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N
anomaterial research is a rapidly
growing branch of materials re-
search due to its considerable

potential applications in new energies,
catalysts, biomaterials, and applied chemis-
try.1,2 Recently, studies on flexible compo-
nents have increased, and countless efforts
have been devoted to the exploitation of
these functional nanomaterials.3�9 In order
to improve electrochemical or catalytic per-
formances in device applications by increas-
ing the specific surface area and facilitating
the charge transfer during an electrochemi-
cal process, two-dimensional (2D) nano-
structures seem to be the most practical
option.8,9 The thin nanofilms could not only
greatly increase the specific surface area but
also facilitate the charge transfer during the
electrochemical process. Until now, there
have been numerous attempts focused on
the fabrications and applications of nano-
films. Zhang prepared zinc oxide nanofilms
on a zinc substrate that is used for high-
performance electrochemical sensors.10

Kao also synthesized hierarchically struc-
tured supramolecular nanofilms which
surely have great potential as functional

nanomaterials.11 Sumboja developed an
asymmetric supercapacitor composed of
reduced graphene oxide with manganese
dioxide paper, in which the similar mem-
brane morphologies of constituents could
amplify the synergistic effect.12

Since the energy demand is ever-
growing, transition-metal-based oxides or
hydroxides, such as IrO2,

13 MnO2,
14 NiO,15

V2O5,
16 Co(OH)2,

17�19 and Ni(OH)2,
20,21 serve

as promising electrode materials in energy
storage. Among these available pseudoca-
pacitive materials, cobalt hydroxides or
oxides are favorable candidates for applica-
tion in electrochemical capacitors due to
their low cost, great reversibility, and high
specific capacitance.22 Varieties of Co3O4

nanostructures were synthesized, and their
properties, such as nanocubes,23 nano-
sheets,24 or nanospheres,25 were investi-
gated. However, there are only a few litera-
ture reports about the facile synthesis of
2D Co3O4 nanofilms.26�29 Significant chal-
lenges still remain for fabricating these
perfect nanofilms with a large area in a
comparatively economic and efficient way.
More importantly, after the template or
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ABSTRACT Two-dimensional materials often show a range of

intriguing electronic, catalytic, and optical properties that differ

greatly from conventional nanoparticles. Herein, we demonstrate

the large-scale preparation of sub-3 nm atomic layers Co3O4
nanofilms with a nonsurfactant and substrate-free hydrothermal

method. This successful preparation of ultrathin nanofilms high-

lighted the reconstruction of cobalt�ammonia complexes and

synergistic effect of free ammonia and nitrate on film growth control. Subsequent performance tests uncovered that these sub-3 nm atomic layer

Co3O4 nanofilms exhibited an ultrahigh specific capacitance of 1400 F/g in the first galvanostatic charge/discharge test. The specific capacitance of Co3O4
nanofilms only slightly decayed less than 3% after 1500 cycling tests. With some parameter adjustments, similar Co(OH)2 nanofilms with a thickness of

3.70 ( 0.10 nm were also prepared. The Co(OH)2 nanofilms possessed maximum specific capacitance of 1076 F/g and peak performance attenuation of

about 2% after a cycle stability test.
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deposition technique was applied, usually, a subse-
quent calcination process was indispensable for pre-
paring perfect Co3O4 nanofilms, which added much
uncertainty about morphology control and repro-
ducibility.
In this report, we proposed a facile one-step hydro-

thermal route to prepare sub-3 nm atomic layer Co3O4

nanofilms on a large scale for the first time.Without the
presence of substrate and organic additive, ultrathin
atomic layers of freestanding Co3O4 nanofilms with a
thickness of 2.90 ( 0.10 nm were obtained. This
method highlighted the reconstruction of cobalt�
ammonia complexes under a high concentration of
ammonia during hydrothermal conditions, for which
the crystallization of 2D structures and the growth of
Co3O4 greatly relied on the synergistic effect of NH3

and NO3
�. The sub-3 nm Co3O4 nanofilms exhibited

very high specific capacitance of 1400 F/g in the first
charge and discharge evaluation and showed stable
capacity after 1500 cycling tests. The ultrathin nano-
films with a large specific capacitance and excellent
cycling stability open up opportunities for exploring
these new 2Dmaterials for flexible energy devices with
higher energy density.

