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Aligned cobalt metal nanoparticles were prepared from the pyro-
lysis of cobalt oxalate nanoplate precursors for efficient electro-
catalytic water oxidation. The 2D morphology of the precursor
guided the 2D alignment of the derived cobalt metal nanoparticles.
The as-prepared Co@CoO, electrocatalyst requires an ultra-low
overpotential of 289 mV to achieve a current density of 10 mA cm 2
on a simple glassy carbon (GC) electrode in a 1 M KOH aqueous
solution. The metallic nature of the bulk of the electrocatalyst and
the compact alignment of the nanoparticles can facilitate the inner-
and inter-particulate charge transfers.

In the initial steps of photosynthesis, water is oxidized into
oxygen." The electrons and protons released from water oxidation
play important roles in the subsequent solar energy storage.?
Artificial photosynthesis based on water splitting has attracted
increasing attention in the past few decades to store the solar
energy in hydrogen gases.® It is inevitable and significant to
develop efficient catalysts for water oxidation, which is the bottle-
neck reaction of water splitting.*

CoO,-based materials have long been investigated as efficient
oxygen evolution reaction (OER) electrocatalysts.” To fabricate an
efficient solid material-based electrocatalyst, special efforts have to
be made in enhancing the electronic conductivity of the material.
Thus, many Co-based non-oxide materials (nitride, selenide,
sulfide and phosphide) have been reported with a strong
metallic nature.® These materials displayed superior electro-
catalytic performances due to their improved electronic con-
ductivities, as compared with insulating or semiconductive
CoO,-based materials. Wu and co-workers reported the metallic
Co4N nanowire arrays for highly efficient OERs. They found that
the surface CoO, layer, which provided the necessary active
catalytic sites, will become thicker after OER tests.®” Hu and
co-workers investigated the surface of CoP to indicate the
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formation of CoO, species during OERs.®? Similar surface oxida-
tion of CoS was also observed by Zhang and co-workers for OERs.”
All these findings indicate the probability of the surface oxidation
of Co-based non-oxide materials to form the true active sites.
We propose herein to synthesize Co metal nanostructures,
and subsequently, we create in situ CoO, species on a metallic
surface by an anodic polarization. This Co@CoO, nanostructure
is expected to efficiently electrocatalyze the OER due to the
following reasons. First, the Co metal will intrinsically have a
much better electronic conductivity as compared to semi-metallic
Co-based nitride, selenide, sulfide and phosphide.® Second, CoO,
sites are formed where the charges and OH ™ anions, which are
also the OER substances, can reach. Thus, the in situ electro-
chemically generated surface CoO, sites on the Co metal surface
will be abundant and optimally accessible for OER substances.’
To create Co metals, we selected the pyrolysis of a CoC,0,
precursor under an inert atmosphere to prepare aligned Co
metal nanoparticles. The morphology of the CoC,0, precursor was
regulated via a solvothermal reaction between Co(OAc),-4H,0 and
diethyl oxalate in ethanol. The controlled release of C,0,>~ anions
from the hydrolysis of diethyl oxalate under an ethanol environ-
ment was the key determinant to prepare the CoC,0, nanoplates.
The 2D nanoplate morphology guided the subsequent compact
alignment of the Co metal nanoparticles during pyrolysis, pre-
serving the 2D morphology. The Co metal nanoparticles stacked
closely ensuring high inter-particulate charge transfer. The as-
prepared aligned metallic Co nanoparticles displayed excellent
electrocatalytic OER performance in a 1 M KOH aqueous solution,
affording a current density of 10 mA cm > at a low overpotential
of 289 mV on a simple GC electrode. Moreover, the 2D alignment
of the particles can in principle prevent the dissolution and
ripening of Co metal nanoparticles, as compared with isolated
nanoparticles synthesized from traditional methods.'® The
pyrolysis of oxalates to generate metallic nanostructures may
be expanded for other emerging electrocatalytic applications.
The evolution of the Co-based material toward the electro-
catalytic OER is illustrated in Fig. 1. Without the addition of any
oxalate-containing reagent, discrete nanoprisms were formed
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Fig. 1 The evolution of the Co-based material toward electrocatalytic OER.

