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Abstract: Assembling micro-/nanostructured arrays on con-
ducting substrates allows the integration of multiple function-
alities into modern electronic devices. Herein, a novel self-
sustained cycle of hydrolysis and etching (SCHE) is exploited
to selectively synthesize an extensive series of metal oxide
micro-/nanostructured arrays on a wide range of metal
substrates, establishing the generality and efficacy of the
strategy. To demonstrate the potential application of this
method, the as-prepared NiO porous nanobelt array was
directly used as the anode for lithium-ion batteries, exhibiting
excellent capacity and rate capability. Conclusively, the SCHE
strategy offers a systematic approach to design metal oxide
micro-/nanostructured arrays on metal substrates, which are
valuable not only for lithium-ion batteries but also for other
energy conversion and storage systems and electronic devices
at large.

Metal oxides are fascinating functional materials and have
been widely exploited in various technological fields.[1–6] To
meet the ever-growing demand for high-performance devices,
it is highly desirable to grow self-supported metal oxide
micro-/nanostructured arrays on conducting substrates as
electrodes directly. The integration of hierarchical micro-/
nanostructures with well-ordered arrays on conducting sub-
strates facilitates the synergy and incorporation of multiple
functionalities into modern electronic devices, such as lith-
ium-ion batteries (LIBs),[1] supercapacitors (SCs),[2] and solar
cells,[3] as well as electrochromic devices[4] and light-emitting
diodes.[5] The hierarchical micro-/nanostructures have abun-
dant electrode/electrolyte interfaces and decrease diffusion

distance to the interior surface, leading to kinetic acceleration
of the electrochemical reactions.[6] Moreover, the well-
ordered arrays closely connected to the current collectors
can provide direct electron-transport pathways, leading to
enhanced performances of the electronic devices.[1–5] Addi-
tionally, the in situ growth of active materials on the
conducting substrates greatly simplifies the electrode fabri-
cation process without requiring the use of any binders or
conductive additives.[1–5]

Fabrication of micro-/nanostructured arrays of metal
oxides or their precursors on metal substrates is often based
on the following two strategies. The first strategy involves
in situ growth on the metal substrates, such as direct thermal
oxidation,[7] electrochemical anodization,[8] and solution-
based oxidation.[9] The substrates not only take part in the
reactions by chemical oxidation and act as a source of metallic
ions, but also serve as a support for the array–film formation.
For example, we have developed an aqueous bulk solution or
a confined microemulsion reaction for preparing
Cu(OH)2 nanorods or hierarchical microcog arrays on
Cu substrates, with alkaline (NH4)2S2O8 as oxidant.[9] How-
ever, in this case only metal oxides or precursors with the
same metal elements as the metal substrates can be obtained.
In the other case, the metal substrates act merely as a support
and template for the material deposition and are not involved
in the chemical reactions, such as in chemical vapor deposi-
tion (CVD),[10] chemical bath deposition (CBD),[11] and
hydrothermal deposition.[12] For instance, Fan et al. adopted
a hydrothermal method to grow CoO nanorod arrays on
nickel foams with Co(NO3)2 as the cobalt source.[12a] The
deposition usually takes place not only on the substrates, but
also randomly on inside surfaces of the vessel.

Herein, we report a general approach that unifies the
in situ synthesis of single or binary component micro-/nano-
structured array films of metal oxides or their precursors on
metal substrates such as Ni, Co, Zn, Cd, Ti, and Al. This
strategy is based on a mechanism involving a self-sustained
cycle of hydrolysis and etching (SCHE) occurring at the
interfaces between acidic solutions and metal substrates. This
method provides a simple and convenient route to assemble
a variety of ordered building blocks on metal substrates
(current collectors) with novel micro-/nanostructures and
synergetic functions as electrodes for different electronic
devices.