RESULTS AND DISCUSSION

Generally, there are some obstacles that block the
large-scale preparation of 2D nanostructures: (1) close-
packed hexagonal structure or spinel structure will be
less inclined to grow along the 2D direction under the
influence of unordered intermolecular attraction; (2)
avoiding molecular layer agglomeration and precisely
limiting the vertical growth of films to the nanoscale
have not been conquered yet; (3) addition of organic
compounds or the electrodeposition method inevita-
bly affected the purity of the product and complicated
the morphology control.30�33

In our studies, cobalt�ammonia complexes (Co-
[NH3]6

nþ, n = 2 or 3) will undergo a reconstruction
process under hydrothermal conditions, which can be
used to fabricate 2D Co3O4 nanofilms. The formation
mechanism of Co3O4 nanofilms is shown in Figure 1.
First, based on the coordination theory,34 the cobalt
ion tends to incorporate six ligands (H2O or NH3) to
formmetal complexes with an octahedral structure. As
shown in Figure 1, step a, Co[NH3]6

2þ was generated
quickly during the room temperature preparation. The
transmission electron microscopy (TEM) images and X-
ray diffraction (XRD) patterns of samples synthesized at
room temperature are shown in Supporting Informa-
tion Figure S1. In Figure S1a, the spindles exhibited
uniform structures and good dispersion. A single spin-
dle of cobalt�ammonia complexes is also presented in
Figure S1b. The XRD pattern in Figure S1c revealed that
the products were mainly Co(NO3)2 (JCPDS card no.
19-0356) and Co(NO3)2 3 8H2O (JCPDS card no. 21-0266)
because Co[NH3]6(NO3)2 was so unstable even at room
temperature that it would lose six NH3 ligands and
become Co(NO3)2 again during the drying procedure.
Second, the chelating stability coefficients of Co-

[NH3]6
2þ and Co[NH3]6

3þ are 1.3� 105 and 3.2� 1032,
respectively.34 In the process of hydrothermal reaction,
when the temperature began to increase, part of Co-
[NH3]6

2þ would decompose, and the others would be
oxidized tomore stable Co[NH3]6

3þ spontaneously due
to decomposition of H2O2 (as shown in Figure 1, step b).
In addition, Co[NH3]6

3þ would reconstruct slowly in
boiling water, releasing the unidentate NH3 ligand.35

Furthermore, while the Co[NH3]6
nþ (n = 2 or 3) appears

as the dominant species in alkaline solution, it greatly
benefits the 2D instantaneous nucleation.36 This pro-
cess is strongly influenced by the pHof the solution. On
this basis, taking into account the comparatively high
concentration of NH3 in this reaction environment, this

Figure 1. Schematic of the formation of atomic layer Co3O4 nanofilms.

