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ABSTRACT

Designing highly efficient and low-cost electrocatalysts for oxygen evolution reaction is important for many renewable energy
applications. In particular, strain engineering has been demonstrated as a powerful strategy to enhance the electrochemical
performance of catalysts; however, the required complex catalyst preparation process restricts the implementation of strain
engineering. Herein, we report a simple self-template method to prepare hierarchical porous CozO, nanowires (PNWs) with
tunable compressive strain via thermal-oxidation-transformation of easily prepared oxalic acid-cobalt nitrate (Co(NQOgz)2) composite
nanowires. Based on the complementary theoretical and experimental studies, the selection of proper solvents in the catalyst
preparation is not only vital for the hierarchical structural evolution of CozO4 but also for regulating their compressive surface strain.
Because of the rich surface active sites and optimized electronic Co d band centers, the PNWs exhibit the excellent activity and
stability for oxygen evolution reaction, delivering a low overpotential of 319 mV at 10 mA-cm 2 in 1 M KOH with a mass loading
0.553 mg-cm 2, which is even better than the noble metal catalyst of RuO,. This work provides a cost-effective example of porous
Co304 nanowire preparation as well as a promising method for modification of surface strain for the enhanced electrochemical

performance.

KEYWORDS

hierarchical structure, morphology control, compressive strain, solvent effect, oxygen evolution reaction

1 Introduction

Electrochemical water splitting into hydrogen and oxygen
provides an efficient energy conversion technology to reduce
the dependence on carbon-based fossil fuels as well as their
negative impact on the environment [1, 2]. As compared with
the two-electron transfer hydrogen evolution reaction (HER) at
cathode, the oxygen evolution reaction (OER) is a four-electron
process with the slower kinetics being a limiting factor for the
further efficiency improvement of overall water splitting [3].
Thus, it is necessary to develop efficient non-noble metal and
earth-abundant OER catalysts to lower the reaction energy
barrier. Among many promising catalyst materials, transition
metal oxides (TMOs) have recently gained a substantial attention
because of their favorable electronic structures for the efficient
intermediate binding to generate oxygen [4].

At the same time, because of the large surface-to-volume ratio,
small crystal sizes and shortened ion diffusion length, one-
dimensional (1D) porous nanowires (PNWs) together with their
unique structure-dependent properties are recognized as one
of the most promising materials for energy-related applications
[5]. In general, PNWs can be obtained via the preparation of
one-dimensional backbone followed by post- treatment process.
Although there are several oxide (MnO: [6], Fe:Os [7], CosO4 [8]),

nitride (VN [9], GaN [10]) and carbon-based PNW materials
[11, 12] synthesized by various methods, such as electrospinning,
template-assisted and chemical deposition, unfortunately, it is
still challenging to prepare uniform PNWs in low cost with
mild reaction conditions on account of the uncontrollable
nucleation and growth during synthesis.

Except morphology engineering, various rational strategies
are also extensively explored to manipulate the active sites of
TMOs via different surface atomic coordination and arrangement
[13-18]. To date, strain engineering has been recognized as
one of the powerful methods to effectively modify the surface
electronic structure of materials [19, 20]. The effect of strain
engineering (tensile and compressive strain) on TMO catalysts
can modulate their d band center positions in order to reduce
the chemisorption potential energies or energy barriers [19, 21].
Currently, direct deposition of target materials on the
structurally tunable substrates is the main preparation method
to obtain the precisely controlled and uniform surface strain
on the catalysts. For instance, strained MoS, monolayers have
been prepared on the Au nanocone arrays via vapor deposition.
Subsequent experiments and density functional theory (DFT)
calculations further confirmed that the hydrogen adsorption
free energy of MoS: could be manipulated by controlling the
surface strain [22]. In the case of TMOs, oxygen-vacancy-rich
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CoO nanorods with a tensile strain of 3% were prepared by
using ZnO nanorods as the ion exchange template, resulting
in the appropriate H adsorption on the {111} surface because of
the enhanced covalency of Co-O bands, and further achieving
the excellent electrochemical activity [23]. Although all these
surface strained catalysts with the impressive electrocatalytic
performance is beneficial for fundamental studies investigating
relationships between the strain and the electrochemical
properties, it is still unfortunately challenging to prepare catalysts
with controlled surface strain surface by cost-effective chemical
reactions under mild conditions.

