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As an alternative to the gold standard TiO2 photocatalyst, the use of zinc oxide (ZnO) as a robust candidate

for wastewater treatment is widespread due to its similarity in charge carrier dynamics upon bandgap

excitation and the generation of reactive oxygen species in aqueous suspensions with TiO2. However,

the large bandgap of ZnO, the massive charge carrier recombination, and the photoinduced corrosion–

dissolution at extreme pH conditions, together with the formation of inert Zn(OH)2 during photocatalytic

reactions act as barriers for its extensive applicability. To this end, research has been intensified to

improve the performance of ZnO by tailoring its surface-bulk structure and by altering its

photogenerated charge transfer pathways with an intention to inhibit the surface-bulk charge carrier

recombination. For the first time, the several strategies, such as tailoring the intrinsic defects, surface

modification with organic compounds, doping with foreign ions, noble metal deposition,

heterostructuring with other semiconductors and modification with carbon nanostructures, which have

been successfully employed to improve the photoactivity and stability of ZnO are critically reviewed.

Such modifications enhance the charge separation and facilitate the generation of reactive oxygenated

free radicals, and also the interaction with the pollutant molecules. The synthetic route to obtain

hierarchical nanostructured morphologies and study their impact on the photocatalytic performance is

explained by considering the morphological influence and the defect-rich chemistry of ZnO. Finally, the

crystal facet engineering of polar and non-polar facets and their relevance in photocatalysis is outlined. It

is with this intention that the present review directs the further design, tailoring and tuning of the

physico-chemical and optoelectronic properties of ZnO for better applications, ranging from

photocatalysis to photovoltaics.
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1. Introduction

Clean energy and pollutant-free water/air are the important

tasks that we currently face, with a common solution that lies in

the design and development of multifunctional nanomaterials

for harvesting maximum light energy from solar light. Because

environmental pollution has surpassed the threshold of natural

purication, an advanced oxidation process seems to be the

most effective wastewater treatment methods having high effi-

ciency and low cost. In addition to the photo Fenton process,1–4

semiconductor photocatalysis, which is a ‘green approach’, is at

the forefront of fundamental research and consideration for

technological applications due to its non-selectivity, low

temperature and non-energy intensive approach for complete

mineralization of pollutants. The photoinduced charge carrier

separation upon the bandgap excitation of semiconductors is

vital for redox reactions, followed by charge carrier transfer to

solution-phase redox couples, which is essential to accelerate

overall photocatalytic reaction rates. Thermodynamically, the

redox potential of the VB-hole must be positive to generate

hydroxyl radicals, and the CB-electron must be negative to

initiate dioxygen reduction.5 As an alternative to illustrious

semiconductors, such as TiO2, WO3, Bi2O3, Fe2O3, BiOX (X¼ Cl,

Br and I) and (BiO)2CO3, recently, ZnO is in the spotlight of

many research efforts, due to its stupendous benets, such as

low cost and high quantum efficiency, as well as a favourable

bandgap and due to its photocatalytic mechanisms.6–15 The

admirable attributes of ZnO, such as mechanical-thermal

stability, high photosensitivity, low cost, high redox potential,

large bandgap offering an excellent driving force to induce

redox reactions, non-toxicity, versatility in synthesis with hier-

archical morphology, the availability of different precursors

(common inorganic salts) and their high solubility in various

solvents, ease of crystallization, anisotropic growth, and natural

abundance, make it ideal for photocatalysis. The refractive

index of ZnO (2.0) is lower than for TiO2 (2.5–2.7), and hence

ZnO scarcely scatters light, thereby making it colorless and

boosting its transparency. Moreover, ZnO-photocatalyzed reac-

tions perform best in neutral pH conditions, which is an added

merit over its competitors. Furthermore, the emission proper-

ties of ZnO have made it possible to set up an original catalytic

system, which is able to ‘sense and shoot’ the environmental

contaminants, thus motivating the further exploration of the

properties of ZnO.16

Due to the presence of intrinsic impurities, the electron

mobility (200–300 cm2 V�1 s�1) and electron lifetime (>10 s) of ZnO

are considerably higher compared to TiO2 (0.1–4.0 cm2 V�1 s�1),

which reduces the electrical resistance and promotes the elec-

tron transfer efficiency.17,18 Thus, a high concentration of pho-

togenerated charge carriers transfer to the surface, contributing

to efficient photocatalysis. In addition, the VB of ZnO is posi-

tioned slightly below TiO2 VB, indicating that the hydroxyl

radical generated in the former (+3.06 V) has a higher oxidation

potential compared to the latter (+2.7 V); moreover, the electron

derived from the ZnO CB is believed to be more negative than

TiO2 (at pH 0 vs. NHE), whereas the CB edges of both the

semiconductors are almost the same at neutral pH conditions

(�0.5 V vs. NHE).19,20 The ZnO absorbs a large fraction of UV

spectrum and more light quanta, exhibiting a better perfor-

mance compared to TiO2 for pollutant treatment under light

illumination.21–26 The surface band of ZnO is bent upward in air,

indicating that the direction of its built-in electric eld is from

inner to outer, and thus facilitates hole migration to the particle

surface, while electrons diffuse to the bulk of the particle.27

Defects like oxygen vacancies, zinc interstitials, oxygen inter-

stitials, and the generation of hydrogen peroxide, superoxide

and hydroxyl radicals on the ZnO surface are reported to be

responsible for the photocatalytic activity.28–33 Although,

different radicals/defects mediate the degradation mechanism

depending on the surface-bulk modication of ZnO, it is

unambiguously accepted that a low degree of charge carrier

recombination is vital to achieve a high photocatalytic

efficiency.

ZnO commonly crystallizes in a wurtzite structure (space

group P63mc, a ¼ 3.25 Å, c ¼ 5.20 Å) with n-type conductivity

(Zn1+sO, s > 0), with a direct bandgap of 3.37 eV and with a large

excitonic binding energy (60 meV), which is even larger than the

thermal energy at RT.28–33 The specic physicochemical, opto-

electronic and magnetic properties of ZnO stimulates its

potential application in various elds, such as photocatalysis,

light emitting diodes, solar cells, gas sensors, pyroelectricity,

luminescent materials, pigments, UV shielding materials,

surface acoustic wave lters, actuators, spin electronics, short-

wavelength optoelectronic devices, varistors, antifungal, and

piezodielectric nanogenerators.34–39

Despite the versatility, ZnO-based photocatalysis suffers

from the following draw backs: (i) ZnO does not absorb the

visible portion of the solar spectrum, instead it requires UV

light, which is expensive, for bandgap excitation; (ii) rapid

recombination of the charge carriers inevitably obstructs the

outward diffusion of the charge carriers, and consequently

slows down the degradation reactions occurring at the semi-

conductor–liquid interface; (iii) there are problems associated

with the recovery of ZnO powder from the suspension by

conventional ltration; (iv) the tendency to aggregate during the

catalytic reactions and the susceptibility to corrosion under UV

light. The photocorrosion reactions can be represented as

follows:40,41

ZnO + 2h+ + nH2O / Zn(OH)n
(2�n)+ + 1/2O2 + nH+ (1)

where n depends on the pH of the solution. The photo-

dissolution of ZnO initially involves hole trapping at the

surface, followed by a rapid formation of oxygen molecules and

a fast expulsion of Zn2+ from the surface.

Osurface
2� + h+ / Osurface

� (2)

Osurface
� + 3O2� + 3h+ / 2(O–O2�) (3)

O–O2� + 2h+ / O2 (4)

2Zn2+ / 2Zn2+(aqueous) (5)

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3306–3351 | 3307
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The overall reaction can be represented as.

ZnO + 2h+ / Zn2+ + 1/2O2 (6)

In addition, the ZnO powder dissolves at strong acidic pH:

ZnO + 2H+
/ Zn2+ + H2O (7)

Under strong alkaline medium, ZnO can undergo

dissolution:

ZnO + H2O + 2OH�
/ Zn(OH)4

2� (8)

ZnO passivates to form an inert Zn(OH)2 surface layer upon

UV illumination;

2ZnO + 4H2O + 4h+ / 2Zn(OH)2 + O2 + 4H+ (9)

Thus, both strongly acidic and strongly alkaline pH may not

favour the photocatalytic process.

To overcome these aforementioned obstacles, research is

rapidly progressing to modify the surface-electronic structure of

ZnO, largely by altering the ZnO defect chemistry to benet

photocatalysis under ambient conditions. Many insightful

review articles are concentrated on the synthesis, properties,

growth, defects, and other applications of ZnO.42–47 In contrast,

a few seminal review articles associated with the photocatalysis

discuss the effects of the initial reaction parameters, such as

catalyst dosage, concentration of the dye, solution pH and the

presence of electron acceptors, including a brief approach on

how to afford the visible light response of ZnO.48–51 Inspired by

the advances with interesting and exciting results, the authors

have taken up this review on the research progress of ZnO-based

photocatalysis to pave the way for its practical application. The

interfacial charge carrier transfer dynamics in each strategy

correlating to a high activity of modied ZnO are discussed with

respect to material properties, such as catalyst dosage, surface

charge density, crystallinity, defects (intrinsic and extrinsic),

properties of modiers, and charge carrier generation–separa-

tion–recombination dynamics, together with the experimental

conditions appropriate for the pollutant structure, pH of the

solution, the presence of inorganic electrolytes, and the inten-

sity and wavelength of the excitation source. For the rst time,

the defect-facet-morphological dependence of ZnO on photo-

catalytic activity is also highlighted.†

2. Fundamental aspects of ZnO-
based photocatalysis

The underlying mechanism of the photocatalysis comprises the

bandgap excitation of ZnO with energetic photons, thereby

generating an exciton pair with holes in the VB and electrons in

the CB. These charge carriers may recombine, which dissipates

the input energy as heat. Moreover, they may undergo an

interfacial charge transfer process either by trapping at the

metastable surface states or by interacting with pre-adsorbed

electron donors/acceptors on the catalyst surface or within the

surrounding electrical double layer of the charged

particles.7,52,53

(a) Surface sensitization and complexation of ZnO

Microscale ZnO decomposes dyes like CV, MB, OG and MO at a

faster rate compared to Degussa P25 under UV-visible light,

indicating that the photosensitization of ZnO by dyes favours

the visible light response with an enhanced charge carrier

separation.54 The excited dye molecule transfers electrons to the

ZnO CB, whereas the dye itself converts to a cationic radical.

The injected electron reacts with dioxygen adsorbed on the ZnO

surface to generate a series of active oxygen species, which on

subsequent reaction with the dye molecules results in

degradation.55,56

Dye + visible light / Dye* (10)

Dye* + ZnO / Dyec+ + ZnO(e�) (11)

ZnO(e�) + O2 / O2
�
c (12)

O2
�
c ������!

Hþ

//HO2c þHOc (13)

Dyec+ + reactive oxygenated radicals / products (14)

In addition, an electricity conversion efficiency of 0.23% was

obtained for ZnO-based dye sensitized solar cells compared to

the Degussa P25 (0.0024%) counterpart. This is an important

report to simultaneously realize both dye degradation and the

generation of a renewable energy source. The ZnO-sensitized

heteroaggregate (CoTPPS + TAPPI) was efficient for the degra-

dation of RhB under visible light compared to ZnO–CoTPPS,

ZnO–TAPPI and ZnO.57 The heteroaggregates formed by the

intermolecular electrostatic force of attraction between the

positively charged TAAPI {tetrakis(4-trimethylaminophyenyl)

porphyrin} and the negatively charged CoTPPS {tetrakis(4-

sulfonatophenyl) porphyrin cobalt(II)} extends the composite

absorption to a wider spectral range compared to the porphyrin

monomer. The loading of water soluble porphyrin enhances the

hydrophilic character of the ZnO microrods, thereby facilitating

their dispersion in the aqueous solution. In addition, the redox

potentials of the heteroaggregates align with the energy level of

ZnO to promote an electron injection from the excited state of

the porphyrin into the ZnO CB and suppress the carrier

recombination.57 In the sensitization process, electron transfer

and recombination between the sensitizer and ZnO, together

with their redox potentials, govern the kinetics of the electron

injection.

Kamat et al.16 reported a ‘sense and shoot’ approach by

monitoring the quenching of the relative emission intensity of

ZnO with organic compounds like 4-chlorocatechol, catechol

and 4-CP. These phenolic compounds scavenge the

† (i) the excitation source for all those references/literature dealing with UV light

photocatalysis is not mentioned in this review article, for clarity; (ii) the term

UV/visible light indicates the photocatalytic activity dealt with both UV and

visible light illumination; (iii) UV-vis implies that the excitation source used has

an emission wavelength in both the UV and visible region.
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photogenerated holes and compete with the charge carrier

recombination, which is responsible for the emission proper-

ties (Fig. 1). Surprisingly, the original emission was restored

following the exposure of the lm to deionized water, indicating

that the interaction between ZnO and the phenolic compounds

was purely physisorption. The varying degree of emission

quenching for these compounds arises from the differences in

their adsorption and ability to scavenge holes on the ZnO

surface. The experimental illustration of the increased emission

during photocatalysis conrms that the emission recovery was

purely associated with the degradation of the aromatic inter-

mediates in an aqueous solution. In comparison to TiO2, the

surface complexation of 4-CP on the ZnO surface via –Zn–O–Ph–Cl

linkages extended the photoresponse to the visible range and

accelerated the degradation rate of 4-CP.58 The PL studies

indicated a slight decrease in the visible emission, suggesting

that the surface complexes are mainly formed on the defect sites

(oxygen vacancies), which improves the photostability of ZnO.

This surface complex is formed via condensation reaction:

–Zn–OH– + OH–Ph–Cl / –Zn–O–Ph–Cl + H2O (15)

Unlike the conventional dye sensitization process, the visible

light irradiation of the above surface complex directly excites

the electron from the ground state of the adsorbate to ZnO CB

through the ligand to a metal charge transfer process, provided

there exists a signicant electronic coupling between the

adsorbate orbitals and the Zn ‘d’ orbitals. Similar complexation

and degradation pathways for DCP and phenol were noticed

under visible light.58 The acetate-capped ZnO crystals (h-ZnO)

promoted the degradation of MO and MR at pH 6, but were

susceptible to corrosion at extreme pH conditions.59 In contrast,

HCA/TBPA-capped ZnO (nh-ZnO) showed a weaker pH depen-

dence for degradation and a high resistance to photocorrosion,

which was attributed to its hydrophobic nature. Phosphonic

acid strongly bonds to the ZnO surface via a bi/tri-dentate

geometry, as opposed to an acetate ligand, which anchors

weakly via a unidentate fashion. Thus, the high density of

surface sites is expected to be passivated by HCA or TBPA,

resulting in a lower activity. In addition, the long alkyl chain can

impose a signicant barrier towards the adsorption of target

molecules. The intermediates formed during the degradation

were retarded to a large extent on the nh-ZnO surface compared

to the h-ZnO.59 The activity of colloidal ZnO for MO degradation

at various calcination temperatures followed an order: 150 > 300

> 500 �C, in correlation with the monodentate-, bidentate-

capped and the free acetate group, respectively. With an

increase in calcination temperature, the acetate group decom-

poses, which leads to a larger particle size and a loss in pho-

toactivity.60 The modication of ZnO with Co(II) acetate and

trimethylsilanolate inhibited the degradation of 4-NP. This was

attributed to the elimination of defect sites (oxygen vacancies)

on the ZnO surface, which was crucial for photoactivity.61 Such

surface modication with a suitable reagent could signicantly

improve the stability of ZnO. The integration of organic and

inorganic compounds into semiconductor NPs is driving

research into an adventurous new set of nanoscale functional

architectures suitable for an enormous range of applications.

(b) Effect of crystallite size

The efficiency of ZnO synthesized by the solvothermal route (80
�C for 24 h, followed by calcination at 400 �C for 6 h) using

TEAOH and methanol showed a high activity for the degrada-

tion of RhB under visible light compared to the samples

prepared with ethanol and propanol solvents (Fig. 2).62 The

crystallite size of ZnO increased with the length of the carbon

chain of the solvent, which can be interpreted by considering

the dielectric constant of methanol (32), ethanol (25) and

propanol (21). In general, solvents with a low dielectric constant

are likely to induce faster and uncontrolled precipitation

kinetics, and also lead to the supersaturation of Zn2+ ions due to

the lower solubility of zinc salts. This offers the driving force for

nucleation and the growth of ZnO NPs, with reduced nucleation

time and higher solid particle growth. The smaller crystallite

size obtained using the methanol solvent leads to a larger

surface area and quantization in the bandgap, which facilitates

the easy electron injection from the excited dye to ZnO CB.

Upon replacing TMAOH in the synthetic route, the crystallinity

appears to be the overriding factor rather than the surface area

in governing the photocatalysis. The decolorization of MO for a

distinct size of ZnO followed the following order: nanometer (50

nm) > submicron (200 nm) > micron grade (1000 nm).63 This

tendency was attributed to the following reasons: (i) the amount

of dispersed particles per volume in the reaction solution

increases, consequently improving the photon absorption

ability; (ii) the increased surface area promotes the adsorption

of the dye molecules on the catalyst surface; (iii) the coupling of

exciton pairs is suppressed. Surprisingly, ZnO with a particle

diameter of 10 nm showed a lower activity compared to its

submicron-sized counterpart. Dodd et al.64 also reported that an

optimal size of �33 nm resulted in an enhanced hydroxyl

radical generation, whereas reducing the particle size (�28 nm)

lowered this tendency, as a result of the increased surface

Fig. 1 Illustration of the ‘sense and shoot’ approach in photocatalysis

(reprinted with permission from ref. 16; Copyright 2002 @ American

Chemical Society).

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3306–3351 | 3309

Review RSC Advances

P
u
b
li

s
h
e
d
 o

n
 0

6
 N

o
v
e
m

b
e
r 

2
0
1
4
. 
D

o
w

n
lo

a
d
e
d
 o

n
 8

/2
2
/2

0
2
2
 9

:3
6
:1

3
 P

M
. 

View Article Online

https://doi.org/10.1039/c4ra13299h


recombination.65 Casey et al.66 reported that the photoactivity

signicantly increased by a factor of 2 to 3 as the mean crys-

tallite size was reduced from 100 to 20 nm. ZnO prepared by the

precipitation method from zinc acetate, zinc nitrate and zinc

sulfate showed a higher activity for the degradation of RhB

compared to the sample obtained through the citrate method.67

In the latter case, a two-step heat treatment at 300 �C (4 h) and

500 �C (or 600 �C, 2 h) was necessary to remove the organic

residues and to induce the crystallization of ZnO, whereas the

former involved a single step involving calcination (500 �C, 2 h)

for the nitrate or acetate precursor and 800 �C for the sulphate

precursor. The additional organic residues in the citrate

method originated from the formation of citrate complexes. In

contrast, the precipitation method produced a crystalline

surface devoid of contaminants, which was benecial for pho-

tocatalysis. The activity of ZnO with respect to the precursors

obtained via the citrate method followed the following

sequence: zinc acetate > zinc nitrate > zinc sulphate, whereas

those prepared through the precipitation method showed an

almost similar activity. Parameters, such as the surface area,

agglomeration and sintering temperature, which varied with

the synthesis route and the counter anion of the zinc precursor,

did not exhibit any inuence on the degradation kinetics.67

The photoactivity does not increase monotonically with

decrease in the particle size in all the cases, and the relationship

between size dependence and the catalytic efficiency is close-

knit. A proper size is indispensable to balance the specic

surface area, crystallinity and the surface-bulk carrier recom-

bination probability, in order to obtain a better performance.