A
RTIC

LE



FENG ET AL. VOL. 9 ’ NO. 2 ’ 1730–1739 ’ 2015

www.acsnano.org

1732

would also tremendously accelerate the formation of
the membrane structure.37

As illustrated in Figure 1, step c, Co[NH3]6
nþ recon-

structed into innumerable nanolamellas which served
as precursors of nanofilms. Figure S2a depicts, with the
samples obtained at the first stage of the hydrothermal
process (after hydrothermal treatment for 1 h), that a
small number of nanoslices have already emerged in
the interlayers of the spindles. A high-magnifica-
tion TEM image of a nanoslice is shown in the inset
of Figure S2a. To our surprise, many nanoslices and a
piece of nanofilm also existed in the same samples ob-
tained after hydrothermal treatment for 1 h (Figure S2b).
It indicates that the recrystallization of nanofilms
already started at this point in time and would last
through the whole hydrothermal process. As shown in
the XRD pattern in Figure S2c, the samples mainly con-
sisted of Co[NH3]6(NO3)3 (JCPDS card no. 31-0416) and
a small number of Co(NO3)2 (JCPDS card no. 19-0356). It
can be inferred that the samples obtained after 1 h
were composed of Co[NH3]6(NO3)3 and Co[NH3]6(NO3)2.
Meanwhile, the Co[NH3]6(NO3)3 maintained its stability
in the samples, while the Co[NH3]6(NO3)2 turned into
Co(NO3)2 in the subsequent drying process.
After newly generated Co3O4 underwent a recrys-

tallization process, the Co3O4 nanoslices were pro-
duced (as illustrated in Figure 1, step d). It is known
that the Co3O4 unit cell possesses a large c-axis dis-
tance and charge balance. This characteristic offered us
an option on solving the nanoscale control of vertical
growth. Researchers have noticed that nitrate is apt to
insert into the Co�O bond during hydrothermal
conditions.38 Thus, the nitrate was introduced into
our reaction system, which inserted in a timely manner
into the Co�O bond as the inhibitor to selectively
reduce the growth velocity along the [100] crystal
direction. Due to the abundant nitrate and NH3 that
coexist in the hydrothermal solution, the nitrate would
affect the growth stage by selectively changing the
growth kinetics of the different crystals.39 The influ-
ence mechanism is very similar to the role of surfac-
tants in morphology control of nanostructures.
Finally, under this condition, the as-generated nano-

slices continued to merge with each other and stretch
along the 2D direction, eventually turning into atomic
layer nanofilms (as depicted in Figure 1, step e). This
could also be supported by the TEM image of the
corresponding reaction process, which is displayed in
Figure S2b, accompanying many nanoslices, where a
piece of newly generated nanofilm already appeared.
Attributed to the molecular isolation role of nitrate,
the vertical growth of the nanomembrane was very
restricted. Therefore, the ultrathin Co3O4 nanofilm
could be synthesized. It is worth mentioning that if
we remove the step of adding H2O2, we would obtain
similar ultrathin Co(OH)2 nanofilms rather than Co3O4

nanofilms.

Based on the assumptions proposed above, the 2D
Co3O4 nanofilms were successfully prepared as shown
in Figure 2. Owing to the ultralarge size of as-prepared
sub-3 nm atomic layer nanofilms, Figure 2a�h show
images of every edge of the ultrathin compact Co3O4

nanofilms. A wrinkle is observed in Figure 2b, where a
similar appearance exists in the graphene structure. It
can be seen from all of the TEM images that the curling
is very common at the edge of the nanofilm, which
results from its ultrathin thickness. As displayed in
Figure 2e, an avulsion was spreading quickly due to
the release of thermal stress, which was caused by the
high-energy electron bombardment. This sub-3 nm
atomic layer Co3O4 nanofilm exhibited a flat and
smooth surface with a large area. The scanning elec-
tron microscopy (SEM) image of an ultrathin Co3O4

nanofilm is shown in Figure S3. It spread out over a very
large area on the substrate (ca. 4.00 μm � 10.00 μm).
Scanning probe microscopy (SPM) was combined
to measure the physical structure parameters of
the atomic layer nanofilms. As shown in Figure 2m,
based on the viewing zone of 30.00 μm � 30.00 μm,
a whole Co3O4 nanofilm was detected. Within the
scope of the nanofilm with an area of 20.00 μm �
30.00 μm, homogeneous contrast also indicated
that the nanofilm has a smooth surface. The analyzer
of SPM revealed that uniform thickness of this nano-
film is 2.90 ( 0.10 nm. The identical structure features
of the edge curl could be further confirmed by
the three-dimensional (3D) surface plot shown in
Figure 2f.
High-resolution SPM characterizations were also

applied to observe the microscopic surface texture
and margin status of sub-3 nm atomic layer Co3O4

