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Uniform Two-Dimensional Co;0,4 Porous
Sheets: Facile Synthesis and Enhanced
Photocatalytic Performance

The preparation of high-quality two-dimensional materials with highly interesting
properties and applications, such as graphene and graphene analogues, is a rapidly

expanding research area. Herein, two-dimensional porous Co;O, sheets with high
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1 Introduction

Earth-abundant, scalable and nonprecious cobalt oxides, with
exceptional physical and chemical properties, have aroused
much attention in recent years for their great potential appli-
cations [1-4]. Tricobalt tetraoxide (Co3;0,), the most stable
phase in the Co-O system, is a mixed-valence compound
[Co"Co™,0,] with a spinel crystal structure based on a cubic
close packing array of oxide ions, in which Co(II) ions occupy
the tetrahedral 8a sites and Co(III) ions occupy the octahedral
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uniformity were synthesized via a facile hydrothermal route. Various characteriza-
tions were performed to investigate this sheet-like structure. Owing to the desired
promotion effects and multiple functionalities derived from this unique structure,
the porous Co30, sheets present an enhanced photocatalytic performance in com-
parison with the bulk Co;0, powder.
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16d sites [5, 6]. Co;04 has exhibited outstanding performances
in view of its applications in the field of lithium batteries [7],
supercapacitors [8], gas sensors [9], heterogeneous catalysis
[10], etc.

It is well known that the ultimate performance and applica-
tion of nanomaterials are significantly dependent on their mor-
phologies and microstructures [11]. Compounds with the same
chemical compositions but different morphologies and micro-
structures can give rise to substantial differences in perform-
ance. Therefore, morphology control of materials has stimulat-
ed great research interests and has been widely investigated by
the academic community [12-14]. Many reports are available
on the synthesis of Co;0,4 materials, and a wide variety of mor-
phologies have been explored, such as zero-dimensional (0D)
structures (e.g., nanocubes [15] and nanooctahedras [16]), one-
dimensional (1D) structures (e.g., nanowires [17] and nano-
rods [18]), two-dimensional (2D) structures (e.g., nanoplates
[19] and nanosheets [20]) and three-dimensional (3D) struc-
tures (e.g., nanoflowers [21] and nanonets [22]).

Since the advent of graphene [23], the high-quality 2D nano-
structures with exciting properties and applications have
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received continuous interest and are highly desirable for
achieving exceptional catalytic, photovoltaic, and electrochemi-
cal performances, owing to their large surface-to-volume ratio
and confined thickness [24-30]. Other 2D crystals in this rap-
idly expanding research area include graphene analogues such
as boron nitride (BN) [31], transition metal dichalcogenides
such as MoS, and WS, [32], colloidal nanoplatelets such as
CdSe and CdS [33], and transition metal oxide nanosheets such
as Co304 and WO; [34].

The increasing world energy demand and the growing con-
cerns about environmental issues have continuously motivated
extensive research efforts on the heterogeneous photocatalytic
technologies [35-37]. As a versatile and important magnetic
p-type semiconductor [38,39], Co;0, has recently been con-
sidered as an emerging photocatalytic material and is attracting
more and more attention for its excellent photocatalytic per-
formance, great growing potential, and bright prospect in the
related fields, such as environmental remediation [40-42] and
water splitting [43]. Co;O, with various morphologies, such as
its hierarchical 3D porous/urchin nanostructure [40], hierarch-
ical triangular prism structure [41], and bimodal mesoporous
structure [42], have been employed for the photocatalytic deg-
radation of pollutants. In this study, it is demonstrated that 2D
porous Co30, sheets with high uniformity, fabricated by a fac-
ile and fast hydrothermal method, can serve as an efficient
photocatalyst in the degradation of methylene blue (MB),
which is a representative of ubiquitous organic pollutants in
industrial wastewater.

