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Energy conversion and storage systems such as water splitting
metal—air batteries require high-performance and durable oxygen
evolution reaction (OER) catalysts. Herein, we report the in situ
development of self-standing Co304 nanorods array on Co foil
(Co304 NA/CF) as a 1D OER catalyst electrode. Such Coz0, NA/CF
only needs overpotential of 308 mV to drive a geometrical catalytic
current density of 15 mA cm 2 in 1.0 M KOH with good long-term
electrochemical durability. In addition, this catalyst achieves a high
turnover frequency of 0.646 mol O, s~ ! at overpotential of 410 mV.

Rising energy demands and environmental consequences have
triggered plenty of research on clean and sustainable energy
systems.’ Hydrogen is considered as an ideal candidate for
high energy output and carbon-neutral combustion products.>?
Electrocatalytic water splitting is a promising technology for
large-scale production of hydrogen. However, the oxygen evolution
reaction (OER) is identified as having sluggish kinetics because it
requires a multi-electron transfer process, which builds up very
high potentials.”” Currently, RuO, and IrO, are the best OER
catalysts, but low abundance and high cost significantly hinder
their large-scale commercial applications.® Therefore, it is highly
necessary to develop efficient and earth-abundant OER catalysts.
Co has emerged as an interesting non-noble metal with
catalytic power towards water oxidation and a variety of
Co-containing materials have been explored as OER catalysts.” "
Among them, spinel-type Co;0, with good conductivity has been
proven as an excellent and energy-efficient OER catalyst. Recently,
various structures of Co-containing solid precursors have been
developed to derive Co;0,, such as cobalt hydroxide, cobalt nitrate
hydroxide, cobalt phosphate, cobalt nitrate carbonate hydroxide,
cobalt hydroxy oxide, cobalt oxalate, cobalt carbonate, and
Co-based metal-organic frameworks."’ ™ Notably, the assembly
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of the precursors involve a high-temperature process and thus,
it is rather energy-intensive. Moreover, the synthesis of a 1D
nanostructure with a multicomponent surface is highly desired
to achieve high catalytic performance.’*>* Hence, room-
temperature fabrication of 1D Co-containing solid precursors
to derive Co;0, for highly efficient and durable OER is highly
desired.

In this communication, we report our recent effort toward
the development of self-standing Co;O, nanorods array on
Co foil (Co;0, NA/CF) via room-temperature in situ electro-
chemical preparation of CoC,0,4-2H,0, followed by thermal
decomposition (Scheme 1, see ESIt for preparation details).
Such 1D Co30, NA/CF behaves as a superior oxygen-evolving
catalyst electrode and only requires overpotential as low as
308 mV to drive a geometrical catalytic current density of
15 mA cm ™ ? in 1.0 M KOH, thus outperforming most reported
Co30,-based catalysts. Notably, it also demonstrates good long-
term electrochemical durability for at least 22 h. Moreover, this
catalyst achieves a high turnover frequency (TOF) of 0.646 mol
0, s~ ! at an overpotential of 410 mV.