(c) Inuence of reaction pH, electron acceptors and

degradation pathways

The photocatalytic activity for the degradation of Acid Brown 14

dye under natural solar light with various catalysts had the

following order: ZnO > TiO2 > a-Fe2O3 > ZrO2 > CdS > WO3 >

SnO2, which is mainly attributed to the absorption of more light

quanta and a large fraction of the solar spectrum by ZnO.68 The

photocatalytic oxidation of NO with ZnO–TiO2�xNx produced

NO2 gas and HNO3 as the major products, whereas HNO2

produced as aminor compound with acids gets adsorbed on the

catalyst surface under UV/visible light.69 The NOx molecule may

react with a superoxide radical to form the nitrate anion and

nally HNO3, which deactivates the catalyst surface.

NO + 2OH / NO2 + H2O (16)

NO2 + HOc / NO3
� + H+ (17)

NOx + O2
�
c / NO3

� (18)

The degradation of phenol was favoured in weakly acidic or

neutral pH conditions and was effective under solar light rather

than articial visible light illumination.70 The ZPC of ZnO NPs is

in the range of 8–9, and the electrical property changes with the

pH value of the dispersion.71 Hence, the surface charge density

will be positive in an acidic or weak basic medium and negative

under strong alkaline conditions. In a weak acidic solution, the

phenol molecules remain undissociated to deliver a strong

adsorption of phenol on the ZnO surface, resulting in an effi-

cient degradation. In alkaline conditions, the phenolate inter-

mediates experience an electrostatic repulsion from the ZnO

surface, resulting in a poor adsorption of pollutant, and

consequently a decline in the degradation rate. It is worth

mentioning that commercial ZnO supplied from Merck chem-

icals was less susceptible to photocorrosion and retained its

activity even aer recycling for ve subsequent runs.70 The

degradation and mineralization of SA via the Langmuir–Hin-

shelwood mechanism was effective in neutral pH, which is

attributed to the electrostatic force of attraction between the

salicylate anion and the positively charged ZnO. A signicant

loss in activity was observed only aer the h run of the

recycling test.72 The methyl parathion degradation followed a

rst-order kinetics on the ZnO and TiO2 surface, with the latter

being more effective in complete mineralization.73 The

optimum catalyst dosage was found to be 200 mg L�1 and 500

mg L�1 for TiO2 and ZnO, respectively, with the difference

attributed to the difference in their characteristics, such as

crystal phase, specic surface area, grain size, density of defects,

electron–hole recombination kinetics, charge carrier mobility

Fig. 2 Degradation kinetics of RhB (left) and the rate constants (right) with ZnO synthesized with different solvents (reprinted with permission

from ref. 62; Copyright 2011 @ American Chemical Society).
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and the surface acid–base properties. At a lower catalyst dosage,

the absorption of light controls the photocatalytic process due

to the limited catalyst surface, whereas the aggregation and

scattering of light would be detrimental at high catalyst loading.

The degradation was enhanced with peroxydisulfate as the

electron scavenger through the generation of sulfate radical,

which is a strong oxidizing agent74

S2O8
2� + e� / SO4

2� + SO4
�
c (19)

SO4
�
c + e� / SO4

2� (20)

SO4
�
c + H2O / SO4

2� + HOc + H+ (21)

SO4
�
c + RH /./ SO4

2� + CO2 (22)

The toxicity of the treated solution was reduced with TiO2,

while the release of Zn2+ ions as a result of the photodissolution

increased the toxicity for ZnO. The mineralization studies

revealed the absence of phosphate ions due to insoluble

Zn3(PO4)2 formation, which was otherwise present with the

titania dispersion, indicating the different degradation path-

ways of these two metal oxides.73 The degradation of Acid Red

14 was improved in the presence of H2O2 at neutral pH under a

UV-C source (100–280 nm), while the addition of ethanol sup-

pressed the reaction kinetics, thus conrming the participation

of the hydroxyl radical in the degradation mechanism.20 H2O2

served as a better electron acceptor than the dioxygen for

trapping CB electrons at a faster rate or by direct photolysis to

produce hydroxyl radicals.7a

H2O2 + hv / 2OHc (23)

H2O2 + O2
�
c / OHc + OH� + O2 (24)

H2O2 + e� / OHc + OH� (25)

However, a higher dose of H2O2 served as a hydroxyl radical

scavenger or a hole scavenger, suppressing the degradation

rate. The free radicals may also recombine to form neutral

species.

H2O2 + h+ / O2Hc + H+ (26)

H2O2 + OHc / O2Hc + H2O (27)

O2Hc + OHc / H2O + O2 (28)

In contrast, the degradation of Acid Red 18 was suppressed

with H2O2, but accelerated with (NH4)2S2O8 and KBrO3. This

unusual decrease was due to the low adsorption of H2O2 on the

ZnO surface.74c The degradation of HD proceeded through the

formation of by-products such as thiodiglycol, hemisulfar

mustard, divinyl sulde, 2-chloroethyl vinyl sulde at the

surface of ZnO NPs under dark and visible light irradiation.75

However, HD sulfoxide, HD sulfone, 1,3-dithiane, 2-chloro-

ethanol and CH3CHO, along with hydrolysis and elimination

products, were formed under sunlight and UV-A light illumi-

nation. In the former case, the degradation through elimination

and surface complexation reactions played a dominant role,

whereas in the latter case, photocatalytic reactions involving

C–S bond cleavage, an oxidation of carbon and sulphur atoms,

were observed.75 The ZnO exhibited a superior visible light

activity for the degradation of Basic Blue 11 compared to TiO2.
76

The rapid degradation rate under alkaline conditions (pH 10)

was attributed to the better adsorption of the dye on the ZnO

surface and the generation of more hydroxyl radicals in the

reaction system. Interestingly, the degradation was consider-

ably better at pH 3 compared to neutral conditions. The posi-

tively charged ZnO surface promotes the migration of electrons

from interior of nanocrystals to the surface and prevents carrier

recombination. The degradation mechanism was followed by

both N-dealkylation and oxidation pathways (pH 9). In another

study, the degradation of EV followed oxidative degradation

(cleavage of the chromophore) at acidic pH and through N-de-

ethylation, which lead to an N-de-ethylated EV species, along

with their N-hydroxyethylated intermediates under an alkaline

medium. The former proceeded via the formation of a carbon

centred radical, whereas the latter was through the generation

of a nitrogen centred radical.77

(d) Inuence of excitation source and radical scavenger

The photocatalytic degradation of metamitron herbicide under

a mixed UV-A (315–400 nm) and UV-B (280–315 nm) light source

was efficient at acidic pH (2.1–4), but was inhibited with anions

like carbonate and sulphate, whereas chloride showed a weak

inuence.78 The surface sites available at the ZnO–metamitron

interface for adsorption and electron transfer between the

catalyst and substrate were blocked by the anions, which are

very resistant towards oxidation. These deposited anions deac-

tivate the catalyst surface towards the targeted pollutant and

also scavenge the hydroxyl radicals in the solution. The gener-

ated carbonate or sulphate radicals, although they behave as

oxidants, have lower oxidation potential compared to hydroxyl

radicals.74,78

OHc + CO3
2�

/ OH� + CO3
�
c (29)

OHc + HCO3
�
/ H2O + CO3

�
c (30)

Cl� + h+ / Clc (31)

Clc + Cl� / Cl2
�
c (32)

OHc + Cl� / Clc + OH� (33)

SO4
2� + h+ / SO4

�
c (34)

SO4
2� + OHc / SO4

�
c + OH� (35)

The ZnO effectively oxidized the iodide ion under the inu-

ence of the increased air ow-rate and decreased water content

in the reaction medium.79 The high water content promotes an

indirect recombination via the trapping of the CB electrons by

the hydroxyl radical. The hole reacts with the adsorbed iodide

ion to form an iodine atom and further reacts with iodide ions

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3306–3351 | 3311
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to produce I2
�, which then undergoes a disproportionate reac-

tion to form tri-iodide and iodide ions.

I� + h+ / I (36)

I + I� / I2
� (37)

2I2
�
/ I3

� + I� (38)

The coupling of the photo Electro Fenton process with the

immobilized ZnO was effective for decolorising Basic Yellow 28

compared to the individual process at pH 3 using CNT-poly

tetrauoroethylene cathode and a Pt sheet anode in the pres-

ence of Na2SO4 electrolyte.80 This is a consequence of the

enhanced generation of hydroxyl radicals from both electro-

catalysis and the photo Fenton process.

At anode: H2O / 1/2O2 + 2H+ + 2e� (39)

At cathode: O2 + 2H+ + 2e� / H2O2 (40)

Fe2+ + H2O2 / Fe3+ + HOc + H2O (41)

Fe3+ + e� / Fe2+ (42)

The excitation source UV-C was found to be more powerful

for photoelectrochemical degradation compared to UV-B and

UV-A, which is due to the production of hydroxyl radical, which

arises from the photolysis of H2O2. The initial step of the

mechanism of degradation involves the hydroxylation of the

dye, leading to 1,2,3,3-tetramethyl indoline and 4-methoxy

benzenamine, followed by a subsequent attack of hydroxyl

radical, which leads to the formation of simple aliphatic acids.80

(e) Defect-mediated photocatalysis

The use of nanoscopic ZnO embedded in Naon membranes

resulted in a faster degradation of RhB compared to ZnO

powder.81 Initially, a blank Naon was soaked overnight in an

aqueous zinc nitrate solution to facilitate Zn2+ ion exchange.

Then, the Zn2+
–Naon was soaked in C2H5OH (ZNE) or NaOH

(ZNA) to introduce hydroxyl anions. The Zn(OH)2 formed is

unstable in hydrophilic cavities (reverse micelles), which either

dehydrolyzes it to give ZnO or it reacts with a hydroxyl anion to

form the growth units of [Zn(OH)4]
2�, followed by its polymer-

ization, resulting in a ZnO nuclei. ZNE showed a superior

activity and an excellent photostability compared to ZNA,

although both the samples had comparable particle size, crystal

structure, morphology and surface area. The PL evidenced a

large concentration of oxygen defects, i.e. oxygen vacancy/

interstitial oxygen with ZNE, as a result of the rapid crystal

growth. Under UV excitation, the electrons are trapped by

oxygen vacancies, whereas the holes are captured at interstitial

oxygen, thereby restraining the recombination (Fig. 3). Ethanol

swelled the membrane lm andmade the entrance of hydroxide

ions easy and uniform. This modied ZnO did not lose its

activity even aer recycling ten times. The concentration of Zn2+

ions in the solution aer the photoreaction was�0.0148 mg L�1

for ZnO–Naon lm, whereas it was �0.2318 mg L�1 with the

commercial ZnO.82 These Naon membranes form an excellent

support for semiconductor nanocrystals because of the

improved chemical stability, exceptional mechanical strength

and high optical quality. The advantages of the Naon-

templating approach to synthesize metal oxide NPs are as

follows: (i) it provides a stable matrix to prevent the agglomer-

ation and corrosion of embedded NPs; (ii) NPs embedded are

easy to operate and can be recycled for catalytic purpose; (iii) the

Naon membrane has a small absorbance in the UV-visible

region and their hydrophilic cavities and the channels possess

a strong polarity and excellent ion-exchange properties.83–85

These features enhance the adsorptive capacity of the materials,

leading to the enrichment of pollutants on the catalyst surface.

The hybrid effect between the 1.0%monomolecular-layers PANI

dispersed on the ZnO surface inhibited photocorossion and

also improved the activity for MB degradation under UV/visible

light.86 The degradation was quenched with EDTA (a hole

scavenger) for the ZnO system, and with EDTA or TBA (a

hydroxyl radical scavenger) for the ZnO–PANI system. This

indicates that the holes were the dominant oxidising agent in

the former case, whereas both holes and the hydroxyl radical

contribute to photocatalysis in the latter under UV light. In

contrast, hydroxyl radicals predominately participated in the

degradation of MB for the composite under visible light. Under

UV light, VB holes transfer to the HOMO of PANI, and then

migrate to the catalyst surface, thereby directly oxidizing the

contaminants. Under visible light, PANI absorbs the incident

photons, and the excited electron is transferred from its LUMO

to the ZnO CB.86 The coating of PANI via the cold-plasma

treatment technique intentionally Introduces defects (i.e.

oxygen vacancies and interstitial zinc) and enhances the activity

of PANI–ZnO for MO and 4-CP degradation.87 In addition, PANI

effectively stabilized these defects on the surface of ZnO even

aer prolonged UV illumination. The surface oxygen vacancy

traps the electron from ZnO CB and the LUMO of PANI to

suppress the charge recombination process (Fig. 4). In addition,

the increased donor density due to the presence of Zni (Zn
þ
i and

Zn0
i ) and Vo (Vþ

o and V0
o) improves the charge transport and

shis the Fermi level towards the CB, which facilitates charge

separation at the semiconductor–electrolyte interface and ulti-

mately supplements the photocatalytic efficiency. The PANI

Fig. 3 Band structure and charge transfer pathways of ZnO nano-

crystal with oxygen defects (reprinted with permission from ref. 81;

Copyright 2009 @ American Chemical Society).
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behaves like a p-type semiconductor, which is an excellent hole

transporting material and has become a better choice for

preparing organic–inorganic hybrid photocatalysts. The oxygen

decient ZnO obtained from the calcination of ZnO2 was found

to be efficient for the decomposition of DCP under visible

light.88 The oxygen defects are introduced during the decom-

position of O2
2� and were tailored by heat treatment at various

temperatures. At high calcination temperatures (800 �C, 2 h),

the pale yellow colour of oxygen-decient ZnO was transformed

to a white color. However, annealing under an argon atmo-

sphere preserves the visible light absorption edge, as the oxygen

vacancies are retained under an oxygen free condition. The

impurity states associated with these high oxygen vacancies

become more delocalized and overlap with the VB edge, and

this raises the position of VB, making the ZnOmore efficient for

visible light absorption. The photocatalytic activity of oxygen-

decient ZnO gradually decreased with increases in the calci-

nation temperature from 400 to 800 �C, which is in agreement

with the concentration of oxygen vacancies. However, very low

oxygen vacancies did not exert any impact on the optical prop-

erties. In contrast, oxygen deciency was not observed for ZnO

prepared by the calcination of Zn(OH)2.
88 Thus, the electronic

and optical properties of ZnO are strongly dependent on the

nature and concentration of the defects generated during the

crystallization process. For ZnO-based photocatalysis, excita-

tion at high energy wavelength (254 nm) triggers both photol-

ysis and photocatalysis;89 however, low energy (340 nm) induces

only photocatalysis, due to its close association with the

bandgap absorption. This indicates an increase in the surface or

near surface reactions with the latter excitation source, and that

the former operates by a MVK type mechanism, in which the

oxygen from the crystal lattice is removed and used in the

oxidation reaction. On the basis of a series of experiments, Ali

et al.90 reported that a different degradation mechanism of MB

operated for different ZnO lms at different excitation wave-

lengths, with competition between the two distinctive mecha-

nisms: conventional redox radicals and lattice oxygen driven

oxidation. Surface photocatalyzed radical formation was

prominent for highly aligned and more crystalline morphol-

ogies of ZnO with plentiful oxygen. However, the lattice oxygen

mediated photodegradation was signicant for less aligned and

more amorphous morphologies with more defects. The high

energy associated with 254 nm allows the activation energy

barrier to overcome for lattice oxygen abstraction; furthermore,

a high number of lattice defects lower the overall activation

energy. However, the MVK type mechanism deactivates the

catalyst surface, thereby inhibiting the redox reactions.90

Despite the debate concerning the exact role of defects in

photocatalysis, it is generally accepted that the surface defects

(states) act as shallow trapping sites, whereas the localized bulk

defects promote the recombination process. The defects in

mediated photocatalysis are vital for realizing the photo-

catalysis pathways, as these defects not only modulate the

photoactivity, but are also inherent in pristine metal oxides.

On the basis of the above results, it can be surmised that

heterogeneous photocatalysis is a delicate function of catalyst

dosage, particle size, surface acid–base properties, defect

density, surface anchored groups, photocatalyst stability,

substrate concentration and their redox levels, pollutants'

molecular structures, the presence of electron scavengers other

than oxygen, the presence of inorganic electrolytes, the forma-

tion of active free radicals, solution pH, the affinity of pollutants

and intermediates to react with free radicals, degradation

pathways, intensity and the wavelength of the excitation source.

3. Morphological dependence of ZnO
on the photocatalytic activity

Further improvements in the photoactivity of ZnO can be real-

ized by providing a suitable geometric structure for effective

carrier transfer pathways. ZnO has the richest morphologies,

which are very complex and diversied and can be easily

manipulated with a desirable structure, as well as allow for

rational tailoring of the surface to volume ratios. The capability

to control the particle morphology and understanding the

surface signatures of ZnO governed by the particle size and

shape may be vital for constructing nanoscale electronic

devices. The growth of metal oxides in an aqueous solution is

inuenced by variable parameters such as temperature,

precursor chemistry, chelating agents, solvents, precursor

concentration, mineralizers, inorganic electrolytes, templates

and the pH of the solution.91–94 Zn(II) exists as Zn2+, Zn(OH)2,

Zn(OH)3
� and Zn(OH)4

2� in aqueous solution, with their

concentration ratio depending on the pH of the reaction

medium. In general, a relatively large quantity of Zn(OH)4
2�

under alkaline conditions will act as seeds for the nucleation of

ZnO growth units.

The photocatalytic activity of ZnO towards resorcinol

degradation follows the order: spherical shape > rod-like > ake-

like. The activity of the sperhical shape was due to the formation

of a non-faceted morphology comprising a high surface area,

small crystalline size distribution, and a high concentration of

electron (oxygen vacancies) and hole traps (oxygen intersti-

tials).95 The appreciable activity of the rod-like morphology was

attributed to the presence of a zinc-terminated {0001} and an

oxygen terminated {0001�} polar face with a high surface energy.