In this work, we propose and achieve a simple self-template
strategy to prepare porous Co:Os NWs (PNWs) through
thermal oxidation of cost-effective and easily prepared Co-oxalic
dodecahedron in air atmosphere. During careful investigation
of the formation mechanism of PNWs, the ethanol content of
precursor solutions is found to be vital for controlling the
nucleation direction and morphology evolution of obtained
Co0304 PNWs. X-ray diffraction (XRD), ultraviolet photoemission
spectroscopy (UPS) and thermogravimetric analysis (TGA)
further reveal the obvious compressive strain appeared on the
PNW surface due to the restriction effect of the Co-oxalic
dodecahedron precursors and escape rate of carbon dioxide
during the thermal treatment, which results in the upshift of
d band center of Co, enhancing the intermediate adsorption.
Originating from this unique porous 1D structure with
compressive surface strain, these PNWs are then decorated
with rich surface active sites, exhibiting the remarkable OER
performance with a small overpotential of 319 mV at a current
density of 10 mA-cm™ in 1 M KOH electrolyte. The PNWs
catalyst can also maintain an impressively stable operational
performance for 15 h. All these findings do not only provide
a promising route for the facile preparation of PNWs but
also achieve a simple but effective scheme to manipulate the
surface strain of materials.

2 Experimental

2.1 Preparation of porous cobalt oxide nanowires

Typically, 1 mM of Co(NO5),-6H.O and 1 mM of H.C,O4 were
dissolved in 10 mL of ethanol under magnetic stirring for 2 h
to form a homogeneous solution. The prepared solution
was then transferred to a 15 mL stainless-steel Teflon-lined
autoclave. Next, the autoclave was sealed and heated in an
electric oven at 180 °C for 12 h. The obtained precipitation
was washed with ethanol several times and dried at 60 °C
overnight under vacuum. Finally, the Co;O4 nanostructures
were obtained via thermal treatment at 400 °C with a heating
rate of 10 °C-min ™" for 2 h in air atmosphere. For comparison,
notably, utilizing the above-described method, Co;O4 nano-
structures with different morphologies could be prepared
by replacing the ethanol solution with the mixed solution of
distilled water and ethanol (i.e., Vu,0:VEoon = 10:0, 7:3, 5:5,
3:7). For comparison, the porous Cos;Os nanowires treated
with different heating rates of 5 and 15 °C-min™' were also
prepared.

2.2 Material characterization

Crystalline structure of the prepared samples was evaluated
by powder XRD using a scanning rate of 0.05°s™ in a 20
scan ranging from 10° to 90°, employing a Bruker D2 Phaser
(Bruker, Billerica, MA, USA) instrument equipped with the
monochromatized Cu-Ka radiation. The TGA curves were
obtained by TGA (SDT Q600) from 25 to 500 °C at a heating
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rate of 10 °C-min™" in air atmosphere. Field-emission scanning
electron microscope (FESEM, SU-8010, Hitachi, Tokyo, Japan)
with an accelerating voltage of 15kV as well as transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
conducted by a Tecnai G* F30 (FEI, Hillsboro, OR, USA)
using an accelerating voltage of 300 kV were performed to
observe the morphologies and dimensions of the samples.
Brunauer-Emmett-Teller (BET) specific surface area and
pore volume of the samples were assessed based on nitrogen
adsorption isotherms using a NOVA 1200e gas adsorption
apparatus (Quantachrome Instruments, Boynton Beach, FL,
USA). X-ray photoelectron spectroscopy (XPS) was recorded
with a VG Multilab 2000 (Thermo Fisher Scientific, Waltham,
MA, USA) photoelectron spectrometer using the monochromatic
Al-Ka radiation under vacuum at a pressure of 2 x 107 Pa.
All the binding energies were referenced to the C 1s peak at
284.8 eV of the surface adventitious carbon. The valence band
spectra were determined by UPS. Measurements were conducted
using a KP technology (APS04) instrument in an N»-filled
APS module and Faraday enclosure. The Kelvin probe tip (2 mm
in diameter) was calibrated using a highly oriented pyrolytic
graphite (HOPG) standard. In the UPS measurement, the
samples are illuminated with a 4-5 mm diameter of light spot
from a tunable monochromated D2 lamp.

