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as solar energy conversion [1], environmental purification 
[2], photoelectrical sensing [3], photoredox catalysis [4], 
and particularly using in photo-catalytic applications [5, 
6]. Zinc oxide (ZnO), with its unique advantages includ-
ing high electrical and environmental stability, high photo-
electrical performance and low cost, is a typical photocata-
lyst in group II-VI and has been widely used in industrial 
fields [7–9]. The properties of ZnO materials largely rely 
on their structures, and thus many ZnO have been synthe-
sized to particular shapes, like particles, rods, belts, tetra-
pods, spheres, flowers, needles, flowers and tubular whisk-
ers [10, 11]. These ZnO nano-materials have good catalytic 
performance regarding their physio-chemical properties. 
However, the photocatalytic activity of ZnO nano-materials 
is not high enough for catalytic application, due to a high 
recombination rate of electron–hole pairs [12].

Using noble metal (Pd, Ag, Pt, Au)–ZnO nanocompos-
ites is a strategy to enhance the nano-photocatalytic prop-
erties of ZnO materials [13–20]. The Pd-, Ag-, Pt- and 
Au–ZnO nanocomposites have reduced-rates of recombina-
tion of the electron–hole pairs, since there have been the 
metal-accumulated electrons and the photo-catalytic holes 
in these ZnO-based nanocomposites [21]. The enhanced 
properties of noble metal–ZnO nanocomposites indicate 
that they can be used as sensors, converters, energy gen-
erators and photocatalysts instead of ZnO materials. There 
has been also variety of structures of noble metal–ZnO 
nanocomposites reported, showing that noble metal–ZnO 
is able to be widely used in nanotechnology. The noble 
metal–ZnO nanocomposites can occur in zero- (0D) to 
three-dimensional (3D) structures, using different synthesis 
methods, where their structures can be sphere, rod, wire, 
sheet, belt-like, flower-like, pyramid-like, etc. These struc-
tures determine the properties and applications of noble 
metal–ZnO nanocomposites as catalysts. Thus, we feel that 
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development and our future perspectives are presented.

1  Introduction

In recent years, there have been many kinds of nano-pho-
tocatalysts reported for their attractive applications, such 
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it is essential to summarize key new developments in this 
emerging research frontier. Our aims are to provide the 
state-of-the-art of current research development, to point 
out key challenges faced by researchers, and to stimulate 
future research in creating noble metal–ZnO nanocompos-
ites for wide practical application.

In this review, we first briefly introduce the various syn-
thesis methods for the preparation of noble metal–ZnO 
nanocomposites. Subsequently summarize key finding of 
the influences including structure and composite of the 
noble metal–ZnO nanocomposites on the photo-catalytic 
properties. Furthermore, the catalytic application of the 
noble metal–ZnO nanocomposites is deeply discussed. 
Lastly, the challenges for future research development and 
our future perspectives are also presented.

2 � Methods of synthesis

The typical works reporting nanostructures of noble 
metal–ZnO nanocomposites have been listed and discussed 
for their properties and catalytic applications in this review. 
These noble metal–ZnO nanocomposites, synthesized using 
different methods, were showed with different structures 
properties and applications in their reports. The synthesis 
methods include solution-based hydrothermal approaches, 
UV-irradiation, calcination, anneal, flame spray pyrolysis, 
sputtering, coating, etc. In a typical synthesis, one or more 
of these methods was employed.

2.1 � Solution‑based methods

The obtaining of noble metal–ZnO nanocomposites by the 
solution-based synthetic process is the subject of much 
interest, in view of the simplicity, low cost, reliability, 
repeatability and relatively mild conditions of synthesis, 
which are such as to deposition of noble metal on the ZnO 
surface with selected noble metal ions. A typical solution-
based method was binding particles to the oxide support via 
amine route in solution, which was employed to synthesize 
Pd–ZnO nanocomposites [22]. The Ag–ZnO nanosheet was 
also achieved at room temperature by depositing Ag nano-
particles on the ZnO nanosheets in solution [23]. In another 
UV-assisted works, Pd–modified ZnO nanoparticles were 
fabricated by mixing PdCl2 and ZnO in solution and then 
UV-irradiated for 6 h by a λmax-365 nm mercury lamp [24].

