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stalline CoO hexagrams with
abundant defects for highly efficient
electrocatalytic water oxidation†

Zuozhong Liang,a Zhehao Huang,c Haitao Yuan,a Zhiyuan Yang,a Chaochao Zhang,a

Yang Xu,a Wei Zhang, a Haoquan Zheng *a and Rui Cao *ab

Defects and structural long-range ordering have been recognized as two crucial characters for advanced

electrocatalysts. However, these two features have rarely been achieved together. Herein, we report the

preparation of single-crystalline CoO hexagrams and demonstrate their exceptional electrocatalytic

properties for water oxidation. The quasi-single-crystalline CoO hexagrams, prepared at the critical

phase transition point of b-Co(OH)2/Co(OH)F hexagrams, possess both abundant oxygen vacancies as

defects and structural long-range ordering. The matching between the b-axis of Co(OH)F crystals and

the a-axis of b-Co(OH)2 crystals is critical for the formation of the CoO hexagram single crystals. The

quasi-single-crystalline CoO hexagrams with abundant defects are highly efficient for water oxidation by

delivering a 10 mA cm�2 current density at a low overpotential of 269 mV in a 1 M KOH aqueous solution.
Introduction

Electrocatalysis has attracted tremendous interest in energy
conversion and storage and also in organic synthesis.1–8 Elec-
trocatalytic water oxidation is a key process in articial photo-
synthesis.9–12 Recently, rst-row transition metal oxides have
been found to be active water oxidation catalysts (WOCs),13–38

but their efficiencies are required to be further improved. One
strategy is to generate defects.39 Many types of defects in metal
oxides have been reported, including anion and/or cation
vacancies, intrinsic defects, dislocations, stepped surfaces, and
boundaries.40–51 Defects can alter the electronic and surface
properties of materials, usually leading to enhanced electro-
catalytic performance.

Single or quasi-single crystals with structural long-range
ordering are essential to study the relationship between the
structure and catalytic activity.52–58 However, only a few single
crystals with abundant defects have been investigated as WOCs,
and they are limited to simple low dimensional materials. For
example, Qiao and co-workers reported that single-crystalline
CoO nanorods with oxygen vacancies are highly active for
water oxidation.52 Defect generation and structural long-range
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ordering are rarely achieved together in a hierarchical mate-
rial. In consideration that a hierarchical material is typically
a better electrocatalyst than its low dimensional building
units,59,60 it is needed to prepare hierarchical single or quasi-
single crystals with abundant defects for electrocatalytic
studies.

Recently, we prepared hierarchical b-Co(OH)2/Co(OH)F
hexagrams composed of plate-like b-Co(OH)2 hexagonal cores
appended with six rod-like Co(OH)F branches (Fig. 1).61 By
investigating the formation mechanism of this superstructure,
we found that Co(OH)F nanorods epitaxially grow along b-
Co(OH)2 hexagon edges due to the matching between the b-axis
of Co(OH)F crystals and the a-axis of b-Co(OH)2 crystals. We
therefore propose that this b-Co(OH)2/Co(OH)F hexagram is an
ideal precursor to prepare defect-rich hierarchical CoO quasi-
single crystals because (1) both Co(OH)2 and Co(OH)F can be
converted to CoO upon phase transitions and (2) the matching
between the b-Co(OH)2 and Co(OH)F crystals will lead to long-
range ordering. Herein, we report the simple preparation of
quasi-single-crystalline CoO hexagrams with abundant defects.
The phase transfer of b-Co(OH)2/Co(OH)F hexagrams at the
critical phase transition point gives CoO hexagrams with
a single-crystal feature. This CoO superstructure shows excep-
tional activity for electrocatalytic water oxidation.
Experimental section
Methods and materials

All chemicals were commercially available and were used as
received without further purication. CoCl2$6H2O (99%) was
purchased from Shanghai Titanchem Co., Ltd. NH4F (98%) and
Chem. Sci., 2018, 9, 6961–6968 | 6961

http://crossmark.crossref.org/dialog/?doi=10.1039/c8sc02294a&domain=pdf&date_stamp=2018-08-24
http://orcid.org/0000-0002-6063-9637
http://orcid.org/0000-0003-3869-4055
http://orcid.org/0000-0002-1821-9583
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc02294a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC009034