2.3 Electrochemical measurement

All electrochemical characterization were investigated with a
Gamry 300 electrochemical workstation with a three-electrode
system at room temperature. To prepare the working electrode,
5 mg of electrocatalysts (as-synthesized samples) were ultra-
sonically dispersed in a mixed solution containing 100 pL of
deionized (DI) water, 340 pL of ethanol and 20 pL of Nafion
(5 wt.%) for 2 h to obtain a uniform suspension. Then, 10 pL
of electrocatalyst ink was drop-casted onto the polished glassy
carbon electrode with a diameter of 5 mm, in which the mass
loading was found to be about 0.553 mg-cm™. The prepared
electrode was next dried at ambient condition overnight. A
saturated Ag/AgCl electrode and a carbon rod were employed
as the reference electrode and counter electrode, respectively.
All potentials reported in this work were calibrated versus the
reversible hydrogen electrode (RHE) using an equation of Erus =
Esce + (0.197 + 0.059 x pH)V, where Eru is the potential
referred to RHE and Esce is the measured potential against the
saturated calomel electrode (SCE) reference electrode. The
OER activity was measured in 1 M KOH (pH = 13.73) by linear
sweep voltammetry (LSV) at a scan rate of 5mV-s'. Before
testing, 10 cyclic voltammetry (CV) cycles were conducted until
the redox peaks and the oxygen evolution currents showed the
unobvious change. Unless otherwise mentioned, the voltam-
mograms were recorded with the iR drop compensation
automatically performed on the workstation. To calculate the
turnover frequency (TOF) values, we employed the previously
reported calculation method [24]

where j is the current density, Ao is the total surface area on
the GC electrode, e is the electric charge carried by a single
electron, Na is the number of the Co atoms. Here, only the Co
atoms from the outmost surface is considered. Since the cubic
Co30y4 structure is mainly dominated by the (311) surface,
the lattice parameters of @ = b = ¢ = 8.065 A are used while
the (311) surface are examined. The Co density along the
(311) surface can then be determined as 16/(10.69 x 107 x
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18.51 x 107'%) ~ 8.09 x 10" atom-m?, considering 16 Co atom
sitting in this crystal plane in the cell.

2.4 Computational methods

All the first principle calculations were performed using plane-
wave DFT as implemented in Quantum Espresso [25, 26].
Generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) functional was selected to describe the exchange-
correlation interaction [27]. Van der Waals interactions were
considered using the Grimme’s DFT-D3 method [28]. A plane-
wave cutoff of 60 Ry and a density cutoff of 480 Ry were used
based on standard solid state pseudopotentials with projector
augmented-wave (PAW) method [29, 30]. For sampling the
Brillouin zone, Monkhorst-Pack k-point was set as 3 x 3 x 3,
while a larger 6 x 6 x 6 k-point was used to investigate the
electronic properties. All atoms were fully relaxed until the
forces on each atom being less than 0.02 eV-A~". The effects of
strain, ¢, on the electronic properties of CosO4 were studied,
where the strain is defined as the ratio of deformation, Aa, to
the initial lattice constant of Co3O4, ao (i.e., € = Aa/ao).