under similar conditions (Fig. 2a). The hydrolysis of metal
acetate hydrate in ethanol to form uniform M(OH),(OAc), nano-
prisms was previously reported by Lou and co-workers."" With
the addition of sodium oxalate, nonuniform aggregates were
prepared (Fig. 2b). The co-precipitation between the Co™ cation
and the oxalate anion is not well controlled in this case. With
diethyl oxalate, nanoplates with a cobalt oxalate hydrate phase
were prepared (Fig. 2c). The X-ray diffraction (XRD) pattern of the
sample (red line, Fig. 21) is consistent with that of orthorhombic
C0C,0,4-2H,0 (Cccm, JCPDS 25-0250). From a deeper observation
of the structure, the 2D nanoplates are composed of aligned
nanostrips with close contacts (Fig. S1a, ESIT). The cobalt oxalate
hydrate was calcined under argon gas to synthesize the expected
cobalt metal nanostructures. At relatively lower temperatures
(200 and 300 °C), only dehydration happened to the cobalt
oxalate hydrate (eqn (S1), ESIT), as indicated in the XRD patterns
of the samples (purple and green lines, Fig. 21). The dehydrated
cobalt oxalate has a crystal structure of the monoclinic CoC,0,
(P21/n, JCPDS 37-0719). The morphology of the material
remained almost unchanged after the dehydration at 200 °C
(Fig. S1b, ESIt), but the alignment of the nanostrips became
more compact after the dehydration at 300 °C (Fig. Sic, ESIT). At
an elevated thermal treatment temperature of 400 °C, the
decomposition of the cobalt oxalate happened to form the cobalt
metal (eqn (S2), ESIT). The XRD analysis (blue line, Fig. 21) indi-
cates the formation of a mixture of the hexagonal Co (P63/mmc,
JCPDS 05-0727) and the cubic Co (Fm3m, JCPDS 15-0806)
metals. The hexagonal close-packed (hcp) cobalt metal has
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the characteristic XRD peaks at the 20 angles of 41.7°, 44.8°,
47.6° and 76.0°, whereas the strongest diffraction peaks of the
cubic close-packed (fcc) cobalt metal are at 44.2°, 51.5° and
75.9°."2 After the phase conversion from CoC,0, to Co, individual
nanoparticles with a size of approximately 10-20 nm are formed
(Fig. 2d-h). These Co nanoparticles aligned compactly to keep the
2D morphology, which is oriented by the 2D topology of the
CoC,0, nanoplate precursor. The compact density of the nano-
particles is observed to be ~2900 um™> The compact structure
helps the efficient inter-particulate charge transfer and the pre-
vention of the dissolution and ripening of particles during the
OER." Moreover, as observed from the TEM images (Fig. 2f-h),
abundant pores are left from the packing of the Co nanoparticles.
These open spaces are beneficial for mass diffusion during an
electrocatalytic reaction.”'* The HRTEM image of the nano-
particle indicates the lattice fringes of the hcp Co (100) plane
with a spacing of 0.215 nm. The high angle annular dark field
(HAADF) scanning TEM (STEM) image of the aligned cobalt
nanoparticles and the EDX elemental mapping images of Co
and O are displayed in Fig. 2i-k, indicating the uniformity of the
Co dispersion and the presence of the surface oxygen-containing
adducts. At a higher thermal treatment temperature of 500 °C,
the nanoparticles became discrete with a larger particle size
(Fig. S1d, ESIt). The XRD analysis indicates the formation of a
CoO phase in the Co metals (gray line, Fig. 21). The formation of
cobalt oxide is a side reaction (eqn (S3), ESIt) in the pyrolysis of
cobalt oxalate at high temperatures."®