Fig. 1 Schematic illustration of the preparation of quasi-single-crystalline CoO hexagrams.
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hexamethylenetetramine (HMTA, 99.5%) were purchased from
Energy Chemical. Naon (5%) was purchased from DuPont.
Ethanol (AR, 99.7%) was purchased from Tianjin Fuyu Fine
Chemical Co., Ltd.
Synthesis of quasi-single-crystalline CoO hexagrams

In a typical procedure, 1 mmol of CoCl2$6H2O, 2.5 mmol of
NH4F and 0.6 mmol of HMTA were dissolved in 40 mL of
deionized water with magnetic stirring to form a transparent
solution. The solution was then transferred into a 100 mL
Teon-lined stainless-steel autoclave followed by heating the
autoclave in an oven at 120 �C for different reaction times
(0.75 h, 1 h, 1.5 h, and 12 h). Aer naturally cooling down to
25 �C, the resulting products were collected by centrifugation at
6000 rpm and were washed with deionized water and pure
ethanol. The powders were dried in an oven at 60 �C for 24 h.
Finally, the CoO was prepared by heating the b-Co(OH)2/Co(OH)
F prepared at 1.5 h in a tube furnace under argon (ow rate: 60
mL min�1) for 3 h at a specic temperature between 200 and
600 �C with a heating rate of 2 �C min�1. The P-T (T ¼ pyrolysis
temperature, P ¼ pyrolysis step) was used to dene the as-
prepared CoO products at different calcination temperatures,
such as P-400.
Synthesis of CoO nanoplates and CoO nanorods

The pure phase b-Co(OH)2 nanoplates were prepared by
a hydrothermal method at 120 �C for 0.75 h with 1 mmol of
CoCl2$6H2O, 2.5 mmol of NH4F and 0.6 mmol of HMTA dis-
solved in 40 mL of deionized water. The products were washed
with deionized water and pure ethanol. The CoO nanoplates
were then obtained by calcinating the pure phase b-Co(OH)2 at
400 �C for 3 h under argon.

The pure phase Co(OH)F nanorods were obtained by
a hydrothermal method at 120 �C for 12 h by dissolving 1 mmol
of CoCl2$6H2O, 5.0 mmol of NH4F and 0.6 mmol of HMTA in
40 mL of deionized water. Then the CoO nanorods were ob-
tained by the calcination process of Co(OH)F nanorods at
400 �C for 3 h under argon.
Characterization

Powder X-ray diffraction (PXRD) patterns of the as-prepared
materials were obtained with an X-ray diffractometer (D8
Advance, Cu Ka, 40 kV/40 mA, Bruker). Fourier-transform
infrared (FTIR) spectra were obtained using an IR
6962 | Chem. Sci., 2018, 9, 6961–6968
spectrometer (Bruker, Tensor27) by making thin pellets with
dried KBr powder. The morphology of the as-prepared material
was observed with a scanning electron microscope (SEM,
Hitachi, TM3000; SEM, Hitachi, SU8020). Transmission elec-
tron microscopy (TEM) images, high-resolution TEM (HRTEM)
images and selected-area electron diffraction (SAED) patterns
were obtained with a TEM (Tecnai G2 F20, FEI; JEM-2100,
JEOL). The X-ray photoelectron spectroscopy (XPS) analysis of
the materials was performed with a Kratos AXIS ULTRA XPS.
The electron paramagnetic resonance (EPR) spectrum was ob-
tained with a spectrometer at 9.43 GHz (Bruker, ELEXSYS E500
plus).
Electrochemical studies

