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ABSTRACT: Oxygen evolution reaction (OER), as the critical step in
splitting water, is a thermodynamically “up-hill” process and requires
highly efficient catalysts to run. Arrhenius’ law suggests that the higher
temperature, the faster the reaction rate, so that a larger OER current
density can be achieved at a lower 7. Herein, we report an abnormal
temperature effect on the performance of Co-based catalysts, e.g,
Co;0,, Li,CoSiO,, and Fe-doped Co(OH), in OER in alkaline
electrolytes. The OER performance reached a maximum when the
temperature increased to 65 °C, and the OER performance declined
when the temperature became higher. The mechanism was investigated
by using Co3;0, as a model sample, and we propose that at an optimal
temperature (around 55—65 °C) the main rate-determining step changes
from OH™ adsorption dominant to a mixed mode and both the
adsorption and the cleavage of the OH group can be rate-determining,

which leads to the fastest kinetics.

xygen evolution reaction (OER), as the critical step in

splitting water into hydrogen and oxygen, is an
environmentally friendly and effective approach for the
production, storage, and usage of green energy including
sustainable hydrogen production, rechargeable metal-air
batteries, and fuel cells. ™ As a thermodynamically “up-hill”
reaction, OER requires the input of energy to drive its
completion.”® In order to lower the reaction energy barrier,
huge research efforts have focused on the discovery of
increasingly efficient catalysts to accelerate the OER reaction
kinetics (indicated by lowering the Tafel slope) at a low
overpotential (7). The state-of-the-art OER catalysts include
IrO,” and RuO,,” but the scarcity and high cost of these oxides
of precious metals limit their large-scale application. Recently,
transition metal (Fe, Co, Ni, Mn, etc.) compounds (including
hydroxides,zg_3'0 oxides,*'* sulfides, phosphides, etc.) have
attracted tremendous research interests, due to their Earth-
abundant resource and comparable OER performance to that of
precious metal oxides.””""

So far, many research efforts have been made to improve the
OER performance by the design and optimization of the
catalyst structure. For example, multimetal doping transition
metal oxides/hydroxides'>'® can improve their conductivity
and lower the energy barrier for OER. In addition,
morphological control and design of a nano- and porous
structure with a large surface area can create more OER active
sites on the surface of the catalysts."*' Apart from the catalyst
itself, the support and the electrolyte are also important factors
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influencing the OER activity. For example, hybrid Co;0,/
carbon nanowires directly grown on Cu foil yielded higher
activity than unsupported catalyst."> In addition, Suntivich et al.
observed that the OER activity depends on pH since the
adsorption of OH and O (OH, and O, respectively) is
affected by pH.'® A higher electrolyte pH appears to provide an
additional activity boost.'” Therefore, various strategies have
been implemented to optimize the alkaline water splitting
system which is a promising candidate for commercial
hydrogen production as a strong alkaline condition relatively
favors OER at a low cost.

In fact, the temperature of a water electrolysis device was
known to reach as high as 65 °C naturally when utilizing the
infrared range of the solar spectrum via photovoltaic cells,'®"
while there were few reports on the effect of temperature on
OER and related mechanisms on catalysts. A common
understanding based on Arrhenius’ law (k = A exp(—E,/RT))
is that the chemical reaction rate (k) depends on temperature
(T) and the activation energy (E,). The Arrhenius’ law suggests
that the higher the temperature, the faster the reaction rate so
that one can obtain a larger OER current density at a lower 5 by
raising the temperature. What will happen to how the catalyst
promotes the OER process at different temperatures? Are there
different mechanisms for different catalysts in a specific
temperature range? Therefore, it is necessary to conduct a
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Figure 1. (a) Schematic diagram of an efficient, clean, and sustainable alkaline water electrolyzer, (b) compared linear scan voltammogram (LSV)
curves at 2 mV s™! and (c) Tafel plots of IrO, and Co,0, catalysts in 1 M KOH at 25 and 65 °C.

systematical study on the effect of temperature, which will help
to understand the nature of the catalytic behavior in OER and
to guide practical application.

Herein, we present a study on the effect of the temperature
on the OER performance of a commercial IrO, and a non-
noble Co;0, catalyst by exploiting their trends of # and the
Tafel slopes with regard to the temperature. Specifically, IrO,
catalyst showed a linear relationship between # and 1/T at all
current densities, suggesting that the OER performance
increased monotonically with the temperature. However, the
Co;30, catalyst behaved differently by showing maximum OER
performance at a moderate temperature of 65 °C and declined
performance when the temperature was higher. The trends of
the Tafel slope showed that the different temperature effects on
both catalysts can be attributed to their different rate-
determining steps. For IrO, the Tafel slope changed linearly
with the temperature, which indicates that the determining step
in OER did not change with the temperature. For Co;0,, the
Tafel slope changes from the maximum value (111 mV dec™")
at room temperature to the minimum value (61 mV dec™) at a
moderate temperature, meaning that the change of rate-
determining from step I (OH™ adsorption) to a mixed mode
with both step I and step II (O—H bond breaking). In addition,
the fastest kinetics at a moderate temperature was observed for
different electrolyte (KOH) concentrations and other Co-based
catalysts, which is valuable for the practical application of water-
splitting. By harnessing the temperature effect, we designed a
fully solar-powered water electrolyzer to utilize sunlight for
both heating the electrolyte to a target temperature and
providing electricity to split water from a solar cell, as illustrated
in Figure la.

