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Abstract: Hollow structures of transition-metal oxides, partic-
ularly mixed-metal oxides, could be promising for various
applications such as lithium-ion batteries (LIBs). Compared to
the synthesis of metal oxide hollow spheres by the template
method, non-spherical metal oxide hollow hexagonal poly-
hedra have not been developed to date. Herein, we report the
controlled hydrothermal synthesis of a new phase of
Co;V,04nH,O  hollow  hexagonal prismatic — pencils
(HHPPs), which is composed of uniform structural units. By
varying the amount of NaOH in the presence of NH," and
without any template or organic surfactant, the hexagonal
prismatic pencils gradually transform from solid into hollow
structures, with sizes varying from 5 to 20 um. The structure of
pencils can be preserved only in a limited range of the molar
ratio of OH/NH,". As a new anode material for LIBs, such
hollow pencils exhibit impressive lithium storage properties
with high capacity, good cycling stability, and superior rate
capability.

H ollow micro-/nanostructures have attracted considerable
attention because of their structure-dependent properties and
widespread applications in many areas, including catalysis,
drug delivery, biomedicine, and energy storage and conver-
sion."™ As a result, the controllable preparation of hollow
materials with a complex composition and delicate morpho-
logical control has become increasingly fascinating and vital
for both fundamental studies and practical applications. A
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variety of synthetic protocols have been developed to prepare
various hollow structures with different morphologies and
desired micro- and nanostructures based on different princi-
ples, including the Kirkendall effect, galvanic replacement,
ionic exchange, chemical etching, and templating and Ost-
wald ripening.""! To date, most complex hollow structures
have been synthesized through templating strategies using
different colloidal templates, and the geometry of these
products obtained in practice is mostly spherical. For
example, Xu and Wang prepared multishelled Cu,O hollow
spheres by a multilamellar micelle templating route.l” Lai
et al. designed a general route for the synthesis of several
oxide multi-shelled hollow microspheres using carbonaceous
microspheres as templates, which manifest improved gas-
sensing properties.’! Zeng and Xiong reported the synthesis
of multishelled Cu,S hollow spheres by a serial ion-exchange
method.'”! Nevertheless, there have been no reports to date
on the formation of non-spherical hollow structures with
complex geometry solely by insitu selective inhibition of
growth in certain planes.

Mixed-valence metal oxides with different metal cations
have demonstrated high electrochemical activities due to
their interfacial effects and the synergic effects of the multiple
metal species.!'* Nevertheless, in contrast to the active
research on the synthesis of mixed transition-metal oxides
(TMOs; donated as A,B;,O,; A, B=Co, Ni, Zn, Mn, Fe)']
as important mixed-metal oxides, metal vanadates appear to
be underexplored, likely because of the lack of suitable
synthetic methods.!"*!°!

Herein, we report the hydrothermal synthesis of the new
phase of Co;V,0¢nH,O with non-spherical structures and
a complex geometry. With properly manipulating the pre-
cursor system and thus reaction kinetics, the growth of certain
specific planes could be inhibited simply by changing the
NaOH content in the presence of NH," without the use of any
template or surfactant; this approach resulted in the gradual
evolution of solid hexagonal prismatic pencils into concave
hexagonal prismatic pencils and finally into hollow hexagonal
prismatic pencils (HHPPs). As shown in Figure 1, we used
cobalt salt and ammonium metavanadate as reaction pre-
cursors by varying the amount of NaOH to establish general
principles for controlling/inhibiting the growth of some planes
and the hollowing process for the synthesis of Co;V,04n H,O
pencils. Impressively, when applied as an anode material for
LIBs, these Co;V,04nH,0O HHPPs exhibit a high specific
capacity with an excellent rate capability and enhanced
cycling stability, making them potential electrode materials
for LIBs.
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Figure 1. Formation of the new phase of Co;V,04-nH,0 HHPPs
synthesized herein. The sequence proceeds from solid hexagonal
prismatic pencils (including 1 and 2) gradually transforming into
concave structures (including 3, 4, and 5), and finally into HHPPs (6).

The as-prepared cobalt-vanadium oxide was confirmed as
a new phase of Co;V,04-H,0 based on combined structural
analyses. To this end, the chemical composition and status of
the sample was characterized by various techniques. As
shown in the X-ray photoelectron spectroscopy (XPS) survey
spectra (see Figure S1 in the Supporting Information), cobalt,
vanadium, and oxygen, as well as carbon from the reference,
could be detected without any other impurities. The two Co
2ps, and Co 2p;, peaks located at 780.8 and 796.7 eV in the
Co 2p spectrum of Figure S1b are accompanied by two shake-
up satellite peaks (786.3 and 802.8 eV), which are character-
istic of Co'""! The V 2p spectrum (Figure S1c) confirmed
that the binding energies for V 2p;, and V 2p,,, are consistent
with the literature values for V>l With respect to the O1s
orbital spectrum, a strong peak at approximately 530.1 eV is
assigned to oxygen in the metal-oxygen bonds (Fig-
ure S1d)." Moreover, combined energy-dispersive X-ray
spectroscopy (EDX) and combined inductive coupled plasma
atomic emission spectrometer (ICP-AES) analyses further
determined the molar ratios of Co:V to be 3:2 (Table S1 and
Figure S2).