Electrochemical measurements were performed using a CH
Instruments (Model CHI660E Electrochemical Analyzer) at
25 �C. Cyclic voltammetry (CV) of the as-prepared catalysts was
carried out in 1.0 M KOH solution with a three-electrode system.
We selected a glassy carbon (GC) electrode with a diameter of
3 mm (0.07 cm2) as the working electrode, Pt wire as the
auxiliary electrode, and saturated Ag/AgCl as the reference
electrode. The prepared catalysts were dropped onto the GC
working electrode aer polishing with Al2O3 powder of 50 nm
particles and then ultrasonicating in ultrapure water. In
a typical procedure, 4 mg of catalysts and 30 mL of Naon
solution (5 wt%, DuPont) were added into 1mL of water/ethanol
solution (Vwater : Vethanol ¼ 2 : 1) and then ultrasonicated for 1 h
to prepare a homogeneous slurry. Finally, 5 mL of the catalyst
was coated onto the GC working electrode using a pipette.
Compensation for iR drop was carried out for all CV measure-
ments (100%). The overpotential (h) was calculated versus the
reversible hydrogen electrode (vs. RHE) based on the following
equation: h ¼ EAg/AgCl + (0.197 + 0.059 � pH) � 1.23.

The Tafel plots were measured by carrying out linear sweep
voltammetry (LSV) at a scan rate of 2 mV s�1. The electro-
chemical surface area (ECSA) was calculated by the following
formula: ECSA ¼ Cdl/Cs. The specic estimated capacitance Cs

of 27 mF cm�2 for Co-based materials was used based on the
value reported previously.62 Electrochemical impedance spec-
troscopy (EIS) was performed at a potential of 1.60 V (vs. RHE).
The detection of O2 was carried out with a bipotentiostat (760E,
CH Instruments) and rotator (Pine Research Instrumentation)
by coating the catalyst on a rotating ring-disk electrode (RRDE)
at a scan rate of 5 mV s�1 and a rotation rate of 1600 rpm in N2-
saturated 1.0 M KOH solution. The RRDE has a GC disk with an
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 XRD pattern (a), SEM image (b), TEM image (e), HRTEM image
(g), and SAED of the branch (h), and schematic illustration of the
interface of Co(OH)F arms and the b-Co(OH)2 core (i and j) for the as-
prepared six-branched b-Co(OH)2/Co(OH)F hexagram. TEM images of
b-Co(OH)2/Co(OH)F hexagrams prepared at 0.75 h (c), 1 h (d), 1.5 h (e),
and 12 h (f).
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area of 0.247 cm2 and a Pt ring with an area of 0.186 cm2. The O2

reduction process was performed by holding the potential of the
Pt ring electrode at 0.40 V (vs. RHE). The faradaic efficiency was
measured with O2 sensor analysis during controlled potential
electrolysis at 1.60 V (vs. RHE) with P-400 coated on an indium
tin oxide (ITO) electrode. The time dependence of the current
density was measured at 1.60 V (vs. RHE) for P-400, commercial
Ir/C, and a blank ITO electrode in 1.0 M KOH solution. The CV
current (i)–potential (E) response wasmonitored (E: 1.51/ 0.91
/ 1.71 / 1.51) for P-400 in 1.0 M KOH solution at different
scan rates: 0.1, 0.2, 0.5, 1.0 and 2.0 V s�1. Consecutive CV with
10 cycles was performed using a freshly prepared GC electrode
coated with P-400 in KOH solutions with different concentra-
tions: 0.1, 0.2, 0.5, 1.0 and 2.0 M. The bubbles on the electrode
surface were eliminated aer each scan cycle. The iR compen-
sation (100%) was conducted before each scan cycle.

Results and discussion
Characterization of quasi-single-crystalline CoO hexagrams
with abundant defects