3 Results and discussion

Here, porous Co;O4 nanowires were synthesized simply through
thermal oxidation of Co(NOs), and oxalic acid in the ethanol
solution to yield Co-oxalic dodecahedron (Co-Ox) nanostructures,
followed by the thermal treatment in air atmosphere. It is
noted that all precursors, including oxalic acid, are commonly
used low-cost chemicals employed in both laboratory and
industry. The morphologies of obtained Co-Ox precursors
were characterized by scanning electron microscope (SEM).
As shown in Fig. S1 in the Electronic Supplementary Material
(ESM), it is clear that the obtained Co-Ox nanostructures are
highly uniform with a diameter of ~ 70 nm and a length of
up to several micrometers. Figures 1(a) and 1(b) give the TEM
images of the final product of Co;0s PNWs, in which there
are uniform nanowires with rough surface decorated with
nanoparticles. Also, there are numerous amounts of voids
existed between nanoparticles, which are resulted from the
volume reduction induced by the precursor pyrolysis. These
voids can increase the exposed area of active sites, which
ensure the effective contact between electrolyte and catalyst
surface, facilitating efficient charge and mass transfer through
the electrode-electrolyte interface [31]. At the same time, as
depicted in the high-resolution TEM image in the inset of Fig. 1(b),
there are lattice fringes clearly observed with a spacing of 0.24 nm,
which corresponds to the (311) crystal planes of CosO4 [32].

.2 ’ / / // |

Figure 1 (a) TEM and (b) HRTEM images of porous Co3;O4 nanowires.
(c)-(f) Element mappings of a typical porous Co3;O4 nanowire. SEM
images of illustrating the hierarchical structure evolution of Co3Ox together
with their corresponding structure models when the solvent has the following
volume ratio of HxO:EtOH: (g) 1:0; (h) 7:3; (i) 5:5; (j) 3:7 and (k) 0:1.
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Combined with the uniform distribution of constituent elements
(i.e., Co and O) as presented in the chemical mappings in
Figs. 1(c)-1(f), it is evident that porous CosO4 nanowires are
successfully fabricated through a simple wet chemistry scheme
here.