Fig. 1a shows the X-ray diffraction (XRD) patterns for
C0C,0,-2H,0 NA/CF and Co;0, NA/CF. CoC,0,-2H,0 NA/CF
shows diffraction peaks at 18.7°, 22.7°, 24.8°, 29.2°, 30.2°, 35.1°,
41.8°, and 44.5° that can be indexed to the (202), (004), (113),
(114), (313), (022), (511), and (117) planes of CoC,0,-2H,0
phase, respectively (JCPDS No. 25-0250).%° After thermal decom-
position, the resultant Co;O, NA/CF also presents characteristic
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Scheme 1 A schematic diagram to illustrate the two-step fabrication of
Coz04 NA/CF.
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Fig. 1 (a) XRD patterns for CoC,04-2H,O NA/CF and CoszO, NA/CF.
(b) XPS survey spectrum for CozO4. XPS spectra of CozOy4 in the (c) Co
2p and (d) O 1s region.
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peaks at 31.3° 38.5° 55.6° 59.4°, and 65.2°, indexed to the
(220), (311), (422), (511), and (440) planes of Coz0,, respectively
(JCPDS No. 42-1467).>° Fig. 1b shows the X-ray photoelectron
spectroscopy (XPS) survey of Coz0,4, further confirming the
presence of Co and O elements. The Co 2p spectrum shown
in Fig. 1c could be divided into six peaks, which are assigned to
2ps, of Co** (782.3 eV) and Co®* (780.5 eV) ions, 2py,, of Co**
(798.5 eV) and Co** (796.4 eV) ions, as well as the corres-
ponding satellite peaks (identified as ‘“Sat.”) at 786.5 and
802.9 eV that arise from Co®'. The relative atomic ratio of
Co>*/Co*" (1.2/2.5) on the surface of Co;0, could be obtained
by comparing the area that the fitted curve.?®” In addition, the
O 1s (Fig. 1d) peak at 531.4 eV is the typical metal-oxygen
(Co304) bond, and two weak shoulders attribute to oxidation of
Co surface (529.6 eV) and structural water (533.9 eV).

The scanning electron microscopy (SEM) image of pure
Co foil (Fig. S1, ESIY) indicates that it has a smooth surface
structure. The SEM images of CoC,0,-2H,O NA/CF indicate
that the entire surface of Co foil is completely covered by
CoC,0,4-2H,0 nanorods array after in situ electrodeposition
(Fig. 2a). We also investigated the formation processes and
morphology changes for CoC,0,4-2H,0 under different conditions.
Fig. S2 (ESIT) shows the SEM images of CoC,0,-2H,0 synthesized
by the in situ electrochemical topotactic conversion method by
varying the potentials and reaction times. The side-viewed SEM
images (Fig. S3, ESIt) show that the prepared CoC,04-2H,0
structures are generally presented as rod-shaped, which increase
in thickness and length with an increase in reaction time. Inter-
estingly, the resultant CozO, NA/CF still maintains its nanoarray
feature (Fig. 2b). The transmission electron microscopy (TEM)
image demonstrates that Co;04 nanorod has smooth surface with
diameter of about 400 nm (Fig. 2c). The high-resolution TEM
(HRTEM) image of a nanorod on CozO, branches shows a set
of lattice spacings of 2.43 A, which corresponds to the (311)
crystallographic plane (Fig. 3b)*> and is consistent with the
selected area electron diffraction (SAED) pattern (inset), sug-
gesting that the cubic Co;0, nanorod structure is dominated by
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Fig. 2 SEM images for (a) CoC,04-2H,O NA/CF and (b) CosO4 NA/CF.
(c) TEM and (d) HRTEM image for CosO4 (inset: SAED pattern).
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Fig. 3 (a) LSV curves for CoC,04-2H,O NA/CF at different reaction
parameters without iR correction. (b) LSV curves for RuO,/CF, Coz0y4
NA/CF, CoC,04:2H,0 NA/CF and bare Co with a scan rate of 5 mV st
(c) The corresponding Tafel plots for RuO,/CF, CozO4 NA/CF, CoC,04-2H,0
NA/CF and bare Co. (d) Multi-current process of CozO4 NA/CF. The current
density started at 40 mA cm™2 and ended at 440 mA cm™2, with an increment
of 40 mA cm~2 per 500 s without iR correction. (€) LSV curves for CozO,
NA/CF before and after 1000 cyclic voltammetry scanning with a scan rate of
100 mV s, (f) Time-dependent current density curve at a fixed overpotential
of 316 mV. All experiments were carried out in 1.0 M KOH.