nanofilms. The nanofilms were finely dispersed on the
surface of natural mica (Figure 3a). From the high-
resolution 3D SPM image in Figure 3b, the nanoscale
surface roughness of natural mica could be observed.
On the contrary, this as-prepared sub-3 nm Co3O4

nanofilm possesses uniform thickness and high surface
smoothness.
To further analyze the crystal structure of sub-3 nm

atomic layer nanofilms, the high-resolution transmis-
sion electron microscopy (HR-TEM) and selected area
electron diffraction (SAED) images were adopted in
this study. HR-TEM images are shown in Figure 4a, and
the high crystallization feature of the Co3O4 nanofilm
can be concluded due to its unambiguous lattice fringe
image. The distinct fringe spacing of 0.27 nm in
Figure 4a corresponds to the (220) crystal plane in
the Co3O4 spinel structure. The SAED pattern
(Figure 4b) indicated that their polycrystalline charac-
teristics and the five concentric diffraction rings from
the center could be assigned to (111), (220), (311),
(511), and (531) planes of Co3O4.
Subsequently, the powder XRD characterization was

employed to confirm the constituent of the atomic
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layer Co3O4 nanofilms (as shown in Figure 5a). All of the
diffraction peaks could be indexed to the standard PDF
card (JCPDS card no. 43-1003), which corresponds with
the traits of the cubic spinel Co3O4.
The complete survey spectra of Co3O4 nanofilms are

shown in Figure S4. The main peaks could be indexed
to Co 2p, O 1s, and C 1s regions, which implied that
no other metallic or inorganic containments were
involved in the outcomes. Figure 5b presents high-
resolution X-ray photoelectron spectroscopy (XPS)
spectra of Co 2p in sub-3 nm Co3O4 nanofilms. The

Co 2p spectrum exhibits spin�orbit splitting into 2p1/2
and 2p3/2 components, and both contained the same
chemical information.40 Hence only the higher inten-
sity Co 2p3/2 band was curve-fitted. As illustrated in
Figure 5b, the peak at 779.4 eV is the exclusive
spectrum of Co3O4 (according to the XPS binding
energy manual). Moreover, the peak at 781.3 eV is
strong evidence for Co(II) in Co3O4 differentiating from
Co(II) in Co(OH)2.

41 More importantly, the band gap of
14.6 eV between 2p1/2 and 2p3/2 is a distinctive sign of
the XPS spectra of Co3O4.

Figure 3. (a) High-resolution top view SPM image of atomic layer Co3O4 nanofilms. (b) High-resolution 3D SPM image of
atomic layer Co3O4 nanofilms.

Figure 2. TEM image of (a) top left corner, (b) top, (c) top right, (d) left, (e) right, (g) bottom, and (h) right bottom of our
representative Co3O4 nanofilms. (f) Three-dimensional surface plot of selected area of nanofilms. (m) SPM image of atomic
layer Co3O4 nanofilms. The inset is the thickness measurement data.
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To verify the formation mechanism mentioned
above, control experiments were designed. According
to our research results, the synergistic effect of NH3 and
NO3

� held the key position of promoting 2D nuclea-
tion and growth. Figure S5a shows the products that
were prepared by halving the dosage of ammonium
hydroxide (10 mL). Obviously, the decrease of dis-
sociative NH3 directly weakened the driving force of
film formation. As a result, only a few slices coexisted
with a number of dendritic structures compared to the
typical synthesis procedure (20 mL). Figure S5b,c
shows the samples obtained by keeping the other
parameters constant and replacing the nitrate radicals
with the same amount of sulfate and chloride, respec-
tively. As displayed in Figure S5b, a number of regular
polyhedrons existed in the final products rather than
nanofilms, which indicated that the sulfate radicals
surely exerted influences on the selectivity of the
crystal plane growth. It was attributed to the size of
sulfate being larger than nitrate, resulting in the
inability of sulfate to insert into the Co�O bond. When
it came to the chloride, the products exhibited sphere-
like morphology (Figure S5c). It implied that chloride
was unable to affect morphology control. Therefore, it
can be concluded that the synthesis of sub-3 nm