The b-Co(OH)2/Co(OH)F hexagrams were rst synthesized
according to the method we developed.61 Powder X-ray diffrac-
tion (PXRD) patterns show that the hexagrams are a mixture of
b-Co(OH)2 and Co(OH)F (Fig. 2a). Scanning electronmicroscopy
(SEM) and transmission electron microscopy (TEM) images of
b-Co(OH)2/Co(OH)F hexagrams with different reaction times
conrmed the formation of the hexagram superstructure, which
is built by a b-Co(OH)2 nanoplate core and six Co(OH)F nanorod
branches (Fig. 2b–f and S1–S3, ESI†). As shown in Fig. 2g and h,
the electron diffraction (SAED) of the selected area in Fig. 2e
indicates that the six Co(OH)F nanorods grow along the b-axis.
Therefore, as shown in Fig. 2i, b-Co(OH)2/Co(OH)F hexagrams
are epitaxial growth of Co(OH)F nanorods on the b-Co(OH)2
core due to the length matching between the b-axis of Co(OH)F
(a¼ 10.275 Å, b¼ 3.118 Å, c¼ 4.684 Å, Pnma) and the a-axis of b-
Co(OH)2 (a ¼ 3.173 Å, c ¼ 4.640 Å, P�3m1), which has been
demonstrated in detail in a previous report (Fig. 2j).61

The b-Co(OH)2/Co(OH)F was then phase transferred to CoO by
calcination under argon. This phase transition at the critical point
is expected to involve a symmetry breaking process and a decrease
of structural ordering, whichmakes the resulting CoO defect-rich.
In order to nd out the critical phase transition point, we per-
formed calcination at temperatures from 200 to 600 �C. The PXRD
patterns of the samples calcined at different temperatures are
shown in Fig. 3a. At 350 �C, b-Co(OH)2 started to transform. At
400 �C, the material was completely converted to CoO (JCPDS 43-
1004), which was further conrmed by infrared spectroscopy
(Fig. S4, ESI†). Therefore, 400 �C is critical for the phase trans-
formation. P-600 is prepared as a control, since P-600 has the
same structure as P-400 but has fewer defects.

The water oxidation performance of these materials was
evaluated. Linear sweep voltammetry (LSV) data are shown in
Fig. 3b. The iR compensation (100%) was conducted before each
scan cycle. The overpotential (h) required to get current density j
¼ 10 mA cm�2 decreases signicantly from 397 mV for P-200 to
269 mV for P-400. Further increase of the calcination
This journal is © The Royal Society of Chemistry 2018
temperature will lead to activity loss. For P-600, h ¼ 367 mV is
required to get the same current. As a result, P-400 prepared at
the critical phase transition point exhibits the highest activity
for water oxidation.

To investigate the reason for the enhanced OER activity, we
further performed electron paramagnetic resonance (EPR) and
high-resolution X-ray photoelectron spectroscopy (XPS). The
EPR signal at 3370 G is identied as electrons trapped in oxygen
vacancies. The strong signal intensity infers that there are
abundant oxygen vacancies in P-400.63 The high-resolution of
XPS spectra were used to get more detailed information about
the oxygen vacancies (Fig. 3d–i). The L3/L2 ratio in high-
resolution XPS transition metal 2p spectra can be used to
determine the oxygen vacancies.64 As shown in Fig. 3d–f, P-400
exhibits a higher L3/L2 ratio (2.7) compared to b-Co(OH)2/
Co(OH)F (2.0), P-200 (2.0), and P-600 (2.4), indicating many
more oxygen vacancies in P-400. The peak at 531.4 eV is
assigned to the defects with low oxygen coordination.65 b-
Co(OH)2/Co(OH)F shows similar XPS peaks of O 1s spectra to
those of P-200, which may be attributed to the same crystalline
structure of b-Co(OH)2/Co(OH)F and P-200. The area of the peak
at 531.4 eV for P-400 is much larger than that for b-Co(OH)2/
Chem. Sci., 2018, 9, 6961–6968 | 6963
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Fig. 3 XRD patterns (a) and LSV data (b) of b-Co(OH)2/Co(OH)F hexagrams calcined at different temperatures. (c) EPR for the b-Co(OH)2/Co(OH)
F, P-200, P-400, and P-600. High-resolution XPS Co 2p spectra (d–g), andO 1s spectra (h–k) for the b-Co(OH)2/Co(OH)F (d and h), P-200 (e and
i), P-400 (f and j), and P-600 (g and k).
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Co(OH)F, P-200, and P-600, which further indicates that a larger
number of O-vacancies are present in P-400. The abundant
oxygen vacancies as defects in P-400 are benecial for the OER
process.39