2 Experimental

The porous Cos;0, sheets were prepared by a facile hydrother-
mal method. In a typical experiment, 0.58 g Co(NO3),-6H,O
(=99 %; Acros Organics, USA) was first dissolved in 16 mL de-
ionized water and 4mL ethanol, followed by the addition of
0.30 g polyvinylpyrrolidone (PVP) K30 (molecular biology re-
agent grade; MP Biomedicals, USA) under magnetic stirring.
Then, 0.36g of urea (=99 %; Fisher Scientific, USA) was
added, with vigorous stirring. Finally, the reaction mixture was
sealed in a Teflon-lined stainless-steel autoclave with an inter-
nal volume of 45mL and maintained at 453K for 4h. After
cooling the autoclave naturally, the precursor was collected by
centrifugation and repeated washing with deionized water and
ethanol for several times. The obtained precipitate was dried
under vacuum at 333 K overnight. The final thermal pyrolysis
of the as-synthesized cobalt precursor was performed in flow-
ing air from room temperature to 773 K and maintained at that
temperature for 2h to get the final product. For comparison,
the conventional bulk Co;O4 powder was prepared as well, by
calcining Co(NO3),-6H,0 (= 99 %; Acros Organics, USA) at
773K in flowing air. The samples were systematically investi-
gated with various characterizations (see the Supporting Infor-
mation for experimental details).

Photocatalytic performance of the porous Co;0, sheets was
evaluated by the photodegradation of MB (Fisher Scientific,
USA). In a typical process, the photocatalyst (10 mg) was sus-
pended in the MB aqueous solution (1x10~>mol L™, 20 mL)
and dispersed under ultrasonic vibration for 10 min. Before
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irradiation, the suspension was stirred in the dark for 60 min to
establish the adsorption-desorption equilibrium between the
dye solution and the catalyst. The degradation was performed
at ambient temperature under irradiation with 365-nm UV
light (Spectroline, model ENF-240C; Spectronics Co., West-
bury, NY, USA). It should be noted that no H,O, or air bub-
bling was added or performed in the reaction process. At given
time intervals, the suspension was withdrawn regularly and
centrifuged. The supernatant was analyzed with a UV-VIS
spectrophotometer (Jasco V-670 EX; Japan) to record MB con-
centrations at a wavelength of 664 nm. MB degradation was
expressed as C/C, versus the UV irradiation time, where C is
the MB concentration at time t and Cj is the initial MB con-
centration.

3  Results and Discussion
3.1 Phase, Texture and Morphologies

As shown in Fig. 1, the characteristic X-ray diffraction (XRD)
peaks of the cobalt precursor can be well indexed to the cobalt
hydroxide carbonate [Co,(OH),CO;] phase (JCPDS 1-1024)
[44]. After heat treatment, the obtained sample can be distin-
guished as Co304, with all the diffraction peaks well indexed to
the Co;0, spinel phase (JCPDS 42-1467) [45], and no other
crystalline phases are observed, thereby confirming the high
purity of the material. Moreover, the sharp diffraction peaks of
both samples suggest a high crystallinity of the synthesized
materials.
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Figure 1. XRD patterns of the cobalt precursor and the porous
Co304 sheets.

Fig.2 presents representative scanning electron microscopy
(SEM) images of the cobalt precursor (Fig.2a) and the porous
Co30, sheets (Fig.2b-d). It can be clearly observed that the
cobalt precursor Co,(OH),COj3 is composed of uniform sheet-
like structures, and the surface of the sheets shows a very
smooth texture. After thermal pyrolysis, porous Co;0, sheets
with a rough appearance are successfully obtained, with the
original sheet structure well maintained and numerous pores

Chem. Eng. Technol. 2016, 39, No. 5, 891-898
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Figure 2. (a) SEM images of the cobalt precursor. (b—-d) SEM images of the po-

rous Cos0, sheets at various magnifications.

generated. For the bulk Co;04 powder, however, only signifi-
cantly aggregated and irregular-shaped particles can be ob-
served (see Supporting Information Fig. S1). Energy-dispersive
spectroscopy (EDS) analysis (Fig. 3a) clearly manifests that the
porous Co30, sheets are composed of Co and O, with a molar
ratio of 2.98:1, very close to the stoichiometric composition of
the Co;0, phase. The signal of C comes from the adhesive car-
bon tape. The EDS elemental mapping (Fig.3b) performed on
an individual Co;0, sheet reveals the homogeneous element
distribution of Co and O in the porous Co;Oy sheets.