However, the formation of smooth {1101} and {1010} facets

Fig. 4 (a) Proposed photocatalytic mechanism; (b) atomic level illus-

tration of ZnO–PANI hybrids (reprinted with permission from ref. 87;

Copyright 2014 @ American Chemical Society).
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without a high surface energy for the ake-like morphology

resulted in poor activity. These morphologies could be tuned by

changing the capping agent, i.e. the Triton X-100 concentration

from PMC to CMC during the synthesis step (Fig. 5).96 In the

case of PMC (2.1 � 10�4 mol L�1), a high yield of ZnO nano-

akes was obtained. During the particle formation, monomers

(the capping agent) adsorb onto the preferred crystallographic

planes and alter the growth kinetics. Thus, growth along all the

preferred directions will be retarded to produce a nanoake-like

morphology during the nucleation stage. The nanoakes are

aggregated due to their nanoscale forces. The spherical micelles

are formed at their rst CMC (3.2 � 10�4 mol L�1), leading to

the formation of spherical NPs. Due to the smaller dimension of

the spherical-shaped granular particles, the polar elds gener-

ated in each particle are weaker.97 Consequently, a lower

propensity of agglomeration between the single particles leads

to the formation of an unagglomerated assembly of NPs. The

second CMC (1.3 � 10�3 mol L�1) indicates the structural

transition from a spherical micelle to rod-like ones to facilitate

the formation of the NRs. The collective behaviour of the van

der Waals forces and the electrostatic interaction support the

self-aggregation of the ZnO NRs.98

Flower-like ZnO thin lm (160 nm thick) deposited on the

FTO substrate via spray pyrolysis (400 �C) was photo-

electrochemically active for the degradation of organic pollut-

ants, such as toluene, SA and 4-CP under natural solar light due

to the large content of surface oxygen vacancies and the high

surface area.99 Mesoporous ZnO prepared by a solution

combustion route using oxalic acid as the fuel had higher

activity for the degradation of OG dye compared to ZnO

prepared with other fuels such as citric acid, dextrose, glycine,

oxalyl dihydrazide, and urea.100 The furnace temperature was

varied between 350–450 �C depending on the number of carbon

atoms in fuel and also on the nature of groups. The equivalence

ratio (F), dened as the absolute value of the ratio of oxidizer

valency to reducer valency, was <1 for citric acid and dextrose,

and greater than unity for glycine, oxalic acid and urea, equals

to unity for oxalyl dihydrazide fuel. ZnO with a low crystallite

size and a high strain was obtained for F < 1, similarly due to

the smoldering combustion, which arises at a combustion

temperature of <650 �C.101 This results in an improper crystal

growth favouring the formation of small crystals. For F$ 1, the

maximum amount of heat will be produced, helping to render

proper crystal growth. The morphology of ZnO was agglomer-

ated, irregular, spherical, cylindrical, and ower-like for citric

acid, dextrose, glycine, oxalyl dihydrazide, oxalic acid and urea,

respectively. The surface area of the catalyst had no correlation

with its activity in this study.

The nanostar ZnO assembled from NRs obtained under

hydrothermal conditions (160 �C, 2 h) with gelatin under

aqueous ammonia was active for MO degradation. The surface

and capacious interspaces of the nanostars provided more

opportunity for the diffusion and mass transportation of MO

and hydroxyl radicals during the photocatalytic reactions.102

However, NSs, microrods, microsheets and hexagonal prisms

were observed using NaOH, ethanediamine, urea and HMT,

respectively. The optimum amount of gelatin to obtain nano-

stars was found to be 0.02 g and high content (0.036 g) favored

the formation of peanut-like structures. The carboxylic groups

of gelatin bind to metallic ions via coordination or electrostatic

interactions to form complexes such as gelatin–Zn(NH3)4
2+ and

gelatin–Zn(OH)4
2�. The gelatin biomolecules are mainly

dispersed as random coils in the solution and behave as so

biotemplates to tailor the shape of ZnO NPs under the reaction

conditions. The ZnO nuclei generated from the above

complexes grow in free space and aggregate through the

orientation and alignment to decrease the free energy, forming

NRs in the initial stages. Then, the gelatin connes the growth

of ZnO NRs and transforms them into star-like morphologies

via the Ostwald ripening process.102 The ZnO NFs (78 nm) were

active for the degradation of RhB, Amido Black 10B and Acid

Fuchsin compared to the ZnO NPs (30 nm) under visible light,

although the latter had a smaller particle size.103 The porous

structure of the nanobrous mats improved the contacting

surface areas between the catalyst and the dye molecules,

whereas an aggregation of NPs in solution lowered its efficiency.

The ZnO TPs showed a high efficiency for MO, Acid Orange 7,

MB and R6G degradation compared to the NPs, although a

lower concentration of hydroxyl radicals and a reactive oxygen

radical were observed for the TPs structure.104 Due to the low

concentration of non-radiative defects, PL decay was the longest

for the TPs, whereas a rapid decay of luminescence was

observed for the small size NPs, attributed to the non-radiative

quenching at the surface defects/impurities. In another study,

the abundant surface states and the high surface-to-volume

ratio of the ZnO TPs contributed to them exhibiting high

activity for RhB degradation.105 The EDS conrmed the oxygen

deciencies in the TPs structure (atomic ratio of Zn and O is

51.2 : 48.8), which then serve as reactive electron capture

centres. Both PL and photosensitivity measurements revealed a

high density of surface states, which would be benecial for

photocatalytic and device fabrication.105 The photoactivity of

ZnO TPs surpassed the irregular-shaped ZnO NPs towards MO

degradation, which is attributed to their 3D branched

morphology, which resists aggregation during photocatalytic

reactions.63 From a geometrical point of view, the TPs nano-

structures, which assembled into the 3D networks may act as

Fig. 5 Mechanism of formation of ZnO nanostructures with different

morphologies (reprinted with permission from ref. 95; Copyright 2012

@ American Chemical Society).
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ideal candidates for harvesting the maximum number of

photons from a light source. In the reaction solution, the TPs

provide all the contactable surfaces, leading to a spatial stearic

effect against the dense agglomeration, owing to their unique

structure with four arms growing from one centre and multiple

pathways for diffusion of the reactants and the products.

Highly oriented ZnO NRA synthesized on zinc foil exhibited

the best activity for 4-CP degradation compared to a ZnO NR

grown on a titanium substrate. A cross-sectional SEM observa-

tion revealed that the rods with typical lengths of about 500 nm

were well separated from each other but densely aligned, and

that a preferential growth occurs along the c-axis perpendicular

to the substrate. In contrast, the hexagonal rods were packed in

a disordered manner for ZnO grown on Ti-foil. In this study, the

zinc foil was used both as a zinc ion source and as a substrate

for the direct growth of NRA.106 The unique surface features of

well-aligned NRs and an excess appearance of polar-{0001}

facets in the NRA serve as the most active sites for photo-

catalysis.107 In addition, the NRA exhibited remarkable activity

with little loss even aer a h run without any change in

morphology. Enhanced interfacial charge transfer can be ach-

ieved in such a 1D material because the delocalization of the

carriers is increased owing to their free movement throughout

the length of the crystal with minor resistance. Thus, the

occurrence of surface trapping states is reduced and a more

efficient charge separation is ensured.108

Porous ZnO nanopyramids with a greater density of basic

sites exhibited a high rate of adsorption and degradation for

acidic dyes, such as Fluorescein, Acid Green, Acid Blue and the

Acid Black, compared to ZnO nanopyramids without pores and

to ZnO mesoporous ellipsoids, but remained insensitive for the

adsorption of basic dyes (RhB and Basic Red).109 Thus, their

integration in adsorption and photocatalysis facilitates the

porous nanopyramids to contact and react with more dyes per

unit time. This ZnO had unique structural features, such as

high specic surface area (127.7 m2 g�1), uniform nanopores

(4.7 nm) and large pore volume, and was assembled from 4.7

nm ZnO nanocrystal building blocks with an oriented attach-

ment without any template assistance.109 Meso-macroporous

ZnO NSs prepared by the one-step polyol reuxing process

(198 �C, 4 h) rapidly degraded MB compared to ZnO dense NSs

without any porous structure and/or ZnO nanospheres.110 The

EG (polyol) in the synthesis step played a crucial role in the

formation of NSs; (i) it has a relatively high dielectric constant

and most of the metal species are soluble, providing a suitable

growth conditions for NSs; (ii) it lowers the hydrolysis rate of the

metal oxides; (iii) it also serves as a reducing agent.111,112 In

contrast, the presence of nitrilotriacetic acid and PVP in the

reaction system results in dense NSs and nanospheres,

respectively.110 The photoactivity of ZnO hollow spheres for the

degradation of RhB under hydrothermal conditions (180 �C, 24

h) of glucose–ZnCl2 mixtures increased with increase in the

molar ratio of glucose to zinc ions up to 15, which is attributed

to the combined effects of multiple factors, such as the porous

structure, enhancement in the carrier redox potential and the

formation of a bimodal meso-macroporous structure.113 The

formation of hollow spheres proceeded through three steps: (i)

dehydration of glucose with a subsequent carbonization,

resulting in the formation of carbon spheres with hydrophilic

functional groups such as –C]O and –OH; (ii) entrapment of

Zn2+ ions into the hydrophilic shell via coordination/

electrostatic interactions; (iii) removal of carbon spheres,

densication and cross-linking of incorporating metal cations

in the layer via heat treatment, which leads to the hollow sphere

formation. In addition, the hollow spheres were stable against

photocorrosion at neutral pH, and could be easily separated

from the slurry system by simple ltration or sedimentation,

due to their large weight, weak Brownian motion and good

mobility. These hollow spheres possess an unusual hierarchical

nanoporous structure, which allows more efficient transport for

the reactant molecules to reach the active sites on the frame-

work walls by enhancing the photocatalytic efficiency. More-

over, hollow spheres allow multiple reections of the UV-visible

light within the interior cavity, which facilitates more efficient

usage of a light source.114 This activity was reduced aer

grinding the hollow spheres, suggesting that solvent entrap-

ment and sequestration within the enclosed spheres were

benecial for the photocatalysis. The porous structure of the

ZnO plates (sintered at 700 �C, 1 h) was efficient for Reactive

Orange 16 and the degradation of Reactive Red 180 dye.115 The

ZnO plates retained their photoactivity aer the recycling tests

when placed under darkness.116 The illuminated surface

became less negatively charged during the photocatalytic

process, when positive holes are drawn to the illuminated

surface by the layer of space charge. Conversely, the crystal

attains a negative charge when the catalyst is placed under

darkness. In order to balance the charge, surface diffusion take

place and restrains the hole trapping rate under UV illumina-

tion, thus retaining the activity instead of deactivating it.

Compared to the powder form, the plate structure signicantly

reduces the cost and time required for the catalyst removal from

the suspension, thereby allowing better recycling and reuse of

the plates.115 The rate constants for the degradation of MO were

1.03, 1.73 and 1.96 h�1 for ZnO solid nanospheres, hollow

nanospheres and yolk–shell nanospheres, respectively, which

were in exact (linear) correlation with the intensity of the visible

light emission in the PL spectra.117 The evolution of morphology

for the zinc citrate microspheres with aging time had the

following pathway: solid microspheres to hollow microspheres

via yolk–shell microspheres, according to the Ostwald ripening

mechanism associated with the progressive redistribution of

matter from the cores to the shells of the microspheres, as the

cores have a higher energy due to their larger curvatures

compared to the outer shells.118 Thus, the inner cores gradually

dissolve into shells and are consumed and shrink with an

increase in aging time. Simultaneously, zinc citrate redeposits

on the outer shell, which increases the shell thickness, leading

to yolk–shell microspheres. Thus, the growth of the shell and

shrinkage of the cores continues with aging time. The core

eventually disappears aer aging for 12 h, leaving behind a

spherical hollow sphere (Fig. 6). This ripening process is a

classic phenomenon in particle growth, wherein the growth of

larger particles takes place at the expense of smaller particles

due to the higher solubility of the latter.118 Novel ZnO composed

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3306–3351 | 3315
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of a core (pyramid)–shell (nanosheet) composite with open and

porous nanostructural surface layers exhibited excellent activity

and durability for the degradation of MO against NPs, NSs and

nanoneedles.119 Moreover, the higher redox potential of size-

quantized NSs (�10 nm) standing on the micro-sized conical-

shaped particles promotes electron transfer from the conduc-

tion band of a nanosheet with a high electric potential to those

of a core-part micropyramid with a low electric potential.120 The

vertical and net-like or grid-like arrangement of the NSs, as well

as the conical shape of the ZnO micro/nanostructures,

successfully avoid aggregation and preserve its large specic

surface area. On the basis of the experimental observations, it

was proposed that the initial step involves the formation of ZnO

hexagonal pyramid-like nanocrystals followed by the build-up of

a NSs network on the facets of pre-formed ZnO microcrystals.

This two-step growth mode was favoured only for a certain

release rate of Zn2+ ions (in this study, Zn foil was used as the

zinc source and the ratio of Vdistilled water/Vehtylene diamine ¼ 3 : 37

to 1 : 7) because a high growth rate leads to a single morphology

(i.e. one-step growth) and a low growth rate results in quasi-

equilibrium growth, leading to vertically arranged NRAs on a

Zn foil. In addition, replacing the Zn foil with zinc nitrate

results in irregular shaped particles.119 The high performance of

ZnO NT arrays compared to ZnO NRA for NOx degradation was

attributed to the unique surface features of its well-aligned

structure. The NTs differ from NRs from the prospect of

having a hollow cavity structure.69 Noticeably, the NT arrays

with outer and inner surfaces have a relatively large surface area

(�twice) compared to the NRA with the same length and the

diameter. The peculiar tubular structure provides more inter-

faces for NO decomposition, thereby increasing the activity of

the NT arrays. In addition, incident light is preferably trapped

in the NT arrays and reduplicatively gets absorbed, both inside

and outside of the tubes, thus facilitating easy carrier

generation.69

The spherical particles of the ZnO increased its activity for

the degradation of MB compared to NRs and a mixed

morphology of particles and rods, which was attributed to the

presence of a large amount of oxygen vacancies, which trap CB

electrons temporarily and reduce the surface recombination.121

Furthermore, the oxygen vacancies favour the adsorption of

oxygen to capture CB electrons, thereby simultaneously

producing oxygenated free radicals. These morphologies were

ne-tuned by varying the concentration of hydroxyl anion from

50 to 400 mM NaOH through a so chemical approach (Fig. 7).

At low concentration, spherical NPs (�8 nm) were formed due

to the uniform crystal growth as the concentration of hydroxyl

anions was very low to favour anisotropic growth. While at

higher concentrations of hydroxyl anions, ZnO growth along the

{0001} surface was blocked by the binding of [Zn(OH)4]
2�,

which changed the surface free energy, thereby favouring the

growth of a {000�1} surface to form NRs (length 30–40 nm).

However, at an intermediate concentration of 200 mM, both

uniform, as well as anisotropic, crystal growth occurs, leading to

the formation of both NPs and NRs. The chemical reaction for

ZnO nanostructure formation is as follows;

Zn2+ + 2OH�
/ Zn(OH)2 (43)

Zn(OH)2 / ZnO + H2O (44)

Zn(OH)2 + 2OH�
/ [Zn(OH)4]

2� (45)

[Zn(OH)4]
2�

/ ZnO + H2O + OH� (46)

The Zn(OH)2 is unstable and directly hydrolyses to ZnO

nuclei or reacts with a hydroxyl anion to form a growth unit of

[Zn(OH)4]
2�, followed by polymerization to form a ZnO nucleus.

The abundant concentration of hydroxyl anion favours the

formation of a [Zn(OH)4]
2� intermediate, which is likely to

control the surface morphology of ZnO.121 Thin lms of ZnO

microrods with an hexagonal shape of submicron-size diame-

ters were active for the degradation of MB compared to ZnS,

although the latter was more striking for MB adsorption.122 The

morphology of ZnO remained the same aer the photocatalytic

reaction, whereas the surface of a ZnSmicrorod was occupied by

dye molecules with partial damage in some areas. However,

both ZnS and ZnO lost their activity aer three cycles in

subsequent runs.

The high performance of sheet-like ZnO for the degradation

of MO compared to ower-like and sphere-like ZnO was

attributed to a large quantization in the bandgap, as the mean

Fig. 6 Morphology evolution for zinc citrate microspheres with aging

time (reprinted with permission from ref. 117; Copyright 2012 @ Royal

Society of Chemistry).

Fig. 7 Mechanism of formation for different ZnO nanostructures

under the influence of hydroxyl anions (reprinted with permission from

ref. 121; Copyright 2011 @ Elsevier).
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thickness of the sheets was comparable to the Bohr radius of

ZnO.123 This enables the materials to harvest the maximum

number of photons from the excitation source, producing

surplus charge carriers and thereby enhancing the activity.124

The photodegradation was faster than mineralization, indi-

cating the high resistance of the accumulated by-products to

react with free radicals. Two steps were followed to obtain such

a morphology: (i) the formation of ZnO spheres as seeds on a

quartz substrate; (ii) the hydrothermal growth of ZnO in an

aqueous solution by the reaction of zinc nitrate and HMT, with

the latter providing a controlled supply of hydroxide ions. The

HMT also reacts with water to produce NH3, which subse-

quently forms NH4
+ ions. Thus, the two tetrahedral complexes

[Zn(NH3)4]
2+ and [Zn(OH)4]

2� served as precursors for ZnO

nucleation. Flower-like NSs were epitaxially formed from the

seeds aer the hydrothermal reaction (150 �C, 4 h), which

transforms them to sheet-like ZnO in 6 h without the agglom-

eration of the ZnO seeds.123 The combined effects of surface

roughness, crystallinity, and an appropriate lm thickness of

porous ZnO obtained by chemical bath deposition from a

methanolic solution of zinc acetate (0.05 mol L�1) and calcined

at 500 �C (1 h) make it active for the degradation of MO

compared to those calcined at 300 �C and 800 �C, having

different precursor concentrations.125 At a low precursor content

(0.01–0.05 mol L�1), the morphology of porous ZnO lm was

nest-like assemblies, while globular aggregates were observed at

0.1 mol L�1. The porous structure originates from the formation

of a ake-like layered zinc acetate, which stands on the alumina

substrate with its edge pointing to the surface normal direction

and forms a highly porous 2D nest-like structure. The nest-like

porous structure also provides sufficient surface roughness,

which is advantageous for the adsorption of pollutants during

the photocatalytic reactions. The globular agglomerates easily

depart from the lm during the photocatalysis because of the

low adhesion with the substrates, and also the effective surface

area absorbing the photons from the excitation source is dras-

tically reduced, which lowers the activity.125 The degradation of

MB with respect to a ZnO morphology followed the following

order: ower > oblate > hexagonal sphere > hexagonal biprism >

nut-like > NRs, indicating that the different morphologies

display large differences in their activity.126 The high perfor-

mance of ower-like ZnO was attributed to the greater exposure

of its polar surface, and hence more hydroxyl radicals could be

formed to participate in redox reactions.127 These morphologies

were obtained by varying the Zn2+ : NaOH and Zn2+ : TEA ratio

under hydrothermal conditions (140 �C, 12 h). The NRs were

observed without any addition of TEA, whereas a nut-like

structure was formed in the absence of NaOH, revealing that

the concentration of hydroxyl ions was indispensible for

obtaining such diverse morphologies (Fig. 8). Initially, TEA will

hydrolyze to produce the hydroxyl ions (eqn (47)), resulting in

Zn(OH)2, which further transforms into ZnO aer calcination

(eqn (43)–(46)).

