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ABSTRACT: Crystal facet engineering of semiconductors has
been proven to be an effective strategy to increase photocatalytic
performances. However, the mechanism involved in the photo-
catalysis is not yet known. Herein, we report our success in that
photocatalytic performances of the Cl− ion capped CoO
octahedrons with exposed {111} facets were activated by a
treatment using AgNO3 and NH3·H2O solutions. The clean CoO
{111} facets were found to be highly reactivity faces. On the basis
of the polar structure of the exposed {111} surfaces, a charge
separation model between polar {111} surfaces is proposed. There
is an internal electric field between polar {111} surfaces due to the spontaneous polarization. The internal electric field provides a
driving force for charge separation. The reduction and oxidation reactions selectively take place on the positive and negative polar
{111} surfaces. The charge separation model provides a clear insight into charge transfer in the semiconductor nanocrystals with
high photocatalytic activities and offer guidance to design more effective photocatalysts, solar cells, photoelectrodes, and other
photoelectronic devices.
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1. INTRODUCTION

Recently, the crystal-facet-controlled fabrication of semi-
conductor nanomaterials has attracted significant research
activities because their photoelectronic and photocatalytic
properties can be further enhanced by tailoring the surface
atomic structures.1−14 The {001} facets of anatase TiO2,

4

BiOCl,5 BiVO4,
6 β-Bi2O3,

7 WO3,
8 Bi2WO6,

9 and CdS,10

Ag3PO4 {110}
11 and InOOH {020} facets,12 as well as Cu2O

{111}13 and {522} facets,14 have been found to exhibit
enhanced photocatalytic activities for degradation of toxic
organic pollutants, splitting of water and reduction of CO2.
Unfortunately, the underlying principle of the photocatalytic
activity is not yet clear.
Cobalt monoxide (CoO) is an important p-type semi-

conductor with a band gap of 2.2−2.8 eV.15 It has been used in
various fields, such as catalysis,16 magnetic data storage
devices,17 lithium-ion battery materials,18,19 and solid-state gas
sensors20 because of its chemical stability and superior magnetic
properties. Up to now, CoO nanomaterials with different
morphologies have been synthesized, including nanoparticles,21

-plates,22 -ribbons,23 -cubes,23 -belts,24 and -spheres;25 octahe-
drons;26 bullet- and pencil-shaped nanorods,27,28 porous
nanowires arrays;29 and flowerlike structures30 of CoO. The
CoO nanoparticles/graphene nanosheet composites exhibit
very high reversible lithium storage capacity and excellent rate
capability.18 In addition, the CoO nanoparticles are found to
show superparamagnetism or weak ferromagnetism,17,21 and
can carry out overall water splitting with a solar-to-hydrogen
efficiency as high as 5%.16 However, to the best of our
knowledge, the CoO facet-dependent physical and chemical
properties have never been reported until now.
Herein, we report on the synthesis of Cl− ion capped CoO

octahedrons with exposed {111} facets (Cl−CoO octahedrons)
by heating CoCl2 aqueous solution at 450 °C in a N2 gas
atmosphere. The photocatalytic activity of the Cl−CoO
octahedrons for degradation of malachite green (MG) under
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visible light was enhanced by a treatment using AgNO3 and
NH3·H2O solutions. The enhanced photocatalytic activities are
attributed to the clean CoO {111} facets and the hetero-
junction between AgCl and CoO. The structure and atomic
charge of the exposed CoO {111} facets are studied using
periodic density functional theory (DFT). It is found that the
exposed CoO {111} facets are polar surfaces. A charge
separation model between polar {111} surfaces is proposed
to explain the enhanced photocatalytic activities.