Bl RESULTS AND DISCUSSION

We first compared the gas conversion efficiency of commercial
IrO, (purchased from Alfa) and Co;0, (detailed synthesis and
structure shown in experimental section and Figure S1 in
Supporting Information (SI)) catalysts in electrolysis. The
temperature of the electrolyte was monitored by thermometer
(Figure la). When the potential was set at 1.52 V vs RHE,
there was little gas generated. Interestingly, after exposure to
simulated sunlight for 0.5 h, the gas conversion efficiencies on
two electrodes were obviously increased. The thermometer
showed that the temperature of the electrolyte increased from
room temperature to 65 °C because of the light radiation,
especially from the infrared part of the spectrum. The
temperature remained at around 65 °C, and the bubbling rate
remained constant. This experiment showed that the temper-
ature plays a significant role in water electrolysis. Next, we
systematically studied the temperature effect on the OER
performance with IrO, and Co;O, catalysts in the water-
splitting process.

We then compared the OER performance of both catalysts at
room temperature of 25 and 65 °C by linear sweep
voltammetry. The potentials were converted to that with
reference to the reversible hydrogen electrode (Egyg,
calculation method is shown in the experimental section and
Figures S2 and S3 in SI) with temperature compensation.
Figure 1b presents that the potentials of both catalysts at 10 mA
cm™ were ~1.54 V vs RHE at 25 °C; as the temperature
increased to 65 °C, their potentials decreased to ~1.45 V vs
RHE, and at 1.54 V vs RHE the current density of Co;0,
reached 200 mA cm ™2 Meanwhile, it can be observed that at 25
°C the current density of IrO, at 1.64 V vs RHE is higher than
that of Co;0,. In contrast, at 65 °C the current density of
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Figure 2. (a) Theoretical decomposition potential of H,O plotted against temperature (T). (b, ¢) LSV curves with overpotentials (77) and (d, e)
overpotentials (77) plotted against the reciprocal of temperature (1/T) of (b, d) IrO, and (c, e) Co;0, catalysts at different current densities of 10,
20, 40, 80, and 160 mA cm ™2, (f) the compared overpotentials (17) of both catalysts at current density of 10 mA cm™2.

Co;0, at 1.55 V vs RHE is higher than that of IrO,, showing
the better OER performance of Co;0, at a high temperature.
In addition, the catalytic kinetics was further analyzed. Figure
lc shows the Tafel plots of Co;0, and IrO, catalysts at
different temperatures. With the increase of the temperature
from 25 to 65 °C, the Tafel slope of IrO, deceases from 73 to
63 mV dec”!, corresponding to 0.25 mV dec”' per degree,
while Co;0, showed a Tafel slope of 111 mV dec™ (Table S1
shows this value is consistent with that of the reported Co;0,
in recent years) at a room temperature of 25 °C, and at 65 °C
its Tafel slope decreased rapidly to 61 mV dec™. The
descendent rate of 1.27 mV dec™ per degree is ~5 times
higher than that of IrO,. These results demonstrate that on

Co;0, the activity has a more sensitive dependence on the
temperature.

In order to figure out the role of the temperature in OER
with catalysts, the relationship between # and temperature
needs to be explored. First, the calculation of # needs to be
based on the theoretical decomposition potential of H,O
(Ep,0), which depends linearly on the temperature, as shown in

Figure 2a (the calculation method is shown in experimental
section in SI). It can be seen that the Ey o value decreases as
the temperature rises. The # value is the difference between the
Egyg (the calibration LSV curves with Epyyp; are shown in Figure
SS) and Eyy  value at a specific temperature. Figure 2b,c shows
the LSV curves with calculated # values of IrO, and Co;0,
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Figure 3. (a, b) Overpotentials at 10 mA cm™ (7,,) plotted against the reciprocal of temperature (1/T) of (a) IrO, and (b) Co;04in 1 and 0.1 M
KOH, (c) proposed OER pathway on the surface of catalyst with intermediates MOH, MO, MOOH, and MOO~, (d, e) Tafel slope values plotted
against temperature (T) of (d) IrO, and (e) Co;0, catalysts in 1 and 0.1 M KOH.

catalysts at different temperatures from 25 to 75 °C with an
error of =1 °C. It can be observed that in both catalytic systems
the onset 1 gradually decreases with the temperature increasing.

