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Laser synthesis of oxygen vacancy-modified CoOOH for highly
efficient oxygen evolution

Laser ablation in liquids is first employed to synthesize CoOOH
nanosheets with abundant oxygen vacancies and relatively

thin thickness. The oxygen vacancies optimize the intermediate
adsorption and electroconductivity, meanwhile the relatively
thin thickness provides more active sites, thus accelerating OER.
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Introducing oxygen vacancies into transition-metal oxide materials
would improve their catalytic activity but usually needs high-
temperature or high-pressure conditions, and multi-step procedures,
and thus are time consuming and not energy efficient. Herein, laser
ablation in liquids (LAL), a green, mild and effective approach, has been,
for the first time, employed to prepare CoOOH nanosheets with
abundant oxygen vacancies and relatively thin thickness. Our theoretical
and experimental results demonstrate that oxygen vacancies can
optimize the absorption of oxygen evolution reaction (OER) inter-
mediates and improve electrical conductivity; meanwhile, the
relatively thin thickness can provide more active sites, thus leading
to excellent OER activity of oxygen vacancy-modified CoOOH
nanosheets. This work may provide guidance for exploring other
efficient non-noble metal catalysts for water oxidation.

The OER is the bottleneck in electrochemical water splitting
and metal-air batteries, due to its sluggish kinetics and require-
ment of large overpotentials."”> For this reason, numerous
efforts have been made in developing high-performance catalysts
to promote the OER process. It is known that noble metal oxides
like IrO, and RuO, are the state-of-the-art electrocatalysts for the
OER, but their high cost and poor durability limit their large-scale
applications.>* Recently, transition-metal (oxy)hydroxides (MOOH;
M = Co, Ni, Fe, Mn, etc.) have been accepted as a class of promising
OER catalysts in alkaline media, thanks to their large reserves and
excellent electrochemical stability.® Unfortunately, the catalytic
efficiency of pristine MOOH is still below what is expected, with a
higher overpotential and slower reaction kinetics than noble metal
oxide catalysts.

Both theoretical calculations and experimental results demon-
strate that the introduction of oxygen vacancies is an effective
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strategy to improve the OER catalytic efficiencies of metal oxides,
hydroxides, and MOOH.”*® The oxygen vacancies can result in an
optimized coordination environment of metal sites, which
improves the electrical conductivity and the absorption of OER
intermediates, thus accelerating the OER.>'® So far, approaches
including hydrogen annealing,'™"? plasma*'* and flame treat-
ments'>'® have shown their efficiency in creating oxygen
vacancies. However, these approaches usually involve high-
temperature or high-pressure processes, and thus are not energy
efficient and easily cause excessive destruction of material
structure.’”'® Recently, a mild synthetic method was developed
to form oxygen vacancies by immersing the sample in NaBH,
solution.”® Although enough oxygen vacancies have been
induced to largely enhance the performance of the catalyst,
this method still needs the multi-step procedure."® Therefore, it
is highly desired to find a green and mild one-step approach to
introducing abundant oxygen vacancies.

LAL is known as a green, simple and rapid technique for the
synthesis of materials under nominally ambient conditions.*°
Intriguingly, LAL can generate extremely high temperature and
pressure at the moment of laser ablation, followed by a rapid
cooling process after laser irradiation, which benefit the for-
mation and stability of defects.*""**> Our previous work reported
the capability of LAL to create plentiful oxygen vacancies into
cobalt oxides.”® In this work, we first employ LAL to synthesize
oxygen vacancy-modified CoOOOH nanosheets by irradiating the
Co target immersed in KOH solution. Our theoretical and
experimental results demonstrate that abundant oxygen vacancies
can obviously improve the absorption of OER intermediates and
electrical conductivity. Meanwhile, the relatively thin thickness can
provide more active sites, thus synthetically leading to an excellent
OER performance of the catalyst. Resultantly, the oxygen vacancy-
modified CoOOH nanosheets show a low overpotential of
330 mV at a current density of 10 mA cm™ 2, a small Tafel slope
of 63.2 mV dec ™', and high catalytic durability, which all exceed
those of commercial RuO,. This work comes up with the
possibilities of popularizing LAL technology in designing
MOOH with plentiful oxygen vacancies as efficient catalysts.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Synthesis and characterization of L-CoOOH. (a) Schematic illus-
tration of the synthesis of L-CoOOH via LAL and (b) the corresponding
magnification of the laser irradiation region. (c) Schematic representation
of L-CoOOH with abundant oxygen vacancies for the OER. Color code:
white for H, red for O, cyan for Co, and transparent color for vacancy.
(d) XRD pattern of L-CoOOH. (e and f) Low-magnification TEM and HRTEM
images of L-CoOOH. The inset in (f) shows the SAED pattern of L-CoOOH.