The corresponding X-ray powder diffraction (XRD)
pattern provides further verification of the detailed structural
and phase information used to index the as-obtained cobalt—
vanadium oxide as a new phase of Co;V,04nH,0. XRD
pattern in Figure S3a cannot be assigned to any Co- or V-
included materials reported previously, suggesting the
appearance of a new type of material. Thorough investigation
reveals that the material has a diffraction pattern similar to
that of Co;As,04nH,0 (JCPDF 32-0291). Based on the
corresponding indexing referred to JCPDF 32-0291, cell
parameters of Co;V,04nH,0O are calculated to be a=
11.2000 A, b=6.4860 A, and ¢=5.0840 A (see section S3 in
the Supporting Information). In other words, the as-fabri-
cated cobalt-vanadium oxide can be reasonably concluded to
be a new phase of Co;V,0gnH,0 with an orthorhombic
system that is isostructural with the known Co;As,0g¢1nH,O.

A low-magnification field-emission scanning electron
microscopy (FESEM) image (Figure 2a) panoramically indi-
cates that the synthesized samples consisted of HHPPs with
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Figure 2. Structural and morphological study of Co,V,04-nH,0 HHPPs
obtained at NH,VO;/NaOH =2:2 at 200°C over 48 h: a—d) representa-
tive FESEM images. e) A projected crystal unit cell without the types of
ions along the [001], axis of the orthorhombic Co;V,04-nH,0 struc-
ture.

a narrow size distribution. It can be observed from Figure 2b-
d that the particle shape resembles that of common pencils
with hexagonal hollow prismatic stems and pyramidal tips.
The outside surface is very smooth. The featured pencils
possess an average diameter of about 6.0 um and a length of
about 25 um. The Co;V,0ynH,O pencils appear to have
“perfectly” symmetrical hexagonal stems, which is supposed
to be the intrinsic nature of higher-symmetry systems,
suggesting a contradiction. From a crystallographic stand-
point, certain single-crystal structures of low-symmetry sys-
tems can take on the pseudo-high symmetry of higher-class
cubic or hexagonal phases because the cell parameters of the
former are coincidentally close to the crystallographic rela-
tionship of the latter. Figure 2e shows the illustrated pro-
jected unit cells of the orthorhombic and hexagonal phases
along [001], and [0001],. Based on the hexagonal symmetry, b,
must be equal to V3ay, that is, b,_v3a, =1.7320a,. In this
instance, as for Co;V,0¢nH,O (calculated above), we can
obtain the crystallographic axis relation as follows: a,=
1.7268 b,,. The orthorhombic phase of Co;V,04nH,0 trans-
forms because of the lattice distortion of the hexagonal
system, due to certain internal strain factors resulting from
oxygen vacancies or crystalline defects introduced during
preparation.'™®! Further materials characterization with
high-resolution TEM and EDX mappings can be found in
Figure S4.

In the formation of HHPPs, the amount of NaOH plays
a crucial role in the formation and morphological control of
the final product when the NH," concentration was fixed
(also see Figures S5-S11). The average diameter of solid
hexagonal pencils (defined as the diagonal distance of
hexagonal plate) evolved to 4 um in diameter and 5.5 um in
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Figure 3. Structural and morphological evolution of Co;V,04-nH,0
hexagonal prismatic pencils visualized by FESEM at 200°C for 14 h
with different molar ratios of NH,VO; to NaOH: a—c) 2:1, d—f) 2:1.25,
g—i) 2:1.5, and j-I) 2:1.75.

