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This article presents a systematic study on the composition dependence of Ni-Co oxides (NCOs) on their electrocatalytic activities
toward ethylene glycol (EG) and ethanol (EtOH) oxidation. NCO electrodes were prepared by co-electrodeposition method followed
by annealing in air. The atomic ratios of Ni/ (Ni 4 Co) (Ni content) in NCOs were controlled by adjusting the concentration ratio of Ni
and Co precursors. As the Ni content increased, the phase of materials changed from the spinel to the mixture of spinel and rock salt.
The electrocatalytic activities of these NCOs toward EG and EtOH oxidation were investigated by cyclic voltammetry, differential
pulse voltammetry, multi-step chronoamperometry, and electrochemical impedance spectroscopy techniques. It was found that the
performance of NCOs for EG and EtOH oxidation exhibited a firstly-increase-then-decrease trend with the increase of Ni content
and the best performance was found at 46% Ni. The presence of Ni probably can facilitate EG and EtOH oxidation. Increasing the
concentration of reactants or pH can improve the reaction rates. The products from EG and EtOH oxidation were analyzed by nuclear
magnetic resonance, which indicated that the oxidation reaction was a process from hydroxyl group to carboxyl group.
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Energy and environmental issues have been attracting more and
more attention as twin problems in recent years. The current energy
infrastructure relying on the fossil fuel is not only threatened by the
limited supply, but also generates serious pollution emissions. Great
efforts have been made on exploring alternative clean and safe energy
resources, such as solar, wind, tide, etc.' The need of connecting
these clean energy resources with smart grids has stimulated great
interests on the energy storage and conversion technologies. Ni-Co
oxides have attracted great attention in recent years due to their
rich redox chemistry, relatively low cost, and high electrochemical
activities.>** In particular, a large number of investigations have
been focused on small molecule oxidation reactions, such as water
oxidation reaction,®’ urea oxidation,® glucose oxidation,” and alcohol
oxidation.>'"2 Ni-Co oxides (e.g. NiC0,04) usually exhibit much
better electrocatalytic performance than pure Co;0O4 and NiO, espe-
cially for water oxidation. This has been reported by several groups
and such better performance has been ascribed to some synergistic
effects.>®!3 For example, the earlier investigation showed that Ni-Co
oxides with ~32% Ni gave the highest activity in water oxidation
reaction due to the higher conductivity of NiCo,04.%'* The recent
study reported that giving more Ni may improve the water oxidation
activity due to the structure transformation.” NiCo,0y4 and NiO are in
spinel and rock salt structures, respectively. Applying positive poten-
tial can transform rock salt structure into layered hydroxide and/or
oxyhydroxide structures in alkaline solution, which may give better
water oxidation activity than spinel structure.’” For alcohol oxidation,
there are limited reports on the influence of structure transformation
and most reports focused on the comparison among Ni-doped Co3;0y,
cobalt oxides, and nickel oxides.'®!>!> Note that for both small
organic molecule oxidation reaction and water oxidation reaction, the
catalytic mechanism involves the change of valence states of cations,
during which the lower-state Ni and Co cations are firstly oxidized
to the higher-state ones and then these higher-state cations oxidize
the object.27310:14-16 Although there are some investigations on the
composition effect on water oxidation reaction on Ni-Co oxides,®”!*
relevant reports on the composition effect on small organic molecule
oxidation on Ni-Co oxides are rare. Our recent study has found that
the performance of Ni-Co oxides toward methanol (MeOH) electro-
catalytic oxidation varies with the Ni content and the best performance
can be found at the Ni content of 46%.'7 To date, as the smallest alco-
hol molecule, methanol has been intensively investigated and reported
with regarding to its oxidation reactions on noble metals, alloys, and
oxides.>!*!517 Similarly, the approach is extended to investigate the
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electrochemical oxidation of slightly bigger alcohols, such as C2 alco-
hols EG and EtOH. The research has been given on noble metals and
their alloys.'®-2! However, the research on EG and EtOH oxidation on
transition metal oxides are very limited.”>?* Here, we present a first
systematic investigation on the composition influence of Ni-Co oxides
on their electrocatalytic activity toward EG and EtOH oxidation. We
found that the activity of Ni-Co oxides toward EG and EtOH oxidation
is composition dependent. The highest activity was found at 46% Ni.
The effect of Ni and the influence of OH™ concentration on EG and
EtOH oxidation were investigated as well. Nuclear magnetic reso-
nance (NMR) analysis revealed that the oxidation of EG and EtOH
was through the oxidative conversion of hydroxyl group to carboxyl

group.