2.2 � High temperature‑based methods

The high temperature-based method does not require the 
use of organic solvents or additional processing of the 
product, which makes it a simple and environmentally 

friendly technique. For example, similar to the UV-
assisted approaches but with high temperature, a prepa-
ration of laser-induced Ag–ZnO nanoparticles was devel-
oped by Whang et  al. [25], treating the Ag and ZnO 
precursors with laser beam of 10  Hz for 30  min and 
annealing at 500 °C for 2 h. There have been many works 
reported using calcination techniques. The Pd–ZnO nan-
oparticles was achieved by mixing PdCl2 in ZnO-nano-
particles-contained solution along with a calcination pro-
cess at 250  °C [26]. The synthesis method of Au@ZnO 
core–shell nanoparticles was developed by heating Au 
nanoseeds and ZnO precursors together at 500 °C in air 
for 2 h [27]. More reported works of Pt–ZnO nanoparti-
cles fabricated by solution-based mixing and annealing/
calcining were also available [28, 29].

Some Pd–ZnO nanoparticles were synthesized by 
flame spray pyrolysis. Typically, the flame spray pyroly-
sis evaporated and combusted the ZnO and Pd precursor’s 
droplets (in toluene/acetonitrile mixture solution), lead-
ing to a Pd deposition on ZnO powder support [30]. The 
synthesis of Au- and Pt–ZnO nanoparticles using a spray 
flame reactor was described in a report work [31] as well, 
using similar operating conditions as that of the Pd–ZnO 
synthesis. There has been a work using Au as core but 
decoration to synthesis the ZnO nanoflowers [32]. The 
Au–ZnO nanoflowers were fabricated by mixing ZnO and 
Au precursors in organic solution and heating at 120 °C 
for 15  min and 260  °C for 1  h. The noble metal–ZnO 
nanocomposites was attained by this synthetic method 
consumed much energy for the high temperature.

2.3 � Electrical methods

Electro-synthesis method is the synthesis of chemical 
compounds in an electrochemical cell. The main advan-
tage of electro-synthesis over an ordinary redox reaction 
is avoidance of the potential wasteful other half-reaction 
and the ability to precisely tune the required potential. 
With electrical methods, electrodeposition of Pt on ZnO 
nanorods was performed using an electrochemical ana-
lytical instrument prior to a 10  h-long annealing pro-
cess (200 °C in air) [33], Coating of sputtered Pt on ZnO 
nanoparticles was another method to produce Pt–ZnO 
nanoparticles, reported by Phan and Chuang [34]. Pd-
doped ZnO nanofibers were fabricated by electrospin-
ning-assisted mixing and calcining at 600  °C in air for 
3 h [35].

Based on the core–shell approach, the synthesis of 
ZnO@Pt nanoflowers was developed for ethyl violet 
decomposition by Yuan et  al. [36], by heating the solu-
tion containing Pt seeds and ZnO precursors at 280  °C 
(Table 1).
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3 � Photocatalytic property

3.1 � Structures (0–3D)