length at 1.0 mmol NaOH (1.25x 10 M, pH 8.6; Figure 3a—
c). The bottom of the structures took on the shape of
a concave polyhedral as the NaOH concentration was
increased to 1.25 mmol (3.125 x 10 *m, pH 8.7; Figure 3d-f).
By comparing the results presented in Figure 2 with those
discussed above, the higher concentration of NaOH contrib-
uted to the formation of hollow structures. As expected, the
concave pencils gradually became hollow as the concentra-
tion of NaOH was increased from 1.5 and 1.75 up to 2.0 mmol,
wherein the pH of the solution corresponded to 8.9 and 9.0 to
9.3, respectively (Figure 3 g-1). By comparison with the above
results, the higher basicity resulted in the overall size increase
of the pencil crystals by more than 25-fold in length from 1 um
to more than 25 pm and only 1.5-fold in diameter from 4 to
about 6 um, confirming that the growth rate in the longitu-
dinal direction was higher than that along the transverse
direction. A similar phenomenon was reported for Ag prisms
controlled by different structure-directed agents.”'! In our
system, Co;V,04nH,O pencils could not overgrow and
become hollow using the well-grown solid Co;V,04nH,0
pencils as starting seeds even though an appropriate amount
of NaOH was involved (Figure S12). Hence, the hollowing
process is not due to the etching caused by the alkaline
medium, in contrast to the previous reported results.*! All
diffraction peaks of XRD of types of pencils are consistent
with Figure S3 (Figure S13).

To investigate the formation process of pencils, NH,VO;
was replaced by another vanadium source, NaVO;. For
comparison, the pH value of solution was adjusted to be 8.5
and 9.0 by adding 0.25 and 0.75 mmol NaOH, respectively,
similar to that in the NH,VO; system described above with
the addition of 1.0-1.75 mmol NaOH. Nevertheless, the
pencils could not be obtained under either set of conditions
(Figure S14). However, if other NH,"-containing reagents
were used, such as NH,Cl, NH,F, (NH,),SO, or even CO-
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(NH,),, in the presence of NaVO;, surprisingly, pencils could
also be synthesized (Figures S15-16). On the other hand,
under the same respective conditions, when other inorganic
bases, namely KOH, LiOH and Na,CO;, were substituted for
NaOH, we also obtained pencil-like structures (Figure S17).
Moreover, when other cobalt salts such as Co(NOs),, CoSO,,
or Co(CH;COO), were substituted for CoCl,, pencils could
also be achieved (Figure S18). Some studies have verified the
effect of inorganic ions on the structural evolution or kinetics
of the final crystals produced.”?*! By applying different ion
species, particles can be engineered into nanowires or into
nanoplates, whereas in our system, a variety of anions,
including ClI", F~, SO,> and CO,;*", as well as cations,
including Na*, K*, and Li", did not exert a modulatory effect
on the morphological development of the final structures.
Based on these discussions, NH," ions played a pivotal role in
the formation of pencil-like shaped polyhedra within a certain
basicity range.

The results of the detailed analyses conducted in this study
can be explained as follows. First, NH," and the derived
NH;H,O formed a buffer solution, which stabilized the basic
environment. Second, NH; derived from NH," could react
with [Co(H,0)¢]*" to produce the more stable [Co(NH,)e]*".
With an increase in the concentration of OH™, the reaction
equilibrium was destroyed and moved toward favoring the
formation of [Co(NHj;)s]*". Herein, by regulating the slow
release of free Co®" from [Co(NH;)¢]*", the rate of homoge-
neous nucleation, the first stage of the crystallization process,
was well-controlled, resulting in the generation of fewer
nuclei and thus final crystals of a larger size. Slow mass
transport improved the rate of the controlled growth stage,
which was favorable for the anisotropic development of the
crystals. In the present system, no other foreign active sites
were supplied for Co;V,04nH,0O nucleation, unlike in
heterogeneous nucleation. Thus, the crystallization behavior
dominated the resulting crystalline particle morphology. For
the Co;V,04n H,O low-symmetry system, anisotropic growth
along the c axis was not induced by its intrinsic properties.
Different types of quaternary ammonium, such as CTAB and
CTAC, can impart functionality and versatility to inorganic
crystals by binding to certain facets of nuclei.””! Thus, nuclei
are stabilized against aggregation by a repulsive force, which,
in general, dominates the formation of crystals in terms of the
growth rate of certain facets, ultimate size, and geometric
configuration. With fewer OH™ ions applied, {001} facets
could be retained, which disappeared under reverse condi-
tion. More NH," cations were bound to {001} planes and were
stabilized in the final crystals. Lower concentrations were not
sufficient to deactivate the {001} facets. Because of the loss of
adsorption by NH,*, hexagonal prismatic polyhedra prefer to
grow along the (001) direction, thus making {001} planes
disappear and inducing faster vertical growth. As a conse-
quence, NH," can be reasonably concluded to be bound more
strongly to {001} planes, resulting in its presence in the final
product. As reported previously, PVP and citrate capping
agents likewise show similar preferential adsorption on {111}
facets of face-centered cubic crystals and contribute to the
formation of different facet-dominated nanocrystals.”"
Accompanying the disappearance of {100} facets, {3—1/},
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of addition of the cobalt salts and OH-ions 0
did not change the final morphology of
products (Figure S22). Thus, the proposed
synthesis procedure provides a general
means for controlling the product morphol-
ogy.