Experimental

Materials and characterizations.— The Ni-Co oxides were pre-
pared by the electrodeposition of Ni-Co hydroxides on stainless steel
mesh (SSM, 500 mesh, 1.0 cm x 1.0 cm) substrates followed by an-
nealing in air.'” The electrolyte consisted of x M Ni(NO;), and (0.1 —
Xx) M Co(NQO3),. The value of x was set as 0, 0.03, 0.05, 0.07, 0.09 and
0.1. A Bio-Logic SP150 potentiostat was used for electrodeposition.
A constant potential —0.85 V vs. saturated calomel electrode (SCE)
was applied until the passing charge reached 0.6 C at room temper-
ature. As for the pure Ni(NOs3), electrolyte, the passing charge was
controlled at 0.8 C in order to keep NiO mass loading similar to other
samples. The crystal structure and morphology can be found in our
previous report.!” The three-electrode system was used to character-
ize the working electrodes of NCOs/SSM. Cyclic voltammetry (CV),
differential pulse voltammetry (DPV), multi-step chronoamperometry
(CA), and electrochemical impedance spectroscopy techniques (EIS)
methods were employed to study the EG and EtOH oxidation reaction
on NCOs. A Hg/HgO (1 M KOH, aqueous) electrode was used as the
reference electrode and a Pt plate (~1.0 cm x 3.0 cm) was used as
the counter electrode. The CV test was conducted from —0.1 ~ 0.6 V
vs. Hg/HgO electrode at the scan rates of 2, 5, 10, 20, 40, and 80 mV
s~! in the absence and the presence of EtOH and EG, respectively.
The CV curves at 2 mV s~' were selected for fitting Tafel plots. The
multi-step CA was conducted according to the following procedure.
First, the working electrode was held at 0 V for 2 min. Then, it was
held for 10 min at 0.48, 0.51, 0.54, 0.57, 0.60, 0.57, 0.54, 0.51, and
0.48 V, respectively. The DPV was carried on at 10 mV s~! and with
the pulse height 2.5 mV. EIS measurements were taken at bias poten-
tials of 0.48, 0.51, 0.54, 0.57, and 0.60 V consecutively with 10 mV
amplitude. The frequency ranged from 1 MHz to 10 mHz and the data
were collected and processed from 100 kHz to 10 mHz. The products
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Results and Discussion

NCO electrodes.— Fig. 1a shows the relationship between the
composition of NCOs and the feeding ratio of precursor solutions.
With the increase of the Ni salt concentration in the precursor solution,
the ratio of Ni/ (Ni + Co) in samples increased gradually from 0% to
15%, 27%, 46%, 75% and finally 100%. Here, the Ni content refers
to the ratio of Ni/ (Ni + Co) in as-synthesized NCOs. These samples
were named as NCO-0, NCO-15, NCO-27, NCO-46, NCO-75, and
NCO-100, referring to the NCOs with 0, 15, 27, 46, 75, and 100% Ni
correspondingly. The mass of NCOs decreased with the increase of
the Ni content (Fig. 1b). As for pure NiO, the passing charge was tuned
to 0.8 C to maintain the similar mass loading to other Ni-Co oxides
and pure Co30O4. The error bars in Fig. 1 were obtained based on
three independent electrodeposition experiments. It can be seen that
the variation of the composition and the mass of the NCO electrodes
is small, indicating the high reproducibility of these electrodes.

CV measurements for EG and EtOH oxidation.— The two C2
alcohols, EtOH and EG, were investigated for the electrocatalytic
performance of NCOs in 1.0 M KOH from —0.1 ~ 0.6 V vs. Hg/HgO.
Fig. 2a shows the CV curves of NCOs in 1.0 M KOH solution at 10 mV
s~!. More detailed information can be found in our previous report.!”
Figs. 2b and 2c shows the CV curves of EG and EtOH oxidation on
NCOs in 1.0 M KOH with 0.5 M alcohol (EG or EtOH) at 10 mV s~!,
respectively. Fig. 2d shows the currents at 0.6 V from CV curves. It
shows that as the Ni content increased, the EG and EtOH oxidation
currents firstly increased and then decreased. The highest oxidation
currents appeared when the Ni content is 46%. This trend is similar
to what have been observed in MeOH oxidation.'”
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Figure 2. (a) CV curves of NCOs in 1.0 M KOH solution; CV curves of EG
(b) and EtOH (c) oxidation on NCOs in 1.0 M KOH; (d) the currents at 0.60
V vs the Ni content.