To shed light into the formation mechanism of porous
Co304 nanowires, the hierarchical structural evolution of Co;Os4
were thoroughly evaluated by SEM together with the corres-
ponding structure models as illustrated in Figs. 1(g)-1(k). By
simply controlling the solvent volume ratio of water to ethanol
to 1:0, 7:3, 1:1, 3:7 and 0:1, five different kinds of hierarchical
morphologies of Co;Oy, i.e., microparticles, nanopillars, nanorods,
nanotubes and nanowires, were obtained. Specifically, when
only deionized water is served as the solvent, large hierar-
chical CosO4 microparticles (around 5 pm in diameter) were
formed that composed of plate shaped lamina features (Fig. 1(g)).
Once ethanol was introduced with its increasing volume
concentration, the size of the hierarchical structure decreased
substantially, while the aspect ratio between the length and
the width of Cos;Os increased. For example, hierarchical Cos;O4
nanopillars and nanorods were prepared when the volume
ratio of water to ethanol is 7 to 3 and 1 to 1, respectively (Figs. 1(h)
and 1(i)). After the ratio of water to ethanol continued to
decrease, reaching 3 to 7, uniform Co;Os nanotubes were
achieved (Fig. 1(j)). Eventually, as soon as ethanol was served
as the only solvent, the morphology of Co;Os was entirely
changed from nanotubes to nanowires (Fig. 1(k)). Based on
these comparative experiments, it is obvious that the choice of
solvents used in the hydrothermal reaction plays a key role on
the morphologies of obtained CosO4 nanostructures. In detail,
the nucleation and growth process of Co-Ox is anticipated to
get suppressed with the increasing ethanol volume concentration
in the reaction medium due to the larger viscosity, lower
boiling point and lower dielectric constant of ethanol as
compared with those of water. It is worth noting that ethanol
would affect the formation of micelle structures through the inter-
action of metal with hydroxyl groups, dictating the structure-
direction properties during the Ostwald ripening process of
Co-Ox intermediates [33]. Therefore, this thermodynamic
process induces the nanoparticle self-assembly into different
morphologies under the guidance of ethanol. Five different
hierarchical Cos;O4 nanostructures (i.e., microparticles, nanopillars,
nanorods, nanotubes and nanowires) assembled by sheet-like
Co30, 0r nanoparticles can then be effectively obtained by just
manipulating the ethanol volume concentration in the solvent.
In general, when electrocatalysts are configured from bulk
materials into porous nanowires, their device performances
can be enhanced because of the larger surface-to-volume ratio
and shortened ion and/or carrier diffusion length of NWs [34].
In this work, specific surface area and average pore size of
these hierarchical Co;O. samples were measured by BET and
Barrett-Joyner-Halenda (BJH) methods, respectively. The
BET analysis reveals that the porous CosOs nanowires have
the largest surface area of 82.60 m*g™ which is substantially
larger than the ones of CosOs microparticles (9.44 m’>g™),
C0:04 nanopillars (44.12 m*g™), CosO4 nanorods (49.03 m*g™)
and Cos;Osnanotubes (61.70 m*g™) (Fig. S2 in the ESM). At
the same time, the measurement of average pore size shows
the similar data trend (Fig. S3 in the ESM). The porous Co0:Os
nanowires exhibit the largest pore volume (0.361 ccg™) that is in
a distinct contrast to those of Co;O4 microparticles (0.214 cc-g™),
Cos04nanopillars (0.221 cc-g™"), CosO4 nanorods (0.237 cc-g™')
and Cos;04 nanotubes (0.243 cc-g™'). Both BET and BJH
results confirm the largest active site surface area of CosO:
PNWs which is beneficial for the electrochemical performance
improvement as summarized in Table S1 in the ESM.
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Apart from the morphological characterization, it is also
important to evaluate the chemical composition of different
hierarchical Co;O4 structures. Fourier transform infrared
spectroscopy (FTIR) was then employed to assess the structural
and composition information of Co-Ox precursors prepared
with solvents with different volume concentration of ethanol in
water (Fig. $4 in the ESM). In principle, the peak at 494 cm™
reveals the existence of the Co-O band, while the peaks at
1,616 and 3,386 cm™ are attributed to the C=C and -OH
bands, indicating the coordination character of Co** with
oxalic species [35]. It is clear that the similar FTIR curves are
observed for all the samples, designating that the difference in
solvents with various volume concentration of ethanol in
water only changes the morphology but does not alter chemical
composition of the product. Importantly, the TGA test under
an air atmosphere exhibits a weight loss of 18 wt.% and 37 wt.%
at 250 and 300 °C from the H>O and organic components,
respectively, for the nanowire sample (Fig. S5 in the ESM). The
molecular formula of the Co-Ox nanowire precursor can be
proposed to be Co(Oxalic)-xH,O based on the FTIR and TGA
analysis. Also, X-ray diffraction (XRD) was used to investigate
the crystal structure of the prepared samples. As shown in
Fig. 2(a), the five different hierarchical CosO4 samples have the
similar XRD spectra, which are consistent with the cubic Co;0s4
structure (JCPDS 74-1656). But there is an apparent difference
existed in the low-angle region of the spectra, where the peaks
at ~ 37° are observed to shift towards the larger angle with
the increasing ethanol volume concentration in the reaction
solvent (Fig. 2(b)). In particular, based on Bragg’s law, the
prominent reflection peaks located at 37.035° (CosO4 micro-
particles), 37.103° (CosOsnanopillars), 37.126° (CosO4 nanorods),
37.144° (Cos04 nanotubes) and 37.304° (CosOs PNWs) are
corresponded to the interlayer spacings of 2.4254, 2.4211,
2.4196,2.4185, and 2.4085 A, respectively [36]. This decreased
interlayer spacing of the (311) crystal planes indicates the
existence of compressive strain on the catalyst. These com-
pressive strains can be calculated via the analytical equation
of &€ = ((Aprepared — Areference)/ Areference) X 100%, where ¢ is the lattice
strain, dprepared aNd dreference Tepresent the lattice parameters of
the prepared and reference catalysts, respectively [19]. The
reference catalyst is referred to the one with the lattice
parameter calculated from the peak value in standard JCPDS
card 74-1656. Figure 2(c) summarizes the results, in which the
compressive strain of CosO. microparticles, Co;Osnanopillars,
Co0304 nanorods, Co3Os nanotubes and Co;Os PNWs are
found to be 2.74+0.30%, 3.73£0.30%, 4.07+0.28%, 4.32+0.26%
and 6.61+0.28%, respectively.