The transmission electron microscopy (TEM) images dis-
played in Fig.4 a provide a direct observation of the morphol-
ogy and distribution of the Co;O, particles in the porous
Co30, sheets. It can be observed that the porous sheets are
composed of highly dispersed Co;0, particles and numerous
pores. Other important information about the chemical com-
position of the products is further provided by the X-ray pho-
toelectron spectroscopy (XPS) measurements, as shown in
Fig. 4 c. The Co2p XPS spectrum shows two major peaks with
binding energies at 781.2 and 796.3 eV (with spin-orbital split-
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Co

Co

0 2 4 6 8 10
Energy (keV)

ting of 15.1eV), corresponding to Co2ps, and
Co2pyp, respectively, characteristic of the pure
Co304 phase [46,47]. The N, adsorption-desorp-
tion isotherm of the porous Co;0, sheets (Fig. 4 d)
can be categorized as type IV, with a hysteresis loop
[48]. And the average pore diameter is 16.5 nm, ac-
cording to the corresponding pore size distribution
(PSD) calculated from the desorption branch by
the Barrett-Joyner-Halenda (BJH) model, indicat-
ing the presence of mesoscale pores. The Brunauer-
Emmett-Teller (BET) surface area of the porous
Co30, sheets is measured to be 23.6 ng’l, which
is much higher than that of the bulk Co;0, powder
(6.2m’g™", a normal value of Co;0, prepared by
simple calcinations) [49].

Based on the characterization results and the
above discussion, the formation mechanism of the
porous Co3;0,4 sheets with high uniformity can be
reasonably inferred. Both the hydrothermal process
and the following calcination process are crucial
for the final obtainment of the uniform porous
Co30, sheets with the textural characteristics of in-
tracrystalline mesopores. When heated in aqueous solution, the
slow hydrolysis of urea at elevated temperature can gradually
produce alkaline media and release both hydroxyl and carbon-
ate ions, which can initiate the precipitation of Co®* in the
solution to form the precursor with progressing reaction time.
This homogeneous and controllable precipitation process gives
rise to slow crystal growth of the materials and is beneficial for
the shape control of the crystals [50]. In addition, the polymer-
directing agent PVP has an important effect on the morphol-
ogy of the materials and can act as a multifunctional additive
during the hydrothermal process. When added, the PVP
molecules can selectively adsorb onto the crystal faces, induce
the growth and crystallization of the intermediate crystal
nucleus, and lead the subsequent assembly of the final sheet-
like structure. It is generally considered that preferential
adsorption of molecules and ions in solution to different crystal
faces results in various morphologies by controlling the growth
rates along different crystal directions [51]. After heat treat-
ment, the final porous Co;0; sheets are obtained, which can be
attributed to the successive release of H,O and CO, gas from

Figure 3. (a) EDS analysis and (b) elemental mapping of an individual Co30,4 porous sheet.
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Figure 4. (a) TEM images of the porous Cos30, sheets, (b) high-resolution TEM image of the Co30,4 phase, (c) XPS pattern,
and (d) nitrogen adsorption-desorption isotherm of the porous Co30, sheets.

the cobalt precursor during the thermal decomposition pro-
cess.