Thermogravimetric analysis was carried out to identify the
weight losses of CoC,042H,0 under an inert atmosphere
(Fig. S2, ESIf). Physical characterizations of the CoC,0,-2H,0
before and after its conversion to the Co metal were also per-
formed using N, sorption, infrared spectroscopy, Raman spectro-
scopy, and XPS analysis (Fig. S3-S5, ESIt). The results further
confirmed the conversion from the oxalate to the metal and the
surface partial oxidation of the cobalt metal after pyrolysis.
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Fig. 2 The SEM images of the Co-based materials synthesized (a) without any oxalate-containing reagent, (b) with sodium oxalate and (c) with diethyl
oxalate. The (d and e) SEM and (f—h) TEM images of the aligned cobalt metal nanoparticles derived from the pyrolysis of the cobalt oxalate nanoplates at
400 °C for 3 hin Ar. (i-k) The HAADF STEM image and the corresponding elemental mapping images of the cobalt nanoparticles. (l) The XRD patterns of
the Co-based materials obtained from the pyrolysis of the cobalt oxalate at different temperatures.
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The cobalt oxalate nanoplates and their pyrolysis-derived cobalt
metal nanoparticles were studied for electrocatalytic water oxida-
tion using linear sweep voltammetry (LSV), cyclic voltammetry
(CV), controlled potential electrolysis (CPE), Tafel analysis, electro-
chemical impedance spectroscopy (EIS) and capacitive current
analysis. The OER performances of the Co-based materials pre-
pared at different pyrolysis temperatures are shown in Fig. S6
(ESIt). The aligned cobalt metal nanoparticles dominated in the
electrocatalytic OER activity, as compared with their counterparts
(Fig. S6, ESIT) and the commercial Ir/C catalyst (Fig. 3a). For the
cobalt metal electrocatalyst, the overpotential () is merely 289 mv
in a 1 M KOH aqueous solution using a simple GC electrode to
drive a current density () of 10 mA cm™ 2, which is a benchmark
current density equivalent to a 12.3% solar-to-hydrogen efficiency
for a photovoltaic device.'® The overpotentials at current densities
of 50 and 100 mA cm * are 344 and 375 mV, respectively. The
turnover frequency at 7 = 375 mV is calculated to be 0.05 s~ * based
on the total Co atoms on the electrode. This high performance is
among the top values for OER electrocatalysts regardless of the use
of electrode supports with high surface areas (carbon cloth, carbon
paper, and metal foams).>>*>%7*417 A comparison of the OER
performances between the Co@CoO, nanoparticles and some
Co-based electrocatalysts in recent publications is provided in
Table S1 (ESIf). In contrast, the overpotentials at j = 50 mA cm ™ >
are 373 and 401 mV for the benchmarked commercial Ir/C catalyst
and the cobalt oxalate, respectively.

The cobalt metal electrocatalyst also displayed a superior
stability under 24 h of electrolysis at 1.55 V vs. the reversible
hydrogen electrode (RHE, all potentials are vs. RHE unless other-
wise stated). The CPE currents are stabilized around 17 and
3 mA cm™ > without iR compensation for the cobalt metal and the
cobalt oxalate, respectively (Fig. 3b). The sample is also stable
after storage under dry conditions for one week, as observed from
the SEM images in Fig. S7 (ESIt). The Faradaic efficiency of the
OER is calculated to be close to 100% based on the theoretical
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and experimental amounts of evolved oxygen (Fig. S8, ESIT). The
Ir/C catalysts displayed an obvious current drop during the
stability test due to their poor adhesion on ITO electrodes.
The cobalt metal nanoparticles retained the aligned 2D morphology
after the electrolysis, as observed from the SEM image shown
in Fig. S9a (ESIt). The alignment of the nanoparticles prevented
dissolution and ripening, which would possibly happen to indivi-
dual nanoparticles under harsh anodic polarization conditions.*®
The Raman and XPS spectra (Fig. S9, ESIT) of the post-electrolysis
cobalt metals indicate the formation of surface CoO, species under
anodic polarizations. The Raman peaks at 474, 607 and 669 cm ™'
are respectively assigned to the E,, F,g, and A, vibrations of Co;0y,
and the peak at 511 cm ™" is from the COOOH species, as shown by
Bell and co-worker.*® The XPS spectrum of Co 2p also supports the
above Raman results. The strong main peak of Co 2ps, at 779.9 eV
is very close to the values from both COOOH and Co0;0,."° The
attenuated Co 2pj3/, satellite peak, as compared with those of CoO
and Co(OH),, is also observed in both CoOOH and Co03;0,. The
O 1s XPS spectrum further confirmed the OH and Co-O species on
the surface of the electrocatalyst after electrolysis.'® The surface
oxide content before and after the OER test has been determined
via a H, temperature programmed reduction (H,-TPR) method,
indicating the generation of stable oxide species at ~17 wt%
(Fig. S10, ESIt). A cobalt oxide sample was prepared as a control
study to further demonstrate the performance enhancement
from the bulk conductivity (Fig. S11, ESIT).