During the conversion process from Co-Ox precursors to
Co30; catalysts (Co-Ox » Co03;04 + CO:z + Hz0), the crystal
nucleation and growth of Cos0s is seriously affected by the
size of the precursor [37]. The smaller the size of the pre-
cursor, the greater the restriction on the crystal growth. In
this case, restriction is the main source of strain. At the same
time, the escape rate of carbon dioxide would affect the
nucleation and growth rate of CosO; crystals (Fig. 2(d)). The
TGA results illustrate that in all precursors, the weight ratio of
H,O (marked with blue dotted box) and CO; (marked with
yellow dotted box) discharged is exactly the same, but the
conversion time is different (Fig. 2(e)). The corresponding
integration curve provides more detailed information that
can be used to characterize the CO; escape rate (Fig. 2(f)). The
sharper the peak, the higher the rate of carbon dioxide escape
per unit time is observed. It is shown that the PNW precursor
has the largest CO: escape rate, which can be attributed to its
largest specific surface area. Therefore, the smallest precursor
volume and the fastest carbon dioxide escape rate result in the
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Figure 2 (a) XRD spectra and (b) the corresponding high-resolution low-
angle region of 36°-38° of various hierarchical CosOx structures. (c) Summary
of the lattice strain compiled for all the prepared samples. (d) Schematic
diagram of stress formation, R is the abbreviation of rate. (e) TGA curves
of the Co-Ox precursors and (f) is the corresponding integral curve in the
range of 26-32 min.

largest compressive strain on the PNWs.

In addition, XPS was utilized to assess the electronic structure
of active sites of all the catalysts (Fig. 3(a)). It is noted that all
the Co 2p spectra display two main peaks located at 778.6 and
794.7 eV, which can be assigned to Co 2ps» and Co 2pup,
accordingly. The peak positions are nearly the same among all
the samples, illustrating that there is not any electron transfer
between Co and O atoms and no new chemical bonds or
defects formed here. Importantly, the valence band spectra
of obtained hierarchical Cos;O. catalysts were determined
by UPS. As depicted in Fig. 3(b), the valance band values
(vs. vacuum) are measured to be around -5.32, —5.39, —5.48,
—5.53 and —5.62 eV for the catalysts prepared with the increas-
ing ethanol volume concentration in the reaction solvent,
respectively, demonstrating the upshift of valence band
position due to the solvent effect. By just manipulating the
solvent effect, the compressive strain and valence band position
of the Co3Os catalysts can be effectively controlled.
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ranging from 2.74% to 6.61%. (d) Theoretically calculated valence band
position as a function of compressive strain applied on Co3O4 (vacuum
level is 0). Inset of (d) is the schematic illustration of the effect of
compressive strain on the energy band structure and crystal configuration
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Furthermore, DFT was carried out to study the possible
effect of compressive strain on the energy band structure of
prepared CosOs samples (Fig. S6 in the ESM). Figure 3(c)
presents the changes of energy levels and their bandwidths of
Co0304 with different compressive strain. As the strain increases,
the overlap of wave functions of the Co and O atoms enlarges,
leading to the collection of Co 3d valence orbitals gradually
broadened into bands, where the formed overlapped area with
O 2p would further widen the bandwidth. In order to maintain
the constant number of electrons in the valence band, the d
band center of Co:;Os upshifts, which is reflected on the
movement of dash line as illustrated in the inset of Fig. 3(d).
The upshift of d band center would result in the enhanced
interaction between the adsorbates and catalyst surface [21].
In a typical four-electron OER process occurred on the surface
of transition metal oxides in alkaline conditions, the reaction
begins with the adsorption of OH™ on the catalyst surface to
form OH intermediates. Then, the OH intermediates react
with free OH" to produce adsorbed atomic O species, followed
by the reaction of OH™ with adsorbed atomic O to form
adsorbed OOH species. Eventually, the O; releases because of
the reaction between the adsorbed OOH species and additional
OH" [37]. In general, the formation of adsorbed OOH species is
often recognized as the rate determining step [38]. Therefore,
the increased Co-O covalency and elevated computed d center
relative to the Fermi level are beneficial for the OER activity
improvement. Meanwhile, the theoretical values of valence
band position were also obtained and observed to upshift with
the increasing compressive strain (Fig. 3(d)), in which the
results agree well with the above discussion. It is clear that the
compressive strain can effectively manipulate the energy band
structure of CosOs for the enhanced OER characteristics.