Especially, for Co;0, catalyst, the 7,59 at a high current
density of 200 mA cm™* showed an abnormal temperature
dependence that the 77,9, value at 65 °C is more negative than
that at 75 °C. Furthermore, by plotting # against 1/T at
different current densities of 10, 20, 40, 80, and 160 mA cm™>,
it can be observed from Figure 2d that there is a linear
relationship between # and 1/T at all current densities for IrO,.
However, for Co;0,, the linear relationship only holds at low
current densities of <20 mA cm™> (Figure 2e). It can be
observed from Figure 2f that the slope of the Co;0, catalyzed
system is —113 VK, higher than that (—142 VK) of the IrO,
system, which presents the different catalytic activities of IrO,
and Co;0, catalysts. At current densities of 40 and 80 mA
cm™?, the 7 values of Co;0, at moderate temperatures of 45,
55, and 65 °C are below the trendline (dashed line in Figure
2e). More strikingly, at a higher 160 mA cm™2, the 7 at 75 °C is
equal to that at 65 °C. Therefore, we concluded that the
temperature effect is different in the IrO, and Co;0, catalytic
OER systems.

Next, we further investigated the difference in the temper-
ature effect for both catalytic systems by changing the
electrolyte concentration. Decades of research®”~>® have
shown that in an alkaline electrolyte, hydroxide anions first
adsorb on the surface of the catalyst and become the main

reactant species, the concentration of which restricts the 7
(activity) and the Tafel slope (kinetics) during OER process.
We tested the OER performance of both IrO, and Co;0,
catalysts in a 0.1 M KOH solution (their LSV curves are shown
in Figure S6). Figure 3a)b compares 7, plotted against 1/T at
10 mA cm™? for IrO, and Co;0, in 1 and 0.1 M KOH. It can
be observed that the slopes of both catalysts in 0.1 M KOH are
the same as those in 1 M KOH, demonstrating that the
constant slope value is only related to the catalyst and
represents the intrinsic catalytic activity. Furthermore, for both
catalysts, the differences of 7, at the different temperatures
between 0.1 and 1 M KOH are constants, but the A7, (= 770 1m
— 1) value (80 mV) of Co;0, is much higher than that (30
mV) of IrO,, demonstrating that the catalytic activity of Co;0,
is more dependent on the concentration of the hydroxides.

Figure 3c shows the proposed OER mechanism under an
alkaline condition. The mechanism is based on the
literature,”*** and it considerS OER with hydroxide anions.
For multistep reaction mechanism, the Tafel slope (b) is
defined as the dependency of the iR-corrected 7 (EIS in Figures
7 and S8) on the current density (J) as follows:***’

1 _ 0lg(J) _ 2.303RT
b an

azF

(1)

where R is the ideal gas constant (8.314 J K™' mol ™), F is the
Faraday constant (96485 J V™' mol™"), @ and z are the transfer
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coeflicient and the number of transferred electrons in the rate-
determining step, respectively. It is well-known that the OER
reaction rate is determined by a multiple reaction step. The
main rate-determining steps include OH™ adsorption (step I),
O—H bond breaking (step II), and O, desorption (step V),
which correspond to the theoretical Tafel slope values of 120
mV dec™’, 30 mV dec™, and 20 mV dec™ at room temperature
of 25 °C, respectively.”’ Figure 3d,e shows the Tafel slope
values (Tafel plots shown in Figures SS and S6) plotted against
the temperature for IrO, and Co;0, catalysts in 1 and 0.1 M
KOH. It can be observed that all the Tafel slope values at 25 °C
are between 120 and 30 mV dec’}, indicating the rate-
determining step is mixed by OH™ adsorption (step I) and O—
H bond breaking (step II). And interestingly, the Tafel slopes
of IrO, and Co;0, exhibit different dependence on the
temperature. For THE IrO, system, Tafel slopes in 0.1 and 1 M
KOH have a parallel linear relationship with the temperatures
with a small change of A & 10 mV dec™, indicating the rate-
determining step does not change with the temperature. In
addition, the Tafel slope (71—60 mV dec™) in 1 M KOH is 20
mV dec™! lower than that (91—80 mV dec™) in 0.1 M KOH,
demonstrating that OER kinetics is accelerated with the
increase of OH™ concentration. However, for the Co;0,
system, there is a nonlinear variation with the temperature
with a large change (A ~ 50 mV dec™’) in 1 M KOH,
suggesting the change of the rate-determining step. The change
of the rate-determining step can be attributed to that the
changes in the rates of step I and step II with regard to the
temperature are different in Co;0, system. At room temper-
ature of 25 °C, the Tafel slope value of 111 mV dec™
demonstrates that OH™ adsorption (step I) is the main rate-
determining step. The Tafel slope value of 61 mV dec” at a
moderate temperature of 65 °C suggests that the rate-
determining step shifts toward the O—H bond breaking (step
II). At a temperature higher than 65 °C the main rate-
determining step goes back to that of step L. Figure 3d,e further
shows that for both catalysts the dependences of the Tafel slope
on the temperature are similar at different electrolyte (KOH)
concentrations.