2. EXPERIMENTAL SECTION
Synthesis of Cl−CoO octahedrons was carried out in a conventional
horizontal quartz tube furnace. In a typical experiment, a (111) silicon
wafer (p-type with resistivity of 8.1−9.5 Ω·cm) with a dimension of
1.5 × 1.5 cm was cleaned with deionized water and absolute ethanol in
an ultrasound bath for 15 min, respectively. Two or three drops of 0.50
mol/L CoCl2 aqueous solutions were added on the silicon wafer in a
quartz boat. The boat was positioned at the center of the furnace. Prior
to heating, high-purity N2 (99.999%) was introduced into the quartz
tube at a constant flowing rate of 2.5 L/h to purge the tube. After 15
min, the furnace was heated at a rate of 20 °C min−1 to 450 °C and
kept for 1 h under a constant N2 flow of 1.5 L/h. After the system
cooled to room temperature under N2 flow of 1.5 L/h black products
were observed on the Si wafer.
Preparation of CoO octahedrons with loaded AgCl particles

(AgCl−CoO octahedrons): In a typical process, 10 mg of the as-
synthesized Cl−CoO octahedrons and 25.0, 50.0, 75.0, or 150.0 mL of
0.01 mol/L of AgNO3 solution were put into a 100 or 400 mL beaker.
The mixture was stirred for 30 min then allowed to stand for 2 h in the
dark. The products were collected by centrifugation and then dried
naturally in the dark.
Preparation of AgCl particles: In a typical process, 2.5 mL of 1.0

mol/L AgNO3 solution and 2.5 mL of 1.0 mol/L NaCl solution were
added into a 50 mL beaker, the mixed solution then was stirred for 15
min to form a white precipitate. The white precipitate was collected by
centrifugation and dried in the dark at 60 °C. All reagents used were of
analytical grade and were directly used without further purification.
The as-prepared products were characterized and analyzed using

powder X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and X-ray photo-
electron spectra (XPS). The XRD analysis was performed using a DX-
2700 X-ray diffractometer equipped with Cu Kα1 radiation (λ = 1.541
Å) at 40 kV and 30 mA. Each specimen was scanned at a step size of
0.02° and a scanning speed of 4°/min with diffraction angles between
20 and 70°. SEM images were obtained using an FEI Quanta 200
scanning electron microscope at an accelerating voltage of 20 kV.
Energy-dispersive X-ray spectroscopy (EDX) facilities attached to the
SEM were employed to analyze chemical composition. TEM and
electron diffraction images were obtained using a JEOL JEM-3010
TEM at an accelerating voltage of 300 kV. The samples for TEM were
prepared by dispersing Cl−CoO and AgCl−CoO octahedron powders
on a carbon-coated copper grid. XPS measurements were performed
by using a Kratos Axis ultra X-ray photoelectron spectrometer with an
excitation source of Al Kα = 1486.7 eV. The binding energies obtained
in the XPS analysis were corrected for specimen charging through
referencing the C 1s to 284.6 eV. The Brunauer−Emmett−Teller
(BET) specific surface area measurement was performed by N2 gas
adsorption using an America Micromeritics ASAP 2020 surface
analytical instrument. The diffuse reflectance spectrum of the products
was obtained on a Perkin−Elmer Lambd 950 spectrophotometer.
The crystal structure of cubic CoO was calculated using the

DMOL3 code31 and the generalized gradient approximation (GGA)
with Perdew−Burke−Ernzerhof (PBE) functional is employed as the
exchange-correlation functional.32 The atomic charges are computed
using Hirshfeld33 population analyses. The surface energy was
computed using the formula34

=
−

E
E nE

A2surface
slab bulk

where Eslab is the total energy of the slab, Ebulk is the total energy of the
bulk per unit cell, n is the number of bulk unit cells contained in the
slab, and A is the surface area of each side of the slab, the 1/2 factor is
used to obtain the average value of the surface energies of the top and
bottom of the slab.

Evaluation of photocatalytic activity: MG with a molecular weight of
927 is selected as model organic compounds to examine the
photocatalytic activity of the AgCl−CoO octahedron structures, 10.0
mg of the as-prepared photocatalyst (sample 1−4) was added to 10.0
mL 1.0 × 10−5 mol/L MG solution to get a suspension. The
suspension was magnetically stirred for 10 min in the dark to establish
an adsorption/desorption equilibrium between the dye and the
photocatalyst. Then, the mixed solution was irradiated by a Xe lamp
(500 W) equipped with an optical filter (λ ≥ 420 nm) to cut off the
ultraviolet light (XPA-7 photochemical reactor, Xujiang Electro-
mechanical Plant, Nanjing, China). After each regular irradiation
time interval, 5 mL of sample was withdrawn from the test tube for
analysis. The sample is first purified by centrifugation to remove any
particulates, and then the absorption spectra were measured using a U-
2910 ultraviolet−visible spectrophotometer (Hitachi High-Technolo-
gies Corp., Tokyo, Japan) using deionized water as a reference. For
comparison, the photocatalytic activities of Cl−CoO octahedrons,
AgCl particles and the mixture of Cl−CoO octahedrons and AgCl
particles were also tested under the same conditions and with the
equal mass of catalyst as that employed for AgCl−CoO octahedrons.

