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Spontaneous Electroless Galvanic Cell Deposition
of 3D Hierarchical and Interlaced S–M–S Heterostructures
Chuan Fu Tan, Siti Aishah Bte Azmansah, Hai Zhu, Qing-Hua Xu, and Ghim Wei Ho*
Metal–semiconductor (M–S) heterostructures are fundamental
elements of most semiconductor devices such as photo
voltaics,[1–4] piezoelectric nanogenerators,[5,6] piezotronics
devices,[7,8] and catalysis.[9–13] Their nanoscopic dimensions,
interface qualities, and morphological architectures, directly
influence and mediate interactions between optical and electronic properties.[14,15] Currently, traditional aqueous and
vapor-phase methods encounter difficulties in the creation of
epitaxially interfaced M–S junction, let alone providing precision in controlling morphological parameters. Moreover, despite
the rapid advancement of 2D materials due to their attractive
optical and electrical properties, there are limited reports on
the preparation of hierarchical 2D nanoplates (NPs) heterointerfaced with 1D nanostructures. This can be attributed to
the difficulty in hybridizing different growth mechanisms and
controlling nucleation-growth kinetics of dissimilar low-dimensional structures. Incoherent crystalline phases may occur at
the interfaces which to a large extent can adversely affect charge
transport resulting in undesirable carrier recombination.[16,17]
Hence, controlled synthesis of hierarchical multidimensional
nanostructures consisting 2D and 1D building blocks at a
large-scale is still a big challenge.
Herein, we demonstrated an unprecedented one-pot electroless galvanic deposition of interlaced nanoarray of 2D metal
NPs–1D semiconductor nanorods (NRs) heterostructure. Such
selective aqueous growth of heterostructure comprises of dissimilar low-dimensional structures and phases have not been
explored to date. The successive growth of 2D metal NPs and
1D NRs takes place in a one-pot unperturbed growth environment. This effectively produces epitaxial growth of heterostructure, besides owing to good crystal symmetry and lattice match
attributes. Essentially, 2D Ag metal NPs are interfaced and
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sandwiched between 1D ZnO NRs forming efficient S–M–S
Schottky heterojunctions with optimal charge separation and
transportation capabilities. The hierarchical 2D–1D heterojunctions not only augment the absorption and scattering of
photons but also offer extended platform for maximizing
growth and exposure of photoactive NRs arrays. Consequently,
surface and interfacial-dominated photoelectrocatalysis renders
direct and relevant assessment of the interlaced S–M–S heterostructures which reveal efficient charge collection-transfer
leading to exceptional photoreactivity.
Figure 1a shows a schematic of the employed unconventional electroless galvanic cell deposition set-up. A digital
photograph shows as-deposited uniformly coated 3D Ag NPsZnO NR film which may suggest homogenous and scalable
synthesis technique (Figure 1b). Figure S1 of the Supporting
Information shows schematics of other traditional galvanic
depositions contrasted with the adopted electroless galvanic
cell deposition. The typical electrodeposition/galvanic deposition technique entails electric current to reduce dissolved metal
cations to realize mainly surface coating on an electrode. Other
typical method is the autocatalytic deposition which encompasses solution containing salt of the metal to be deposited and
a suitable reducing agent together with a catalytic reactive metal
substrate.[18] The common galvanic displacement, on the other
hand, works on the basis of an electrode of less noble metal or
a solution of more reactive metal.[18] On the contrary, our work
employs an unconventional methodology that is based on a
galvanic cell approach. It is an electroless deposition technique
which does not involve any external current since it derives its
electrical energy from spontaneous redox reactions. The simple
electroless galvanic cell set-up uses an inexpensive sacrificial
electron source, in the form of Al foil, to realize 3D heterostructural growth of Ag NPs with subsequent facets-and-location
selective deposition of ZnO NRs without any seeding process.
Concurrently, hexamethylenetetramine (HMT) is utilized as
both the passivation source for the growth of 2D Ag NPs and
hydroxide ions (OH−) source for the formation of 1D ZnO NRs.
The versatile growth condition coupled with complementary
combination of reactants invokes a one-pot direct sequential
deposition of 3D hierarchical heterostructure nanocomposites.
The one-pot growth preserves the reaction conditions thereby
minimizing the possibility of external contaminations. This
offers distinct advantages over deposition techniques that
require multistep approach for the construction of heterostructures. Furthermore, the adaptable growth conditions enable systematic study of various reaction parameters that resulted in distinctly different structural design, as summarized in Figure S2
of the Supporting Information.
Figure 1c illustrates the growth mechanism of the electroless
galvanic cell deposition of the hierarchical Ag NPs-ZnO NR
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Figure 1. a) Electroless galvanic cell deposition set-up and b) digital photograph of as-deposited material. c) Schematic illustration of electroless
galvanic cell Ag-ZnO heterostructures growth mechanism.