TEA + H2O 4 [TEA]+ + OH� (47)

With increases in the content of NaOH, an excess of hydroxyl

anions favours the formation of [Zn(OH)4]
2�, which transforms

to ZnO nuclei at a concentration above its critical solubility.91–93

These zinc hydroxyl complexes preferentially adsorb on the ZnO

nuclei, which lis the growth along the direction of the c-axis

and leads to a hexagonal biprism shape. When [Zn(OH)4]
2� ions

are relatively insufficient, TEA molecules will occupy the

dominant position and serve as the structure-directing and

assembling agent, resulting in nut-like, hexagonal sphere-like,

oblate and ower-like structures.126 The photoactivity towards

the degradation of phenol with respect to various solvents

(morphology) followed the following sequence: THF

(cauliower-like) > decane (truncated hexagonal conical) >

water (tubular and a rod-like) > toluene (hourglass-like) >

ethanol (NRs) > acetone (spherical shape).128 The ZnO synthe-

sized in water were less homogeneous compared to those

prepared in organic solvents, as the zinc precursor was better

dispersed in the latter. The solvents like THF, ethanol and

acetone have high vapor pressure, which limits the growth of

ZnO nuclei to favour the NPs nucleation. The aggregation of

these NPs and the formation of clusters reduce the overall

surface area and the surface energy. In contrast, larger ZnO

crystals with faceted morphologies were obtained for relatively

low saturated vapour pressure solvents, such as decane,

toluene, and water.

These varied nanostructured morphologies encourage

charge carrier separation, in addition to enhancing the surface

reactions, which ultimately results in the rapid decomposition

of organic pollutants. The morphological stability even aer

recycling many times indicates the resistance towards agglom-

eration and a low degree of by-products accumulation on the

catalyst surface during the degradation reactions. The hierar-

chical structure, combining the features of nanoscaled building

blocks, not only show unique properties different from those of

Fig. 8 Mechanism of formation of ZnO microstructures (reprinted

with permission from ref. 126; Copyright 2012 @ Elsevier).
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the bulk, but also provide more opportunity for the surface

photochemical reaction to realize the morphology dependent

surface reactivity.129 Therefore, it is desirable to develop a facile

protocol for the morphology controlled ZnO with low cost

precursors and without special equipment, harsh experimental

conditions or toxic reagents. Despite having comprehensive

studies relating to the effects of the synthesis parameters on the

formation of ZnO, the literature is not quite convincing in

establishing relationships among the synthesis parameters,

morphological properties and the photocatalytic activity.

Understanding such interdependences will provide an insight

into the origin of the chemistry behind the photocatalysis,

which should advance our capability to utilize ZnO

nanocrystals.

4. Photocatalytic activity of metal
ion-doped ZnO

The doping of metal oxides (TiO2 or ZnO) with foreign ions/

impurities initially changes the coordination environment of

host metal ions in the lattice and also modies the electronic

band structure via introducing localized electronic energy levels

within the bandgap states. The former alters the pristine defect

structure, and thus affects the mobility of charge carriers,

whereas the latter enables a more efficient manipulation of

incident photons. The dopant impurity level situated either

above the VB or below the CB momentarily traps the photo-

generated charge carriers, thus affecting their redox

pathways.130

(a) Doping with alkali metal ions

Li (10%)–ZnO was more active for the degradation of 4-NP

under visible light compared to Na–ZnO and K–ZnO, primarily

due to the electron trapping ability of Li+ ions, the small crys-

tallite size and high surface roughness.131 The bandgap

widening and efficient charge carrier transfer process were

identied as the factors responsible for the sunlight-driven

activity of Mg (0.1%)–ZnO for the degradation of MB.132 The

increase in optical bandgap energy by Mg2+ doping was attrib-

uted to the Moss–Burstein effect, which was caused by electrons

generated from the oxygen vacancies.133 The substitution of

Zn2+ by Mg2+ intensies the oxygen vacancies and the electron

concentration due to the differences in electronegativity and the

ionic radius between the host (Zn) and the guest (Mg). This

increase in carrier density lis the Fermi level into the CB of a

degenerate semiconductor, resulting in the bandgap widening.

Cubic MgO crystallized at a higher Mg2+ doping (0.2%) served as

the recombination centres.132

(b) Doping with transition metal ions

The enhancement in the defect concentration of ZnO by Zr4+

(1.5 wt%) doping resulted in a faster degradation of resorcinol.95

The small crystallite size decreases the diffusion path length for

the movement of charge carriers from the bulk to the surface,

and the size quantization of the bandgap enhances the redox

potential of the charge carriers. However, a complete

mineralization was observed only with a 365 nm excitation

source rather than at 254 nm. The UV light photolysis indicated

that the intermediates formed during the course of degradation

signicantly absorb light energy at 254 nm, thus shunting

the photons away from the ZnO surface. Because resorcinol

does not absorb at 365 nm, the complete absorption of light by

Zr–ZnO facilitates the generation of reactive free radicals in the

solution, which accounts for the complete mineralization. The

doping of Ta5+ into ZnO by a modied Pechini-type method

using water soluble peroxo–citrato tantalum complexes as a

Ta5+ source was positive for the degradation of MB under visible

light, which is attributed to a competitive trade-off between the

crystallinity, surface hydroxyl groups and the specic surface

area.134 It was predicted that the crystallinity should dominate

over the other two factors in enhancing the efficiency. The

activity at different annealing temperatures of Ta (1 mol%)–ZnO

had the following order: 700 > 800 > 900 > 600 > 500 �C. As the

annealing temperature increases, the crystallinity is improved

with the loss of surface hydroxyl groups and surface area. The

degradation rate increases by two fold with a change in the pH

of the dye solution from 5 to 8 but declined at higher pH values.

The high degree of hydroxylation combined with the efficient

adsorption between cationic MB and the surface negatively

charged Ta–ZnO contributes to the overall efficiency at pH 8.

Although the adsorption of MB was drastically improved at pH >

8, the density of the hydroxyl groups decreased and the rupture

of hydroxylation on the catalyst surface suppressed the activity.

The degradation rate with respect to the dopant content fol-

lowed the following order: 1 > 1.5 > 0.5 > 2.0 > 3.0 mol%.135 The

particle size increased, resulting in the loss of surface area

with increase in dopant concentration (>1 mol %) and an

orthorhombic ZnTa2O6 was formed at a very high content of

Ta5+ (4 mol%). The substitution of Ta5+ into the host Zn2+

resulted in the formation of defects, such as zinc and oxygen

vacancies, which form an intermediate electronic level within

the bandgap, enabling the visible light absorption and also

restraining the carriers from recombination.

Null ¼ V00
Zn þ Vcc

o (48)

Ta2O5 ������!
ZnO

2Taccc

Zn þ 3V 00
Zn þ 5Oo (49)

Oo/Vcc
o þ 1=2O2 þ 2e� (50)

The oxygen vacancy forms a deep donor at�1.0 eV below the

bottom of the CB, and the zinc vacancy defect is relatively

shallow at �0.4 eV above the top of the VB.136 The doping

changed the morphology of ZnO from NRs to NPs with a

spheroidal shape. The catalyst still retained its activity even

aer storage for 90 days in air, attesting to its excellent stability

due to its high crystallinity.

The defect-free Cr (�3 at.%)–ZnO obtained via the sol-

vothermal treatment (120 �C, 12 h) in ethanolic solution under

an alkaline medium showed visible light activity towards the

degradation of MO.137 The visible light response originated

from the ‘sp–d’ exchange interactions between the CB electrons

3318 | RSC Adv., 2015, 5, 3306–3351 This journal is © The Royal Society of Chemistry 2015

RSC Advances Review

P
u
b
li

s
h
e
d
 o

n
 0

6
 N

o
v
e
m

b
e
r 

2
0
1
4
. 
D

o
w

n
lo

a
d
e
d
 o

n
 8

/2
2
/2

0
2
2
 9

:3
6
:1

3
 P

M
. 

View Article Online

https://doi.org/10.1039/c4ra13299h


and localized ‘d’ electrons of the Cr3+ ions, which substitute for

the Zn2+ ions.138 The ‘s–d’ and ‘p–d’ exchange interactions lead

to a negative and a positive correction to the CB and VB edges,

respectively, resulting in a red shi in the bandgap absorp-

tion.139 Mn (1%)–ZnO obtained by the wet chemical precipita-

tion technique was detrimental to the degradation of MB under

UV light, but was benecial under visible light.140 The contri-

bution from the donor states (oxygen vacancies and interstitial

zinc) and acceptor states (zinc vacancies and interstitial oxygen)

enhanced the optical absorption in the visible region, and thus

the photoactivity.141 The Mn–ZnO creates electron–hole pairs at

the tail states of CB and VB, respectively, under visible light. The

excited electron transfers to the adsorbed MB molecule on the

particle surface and disrupts its conjugated system, leading to

its complete decomposition. The VB holes react with water or

hydroxide ions to generate hydroxyl radicals, which further

degrade the pollutant molecules.140 In another study, both Mn

(1%)–ZnO and ZnO obtained by a conventional method (i.e. a

slow crystallization process) showed a low activity for the

degradation of MB under visible light against the defect rich (i.e.

zinc interstitials and oxygen vacancies) ZnO, which was crys-

tallized under microwave conditions.142 Heating of the

precursor solution occurs locally due to the molecular rotation

of the medium, arising from their interaction with the electro-

magnetic elds of incoming microwave radiation. This assists

in a quick energy supply for the reaction, thus resulting in a

faster nucleation and growth of nanocrystallites.143 The rapid

inclusion of zinc and oxygen atoms into the crystal lattice

creates interstitial defects, which then induce the mid-gap

states, which serve as intermediate steps for the electrons and

holes during the photoexcitation process. This means that

instead of absorbing one UV-photon, an electron arrives at the

CB by utilizing multiple photons from visible light. In the case

of a conventional heat treatment to induce crystallization, heat

passes by convection from the walls of a container towards the

centre and takes a long time before establishing thermal equi-

librium between the precursor and its surroundings. Thus, the

thermal decomposition of the precursor contents and the

subsequent formation/crystallization of ZnO or Mn–ZnO occur

very slowly, resulting in the formation of nearly defect-free

nanocrystals. The doping of Mn2+ (2 mol%) was positive,

while Co2+ (1–5 mol%) incorporation was detrimental for the

generation of hydroxyl radicals, wherein, these doped catalysts

were prepared by a three-stage process, consisting of a high

energy mechanical milling, heat treatment and washing.144 It

was proposed that Co2+ doping served as recombination

centers, while the presence of a secondary phase like Mn3O4

and Mn3�xZnxO4 favoured the charge separation in Mn–ZnO.

Casey et al.66 and Barick et al.145 suggested that the dopants such

as Fe2+, Ni2+, Co2+, and Mn2+ were not benecial to enhance the

photoactivity of ZnO. Interestingly, Co–ZnO with bicrystalline

wurtzite–zinc blende phases showed high activity for the

degradation of MB and phenol under visible light.146 The cobalt

doping induced a red shi in the visible light absorption and

homojunction between the mixed phases, together with

increased surface oxygen vacancies, thus promoting the charge

carrier generation–separation pathways. The undoped ZnO had

a wurtzite structure and that doping of Co2+ led to the formation

of CoO having a zinc blende crystal structure, and which served

as substrate for the growth of ZnO in the zinc blende phase.

This is a very rare report on the activity of mixed phase ZnO and

further research should focus on tuning the ratios of the mixed

phases and understanding the charge carrier transfer pathways.

The doping of Ni2+ (1–15 wt%) into ZnO thin lm via a

combined sol–gel and dip coating method was detrimental for

the degradation of MG under UV/visible light, despite Ni2+

doping reduced the crystallite size of the catalyst.147 The Ni2+

served as a p-type dopant in ZnO and acts as a recombination

centre.148 The decrease in the effective charge carrier concen-

tration lowers the band bending near the crystallite surface,

thus suppressing the driving force for the charge carrier sepa-

ration. However, the photostability of both the lms were

excellent, as revealed by SEM images, in which the ganglia-like

hills and wrinkles morphology of the lms were not changed

even aer recycling in three subsequent runs. In contrast, an

increase in the doping concentration of Ni from 0% to 5% into

ZnO NRs increased the degradation of RhB, as the dopant

induced a distortion of the local electric eld and the charge

carriers were then trapped around the dopant. At a higher

dopant concentration (�10%), the bandgap of a doped catalyst

decreases, thus reducing the energy of excited electrons and

then the excess dopant promotes the recombination process.149

However, the doping of Pd2+ into ZnO decreased the surface

area and improved the activity for the degradation of MO.150 The

Pd2+ doping introduced a new electronic energy level within the

bandgap states, which served as a shallow trap for charge

carriers. The charge carriers were efficiently separated with an

increase in the Pd2+ content from 2% to 3%, followed by a

sudden decrease at high concentration. At this optimum dopant

concentration, the surface barrier becomes higher and the

space charge region becomes narrower. The electron–hole pairs

within the region are efficiently separated by a large electric

eld traversing the barrier, which promotes the charge carrier

generation–separation–transfer pathways. For higher dopant

concentrations, the space charge region becomes very narrow,

and as the penetration depth of light into ZnO greatly exceeds

the space charge layer, this facilitates carrier recombination.151

The sequence in activity of Cu–ZnO with different dopant

contents for the degradation of MO was in correlation with the

FS technique, namely, the lower the intensity, the higher the

activity.152 Because the FS emission arises from the recombi-

nation of excited charge carriers, a lower FS intensity indicates a

reduced recombination. Thus, Cu–ZnO with 0.5 wt% of Cu2+

was benecial, while a higher dopant level was found to hinder

the activity. The doped Cu2+ traps the electron and detraps it to

adsorbed oxygen to produce superoxide radicals, whereas the

surface hydroxyl groups trap the holes to form hydroxyl radicals.

The optimum heat treatment for this catalyst was found to be

350 �C (3 h).152 The Cu-doped Zn–ZnO composite modied by a

surface carbon species exhibited visible light activity for the

degradation of Reactive Brilliant Blue KN-R dye.153 In the

preparation method, CO2 dissolved in solution was converted to

carbon, which then adhered onto the composite surface. The

doping of copper promotes the crystal growth of ZnO, inhibits

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3306–3351 | 3319
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the phase transfer of metallic Zn to ZnO and enhances

absorption in the visible region. The composite with a 2.0 at.%

Cu loading under hydrothermal treatment (180 �C, 2 h) was

reported to have a high activity, which was attributed to: (i) the

substituted Cu2+ serving as a deep acceptor along with the

oxygen vacancy, which substantially improves the electron

transport properties;154 (ii) the metallic zinc clusters acting as

electron sinks, due to the Schottky barrier formation at Zn–ZnO

interface, in which the bulk Zn is surrounded by a ZnO shell;

(iii) the surface carbonaceous species having a high propensity

for adsorbing the reactants, which facilitates the transfer of

reactants to the active sites, and thus improves the surface

chemical reactions.155 The formation of (Cu,Zn)7(SO4)2-

(OH)10$3H2O impurity at a higher copper doping level (4–6

at.%) did not inuenced the activity. The surface doping of

copper (Cu1+dO) on ZnO enhanced the reaction rate for the

decomposition of OG and MB under UV/visible light. The

optimum concentration of copper was found to be 1.5 and 0.5

mol% for the catalysts prepared by the aqueous method and the

solid state reaction, respectively.156

(c) Doping with rare earth ions

Nd3+(1%)–ZnO nanoneedles synthesized via an ultrasonic-

assisted method were active for MB degradation, as Nd3+

served as an electron scavenger to inhibit the recombination.157

The doping of Ln3+ (Nd3+-4 wt%, Sm3+-8 wt% and La3+-4 wt%)

into the ZnO matrix by the polymer pyrolysis method was

promising for the 4-NP degradation, which is attributed to the

change in the structural properties, such as the surface area and

the crystallite size.158 A suitable loading of the dopant is

compulsory for producing a signicant potential difference

between the surface and the centre of the particles to separate

the photoinduced electron–hole pairs, as an excess of Ln2O3

covering the ZnO surface may facilitate the carrier recombina-

tion. The secondary phase of La2O3 nucleated at $3 mol%

doping of La3+ into the ZnO matrix via the precipitation route,

whereas it was observed at 10 mol% La3+ in the ball milling

method, indicating a high degree of dopant solubility at room

temperature in the latter.159 The doping of La3+ (1 mol%) into

the ZnO matrix was constructive in the former and detrimental

in the latter case for the degradation of MB, which is mainly

attributed to an increase or decrease in the oxygen vacancies

aer doping, respectively. The relative photonic efficiency of La

(0.8 wt%)–ZnO for TCP and MCP degradation was relatively

higher compared to ZnO under the excitation wavelengths of

254 nm and 365 nm.160,161 This was attributed to the combined

factors of large surface area, quantized bandgap and high

density of oxygen vacancies, which collectively lead to an effi-

cient adsorption of pollutants on the catalyst surface, a high

redox potential for charge carriers and an enhanced production

of hydroxyl radicals, respectively. The charge carrier separation

was effective with the 254 nm excitation source, as it excites the

electron with high kinetic energy, and hence they escape from

the recombination channels. The degradation rate reached a

maximum at pH 10 for MCP, but declined thereaer. Because

MCP is not protonated at pH > 10, the electrostatic repulsion

between the surface charges on the adsorbent and adsorbate

leads to an inefficient adsorption. The low reaction kinetics at

acidic pH was due to the overcoverage of MCP on the ZnO

surface, which prevents the catalyst from photon absorption.161

The Ce4+ doping changed the morphology of ZnO from nano-

plates to nanospheres and enhanced its activity for the degra-

dation of MB (pH 5.4–9). In this study, a simple reuxing

method (90 �C) was used to incorporate Ce4+ into the ZnO

lattice. A Ce4+ content of 0.05 mol%, reuxing time of 9 h,

catalyst dosage of 0.15 g and a calcination temperature of 400 �C

(2 h) were found to be optimum conditions to achieve high

performance.162 The photoactivity of Ce–Ag–ZnO towards the

decomposition of Napthol Blue Black dye increased under solar

light up to pH 9, but declined thereaer, exactly correlating to

dye adsorption on the catalyst surface at different pH condi-

tions.163 The synergistic effect between silver and Ce4+ (i.e. Lewis

acid) to trap a CB electron with its subsequent transfer to the

adsorbed oxygen was responsible for such a high activity

(Fig. 9).

The doping of foreign ions into ZnO appears to be an alter-

native approach to modify the physical (i.e. crystallite size and

surface area), electronic (i.e. bandgap energy and defect

concentration) and morphological features and make them

suitable for photocatalytic applications. However, the literature

reveals widespread disagreement related to the above-

mentioned properties as follows: (i) a shi in bandgap towards

the visible region is observed with transition metal ion doping,

whereas quantization in the bandgap is noticed upon doping

with alkali metal ion and rare earth ion doping; (ii) the change

in crystallite size does not correlate with the bandgap energy;

(iii) the morphological changes aer the doping are unclear, as

theymay also originate from the counter-anion of the precursor;

(iv) the change in the defect density distribution of defect-free or

defect-rich sites is almost impossible to predict owing to its

dependence on the experimental conditions; (v) the dopants

can either inhibit or promote the crystal growth; and (vi) the

Fig. 9 Charge transfer pathways in Ce–Ag–ZnO (reprinted with

permission from ref. 163; Copyright 2012 @ Royal Society of

Chemistry).
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precipitation of impure dopant oxides may change the chemical

composition of ZnO itself. The corrosion–dissolution of ZnO at

extreme pH conditions leaches the substituted metal ion from

the matrix, thus creating toxicity. These issues must be taken

into consideration for designing the doped ZnO nanostructure

in near future.