[110] crystal orientation.*®*° Moreover, it can be observed that
the Brunauer-Emmett-Teller (BET) surface area of Co030,
NA (75.49 m> g7') is higher than that of CoC,0,2H,0 NA
(30.61 m* g~ ') (Fig. S4a, ESI¥). In addition, one peak centered at
~3 nm is detected in the pore size distribution curve of Coz0,
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NA (Fig. S4b, ESIt), resulting in more exposed sites for the
electrocatalysis, which are beneficial for the performance of
the OER. All of these results strongly support the successful
development of Co;04 nanorods array.

The electrocatalytic water oxidation activity of Co;0, NA/CF
(loading: 1.9 mg cm™?) was evaluated by linear scan voltam-
metry (LSV) using a typical three-electrode system with a scan
rate of 5 mV s~ ' in 1.0 M KOH. The influence of potential and
reaction time was also investigated. As presented in Fig. 3a, the
results show that CoC,0,-2H,0 NA/CF (at 1.0 V for 150 min) has
optimal OER activity. To directly reflect the intrinsic behavior
of catalysts through as-measured reaction currents, the iR
correction was applied to eliminate the effect of ohmic resis-
tance unless particularly stated.**** RuO, on Co foil (RuO,/CF,
loading: 1.9 mg cm™?), Co;0, spheres on Co foil (Co;0, SP/CF,
loading: 1.9 mg cm™?), Co;0, sheets on Co foil (Co;0, SH/CF,
loading: 1.9 mg cm™?), CoC,0,-2H,0 NA/CF, and bare Co were
also examined for comparison. Fig. 3b shows the LSV curves on
a reversible hydrogen electrode (RHE) scale. Clearly, RuO,/CF
exhibits excellent water oxidation activity, while bare Co has
poor catalytic activity. Co;0, NA/CF also exhibits much superior
catalytic activity with the need of overpotential as low as
308 mV to drive 15 mA cm 2, which are 20, 24 and 14 mV
less than that for CoC,0,2H,O NA/CF, Co;0, SP/CF, and
Co;0, SH/CF, respectively. In addition, it should be noted that
Co;0, NA/CF compares favorably to the OER behavior of
most reported materials-derived Co;0, catalysts under alkaline
conditions, including C doped Co/Co;0, hollow spheres
(Msmaem 2 = 473 mV),’® Coz0; nanocrystal/carbon paper
(15 ma em-—2 = 350 mV),"” RuO,/Co;0, heterojunctions (1110 ma em 2 =
305 mV),"® hierarchically porous C0304 (3 macm-2 = 346 mV),*®
Au@Co0;0, core-shell (125 macm-2 = 370 mV)** and Cu,Co;_,0,4
nanoparticles (/7100 macm—2 = 367 mV).** A more detailed com-
parison is listed in Table S1 (ESIt). The OER kinetics is also
estimated by the corresponding Tafel plots (Fig. 3c). The Tafel
slope for Co;0, NA/CF is 71 mV dec ', which is smaller than
that of CoC,042H,0 NA/CF (97 mV dec '), Co;0, SP/CF
(108 mV dec™ '), and Co;0, SH/CF (104 mV dec™ '), implying
more rapid catalytic kinetics on Co;04 NA/CF electrode. Fig. 3d
shows the multi-step chronopotentiometric curve for Cos;O,
NA/CF with the current density increasing from 40 to 440 mA cm >
(40 mA cm ™2 per 500 s). The potential immediately levels off at
1.58 V at the start current value and remains unchanged for the
remaining 500 s. All other steps exhibit similar results, demon-
strating the excellent conductivity, mass transportation and
mechanical robustness of 1D Co;0, NA/CF electrode.***® To
further reflect charge-transfer rate and catalytic kinetics of
electrodes, we also measured the electrochemical impedance
spectroscopies (EIS). As shown in Fig. S5 (ESIT), Co;0, NA/CF
possesses a smaller radius of semicircle than that for CoC,0,-
2H,0 NA/CF, implying lower R, and thus a higher charge-
transfer rate and faster catalytic kinetics on Coz0, NA/CF.*”~°
Electrochemical durability is another critical factor to evaluate
the performance of the catalyst.">*' After 1000 cyclic voltammetry
cycles, the LSV curves show negligible loss in current density
compared with the initial cycle (Fig. 3e). The time-dependent
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current density curve at fixed overpotential of 316 mV (Fig. 3f)
suggests that Co;0, NA/CF can maintain its catalytic activity for
at least 22 h, promising its practical applications.