heterostructures with more detailed information appended in
supplementary information. It begins with the formation of Ag
NPs on the fluorine-doped tin oxide (FTO) substrate through
the reduction of Ag+ ions in the growth solution (Figure S3a,
Supporting Information). During this reaction, Al foil acts as
the sacrificial anode, oxidizes and creates electron source for
the reduction of Ag+ ions to occur on the cathodic FTO. The
consequent morphology from the continuous agglomeration
manifests in the formation of Ag NPs with wide and expansive surface area via Oswald ripening mechanism[19] and constricted growth in the lateral direction due to the presence of
ammonia from the hydrolysis of HMT[20] (Figure S3b, Supporting Information). The adsorption of ammonia on the
lowest energy of Ag {111} facets causes this facet to have a
lower growth rate than the other facets.[19,21] Selective capping
that occurs only on the {111} facets of Ag causes the edges
of the Ag NPs to manifest in a bevelled form enclosed by the
{100} facets (Figure S4a,b, Supporting Information). Without
including HMT in the growth solution, the deposited Ag atoms
only agglomerate to form clumps of irregular and thick plates
(Figure S5a,b, Supporting Information). The depletion of Ag+
ions in the growth solution completes the growth of Ag NPs
and paves way for a subsequent reduction reaction involving
Zn2+. Reduction begins with the production of OH− ions on the
cathodic Ag NPs with the dissolved oxygen and water content
in the growth solution. In addition, the ammonia produced
from the hydrolysis of HMT decomposes to produce OH− ions
in the growth solution over time. The presence of OH− ions is
pivotal in the sequential deposition of ZnO NRs. The ZnO NRs
nucleation is observed after 1 h growth (Figure S3c, Supporting
Information). This is evident from the short ZnO stubs on the
Ag NPs while ZnO NRs growth continues after 2 h (Figure S3d,
Supporting Information). It is observed that the ZnO NRs preferentially grow on the Ag NPs instead of the FTO (Figure S6a,b,
Supporting Information). This is possibly due to the more crystalline nature of Ag NPs than that of FTO and agreeable lattice
matching between the Ag {100} and {111} facets with {0001}
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facets of hexagonal ZnO NRs.[22] Without prior formation of
Ag NPs, ZnO NRs will instead grow uniformly on the FTO
(Figure S7a,b, Supporting Information).
Taking advantages of the capability of electroless galvanic
cell deposition to construct unique 3D hierarchical S–M–S
heterostructures, one can construct ideal photoanode Schottky
heterojunctions with optimal photon absorption, charge separation, and transportation properties. The synergic features are
illustrated in Figure 2a which include high density 1D nanorods
structure which warrants high surface area for photon absorption and scattering[23,24] and 2D highly conductive extended Ag
electrodes for efficient charge separation and collection. The
integration of Ag and ZnO creates heterojunction that instigates band bending through the alignment of Fermi levels of
the semiconductor and metal.[25] The photogenerated electrons
in the conduction band of ZnO are inhibited from recombination processes as the band bending leads to effective transfer
of electrons from conduction band of ZnO to Ag[26] as shown
in Figure 2b. It has been demonstrated that large nanoarray of
Ag-ZnO heterostructures can be successfully deposited homogeneously on FTO substrate (Figure 2c). Interestingly, the high
density Ag NPs nucleation results in amalgamation of close
proximity NPs leading to subsequent quasi-continuous Ag-ZnO
heterostructure matrix (Figure 2c inset). Figure 2d summarizes
the one-pot hassle-free scalable synthesis of vertically orientated
interlaced Ag NPs and sequential deposition of ZnO NRs to
attain unique 3D hierarchical S–M–S heterostructure. The interconnectedness of Ag NPs serves to further improve junction
conductivity, similar to studies seen in nanowires network.[27]
A photoelectrode with higher electron conductivity has been
shown to improve photoelectrochemical performance by providing efficient transportation of photogenerated charges.[28,29]
Figure 3a–c shows SEM images of controllable density of ZnO
NRs deposited on the Ag NPs. With a decrease of Ag+ concentration, it is observed that the density of ZnO NRs growing on the Ag
{111} surface is sparse denoted as Ag NP-ZnO NRs edge (AZE)
(Figure 3a). On the other hand, an increased in Ag+ concentration
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Figure 2. a) Schematic of the synergic features of 3D S–M–S heterostructure with enhanced photon absorption-scattering and charge transfer attributes. b) Structural and band diagram of the S–M–S heterojunction. c) SEM image of large nanoarray of Ag NP-ZnO heterostructures, insets show the
SEM image of heterostructures interconnections. d) Schematic of one-pot synthesis of vertically orientated interlaced Ag NPs and sequential deposition
of ZnO NRs toward 3D hierarchical S–M–S heterostructure.