5. Doping with nitrogen (N–ZnO or
ZnO1�xNx)

The cation doping usually produces additional defects or

impurities in ZnO, which may act as recombination centers. In

contrast, doping with non-metals with small radii are prom-

ising candidates, because they easily substitute for lattice

oxygen sites of ZnO or can occupy interstitial sites. Due to its

larger solubility in metal oxides and its comparable size with

oxygen, nitrogen is widely used as a dopant to modify the

electronic structures of metal oxides, as only small formation

energy is required for the substitution process. In addition, the

low electronegativity and low ionization energy of nitrogen

compared to oxygen reduces the electron density around the

doped nitrogen in the pristine oxide.164

(a) Photoactivity of N–ZnO

Highly crystalline N–ZnO obtained via a vacuum atmosphere

method (380 �C, 2 h) usingmelamine as the nitrogen source was

active for the degradation of MO under simulated daylight

illumination.165 The melamine transformed into isocyanic acid

upon heating (120 �C), which then reacted with residual oxygen

or water in the vacuum tube chamber to form ammonia, which

subsequently mixed with ZnO to form N–ZnO.

NH3 4 NH2� + 2H+ (51)

xNH2� + ZnO 4 ZnO1�xNx + xH2O (52)

In addition, melamine combines with oxygen and a small

amount of N2 was also generated, further promoting the

nitrogen doping into ZnO via diffusion of the nitrogen atoms.

Interestingly, unreacted isocyanic acid was transformed to

melamine during the cooling process, which could then be

collected for reuse.165 The surface doping of nitrogen on the

ZnO TPs showed visible light activity for the degradation of bis-

phenol A.166 It was proposed that the nitrogen forms isolated N

2p states above the VBM, which intensies the absorption in the

visible region. The electron–hole pairs generated between the N

2p states and the CB of Zn 3d levels are separated through

trapping from surface adsorbed oxygen and the hydroxyl

groups, respectively. The N–ZnO prepared by the decomposition

of zinc nitrate in air (350 �C, 3 h) showed a high performance for

the reduction of Cr(VI) and oxidation of MO under visible

light.167 However, the activity of N–ZnO was lower for the

oxidation of MO and better for the reduction of Cr(VI) compared

to pure ZnO under UV light. Based on rst principle calcula-

tions, it was proposed that nitrogen doping into ZnO will cause

the appearance of a redundant carrier, i.e. a hole near the top of

VB. The mutual exclusion effect between the holes will enable

the carriers to form a narrow-deep acceptor level in the energy

gap and induce a conductivity conversion of N–ZnO from the n-

type to the p-type, which was also supported by iodometric

titrations.168 Thus, photoformed holes move towards the inte-

rior of the p-type semiconductor under illumination, while

electrons migrate to the surface to favour the reduction process.

In another study, N–ZnO obtained using zinc nitrate under

solvothermal conditions (260 �C, 20 min, followed by calcina-

tion at 400 �C, 2 h), showed an appreciable performance

towards the degradation of RhB.169 The increased oxygen

defects, improved absorption ability of the incident photons

and extended carrier lifetime were responsible for the high

photocatalytic activity. In the synthesis step, zinc nitrate coor-

dinates to oleylamine and forms zinc–oleylamine complex

(130 �C), followed by a pyrolysis to form N–ZnO at high

temperatures. The oleylamine serves as a structure directing

agent, inuencing the nucleation and aggregation process of

the NPs, which are ultimately assembled to microspheres with a

mesoporous structure. Liu and co-workers170 suggested that

substitutional nitrogen doping in semi-crystallized ZnO NPs

was effective for the degradation of RhB under visible light. In

contrast, such successful doping failed in highly crystallized

ZnO, during the calcination in gaseous ammonia atmosphere

(400 �C, 30 min). The partially disordered structure and defects

in the surface layers of semicrystallized ZnO serve as reactive

sites (i.e. energetic) for the substitution of nitrogen during the

heating process. In contrast, the long-range ordered surface

structure of crystallized ZnO requires a high energy for the

substitution of nitrogen into oxygen and could not be accom-

plished at 400 �C. The N–ZnO bundle-like NPs obtained from

the ZnOHF precursor demonstrated exceptional visible light

induced water oxidation without an applied bias, and the

activity was further enhanced by loading IrO2 co-catalyst.
171 The

ZnOHF decomposed to ZnO and HF during heat treatment in a

NH3 gas ow (973 K). The ZnO intermediate was subsequently

doped with nitrogen, while HF reacts with ammonia gas to form

a NH4F ake-like by-product. However, this N–ZnO was less

active for the degradation of MB under visible light. As the

mechanism for water oxidation and pollutant degradation are

entirely different, it was suggested that the surface of N–ZnO

possesses energetic sites for oxygen evolution, but lacks reactive

sites for pollutant degradation. The ZnO is partially reduced in a

highly reductive atmosphere and the resulting Zn is vaporized

due to its low melting point at high calcination temperature

(1073 K).171 The doping of nitrogen as No acceptor states is

detrimental for the degradation of MO degradation.172 The PL

studies indicate that N-related defects increase with the

increase in nitrogen content and are accompanied by a rapid

recombination process. The heavily doped (No) acceptor states

provide a large number of internal holes, which may hinder the

formation of photogenerated holes.

(b) Coupling of N–ZnO with other semiconductors

The glass–ZnO–ZnO1�xNx and glass–ZnO1�xNx–ZnO hetero-

junction was positive for the degradation of humic acid,

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3306–3351 | 3321
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indicating a synergism between ZnO and ZnO1�xNx.
173 However,

the activity was found to depend on the mode of the light illu-

minating the composite: (i) the former was active when light

was illuminated from the lm to the glass side, as holes accu-

mulate on the ZnO1�xNx layer to produce more hydroxyl radi-

cals, which then react with pollutants. While few carriers will be

generated in the outer ZnO layer and then the inability of humic

acid to diffuse into the ZnO1�xNx layer in the latter case results

in a low efficiency; (ii) the glass–ZnO1�xNx–ZnO was benecial

when light was illuminated from the glass to the lm side,

which is attributed to the efficient absorption of visible light by

the ZnO1�xNx layer. In the case of glass–ZnO–ZnO1�xNx, most of

the incident light will be lost via diffuse reection in the ZnO

layer, and also, the outer ZnO1�xNx may poorly absorb the

incident photons.

The nitrogen doping into ZnO via spray pyrolysis at 600 �C

improves the activity for the decomposition of CH3CHO under

visible light.174 The nitrogen atom exists in two chemical forms:

one was site-N (i.e. nitrogen substituting the oxygen atoms of

ZnO), while the second was residual nitrogen originating

from the precursors. A further improvement in the performance

of N–ZnO was achieved by coupling with WO3 (or V2O5) under

UV/visible light, while the efficiency was hampered in the case

of Fe2O3.
175–177 The nitrogen content in the catalyst increased

monotonically with the increase in WO3 (or V2O5) added, while

it was insensitive to the addition of Fe2O3. The highest activity

was observed at 0.7 wt% Fe and 5.8 wt% for W series powders at

the spray pyrolysis temperatures of 800 �C and 1000 �C,

respectively. Under visible light, the nitrogen dopant forms an

energy state above the VB of ZnO, serving as a “stepping stone”

for electron transfer from VB to the impurity level and from the

impurity level to the ZnO CB. Then, the electron transfers to

WO3 (or V2O5) CB, while the hole migrates in the opposite

direction. Tennakone et al.178 reported that W(VI) in WO3 could

easily be reduced to W(V) by excited electrons and may be

reoxidized to W(VI) by detrapping them to an adsorbed oxygen.

In contrast, the CB and VB of Fe2O3 sandwiches between the

ZnO band edges, and thus both the electron and hole transfer in

the same direction, resulting in the recombination. The high

activity of V2O5–ZnO1�xNx compared to WO3–ZnO1�xNx is

probably due to the larger difference in the CB edge between

V2O5 and ZnO, which facilitates a thermodynamically faster

electron transfer process. A typical feature of sprayed catalysts is

the homogeneous distribution of ingredients throughout the

particle surface, as they are derived from a homogeneous

solution.174–177 The fabrication of hybrid SnO2 NFs decorated

with surface bound N–ZnO showed a high performance for the

degradation of RhB under UV/visible light.179 According to the

band energy diagram, photoelectrons generated in the CB of

SnO2 and the holes in ZnO VB can be separated at the hetero-

junction by a favourable bias between the two sides. In addition,

the lower resistance caused by the formation of oxygen vacan-

cies upon nitrogen doping indicates an easy carrier transport

and enhancement in the VB of ZnO.

Compared to the broad literature on N–TiO2, N–ZnO has

seldom been investigated, mostly due to the inconvenience

associated with realizing the nitrogen doping process by the

commonly developed synthesis routes. The undesired trans-

formation of substituted nitrogen to molecular nitrogen at

elevated temperature impairs the understanding of doping

process itself. However, low-temperature doping quite oen

leads to poorly crystallized samples that cannot always guar-

antee high activity. At the atomic level, the homogeneous

distribution of nitrogen dopant throughout the matrix is

essential for narrowing the bandgap of the semiconductor,

while surface doping oen leads to localized states, which may

not be very effective for a visible light response. The efficiency of

N–ZnO reported to date is not satisfactory, and thus leaves

scope for further investigation.

6. Deposition with noble metals

Metal oxide–metal heterojunctions represent a novel class of

advanced functional materials that have attracted tremendous

interest, owing to their promising applications in various

elds.180 The deposition of metal NPs on a semiconductor

surface is gainful, whereby the particle size could be indepen-

dently controlled and a very narrow size distribution could be

obtained. It is assumed that the metal NPs modify the reactive

sites and the deposited noble metal itself serves as a catalyst to

decompose the pollutants.181 The metal islands capture the

photoinduced charge carriers and intensify the light absorption

in semiconductor oxides, with both effects facilitating the redox

reactions and amplifying the photocatalytic efficiency.180 The

double layer charging around the metal NPs facilitates the

storage of electrons within them.182

6.1 Photocatalytic activity of Ag-deposited ZnO (Ag–ZnO)

The Ag (1.0 wt%)–ZnO obtained by the deposition–precipitation

method showed a high activity for the degradation of MO due to

the maximum distribution of Ag and Ag–ZnO interface with a

low concentration of surface oxygen defects. However, a sample

obtained by coprecipitation did not disperse well in dye solu-

tion, resulting in a very low UV light utilization efficiency.183 The

Ag NPs distributed along the hollow interior of the ZnO NRs,

supported over Si (100) wafers, switch from superhydrophobic

with aWCA > 150� to superhydrophillic having aWCA < 10�, and

also have an inexion point at �110� under UV/visible light.184

The visible light was less effective in inducing super-

hydrophilicity, as a WCA < 10� was reached aer an irradiation

of 150 min, while it was otherwise attained in 8 min under UV

illumination (Fig. 10). The surface recovered its super-

hydrophobic character aer the samples were stored in the

dark, with a full recovery aer ve days. It was proposed that the

ZnO close to the Ag NPs behaved as a superhydrophillic surface

because of the hydroxyl enrichment under the light illumi-

nating conditions. The Ag NPs (1.66 wt%)–ZnO microrods with

an interface between the {100} plane of ZnO (0.28 nm) and the

{101} plane of Ag (0.235 nm) showed a strong performance for

the degradation of MB under UV/visible light, and furthermore

their efficiency was maintained even aer ve consecutive

runs.185 The high crystallinities of ZnO (20 nm) and Ag (20–50

nm) are responsible for the high performance, while a low
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concentration of surface defects in the micro/nano-congured

structure improve the photostability. These structures possess

an overall dimension in micrometer with nanosized units. The

assembled nanosized units are stabilized to ensure an improved

structural stability, which reduces the aggregation. The Ag

islands on the ZnO surface act as electron wells to inhibit the

recombination and the plasmatic effect of Ag NPs promote the

photocatalytic activity (Fig. 11). Dimer type Ag–ZnO NRs were

synthesized by the solvothermal method (160 �C, 24 h); wherein,

Ag metals were embedded in the ZnO NR via Zn–O/Ag bond

formation. The PL spectra revealed that the oxygen vacancy

defect density increased to upto 5 at.% of Ag, but decreased

thereaer, exactly correlating to the observed efficiency of

Ag–ZnO for the degradation of MO.186 The formation of oxygen

vacancies was due to the intermolecular dehydrolysis of the

precursors to form a ZnO–Ag2O heterostructure, followed by

treatment with ethanol under solvothermal conditions.

ZnðOHÞ4
2� þ 2AgðOHÞ4

2�
/ZnO�Ag2O �����������!

ethanol-solvothermal

Ag� ZnOxð1� xÞV
::

o (53)

Surprisingly, the concentration of ZnO aer Ag deposition

did not have any effect on the degradation rate. This composite

had an excellent stability because of the surface-to-volume ratio

of ZnO and the close contact between the Ag and ZnO.

According to the proposed mechanism, an electron transfer

from ZnO to Ag or to the oxygen defects and nally to the

solution effectively suppress the recombination process.186

Highly ordered ZnO NRA fabricated via a wet chemical route

and photodeposited with Ag (0.05 M AgNO3) was shown to be

promising for the degradation of MB, and without a loss in

activity even aer ve consecutive runs.187 The ZnO micro-

spheres modied with Ag NPs, prepared by a “one pot” strategy

in an EG medium performed better for the degradation of

RhB.188 The EG served as a reaction medium for the formation

of ZnO via a forced hydrolysis and also reduced Ag+ to Ag metal.

The efficiency with respect to the Ag content had the following

sequence: 2.5 > 1.25 > 0.625 > 5.0 mol%. Thus, the deposition of

Ag clusters with an appropriate amount on ZnO surface

captures and transfers the CB electrons to adsorbed species.

The Ag NPs were found to aggregate and/or the size of the Ag

particles increased at a high Ag content, thus promoting the

recombination process. In addition, the large particle size of the

composite was easily settled from the reaction system within 10

min even without centrifugation.188 The deposition of 0.2 wt%

Ag around the oxygen vacancy sites on the ZnO surface reduced

the defects, and improved the photostability and the efficiency

for CV degradation without any change in the crystal structure,

even aer recycling many times.189 The CB electrons trapped by

Ag react with chemisorbed/physisorbed/dissolved oxygen in the

dye solution to form a reactive oxygen species. The suppression

of the degradation kinetics under the argon atmosphere

revealed that the active oxygen formed by the reaction of the CB

electron and the oxygen chemisorbed on Ag was the potential

oxidant responsible for the dye degradation. This suggests that

the metallic Ag promotes the reaction between chemisorbed

oxygen and CB electrons to promote a charge separation, and

hence the photostability. Although PL measurements revealed

the lowest intensity for 6.7% Ag–ZnO, the photoelectrochemical

measurements indicated a reduced photocurrent, as the holes

get trapped by a large number of negatively charged Ag parti-

cles, which is detrimental to photocatalytic reactions.190 This

process of hole capture proceeds through a non-radiative

pathway, which cannot be detected by PL measurements. The

hydrothermal synthesis (120 �C, 6 h) of Ag (6.2%)–ZnO in the

presence of HMT resulted in a faster degradation of RhB.191

During the composite preparation, HMT was transformed to

NH3 and HCHO, which served as a precipitating agent for the

formation of ZnO and as a reducing agent for Ag+ to metallic

silver. Pure ZnO exhibits a pillar and bundle-like morphology,

while the addition of silver resulted in a rod-like structure. In

contrast, an increase in HMT concentration resulted in a pillar-

like morphology, as it prevents the inuence of silver on the

equilibrium between Zn2+ and NH3. The UV emission of ZnO

was enhanced aer depositing with Ag due to an increase in the

concentration of the excitons, as a result of the interface

between the Ag islands and ZnO.191

Ag (3 mol%)–ZnO prepared by a non-aqueous sol–gel process

exhibited a higher activity compared to Degussa P25 and

unmodied ZnO for the degradation of R6G under sunlight.192

Fig. 10 Switching the Ag–ZnO surface from superhydrophobic to

superhydrophilic under UV (a) and visible light (b) illumination

(reprinted with permission from ref. 184; Copyright 2012 @ Royal

Society of Chemistry).

Fig. 11 Illustration of the process of the degradation of MB using Ag–

ZnO microrods under UV and solar light irradiation (reprinted with

permission from ref. 185; Copyright 2012 @ American Chemical

Society).
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The segregation of Ag around the ZnO grain boundaries (when

calcined at 400 �C, 2 h) inhibits the grain growth and provides

more surface active sites, which enables the charge carriers to

react with the surface adsorbed molecules to form active free

radicals. The Ag modication was detrimental at high temper-

ature (800–1000 �C), as Ag promoted the densication and grain

growth of ZnO by forming high surface energy silver islands,

which reduces the surface active sites for pollutant adsorption,

as well as for photon absorption. The degradation of R6G on

Ag–ZnO surface takes place by multiple charge transfer path-

ways under visible light (Fig. 12). The high reduction potential

of R6G was found to be a vital factor that dominates the electron

transfer process and thereby denes the degradation

pathway.192 The optimum Ag content towards hydrogen evolu-

tion from a water–methanol mixture was found to be 1.6 and 8.3

mol% under UV-vis and solar light, respectively.193 The better

dispersion of the Ag NPs and the large exposure of the ZnO

surface facilitate efficient light absorption in the former case,

while the formation of a Ag2O–ZnO heterojunction additionally

promotes the activity in the latter case.194 The electron trans-

ferred from ZnO CB to Ag NPs effectively reduces the H+ to H2 on

its surface, while the holes oxidize the alcohol.