atomic layer Co3O4 nanofilms strongly depended on
the mutual influence of free ammonia and nitrate.
In our studies, dosage of nitrate appears to be

another determining factor in the nanofilms' morphol-
ogy control. Influences of different concentrations of
nitrate on formation of the products are also discussed.
Figure S6a,b represents the products synthesized with
a nitrate concentration of 0.5 and 0.75 M, respectively.
As shown in Figure S6a, the products were nanosheets
with large size, while Figure S6b shows a bunch of
sphere-like results. On one hand, a small amount of
nitrate would lead to an inadequate capacity to inter-
vene in the vertical stacks; therefore, sheet structure
came out as the result of normal stacking. On the other
hand, too much nitrate instead totally destroyed the
function of dissociative NH3. Then adjacent nanocryst-
als aggregated in situ and grew into sphere-like struc-
tures. Therefore, the appropriate amount (0.625 M) of
nitrate is also crucial for preparation of sub-3 nm atom-
ic layer nanofilms.
Hydrothermal temperature and hydrothermal time

were also believed to have essential impacts on mor-
phology of the products. In a typical process, 140 �C is
the proper temperature to prepare perfect nanofilms.
While the temperature was 100 �C, only microspheres

Figure 4. (a) HR-TEM image of atomic layer Co3O4 nanofilms. (b) SAED of the corresponding part of the HR-TEM image.

Figure 5. (a) PXRD pattern for atomic layer Co3O4 nanofilms. (b) High-resolution XPS spectra of Co 2p in atomic layer Co3O4

nanofilms.
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could be obtained (as shown in Figure S7a). Owing
to the low temperature, most of the Co[NH3]6(NO3)n
(n = 2 or 3) did not reconstruct during the hydro-
thermal process, rendering them ineffective for 2D
nucleation promotion. Hence, the synthesis of Co3O4

nanospheres held a dominant position again. When
the temperature was increased to 120 �C, Co3O4

nanofilms were prepared and the accompanying
residues of the intermediate remained in the inter-
layers of nanofilms (as shown in Figure S7b). However,
in the course of 12 h, those intermediate nanosheets
lacked enough time to incorporate with each other
and build a nanofilm. The TEM image of products
synthesized at the hydrothermal temperature of
160 �C is displayed in Figure S7c, which indicates that
only debris-like nanoplatelets could be obtained at
this condition. It could possibly be ascribed to ammo-
nia ionization under high temperature. There was not
enough dissociative NH3 to prompt the nanofilm
formation. As a result, most of the nanoplatelets
agglomerated and remained in the final products
when the reaction was terminated.
In the mechanism analysis proposed earlier, both of

the TEM images and XRD patterns proved that the
products obtained at room temperature and in the first
stage (after a hydrothermal process for 1 h) were
Co[NH3]6(NO3)2 and Co[NH3]6(NO3)n (n = 2 or 3),
respectively. In order to further uncover the whole
process of nanofilm formation, products of various
hydrothermal times were investigated. The XRD pat-
terns of the products obtained in a hydrothermal
process of 3, 6, and 9 h are shown in Figure S8.
Although the products showed poor crystalline char-
acteristics, all of them could be indexed to spinel Co3O4

(JCPDS card no. 43-1003). The TEM images of products
obtained at 3, 6, and 9 h are displayed in Figure 6a�c,
respectively. With the increase of time, the gradual

decrease of intermediate products indicated the on-
going nanofilm formation. Meanwhile, XPS analysis
was adopted to probe the composition change of the
samples during the hydrothermal process. The com-
paratively higher binding energy peak at 785.0 eV in
Figure 6d (3 h) could be attributed to Co(II) in the
cobalt�ammonia complexes that had not dissociated
yet, and the corresponding peak disappeared in
Figure 6e (6 h) because most of the cobalt�ammonia
complexes had already transformed into Co3O4 under
the hydrothermal conditions. The further right shift of
peaks in Figure 6f (9 h) illustrate the continuous signal
enhancement of Co(III) in Co3O4. The transformation
process of Co(NO3)2 f Co[NH3]6(NO3)2 f Co[NH3]6-
(NO3)n (n= 2 or 3)fCo3O4was fully demonstrated and
proved.
In the transition of Co[NH3]6