3. RESULTS AND DISCUSSION
3.1. Morphology and Crystal Structure of Cl−CoO

Octahedrons. The morphology and crystal structure of the as-
prepared samples were investigated by SEM and XRD, and the
results are shown in Figure 1. Figure 1a,b shows typical SEM

images of the samples grown at 450 °C for 1 h; the images
show that the samples consist of a large quantity of regular
octahedron structures. The exposed facets are close to an
equilateral triangle, and the edge lengths are in the range of
0.63−1.8 μm. The EDX spectrum is shown in Figure 1c, and
the element map are shown in Figure S1 (Supporting
Information). The results reveal that the samples contain Co,

Figure 1. (a and b) SEM images of Cl−CoO octahedrons obtained by
heating CoCl2 solution at 450 °C for 1 h. (c) EDX spectrum from the
box in panel b. (d) XRD pattern of the as-obtained Cl−CoO
octahedrons. The stick pattern in d is the standard XRD pattern of
cubic CoO powders with Cu Kα radiation (JPCDS card no. 65-2902).
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O, and Cl elements, and elemental Cl may exist at the surface
of CoO octahedrons. The corresponding XRD pattern is shown
in Figure 1d. According to the Joint Committee on Powder
Diffraction Standards (JCPDS) card No. 65-2902, the peaks at
2θ = 36.5, 42.3, and 61.5° are assigned to (111), (200), and
(220) diffraction lines of the cubic CoO, respectively. In
addition, the present CoO octahedrons show markedly higher
intensity ratios of (111) to other diffraction peaks in
comparison with those from the standard pattern of the cubic
CoO powder samples, demonstrating strong (111) preferred
orientation. The texture coefficient (TC) of (111) plane is
defined as12

∑=
−⎧⎨⎩

⎫⎬⎭
I
I n

I hkl
I hkl

TC(111)
(111)
(111)

1 ( )
( )0 0

1

where I(hkl) is the measured intensity of the (hkl) reflection,
I0(hkl) is the powder diffraction intensity of the cubic CoO
according to the JPCDS card no. 65-2902, and n is the number
of diffraction peaks used in the calculation. For materials with
random crystallographic orientations (e.g., powders), the
texture coefficient of any (hkl) reflection should be 1. The
texture coefficient of the (111) plane of the CoO octahedron is
1.52, an obvious strong indication of (111) preferred
orientation.
The XPS spectra of the as-prepared Cl−CoO octahedrons

are shown in Figure 2, including (a) the survey spectrum, (b)

Co 2p3/2 and 2p1/2, (c) O 1s, and (d) Cl 2p3/2 and 2p1/2. The
binding energy of Co 2p3/2 and 2p1/2, is identified at 778.4 and
794.0 eV, respectively. Nevertheless, satellite structures apart
from the main peaks are evident of Co(II) existence.16 The
peak at 530.8 eV corresponds to O 1s. The peaks at 199.4 and
200.8 eV can be assigned to Cl 2p3/2 and 2p1/2, respectively,

35

which might come from the surface Cl− ions of CoO
octahedrons. The XPS spectra and EDX analysis suggest that
the formation of the CoO octahedrons may originate from the
selective adsorption of Cl− ions.
Figure 3a shows a typical TEM image of an [100] orientated

CoO octahedron when the electron beam is aligned to ⟨100⟩.
The edge length is about 1.7 μm in good agreement with the