The worm-like Ag (2.8 at.%)–ZnO core–shell composite with

the single crystal Ag NWs serving as its core, on which a dense

coating of ZnO particles grow as the shell, exhibits the

maximum activity for RhB degradation.195 The synthesis route

involves the dispersion of single crystal Ag NWs into a mixed

zinc acetate and TEA aqueous solution. The ZnO particle seeds

are then partially deposited onto the surface of the Ag NWs to

form nucleation sites for the subsequent growth. During the

early stages of ultrasonication, ZnO crystal nuclei are formed

on the Ag lateral surface by the reduction reaction of zinc

acetate. The initial particle seeds so formed continually

aggregate and crystallize over the course of the reaction time,

leading to an increased diameter of ZnO shell. Finally, a dense

and complex worm-like heterostructure is formed.195 Gu

et al.196 reported a high activity of dendrite-like Ag (8 at.%)–

ZnO, wherein the ZnO NRs were grown hetero-epitaxially on

the Ag NWs of the {111} and {100} lateral surfaces. This het-

erostructure formation involved two steps: (i) single crystal Ag

NWs with a truncated-rhombic cross-section are dispersed in

zinc nitrate and HMT solution. The Ag NWs have four {111}

and {100} lateral surfaces, on which the ZnO NRs were grown;

(ii) the nucleus of crystalline ZnO is formed on the Ag lateral

surfaces by the thermal decomposition of Zn2+ amino

complex, followed by a preferential growth along the h0001i

direction during the continuous chemical reaction. Thus, the

ZnO NRs grow perpendicular to the length direction of Ag

NWs, in order to minimize the interaction or competition

among themselves. Finally, ultrathin ZNWs or NTs also grow

from ZnO NRs.196

6.2 Photocatalytic activity of M–ZnO (M ¼ Pd, Pt and Au)

The photocatalytic performance of ZnO for the degradation of

gas phase n-C7H16 and phenol in the liquid phase could be

improved aer depositing Pd (0.5 wt%) on the ZnO.27,197 The

lattice oxygen on the ZnO surface was reduced aer Pd

deposition, accompanied by an enhancement in the adsorbed

oxygen content as well as surface hydroxyl groups. The elec-

tron transfer from CB of ZnO to the deposited metal and the

adsorbed oxygen depends on the size and distribution of

metal on the semiconductor surface. If the sizes of metal NPs

are too large, its Fermi level will be lower than that of adsor-

bed oxygen and the electrons cannot move uphill. In contrast,

the Fermi level of very small size metal NPs lies above the CB

of ZnO itself, due to the size quantized effect, thus disabling

the electron transfer from ZnO CB to metal NPs. Thus, an

optimal particle size is essential for the metal NPs, to ensure

that the Fermi energy level lies between ZnO CB and the

adsorbed oxygen, to facilitate unidirectional electron transfer

from ZnO CB to the metal NPs, and then to the adsorbed

oxygen.198

Pt–ZnO porous nanocages were fabricated through the

incorporation of Pt into ZnO porous shells by an ultrasonic

irradiation-assisted two-step etching of Zn–ZnO core–shell NP

colloids.199 The diameter of the Pt clusters was tuned from 2.5 to

1.1 nm with a change in ultrasonic power from 160 to 400 W,

and the size distribution became narrower. The rst step in

H2PtCl6 etching induces core hollowing, and then Pt incorpo-

rates through the diffusion–redox–deposition process. The

second step in C4H6O6 etching induces the nanoshell opening,

due to the amphoteric nature of ZnO. These nanocages were

active for the degradation of MO, which is attributed to their

outstanding features: (i) abundant nanoscale Schottky barriers,

formed because of their small size and high density of

embedded Pt clusters, which endow these nanocages with a

strong interface to separate the charge carriers; (ii) a hollow and

porous structure, which increases their specic surface area and

the active sites for redox reactions.199

Au–ZnO hybrid with a hexagonal pyramid-like morphology

was active for the degradation of RhB.200 These nanopyramids

Fig. 12 Electron transfer events of the Ag–ZnO system in the pres-

ence of R6G: (1) excitation of R6G from the ground singlet to an

excited singlet; (2) bandgap excitation of ZnO to generate an elec-

tron–hole pair; (3) a sensitized electron transfer from the dye to ZnO

CB; (4) sensitized electron migration from the dye or Ag islands; (5)

electron transfer from the ZnO CB to Ag; (6) charge carrier recombi-

nation; (7) shifting of the Fermi level of silver (reprinted with permission

from ref. 192; Copyright 2008 @ American Chemical Society).
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possess a narrow size distribution, comprising Au NPs at the tip

and hexagonal ZnO nanopyramids as the tail. In the presence of

oleylamine and dodecanol as the solvent and capping agent,

respectively, ZnO nanopyramids epitaxially grow over the pre-

synthesized Au seeds, in which Au decorates at the basal surface

of hexagonal ZnO nanopyramids ({0001} polar plane) as a result

of the lower interfacial energy at the polar–metal interface.201 In

another report, a multifunctional hybrid structure of Au NPs

and a 3D hierarchical ower-like ZnO comprising a large

specic surface area and a small Au NPs was positive for the

degradation of RhB.202 The morphology of the Au–ZnO was very

stable, and its efficiency was retained even aer three runs,

underlining its extraordinary stability and reuse in photo-

catalysis. The unique features of this composite are as follows:

(i) interspaces in its ower-like nanostructures allow facile

diffusion and the mass transportation of RhB molecules and

hydroxyl radicals during the photochemical reactions; (ii) the

strong electronic interaction between the plasmonic Au NPs

and ZnO result in an efficient charge transfer process; (iii) the

Au NPs on the ZnO surface lower the work function203 and the

adsorbed oxygen at the interface between Au and the ZnO,

thereby facilitating an easy electron transfer to oxygen, which

produces reactive oxygenated species to enhance the degrada-

tion reaction. The Au (25.5%)–ZnO NRs had higher activity for

the degradation of RhB and 4-CP over ZnO NRs.204 In this study,

gold was decorated on ZnO NRs via galvanic displacement

reactions at room temperature with the aid of Cu foil and CoCl2
solution. The dynamic force for a galvanic displacement reac-

tion stems from the difference in the half-cell potentials

between the metal ions to be reduced and the substrate to be

oxidized. For the deposition of metal NPs, the half-cell potential

of a reduced species must be higher than that of an oxidized

substrate. Consequently, Au NPs with a narrow size distribution

can be directly deposited onto a Cu foil without any additional

reducing or capping agents. CoCl2 improves the hindrance

towards homogeneous nucleation, while an autocatalytic

growth of particles rapidly depletes the gold monomer

concentration in the solution, with both the effects collectively

favouring a heterogeneous nucleation. The mechanism of the

degradation of phenol involves the following steps; (i) scission

of the ring C–Cl bond to give a short-lived hydroxyphenyl

radical, which rapidly combines with a proton to form phenol,

followed by o-hydroxylation, which results in catechol; (ii) the 4-

chlorocatechol resulting from the hydroxylation of 4-CP

undergoes p-dechlorination and subsequently reacts with the

protons in the presence of a CB electron to form catechol; (iii)

oxidative hydroxylation of the catechol and phenol gives

hydroxyhydroquinone and hydroquinone. Finally, the phenolic

rings are opened to form aliphatic compounds, which on

continuous oxidation lead to mineralization (Fig. 13).204 The

thiolate-protected Au NPs (2 wt%) decorated on ZnO exhibited

an enhanced activity without requiring any thermal activation

for both oxidative (R6G degradation) and reductive (thionine

degradation) pathways under visible light,205 which was in

contrast to TiO2 with thiolate-protected gold NPs.206 The

presence of ligands on the Au NPs imposed a large kinetics

barrier for an electron transfer from TiO2 to the gold NPs, and

thus the catalytic activity was accelerated only aer removing

the ligand aer thermal treatment. In contrast, the thermal

treatment of Au–ZnO did not signicantly improve the activity,

indicating that electron transfer through a linker ligand to the

Au NPs occurs at a relatively short time-scale. The strong

electrostatic force of attraction between a negatively charged

carboxylate anion of a glutathione molecule and a positively

charged ZnO surface under neutral pH conditions resulted in

Au–ZnO without the need of any additives. The mono-

dispersed Au NPs surface avoids both direct- and trap-related

charge carrier recombination channels by extracting elec-

trons from the photoexcited ZnO and supressing recombina-

tion within the metal oxide.205 The photocatalytic activity

increased with an increase in gold size from 1.1 to 2.8 nm,

which is in accordance with the electron transfer rate from

ZnO to Au NPs, which followed the size-dependent capacitance

model. Thus, both the photocatalytic and electron transfer

rates could be controlled by varying the size of the mediating

gold capacitors.207

The Au (3 wt%)–ZnO obtained by the ame spray pyrolysis

was effective for the degradation of MB, whereas Pt (1–3 wt%)–

ZnO exhibited a poor efficiency, although PL measurements

revealed the low degree of carrier recombination for both the

composites.208 The deposition of Pt renders an ohmic contact,

which neither induces the Fermi level shi towards more

negative potentials nor stores the photogenerated electrons, but

rather it discharges them into the electrolyte.209,210 In contrast,

the Schottky contact between the Au and ZnO facilitates effi-

cient charge separation and induces a Fermi level equilibration

between the Au and ZnO. The metallic gold has an unusual

capacity to store electrons without facilitating their discharge

into solution, and thus the photogenerated electrons get

distributed between the semiconductor and the metal layer.

Fig. 13 Photodegradation pathways of 4-CP (reprinted with permission from ref. 204; Copyright 2009 @ American Chemical Society).

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3306–3351 | 3325
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However, such an ohmic contact promotes the efficiency of

certain photocatalytic reactions.211 The photoactivity of Au–ZnO

NRs for the degradation of MO was found to depend on the

diameter and the densities of the Au NPs on the ZnO surface.

For instance, Au deposited on ZnO NRs using 10�4 to 10�5 M

HAuCl4 with photoirradiation for 30 min exhibited a higher

activity compared to other reaction conditions (10�3 or 10�4 M

HAuCl4, 10 min).212 The maximum activity was observed for Au

NPs < 15 nm, but then the activity declined for 30 nm. It was

suggested that the Au NPs with a smaller diameter and a high

density on the surface of ZnO NRs induce a greater reduction

in the built-in potential barrier, due to a large shi in the

Fermi level with CB.182,210 At higher metal loadings, the

intensity of the incident light for the ZnO absorption will be

reduced by the scattering, due to the larger Au NPs on the tips.

In addition, the formation of a Schottky barrier at the junction

of ZnO NRs and Au NPs inhibits the electron injection from

the semiconductor to metal.209,213 The charge distribution

between UV-irradiated ZnO and gold NPs results in the Fermi

level equilibration. Additionally, the transfer of electrons to

the metal nanocore, followed by equilibration continues until

the Fermi level reaches close to the CB edge of ZnO, and then

each injected electron within a gold NP shis the Fermi level

by 0.1 V, which obviously increases the photopotential of the

nanocomposite electrode.210,214 The different optimum content

of metal NPs on the ZnO surface for maximising the photo-

activity, as reported by several research groups, is due to the

varied morphologies of the composite, the crystallinity of the

metal or ZnO, the charge density distribution and the density

of the interface contacts.

The multiple roles of the deposited metal, such as altering

(i.e. increasing or decreasing) the surface defect concentration,

increasing the chemisorbed oxygen and hydroxyl group density,

and improving the charge carrier separation and visible light

response, together with changes in the morphology, make it an

ideal candidate for modifying the electronic properties of ZnO.

The size of the deposited metal, the crystallinity of metal oxide,

the segregation of the metal on the surface defective site of ZnO

and the dispersivity of the metal–ZnO composite in the reaction

solution are the decisive factors dictating the photocatalysis.

The disadvantage of metal aggregation to clusters and the

relatively low coverage on the metal oxide surface at high and

low loadings, respectively, affect the photocatalytic properties of

the composite materials.196,215 The decoration of noble metals

onto varied morphologies of ZnO under a wide variety of

preparative methods attests to its structural stability, which is

required for photocatalysis. More importantly, this composite

easily settles down and retains its efficiency even aer many

times of recycling and without an agglomeration of particulates.

Rather than surface deposition, further research should focus

on metal cores or metals embedded within metal oxides for

practical applications. However, the exact role of a deposited

metal in such an enhancement is yet to be realized in a nano-

scale regime. The combination of well dened metal NPs with

ZnO opens the avenue to develop tunable nanoscale materials,

and whose reactivity can be controlled by varying their intrinsic

and extrinsic properties.

7. Coupled semiconductors

The electronic-coupling of semiconductors with different

bandgaps to form heterojunctions has become a key focus of

research because of their unique properties that arise from

interfacial interactions at the nanoscale, which are not

encountered in individual nanomaterials.216 A solid interfacial

structure is an underlying factor in establishing the charge

transfer behavior between different semiconductors in their

heterostructure, and thus their photocatalytic activities. It is

widely accepted that an extended carrier lifetime and an

enhancement in the interfacial charge transfer to the targeted

substrates can be attained by such heterostructures, i.e. through

the formation of a heterojunction interface or an intrinsically

staggered band offset.217 This improvement is related to the

interface electric eld built into junctions, originating from the

band bending and the vectorial transfer of electrons and holes

in the composite. Although pure ZnO has a defect-rich chem-

istry, intense interest is devoted to hybridize it with other

nanophase materials, as this is advantageous to overcome some

intrinsic defects of ZnO and to impart it with new physico-

chemical and optoelectronic properties, in order to extend its

applications in various diverse elds.

7.1 Coupling of ZnO with metal oxides

(a) Photocatalytic activity of ZnO–TiO2. Photocurrent

generation and the degradation of MB was enhanced for the

ZnO NRs–TiO2 composite (Zn/Ti molar ratio of 2 : 1) under UV-

vis illumination, as the large surface area enabled maximum

light harvesting ability and improved the electron transport

properties.218 The deposition of titania NPs on the ZnO NR

passivates the surface recombination centers and act as a radial

energy barrier that can repel electrons from the surface of the

ZnO NRs. Alternatively, electron transport within a single crys-

talline ZnO NR is considerably faster and the surface elds

within each NR reinforces the charge separation because of the

longer diffusion length for the charge carriers.219 The preserved

crystallinity of TiO2 NPs and ZnO NRs permit an efficient elec-

tron injection and transport within the composites. The Mott–

Schottky plot revealed a large negative shi of CB and a high

donor density, which is attributed to the high concentration of

surface states.218 The dispersion of titania on ZnO reduces the

defect density and inhibits photocorrosion.54 Anatase TiO2

immobilized on single crystalline TPs, such as ZnO, enhance

the degradation of phenol under a Hg lamp without a cut-off

lter, although its activity is lower compared to Degussa P25

under excitation wavelengths of >340 nm. The close match

between the {101} crystal plane of anatase with the ‘a’ and ‘b’

values of hexagonal ZnO, facilitates an efficient heterojunction

via an epitaxial growth mechanism.220 The highly crystalline

ZnO–TiO2 prepared by the direct mixing of sol and calcination

(500 �C, 2 h) was active for the degradation of MO.221 The activity

exhibited a linear tendency of rate constant against the value of

Ti/(Ti + Zn), excluding at 75% because of the poor crystalliza-

tion. This fact was conrmed by the increment in the
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degradation rate with increases in the calcination time to 5–10

h. The derived linear t followed the relation:

k ¼ 0:297þ 0:438

�

Ti

Tiþ Zn

�

(54)

Alternatively, treating the above composite with a 7–28%

NH3 atmosphere (24 h, room temperature) and calcination at

500–700 �C for 2 h also improved the crystallization and

promoted the anatase to rutile phase transition, consequently

enhancing the photoactivity.222 The dominant hexagonal

ZnTiO3 was observed at 700 �C for the NH3-treated composite,

while both the cubic and hexagonal ZnTiO3 phases were formed

for the untreated composite. However, a poorly crystallized

composite prepared by the in situ mixing of sol followed by

calcination showed very low activity.221

Macro-mesoporous thick lms of ZnO–TiO2 with homoge-

neously distributed open porosity have shown promise for the

degradation of MO.223 The macroporous channels improve the

light harvesting capacity by enhancing the light transfer paths

for photon energy distribution onto the mesoporous network.

Such a structure-in-structure arrangement favours a molecular

transport control and prevents catalyst deactivation by the inert

deposits. Thus, the macro-/meso-porous structures offer readily

accessible pore-walls for molecules and also diminish the

pressure drop over a monolithic material.223 However, the

composite activity was lower than for pure TiO2, indicating that

the presence of ZnO was found to hamper the composite

activity.224 It was proposed that the TiO2 particles were sur-

rounded by ZnO lm, and an optical excitation results in elec-

tron accumulation in the ZnO lm, while holes are conned to

the particles, which reduces the number of sites available for

degradation.223 The sulfated ZnO–TiO2 obtained via the modi-

ed sol–gel route and calcination (550 �C, 4 h) using citric acid

as a complex reagent with zinc sulfate showed a superior

performance for the degradation of MO compared to the

composite prepared with zinc chloride and zinc nitrate

precursors, indicating the role of the sulfate group in achieving

a high activity.225 In addition, the sulfate group restrained the

anatase phase even at a high calcination temperature in the

composite. The sulfated ZnO–TiO2 showed a superacid behav-

iour, which favours the transfer of CB electrons to the surface,

resulting in an efficient charge carrier separation. The activity

was reduced aer washing with water due to the removal of the

sulfate groups and also on calcination at 700 �C (4 h), because of

the decomposition of the sulfate group, the increase in the

rutile content and the formation of impure ZnTiO3.
225

The self-supporting ZnO–TiO2 fabricated by the tape casting

and lamination process followed by calcination (600 �C, 3 h)

exhibited a high activity for the degradation of Remazol Bril-

liant Red F3B. At this temperature, the interdiffusion between

ZnO and TiO2 greatly prevents the formation of binary

compound and coarsening of the particles that favour an effi-

cient photocatalysis.226 The formation of less active phases,

such as Zn2TiO4 and Zn2Ti3O8, reduce the activity of the

composite at high calcination temperatures (650–700 �C). The

tricomponent ZnO–TiO2–SnO2 prepared by the sol–gel method

using a Sn(Zn)/Ti molar ratio of 0.05 and calcined at 500 �C (3 h)

was more benecial for the degradation of MO compared to a

composite obtained by a solid state reaction under UV/visible

light.227 The XPS revealed the formation of Ti3+ species, indi-

cating the presence of many oxygen vacancies in the sol–gel

composite. The TiO2 has a CB edge sandwiched between the

ZnO and SnO2, giving a “staggered” type-II heterojunction at the

composite interface. Under light illumination, an electron

transfers from ZnO to TiO2 to SnO2, whereas a hole migrates in

the opposite direction to favour charge separation (Fig. 14). The

loss of crystallinity and rutile formation at high Sn(Zn)/Ti molar

ratios lower the activity. In another study, ZnO–TiO2–SnO2

(4 : 1 : 1) synthesized via a solid state reaction (calcined at

500 �C, 2 h) was remarkably active for the degradation of MO

compared to TiO2 and SnO2, but had a lower activity compared

to ZnO.228 This situation was due to the presence of a highly

active ZnO in association with a less active SnO2 in the tri-

component system. The activity decreased with an increase in

the calcination temperature ($700 �C), due to the nucleation of

photoinactive inverse spinel Zn2TiO4 and Zn2SnO4 polymorphs,

and it was completely inert aer thermal treatment at 1300 �C

(42 h) because all the oxides reacted to form solid solution

Zn2Ti0.5Sn0.5O4.
228 The photocatalytic activity of the ZnO NT

arrays-TiO2�xNy and ZnO hollow sphere-TiO2 towards NOx

decomposition decreased with increase in the emission wave-

length of the excitation source.69,229 The vectorial electron

transfer takes place from ZnO CB to TiO2�xNy (or TiO2) CB,

whereas the hole transfers in the opposite direction to facilitate

charge separation. In addition, an additional energy level

created by Ti5O9 binds the excited electrons and also enables

the formation of exciton by light with lower energy.229

The advantage of ZnO–TiO2 stems from the high absorbance

of ZnO and the better stability of TiO2. The three binary

compounds formed in this system are Zn2TiO4 (cubic), ZnTiO3

(cubic or hexagonal) and Zn2Ti3O8 (cubic),230 and any of these

solid compound can nucleate via a solid state reaction,

depending on the annealing environment, and the crystal

structure of ZnO and TiO2, together with their relative contents.