The synthetic procedure is schematically illustrated in Fig. 1a—c.
Firstly, the Co target as the raw material was placed in 1 M KOH
solution, and then irradiated using a nanosecond laser for
20 minutes to obtain the so-called L-CoOOH sample, which has a
yield of about 5.7 mg h™" (Fig. S1, ESI{). Finally, L-CoOOH was
utilized for catalyzing the OER (see details in the Experimental
section of the ESIt). X-ray diffraction (XRD) was adopted to analyze
the phase and composition of L-CoOOH. As shown in Fig. 1d, the
main peaks at 20.239°, 38.887° and 50.583° are perfectly indexed to
the (003), (012) and (015) planes of rhombohedral phase CoOOH
(JCPDS no. 07-0169), respectively, indicating the successful
synthesis of crystalline CoOOH, which is further confirmed by
the energy-dispersive spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) spectra in Fig. S2 (ESIt). Furthermore, the
morphology of L-CoOOH was examined by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
(Fig. S3, ESIt). The low-magnification TEM image (Fig. 1e) illus-
trates that the L-CoOOH sample possesses a hexagonal sheet-like
nanostructure with a width range of 0.3-1.0 pm. The corresponding
selected-area electron diffraction (SAED) pattern (inset in Fig. 1f)
clearly exhibits a set of diffraction spots, revealing the highly
crystalline nature of L-CoOOH. In order to learn more about the
structure of L-CoOOH, an individual L-CoOOH nanosheet was
characterized by high-resolution TEM (HRTEM, Fig. 1f). The result
shows that a clearly identified lattice fringe space of 0.23 nm
corresponds to the (012) plane of rhombohedral CoOOH, agreeing
with the XRD analysis. Meanwhile, some subtle lattice distortions
are observed in L-CoOOH, which may benefit OER catalysis.>***

The OER performance of L-CoOOH was evaluated using a
typical three-electrode system in 1 M KOH (Fig. S5, ESIt), and bulk
CoOOH (B-CoOOH) and commercial RuO, were used as the
references (Fig. S4, ESIT). All the linear sweep voltammetry (LSV)
curves were obtained at the scan rate of 5 mV s™'. As shown in
Fig. 2a, B-CoOOH is active for the OER with the need for an
overpotential of 410 mV to drive 10 mA cm ™2 In sharp contrast,
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L-CoOOH exhibits much higher activity, only requiring an over-
potential of 330 mV to reach 10 mA cm ™2, and even outperforms
RuO, (340 mV). Furthermore, the Tafel slope is considered as a
crucial indicator to evaluate the kinetic information for the OER.
According to the Tafel equation (y = blogj + a, where 5 is the
overpotential, b is the Tafel slope, j is the current density and a is
the constant),*® the Tafel slope of L-CoOOOH is 63.2 mV dec ',
which is much lower than that of B-CoOOH (75.4 mV dec™ ') and
even close to that of RuO, (64.9 mV dec™ '), suggesting favourable
OER kinetics for L-CoOOH. Eventually, considering the overpoten-
tial at 10 mA cm™? and the Tafel slope comprehensively, the OER
performance of L-CoOOH is better than or comparable with those
of most previously reported Co-based OER catalysts in alkaline
solutions (Fig. 2c and Table S1, ESIt).

In addition, long-term durability is also a key criterion for energy
conversion application. In this work, the long-term durability of the
catalyst was investigated by chronoamperometric measurement.
After a 10 h test, RuO, only maintains 69% of its initial current
density (Fig. 2d), and the LSV plot is far away from the pristine one
(Fig. 2f). In comparison, L-CoOOH maintains a high retention ratio
of 95% of its initial current density (Fig. 2d), and the LSV plot is very
close to the original one (Fig. 2e), revealing the superior durability
of L-CoOOH over RuO,. Moreover, the nearly unchanged morpho-
logy and composition of L-CoOOH after the OER durability test are
shown in Fig. S6 (ESIT), further demonstrating the stable structure
of L-CoOOH.