significantly increases the density of ZnO NRs growing on the
{111} facets as such it induces different morphology, i.e., Ag
NP-ZnO NRs (AZR) (Figure 3b). Further increase in Ag+ concentration leads to large ZnO NRs diameters that coalesce[25] forming
a dense epitaxial film, Ag NP-ZnO Film (AZF) (Figure 3c).
Figure 3d illustrates the role of surface passivation on the
controllable facet-selective growth of ZnO NRs on the Ag NPs.
It is postulated when the NH3 passivation on the expansive
{111} facets is sufficiently high due to a decreased Ag+ to HMT
ratio. This hinders extensive formation of ZnO NRs and confines the growth on the bevelled Ag facets leading to the AZE
structural design. On the contrary, an increased in Ag+ to HMT
concentration or reduced NH3 passivation/capping, the ZnO
NRs will preferentially grow on Ag {111} facets rather than on
{100} facets due to closer lattice match parameter, 2.68% and
23.9%, respectively.[22] This resulted in AZR and AZF structural
growth. The influence of Ag+/Zn2+ ions ratio on the resultant
morphologies namely ZnO NR density diameter and length
and Ag NPs thickness is summarized in Figure 3e,f.
It is interesting to note that highly directional growth of ZnO
NRs is observed on both exposed Ag {111} facets, perpendicular
orientated to the Ag surfaces (Figure 4a). In contrast, the ZnO
1604417 (3 of 7)
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NRs are noted to branch outward on each of the bevelled surfaces
of the {100} Ag facets (Figure 4a,b, and Figure S8, Supporting
Information). The structural composition is also achieved by
elemental mapping with energy-dispersive X-ray (EDX) spectroscopy. Figure 4c shows the AZE mapping in accordance to
the observed selective growth of ZnO NRs that is found on the
bevelled region of Ag NPs. Accordingly, the EDX spectra and
mapping of the AZR and AZF are shown in Figures S9 and
S10 of the Supporting Information, respectively. The crystalline nature of the as-synthesized Ag NP-ZnO heterostructures
is further confirmed by X-ray diffraction (XRD) as shown in
Figure 4d. The XRD characterization of Ag NPs displays predominantly Ag {111} peak, which denotes its expansive exposed
surface. Transmission electron microscopy (TEM) in Figure 4e,
shows the distinct interface between the Ag and ZnO heterojunction. Furthermore, a high-resolution TEM (HRTEM) image
reveals the crystallinity of the metal–semiconductor interface.
Lattice fringes with an interplanar distance of ≈0.24 nm correspond to the (111) plane of Ag NPs while an interplanar
distance of ≈0.27 nm corresponds to crystallographic (002)
plane of ZnO NRs.[30] To further analyze this, SAED pattern of
the Ag NP is obtained in the [111] direction (Figure 4f,g). The
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Figure 3. a–c) SEM images of Ag NP-ZnO edge (AZE), Ag NP-ZnO NRs (AZR), and Ag NP-ZnO film (AZF) heterostructures, respectively. d) Schematics
on the effect of surface passivation on the selective facet growth of ZnO NRs on the Ag NPs. e) Ag NP thickness, ZnO NRs areal density and f) ZnO
NRs length and diameter with different Ag+/Zn2+ ions ratio. Insets in (e) show the SEM images of Ag NPs and ZnO NRs on Ag NPs.