SEM observation. Figure 3b shows the selected area electron
diffraction (SAED) pattern taken from the box in panel (a). It
is indexed as the [111] zone axis of single-crystalline CoO with
a cubic structure. The high-resolution TEM (HRTEM) image
shown in Figure 3c gives a lattice spacing of 0.15 nm,
corresponding to the d spacing of (220) crystal planes of cubic
phase. The results indicate that the CoO octahedron is
enclosed by (111), (111), (1 ̅ 1 ̅1), (111), (1̅ 1 ̅ 1̅), (11 ̅ 1 ̅),
(111) and (1 ̅ 1̅ 1 ̅) faces, and the schematic illustration of the
crystal orientation is shown in Figure 3d. In addition, there is a
large quantity of Cl− ions on the surface of the octahedrons.

3.2. Formation Mechanism of Cl−CoO Octahedron
Structures. CoO crystal has a NaCl-type structure, the
conceptually simple structure is commonly known as the rock
salt structure, the model for which is shown in Figure 4a. The
structure of CoO (111) facet obtained from periodic DFT
calculations is shown in Figure 4b. It is clearly observed that the
(111) surface termination consists of a layer of unsaturated Co
sites, and each Co atom on the (111) plane is three-
coordinated. The (111), (1 11), and (111) surface structures
are the same as the (111) surface. In the present system, Cl−

ions may serve as a ligand to Co2+, and adsorb selectively on
unsaturated Co sites on the CoO (111), (111), (1 11), and
(111) surface. The most likely structure is described in Figure
4c. The presence of Cl− ions impedes the growth of the {111}
surfaces. When the ratio of the growth rate in the ⟨100⟩ to that
of the ⟨111⟩ equals to ∼1.73, perfect octahedrons are
obtained.36

3.3. Morphology and Crystal Structure of AgCl−CoO
Octahedrons. The products prepared by the reaction of the
Cl−CoO octahedrons with various volumes of AgNO3
solutions were summarized in Table 1. The SEM images,
EDX spectrum, and XRD pattern from sample 3 are shown in
Figure 5. The SEM images (Figure 5a,b) reveal that sample 3 is
composed of a large quantity of octahedrons with edge lengths
of 1.3−1.8 μm. There are some nanoparticles 40−80 nm in size
on the surface of the CoO octahedrons. The EDX spectrum
from box in panel b is shown in Figure 5c, indicating that the

Figure 2. XPS spectra of Cl−CoO octahedrons obtained by heating
CoCl2 aqueous solution at 450 °C for 1 h in N2 gas atmosphere.

Figure 3. (a) TEM image of an [100] orientated CoO octahedron
when the electron beams is aligned to ⟨100⟩. (b) SAED pattern and
(c) HRTEM image from the box in panel a. (d) The schematic
illustration of crystal orientation of the CoO octahedron.
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octahedron consist of Co, O, Ag, and Cl elements. The
corresponding XRD pattern is presented in Figure 5d,
indicating that the as-obtained products (sample 3) are cubic
structured AgCl-cubic phase CoO composite. The TEM images
for sample 3 are shown in Figure 6a,b. It was found that the
sample is very sensitive to electron irradiation. Under electron
beam irradiation, the surface with the AgCl nanoparticles is so
unstable that it can be removed quickly from surface of the
CoO octahedron. The SAED pattern and HRTEM image from

the box in panel b are shown in Figure 6c,d and indicates that,
after the removal of AgCl, the CoO octahedron is enclosed by
{111} facets. It appeared that the AgCl particles capped on the
surface of CoO octahedrons.
SEM image and XRD pattern of the as-prepared AgCl

particles are shown in Figure S2, Supporting Information. It is
clear that the as-obtained products consist of a large quantity of
cubic AgCl particles with 295−648 nm in size.

3.4. Photocatalytic Activity.We selected the characteristic
absorption of MG at 616 nm monitoring the adsorption and
photocatalytic degradation over the as-prepared Cl−CoO
octahedrons, AgCl−CoO octahedrons (samples 1−4) and
AgCl particles. Before evaluating of the photocatalytic activity,
we carefully studied the adsorption capacity of sample 3, Cl−
CoO octahedrons, and AgCl particles for MG; the results are
shown in Figure S3 (Supporting Information). The C0 and C

Figure 4. (a) Cubic CoO crystal structure. (b) The atomic structures
of (111) surfaces obtained from periodic DFT calculations. (c) The
structure of the Cl− ions attached to unsaturated Co2+ sites on the
(111) prismatic faces.