SEM, TEM, and high-resolution TEM (HRTEM) were used to
investigate the detailed structure of P-400 (Fig. 4, S5 and S6,
ESI†). P-400 remained the hexagram superstructure with
a roughened surface (Fig. S5, ESI†). TEM, HRTEM images and
N2 adsorption–desorption curves of P-400 further conrm the
formation of mesoporous structures and abundant defects
(Fig. S6 and S7, ESI†). Although the arms have a quiet rough
surface and porous structure, their continuous crystal struc-
tures show that each arm is a single crystal. The electron
diffraction (ED) patterns of three different arms and the centre
part of an individual CoO hexagram are very similar, showing
single-crystalline electron diffraction patterns which indicates
a structural long-range ordering. As shown in Fig. 4b–d, by
viewing from the same direction along [110], the identied
lattice d-spacings of 0.21 and 0.25 nm can be assigned to the
(200) and (111) facets of CoO, respectively. However, the three
arms showed different crystal orientations, as the a axis (h00
reections) is always along the short edge of the arms. This
observation means that there is a rotation of 60� between arms,
when they have the same exposed facets. This result ts well
with the original orientations of the arms in Co(OH)F, where
arms have intersection angles of 60�.61 Interestingly, the ED
pattern selected in the central part of the hexagram remains as
a single-crystalline pattern (Fig. 4a inset IV), which indicates
that the crystal lattices of the arms and the centre nanoplate
should be continuously connected. The HRTEM image of the
6964 | Chem. Sci., 2018, 9, 6961–6968
interface between the nanorod and core has been taken, which
demonstrates continuous connection of the crystal lattices at
the interface (Fig. 4e). The length matching between the b-axis
of Co(OH)F and the a-axis of b-Co(OH)2 at the interface ensures
the continuous connection of the crystal lattices aer calcina-
tion. Therefore, this matching is not only critical for the
formation of this unique hexagram-like morphology but also for
the quasi-single-crystallinity of the derived CoO hexagram. In
addition, more severely diffused scattering (prolonged elliptical
spots) can be observed in the central part. It has a similar d-
spacing to that in the arms. The diffused scattering indicates
that the central part is defect-rich. During the phase trans-
formation, each edge of the center b-Co(OH)2 nanoplate was
tting the lattice of the connected Co(OH)F arms with almost
the same interspacing distance, which led to the generation of
a defect-rich quasi-single-crystalline CoO structure. The defects
are generated where b-Co(OH)2 and Co(OH)F transferred to
a denser phase CoO. The increase in the density of CoO
(6.424 g cm�3) from Co(OH)F (4.214 g cm�3) and b-Co(OH)2
(3.732 g cm�3) generates the roughness and defects, and the
larger the difference, the more defects were generated.

The EDS study shows that the Co/O ratio of P-400 CoO is c.a.
2 (Fig. S8, ESI†). It deviates a lot from CoO (the theoretical Co/O
is 1), suggesting that there are a lot of oxygen-missing defects in
the crystal. The diffused scattering in the ED pattern indicates
that the central part is highly defect-rich (Fig. 4a). P-600 was
found to be composed of CoO nanoparticles (Fig. S9, ESI†). The
matching between the b-axis of Co(OH)F crystals and the a-axis
of b-Co(OH)2 crystals is critical for the formation of single-
crystal CoO hexagrams. On the basis of the abovementioned
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 TEM image (a) and ED patterns obtained from different arms of
P-400. HRTEM images (b–d) of P-400 viewing along [110]. They were
obtained from arms I–III, respectively. HRTEM image (e) of the
connection part between the nanorod and core in P-400.

Fig. 5 (a) LSV curves, (b) Tafel plots, (c) capacitance currents plotted
versus scan rates, (d) EIS Nyquist plots at 1.60 V (vs. RHE), (e) RRDE
measurement in N2-saturated 1.0 M KOH solution at 1600 rpm, and (f)
current plots during 10 h controlled potential electrolysis in 1.0 M KOH
solution for the catalysts.
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results, P-400 has abundant oxygen vacancies as defects and
structural long-range ordering, which have rarely been observed
in a hierarchical material.