The CV curves at 2 mV s~! of EG and EtOH oxidation on NCOs
were used to fit Tafel plots, which are shown in Fig. S2a and Fig. S2b.
Fig. S2¢ shows the summary of Tafel slopes. In general, the Tafel
slopes of EtOH oxidation were smaller than those of EG oxidation,
which indicates that EtOH oxidation is faster than EG oxidation.

Multi-step CA measurements of EG and EtOH oxidation.— The
multi-step chronoamperometry was used to further characterize EG
and EtOH oxidation on NCOs. Fig. 3a shows the results of multi-step
CA measurements of EG oxidation on NCOs. The EG oxidation cur-
rents firstly increased and then decreased as the potential was changed
from 0.48 to 0.60 and then back to 0.48 V step by step. In Fig. 3a,
the EG oxidation currents on NCOs (except for NiO) decayed within
each potential step when the potential step was raised from 0.48 to
0.54 V. The current decay can be ascribed to the gradual adsorption
and accumulation of oxidation intermediate products at different po-
tential steps. When the potential steps was 0.60 V, the currents on
NCOs with high Ni contents like NCO-46 and NCO-75 were more
stable, while the currents on NCOs with low Ni contents like NCO-15
and NCO-27 still showed the decay. It suggests that the intermediate
products probably could be fully oxidized on NCO-46 and NCO-
75 at 0.6 V. As for those NCOs with low Ni contents like NCO-15
and NCO-27, the oxidation intermediate products could not be fully
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Figure 3. The multi-step CA curves of EG (a) and EtOH (b) oxidation on SSM and NCOs/SSM in 1.0 M KOH + 0.5 M alcohol (EG or EtOH) at the bias potential
0.48,0.51, 0.54, 0.57, and 0.60 V vs. Hg/HgO; (c) the currents at the last second of the 0.60 V step.
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oxidized at 0.60 V. It blocked the electrode surface and resulted in the
current decay. When the potential steps changed from 0.60 back to
0.48 V step by step, all NCOs showed the current decay within 0.57,
0.54, 0.51 and 0.48 V steps, indicating the accumulation of interme-
diate products again on the electrode surface. It can be noticed that all
the currents on NCOs at the potential step after 0.60 V was smaller
than that at the same potential step before 0.60 V. It further indicates
that the adsorbed intermediate products accumulated as the reaction
progressed. As for pure NiO, the current did not show the decay when
the potential changed from 0.48 to 0.60 V. When the potential steps
were 0.57 and 0.60 V, the current increased gradually as the reaction
progressed. It probably can be ascribed to the NiO activation. When
the potential changed from 0.60 back to 0.48 V, the current showed
obvious decay within each potential step. It indicates that more ox-
idation intermediate products were generated at the previous high
potential step. Due to a stronger adsorption, they cannot be released
quickly from the electrode surface and thus they began to block the
surface. It is known that in the absence of convection, the diffusion
limit can cause the decay of the current.?* Here, the diffusion limit can
be excluded by comparing EG oxidation on NiO and NCO-75. It can
be seen in Fig. 3a that NCO-75 gave the bigger current than pure NiO
within the same potential steps, implying more EG was consumed on
NCO-75 than NiO. However, EG oxidation on NCO-75 did not show
obvious current decay. It indicates that the diffusion of EG should be
fast enough to supply the reaction need and thus it is not a factor that
causes the current decay. Fig. 3b shows the results of multi-step CA
measurements of EtOH oxidation on NCOs from 0.48 V to 0.60 V and
then back to 0.48 V step by step. It exhibited a similar current change
trend as observed in EG oxidation (Fig. 3a). In overall, the EtOH
oxidation currents firstly increased and then decreased when the po-
tential changed step by step from 0.48 to 0.60 and then back to 0.48 V.
It is noted that the EtOH oxidation currents showed obvious current
decay on NCO-0, NCO-15, and NCO-27 within each potential step.
Meanwhile, the currents on NCO-0, NCO-15, NCO-27, and NCO-46
at each potential step after 0.60 V were smaller than those before 0.60
V at the same potential step. Fig. 3¢ summarizes the currents from
last second in 0.6 V in Figs. 3a and 3b. It shows that the EG and EtOH
oxidation currents firstly increased and then decreased. The biggest
currents from EG and EtOH oxidation appeared at Ni 46%. Such a
relationship between the composition and the oxidation current has
been also observed in CV measurements.