Table 1. AgCl−CoO Octahedrons Obtained by the Reaction
of the Cl−CoO Octahedrons with Various Volumes of
AgNO3 Solutions

sample number

1 2 3 4

weight of Cl−CoO octahedron (mg) 10 10 10 10
volume of AgNO3 solution (mL)a 25 50 75 150

aConcentration of AgNO3 solution is 1.0 × 10−2 mol/L.

Figure 5. (a and b) SEM images of sample 3. (c) EDX spectrum from
the box in panel b. (d) XRD pattern of sample 3. The stick patterns in
d are the standard XRD pattern of cubic CoO and AgCl powders with
Cu Kα radiation (JPCDS card nos. 65-2902 and 31-1238).

Figure 6. (a and b) TEM images of the sample 3. (c) SAED pattern
and (d) HRTEM image from the box in panel b.
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represent the concentration of MG at initial and any time,
respectively. For sample 3, Cl−CoO, and AgCl, after 10 min,
the value of C/C0 was 0.94, 0.95, and 0.95, respectively, and it
hardly changes, even over an extended period of time,
indicating that an adsorption/desorption equilibrium between
the dye and the photocatalysts is achieved within 10 min.
Therefore, the suspension containing the dye and the catalysts
was stirred for 10 min in the dark before the visible light
irradiation (λ ≥ 420 nm) to establish an adsorption/desorption
equilibrium between the dye and the photocatalyst.
Figure 7a shows the decomposition of MG in solution

without catalyst and over Cl−CoO octahedrons, as well as
samples 1−4 under visible light irradiation as a function of time.
It shows that as the irradiation time increases, the
decomposition of MG progress hardly progress without catalyst
(curve I), and the decomposition of MG progress slowly over
Cl−CoO octahedrons (curve II). However, the decomposition

of MG progresses fleetly in the presence of AgCl−CoO
octahedrons (samples 1−4, curves III−VI). The decomposition
rates for samples 3 and 4 are almost the same, are remarkably
faster than those for samples 1 and 2. Moreover, we
investigated photocatalytic activities of the AgCl particles and
the mixtures of AgCl particles and Cl−CoO octahedrons,
compared with sample 3. The results are shown in Figure 7b.
Apparently, the decomposition rate of MG over sample 3 is
faster than those for the mixtures of AgCl particles and the Cl−
CoO octahedrons, AgCl particles and Cl−CoO octahedrons.
The fittings of ln (C0/C) plot vs time over Cl−CoO
octahedrons, AgCl particles, the mixture of AgCl particles
and Cl−CoO octahedrons as well as samples 1−3 are shown in
Figure 7c. The photodegradation of MG catalyzed by the six
kinds of catalysts can be explained using pseudo first-order
reaction, that is, ln (C0/C) = kt, where k is the apparent rate
constant of the degradation. In our experiment, the k value is

Figure 7. (a) Photodegradation of the MG (I) without catalyst and (II) over Cl−CoO octahedron and samples (III) 1, (IV) 2, (V) 3, (VI) and 4
under Xe lamp irradiation (λ ≥ 420 nm). (b) Photodegradation of the MG over 10.0 mg of (I) Cl−CoO octahedrons, (II) 10 mg of AgCl particles,
(III) the mixture of 9.5 mg of Cl−CoO octahedrons and 0.5 mg of AgCl particles, (IV) the mixture of 9.0 mg of Cl−CoO octahedrons and 1.0 mg of
AgCl particles, and (V) 10 mg of sample 3 under Xe lamp irradiation (λ ≥ 420 nm). (c) The fitting of ln (C0/C) plot vs time over Cl−CoO
octahedrons, AgCl particles, mixture of AgCl particles and Cl−CoO octahedrons as well as samples 1−3. (d) Normalized apparent rate constant of
the degradation per unit surface area (k′) over Cl−CoO octahedrons, AgCl particles, the mixture of AgCl particles and Cl−CoO octahedrons as well
as samples 1−3.