Since the majority of catalytic reactions are structure-sen-
sitive or site-demanding, it is imperative to fundamentally 
understand the relationship between the structure or shape 
of nanomaterials and their electrocatalytic properties. How-
ever, in contrast to the growing number of studies on the 
correlation between the size of spherical nanoparticles and 
their catalytic activity, very little theoretical work has been 
conducted to evaluate the effects of nanoparticle shape on 
photo-catalytic activity of noble metal–ZnO nanocom-
posites since these structures are not easily accessible. 
Morphology control plays a key role in developing high-
performance catalysts with unique physical and chemical 
properties as reported in the literature. Thus, the struc-
tures from zero dimension to three dimension of noble 
metal–ZnO nanocomposites will be discussed below. A 
nanoparticle structure is generally regarded as zero-dimen-
sional (0D). Based on the nanosized structures, Fig.  1a 
shows a schematic diagram of photo-involved catalysis on 
a semiconductor, where the photocatalyst provides reac-
tants the required reaction energy by converting the energy 
from light. The excited electrons can jump to conduction 
bands from valence bands with a generation of h+ holes in 
the valence bands, when the photocatalyst is exposed to a 
light with energy not lower to the energy bandgap. Then 
the reactants on or near the surface of photocatalyst can 
use the band gap energy to initiate the reaction. A typical 
structure of Pd–ZnO nanocomposites is sphere particle, 
which can be achieved using solution-based approaches. A 
newly developed method is fabrication of Au–ZnO nano-
particles from zeolitic imidazolate framework-8 (ZIF8), for 
improved photocatalytic activities. Since the structure of 
Pd–ZnO nanocomposites plays an important role in their 
properties and applications, many works have been carried 
out to explore novel structures of Pd–ZnO nanocompos-
ites based on previous studies of Pd–ZnO nanoparticles. 

As shown in Fig. 1b, ZnO supports with certain structures 
provide space for noble metals nanoparticles to attach, 
forming noble metal–ZnO interfaces of a Schottky con-
tact. The noble metal–ZnO interfaces also can wide the 
nearby depletion-layer for a better electrons transporting 
among ZnO and Pd molecules [43]. Since the structure of 
Pd–ZnO nanocomposites plays an important role in their 
properties and applications, many works have been carried 
out to explore novel structures of Pd–ZnO nanocompos-
ites based on previous studies of Pd–ZnO nanoparticles. 
A recent reported Au–ZnO nanocomposite [50], prepared 
from ZIF8by a mixing-calcination method (Fig.  2a), was 
observed under TEM with notable morphology differences 
for ZnO (Fig. 2b) and Au–ZnO nanoparticles (Fig. 2c).

Wire, rod and fiber are typical one-dimensional (1D) 
structures. typical Pd-nanoparticles-decorated ZnO nanow-
ires (Fig. 3) were fabricated by Li’s group [38]. The TEM 
images showed a clear structure of ZnO nanowires with 
the Pd-nanoparticle decoration, indicating good elec-
trons transportability from ZnO to Pd molecules. A simi-
lar Pd–ZnO nanostructure (Pd nanoparticles on ZnO 
nanowires) was achieved by Bera and Basak [39]. The 
Pd-decorated ZnO nanowires showed a higher UV photo-
sensitivity and response speed compared to the pure ZnO 
nanowires. Due to the enhanced energy transfer among 
ZnO and Pd molecules, when the Pd density increased, the 
photoluminescence spectrum of their Pd–ZnO nanowires 
showed a decreased band-edge emission and an increased 
defect-related emission. Through a similar approach, the 
Ag–ZnO nanowires were synthesized. The Ag-modifica-
tion enhanced the photo-induced electron-transfer reactions 
of ZnO [45].

High ratio of surface area to volume is an important 
characteristic for effective interactions between materi-
als and chemicals [58, 59]. The fabrication of ZnO-based 
photocatalysts has been desired with a high ratio of sur-
face area to volume, like 2D platelike ZnO, leading to an 
improved activity than rodlike structures [60]. Porous ZnO 
nanosheets, produced by Xiao et  al. [41], were used as 

Fig. 1   Schematic diagrams of 
photo-involved catalysis on a 
semiconductor (a) and noble 
metal-decorated ZnO nanostruc-
tures (b) [43]
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support to load Pd nanoparticles by mixing the Pd nanopar-
ticles with the ZnO nanosheets in water (self-assembling) 
and then annealing the mixture. Another 2D nanostructure 
of noble metal-nanoparticles-decorated ZnO was reported 
with a belt-like shape, synthesized by combining Pd or 
Au films with ZnO supports [42]. The decoration of noble 
metal on ZnO nanobelts increased the intensity of their 
visible-light emission but decreased the intensity of their 
UV emission. The fabricated Ag–ZnO nanosheets showed 
improved photocatalytic activity with evaluated separation 
rate of electron–hole pairs [23].

