [30] and 10 mA cm? as found by
Gongalves et al. [49] who used alpha-Ni(OH),- FeOCPc@rGO
composite for OER.

To explain the significant enhancement in the OER on the GC/
Fe;O,/NiO, electrode, Nyquist and Bode diagrams were meas-
ured at similar conditions taken in Fig. 5. Fig. 6(a) and (b) show
Nyquist plot and Bode diagram for the different electrodes at
E=0.7 V. The Nyquist plots illustrate a semicircle with a diameter
dependent on the electrode. The diameter decreases in the follow-
ing order: GC>GC/Fe;0,>GC/NiO,>GC/NiO,/Fe;O,>GC/Fe;O,/
NiO,. Analysis for EIS data was done by fitting to a related equiva-
lent circuit as shown in Fig. 7. R, Q4 and R, which correspond to
the solution resistance, a constant phase element equivalent to the
double-layer capacitance and the charge transfer resistance associ-
ated with the OER, respectively [55]. Analysis of the EIS data was
done to extract important electrochemical parameters.

To show an acceptable impedance simulation of the data in Fig,

Table 1. The effect of NiO, loading (0.029 and 0.24 mg cm ) or Fe;O, loading at 0.17 mg cm™” with current density; I as a function of poten-

tial, E and the onset potential of OER, E,, .,

E/V GC GC/Fe;O, GC/NiO, GC/NiO,/Fe;O, GC/Fe;O,/NiO,
0.029 0.24 0.029 0.24 0.029 0.24 0.029 0.24 0.029 0.24
mgem”  mgcm’ mgem”  mgcm” mgem”  mgcm™” mgem”  mgcm’ mgem”  mgcm’
0.6 1.1 1.1 091 1.1 1.0 32 3.76 10.2 10.75 159
0.8 1.2 1.2 L5 L5 9.85 26.9 15.7 45.0 53.25 78.5
1.0 1.3 1.3 6.7 6.7 215 534 375 80.7 101.5 1314
Epel V 1.0 1.0 0.81 0.81 0.599 0.561 0.580 0.510 0.510 0.452
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Fig. 6. ((A) and (B)) Nyquist and Bode Plots for the different elec-
trodes in 0.5M NaOH at 0.7 V: (a) GC, (b) GC/Fe;0,, (c)
GC/NIO,, (d) GC/NiO,/Fe;0, and (¢) GC/Fe;0,/NiO, (NiO,
loading=0.207 mg cm in (c) and (d) and 0.240 mg cm™” in
(e). Fe;0, Loading is 0.17 mg cm .

Ree

Fig. 7. Equivalent fitting circuit used for EIS figures (Fig. 6).

Table 2. Electrochemical impedance fitting parameters for the dif-
ferent electrodes at a loading of NiO, (0.24 mg cm ) and
Fe;0, (0.17 mg cm™?)

Electrode R/Qcm*> QiuFecm™ a R/Qcm’
GC 1000 8 0.67 40
GC/Fe;O, 434 18 0.72 37
GC/NiO, 240 22 0.67 43
GC/NIO,/Fe;O, 158 27 074 38
GC/Fe;0,/NiO, 97 34 060 38

6(a) and (b), we replaced the capacitor (C) with a constant phase
element (CPE) in the proposed equivalent circuit. CPE is referred

to as Qg in Table 2 which was due to the microscopic roughness
which leads to an inhomogeneous distribution for the capacitance
of the double layer [56]. The impedance of a constant phase ele-
ment (Zcpp) is known as Zp=[Quj@)?]"', where j=(-1)"*, —1<
o<1, o (angular frequency in rad/s) @=27zf is the, f is the fre-
quency measured in Hz=s"', & is an empirical exponent fitting
parameter which varies between 1 and 0 and is used to account
for the deviation from the ideal capacitive behavior due to many
factors [57-59]. In our work, an acceptable agreement between
theoretical and experimental data was found (average error of
2.5%). The expected impedance parameters are given in Table 2.
The o values for the different electrodes ranged between 0.60 and
0.72, which confirms that the oxide electrodes do not act as a per-
fect capacitor. The results demonstrate that the phase angle (Fig.
6(b)) has values below 90° which confirms the non-ideality of the
capacitive behavior for the studied oxides. At the potential (E=
0.7V), the OER is under charge-transfer mechanism and so R,
can be gained from the EIS figures. The value of R, has the order:
GC>GC/Fe;0,>GC/NIO,>GC/NIO,/Fe;O,>GC/Fe;0,/NiO,. This
confirms that OER on the GC/Fe;O,/NiO; is facilitated compared
to the other electrodes.

An attempt to interpret the enhancement of the OER on the
GC/Fe;0,/NiO, is introduced by considering the CVs for differ-
ent electrodes in a narrow potential range. The latter is a potential
range between 0.1-0.55V and in which a redox couple transfor-
mation of Ni(II)/Ni(IIl) (ie., Ni(OH),«<>NiOOH+1e) takes place
(see Fig. 2). The other electrodes (GC/NiO,, GC/NiO,/Fe;O, and
GC/Fe;O,/NiO,) show redox peaks for the couple Ni(II)/Ni(IIT)
with current peak value depends on the electrode type. The order
of the peak current of the Ni(I[)/Ni(Ill) transform is GC/Fe;O,/
NiO,>GC/NiO,/Fe;0,>GC/NiO, (see Fig. 2). The presence of the
Fe;0, in the internal layer enhances the redox couple transforma-
tion more than its presence in the external layer. Since the increase
in I, of the Ni(II)/Ni(III) transformation coincide with the enhance-
ment in the OER (obtained in Fig. 2), one may correlate the two
trends. Yet, we may consider the role of the NiOOH species in the
OER mechanism and its catalytic role that facilitate the OER.