Table 2. BET Specific Surface Area, k, and k′ of Cl−CoO Octahedrons, AgCl Particles, the Mixture of AgCl Particles and Cl−
CoO Octahedrons, as well as Samples 1−3

sample 1 sample 2 sample 3 AgCl + Cl−CoOa AgCl Cl−CoO

specific surface area (m−2 g−1) 9.77 9.24 7.83 13.40 11.61 18.22
k (min−1) 0.0247 ± 0.0007 0.0365 ± 0.0011 0.0572 ± 0.0017 0.0106 ± 0.0008 0.0066 ± 0.0009 0.0046 ± 0.0004
k′ (min−1m−2)b 0.2528 0.3950 0.7305 0.0794 0.0568 0.0252

aAgCl+Cl−CoO: The mixtures of AgCl particles and Cl−CoO octahedrons. bk′: Normalized apparent rate constant of the degradation per unit
surface.
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found to be 0.0046 ± 0.0004 for Cl−CoO octahedrons, 0.0066
± 0.0009 for AgCl particles, 0.016 ± 0.0008 for the mixture of
AgCl particles, and Cl−CoO octahedrons, 0.0247 ± 0.0007 for
sample 1, 0.0365 ± 0.0011 for sample 2, and 0.0572 ± 0.0017
min−1 for sample 3 (Table 2).
It is generally accepted that the catalytic process is mainly

related to the absorption and desorption of molecules on the
catalyst surface. The BET surface areas of Cl−CoO
octahedrons, AgCl particles, the mixture of AgCl particles
and Cl−CoO octahedrons, and samples 1−3, were measured to
be 18.22, 11.61, 13.40, 9.77, 9.24, and 7.83 m2 g−1, respectively
(Table 2). The apparent rate constant the degradation per unit
surface area for the six kinds of catalysts, as for the basis for the
comparison, is examined in this work. The normalized rate
constant values k′ of samples 1−3 are higher than that for the
Cl−CoO octahedrons, AgCl particles, and the mixture of AgCl
particles and Cl−CoO octahedrons, and the k′ values for
sample 3 is the highest, as seen in Figure 7d and Table 2. The
results show that the AgCl−CoO octahedrons exhibit higher
photocatalytic activity than Cl−CoO octahedrons, AgCl
particles, and the mixture of AgCl particles and Cl−CoO
octahedrons, and its photocatalytic activity is enhanced with
increasing volume of the AgNO3 solution. When the AgNO3
solution volume is increased to 150 mL, the photocatalytic
activity reaches a saturated value. Furthermore, the photo-
catalytic performance of the Cl−CoO octahedrons treated by
NH3·H2O solution was investigated, and the results are shown
in Figure 8a. It was found that the photocatalytic activity is
increased by the NH3·H2O treatment. CoO octahedrons with
clean {111} facets were prepared by the reaction of AgCl−CoO
octahedrons (sample 3) with 3.0 mol/L NH3·H2O solution.
The as-obtained products were characterized using SEM, EDX
and XRD, and the results are shown in Figure S4 (Supporting
Information). The SEM observations reveal that the as-
obtained products consist of a large quantity of regular CoO
octahedron structures with the edge lengths of 1.00−1.78 μm.
The exposed {111} facets of the CoO octahedrons are clean
surfaces free of Cl− ions or AgCl particles. We investigated
photocatalytic activities of the CoO octahedrons with clean
{111} facets compared with sample 3 and Cl−CoO
octahedrons, and the results are shown in Figure 8b. It can
be seen that the CoO octahedrons with clean {111} facets show
higher photocatalytic activity than that of Cl−CoO octahedrons
but lower than that of sample 3. We therefore conclude that the
enhanced photocatalytic activities of the AgCl−CoO octahe-
drons may result from the removal of the surface Cl− ions and
loading of AgCl.
In addition, the diffuse reflectance spectra of the Cl−CoO

octahedrons, the mixture of AgCl particles and Cl−CoO
octahedrons, as well as samples 1, 2, and 3, were measured, as
shown in Figure S5a (Supporting Information). As a crystalline
semiconductor, the optical absorption near the band edge
follows the formula37