EIS measurements for EG and EtOH oxidation.— EIS was used
to further study EG and EtOH oxidation on NCOs. Fig. S6 and Fig.
S7 shows the Nyquist plots and Bode Z plots of EG and EtOH ox-
idation on NCOs. In Fig. S6, the Nyquist plots of EG oxidation on
NCO-15, NCO-27, and NCO-46 gave some data points below zero
(Fig. S6d, g, j), which are often ascribed to the resistance-inductance
series (shown in Fig. S8b). The inductive behaviour is due to the ad-
sorption, re-generation, and re-adsorption of the active sites.”>?® The
Nyquist plot of EG oxidation on Co;04 did not show obvious data
points below zero (Fig. S6a). It is probably due to the adsorption of
oxidation intermediate products on the surface of electrode and no
new active site re-generated (Fig. S8a). Back to the multi-step CA
curves on Co3;04 (Fig. 3a), it can be found that the current was small
and decay obviously at the potential steps of 0.51, 0.54, and 0.57 V.
This decay is ascribed to the facts that the active sites were occupied
by EG oxidation intermediate products and no new active sites gen-
erated. As for the Nyquist plots of NCO-75, there were almost no
data points below zero (Fig. S6m), which suggested that the charge
transfer and intermediate product adsorption are more critical than
the adsorption and re-generation of active sites. The Nyquist plots
of EG oxidation on NiO show two distinct depressed semi-circles
(Fig. S6p). As the bias potential increased, the diameters of these two
semi-circles decreased. We assumed that these two depressed semi-
circles represented two step reactions. The depressed semi-circles in
low-frequency region can be ascribed to the reaction from EG to
intermediate products along with intermediate product adsorption.
The depressed semi-circles in the high-frequency region can be as-

cribed to the step from intermediate products to final products. In
Fig. S6p, the oxidation rate of EG intermediate products absorbed on
NiO was promoted as the potential increased and thus the diameter
of the depressed semi-circles decreased. Meanwhile, the increase of
potential promoted the reaction from intermediate products to final
products, leading to the decrease of the diameter of the depressed
semi-circles in the high-frequency region. It is noted that when the Ni
content was higher than 46%, the data points below zero representing
adsorption and re-generation of active sites disappeared (Fig. S6m
and p) and data points on depressed semi-circles in low-frequency
region representing intermediate product adsorption became distinct
(Fig. S6p). Combining with the results from CV (Fig. 2d) and CA
(Fig. 3c), the composition dependence of NCOs for EG oxidation
can be suggested. When Ni content was lower than 46%, the EG ox-
idation increased with the increase of Ni content. It suggested that
the increase of Ni content can facilitate the overall oxidation process
through promoting the steps from EG to the intermediate products and
from intermediate products to final products. However, probably the
promotion on facilitating the step from intermediate products to final
products is not significant. It leads to the accumulation of produced
excessive intermediate products. As a result, more and more inter-
mediate products accumulated on the electrode surface and thus the
regeneration of active sites cannot be observed. Only at a Ni content
of 46%, the two step reaction rates were balanced at the best ratio and
thus the highest activity can be observed on NCO-46. Fig. S7 shows
the EIS results of EtOH oxidation on NCOs. The EtOH oxidation
on NCO-0 (Fig. S7a), NCO-15 (Fig. S7d), and NCO-27 (Fig. S7g)
shows the obvious EtOH oxidation intermediate product adsorption.
As for pure Cos;0y, this strong adsorption led to the gradual increase
of the diameter of the depressed semi-circles at 0.51, 0.54, and 0.57 V
in Fig. S7a. It is probably because that increasing potential brought
about more adsorbed intermediate products from EtOH oxidation so
as to block the reaction. At 0.60 V, the smaller diameter of depressed
semicircle means these EtOH were able to be oxidized (Fig. S7a). In
Fig. S7d and g, it can be also found that even though the potential
increased from 0.51 to 0.54, to 0.57 V, the diameter changed very
little, indicating no change in impedance. It further implies that the
intermediate product adsorption hindered the resistance decrease.
The impedance Z vs. the bias potential was summarized to compare
EG and EtOH oxidation on NCOs (shown in Fig. 4). When the bias
potential increased, all the impedance of EG and EtOH oxidation on
NCOs decreased except for EtOH oxidation on Co3;0y. In general, the
impedance decrease is due to the promoted oxidation reaction with
the increase of the bias potential. In Fig. 4b, the impedance of EtOH
oxidation on Co3;0;, did not show this general change. The impedance
decreased from 0.48 t0 0.51 V, and then increased from 0.51 to 0.57 V.
Finally it decreased again from 0.57 to 0.60 V. Such an irregular
change of the impedance of EtOH oxidation on Co;O4 may be ascribed
to the accumulation of the intermediate products after 0.51 V. With
the increase of potential, more intermediate products accumulated
on the electrode surface. The reaction was gradually blocked until
0.6 V was applied, where the intermediate products could be fully
oxidized, leaving a cleaned surface for more reactions. This has not

a'Te —&-nNcoo | b 2.1{Ewon —=-NCO-0 —=-NCO-15
~5-NCO-15 NCO-27-5- NCO-46
1.59 1.8+ . NCO-75—<—NCO-100
l o
E 121 \iﬁ/m ‘I\m
£ .
5 Q~_
i \ e s
o 1! 8
e = —i—y
1 V—y—y—v
0.3