A novel 3D-structure is nanoflower, namely flower-
like nanostructure. The formation of nanoflower or 
flower-like structure is generally accompanied with pro-
cesses including crystallization, growth (molecular bind-
ing), self-assembling, micro-twisting, Ostwald ripening, 
etc [61–63]. Similar to some approaches of 1D/2D-nano-
structure synthesis, flower-like Ag–ZnO and Au–ZnO 
nanostructures were fabricated using a two-step method: 
fabricate the flower-like ZnO nanostructure; load the 
Ag or Au nanoparticles on ZnO by a UV-irradiation of 
15 min [46]. However, the noble metals were hard to be 
loaded uniformly on the ZnO supports via the two-step 

approach, may limiting their physio-chemical properties 
in some applications. To overcome this problem, some 
works have been carried out to fabricate 3D structures 
with nanoflower or flower-like nanostructure by one-
step synthesis. Xing et  al. [43] synthesized the Pd–ZnO 
nanoflowers (Fig.  4a) via hydrothermal route, mixing 
ZnO and Pd precursors in aqueous solution and heating 
at 180 °C for 2 h in autoclave. Similarly, Ag–ZnO nano-
flowers (Fig.  4b) were prepared by mixing ZnO and Ag 
precursors in aqueous solution and heating at 180 °C for 
24  h in autoclave, generating a 440  nm-peak appeared 
on the UV–Vis absorption spectra [47]. Pt–ZnO nano-
flowers (Fig. 4c), with enhanced optical properties, were 
fabricated by mixing ZnO and Pt precursors in aque-
ous solution and heating at 180  °C for 2  h in autoclave 
[49]. Au-nanoparticles-decorated ZnO nanoflowers 
(Fig.  4d) were achieved by mixing ZnO and Au precur-
sors in aqueous solution and heating at 120 °C for 1 h in 
autoclave [53]. Unlike above flower-like nanostructures, 
there has been a work using Au as core but decoration 
to synthesis the ZnO nanoflowers [32]. TEM images 
showed that the urchin-like (Fig.  4e) and petal-like 
(Fig.  4f) ZnO of Au–ZnO nanoflowers were located on 

Fig. 2   Schematic diagrams of fabrication of Au–ZnO nanoparticles from ZIF8 (a), and the TEM images of ZnO (b) and Au–ZnO (c) nanoparti-
cles [50]

Fig. 3   The Pd-nanoparticles-
decorated ZnO nanowires with 
elemental identification (a) and 
the magnified TEM image (b) 
[38]
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the Au cores. In the evaluation test of catalytic activity, 
the urchin-like Au–ZnO nanoflowers behaved better than 
the petal-like ones. They also fabricated multipod-like 
(Fig. 4g) and pyramid-like (Fig. 4h) Au–ZnO nanostruc-
tures using a similar method. The Au–ZnO nanomulti-
pods showed a higher and the Au–ZnO nanopyramids 
showed the highest photocatalytic activity compared 
to the Au–ZnO nanoflowers for the following reason. 
There was a decreasing order of crystallinity: nanopyra-
mids > nanomultipods > urchin-like nanoflowers > petal-
like nanoflowers. Thus the well-crystallized Au–ZnO 
nanostructures had higher charge transfer activity and 
thus better photocatalytic efficiencies.