observed hexagonal diffraction spots verify that the surface of
the NP is bounded by {111} planes. The inner diffraction spots
marked by circle is indexed to the forbidden 1/3{422} planes,
which has been attributed to twin planes parallel to the {111}
surface. The spots with the highest intensity are attributed to
the {220} plane. These results agree with existing works of fcc
NPs bounded by {111} facets.[31–33] The surface compositions
and chemical states of the as-prepared AZR are further investigated with X-ray photoelectron spectroscopy (XPS) as shown in
Figure S11 of the Supporting Information. The XPS spectra validate the as-synthesized S–M–S heterostructures are comprised
of pure Ag metal and ZnO end-product.
Finally, surface and interfacial-dominated photoelectrocatalysis was conducted as an ideal testbedding of the interlaced
S–M–S heterostructures performance. Figure 5a exhibits the
photon absorbance and PL recombination rates of various
Ag-ZnO heterostructures. The structure with the least ZnO
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materials (AZE) shows the lowest light absorbance and PL peak
intensity, denoting unfavorable low photon absorption however
with an efficient electron transfer from conduction band of ZnO
to Ag.[26] Notably, an increase in the ZnO photoactive materials,
i.e., AZR, it can be observed that photon absorbance is greatly
enhanced without much compromise in the PL recombination
as opposed to AZF where charge carrier recombination is excessively high. To further validate this, picosecond resolved fluorescence decay analyses of ZnO NRs and the as-synthesized S–M–S
heterostructures were performed (Figure 5b). The average lifetime of the ZnO is 40.45 ns and that of AZE, AZR, and AZF
are 1.91, 4.03, and 7.05 ns, respectively. Summary of the spectroscopic fitting parameters of the fluorescence transient findings
corroborate the static PL peak intensities results of the Ag-ZnO
heterostructures (Table S1, Supporting Information). Figure 5c
presents the linear sweep voltammetry J–V curves for AZE,
AZR, and AZF heterostructures under dark and illuminated
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Figure 4. a,b) Cross-sectional SEM views of Ag NP-ZnO NRs (AZR) structure. c) EDX mapping of Ag-ZnO edge (AZE) heterostructures d) XRD spectra
of Ag NP and Ag NP-ZnO NRs (AZR). e) TEM and HRTEM of Ag-ZnO interface. f) TEM image and g) corresponding SAED pattern of Ag NP.

conditions. Among the heterostructures, AZR shows the highest
photoresponse under illumination. The same trend is observed
for photocurrent density cycles (Figure 5d) of the Ag-ZnO heterostructures. Pure ZnO arrays recorded a photocurrent density
of 5 µA cm−2, the least amongst the heterostructures whereas
AZR produced the highest photocurrent density, at a consistent
value of 25 µA cm−2. An optimal density of ZnO NRs present
in the heterostructures influences the photoresponse. Among
the three types of heterostructures, the AZR reveals the best
photoelectrical performance due to its favorable high density
nanorods structure which warrants high surface area for photon
absorption and scattering[23,24] (Figure 2a). In contrast to the
case of AZE and AZF heterostructures, where ZnO manifests
as a sparse confined nanorods and dense epitaxial film, respectively, show lower photoelectrical performance. Subsequently,
the photocatalytic hydrogen production under UV–vis irradiation
for pure ZnO arrays, AZR, AZF, and AZE heterostructures were
tested (Figure S12, Supporting Information). With the same PEC
set-up and under 0.5 V bias, pure ZnO arrays demonstrate the
lowest rate of hydrogen production ≈1.0 µmol h−1. AZR produce
hydrogen at the highest rate of ≈6.3 µmol h−1. These findings are
in agreement with the photocurrent cycles recorded over time
where AZR produces the highest photocurrent (Figure 5b).
1604417 (5 of 7)
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In summary, we have developed an electroless galvanic cell
deposition to construct 3D hierarchical heterostructures interlaced nanoarrays. Specifically, the hierarchical structures comprises of 2D Ag metal NPs interfaced and sandwiched between
1D ZnO NRs forming efficient S–M–S Schottky heterojunctions
The extended 2D Ag NPs electrode structure renders expansive
low-resistance platform for effective long-range charge transfercollection pathways between the light harvesting ZnO NRs
and the conductive substrate. Such unique S–M–S conceptual
design optimizes effective surface area for light harvesting and
respective charge collection leading to fivefolds increment in
hydrogen production rate compared to ZnO NRs array.