T L] L T L]
048 0.51 0.54 0.57 0.60
Bias / V vs. Hg/HgO

| ) T ) )
048 051 0.54 057 0.60
Bias / V vs. Hg/HgO

Figure 4. The impedance Z vs the bias potential for EG (a) and EtOH (b)
oxidation on NCOs.
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Figure 5. The EG oxidation on NCO-46 with different EG concentration: (a)
LSV curves at 10 mV s~!; (b) the potential at 2 mA vs. concentration; (c)
the current at 0.60 V vs. concentration (the inset shows the close view on the
concentration range of 0 ~ 0.1 M; (d) DPV curves at 10 mV s~! and pulse
height 2.5 mV.

been observed in EG oxidation on Co;0, (Fig. 4a). It indicates that
the intermediate products from EtOH oxidation may be more difficult
to be oxidized as compared with those from EG oxidation. Such an
assumption should be possible because EG has two hydroxyl groups
at the two ends and it may reduce difficulties for electrode to oxidize
the two hydroxyl groups at the same time. Only with the presence of
Ni, the oxidation of the intermediate products of EtOH oxidation can
be promoted and therefore NCOs did not exhibit such an impedance
change trend as Co3;0, did. In addition, it may be noticed that with
the increase of Ni content, the trend of the impedance change was
opposite to the trend of the current change observed in CV and multi-
step CA approaches (shown in Fig. 2d and Fig. 3c). EG and EtOH
oxidation on NCO-46 shows the smallest impedance. It is consistent
with the Ohm’s law that the impedance is inversely proportional to
the current at the fixed potentials.

EG and EtOH oxidation on NCO-46.— NCO-46 with the best per-
formance was chosen to investigate the EG and EtOH concentration
effect. Fig. 5a shows the LSV curves of EG oxidation on NCO-46 as
the EG concentration was varied from O to 1.0 M. As the EG concen-
tration increased, the currents increased. When the EG concentration
was low, the oxidation peak of Co and Ni in NCO-46 in alkaline was
remarkable. When the EG concentration was high, the curve ramped
along the anodic sweeping direction. This phenomenon can be also
found from DPV curves (Fig. 5d). The DPV peaks shifted to the higher
potential region and became broader. The DPV currents increased with
the increase of the concentration. Fig. 5b shows the relationship be-
tween the potential at the current of 2 mA and the EG concentration.
It is observed that with the increase of EG concentration, the potential
at 2 mA decreased. It indicates that increasing the EG concentration
promoted the reaction rate. Fig. 5¢c summarizes the current at 0.60 V
in Fig. 5a. In the concentration range of 0 ~ 0.04 M, the current change
increased approximately linearly with the EG concentration increase.
Between 0.04 and 0.2 M, the current kept increasing, however, the
increase was slow. As the EG concentration was close to 0.2 M,
the current stopped increasing and reached a saturation state. When
the EG concentration was higher than 0.2 M, the currents decreased
slightly with the further increase of concentration. Comparing Fig.
5b and Fig. Sc, it can be noted that in Fig. 5b the potential at 2 mA
decreased gradually with the increase of EG concentration, while in
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Fig. 5c the current firstly increased and then slightly decreased with
the increase of EG concentration. Here, the potential in Fig. 5b was
recorded at relatively small current 2 mA and the current in Fig. 5¢
was recorded at relatively high potential 0.60 V. As for the relationship
between current and EG concentration in Fig. 5c, it can be explained
as follow. When the EG concentration was lower than 0.2 M, the ox-
idation rate determined by the reactant concentration and increasing
EG promoted the oxidation reaction rate. When the EG concentration
was higher than 0.2 M, the ability of OH™ supply to the electrode
surface cannot meet the EG oxidation rate. Thus, the EG oxidation
reaction cannot be promoted further. In addition, a slight decrease of
the current can be found as the EG concentration increased further.
It is probably due to the increase of solution viscosity. With the in-
crease of EG concentration in solution, the viscosity (n) of solution
increased.”’ The increase of solution viscosity led to the decrease of
EG diffusion coefficient (D) according to the equation,