Another 3D nanostructure was created by Lu et al. [48] 
that the ZnO and Ag precursors were mixed and heated at 
120  °C for 8  h in autoclave to produce Ag–ZnO hollow 
microspheres (Fig. 4i). The Ag deposits on ZnO increased 
the charge separation of hole-electron pairs and the num-
ber of surface hydroxyl content, resulting in a higher pho-
tocatalytic activity for degrading orange G. Noble metals-
deposited sponge-like ZnO microcuboids (Fig.  4j) were 
fabricated by mixing the noble metal precursors with ZnO 
microcuboids in aqueous solution and UV-irradiating 

(365 nm) for 4 h [44]. Moreover, some other 3D structures 
were reported with shapes of comet-like (Fig.  4k) [54], 
mandarin orange-like (Fig. 4l) [55], etc.

3.2 � Composite

To date, many noble metal–ZnO nanocomposites catalysts 
(M/ZnO, M = Au, Pt, Ag, Pd) have been successfully syn-
thesized. The property of a nanoparticle material mainly 
relies on its composites. The Pd incorporation in ZnO can 
largely enhance the activity of ZnO nanoparticles for pho-
tocatalytic activity by decreasing the recombination rate of 
electron–hole pairs [64]. However, the effect of Pd modi-
fication was higher than that of Ag modification in their 
work, which might be explained by the increased charge 
separation rate and the increased surface hydroxyl content 
[37]. The difference of Au- and Pt–ZnO nanoparticles was 
described in a report work [31]. Although they found that 
the TEM images of Au–ZnO nanoparticles and Pt–ZnO 
nanoparticles were similar, the results showed that only the 
Au–ZnO nanoparticles had enhanced photocatalytic activ-
ity than raw ZnO nanoparticles, but the Pt–ZnO nanoparti-
cles, for the following reason. The contact between Pt and 

Fig. 4   3D structures: ZnO nanoflowers decorated with Pd (a) [43], 
Ag (b) [47], Pt (c) [49] and Au (d) [53]; urchin-like (e) and petal-
like (f) Au–ZnO nanoflowers, Au–ZnO nanomultipods (g) and nan-

opyramids (h) [32]; Ag–ZnO hollow microspheres (i) [48]; sponge-
like ZnO microcuboids (j) [44]; Comet-like (k) [54] and mandarin 
orange-like (l) [55] Au–ZnO structure
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ZnO was ohmic, which may result in a discharge of elec-
trons to electrolytes. The UV-irradiation method for ZnO 
nanorods preparation was further explored by Chiou et al. 
[21], using Au and Ag precursors for ZnO modification. 
The sputtered-Pt-coated ZnO nanorods were used to com-
pare in this work as well. The energy of bandgaps using 
XES (X-ray emission spectroscopy) and XANES (X-ray 
absorption near edge structure) spectra were measured for 
these noble metal–ZnO nanorods, showing the order: Au 
(3.3  eV) < Pt (3.5  eV) < Ag (3.6  eV) (Fig.  5a). However, 
the methyl orange photodegradation tests (Fig. 5b) showed 
that only the Au- and Ag–ZnO nanorods with low density 
of noble metals and longer synthesis time had higher pho-
tocatalytic activity than raw ZnO nanorods. Thus, the pho-
tocatalytic acitivity of noble metal–ZnO nanostructures can 
be determined not only by the species of noble metals, but 
also the operating conditions of synthesis. Pd or Au films 
with ZnO supports and subsequently annealing the mixture 
at 300 °C for half an hour in vacuum [42]. The decoration 
of noble metal on ZnO nanobelts increased the intensity of 
their visible-light emission but decreased the intensity of 
their UV emission, and the decoration also enhanced the 
sensitivity for acetone sensing. However, in their work, the 
Pd–ZnO nanostructure showed a higher sensitivity than 
the Au–ZnO nanostructure may for the following reason. 
The Pd–ZnO is less defective regarding oxygen vacancy 
content than the Au–ZnO, resulting in more adsorption of 
O2, since a sensing ability is related to the oxygen vacancy 