2þ to Co[NH3]6
3þ, the

H2O2 played an important role at an incipient stage of
the hydrothermal reaction. When we kept other para-
meters constant and removed H2O2, the reaction
product would be Co(OH)2 atomic layer nanofilms
rather than Co3O4 atomic layer nanofilms. The TEM
images of Co(OH)2 nanofilms are shown in Figure 7a,b.
As depicted in Figure 7a, the atomic layer nanofilms
possess an intact structure, and most of the nano-
films closely adhere to the substrate due to their
ultrathin feature. The inset of Figure 7a is the amplified
TEM image of the wrinkle. As shown in the higher-
magnification TEM image in Figure 7b, these atomic
layer Co(OH)2 nanofilms exhibit a flat and smooth
surface with a large area and the apparent curls were
visible. The uniformity of contrast indicates that the
thickness of the nanofilm is very homogeneous.
As displayed in Figure 7c, the unambiguous lattice

fringe image indicates that the atomic layer Co(OH)2
nanofilm is composed of many nanocrystallines.
The distinct fringe spacing of 0.23 nm in Figure 7c

Figure 6. TEM images of the productswith a hydrothermal time of (a) 3 h, (b) 6 h, and (c) 9 h. High-resolutionXPS spectra of Co
2p in products with a hydrothermal time of (d) 3 h, (e) 6 h, and (f) 9 h.
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corresponds to the (002) crystal plane of β-Co(OH)2.
The SAED pattern (Figure 7d) further confirms their
polycrystalline characteristics. The four concentric
diffraction rings from the center can be assigned to
(101), (002), (110), and (112) planes of β-Co(OH)2. A
corresponding XRD pattern and SPM image are shown
in Figure S9. All of the diffraction peaks (Figure S9a) are
consistent with the brucite-like phase of β-Co(OH)2,
according to the standard PDF cards (JCPDS card no.
30-0443). As shown in Figure S9b, based on the view-
ing zone of 30.00 μm � 30.00 μm, a whole Co(OH)2
nanofilm was detected. Within the scope of the nano-
filmwith an area of 25.00 μm� 5.00μm, homogeneous
contrast also indicates that the nanofilm has a smooth
surface and the uniform thickness is 3.70 ( 0.10 nm.
The electrochemical performances of sub-3 nm

atomic layer Co3O4 nanofilms were evaluated as a
cathode material for supercapacitor application
successively. The powders that were loaded on the
nickel foam serve as the positive electrode. As seen in
Figure 8a, the scan range was set between �0.4 and
0.8 V (vs saturated calomel electrode) and scan ratewas
set at 5, 10, 20, 50, and 100 mV/s. Accompanying the
increase of the scan rate, the peak currents also
increased, which suggested the good reversibility of
the fast charge�discharge response of the materials. It
is observed from the cyclic voltammogram (CV) curves
that the pseudocapacitance of the atomic layer Co3O4

is completely different from the trait of traditional
electric double-layer capacitors which reflects the lack
of a symmetry of curves.
The first galvanostatic charge�discharge test was

run in the potential range of 0 to 0.47 V with a
charging and discharging current set at different
densities (as shown in Figure 8b). The specific capa-
citance of the supercapacitors could be calculated
from the charge/discharge test together with the
following equation.42