We chose NiO as an example to demonstrate the
effectiveness of this method in yielding micro-/nanostruc-
tured arrays on a Ni substrate as an electrode for LIBs.
Scheme 1 shows the self-sustained cycle of hydrolysis and
etching (SCHE) employed to synthesize Ni(SO4)0.3(OH)1.4
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nanobelt arrays. The reaction system comprises a Ni substrate
and a Ni(NO3)2–Na2SO4 aqueous solution, and is subjected to
hydrothermal treatment at 160 88C for 12 h with no use of
alkali precipitants. When external Ni2+ ions in the aqueous
solution started to hydrolyze under hydrothermal conditions,
hydrolysis products and H+ ions were generated correspond-
ingly.[13] The H+ ions were then consumed by etching the
nickel substrate to produce Ni2+ ions and H2, which in turn
accelerated the hydrolysis of Ni2+ ions in an autocatalytic
fashion, leading to a preferential hydrolysis on the surface of
the nickel substrate. As the reaction continued, the Ni2+ ions
released from the Ni substrate supplemented the starting
Ni2+ ions in the solution, establishing a self-sustained cycle of
hydrolysis, etching, and deposition occurring near and on the
substrate surface. Finally, the NiO film composed of a porous
nanobelt array could be obtained by post-heat treatment of
the Ni(SO4)0.3(OH)1.4 precursor film.

The X-ray diffraction (XRD) pattern (see Figure S1 in
Supporting Information) presents the structural evolution
from monoclinic Ni(SO4)0.3(OH)1.4 to cubic NiO through
a subsequent post-heat treatment. Figure 1 shows the field-
emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM) images of NiO nanobelt
arrays aligned on the nickel substrate. The NiO nanobelt
structures have lengths of several mm and widths of 300–
600 nm (Figure 1a, b). These images show that the belt-like
architecture of the Ni(SO4)0.3(OH)1.4 precursor (Figure S2)
has been preserved after post-heating at 600 88C for 2 h under
a nitrogen atmosphere. A close examination reveals that the
nanobelts contain numerous nanopores (Figure 1c), distinct
from the continuous structure of the Ni(SO4)0.3(OH)1.4 nano-
belts. Clearly, these porous structures result from the tran-
sition of Ni(SO4)0.3(OH)1.4 into NiO during the post-heating
process. The TEM image in Figure 1d further confirms the
porous structure of each individual NiO nanobelt, which in
fact consists of rod-like assemblies of nanoparticles. The
lower inset image in Figure 1d shows the corresponding

selected-area electron diffraction (SAED) pattern, which can
be indexed to the [100] zone axis of the NiO nanobelt grown
parallel to [011]. The HRTEM image (upper inset image in
Figure 1d) of the subunit shows that the marked lattice fringe
spacings of 0.216 and 0.220 nm correspond to those of (020)
and (002) planes of cubic NiO, respectively. NiO nanobelts
with porous structure have a higher BET surface area
of 36.6 m2 g¢1 than 26.9 m2 g¢1 for the precursor
Ni(SO4)0.3(OH)1.4 (Figure S3).

The ordered Ni(SO4)0.3(OH)1.4 nanoarray film was selec-
tively grown on the surface of the substrate without random
deposition on the inside surfaces of the Teflon-lined wall
(Figure S4a,b) under selected conditions. However, when the
H+ ions were overly consumed by OH¢ ions coming from the
hydrolysis of anions such as acetate ions or from an alkaline
reagent such as triethanolamine, no well-defined film could
be obtained. Instead, precipitates in powder form were
formed in the solution (Figure S4c,d), or on the inside
surfaces of the Teflon-lined wall as well as on the substrate
(Figure S4e–h). Control experiments showed that without the
nickel substrate or with inert substrates, such as glass or
Si wafer, there was no deposition in the reactor when
hydrothermally treated at 140–180 88C for 24 h. The pH-
dependent studies further showed that the reaction system
containing the Ni substrate always exhibited a higher
pH value than the one with a Si wafer substrate as a result
of the consumption of H+ ions by etching of the Ni substrate
(Figure S5). On the other hand, the hydrothermal temper-
ature is also a key factor for activating the hydrolysis reaction
and etching the substrate during preparation of the
Ni(SO4)0.3(OH)1.4 precursor, as an obvious film on the
substrate is obtained only above 140 88C. It should be pointed
out that different reaction systems will definitely have
different temperature windows for the array synthesis
because of the different hydrolytic capacities.

In a broad sense, when the appropriate amount of external
metal ions added was hydrolyzed in an aqueous solution, the
alkaline-based precursor films were formed on the substrate,

Scheme 1. The self-sustained cycle of hydrolysis and etching (SCHE)
can be used to form Ni(SO4)0.3(OH)1.4 nanobelt arrays on a nickel
substrate, which is itself a participant of the cycle.