To discover the origin of the excellent performance of
L-CoOOH, we first measured the electrochemical double-layer
capacitance (Cq;) on two CoOOH catalysts, which is determined
by the slope of the linear relationship between the current density
and the scan rate. As shown in Fig. 3a and Fig. S7 (ESIt), the Cq
value of L-CoOOH (10.24 mF cm™ “) is 7.4-fold higher than that
of B-CoOOH (1.38 mF cm™ %), implying the existence of more active
sites in L-CoOOH."” Besides, the electrical conductivity of the two
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Fig. 2 Electrocatalytic OER performance of L-CoOOH. (a) LSV curves of
L-CoOOH, B-CoOOH and RuO, recorded in 1 M KOH. (b) Tafel plots
obtained from the LSV curves in (a). (c) Comparison of Tafel slopes and
overpotentials at 10 mA cm™2 for various Co-based catalysts reported in
the literature, B-CoOOH and L-CoOOH in 1 M KOH. (d) OER chrono-
amperometric responses of L-CoOOH and RuO, at overpotentials of
330 mV and 340 mV, respectively. LSV curves of (e¢) L-CoOOH and
(f) RuO, before and after the stability test.
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Fig. 3 Origin of the excellent OER activity of L-CoOOH. (a) The relation-
ship between the current density and the scan rate. (b) The EIS of L-CoOOH
and B-CoOOH recorded at a potential of 1.56 Vgye. (c) Co 2p and (d) O 1s
XPS spectra of L-CoOOH and B-CoOOH.

CoOOH catalysts was measured by electrochemical impendence
spectroscopy (EIS). The semi-circular diameter of L-CoOOH is
much smaller than that of B-CoOOH, due to the smaller charge
transfer resistance (R.) in L-CoOOH (Fig. 3b). By fitting EIS plots
using the equivalent circuit in the inset of Fig. 3b, the R, values of
B-CoOOH and L-CoOOH can be determined as 97.2 Q and 47.6 Q,
respectively (Table S2, ESIt), suggesting a faster electron transfer in
L-CoOOH during OER catalysis.””

To find the intrinsic reason behind the increased active sites
and electrical conductivity of L-CoOOH, X-ray photoelectron
spectroscopy (XPS) was first employed to explore the surface
valence states of the two CoOOH catalysts. In the high-resolution
Co 2p spectra (Fig. 3c), the Co 2ps, and Co 2p,, peaks are
deconvoluted into Co*" and Co®". The peaks at 779.8 and 795 eV
correspond to Co*", while those at 781 and 796.5 eV correspond to
Co*", which agree with previous reports."®*® Obviously, the Co**
peaks of L-CoOOH are higher than those of B-CoOOH, indicating
more oxygen vacancies in L-CoOOH, which provides more naked
Co’" as active sites for the OER.”® Besides, the O 1s spectra were
split into four peaks at 529.8, 530.7, 531.7 and 532.7 eV, corres-
ponding to lattice O (Oy), lattice OH (Orop), absorbed OH (Agg),
and surface O-C—=0 (So_c—o), respectively (Fig. 3d).*® As listed in
Table S3 (ESIt), the relative ratios of O and Oy oy in L-CoOOOH are
both lower than those in B-CoOOH, confirming more oxygen
vacancies in L-CoOOOH. Electron paramagnetic resonance (EPR)
spectroscopy was also performed to consolidate the above results.
Fig. S8 (ESIt) shows the presence of a symmetrical EPR signal
(g =2.003) in CoOOH, which originates from the unpaired electrons
at oxygen vacancy sites.>" More notably, the EPR signal intensity
of L-CoOOH is significantly higher than that of B-CoOOH,
further confirming the existence of more oxygen vacancies in
L-CoOOH.***
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Then we analyze the reasons why oxygen vacancies can be
created in L-CoOOH by LAL, which are mainly attributed to the
following two aspects. On the one hand, when a laser beam with
energy higher than the ablation threshold irradiates the Co target
in the solution, their interaction will immediately produce a
Co-enriched plasma with high temperature and high pressure.”***
As predicted by Hagemark’s defect reaction constants, if the vacan-
cies are formed in equilibrium states at every instant time with fixed
temperature, the equilibrium concentration of vacancies will expo-
nentially increase with temperature.*>*® Therefore, the high tem-
perature, high pressure and Co-enriched plasma is favourable for
forming oxygen vacancies in L-CoOOH. On the other hand, the
formation of L-CoOOH nanosheets is very fast due to the huge
temperature difference between the hot plasma and the surrounding
solution.*”*® According to recent research results, the higher the
formation rate of nanomaterials, the more defects they have.*®*°
Thus, the high concentration of oxygen vacancies formed at high
temperature is quickly “frozen” in the CoOOH lattice.