content [65]. For flower-like ZnO nanostructures, the noble 
metal-decorations enhance the photo-generation rates of 
electron–hole pairs, resulting in a higher photocatalysis. 
A typical work showed that the Ag-decoration flower-like 
ZnO nanostructure had a better degradation-photocataly-
sis than the Au-decoration flower-like ZnO nanostructure 
[46]. The photocatalytic ability of Ag, Pd and Pt decora-
tion was also reported in another work with the order of 
Pd > Ag > Pt [44], regarding the production of ·OH radicals 
for dye decomposition [66]. However, Although the ele-
mental activity of Pd, Ag, Pt and Au has the constant order, 
it is controversial that there is a constant order of catalytic 
activity for these noble metal–ZnO nanostructures. The cat-
alytic activity of noble metal–ZnO nanostructures has been 
found to rely on not only the species of noble metal but also 
the operating conditions of synthesis, nanoparticle size of 
noble metal, distribution of nanoparticles, nanostructures 
and so forth.

XRD spectra show evidence of the successful synthesis 
and the crystal structures of metal–ZnO nanostructures. 
All XRD diffraction peaks of the noble metal–ZnO nano-
structures can be indexed as a combination of the crystal-
line structure of noble metal and ZnO. As shown in Fig. 6a 
[67], the XRD spectra of tube-like, flower-like, star-like 
and skin needling-like Pd/ZnO composites are indexed as 
a combination of the face-centred-cubic structure of Pd and 
the wurtzite structure of ZnO. As shown in Fig.  6b [63], 
typical XRD 2θ peaks of ZnO sample are at 32°, 34°, 36°, 

Fig. 5   The energy bandgap measurement using XES and XANES spectra for raw, Au-, Ag- and Pt–ZnO nanorods (a); the methyl orange photo-
degradation of raw, Au-, Ag- and Pt–ZnO nanorods (b) [21]
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48°, 57°, 63°, 66°, 32°, 68° and 69°, showing the wurtzite 
crystal planes of ZnO including (100), (002), (101), (102), 
(110), (103), (200), (112) and (201). XRD spectra of the 
synthesized ZnO–AgI composites can be indexed as a com-
bination of the crystalline structure of AgI and the wurtzite 
structure of ZnO. The XRD spectra are used to reveal the 
crystal structures of the noble metal–ZnO composites.

4 � Application

4.1 � Sensor

The fabricated noble metal–ZnO materials showed high 
selectivity and sensitivity to hydrogen gas [27]. Typically, 
the Pd–ZnO nanocomposites had a low operating tem-
perature and an improved sensing ability for LPG- and 
EtOH-sensing [26]. The Pt–ZnO nanoparticles was used 
for hydrogen sensing in some other works [28, 34]. The 
Pd-nanoparticles-decorated ZnO nanowires fabricated by 
Li’s group [38] presented an improved ability for sensing 
H2S, compared to bare ZnO nanowires. The 2D Pd–ZnO 
nanoarchitectures, consisting of Pd nanoparticles and ZnO 
nanosheets, showed high selectivity and response speed 
for acetone sensing [41]. With particular properties, a typi-
cal 2D Au–ZnO nanosheet was found to have higher NO 
sensitivity rather than CO and other volatile organic com-
pounds [51]. The Au–ZnO nanosheets were prepared by 
loading Au on ZnO materials and then annealing at 600 °C 
for 1 h in O2 (Fig. 7a). After the photoreduction synthesis, 
the white solution containing ZnO and Au became deep red 
color, described by the authors. Their TEM image (Fig. 7b) 
clearly showed that the Au nanoparticles were decorated 
on the ZnO nanosheets. As a 2D structure, the Au–ZnO 
nanosheets had large surface-to-volume ration, resulting in 

more O2 adsorbed on the nanostructures. Thus the broad 
surface depletion layer of Au–ZnO nanosheets provided 
a fast electrons transporting for ZnO, Au and surrounding 
NO molecules (Fig.  7c). Besides, the flower-like Pd–ZnO 
nanocomposites (Fig. 7a) showed a promising sensitivity in 
gas detection of ethanol, CH4, CO and H2 [43].