Figure 1. a,b, c) FESEM images of the free-standing NiO porous nano-
belt arrays; d) TEM image of an individual porous NiO nanobelt.
Insets in (d): HRTEM image in the circled region on a NiO nanobelt
(top) and an SAED pattern (bottom).
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and the produced H+ ions then made the solution acidic. At
the same time, the metal substrates were gradually etched by
H+ ions from the hydrolysis, which in turn promoted the
hydrolysis by consuming the H+ ions, leading to the oriented
deposition of alkaline-based precursors on the substrates.
Meanwhile, the metal ions released from the metal substrates
supplement the consumed metal ions in this hydrolysis
system, building up a self-sustained cycle of hydrolysis and
etching. As a result, the SCHE strategy allows substrate-
specific deposition without random precipitation because the
consumption of H+ ions leads to a preferential hydrolysis on
the metal substrate surface. The collateral assembly of the
micro-/nanostructured array films on the metal substrates can
prevent the metals from being further etched in the acidic
solution.

The SCHE method for the formation of Ni(SO4)0.3(OH)1.4

nanobelt arrays can be easily extended to other metal
substrates. This can be achieved by replacing the Ni substrate
with other metal substrates which can also be etched using
a similar system (Figure S6).

By tuning the parameters of the cycle, including the
reagents and metal substrates, we are able to prepare
different types of metal-based micro-/nanostructured arrays
on various substrates. Figure 2 shows several examples of this
strategy. Figure 2a shows the Mn-based amorphous nano-
sheet arrays grown on Ni substrates (Figure S7).
Fe(OH)3 nanosheet arrays composed of interconnected nano-
flakes have been grown on Ni substrates (Figure 2b; Fig-

ure S8). TiO2 nanorod arrays have also been prepared on
a Ti substrate (Figure 2c; Figure S9) with each hierarchical
TiO2 nanorod assembled by nanofilament substructures.
AlOOH nanosheet arrays have been grown on an Al sub-
strate and are composed of many cluster subunits which self-
assembled through interactions between parts of nanosheets
(Figure 2d; Figure S10). Co(OH)2 nanoplate arrays, consist-
ing of a large number of nanoplatelets crosslinked with each
other, are vertically aligned on a Co substrate (Figure 2e,
Figure S11). Figure 2 f shows the composite Ni(OH)2/ZnO
nanosheet array film grown on a Zn substrate with cross-
linked nanosheets (Figure S12a–c). The corresponding metal
oxides (Figure S13), including binary metal oxides (Fig-
ure S13c–f), can be derived from thermal treatment of these
precursors.

In the designed reaction systems, the metal ions involved
in the hydrolysis reaction come from two sources: the first is
an external supply added before the reaction and the second
is derived from etching substrates. The two sources can be the
same type of metal ion or can be different from each other. In
the case when the metal ions derived from etching substrates
are different from the external supply, the resultant metal-
based micro-/nanostructured arrays were dependent on the
solubility product constant (Ksp) values of both metallic
compounds (Table S1). For example, if one Ksp value is much
smaller than the other one, then only a single component is
expected. For example, the Ksp value of Fe(OH)3 (2.64 ×
10¢39) is much smaller than that of Ni(OH)2 (5.47 × 10¢16).
As a result, only Fe(OH)3 nanowall arrays are obtained on
a Ni substrate when nickel foam is immersed in a
Fe(NO3)3 solution (Figure 2b). On the other hand, if both
sources meet the hydrolysis condition and exceed their
Ksp value, then binary metal-based composites can be
obtained. For example, the Ksp values of Co(OH)2 (5.92 ×
10¢15) and Cd(OH)2 (5.27 × 10¢15) are very close, so
Co(OH)2/Cd(OH)2 a composite nanoplate-array film is
obtained on a Cd substrate (Figure S12d–f), similar to the
Ni(OH)2/ZnO nanosheet arrays grown on a Zn substrate
(Figure 2 f; Figure S12a–c). This method provides a new route
for designing micro-/nanostructured array films on metal
substrates and enables the fabrication of well-oriented arrays
without the use of any templates. More importantly for
application of the system, the fabrication can be easily
achieved on a large-area substrate (� 40 cm2 ; Figure S14).