As a consequence of the structural resemblance, Zn2Ti3O8 and

ZnTiO3 were formed with anatase and rutile, respectively. Both

ZnTiO3 and Zn2Ti3O8 are stable phases below 900 �C, whereas

Zn2TiO4 is most stable above this temperature.226 In fact,

Fig. 14 Energy band structure and electron–hole separation process

of a tri-component SnO2–TiO2–ZnO system (reprinted with permis-

sion from ref. 227; Copyright 2012 @ Elsevier).

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 3306–3351 | 3327
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Zn2Ti3O8 is known to be a defect form of an inverse spinel

structure of Zn2TiO4 because of the missing Ti ions in the

lattice.

(b) Photocatalytic activity of ZnO–SnO2. ZnO–SnO2 NFs

synthesized by a combined sol–gel and electrospinning tech-

nique have shown a high activity for the degradation of RhB

compared to the ZnO NFs and SnO2 NFs, due to their arrange-

ment of a stable heterojunction and a large specic surface

area.231 The average grain size of ZnO (42 nm) in the composite

is larger compared to pure ZnO (30 nm), whereas the average

grain size of SnO2 (13 nm) in a coupled system is smaller than

pure SnO2 (31 nm). These electrospun–NF composites could be

reclaimed easily by sedimentation without any loss of activity,

due to their 1D nanostructural properties. A mesoporous-

network-structured semicrystalline SnO2-high crystalline ZnO

was active for the degradation of MO.232 This was due to the

presence of more surface reaction sites, which favour the

adsorption and transportation of the dye molecules. The TEM

image revealed a multipod framework for the composite and

that each NP is attached to several other NPs, indicating the

formation of a stable heterojunction. In another study, the

degradation of MB using mesoporous ZnO–SnO2 collapsed in

an acidic medium but improved in basic conditions, which was

rationalized on the basis of the surface charge density of SnO2

(PZC 4) and ZnO. The adsorption of cationic dye is favoured on

negatively charged metal oxide surfaces under an alkaline

medium.233 A high roughness of ZnO–SnO2 thin lms is bene-

cial for the degradation of MB upon calcination (500 �C, 1 h)

with a Zn : Sn atomic ratio of 80 : 20. In addition, this

composite lm was very resistant to acid etching with respect to

photostability.234 The maximum photocatalytic activity of ZnO–

SnO2 prepared by a co-precipitation method for the degradation

of MO was observed at 33.3 mol% of SnO2 at an annealing

temperature of 500 �C (10 h).235 The grain sizes of ZnO and SnO2

were smaller in the composite compared to their respective pure

phases, indicating the mutual interference of SnO2 and ZnO on

the particle growth dynamics. The activity was reduced at a high

temperature treatment ($700 �C), as ZnO reacts with SnO2 (4.8–

95.2 mol%) to form a less photoactive Zn2SnO4, which was

otherwise observed at 1000 �C in a solid state reaction

method.236 The uniform coating and tight decoration of SnO2

NPs on ZnO NRs resulted in a high performance for the

degradation of RhB. The PL investigation revealed a decreased

UV emission for the composite compared to the bare ZnO NRs,

which reects the spatial charge separation from the type-II

band alignment.237 An extremely high adhesion of SnO2 NPs

on ZnO NRs was observed even aer ultrasonicating the

composite in ethanolic medium. This composite was achieved

by a two-step thermal evaporation approach: (i) ZnO NRs were

obtained through the thermal evaporation of zinc powder; (ii)

SnO2 was coated on the pre-fabricated ZnO NRs from the

thermal disproportionation of SnO powder.

ZnðsÞ þOðgÞ ������!
600 �C

ZnOðsÞ (55)

SnOðsÞ ������!
800 �C

SnðgÞ þ SnO2ðsÞ (56)

Hydrogen generation was observed from dye sensitized SnO2

(10–15 nm) attached to the large ZnO (�600 nm) particles under

visible light in the presence of a hole scavenger and a Pt co-

catalyst.238 On the basis of the series of modications, it was

found that the premixing of ZnO and SnO2 prior to dying and

the presence of a dye on SnO2 and Pt islands on ZnO favour

hydrogen evolution. A photon absorbed by a dye molecule on

the surface of a SnO2, could inject an electron across a few SnO2

crystallites without losing energy to reach ZnO CB at a distance

of 120 nm from the ZnO surface, suggesting the involvement of

hot electrons with ballistic transport. Then, the electrons on

ZnO CB were captured by Pt islands to initiate water reduction.

2H2O + 2e� / 2OH� + H2 (57)

The bandgap, work function and electron affinity of ZnO are

3.37 eV, 5.2 eV and 4.3 eV, whereas those of SnO2 are 3.5 eV, 4.9

eV and 4.5 eV, respectively. The VB of ZnO is positioned between

the CB and VB of SnO2 and the CB of ZnO is positioned above

the VB and CB of SnO2. Accordingly, a ZnO–SnO2 heterojunc-

tion involves the vectorial transfer of an electron from ZnO to

SnO2 and hole transfer in the reverse direction. Hence,

this heterojunction not only serves as a source of carriers

but also acts as a sink for electrons and holes. The XPS revealed

DEv ¼ 0.7 � 0.05 eV and DEc ¼ 0.2 � 0.05 eV for this hetero-

junction.233 The surface acid–base properties, low-cost and

cheap availability of SnO2 and ZnO, combined with the

compatibility of some specic crystallographic planes to form a

heterojunction, would be very useful for the further design of

this bicomponent system.239

(c) Photocatalytic activity of ZnO coupled with other metal

oxides. ZnO–CuO prepared by the coordination–oxidation–

homogeneous coprecipitation method exhibited a better

activity for MO degradation under UV-vis light.240 The

composite was prepared by using a metallic copper as the Cu2+

source, NH3 as the coordination agent, air as the oxidizer and

ammonium bicarbonate as the precipitating agent, along with

ZnO. The change in the activity of the composite was in agree-

ment with the analysis from particle growth dynamics. The

activation energy for the growth dynamics in low (#450 �C) and

high temperature ($450 �C) regions are 14.94 kJ mol�1 and

59.84 kJ mol�1, respectively. At low temperatures, crystal parti-

cles with a small size, an incomplete crystal lattice, and many

vacancies are obtained leading to a low crystal grain growth

activation energy, which contributes to the high photocatalytic

activity, while grain growth will be rapid, resulting in the loss of

surface area and surface activity at high temperatures. Thus, the

vacancies will be reduced, and hence the crystal grain growth

activation energy increases. In addition, ZnO–CuO was also

effective for the treatment of real textile waste water containing

MO and MB dyes under visible light.241

ZnO–ZnO2 with small ZnO2 granules fused at the surface of a

prismatic ZnO exhibited signicant activity for MO decompo-

sition, due to the presence of either structural or energetic

heterogeneity within the interfacial region of the composite.242

As-obtained ZnO2 from the aqueous reaction of zinc sulfate and

H2O2 under an alkaline medium was less active, due to its poor
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crystalline nature. The hydrothermal treatment (120–180 �C,

2 h) of ZnO2 gradually transformed it to ZnO, and a high

photoactivity was noticed in the range of 140–150 �C, while pure

ZnO obtained at 180 �C showed poor performance (Fig. 15). The

difference in the electronic band structure between ZnO and

ZnO2 (4.12 eV) results in a potential gradient at the interface,

and the interfacial structural defects serve as a trap site for

excitons, thereby suppressing recombination.242

The ball milling of n-ZnO in water doped with p-CaFe2O4

exhibited better activity for MB degradation, which was attrib-

uted to the stable integrated micro p–n heterojunction.243 The

activity increased with the increase in the content of p-CaFe2O4

by up to 1.0 wt% and decreased thereaer as the absorption of

light and the generation of electron–hole pairs were lowered,

together with a decrease in the space charge region on the

particle surface. When the ball milling times were 3, 6, 12 and

24 h, the degradation efficiencies were 50.8, 73.4, 78.7 and

75.6%, respectively. With increases in the ball milling time, the

specic surface area and the number of active sites per unit

weight of the catalyst increases, thus enhancing the activity.

Beyond this optimum time, it is proposed that the fresh surface

formed by the high energy ball milling possesses a robust

surface energy, which favours agglomeration, with a loss in

surface area. In the process of ball milling, the crystal lattices of

CaFe2O4 and ZnO are vulnerable to severe plastic deformation

that induces stress and strain. This creates a crystal lattice

distortion, and hence many defects are formed within the

particles, and which have a high surface energy. Under this

situation, the activation energy for the diffusion of elements

decreases to a large extent, which allows the facile atomic or

ionic diffusion among the elements at room temperature. When

the activity of a powder system is sufficiently high, the collision

between the balls and the grains of powder produce a rise in the

interface temperature, which induces a coupling reaction

between the semiconductors.243,244 ZnO–ZnFe2O4 was ineffective

for MG degradation for all the contents of ZnFe2O4, both in

the thin lm and in the powder form.245 Interestingly, the

ZnO–ZnFe2O4 core–shell nanocable was active for RhB degra-

dation under visible light. The nanocable arrays conguration

are associated with a large surface-to-volume ratio, leading to an

optical path increase of incident light in the structure, which

suppresses reection, thus enhancing the light absorption. In

this composite, the unidirectional electron transfer takes place

from the excited dye to ZnFe2O4 CB to ZnO CB, while holes are

le in the VBM of ZnFe2O4. The degradation of RhB with a

composite involved both the de-ethylation and destruction of

the chromophore, while only the latter mechanism was

observed with methanol.246 ZnO–Ag3PO4 at an optimum content

of 3 wt% Ag3PO4 prepared by the ball milling was active for RhB

degradation under visible light.247 As evidenced by the XPS

studies, the DEv and DEc for this heterostructure were found to

be 0.3 eV and 1.05 eV � 0.05 eV, respectively. The reaction rate

was suppressed with isopropanol compared to benzoquinone,

indicating that the hydroxyl radicals were the dominant oxida-

tive species in the degradation mechanism. During the photo-

catalytic process, the holes residing on ZnO VB induce oxidation

reactions, while electrons accumulated on Ag3PO4 CB trigger

hydrogen peroxide generation. It was proposed that the CB and

VB levels of Ag3PO4 were positioned at 0.45 eV and 2.9 eV (vs.

NHE), respectively.248 The bottom of CB was mainly composed

of hybridized Ag 5s, 5p and a small quantity of P 3s orbitals,

while the top of VB constituted hybridized Ag 4d and O 2p

orbitals.247

ZnO–AZO thin lm with a AZO thickness of 30 nm increased

the degradation efficiency of RhB and MB, while it was lowered

for 80–200 nm.249 This was ascribed to IEF differences induced

by the dissimilarity in carrier concentration between AZO (1.5�

1018 cm�3) and ZnO single crystals (8.8 � 1016 cm�3). The

difference in the Fermi levels of AZO and ZnO single crystals

gave rise to a built-in potential of 0.07 eV, an IEF with a

maximum intensity (Em) of 5.2 � 104 V cm�1 and a width of 27

nm. When ZnO is excited by UV light, most of the charge

carriers are produced in a thin, effective absorption layer, which

is about a 100 nm below the surface.250 Thus, IEF lies completely

within the light absorption layer and the charge carriers are

efficiently separated by a 30 nm AZO lm thickness. When the

thickness is further increased (80–100 nm), part of the IEF will

be located in the effective absorption layer and thus, the sepa-

ration efficiency will be near the edge of light absorption layer.

Under these circumstances, only a few electron–hole pairs will

be generated in the thickness zone of IEF, because of the

exponential attenuation of UV light (Fig. 16). In fact, AZO thin

Fig. 15 (a) Phase transformation from ZnO2 to ZnO; (b) rate constant (k) and normalized rate constant (k/x) vs. hydrothermal temperature (x is the

ZnO2-to-ZnO conversion) for the degradation of MO (reprinted with permission from ref. 242; Copyright 2005 @ Elsevier).
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lm with a higher thickness (200 nm) had a lower efficiency

compared to ZnO itself, as the charge carriers were completely

generated in AZO, which had more recombination centres than

ZnO single crystals.249 The incorporation of In2O3 to ZNWs

resulted in a visible light response and glucose oxidation via a

photoelectrochemical approach at a potential bias of 0.8 V.251

Linear sweep voltammetry and EIS studies revealed the gener-

ation of larger number of charge carriers with a charge transfer

rate constant of 3.23 s�1 and a very low charge transport resis-

tance of 19 083 U for this composite compared to the pure

ZNWs (1.41 s�1 and 47 400 U). In2O3 had a bandgap of 2.8 eV,

with both its VB and CB situated slightly above the corre-

sponding energy levels of ZnO.252 Under visible light, electrons

are excited from VB to CB of In2O3, and a transient photocurrent

is generated, leaving the holes to participate in glucose oxida-

tion. Due to the high electron mobility and geometry of verti-

cally aligned ZNWs, the injected electrons are effectively

collected as a result of the reduction in the electron transport

resistance distance in the photoanode. However, a high loading

of In2O3 increases the shell thickness on ZNWs and creates a

large number of grain boundaries. Thus, electrons in In2O3 have

to travel a longer distance to reach the ZNWs, resulting in an

increased charge transfer resistance and lower separation

efficiency.251

The small size and high surface-to-volume ratio of the mes-

oporous spindle-like Fe2O3–ZnO core–shell contributed to a

faster RhB degradation under UV/visible light.253 The electrons

in the CB of the a-Fe2O3 core transfer to the ZnO CB shell, driven

by the decrease in the potential energy. Thus, the conned

potential of the excited electron–hole pair reduces their inter-

action with traps on the surface and in the environment. This

heterostructure was obtained by the seed mediated growth

route and the ZnO shell formation involved two steps: adsorp-

tion on the surface of the monodispersed seeds and growth

under heat treatment (Fig. 17). The presence of spindle-like

hematite seeds favours the growth of ZnO via heterogeneous

nucleation, rather than forming separate nuclei by homoge-

neous nucleation. The gaps in the single a-Fe2O3 seed are

distributed between both the grain boundaries, and the

spindle-like particle is composed of small nanocrystals, while

the overall particle surface is quite rough. This feature endows

a-Fe2O3 seeds with a high adsorption capacity for zinc ions. The

adsorbed zinc precursor reacts with NH3 to form Zn(OH)2,

which then transforms to a layer ZnO shell during thermal

treatment (550 �C, 2 h).253 The ZnO–NiO (cubic) NFs exhibits a

high activity for RhB degradation compared to the individual

components.254 Under UV light, an electron transfers from the

CB of NiO to the ZnO CB, while a hole migrates in the opposite

direction. The p-NiO (Eg ¼ 3.5 eV) has a high hole mobility and

low lattice mismatch with ZnO, which benets the formation of

a stable p–n heterojunction.255 In addition, PL studies indicate a

high concentration of oxygen vacancy defects for the composite,

which improves the charge carrier separation.254

7.2 Photocatalytic activity of ZnO–Metal sulphide

The sensitization of ZnO via electronic coupling with a narrow

bandgap photosensitizer is a viable approach to exploit the

utilization of the solar spectrum. The conventional charge

transfer between narrow and wide bandgap semiconductors is

benecial for isolating the oxidation and reduction reaction, as

the electrons and holes dwell on different semiconductor

surfaces. For an efficient transfer of electrons between the

sensitizer and ZnO, the CB energy level of ZnO must be lower

than the excited state or the CB edge of the sensitizer. In this

perspective, CdS with wurtzite polymorph is more desirable

because of its similar lattice structure with ZnO, thus estab-

lishing a close interaction between these two semiconductors.

ZnO–CdS displayed an appreciable activity for the degrada-

tion of RhB under the simulated sunlight, attributed to its

extended photoresponse and increased charge carrier separa-

tion.256 The nanostructures were composed of 3D ower-like

ZnO microstructures coated with cubic CdS NPs. The

composite preparation involved two stages: rst, ower-like

ZnO was dispersed in an aqueous solution of CdCl2 by ultra-

sonic agitation to facilitate the adsorption of Cd2+ ions on the

ZnO surface, followed by the addition of sodium sulphide,

resulting in the uniform coating of CdS. Due to the rapid

precipitation and low reaction temperature, small size CdS NPs

were formed. The coarse–surface structure enhanced the dye

adsorption and reduced the reection of incident light, thus

beneting the photocatalytic reactions.257 The ZnO–CdS system

has a “staggered type” type-II band alignment, which means

that ZnO CB is located between the CB and VB of CdS.258 Under

visible light, an electronmigrates from the CB of CdS to the ZnO

CB, while holes do not transfer in the opposite direction, as the

CdS VB is more cathodic than ZnO. The electrons accumulated

on ZnO initiate dioxygen reduction, whereas the holes in CdS

react with water adhering to its surface to generate hydroxyl

Fig. 16 The relationship between IEF and the effective UV-light

absorption layer (about 100 nm, from the surface to the dotted line), in

which the thickness of AZO TF is about (a) 30 nm, (b) 80 nm and (c) 100

nm (reprinted with permission from ref. 249; Copyright 2011 @ Royal

Society of Chemistry).

Fig. 17 Stepwise formation of a Fe2O3@ZnO heterostructure; (i)

adsorption of zinc species on hematite seeds; (ii) addition of ammonia

to form Zn(OH)2; (iii) decomposition of the Zn(OH)2 to form a ZnO

layer (reprinted with permission from ref. 253; Copyright 2012 @

American Chemical Society).
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radicals or they can also directly oxidize organic molecules. The

performance was found to depend on the CdS loading; with CdS

prepared by 2.5 g L�1 CdCl2 and 1.25 g L�1 of thiourea showing

a high activity compared to other conditions.259 The reaction

rate was drastically suppressed in the presence EDTA and

slightly with dimethyl sulfoxide (electron quencher), indicating

that the holes are the main active species in the degradation

mechanism. For a higher CdS loading (5.0 g L�1CdCl2 and 2.5 g L�1

of thiourea), the activity was reduced due to the formation of

Zn1�xCdxS ternary compound, which hinders the sensitization

process by transporting the electrons from CdS to this transi-

tion layer without being transported to ZnO due to the lower

position of Zn1�xCdxS CB.260 In this study, the composite was

prepared with the aid of ultrasound irradiation. When a ZnO

microsphere is added to the reaction system, the hydrogen and

hydroxyl radicals are formed from the ultrasound induced

dissociation of water molecules. The hydrogen radicals act as a

reducing species and trigger the decomposition of thiourea to

form S2�, which reacts with Cd2+ to form the CdS NPs. The

ultrasound induced cavitations provide a clean ZnO micro-

sphere surface for the adhesion of S2� (or CdS), thereby facili-

tating an intimate contact between the two semiconductors.