α = −hv A hv E( )g
n/2

where α, ν, Eg and A are the absorption coefficient, light
frequency, band gap energy, and a constant, respectively.
Among them, n depends on the characteristics of the transition
in a semiconductor, that is, direct transition (n = 1) or indirect
transition (n = 4). For CoO, the value of n is 1 for direct
transition.16 The band gap energy (Eg value) can be thus
estimated from a plot of (αhν)2 versus photon energy (hν;

Figure S5b, Supporting Information), and the result of the Cl−
CoO octahedrons, the mixture of AgCl particles and Cl−CoO
octahedrons, and samples 1−3 was found to be 1.10, 1.13, 1.11,
1.14, and 1.15 eV, respectively. The diffuse reflectance spectra
suggest that the superior photocatalytic activities of the AgCl−
CoO octahedrons may result from the effective separation of
photogenerated charges instead of good light absorption.

3.5. Charge Separation between Polar CoO {111}
Surfaces and Photocatalysis Mechanism. Surface energy
of the CoO {111}, {200}, and {220} facets was calculated using
DFT. It is found that CoO {111} facet has much higher surface
energy, 2.40, compared to 1.08 and 1.64 J/m2 for (200) and
(220) facets, respectively, which suggests that {111} facets may
show higher reactivity than {200} and {220} facets. On the
basis of the above experimental results and theory analysis, we
conclude that the clean CoO {111} facets are highly reactivity
facets. Moreover, the heterojunction between AgCl and CoO
contributes to increase in the photocatalytic activity. For the
CoO octahedron structure, the exposed {111} facets include
four pairs of polar surfaces, they are positive Co-terminated
CoO (111), (111), (111), and (111) surfaces and negative O-
terminated CoO (1 1 1), (11 1), (111), and (111) surfaces,
respectively, as shown in Figures 3d and 4b. Atomic charge
distribution of the CoO (111) and (1 1 1) surfaces obtained
from periodic DFT calculations is shown in Figure 9a. Each

Figure 8. (a) Photodegradation of the MG over (I) Cl−CoO
octahedrons, over (II) and (III) Cl−CoO octahedrons treated by 30.0
mL of 1.0 and 2.0 mol/L NH3·H2O solutions under Xe lamp
irradiation (λ ≥ 420 nm). (b) Photodegradation of the MG over (I)
Cl−CoO, (II) CoO octahedrons with clean {111} facets, and (III)
sample 3 under Xe lamp irradiation (λ ≥ 420 nm).
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layer contains all positive Co2+ ions or all negative O2− ions in
[111] direction, and the polar chain is shown in Figure 9b. Co
atomic charge on the Co−CoO (111) surface is +0.28 and O
on the O−CoO (1 1 1) surface is −0.42. An internal electric
field thus is established between each pair of polar {111}
surfaces by the spontaneous polarization. A charge separation
model between polar {111} surfaces is thus proposed to explain
the enhanced photocatalytic activities.
When the CoO octahedrons with exposed {111} polar facets

were employed as a photocatalyst, the visible light irradiation
induces a transition of electrons from the valence-band to the
conduction-band, leaving an equal number of vacant sites
(holes), and thus electron−hole pairs were formed in CoO
octahedron (Figure 9c, eq 1).38 The photogenerated electrons
and holes migrate to positive polar Co−CoO (111), (111),
(1 11), and (111) and negative polar O−CoO (1 1 1), (11 1),
(111), and (111) surfaces, respectively, under the internal
electric field (Figure 9c). The electrons on the positive polar
Co−CoO (111), (111), (1 11), and (111) surfaces are usually
scavenged by O2 to yield superoxide radical anions O2

•− (eq
2).39 The holes on the negative O−CoO (1 1 1), (11 1), (111),
and (111) surfaces can react with surface adsorbed H2O to
produce •OH radicals (eq 3), the dye molecules then are
oxidized into CO2, H2O and mineralization products by •OH
radicals (eq 4).39,40

+ → +− +hv hCoO CoO(e )CB VB (1)

+ →− •−e O OCB 2 2 (2)

+ → ++ + •h H O H OHVB 2 (3)