D = RT/6Njmtna

where N, is Avogadro’s number, R is gas constant, T is thermody-
namic temperature, and a is hydrodynamic radius.?®?° The concentra-
tion effect on EtOH oxidation is shown in Fig. S9. EtOH oxidation
currents reached saturation state at higher concentration (~1.25 M) as
compared to EG oxidation (~0.2 M). At the relatively high concen-
tration, EtOH oxidation showed a higher current than EG oxidation.
For example, when the concentration was 1.0 M at 0.60 V, EtOH ox-
idation showed the current of ~80 mA, while EG oxidation gave the
current of ~71 mA. It is probably due to the lower viscosity of EtOH
and thus better EtOH diffusion.

The influence of KOH concentration on EG oxidation.— The
NCO-46 electrode was used to investigate the influence of KOH
concentration on EG oxidation. Five different concentrations were
chosen: 0.01, 0.1, 1.0, 3.0, and 5.0 M. The EG concentration was kept
at 0.5 M. Fig. S10a shows the CV curves with the applied potentials
vs. Hg/HgO and Fig. S10b shows the CV curves with the applied
potentials converted to the potentials vs. reversible hydrogen elec-
trode (RHE). CV curves in Fig. S10a and Fig. S10b show that with
the increase of KOH concentration, the EG oxidation current became
bigger. It suggested that the high concentration of KOH facilitated EG
oxidation. When the KOH concentration was lower than 1.0 M, the EG
oxidation current was very small. The Nyquist plots of EG oxidation
on NCO-46in 0.1, 1.0, 3.0, and 5.0 M are shown in Fig. S10c, d, e and
f. In Fig. S10c, when the KOH concentration was 0.1 M, the Nyquist
plots showed the high impedance reflected by the big diameter of the
depressed semi-circles. Meanwhile, when the bias potential increased,
it is observed that the low-frequency region displayed diffusion phe-
nomena from 0.54 V. From the previous analysis on EG concentration
effect in Fig. 5b, 0.5 M EG was enough to supply the EG oxidation re-
action in 1.0 M KOH. EG oxidation had a faster reaction rate in 1.0 M
KOH than in 0.1 M KOH (it can be seen in Fig. S10a and b). Since
EG supply was enough, these diffusion phenomena in low frequency
region shown in Fig. S10c should represent the OH™ diffusion limit on
EG oxidation. In Fig. S10c, it can be observed that the Nyquist plots
were almost the same when the bias potential was 0.63 V and 0.66 V.
It suggests that when the bias potential was higher than 0.63 V, EG
oxidation was not limited by the bias potential any more, but the OH™
supply. The low current and big impedance also can be ascribed to
insufficient OH™ supply. Due to the limited OH™ supply, the oxidation
of EG was hindered. The prevailing mechanism of alcohol oxidation
on NCO is that the low valence Ni and Co cations were oxidized to
the high valence state ones. And then alcohol is oxidized by the high
valence state Ni and Co cations.'” However, the low valence Ni and
Co cations were more difficult to be oxidized to the high valence state
of Ni and Co in the lower concentration of KOH solution as seen in
Fig. S11. When the KOH concentration was higher than 1.0 M in Fig.
S10d, e and f, the diffusion phenomena were not observed in the low-
frequency region of the Nyquist plots. However, the adsorption and
re-generation phenomena of active sites were more obvious, which
can be seen from more data points located below zero. Meanwhile,
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Figure 6. The '3C NMR spectra of the electrolyte solutions after 12 hours of
EG (a) and EtOH (b) oxidation.

the diameters of these depressed semi-circles decreased with the in-
crease of KOH concentration and the increase of bias potential. It
suggested that the high concentration of OH™ facilitated the oxidation
reaction and led to more adsorption and re-generation of active sites.
In addition, the influence of KOH concentrations was reflected in the
resistance in solution, which can be seen from the Nyquist plots (the
intersection point with horizontal axis in Fig. S10c-f). This resistance
observed at high frequency regions includes the solution resistance
and the resistance caused by EG intermediate product accumulation
on the electrode surface. The higher the KOH concentration is, the
smaller the resistance is. As for EG oxidation on NCO-46 in 0.01 M
KOH solution, the resistance in solution was quite big and it became
bigger and bigger with the increase of the bias potential (shown in
Fig. S12a). It suggests that the insufficient supply of OH™ suppressed
the complete oxidation of EG and the intermediate products were
gradually accumulated on the electrode surface with the increase of
the potential. It can be also seen in the CV measurements right after
the EIS measurements (Fig. S12b). The currents after EIS measure-
ments were apparently smaller than that before EIS measurements,
suggesting that the EG oxidation intermediate products adsorbed on
the electrode surface led to the current drop after the polarization. It
should be noted that the concentration of KOH also influenced the
resistance of the electrolyte solution. In particular, a very low con-
centration may give a significant iR drop. Fig. S13 shows the EG
oxidation LSV curves recorded in different concentrations of KOH
solution. The potential was corrected by iR drop. It is obvious that the
higher concentration of KOH solution facilitated the EG oxidation.
For example, the oxidation can be promoted in 3 and 5 M KOH as
compared to those performed in 1, 0.1, and 0.01 M KOH. This indi-
cates that OH~ was involved in the reaction as a reactant. In addition,
the CA curves of the EG and EtOH oxidation on NCOs are shown
in Fig. S14-S17. It can be seen that NCO-46 exhibited the higher
stability.