To calculate the electrochemically active surface area of
Co030, NA/CF and CoC,0,4-2H,0 NA/CF electrodes, we applied
the double layer capacitance (Cyqj) at the solid/liquid interface
by cyclic voltammetry technique.** As shown in Fig. S6a and b
(ESIY), the cyclic voltammograms (CVs) were performed in the
region of —0.35 to —0.25 V vs. Hg/HgO, in which the current
responses should only be related to the double layer charging
and recharging. The Cy; of Co3;0, NA/CF is calculated to be
1.52 mF cm > higher than that of CoC,0,2H,0 NA/CF
(0.82 mF cm™2). This result indicates that Co;0, NA/CF has a
larger electrochemical active surface area and thus more
exposed active sites.*>**

The assessment of TOFs makes it possible to compare the
intrinsic activities of different catalysts, and we quantified the
surface concentration of active sites by electrochemistry.*> For
TOF calculations, the surface concentration of the active sites
associated with the redox Co species needs to be known. It was
observed that the oxidation peak current of the redox species
shows a linear dependence on the scan rate during electro-
chemical CV (Fig. 4a and b); the slope is derived from the linear
relationship (Fig. 4c). The number of active Co species (m) is
calculated using the formula: slope = n®’F*m/4RT (where n is the
numbers of electron transferred; R and T are the ideal gas
constant and the absolute temperature, respectively.) The m for
Co;0, NA/CF is 2.24 x 10”7 mol, which is smaller than that
Co0C,0,-2H,0 NA/CF of (1.56 x 10~° mol). Fig. 4d shows the
plots of TOF vs. overpotentials for CoC,0,-2H,0 NA/CF and
Co30, NA/CF, suggesting much higher TOFs for Co;0, NA/CF
at overpotential of 0.35 V.

Co atoms are regarded as the active centers for OER in Co;0,
nanorods. In the CV of Co;0, (Fig. 4b, 20 mV s~ "), there are two
anodic peaks with corresponding cathodic peaks at lower
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potential. According to the Pourbaix diagram (pH = 14), the
peak at 1.14 V is assigned to the oxidation of Co®>" and Co®", and
the peak at 1.49 V implies the further oxidation of Co®" and
Co"". Moreover, Fig. S7 (ESIt) shows a scheme of the proposed
OER mechanism on Co;0,. After oxidation of Co;0,, the
obtained Co®* compound CoOOH is constructed by octahedral
C0*'0g and the surface is terminated by Co**~OH. The further
oxidized Co"*-O species are found to be the active species for
the OER, and they couple with one of the neighboring O atoms,
resulting in the formation of an O-O bond belonging to a
hydroperoxo Co**~OOH or to a peroxo Co*"~00 species. Finally,
the O, molecule is released and the catalyst converts back to
Co®". Therefore, the net reaction can be written as 40H~ —
2H,0 + 4e” + 0,.%"

In summary, in situ electrochemical conversion is proven to
be an effective strategy toward development of Co;O, nanorods
array with high conductivity. As a 1D catalyst electrode, the
Co3;0,4 NA/CF shows superior activity toward water oxidation
needing overpotential of 308 mV to drive a geometrical catalytic
current density of 15 mA cm™ > in 1.0 M KOH with good long-
term electrochemical durability and a high TOF (0.646 mol s,
n = 410 mV). This study not only provides us an attractive low-
cost catalyst material for efficient and durable electrochemical
water oxidation in alkaline media, but opens up an exciting new
avenue to the rational design and fabrication of transition
metal oxides based nanoarrays for applications in electrocatalysis.
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