To demonstrate the use of the well-ordered arrays, the as-
prepared NiO porous nanobelt-array films (NiO-PNAFs) on
a Ni substrate were directly used as anode electrodes for
LIBs. The initial ten discharge–charge curves of the NiO-
PNAF electrode recorded at a rate of 0.1 C are shown in
Figure 3a. The initial discharge capacity is 1017 mAhg¢1 with
a charge capacity of 737 mAhg¢1 and the second discharge
capacity is 815 mAhg¢1. The potential plateaus and reprodu-
cibility of the discharge–charge profiles are in good agree-
ment with the results obtained from the cyclic voltammo-
grams (CV; Figure 3b). A broad cathodic wave centered at
1.18 V and a sharp anodic wave at 1.97 V are identified in the
first cyclic voltammogram. After the electrode activation of
the first cycle, a set of sharp waves at 1.34 and 1.97 V can be
detected during the subsequent cycles. The separations

Figure 2. FESEM images of a) Mn-based (amorphous) and b) Fe(OH)3

nanosheet arrays grown on Ni substrates, c) TiO2 nanorod arrays
grown on a Ti substrate, d) AlOOH nanosheet arrays grown on an
Al substrate, e) Co(OH)2 nanoplate arrays grown on a Co substrate,
and f) Ni(OH)2/ZnO composite nanosheet arrays grown on a Zn
substrate.
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between discharge–charge plateaus and between CV cathodic
and anodic waves are much smaller than in previous
reports,[9,11a] which indicates the weaker polarization of
the NiO-PNAF electrode, and further implies the fast
electrochemical reaction kinetics.

The cycling performance of the NiO-PNAF electrodes at
current densities of 1 C and 10 C is shown in Figure 3c. It can
be seen that the specific capacities increase to a maximum
value and then start to decrease, leading to high capacity
retentions for 100 cycles. This increase might be attributed to
a reversible formation of the gel-like polymer layer.[14] The
stable capacity retention at such high current densities
indicates its excellent cycling stability and good rate capa-
bility. Figure 3d further confirms that the NiO film electrode
with 1D porous nanobelt arrays exhibits good rate perfor-
mance. It delivers average capacities of 440, 380, 330, and
290 mAhg¢1 at current densities of 5, 10, 20, and 30 C,
respectively. When the rate decreased from 30 C down to
0.2 C, the reversible capacity recovers back to 560 mAhg¢1.

The self-supported arrays directly constructed on the
current collector facilitate the efficient diffusion of electrolyte
into the inner region of the electrode and sustain the volume
change associated with lithium lithiation and delithiation.
Additionally, the nanobelt arrays have direct 1D electronic
pathways allowing for faster electron transport and the
thinness of the nanobelts shortens the pathway of ion
transport. Furthermore, micro-/nanoarchitectures which
have some surfaces and interfaces fused together have
relatively smaller specific surface area than nanostructures,
which could lessen the formation of excessive solid–electro-
lyte interfaces (SEI).

In conclusion, we have demon-
strated a new and versatile strategy
involving a self-sustained cycle of
hydrolysis and etching (SCHE) to
directly fabricate a series of metal-
based micro-/nanostructured array
films on various metal substrates.
This method is simple, efficient, and
green. In contrast to conventional
methods, the synthesis is conducted
in non-alkaline aqueous solutions
without additional oxidants and
alkali reagents. The self-sustained
cycle allows substrate-specific dep-
osition instead of random deposi-
tion. This general method can be
employed to produce a variety of
single- or binary-component arrays
(employing Ti-, Al-, Ni-, Co-, Mn-,
Fe-, Zn-, or Cd-based precursors/
oxides) on various functional sub-
strates (such as Ti, Al, Ni, Co, Zn,
and Cd foils) by tuning the cycle
parameters and is expected to be
applicable for large-scale prepara-
tion. These arrays of metal oxides
grown on functional substrates are
anticipated to be applied as promis-

ing electrodes not only in lithium-ion batteries, but also in
other energy conversion and storage systems, and more
broadly in electronic devices wherein micro-/nanostructured
arrays are desirable.

Keywords: electrochemistry · energy conversion · hydrolysis ·
lithium-ion batteries · metal oxides
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