However, it is worth noting that L-CoOOH (~ 12 nm) is relatively
thinner than B-CoOOH (~ 65 nm) in Fig. S9 (ESIt), which may also
contribute to more active sites and higher electrical conductivity in
L-CoOOH. In order to verify the above possibility, Reference CoOOOH
(R-CoOOH) was introduced as a reference with the same size as
L-CoOOH (Fig. S10, ESIT) and similar oxygen vacancy concentration
to B-CoOOH (Fig. S8 and S11 and Table S3, ESIt). As can be seen in
Fig. 12 and Table S2 (ESIt), the overpotential at 10 mA cm™ > of
R-CoOOH (379 mV) slightly surpasses that of B-CoOOH by 31 mV,
mainly owing to the higher Cg value of R-COOOH (6.46 mF cm™?).
These collective results reveal that the thinner thickness only leads to
more active sites, but not to better electrical conductivity of L-CoOOH.

Besides experimental investigations, a series of density func-
tional theory (DFT) calculations were also performed to get a
fundamental understanding of the correlation between the oxygen
vacancies of CoOOH and OER performance. Only considering the
four-electron (4e) reaction pathway as shown in eqn (S1)-(S4) in the
ESL T we first employed the computational hydrogen electrode model
to compute the Gibbs free energy of three OER intermediates (*OH,
*0, and *OOH) for CoOOOH with a perfect surface and CoOOH with
oxygen vacancies (see Computational details in the ESIf). The
corresponding two CoOOH structures are shown in Fig. 4a and b.
According to computational results in Fig. S13 (ESIT) and Fig. 4c, the
largest Gibbs free energy difference (Step III) is the rate determining
step, which is the same for COOOH with a perfect surface and CoOOOH
with oxygen vacancies. The Gibbs free energy difference value of
CoOOH with oxygen vacancies (AGyy = AGsoo — AG+o = 1.62 €V) is
smaller than that of COOOH with a perfect surface (AGy; = 2.15 €V).
In other words, CoOOOH with oxygen vacancies requires a lower
overpotential to drive water oxidation. Therefore, our computational
results indicate that the OER catalytic activity of CoOOH can be
pronouncedly improved by introducing oxygen vacancies, which are
consistent with experimental results. Moreover, the electronic band
structures of CoOOH without and with oxygen vacancies were
analyzed in terms of projected densities of states (PDOS). As indicated
in Fig. S14 (ESIT) and Fig. 4d, when oxygen vacancies are introduced
in CoOOH, some new electronic states appear near the Fermi level,
leading to higher electrical conductivity of COOOH."

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 DFT calculations of CoOOH with a perfect surface and CoOOH with
oxygen vacancies. The structure models of (a) a perfect CoOOH (012) surface
and (b) a CoOOH (012) surface with oxygen vacancies. Color code: white for H,
red for O, and cyan for Co. (c) The free energy profile for the OER pathway and
(d) PDOS of the perfect surface and the surface with oxygen vacancies.

In view of the above, the excellent OER performance of L-CoOOH
can be attributed to three aspects. First, oxygen vacancies on the
surface of L-CoOOH optimize the absorption of OER intermediates,
which, in turn, accelerates the whole OER process. Second, the
electrical conductivity of L-CoOOH is also enhanced by oxygen
vacancies, thus ensuring highly efficient electron transport. Last
but not the least, the relatively thin thickness of L-CoOOH provides
more active sites, which benefits OER catalysis.

In summary, we have, for the first time, employed LAL to intro-
duce abundant oxygen vacancies into CoOOH nanosheets, and
identified their role in OER catalysis from both theoretical and
experimental points of view. We have demonstrated that the laser
induced oxygen vacancies can largely improve the absorption of OER
intermediates and enhance their electrical conductivity. Meanwhile,
their relatively thin thickness can provide more active sites;
resultantly, the L-CoOOH nanosheets exhibit excellent OER activity,
outperforming commercial RuO,. Beyond the synthesis of oxygen
vacancy-modified COOOH nanosheets, LAL may be a green and mild
one-step approach for producing other MOOH with plentiful oxygen
vacancies.
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