3.2 Optical Properties

The optical adsorption profiles of the porous Co;O, sheets and
bulk Co;0,4 powder in the UV-VIS region are shown in the in-
sets of Fig.5a and 5b, respectively. The corresponding band
gap energy can be determined by the equation:
(ahv)" = B(hv — Eg) 1)
where hv is the photo energy, E, is the band gap, B is a constant
related to the material, # is a value that depends on the nature
of the transition (for a direct transition, n equals 2), and « is
the absorption coefficient [52]. The (ahv)" versus hv (Tauc
plot) extrapolated to a =0 gives the absorption band gap ener-
gies, as exhibited in Fig. 5a,b for the porous Co;0, sheets and
bulk Co;0,4 powder, respectively. The Tauc plot profiles of both
samples give two band gap energies. The higher band gap is
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assigned to the O°”— Co”" charge transfer process (basic opti-
cal band gap energy or valence to conduction band excitation),
while the lower band gap is ascribed to the 0> — Co®" charge
transfer process (with Co’" located below the conduction
band). The presence of Co®" centers in Co;0, produces a sub-
band located inside the energy gap [18].

The band edge positions of the photocatalysts can be calcu-
lated according to the Mulliken electronegativity. The conduc-
tion band (CB) and valence band (VB) potentials of the sam-
ples can be calculated by the following equations:

1
Evp =X — Ec + 5 B (2)

Ecp = Evg — Eg (3)

where E, is the energy of free electrons on the hydrogen scale
(~4.5eV), E, is the band gap energy of the photocatalyst, and
X (X = (X, X;5...X,)"", ~5.903 eV for Co;0,) is the absolute
electronegativity of the semiconductor and is defined as the
geometric mean of the absolute electronegativity of the constit-

Chem. Eng. Technol. 2016, 39, No. 5, 891-898
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uent atom. On the basis of the above equations, the top of the
VB and the bottom of the CB of the porous Cos0, sheets are
calculated to be 2.783 and 0.023 eV, respectively. Accordingly,
the VB and CB of the bulk Co;0, powder are estimated to be
2.473 and 0.333 eV, respectively [53]. In a recently published
work [2], the authors show that the high photocatalytic activity
of CoO nanoparticles arises from a significant shift in the posi-
tion of the band edge of the material, while CoO micropowders
with improper band edges are inactive. In our study, we also
observe that the band edge of the porous Co;O, sheets has
shifted compared with the bulk sample, which is similar to the
previous result and shows the importance of the morphology
effect on the band edge. Compared with the bulk Co;0, pow-
der, the porous Co;0y, sheet has a lower VB position, indicating
a stronger photooxidative capability which enables the photo-
generated holes to have a large thermodynamic driving force to
directly engage in the degradation process [54].

3.3 Photocatalytic Test

MB is widely used in the textile and dyestuff manufacturing in-
dustries and can provoke serious environmental problems in
the neighboring receptor water bodies [55]. To evaluate the
photocatalytic performance of the porous Co;O, sheets, the
degradation of MB under UV light irradiation is employed as a
model example. The conventional bulk Co;O, powder was
tested as well under the same conditions for a better compari-
son. As shown in Fig. 6 b, it can be observed that, without pho-
tocatalyst (MB photolysis), only a small amount of MB was de-
graded. However, when the catalysts were applied, the
degradation of MB was apparently accelerated. It is obvious
that the porous Co;0, sheets exhibited a higher photocatalytic
activity than the bulk Co;04 powder. Within the reaction dura-
tion, about 90.0 % of the MB was degraded, as evidenced by the
rapid decrease of the maximum absorption peak at 664 nm and
the color changes of the MB solution (Fig. 6a). However, the
degradation efficiency of the bulk Co;0, powder is only about

42.7 %, which is significantly lower than that of the porous
Co30, sheets.

It has been generally considered that the photocatalytic
degradation of MB solutions agrees with pseudo-first-order
kinetics, and can be illustrated by Eq. (4):
In(Cyqs/C) = kt 4)
where C,4s and C are the concentrations of MB after dark ad-
sorption and at time ¢, respectively [56,57]. Fig.6c shows the
linear relationship of In(C,4,/C) versus the irradiation time. As
a result, a plot of In(C,44/C) versus t can yield the apparent rate
constant for the degradation of MB from the slope of the curve
fitting line. The apparent rate constants were calculated to be
0.0069 and 0.0016 min™" for the porous Co;0y sheets and bulk
Co;0, powder, respectively. All these results suggest that the
uniform porous Co;O, sheets are efficient in the degradation
of MB and have application potential in wastewater treatment.
Compared with the bulk Co;0, powder, the porous Cos;0,
sheets exhibit superior photocatalytic activity.