4.2 � Waste degradation in environmental engineering

Since the O2 composition and charge transfer on the surface 
points of a photocatalyst particle are related to the photo-
catalytic activity [68], Jing et al. measured these parameters 
by XPS (X-ray photoelectron spectroscopy) and SPS (Sur-
face photovoltage spectroscopy) for Pd- and Ag–ZnO nano-
particles, which were synthesized by UV irradiation of the 
Pd–ZnO mixture solution [37]. Their phenol degradation 
tests indicated that the noble metal-modification largely 
increased the photocatalysis of ZnO, with enhanced O2 
composition and charge transfer. The Pd–ZnO nanocom-
posite had an increased surface content of adsorbed oxygen 
and thus an enhanced ability of photocatalytic oxidation of 
n-C7H16 [24]. The Ag–ZnO nanoparticles showed largely 
improved visible-light sensitivity and photocatalytic acitiv-
ity for degrading methylene blue [25]. The reported works 
of Pt–ZnO nanoparticles fabricated by solution-based 
mixing and annealing/calcining were also available, for 
catalytic applications and phenol degradation [29]. These 
flower-like ZnO nanostructures had a higher photocata-
lytic activity than ZnO microrods in degrading methylene 
blue, and the noble metal-decoration further enhanced the 
photocatalysis [46]. For a high catalytic activity of decom-
posing rhodamine B, the Au–ZnO nanopyramids were pre-
pared in another work by depositing ZnO molecules on Au 
nanocrystals at increased temperature for a few minutes 
[52]. Based on a similar core–shell approach, the synthesis 

Fig. 6   XRD spectra of the tube-like, flower-like, star-like and skin needling-like Pd/ZnO composites [67] (a). XRD spectra of the synthesized 
ZnO-AgI composites [63] (b)
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of ZnO@Pt nanoflowers was developed for ethyl violet 
decomposition by Yuan et al. [36].

4.3 � Other redox reactions

There have been few other applications for redox reactions 
of small molecules using noble metal–ZnO nanocompostes. 
The CO oxidation was studied as a potential application of 
Pt–ZnO nanocomposites by Burton et al. [22]. Prepared by 
an electrical method, the Pt–ZnO nanorods were used in 
the photoelectrochemical water splitting with a good per-
formance [33].

5 � Challenges and perspectives on future research

Since the synthesis methods, structures and applications 
of noble metal–ZnO nanocomposites have already been 
largely researched, few improvements of the material 
property can be further developed by adjusting the operat-
ing conditions or changing the nano-shapes. Thus, based 
on the above works, recently many other nanostructures 
have been explored by modification with different mate-
rials for enhanced or specific applications. The metal ion 
doping has been used as a method to further improve the 
catalytic activity of noble metal–ZnO nanostructures. 
Peng et al. [56] used Mg2+ doping to modify the Pd–ZnO 

nanostructure (Fig. 8a) for an enhanced oxidative coupling 
of carbon monoxide to dimethyl oxalate (Fig.  8b, c). The 
Pd/Mg–ZnO was produced by mixing molecules in solu-
tion and calcining them at high temperature for hours. 
Unlike the Mg2+ doping, graphene as a widely researched 
nanomaterial was also used with noble metals and ZnO to 
produce the multi-hybrid nanostructures [8]. The, Pd-, Ag-, 
Pt- and Au-graphene–ZnO nanostructures were fabricated 
through two steps: mixing graphene with ZnO nanorods in 
solution and heating the sample in autoclave at 180 °C for 
3 h to produce graphene–ZnO nanocomposites; loading Pd, 
Ag, Pt or Au nanoparticles on the graphene–ZnO nanocom-
posites with UV-irradiation for 30  min. The noble metal-
graphene–ZnO nanostructures were found to have high 
electrocatalysis for H2O2 reduction, with the decreasing 
order of electrocatalytic activity: Pd-graphene–ZnO > Ag-
graphene–ZnO > Pt-graphene–ZnO > Pt-graphene–ZnO. 
The nanoparticle size of noble metal, distribution of nano-
particles and nanostructures were believed to have impor-
tant impacts as the species of noble metal on their electro-
catalytic activity. Another work using graphene as a part 
of Pt- and Pd–ZnO nanocomposites was reported by Li 
et  al. [57], using a similar approach (mixing and anneal-
ing). The graphene enhanced noble metal–ZnO nanocom-
posites showed a high methanol oxidation under visible-
light exciting. Apart from graphene (C)-doping, Patil et al. 
[69] enhanced the photocatalytic activity of zinc oxide by 