+ → + +•OH dye CO H O mineralization products2 2
(4)

The good charge separation can effectively reduce the
probability of recombination of photogenerated electrons and
holes, and thus, the CoO octahedrons with exposed {111}
facets show excellent photocatalytic performance. However,
when Cl− ions are adsorbed selectively on unsaturated Co sites
on (111), (1 ̅11), (1̅ 1 ̅1), and (11 ̅1) surfaces of CoO
octahedrons, the surface Cl atom is negatively charged with
−0.17, as shown in Figure S6a (Supporting Information). The
internal electric field decreases between the {111} polar
surfaces, and thus, the Cl−CoO octahedrons show poor
photocatalytic activity. When the Cl−CoO octahedrons reacted
with NH3·H2O solution, the surface Cl− ions were replaced by
NH3 molecules due to the strong coordinating effect of NH3.
The internal electric field are increased because the negative
charge of NH3 molecule is less than that of Cl− ion, and thus,
photocatalytic performance of the Cl−CoO octahedrons is
enhanced by the NH3·H2O solution treatment.
When the surface Cl− ions reacted with Ag+ ions to form

AgCl, Co atoms on the Co−CoO (111) planes show positive
charge, the strong internal electric field between the {111}
polar surfaces are renewed. At the same time a heterojunction
was formed between AgCl and positive polar Co−CoO facet.
The heterojunction improves further the separation of
photogenerated electrons and holes, like the p-type NiO/n-
type ZnO,41 α-Fe2O3/NiO,

42 and MoS2/CdS
43 heterojunc-

tions. The photogenerated electrons transfer further from the
Co−CoO facets of CoO to the surface of AgCl particles. The
reduction and oxidation reactions selectively take place on the
surfaces of AgCl particles and negative polar O−CoO surfaces
(Figure S6b, Supporting Information), and thus, AgCl−CoO
octahedrons show the enhanced photocatalytic activities.
Moreover, we carried out the MG bleaching experiment

repeatedly four times by using sample 3 as a catalyst. As shown
in Figure 10, their photocatalytic activity was lightly lowered
after four cycles, which indicated that the as-prepared AgCl−
CoO octahedrons exhibit remarkable photocatalytic stability.
After four cycles sample 3 was characterized with SEM, XRD
and XPS, and the results are shown in Figure S7 (Supporting
Information). The SEM and XRD observations indicate that

Figure 9. (a) Atomic charge distribution of CoO (111) and (111)
facets obtained by DFT calculations and (b) the equivalent polar
chain. (c and d) Schematic illustration of charge separation between
polar {111} surfaces and photocatalytic reactions.

Figure 10. Cyclic photodegradation of the MG solution with sample 3
under Xe lamp irradiation (λ ≥ 420 nm).
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after the photocatalytic test the products still consist of
octahedron structures. In addition to CoO and AgCl, Ag
element was formed. A small quantity of AgCl particles was
found to remove from surface of the CoO octahedron by
comparing with SEM images of sample 3 in Figure 5a,b. In the
Co 2p XPS spectrum, two relatively stronger satellite features
with respect to 2p3/2 and 2p1/2 further confirm the CoO
chemical nature. The removal of AgCl may result in the
decrease in the photocatalytic activity.

4. CONCLUSIONS
In summary, we successfully fabricated single crystalline CoO
octahedrons capped by Cl− ions by heating aqueous CoCl2
solution. This simple approach to fabricate CoO octahedrons
can be easily scaled up and potentially extended to the synthesis
of other oxides. Photocatalytic performance of the CoO
octahedrons with exposed {111} facets was activated by a
treatment using AgNO3 and NH3·H2O solutions. The excellent
photocatalytic activities are attributed to the clean CoO {111}
facets and the heterojunction between AgCl and CoO. On the
basis of the polar structure of the CoO {111} surfaces, a charge
separation model between polar {111} surfaces is proposed.
Our results demonstrate that it is feasible to increase
photocatalytic property of cubic structured CoO by selectively
exposing the polar {111} facets. In addition, we may design and
fabricate more effective photocatalysts and new types of
photoelectrodes, solar cells, or photoelectric devices by the
surface-engineering strategy.
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