Electrochemical studies of quasi-single-crystalline CoO
hexagrams with abundant defects

We compared the electrocatalytic performance of P-400 with
defect-rich quasi-single-crystalline CoO nanorods and nano-
plates, which were prepared by calcining pure Co(OH)F nano-
rods and b-Co(OH)2 nanoplates at 400 �C, respectively. The h

value at j ¼ 10 mA cm�2 is 269 mV for P-400, 334 mV for CoO
nanorods, and 339 mV for CoO nanoplates (Fig. 5a). Impor-
tantly, P-400 is more active than the commercial Ir/C catalyst (h
¼ 295 mV), and represents the most efficient Co-based WOC in
the literature (Table S1, ESI†). It is necessary to note that the
exceptional activity of P-400 is assessed using a simple glassy
carbon (GC) electrode rather than using carbon cloth, carbon
paper, or metal foam electrodes with large supportive areas and
high non-faradaic background currents.

Electrochemical studies show that P-400 has a small Tafel
slope of 64.4 mV dec�1, while these numbers are 68.4 and
72.3 mV dec�1 for CoO nanorods and nanoplates, respectively
This journal is © The Royal Society of Chemistry 2018
(Fig. 5b). The electrochemical surface area (ECSA) is determined
by measuring the double-layer capacitance (Cdl) (Fig. 5c and
S10, ESI†), giving 37.2 cm2 for P-400, 28.8 cm2 for CoO nano-
rods, and 17.3 cm2 for CoO nanoplates. This result further
conrms the more exposed active sites in P-400. Normalized
current density based on the calculated ECSA of catalysts shows
that the enhanced electrocatalytic activity of P-400 is not only
attributed to the increased ECSA (Fig. S11, ESI†). Electro-
chemical impedance spectroscopy (EIS) shows that the charge/
mass transfer resistance of P-400 is much lower than that of
CoO nanorods and nanoplates (Fig. 5d). The quasi-single-
crystalline electrocatalysts can promote electronic conduction
during electrocatalysis. All these factors may account for the
signicantly enhanced activity of P-400 for electrocatalytic water
oxidation.

To prove the O2 evolution during water oxidation, rotating
ring-disk electrode (RRDE) measurement was carried out in N2-
saturated solutions (Fig. 5e). The formed O2 on the GC disk
electrode was detected on the Pt ring electrode. The increase of
the anodic catalytic current is synchronous with the increase of
the cathodic Pt ring current, conrming that the catalytic
current is due to the oxidation of water into O2. The faradaic
efficiency was calculated to be 98% (Fig. S12, ESI†). During 10 h
electrolysis, the current remained constant at 10 mA cm�2 for P-
400 (Fig. 5f and S13, ESI†). Aer electrolysis, the morphology
and the Co 2p XPS spectrum of P-400 remained almost
unchanged (Fig. S14 and S15, ESI†). In the O 1s XPS spectrum,
Chem. Sci., 2018, 9, 6961–6968 | 6965
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a new peak appeared at 529.7 eV, which agreed well with the
peak of CoOOH in Co-based catalysts aer electrolysis.60,66

Typical cyclic voltammetry (CV) current responses of i, i/n, and
i/n1/2 with scan rate (n) ranging from 0.1 to 2.0 V s�1 are shown in
Fig. 6a–c. These data are used to describe the kinetic control by
catalytic reaction, double layer charging capacitive current, and
diffusion, respectively. The redox wave at 1.50 V versus the
reversible hydrogen electrode (vs. RHE) can be assigned to the
CoIII/CoIV oxidation (Fig. 6c).60,66 The OER process was activated
well-behind the full occurrence of the CoIII/IV event. In addition,
the CoIII/IV event is reversible when performing the cathodic
return scan, which should not occur if there is no CoV species.
Thus, the CoIV species must undergo further oxidation at higher
potential to form the active species, which might be –CoV oxo/
oxyl, to initiate water oxidation. This phenomenon was also
observed and explained by other scientists.60,67 The i–n1/2 response
of the CoIV / CoIII reduction peak indicates that the kinetic
control process is determined by the diffusion (Fig. 6c, inset). As
shown in Fig. 6d and S16, ESI,† the catalytic currents increase
with pH. The precatalytic redox peaks (E1 and E2) shi to the
negative potential with increasing pH (Fig. 6e). The linear
dependence of peak potentials versus pH values is plotted in
Fig. 6f, conrming the proton-coupled electron transfer (PCET)
process for the formation of CoIV species. The reaction order in
pH (rpH) can be determined from the following equation:68,69