NMR analysis on EG and EtOH oxidation.— The products of the
EG and EtOH oxidation on NCO-46 were measured by NMR. Fig. 6
shows the NMR spectra of the electrolyte solutions after EtOH and EG
oxidation for 12 hours at 0.60 V. In Fig. 6a, the peak at 62.7 ppm can be
assigned to EG*® and the peak at 171.0 ppm can be assigned to oxalic
acid (COOH-COOH). In Fig. 6b, the resonance peaks in 16.9 and 57.3
ppm can be assigned to ethanol*® and the peaks in 23.3 and 181.0 ppm
can be assigned to acetic acid (CH3-COOH).*° The peak in 168.3 ppm
in Figs. 6a and 6b are assigned to carbonate (CO;27),3! which is due
to the adsorption of CO, in the electrolyte solution. The theoretical
study has pointed out that the formation CO, from C-C bond cleavage
through C2 alcohol oxidation is difficult.’? Several studies have also
shown that there is no cleavage of C-C bond observed in the ethanol
oxidation on transition metals in alkaline and the cleavage of C-C bond
was only found on noble metal catalysts.3*3* Thus, the small peak at
168 ppm should be ascribed to the carbonate from the adsorption
of CO,. The NMR result indicates that the major products of EG
and EtOH oxidation were oxalic acid (COOH-COOH) and acetic acid

(CH3-COOH), respectively. We believe that the intermediate products
of EG and EtOH oxidation should be some aldehyde compounds such
as glyoxal (CHO-CHO), acetaldehyde (CH3-CHO), etc. However, we
didn’t found these intermediates in the electrolyte solution. It indicates
that these aldehyde intermediates only exist on the electrode surface
during the oxidation.

Given the above analysis on the influence of KOH concentrations
as well as the NMR result, the EG and EtOH oxidation can be ex-
pressed as follows:

EG oxidation to oxalic acid:

CH,0H-CH,0H + 40H™ — CHO-CHO + 4H,0 + 4e~
CHO-CHO + 60H™ —~00C-COO™ + 4H,0 + 4e~
EtOH oxidation to acetic acid:
CH;-CH,0H + 20H™ — CH;3-CHO + 2H,0 + 2e~
CH;3-CHO + 30H™ — CH3-COO™ + 2H,0 + 2e™

It can be seen that increasing OH™ concentration will facilitate
the oxidative conversion from hydroxyl group to carboxyl group.
It should be noted that our EtOH oxidation product is different
from that observed in EtOH biofuel cells and sensors catalysed by
enzyme quino-hemoprotein-alcohol dehydrogenase (QH-ADH),3>*
where the EtOH is oxidized to acetaldehyde only. The oxidation is
catalysed by the enzyme QH-ADH and the reaction is described as
follow:

CH;-CH,0H — CH3-CHO + 2H* +2¢™

The reaction provides two protons and two electrons through the
oxidation of hydroxyl group to aldehyde group. Such an enzyme
catalysed reaction was found pH dependent as well. The highest reac-
tion efficiency was found at the pH range of 5 ~ 6 by Ramanavicius
et al.>3® However, the enzymatic catalyst-based fuel cells and sensors
are not stable, especially operated for a long period because of the frag-
ile nature of the enzymes and limited immobilization techniques*®-
Thus, the development of non-enzymatic electrocatalysts is desired in
this field. The Ni-Co oxide catalysts reported here may be potential
for similar biofuel cell and sensor systems. The advantages may in-
clude better stability and higher oxidation degree of hydroxyl group
to carboxyl group. However, it should be noted that these catalysts
work in alkaline and the higher pH facilitates the reaction. Therefore,
their application should be limited in those biofuel cells and sensors
in alkaline environments.