The Tafel slope for the cobalt metal is determined to be
68.9 mV dec™ ' from steady state currents (Fig. 3c). This value
indicates that a one-electron equilibrium precedes via a chemical
rate-limiting step in the OER.* The cobalt oxalate has a higher
Tafel slope of 81.1 mV dec ', suggesting a slower discharging
OER process.””” The Nyquist plots derived from the EIS data
(Fig. 3d) prove the much smaller charge transfer resistance of the
cobalt metal, which is expected due to the high electronic con-
ductivity of metals. The charging currents in the non-Faradaic
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Fig. 3 (a) LSVs, (b) CPE results, (c) Tafel plots, (d) Nyquist plots and (e) charging currents of the cobalt oxalate (red) and cobalt metal (blue). The grey lines
in (a) and (b) and the black line in (a) are from the commercial Ir/C and blank GC electrodes, respectively. CVs of the cobalt metal (f) at scan rates of 0.2,
0.5,1,2and 3V s* (increasing capacitive currents) in a 1 M KOH solution and (g) in 0.1, 0.2, 0.5, 1 and 2 M KOH solutions (increasing catalytic currents) at

ascan rate of 0.2 V s~%. The inset in (g) is the potentials (blue: £y, of Co"", red: 1/, of Co"™V, green: E@j = 60 mA cm

the electrolytes. The iR was not compensated for the CPE tests.
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region (Fig. 3e and Fig. S12, ESI{) indicate the smaller electro-
chemical surface area from the cobalt metal (26.2 cm?), which is
consistent with its smaller BET surface area caused by the high
temperature treatment (Fig. S3, ESIt). We conducted the CV
studies of the cobalt metal electrocatalyst at different scan rates
to get a clear picture of the pre-catalytic redox features (Fig. 3f).
There are two pairs of redox peaks around 1.05 and 1.44 V before
the OER event. The first redox feature is associated with the
Co™™ couple for the formation of Co™OOH species, which
widely exists in Co-based OER electrocatalysts under basic
conditions.*”'® The second redox feature is from the Co™"
couple, as identified previously from electron paramagnetic
resonance studies for the formation of Co'V0,.>” The OER can
only be triggered at higher potentials after the two oxidations of
the cobalt catalyst. The reactions are proposed in eqn (S4)—(S6)
(ESIt). The potential responses of i/v and i/+/v (Fig. S13, ESIt)
indicate the kinetic controls of the capacitive currents and mass
diffusions, respectively.® The i/v value correlates to the surface
capacitance of the electrocatalyst. The linearity of i oc v is
demonstrated by the fixed i/v values regardless of the scan rates.
The i oc v section covers the whole pre-catalytic region except
the oxidation events (1.2-1.4 V), indicating the semiconductive
nature of the surface species arisen from the oxidation of the
cobalt metal. The two pre-catalytic redox features are dependent
on but not proportional to the scan rates due to the mass
diffusion of the hydroxide anions (vide infra). The i « /v section
is consistent with the previously reported Co-based porous films,
suggesting that the good mass diffusion is attributed to the
aligned nanostructure.”® We also performed the CV studies of
the cobalt metal in KOH solutions of different pH values (Fig. 3g).
The two pre-catalytic redox peak positions can be linearly fitted to
the pH values with slopes of —128 and —82.2 mV dec™ ", indicat-
ing the proton-coupled electron transfer (PCET) processes for the
formation of Co-OH intermediates before the OER.* The poten-
tials at the OER current density of 60 mA cm ™ > display two linear
response regions to the pH values. In less concentrated KOH
solutions (< 0.5 M), the slope is —157 mV dec™ ", and this value is
—61.6 mV dec ' in KOH solutions of higher concentrations.
Considering the Tafel slope of 68.9 mV dec ' in a 1 M KOH
solution, we can obtain a reaction order of 0.89 on pH based
on eqn (S7) (ESIT).”" This value suggests an inverse first-order
dependence on the proton activity for the OER in a 1 M KOH
solution. Thus, the OER pathway involves the nucleophilic attack
by OH ™ to the high-valent Co-oxo intermediates for the formation
of a dioxygen bond, which is believed to be the rate-determining
step in the OER.**

In summary, aligned Co nanoparticles were prepared in a
novel manner from the pyrolysis of cobalt oxalate nanoplates.
The metal nanoparticles, intrinsically, have an efficient inner-
particulate charge transfer, and they stack together to facilitate
the inter-particulate charge transfer. The material electrocata-
lyzed water oxidation highly efficiently. The 2D alignment of the
particles prevented the dissolution and ripening of Co metal
nanoparticles, delivering ultra-stable water electrolysis.
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