It is generally accepted that the adsorption and desorption of
molecules on the catalyst surface has a significant impact on
the ultimate catalytic performance. The catalyst that absorbs
more organic pollutants tends to have better photocatalytic ac-
tivity. Compared with the bulk Co;O, powder, the porous
Co30, sheets should adsorb much more MB molecules during
the reaction process due to their higher BET surface area, as
mentioned above. The high adsorption capability of the porous
Co30, sheets can be inferred from the large amount of MB re-
moved under dark conditions before exposure to UV irradia-
tion. The porous Co;O, sheets possess more unsaturated sur-
face coordination sites and can absorb more dye pollutant.
When Co;0, is illuminated by the UV light, reactive oxygen
species (ROS), such as hydroxyl (*OH), superoxide (*O,"), and
hydrogen peroxide (HO,®), can be generated, which degrade
the organic compounds adsorbed on the catalyst surface
[58,59]. Moreover, the porous sheet-like structure with strong
photooxidative capability can facilitate the fast diffusion of dye
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Figure 5. Optical band gap energy of (a) the porous Cos0, sheets and (b) the bulk Co30, powder obtained by the extrapolation of & =0.
Insets show the corresponding UV-VIS absorption spectra of the samples.
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under UV irradiation in the presence and absence of catalysts. (c) The first-order kinetics of MB degradation under UV irradiation

over the porous Co30,4 sheets and the bulk Coz04 powder.

molecules, relieving the mass transfer restrictions, which is
beneficial to an enhancement of the photocatalytic activity.
Also, the 2D Co30, sheets can act as an excellent transport
platform to promote charge transportation, and therefore the
recombination process of the electron-hole pairs is hindered,
providing more photogenerated charge carriers for the associ-
ated photocatalytic reactions [60, 61]. Photoluminescence spec-
troscopy measurements were performed to support this ex-
planation. It is generally considered that higher fluorescence
intensity indicates more recombination of the electron-hole
pairs and thus weaker photocatalytic activity [62]. As displayed
in Supporting Information Fig.S2, both the porous Co;O,
sheets and the bulk Co;0, powder show weak photolumines-
cence peaking at 520 nm under excitation by 325-nm UV light
[63,64]. However, the emission intensity of the porous Co;0,
sheets was much lower than that of the bulk Co;0, powder, in-
dicating the lower recombination rate of the photogenerated
charge carriers. Furthermore, the porous stacked sheets can
result in multiple reflections [65,66] among the gaps of the
stacking Co3;0y, sheets, and thus can absorb more incident UV
light, which can be another reason for the high phtotocatalytic

www.cet-journal.com
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activity associated with the structure. In short, all these factors
can be reasonably employed to explain the remarkably better
photocatalytic performance of the porous Co;O, sheets, as
compared with the bulk Co;O4 powder. And the above-pro-
posed descriptions provide some useful information on the
optimal design of an efficient photocatalyst for the degradation
process.

The Fourier-transform infrared (FT-IR) spectra of the spent
porous Co;0, sheets indicate that the peaks are similar to those
of the original material, and none of peaks of the dye molecules
can be distinguished, as shown in Supporting Information
Fig.S3. This observation suggests that MB is indeed degraded
by the photocatalytic effect after the reaction, and not by the
adsorption on the catalyst surface. The durability of the porous
Co;0; sheets for the MB degradation was also investigated. As
shown in Fig. 7, no apparent decrease in the photocatalytic ac-
tivity can be observed during their repeated use for three times.
These results demonstrate that the porous Coz0O, sheets as an
efficient photocatalyst are stable under the conditions of the
experimental reaction process employed here.

Chem. Eng. Technol. 2016, 39, No. 5, 891-898
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