The electrochemical performance of the
Co;V,04nH,O HHPPs is examined as an anode material for
lithium-ion batteries (LIBs). Figure S23 shows the cyclic
voltammogram (CV) curves of the first five cycle curves of the
electrode at a scan rate of 0.1 mVs™'. In the first cathodic
scan, the two cathodic peaks observed at voltage potentials of
1.31 and 0.44V can be assigned to the transformation of
Co;V,041nH,0 into CoO accompanied by the formation of
Li,V,Os5 and the reduction of Co*" to Co’, respectively, which
is in agreement with results reported in the literature.l>?
From the second cycle onwards, the CV curves are mostly
overlapped, which shows the good reversibility of the electro-
chemical reactions (Figure S23).

The representative charge/discharge curves of the 1st,
2nd, 60th, 100th, and 120th cycles for the Co;V,04nH,0O
electrode at a current density of 0.2 Ag™' are shown in
Figure 4 a. The initial discharge and charge specific capacities
are 1224 and 960 mAhg !, respectively, and offer an ideal
initial Coulombic efficiency (CE) of 78%. The discharge
capacity falls to 815mAhg' at the 60th cycle and then
gradually rises to 953 mAhg ! at the 120th cycle, at which
point the discharge capacity tends to stabilize. The rate
capability of Co;V,04nH,0O was investigated by gradually
increasing the current density from 0.2 to 5 Ag™' and then
returning it to 2 Ag' (Figure 4b). The average discharge
capacities of the Co;V,04n H,O were 800, 596, 566, 534, and
496 mAhg™' at the current densities of 0.2, 0.5, 1, 2, and
5 Ag!, respectively. Even after the current density was
returned to 2 A g™, a discharge capacity of over 500 mAhg™'
could be recovered. The capacity could be retained to be as
high as 502 mAhg ' even after 270 cycles without any losses,
and the CE reached nearly 99 % (Figure S24). Furthermore,
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Figure 4. Electrochemical performance of a Co;V,04-nH,0 HHPPs electrode. a) Dis-
charge—charge curves in the voltage of 0.01-3 V; b) rate performance at different current
densities; c) cycling performance and corresponding CE at a current of 0.5 Ag .

the Co;V,04nH,0O HHPP electrode possesses remarkable
cyclic stability (Figure 4c). The initial discharge- and charge-
specific capacities are 1063 and 839 mAhg !, respectively,
corresponding to the higher initial CE of 78.9%. It is
interesting to observe that the discharge capacity decreases
slightly before the 25th cycle. Beyond that point, there is
aslight increase in the discharge capacity until the 150th cycle,
which then remains stable for more than 255 cycles. First, the
deconstruction of the crystal Co;V,04nH,O in the conver-
sion reactions could reduce the conductivity of the electrode
in the first discharge process, which could synergistically
affect the lithium storage and lead to capacity fading at an
early stage. After charging and discharging at a low current,
the electrolyte can gradually penetrate into the inner part of
the active materials. After 255 cycles, a discharge capacity of
847 mAhg™' can be retained, with a corresponding CE
greater than 98%, indicating excellent cycling stability.
These results suggest that the structure of Co;V,04nH,0 is
stable even under high-rate, long-cycling conditions, which is
important for practical applications. After cycling, the initial
structure can be well retained (Figure S25). The improved
electrochemical activities are mostly attributed to the unique
architectural structures, which feature accessible active sites
over the entire surface. Furthermore, the improved electro-
chemical activity is related to the possible synergetic effects of
different metal ions.

In summary, we demonstrated, for the first time, a facile
hydrothermal approach for the controlled synthesis of
a unique new phase of Co;V,0gnH,O hollow hexagonal
prismatic pencils (HHPPs) without using any templates or
surfactants. Introducing different amounts of NaOH into the
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reaction system allowed for the size-controlled synthesis of
such HHPPS with sizes ranging from 5 to 20 um. The OH/
NH," ratio was found to play crucial roles in the formation of
Co;V,04nH,O HHPPs. Because of the unique architectures
and the synergistic effect of different metal ions, these unique
new phase of Co;V,04nH,0O HHPPs exhibit superior elec-
trochemical performance as anode materials for LIBs. This
work provides not only a versatile approach to the synthesis
of uniform non-spherical hollow nanoarchitectures in contrast
to spherical hollow structures, but also a new material for
lithium-ion batteries.

Keywords: electrochemistry - catalysis - lithium-ion batteries -
mixed-metal oxides - nanostructures
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