Cm ¼ I 3Δt=m 3ΔV (1)

where Cm is the specific capacitance of the capacitor
(F/g); I is the current of the charge/discharge;Δt is the
discharging time period in seconds for the potential
change ΔV, in volts; m is the mass load of the active
material. All of the electrochemical measurements
were carried out at room temperature.
From Figure 8b,c, according to eq 1 mentioned

above, the specific capacitance of atomic layer Co3O4

nanofilms could be calculated to 1400, 1376, 1340, and
1276 F/g at a current density of 1, 2, 4, and 8 A/g,
respectively. The slight decrease of capacitance with
the increase of the charge/discharge current indicates
that the materials allowed the redox reaction to take
place rapidly at high galvanostatic current densities. As
indicated by the error bar in Figure 8c, the four values
are average data that correspond to different current

Figure 7. (a) Low-magnification TEM imageof atomic layer Co(OH)2 nanofilms; the inset is the amplifiedpart of the TEM image
of the wrinkle. (b) High-magnification TEM image of atomic layer Co(OH)2 nanofilms. (c) HR-TEM image of atomic layer
Co(OH)2 nanofilms. (d) SAED of corresponding part of the HR-TEM.
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densities. The details of the experimental data are
given in Table S1. Figure 8d shows the 1500 cycling
test data of sub-3 nmatomic layer Co3O4 nanofilms at a
galvanostatic charge�discharge current density of
2 A/g within the potential window of 0�0.47 V. Only
a small decrease of the capacitance (2.9%) could be
observed, which resulted from the consumption of
electrolyte caused by the irreversible reaction between
the electrode materials and electrolyte (as shown in
the inset of Figure 8d). Corresponding supercapacitor
performance characterization of atomic layer Co(OH)2
nanofilms was also carried out, and the details of these
results are shown in Figure S10. The specific capaci-
tance of ultrathin Co(OH)2 nanofilms was calculated to
be 1076, 1000, 974, and 870 F/g at a current density of
1, 2, 4, and 8 A/g, respectively. In the end, the charge
and discharge cycling test was also performed with a
galvanostatic charge and discharge current density of
2 A/g. The results show that specific capacitance of
atomic layer Co(OH)2 nanofilms slightly decreased
1.9% after the cycling test was repeated 1500 times,
as displayed in Figure S10d.
In short, the high specific capacitance of as-prepared

electrode materials could be attributed to the unique
nanostructures of sub-3 nm atomic layer Co3O4 nano-
films. The ultrathin thickness of nanofilms not only
greatly benefits the ion transport but also provides

far more electrochemical active sites than traditional
nanostructures. Consequently, the efficiency of elec-
trochemical reactions increases dramatically. Due to
the nanoscale thickness of nanofilms, thermal
expansion that results from the charge/discharge pro-
cess can be negligible. Therefore, the electrode struc-
ture basically remains intact after a long cycling test.
This explains why the capacitance hardly degraded
even after 1500 charge/discharge processes. As for the
performance advantage of Co3O4 nanofilms (1400 F/g)
over Co(OH)2 nanofilms (1076 F/g), the improvement
should be attributed to the addition of Co(III). It is
believed that the Co(III) could better explore the
potential of cobalt oxide materials in supercapacitor
applications by improving the efficiency of energy
conversion during the redox reaction.

CONCLUSIONS

In this paper, we applied a novel approach that
takes advantage of a hydrothermal reaction assisted
by cobalt�ammonia complexes and nitrate to pre-
pare Co3O4 nanofilms. We successfully prepared
large-sized and smooth Co3O4 nanofilms with sub-
3 nm atomic layer thickness without any substrate or
surfactant. The as-obtained Co3O4 nanofilms showed
high specific capacitance (1400 F/g) and excellent
cycling stability in performance tests. In view of the

Figure 8. (a) Cyclic voltammograms of the atomic layer Co3O4 nanofilms in KOH electrolyte at various scan rates of 5, 10, 20,
50, and 100 mV/s. (b) Charge�discharge curves of the atomic layer Co3O4 nanofilms measured at different current densities.
(c) Average specific capacitance of the atomic layer Co3O4 nanofilms at various discharge current densities with error bar.
(d) Cycle test of atomic layer Co3O4 nanofilms with a galvanostatic charge�discharge current density of 2 A/g; the inset is the
electrochemical impedance spectra before and after 1500 cycling tests.
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large size and ultrathin thickness, the atomic layer
Co3O4 nanofilms are surely believed to have huge

potentials in the application of supercapacitors and
wearable devices.