Experimental Section
Synthesis of Ag NP-ZnO NRs (AZR): A galvanic cell approach was
employed shown in Figure 1. A piece of FTO coated glass substrate was
sonicated in IPA for 5 min and blown dried with N2. Aluminum (Al) foil
was adhered to the edges of the FTO. The substrate was then placed in
a glass vial containing 2.5 × 10−3 m of silver nitrate (AgNO3), 25 × 10−3 m
of zinc nitrate hexahydrate (Zn(NO3)2•6H2O) and 25 × 10−3 m of HMT in
deionized (DI) water. The solution was heated to 90 °C and maintained
for 3 h.
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Figure 5. a) Absorbance and photoluminescence spectra and b) time-resolved photoluminescence c) linear sweep voltammetry and d) photocurrent
density versus time under a 0.5 V bias of ZnO NRs and various Ag NP-ZnO NRs heterostructures.

Modification of the Ag NP-ZnO structures were done by following the
same procedures with molarity of Ag+ reduced. AZF and AZE structures
were synthesized with a molarity of 2.25 × 10−3 and 2.75 × 10−3 m,
respectively. The preceding and remaining procedures were the same as
that of synthesis of Ag NP-ZnO NRs structures.
Materials Characterization: The morphologies of the heterostructures was
characterized with a scanning electron microscopy (SEM, JEOL FEG JSM
7001F) operated at 15 kV. The elements present in the nanostructures were
analyzed using EDX (Oxford Instruments). The crystalline structures and
elemental compositions of the materials were analyzed using XRD (D5005
Bruker X-ray diffractometer equipped with graphite-monochromated Cu Kα
radiation at λ = 1.541 Å), transmission electron microscopy microscopy
(JEOL 2100 TEM). Absorption and photoluminence spectra of the samples
were measured with an UV–vis-NIR spectrophotometer (UV-VIS, Shimadzu
UV-3600) and micro-photoluminescence (PL) with a He–Cd laser at 325 nm,
respectively. The amount of H2 gas produced from the photocatalytic
experiments were measured by gas chromatography (Shimadzu GC2010
TCD). Time-resolved photoluminescence measurement was performed
under excitation of 350 nm femtosecond pulses. The excitation source is
a mode-locked Ti:sapphire laser (Chameleon Ultra II, Coherent) working
with repetition rate of 80 MHz, pulse duration of 140 fs. The second
harmonic generation of 700 nm output from the laser was employed to
excite the samples. The pulse energy of the femtosecond laser was about
120 pJ per pulse. The excitation laser pulses were focus onto the sample
through an objective (×10, NA = 0.3) with a spot size of ≈0.7 µm. The
energy density at the excitation spot is 7.8 mJ cm−2. The scattering of the
excitation laser pulses was suppressed by using a 412 nm longpass filter.
The photoluminescence of the samples was collected and detected by a
photon-counting photomultiplier (PMA, Picoquant). The emission centered
at 600 nm was selected by a monochrometer (SpectroPro 2300i, Princeton
Instrument). The PL decay dynamics were achieved by a time-correlated
single photon counting module (TCSPC Picoharp300, Picoquant).

Adv. Mater. 2017, 29, 1604417

Photoelectrochemical/Photocurrent Measurements: The as-synthesized
active electrodes were tested in a quart cell using a three-electrode
configuration with Pt foil as the counter electrode and Ag/AgCl as the
reference electrode. Aqueous 0.5 m sodium sulphate (Na2SO4) was used
as the electrolyte and was deaerated by continuously bubbled with N2 for
1 h, before the PEC measurements, to reduce erroneous oxygen reduction
signals. The setup was illuminated and irradiated with a 300 W Xenon
arc lamp (intensity: 100 mW cm2) and the photocurrents were measured
using a potentiostat (Princeton Applied Research, Parstat 4000).

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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