It is well documented in the literature that Fe;O, (magnetite) is
anodically converted to FeO? (ferrate ion) in alkaline electrolyte.
The oxidizing power of FeO; ion applied for the oxidation of
organic and inorganic species [60,61]. In this context, the ferrate
ion may oxidize Ni(OH), species to NiOOH at anodic potential
range (0.3-0.6 V) according to the following proposed equations:

Fe,0,—FeQZ ©)]
Ni(I1)+FeO2” —> Ni(IIl)+Fe(I1+111) (6)

The enhancement of the NiO, matrix with Ni ** species causes an
increase in the conductivity of the matrix (NiO,) and hence en-
hancement in the OER on the GC/Fe;O,/NiO, electrode.

Fig. 8 shows Tafel plots for OER on GC/NiO, (a), GC/NiO,/
Fe;O, (b) and GC/Fe;O,/NiO; (¢) in 0.5 NaOH. The potential was
corrected to the ohmic drop (IR) using data extracted from the
EIS data. The figure reveals two straight lines with different slopes.
A slope of 55mV dec™ (+5mV) is obtained at a low potential range
and a slope of 130mV dec” (x5mV dec™) at high potential range

Korean J. Chem. Eng.(Vol. 36, No. 11)
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Fig. 8. Tafel plots for OER on (a) GC/NiO,, (b) GC/NiO,/Fe;O, and
(c) GC/Fe;0,/NiO,, at scan rate of 10mV s,

Table 3. Tafel slopes (mV dec™) for OER on the different electrodes

at low and high potentials
Electrode GC/NiO, GC/ NiO,/Fe;O, GC/Fe;O,/ NiO,
Low potential 54 61 66
High potential 133 134 135

(see Table 3). The above result of Two Tafel slopes is documented
in the literature [62,63].

It has been demonstrated in the literature that a considerable
rate of the OER from alkaline solutions starts at potentials higher
than Ni(OH),/Ni(OOH) peak potential [63,64]. As shown in Fig.
5, the uncoated GC (a) and GC/Fe;O, (b) electrodes offer non-sig-
nificant rates of the OER, while on the other electrodes GC/NiO,
(¢) GC/NiO,/Fe;O, (d) and GC/Fe;O,/NiO, (e), the Ni(OH),/
Ni(OOH) anodic peak of is obviously preceding the E,,.; of the
OER. It may be concluded that OER does not start at the oxyhy-
droxide (NiOOH) sites and yet another active phase is formed
from the oxyhydroxide at higher potentials. That active species
can mediate and support the high current obtained for the OER.
This conclusion is in agreement with that found in the literature
[62-65] where the formation of NiO, (as reactive species) medi-
ates the OER in alkaline solutions at NiOOH modified electrodes.
A recently proposed mechanism [62-64] for OER at similar con-
ditions can be summarized as follows:

NiOOH+OH —NiO(OH), +e E=1434V (RHE) @)
NiO(OH),+OH —NiO(OOH)+H,0+e ®)
NiO(OOH)+OH —>NiOO,+H,0+e )
NiOO,+OH —>NiOOH+0,+e (10)

As can be seen from the above-mentioned mechanism, it involves
the formation of adsorbed peroxide intermediate (NiOO,).

The above mechanism is in agreement with the data obtained
in Fig. 5 (and also with Tafel slopes obtained in Fig. 8). For instance,
the E,,., for OER obtained from Fig, 5 is ~1.47 V (RHE), which is

November, 2019

consistent with the standard potential of Eq. (7). The other remark
here is that the average Tafel slope at low potentials regions on the
three electrodes is ~58 mV dec™' (Table 3), which suggests the first
step (Eq. (7)) as a pseudo-equilibrium step and the second step
(Eq. (8)) is a rate-determining step (total of 2 €”) . At high poten-
tial, the average Tafel slope increases to ~130mV dec', a value
which favors the suggestion that the first step (Eq. (7)) is the rate-
determining step (1 7). Generally, we conclude that the electrocat-
alytic activity of NiOOH depends on its ability to transfer elec-
trons to the conducting substrates.

CONCLUSIONS

The study evaluated the use of magnetite iron oxide/nickel oxide
(GC/Fe;0,/NiO,) binary nanoparticles modified GC electrode for
OER from alkaline solution at different loadings. The Fe,O, was
cast on different substrates: one on bare GC and the other on GC/
NiO,. On the other hand, NiO, was electrodeposited on either bare
GC or GC/Fe;0,. Significant enhancement of the OER was obtained
when NiO, was electrodeposited on GC/Fe;O, (ie, GC/Fe;O,/
NiO,) compared to either of GC/NiO,/Fe;O, (NiO, is deposited
first), GC/NIO, or GC/Fe;O,. EIS data confirmed the above con-
clusions. Optimization of the loading levels of both Fe;O, and NiO,
was possible under the prevailed experimental conditions. Analy-
sis of the polarization data through the plotting of Tafel plots revealed
a suggestion of the mechanism for the OER on the different elec-
trodes.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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