To figure out structure stability of Co;0, with temperature
variation, the in situ XRD heating experiments of the Co;0,
were first carried out. As shown in Figure S9a, the phase
structure of Co;0, does not change with the temperature rise,
which illustrates the stable structure of Co;0, from 25 to 75 °C
with almost unchanged lattice parameters vs temperatures
(Figure S9b). However, it has been reported that during OER

at high potential and at high pH, the surface of Co30, is
corroded to form cobalt oxyhydroxide (CoOOH) active sites.”
We also investigated the corrosion of Co;0O, after OER by
phase structure and surface analysis. It can be seen in Figure
S10 that the major phases of the samples after OER still
correspond to the pristine Co;O0, XPS surface analysis in
Figure S11 shows that the ratio of Co**/Co’" in Co;0, sample
before OER is 1.23, while the ratios of Co**/Co*" in Co;0,
samples after OER at 25 and 65 °C are 043 and 0.42,
respectively, which are nearly the same to support that the
corrosion of Co;0, at higher temperature of 65 °C is almost
the same as that at room temperature of 25 °C. In addition,
Figure S8c shows that the OER performance of Co;0, at 25-
back °C (25-back °C: temperature changes from 75 °C back to
25 °C) is closed to that at initial 25 °C, which also verifies the
structure stability of CoOOH active sites on the surface of
Co;0, after OER at high temperature.

We further confirmed that the dependence of # and Tafel
slope on the temperature can be observed in other Co-based
catalysts. Besides Co;0,, other two kinds of Co-based catalysts,
Li,CoSiO, (denoted as LCS, detailed synthesis, structure, and
OER performance are shown in experimental section, Figure
S12 and S14 in SI) and FeCo(OH), (detailed synthesis,
structure, and OER performance are shown in experimental
section, Figures S13 and S14 in SI) were synthesized and used
to catalyze water oxidation in 1 M KOH. The relationship
between 7,9 and 1/T at 20 mA cm™” is approximately linear as
shown in Figure 4a. The slopes for Co;0, LCS, and
FeCo(OH), are all around —142 VK, which can be attributed
to the same Co active sites in the Co-based catalysts. And the
temperature effect can be used as an indicator to identify which
element plays a catalytic role in a multimetal catalyst, such as
Fe/Ni/Co/W/Mo doped hydroxides and oxides. In addition,
the temperature effect on the Tafel slope of Co;0,, LCS, and
FeCo(OH), was also investigated and shown in Figure 4b.
First, it can be observed that the Tafel slope values of all Co-
based catalysts at room temperature of 25 °C are larger than
that of IrO, and closer to the theoretical line of step I, showing
that the OH™ adsorption on Co-based catalysts is the rate-
determining step. Second, with the change of the temperature,
the Tafel slope values of all Co-based catalysts show similar
nonlinear variation, indicating a similar temperature effect on
the OER kinetics. Third, all Co-based catalysts show similar
Tafel slopes (~60 mV dec™') in a moderate temperature range
(55—65 °C), demonstrating that these Co-based catalysts have
the same determining step in that temperature range.
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In summary, we report that in IrO, and Co;0, catalytic
systems the dependences of OER onset # on 1/T were
different, and the slope at a low current density of 20 mA cm™
was proven to be closely associated with their active sites. We
had further observed that comparing to room temperature of
25 °C the OER performance of Co;0, catalyst overtook that of
IrO, at 65 °C, which was attributed to the different mechanisms
of temperature effect on IrO, and Co;0, catalysts. The Tafel
slopes of IrO, change linearly with the temperature, suggesting
that the rate-determining step does not change with the
temperature. Co;O, showed a larger change in the Tafel slope
from the maximum value (~111 mV dec™) at room
temperature to the minimum value (~61 mV dec™') at a
moderate temperature, meaning that the changes from step I
(OH™ adsorption) to a mixed mode including step I and step II
(O—H bond breaking) is possible rate-determining step. We
further demonstrated the temperature effect on # and the Tafel
slope of Co;0, can be extended to different electrolyte (KOH)
concentrations and other Co-based catalysts. Our work
establishes a link between the temperature and OER perform-
ance and contributes to optimize the performance of Co-
catalysts in practical applications.
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