Besides the effect of compressive strain, the 1D structure and
porous feature of hierarchical CosO4 catalysts are anticipated to
deliver the excellent electrochemical performance. In this case,
electrochemical activities of the five different hierarchical
Co304 samples were investigated towards OER by recording
iR-corrected polarization curves using a representative three-

Nano Res. 2020, 13(11): 3130-3136

electrode configuration in 1 M KOH electrolyte. The polarization
curves of these five hierarchical CosO4 catalysts deposited
on glassy carbon electrodes with a mass loading of about
0.553 mg-cm™ are depicted in Fig. 4(a). For a fair comparison
purpose, commercial Ru;O catalysts were also evaluated
and presented in the polarization curves. Among the five
Co0304 electrodes, hierarchical Co;0s PNWs demonstrate the
best OER performance with an overpotential of 319 mV at
10 mA-cm™?, which is better than the ones of CosOs micropar-
ticles (432 mV), CosOsnanopillars (353 mV), CosO4 nanorods
(347 mV) and Co3O4nanotubes (340 mV). It is also worth
mentioning that the OER current of Co;04 PNWs exceeds the
commercial Ru,O particles when the applied potential is lager
than 1.58 V (vs. RHE), since the special 1D PNWs structure can
facilitate the more efficient electron and mass transport during
the period of high current densities. These impressive results are
already better than other state-of-the-art Cos;O4 nanostructures
reported in recent literatures and even competable to other
transition metal oxide catalysts (Table S2 in the ESM). The
OER kinetic characteristics of these electrodes were next
investigated via Tafel slopes [39]. As given in Fig. 4(b), C0:Os
PNWs have the smallest Tafel slope of about 51 mV-dec™,
where this slope is significantly smaller than that of CosOs
microparticle (71 mV-dec™), Cos;Osnanopillars (65 mV-dec™),
Co030s nanorods (56 mV-dec') and CosOs nanotubes
(54 mV-dec™), also being smaller than the one of commercial
RuO:; catalysts (68 mV-dec™). All these findings can evidently
confirm the superior intrinsic OER properties of Co;0s PNWs
[40]. Obviously, the catalyst morphology is anticipated to have
a significant influence on the OER activity. In order to con-
firm the important contribution of compressive strain to the
electrocatalytic performance, various samples of Co;0s PNWs
were prepared with different heating rates of 5, 10, and 15 °C-min™*
(Fig. S7 in the ESM). Based on the above analysis, the higher
heating rate would lead to the higher CO, escape rate, thus
improving the strain applied to the samples. The XRD results
further prove that the samples prepared with different heating
rates do indeed have different degrees of strain (Fig. S8 in the
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(a) LSV curves of the five different kinds of hierarchical Co3Os structures and commercial RuOz. (b) Corresponding Tafel plots. (c) The potential

dependent TOF plots for these hierarchical CosOs structures. (d) ECSA-normalized polarization curves. (e) Nyquist plots of different CosO4 catalysts.