rpH ¼
�
v log j

vpH

�
E

¼ �
�

vE

vpH

�
j

,�
vE

v log j

�
pH
Fig. 6 (a–c) CV current–potential responses of P-400 at different
scan rates. Inset in (c): i vs. n1/2. (d) CVs of P-400 in different pH KOH
solutions. (e) The enlarged part showing the CVs in (d). (f) The
dependence of the precatalytic redox peak potentials E1 and E2 on pH.

6966 | Chem. Sci., 2018, 9, 6961–6968
Thus, the rpH is equal to the negative of the slope of the
potential vs. pH divided by the Tafel slope. At a xed current
density (j ¼ 7 mA cm�2), the potential vs. pH produces an
average slope of �125 mV per pH (Fig. S17, ESI†). At a specic
pH, the Tafel slope is 64.4 mV dec�1. Therefore, the proton
reaction order is calculated to be 1.94. This indicates that the
oxygen evolution by the CoO hexagram exhibits an inverse
second-order dependence on proton activity under alkaline
conditions.

Conclusions

In conclusion, we reported the preparation of defect-rich quasi-
single-crystalline CoO hexagrams and their exceptional elec-
trocatalytic activity for water oxidation. The phase transfer of b-
Co(OH)2/Co(OH)F at the critical point gave CoO hexagrams,
which possess abundant oxygen vacancies as defects and
structural long-range ordering. The matching between the b-
axis of Co(OH)F crystals and the a-axis of b-Co(OH)2 crystals is
critical for the formation of these rarely observed quasi-single-
crystalline CoO hexagrams. The CoO hexagrams can catalyze
water oxidation at h ¼ 269 mV to get j ¼ 10 mA cm�2. They are
more active than CoO nanorods and nanoplates, and represent
the most active Co-based material in the literature. This work
proposes a simple strategy to prepare desired hierarchical
materials, which have abundant defects and maintain the
morphology and the long-range-ordered structure during defect
generation.
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C. Roth, A. Schökel, M. E. Toimil-Molares and
W. Ensinger, Nano Lett., 2011, 11, 2304–2310.

60 S. H. Wan, J. Qi, W. Zhang, W. N. Wang, S. K. Zhang,
K. Q. Liu, H. Q. Zheng, J. L. Sun, S. Y. Wang and R. Cao,
Adv. Mater., 2017, 29, 1700286.
6968 | Chem. Sci., 2018, 9, 6961–6968
61 Z. Z. Liang, Z. Y. Yang, Z. H. Huang, J. Qi, M. X. Chen,
W. Zhang, H. Q. Zheng, J. L. Sun and R. Cao, Electrochim.
Acta, 2018, 271, 526–536.

62 C. C. L. McCrory, S. Jung, J. C. Peters and T. F. Jaramillo, J.
Am. Chem. Soc., 2013, 135, 16977–16987.

63 J. Ma, H. Wu, Y. Liu and H. He, J. Phys. Chem. C, 2014, 118,
7434–7441.

64 Z. L. Wang, J. S. Yin and Y. D. Jiang, Micron, 2000, 31, 571–
580.

65 B. Jian, Z. Xiaodong, F. Bo, Z. Jiajia, Z. Min, Y. Wenlong,
H. Xin, W. Hui, P. Bicai and X. Yi, Angew. Chem., Int. Ed.,
2015, 54, 7399–7404.

66 J. Qi, W. Zhang and R. Cao, Chem. Commun., 2017, 53, 9277–
9280.

67 C. Costentin, T. R. Porter and J.-M. Savéant, J. Am. Chem.
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