METHODS
Chemicals. Cobalt nitrate (Co(NO3)2, analytical grade), cobalt

sulfate (CoSO4, analytical grade), cobalt chloride (CoCl2, analy-
tical grade), sodium nitrate (NaNO3, g99.5%), sodium sulfate
(Na2SO4,g99.5%), sodium chloride (NaCl,g99.5%), ammonium
hydroxide (NH3 3H2O, 25�28%), and hydrogen peroxide (H2O2)
were used. All reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd. and were used as received. The
deionized water used in all experiments with a resistivity of 18.2
MΩ 3 cm was prepared using an ultrapure water system
(Millipore).

Preparation of Sub-3 nm Atomic Layer Co3O4 Nanofilms. In a typical
synthesis, 10 mM Co(NO3)2 and 5 mM NaNO3 were dissolved in
20.0 mL of deionized water to form homogeneous solution.
Then 20 mL of NH3 3H2O was added dropwise to the mixed
solution with constant stirring in air for about 10 min. Subse-
quently, after the addition of 2 mL of H2O2 and constant stirring
for another 10 min, the mixture was sealed in a 200 mL Teflon-
lined stainless steel autoclave and transferred into a homoge-
neous reactor set at 140 �C for 12 h. By the time the reactor
cooled to room temperature, the samples were rinsed three
times with deionized water and ethanol and dried in a conven-
tional oven. Then the black powders were obtained.

Material Characterization. Transmission electron microscopic
investigation was carried out using a high-resolution transmis-
sion electronmicroscope (JEOL, JEM-2100F) operated at 200 kV.
All samples were dispersed in absolute ethanol solution and
then dropped on a copper grid. SAED was also performed on
the previous TEM. The phase purity of the as-prepared sample
was characterized by X-ray diffraction (D/max 2550VL/PC) with
Cu KR radiation from 10 to 80� at a scanning rate of 4�/min. The
X-ray tube voltage and current were set at 35 kV and 200 mA,
respectively. The surface topography and thickness of nano-
films were viewed on an environment control scanning probe
microscope (SII Nanonavi E-Sweep), in which the longitudinal
and lateral resolution is 0.03 and 1 nm, respectively. XPS data
were acquired using a Kratos AXIS Ultra X-ray photoelectron
spectroscope incorporating a 165 mm hemispherical electron
energy analyzer. The incident radiation was monochromatic Al
KR X-rays at 150 W. Survey (wide) scans were taken at an
analyzer pass energy of 160 eV and multiplex (narrow) high-
resolution scans of Co 2p, O 1s, and C 1s at a pass energy of
40 eV. Survey scans were carried out over 1200�0 eV binding
energy range with 1.0 eV steps and a dwell time of 100 ms.
Narrow high- resolution scans were run with 0.1 eV steps and
162 ms dwell time.

Electrochemical Measurements. The electrochemical studies
were performed in a conventional three-electrode system with
a KOH electrolyte solution (2 mol/L). The newly produced
atomic layer Co3O4 nanofilms loaded on nickel foams, a plati-
num electrode, and a saturated calomel electrode were used as
the working electrode, counter electrode, and reference elec-
trode, respectively. The working electrode was composed of
active Co3O4 materials (75 wt %), carbon black (15 wt %), and
binder (PTFE, 10 wt %). The mixture was first coated onto the
surface of a piece of nickel foam sheet (1 cm � 1 cm) and dried
at 80 �C overnight. The sheets with active materials were finally
pressed under 14 MPa to obtain the working electrode. The CV
and galvanostatic charge/discharge cycle tests were performed
on a CHI 660E electrochemical workstation.
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