The reaction charge (Q) of EG and EtOH.— In this section, the
oxidation degrees of hydroxyl groups of EG and EtOH are further
compared based on the above NMR analysis, in which it was found
that EG and EtOH oxidation process is the conversion from hydroxyl
group to carboxyle group. Both EG and EtOH are C2 alchohol. The
EtOH molecule has one hydroxyl group, while the EG molecule has
two. Here the reaction charge, Q, was used to describe and com-
pare the oxidation degree of hydroxyl groups. Q(EG) and Q(EtOH)
on NCO-46 can be calculated by integrating the I-t curves at dif-
ferent potentials in Figs. 3a and 3b. Fig. 7a shows that Q(EG) and
Q(EtOH) were almost the same at the relatively high potential like
0.54, 0.57, and 0.60 V, while Q(EG) was higher than Q(EtOH) at the
relatively low potential like 0.48 and 0.51 V. Fig. 7b shows the values
of Q(EG)/Q(EtOH). At relatively low potentials like 0.48 and 0.51 V,
the value of Q(EG)/Q(EtOH) is between 1 and 2. At relatively high
potentials like 0.54, 0.57, and 0.60 V, Q(EG)/Q(EtOH) is nearly 1.
Two possibilities can be proposed to explain the phenomenon that
Q(EG)/Q(EtOH) had different ratio values at high and low potentials.
One is the influence of EG and EtOH diffusion. Here, viscosity (1),
diffusion coefficient (D), and Schmidt number (Sc) can be used to
compare to the difference between EG and EtOH fluid mechanics.
From Table S1, EG has a bigger v, smaller D, and bigger Sc, than
EtOH in water.*’ Thus, EG is more difficult to diffuse onto the work-
ing electrode than EtOH. When EG and EtOH are consumed fast on
the electrode surface at a high potential, EtOH has a higher supply
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Figure 7. (a) The reaction charge Q obtained from the multi-step CA approach
(Figs. 3a and 3b) at different potential steps; (b) the ratio of Q(EG)/Q(EtOH)
from Fig. 7a; (c) the net reaction charges of EtOH and EG oxidation from
0.42 V to each specific potential. The inset shows the LSV curves of NCO-46
in the absence and the presence of EG at 80 mV s71; (d) the ratio of the net
EG reaction charge to the EtOH reaction charge from 0.42 V to each specific
potential (hollow cubic) and the ratio of the net EG reaction charge to the EtOH
reaction charge within every 0.03 V step from 0.42 V (hollow triangle).

rate than EG. It leads to more EtOH oxidized and the similar reaction
charge at high potentials. At low potentials, there is no big difference
between the difusion rate of EG and EtOH and therefore the supply
of two alchohls is enough for the reaction need. Thus, the charge in-
volved in their oxidation reactions is determined more by the numbers
of hydroxyl groups. Another possibility is that not both of hydroxyl
groups in EG are oxidized at the same time. To further analyze these
two possibilities, the anodic scans in CV curves (Fig. S1) at the higher
scan rate of 80 mV s~! were compared with multi-step CA curves. The
fast test of CV at high scan rates can avoid the influence of the con-
sumption of EG and EtOH. The reaction charge (Q) can be obtained

by the equation
1.
Q= - / i du,
v

Where i and u are the current and the potential recorded in anodic
scans in CV curves, respectively, and v is the scan rate of CV. Fig.
7c shows that the integrated net Q (Q(EG) — Q(background)) from
0.42 V to the specitific potential. With the potential increasepotential,
the Q increased. Q(EG) was bigger than Q(EtOH). Fig. 7d shows that
the two kinds of Q(EG)/Q(EtOH). One is the value from 0.42 V to
the specific potential and the other one is the value at every 0.03 V
step, like the steps of 0.42 ~ 0.45 V and 0.45 ~ 0.48 V. It can be
found that generally the value of Q(EG)/Q(EtOH) is bigger than 1.
At relatively low potentials, the value of Q(EG)/Q(EtOH) is bigger
than 2. This is different from the values observed in multi-step CA
curves. It further indicates that the charge associated in the EG and
EtOH oxidation is indeed determined by the supply of EG and EtOH
through diffusion. The different diffusion properties of EG and EtOH
results in the difference in the reaction charges. At the relatively low
potential, the influence of the comsumption of reactants was little
and thus the charge assocaited with the EG oxidation and the EtOH
oxidation was determined by the number of hydroxyl groups on each
molecule.

Conclusions

In summary, a detailed investigation has been conducted on the
electro-oxidation of EG and EtOH on Ni-Co oxides with various

AW =

37.

38.
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40.
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