Fig. 7   The synthesis process 
of Au–ZnO nanosheets (a), 
TEM image of the Au–ZnO 
nanosheets (b) and the sche-
matic diagrams of photocataly-
sis for NO sensing (c) [51]
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incorporation of nonmetal (B- and N-doped ZnO, SEM 
images shown in Fig.  9). Although the enhancement of 
photocatalytic activity by incorporation of nonmetal might 
be not as efficient as metals, the ability of photocatalytic 
degradation for their as-prepared materials was in the order 
of: BZnO > NZnO > ZnO.

On the other hand, future studies should also focus on 
the applications using the synthesized materials. In general, 
the photoluminescence lifetime is an important parameter 
for their applications. The lifetime of ZnO nanostructures 
has been found to reply on the size [70] and structure [71]. 
For instance, the lifetime is about 1 ns for ZnO single crys-
tals [9]. ZnO epilayers have the lifetime of 2.5–3.8 ns [72, 
73]. The combination of noble metal reduces the excitons 
lifetime of ZnO, leading to quicker energy transfer between 
the ZnO and noble metal [74, 75]. As shown in Fig. 10 [76], 
the lifetimes of pure ZnO, 2  mL-Ag/ZnO and 8  mL-Ag/
ZnO are 1.57, 1.02 ns and 1.05, respectively, showing that 
the lifetime of noble metal–ZnO nanocomposites replies on 
the noble metal concentration. Therefore design, synthesis 
and optimization of the noble metal–ZnO nanocomposites 
would be the future works for scientists and engineers in 
this field.

6 � Conclusions

To date, the numbers of the published papers about each 
of the noble metal–ZnO nanocomposites are 175,000 

Fig. 8   The TEM image of Mg2+-doped Pd–ZnO nanostructure (a) and the enhanced oxidative coupling of carbon monoxide to dimethyl oxalate 
(b, c) [56]

Fig. 9   SEM images of B-doped 
ZnO and N-doped ZnO [69]

Fig. 10   The decreased lifetime for the samples containing silver nan-
oparticles is attributed to plasmon-coupled emission mechanism [76]
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(Pd–ZnO), 551,000 (Ag–ZnO), 253,000 (Pt–ZnO) 
and 506,000 (Au–ZnO), respectively (Fig.  11). Noble 
metal–ZnO nanocomposites have been considered one of 
the most practical photo-catalyst, gaining increasing inter-
est due its high catalytic property, and super stability. In 
this review, the noble metal–ZnO nanocomposites with 
various composites and structures for catalytic applications 
will be discussed. We introduce the multi-catalytic prop-
erties and design concept of the noble metal–ZnO nano-
composites, and then particular highlight key finding of 
synthesis method for various noble metal–ZnO nanocom-
posites. The catalytic activity of noble metal–ZnO nano-
structures has been found to rely on not only the species of 
noble metal but also the architecture of the catalyst mate-
rial. Moreover, the typical works of modification on noble 
metal–ZnO nanostructures have been introduced. Critically, 
the challenges for future research development and our 
future perspectives are presented.
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