(f) Current-time curves recorded in a potentiostatic electrolysis experiment.
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ESM). The polarization curves of these three samples indicate
the Co0s;04 PNWs prepared with 10 °C-min™' having the best
OER performance (Fig. S9 in the ESM). These results not only
confirm the key factor of strain in the electrocatalytic activity,
but also reveal the strain optimization is essential during the
catalyst material design process. In addition, to quantitatively
evaluate the intrinsic activity for each catalytic site, the TOF
values were calculated and compiled in Fig. 4(c) (see calculation
details in Experimental Section). The TOF value of Co03Os
microparticles was only 0.002 s™" at the overpotential of 300 mV
versus RHE, while the corresponding TOF value of Co0sOs
PNWs is 0.194 s7!, clearly indicating that the coordinated
control of morphology and strain can intrinsically improve
the essential catalytic activity of CosO..

Moreover, the electrochemical double-layer capacitance (Ca)
measured via CV was used to assess the electrochemical active
surface areas (ECSA) of prepared catalysts as shown in Fig. S10 in
the ESM, where Ca is considered to be directly proportional to
the catalysts effective surface area [41]. This way, CVs with the
increasing scanning rates were measured in the non-Faradaic
region (0.05-0.1 V vs. Ag/AgCl) for these electrodes. Ca values
are then obtained to be around 0.860, 0.445, 0.340, 0.146
and 0.028 mF-cm™ for the catalysts of Co;0s PNWs, Co0:04
nanotubes, Co30s nanorods, Cos;O4 nanopillars and Co30s4
microparticles, respectively (Fig. 4(d)). These results indicate
that Co;0: PNWs have the largest active surface area that
is consistent with the conclusion from the overpotential and
Tafel slope analysis. At the same time, ECSA-normalized
polarization curves of different CosOs catalysts were compiled
in order to reflect the intrinsic activities of catalysts (Fig. S11
in the ESM). It is observed that the calculated overpotentials
follow the same data trend as Fig. 4(a), indicating the intrinsic
activity of Cos;0:« PNWs being superior than others due to the
full exposure of active sites and optimized d band center. To
further evaluate OER Kkinetics at the interface between electrode
and electrolyte, electrochemical impedance spectroscopy (EIS)
was conducted at 0.6 V (vs. Ag/AgCl) [40]. The EIS results
show the reduced charge transfer resistance (R«) with the
increasing volume concentration of ethanol in water in the
reaction solvent, inferring the hierarchical Co;Os PNWs with
the fastest charge transfer process here (Fig. 4(e)) [42]. The
long-term durability tests of Co;O04 PNWSs were also measured
via chronopotentiometry (V-t) at a constant current density of
10 mA-cm™ in 1 M KOH, in which there is only a little decay in
the performance over 15 h of continuous operation (Fig. 4(f)),
exceeding the performance of commercial Ru;O. All these
apparently demonstrate the excellent electrochemical OER
performance of hierarchical porous Cos;Os nanowires.

4 Conclusion

In summary, 1D porous CosOs nanowires with controllable
morphology and compressive strain were prepared via a facile
and efficient self-template synthesis. It is critical that the
introduction of ethanol in the solvent of solvothermal process
is vital to the optimization of hierarchical Cos;Os structures and
their intrinsic compressive strain. These special hierarchical
porous Cos;Os nanowires enable the efficient oxygen evolution
performance, exhibiting a low overpotential of 319 mV at
10 mA-cm™ in 1 M KOH and a good stability as compared
with the commercial RuO.. Based on the complementary
experimental works and DFT calculations, such excellent
electrochemical performance is attributed to several features:
(i) the efficient gas release and evolution as well as the effective
electron and mass transfer across the porous nanowire channels;
(ii) the rich exposed surface active sites, and (iii) increased

3135

electron coupling between Co-O and OH because of the
proper position of d band centers of compressively strained
Co30.. All these studies do not only provide a good example
of porous Co;0s nanowire preparation but also indicate a
promising method for modification of surface strain for the
enhanced electrochemical performance.
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