H2O / Hc + OHc (58)

2Hc + RS / H2S + Rc (RS ¼ H2NCSNH2) (59)

S2� + Cd2+ / CdS (60)

n(CdS) + ZnO / ZnO–CdS (61)

Kundu et al.260 also reported that a minimum CdS loading

(4.1 wt%) resulted in faster degradation of MB, whereas a large

bandgap of CdS and a decrease in the surface hydroxyl groups at

the ZnO surface at high loading (5.4–11.7 wt%) was detrimental.

In the synthetic route, cadmium nitrate was rapidly evaporated

on ZnO NRs, followed by the addition of Na2S with varied

concentrations. The formation of the composite was controlled

by two competing processes: the dissolution of the precursor

phase in aqueous solution and their conversion to sulde. At a

low concentration of Na2S, the rate of sulding is considerably

slower compared to the rate of dissolution, and therefore most

of the precursor lm dissolves before being converted to the

sulde phase. Conversely, at high concentrations, most of the

lm is converted to the sulde phase as the conversion rate is

considerably faster compared to the dissolution rate, whereas

ne CdS NPs are formed on the substrate at an optimum

concentration of Na2S.
260 The controlled heterogeneous nucle-

ation of the CdS NPs on the ZnO TPs resulted in a stable het-

erojunction that was active for the degradation of MB under

visible light.261 CdS formation on ZnO–TPs proceeded via an

ion-by-ion mechanism when DMF was used as the solvent for

the growth of CdS in the neutral environment. It is likely that

the Cd2+ ions adsorbed on the ZnO surface act as “nucleation

seeds” for CdS formation. The slow dissociation of thiourea

with DMF enables the control of the S2� concentration through

temperature setting and also avoids the bulk precipitation of

CdS.262 This synthetic route is an alternative method to preserve

the ZnO nanostructured morphology from the damages

induced by the standard alkaline chemical bath deposition

process and does not require the addition of any surfactants or

passivating agents. Thus, superior activity originates from a well

dispersed and relatively suitable coverage of CdS NPs on the

ZnO surface.

The core–shell NRA of ZnO–CdS, with a shell thickness of 30

nm, showed a high activity under simulated solar light for the

degradation of RhB.263 Study of the decay kinetics indicated that

the average carrier lifetime of the core–shell NRA is longer than

that of uncoated ZnO NRs, due to the charge separation, as the

electrons resides in the core and the holes accumulates in the

shell. The time required for an electron transfer is about 18 ps,

which is shorter than the electron lifetime in CdS.264 Once the

electron diffuse into the CB of ZnO, the probability of its decay

is small because there are no free holes in the VB of ZnO under

visible light. This heterostructure was designed by the surface

functionalization of ZnO by citric acid, followed by the slow

addition of Cd2+ and S2�, because the normal CdS exchange

process is so fast that the ZnO core can be destroyed during the

deposition process. During the synthesis, citric acid adsorbs on

the surface of ZnO NRs via a carboxyl group with an outward

orientation of –OH functional groups. The negative charges on

the functionalized surfaces of ZnO attract Cd2+, and thin

Cd(OH)2 layers are formed. Aer the addition of sodium

sulphide, a CdS shell layer is formed on the surface of ZnO NRs

via the substitution of OH� by S2� ions. With an increase in the

amount of citric acid, CdS shell layers gradually become

uniform, along with an increase in the shell thickness (Fig. 18).

The well-dened ZnO–CdS grown on the indium tin oxide

substrate was active for 3,4-dihydroxy benzoic acid degradation

under visible light.265 In this study, the CdS layer was thinner

than the room temperature diffusion length of electrons, which

facilitated the ballistic process of the charge transfer pathways.

Also, the CdS layer was discontinuous and too thin to support

the interfacial depletion layer. Hence, a macroscopic potential

barrier does not exist at the ZnO–CdS interface. The ZnO–CdS

was active for the degradation of Eriochrome Black T under

visible light, wherein ZnO NRAs were obtained by electro-

chemical deposition on the FTO substrate and CdS was then

coated by the chemical bath deposition.266 The optimal loading

of CdS corresponds to a deposition time of 40 min, at which

Fig. 18 Mechanism of formation of ZnO–CdS core–shell nanorod

arrays by the surface-functionalization method (reprinted with

permission from ref. 263; Copyright 2012 @ American Chemical

Society).
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time ZnO–CdS showed a signicant visible light response

compared to at a low deposition time (3 min) where the visible

light response was not observed. Interestingly, a blue shi in

CdS absorption was observed for a deposition time of 10–20

min, indicating that the NPs were subjected to strain during the

growth on ZnO. It was proposed that an initial voltage pulse and

the time are very important for obtaining a homogeneously

distributed seed layer of ZnO for the subsequent growth of ZnO

NRs on the FTO substrate. In other words, ZnO NRs were grown

in short clusters and were deposited on primary ZnO crystals in

the absence of a voltage pulse. A shorter time (0.5 h) leads to a

low seed density, while a longer time (3 h) results in the

formation of a continuous layer of ZnO on FTO with an initial

voltage pulse. Contrarily, ZnO NRs deposited for 1.5 h had a

high density, long length, small diameter with narrow size

distribution and a smooth surface. Unfortunately, this

composite was susceptible to photocorrosion aer 2 h of

degradation reactions.

The ZnO–ZnS core–shell NRs (with a molar ratio of ZnS/ZnO

of 0.6) synthesized by the water bath route (ZnO conversion to

ZnO–ZnS via surface suldation) showed a maximum hydrogen

production under UV and solar light with quantum efficiencies

of 22% and 13%, respectively, from a water–glycerol mixture.267

The CB of ZnS is more negative than ZnO, while the VB of ZnO is

more positive than ZnS, thereby facilitating electron and hole

transfer in the opposite direction. The hole can be trapped by

surface hydrdoxyl groups, which later oxidizes glycerol to CO2,

and the electron on the ZnO surface reduces protons to

hydrogen. The small energy gap difference between the ZnS VB

and O2/H2O energy levels, together with the high oxidative

power of the surface chemisorbed hydroxyl groups on ZnS,

contributes to the overall efficiency. In addition, this composite

was found be thermally active (40–80 �C) under UV light.267 The

ZnO–CuS obtained by decorating CuO on the ZnO NTs, followed

by the addition of thioacetamide (80 �C, 1 h) was active for

decomposing MB at neutral pH conditions under visible

light.268 The decline in degradation with silver nitrate and the

increase in the reaction with ammonium oxalate (i.e. a hole

scavenger) suggests that the electron-driven hydroxyl radicals

were found to be the major pathway in the photocatalysis. The

type-II band alignment between p-CuS and n-ZnO leads to the

transfer of electrons from the CB of CuS to the ZnO CB, while

holes in the VB of CuS oxidize water to generate hydroxyl

radicals.

The heterostructuring of ZnO with lattice matched or

dissimilar materials passivate the surface recombination

centers and help it resist photocorrosion. The versatility of ZnO

to be decorated by a variety of semiconductors with distinctive

morphologies under different experimental conditions high-

lights its stable and suitable surface properties. In addition, the

formation of impurity phases, interdiffusion among the

coupled components resulting in an alteration of the electronic

energy levels, and the change in its interfacial defect structure

remain great challenges to overcome to fabricate impurity free

heterojunctions. The organization pattern, crystallographic

structures, electron affinity/work function, charge carrier

mobility, mechanical adhesion, band bending, the nature of the

surface/interface/bulk defects, and the shape of each compo-

nent in an integrated heterostructure determine their physical–

chemical–electronic properties and performance.216c The

formation of heterostructure is limited by the band edge posi-

tions and a poor interfacial structure of the composite. While

the former can be overcome by a suitable choice of material or

by tuning the bandgap of the sensitizer, the latter still remains a

great challenge from the point of view of creating a favourable

interface structure. Because much literature discusses the

growth of a secondary phase semiconductor on prenucleated

ones, the one-pot synthesis involving the simultaneous nucle-

ation of both the semiconductors with a modied surface/

interface needs to be further investigated for developing cost-

effective approaches.

8. Modification with carbon
structures
8.1 Doping with carbon (C–ZnO)

Carbon doping is reported to be very active for visible light

induced photocatalysis and promotes charge carrier separation

by channelling the photoexcited electrons to nanosized carbons

on the surface of catalyst.269 The heating of zinc chloride and EG

(160 �C), followed by calcination (600 �C, 2 h) results in C–ZnO,

which can mineralize HCHO under the irradiation of an indoor

uorescent lamp.270 Aer 60 min of irradiation, the CO2

concentration increased to 780 ppm for C–ZnO, whereas only

595 ppm was achieved for N–TiO2. This difference was attrib-

uted to the extended visible absorption edge (400–700 nm) for

C–ZnO, while N–TiO2 showed weak absorption at �500 nm. In

addition, PL studies revealed a lower intensity signal for C–ZnO

compared to N–TiO2, suggesting effective charge carrier sepa-

ration in the former case. The ower-like C–ZnO obtained from

Zn5(CO3)2(OH)6 was active towards the degradation of RhB

under visible light. This was attributed to the high oxidative

power of C–ZnO as a result of the downward shi in the energy

band structure and to its organized morphological features,

which enhance the light absorption due to multiple reection of

the trapped incident light. The decline in the activity at higher

thermal treatments (>500 �C) was due to the oxidation of the

lattice carbon and the collapse of the mesoporous structure.271

The C–ZnO obtained from a solution of zinc nitrate, HMT and

Vitamin-C through heating (95 �C, 1 h) and calcination (500 �C,

2 h) exhibited visible light activity for the degradation of Orange

II.272 A rod-like structure for ZnO was observed with HMT, while

the aspect ratio of the rods decreased with the addition of

Vitamin-C, indicating a suppressed growth along [001] direc-

tion.273 The –COO� and –OH groups of Vitamin-C adsorb onto

the positively charged Zn2+ (0001) surface, thus blocking contact

between the growth units and the (0001) crystal surface. Under

these conditions, growth along the six symmetric directions

(non-polar plane) was enhanced. During calcination, ZnO

crystallizes and the combustion of carbon takes place, followed

by the rearrangement of the host–guest atoms to render the

substitution of carbide ions at lattice oxygen sites.272 The visible

light performance of carbon doped strings of ZnO was
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demonstrated in the degradation of 4-NP and in photo-

electrochemical water splitting.274 The efficiency of bare ZnO

(0.016%) was lower than for C–ZnO (0.18%). The efficiency of

water splitting was calculated using the formula;

h ¼
I
�

1:23� Vapp

�

Plight

(62)

where Vapp is the applied voltage, I is the measured current

density, and Plight is the power density of illumination. In this

study, the surface reconstructed monolayers of poly(styrene-

block-2-vinylpyridine) diblock copolymer (PS-b-P2VP) inverse

micelles were used as a template to obtain the ZnO NPs under

oxygen plasma. Then, the partially removed polymer was cross-

linked by UV light under vacuum, followed by carbonization

(600 �C, 1 h) in an inert atmosphere, leading to carbon doping

as a carbonate species in the ZnO lattice. This creates a new

energy level above the VB via hybridization of the O 2p and C 2p

orbitals to give a visible light response, and furthermore the

carbon network at the surface may act as a channel to divert

excitons, consequently supressing the recombination pathways

(Fig. 19). The 3D mesoporous C–ZnO obtained by the sol-

vothermal route (160 �C, 24 h) in EG using glucose as a carbon

source showed amaximumadsorption capacity of CR (162mg g�1)

and a high visible light activity for the degradation of CR and

RhB.275 Based on experimental studies, it was concluded that

both glucose and EG played an important role in the formation

of a hamburger-like nanoarchitecture for C–ZnO. The anionic

functional group of the EG and glucose interact with the (0001)

plane of the ZnO to lower its surface free energy, resulting in an

equiaxed or spherical morphology. The complex mixture of the

aromatic compounds and the oligosaccharides formed as a

result of the chemical reactions of glucose under the sol-

vothermal condition increase the viscosity of the resulting

solution (i.e. a polymerization step). The growth of a 3D “twin-

ning superstructure” occurs at this juncture, which takes place

by the continuous adjoining of additional oligosaccharides at

the surface of the ZnO subunits. This type of twinning is allowed

due to the adsorption of polymers, which counterbalance and

perhaps overcompensate the like charges on these faces, and

then the self-assembly of these subunits may continue via

stacking of their polar faces of the opposite charges facing each

other.276 As the heating time is extended, the carbonaceous

polysaccharides adhered on the Zn2+ transform to C–ZnO with a

carbon atom occupying the interstitial sites in the ZnO. Thus,

the glucose connes the growth of ZnO and also serves as an

assembly agent to construct NPs into a 3D hamburger-like

mesoporous superstructure.

The doping of carbon at the substitutional/interstitial site or

as a carbonate ion results in only visible light absorption, and

its role as a charge carrier trap is still far from over as a critical

discussion. Similar to nitrogen dopants, the expulsion of doped

carbon from the ZnO lattice in high temperature treatment is

the major drawback for this approach. Therefore, extra caution

is required to balance between carbon doping and crystalliza-

tion during the preparative step.

8.2 Modication with other carbon forms

Highly crystalline 1D ZnO grown on CNFs substrate without any

aggregation have shown better performance for the degradation

of RhB.277 Here, the photogenerated electron may move freely

towards the surface of the CNFs, and then the VB holes migrate

to the surface and react with the surface adsorbed water or

hydroxyl groups to produce the hydroxyl radicals. PL studies

also revealed the efficient charge carrier separation in this

heterostructure, as conductive 1D CNFs serve as ideal electron

pathways.278 The coverage density of the ZnO NPs coating on the

CNFs surface was tuned by adjusting the molar ratio of zinc

precursor to CNFs during the hydrothermal synthesis (180 �C,

12 h). The solar light activity of ZnO-activated carbon increased

with the increase in pH up to 9, and remained constant, even

though the adsorption of Direct Blue 53 molecules is negligible

in an alkaline medium.279 It was concluded that the degradation

not only takes place on the catalyst surface but also near to its

vicinity. This synergistic effect was attributed to the adsorption

of dye on the activated carbon, which later diffuses to ZnO

located at the pores, followed by a subsequent degradation

(Fig. 20). The carbon-coated ZnO NRs obtained by the

microwave-assisted method resulted in a faster decomposition

of MB under visible light.280 This was achieved by modifying the

surface of ZnO NRs by amino groups through the interaction

with (3-aminopropyl)triethoxysilane, followed by graing by

glucose, and then microwave irradiation to stimulate the

Fig. 19 Schematic presentation of doped and surface carbon in C–

ZnO. The grey colour part indicates that the polymer nanowires are

turned into carbon and olive colour spheres, representing C–ZnO

(reprinted with permission from ref. 274; Copyright 2013 @ Royal

Society of Chemistry).

Fig. 20 Adsorption and diffusion of dye molecules towards ZnO and

their degradation (reprinted with permission from ref. 279; Copyright

2007 @ Elsevier).
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transformation of glucose into carbon (Fig. 21). The high

activity was attributed to the following reasons: (i) amorphous

carbon has a good adsorptive capacity, and hence the concen-

tration of MB can be enriched on the ZnO surface for photo-

catalytic reactions. The driving force for dye adsorption is

mainly through the interaction between graphitic carbon and

the aromatic rings of the dye molecules.281 (ii) Coating of the low

work function amorphous carbon (3.5–4.0 eV) improved the

light absorption properties of ZnO. The CB electrons of ZnO

could move freely to the surface of the carbon particles, thus

directing the charge carriers to ow in the opposite direction.

(iii) The uniform and well-dispersed carbon coating increased

the corrosion resistance for ZnO, thus giving a better stability.280

The bare ZnO lost its photocatalytic activity aer calcining at

$700 �C, whereas ZnO–C retained its activity even at 1000 �C,

indicating that surface carbon improved the thermal stability of

ZnO.282 The ZnO–C prepared by a simple solvothermal treat-

ment (160 �C, 24 h) of zinc acetate and ethanol with iodine was

active for the degradation of RhB under visible light.283 Iodine

promoted the oxidation of ethanol and resulted in the forma-

tion of carbon, which self-assembled with ZnO to form

composite spheres. The extent of carbonization, and hence the

photocatalytic activity was inuenced by the amount of iodine

used, and the optimum was determined to be 0.2 g (carbon

fraction of 30%). During the process, iodine catalyzed both the

alcoholysis of zinc ions and the carbonization of ethanol. A

controlled experiment with only iodine and ethanol did not

initiate any carbon formation, signifying that the carbonization

of ethanol occurred due to the combining effect between the

iodine and zinc ions. The surface hybridization of ZnO with

graphite-like carbon layers suppressed grain coalescence and

the crystal growth, giving exceptional photostability and

thermal stability.284 The degree of graphitization was dependent

both on the graphitization temperature and on themass ratio of

carbon in the synthetic procedure, and the best ratio of 16.9

wt% was reported for the degradation of MB even under

extreme pH conditions. At lower carbon content, coalescence

and crystal growth were not efficiently suppressed, whereas

higher carbon content shielded the light reaching the catalyst

surface, with both effects hampering the photoactivity. The

degradation mechanism was mediated by the hydroxyl radicals

on the ZnO surface, while it was mediated by direct reaction

with the holes on the surface and in the solution bulk, which

were attributed to an enhanced adsorption of MB on the surface

of ZnO–C.

The coating of carbon enhances the adsorption of pollutants

on the catalyst surface, simultaneously facilitating both

adsorption and photocatalysis. It is interesting to note that a

carbon coating on the ZnO surface can be achieved by cheaply

available precursors such as citric acid, alcohols and poly-

saccharides. The change in surface structure of ZnO aer

carbon coating and their inuence in degradation reactions

require a more in-depth study.

8.3 Modication with graphene and g-C3N4

Materials with delocalized conjugate p-structures have been

extensively investigated in electron transfer processes, as they

reduce recombination via capturing the photogenerated elec-

trons from the CB of a semiconductor and transport them to

adsorbed oxygen for the production of reactive oxygen species. A

delocalized p-structure material coupled with a semiconductor

serves as a unique “dyade” type of structure, forming a common

conjugated system, which improves the photocatalytic perfor-

mance in the entire spectral range.285 As a rising star of the

carbon family, graphene composed of single, bi and a few layers

of carbon atoms forming six membered rings has gained

signicant attraction because of its multifaceted physico-

chemical and optoelectronic properties. In particular, its

unique 2D structure and plenty of p-electrons provide a suitable

platform for the growth of stable inorganic semiconductors.286

It is reported that the connement effect of the graphene plane

would favour the dispersion and stability of ZnO, whereas ZnO

particles on a graphene sheet will act as a type of chemical

obstacle to prevent the graphene from agglomeration, and thus

help to retain its high specic surface area.287

ZnO–FGS in which ZnO NPs were homogeneously dispersed

on FGS showed a high activity for the decomposition of R6G.288

This composite was prepared by a thermal treatment method,

wherein the addition of PVP stabilized the GO sheets and

promoted the nucleation of ZnO, followed by their deposition

on the carbon sheets. An increase in the photon absorbance

caused by FGS and the electron transfer pathways between the

highly crystalline ZnO and FGS contribute to its overall effi-

ciency. The degradation of MB and MO with ZnO–GO under

visible light was further improved by annealing under N2

atmosphere (400 �C, 2 h).289 The composite preparation

involved two distinctive stages: (i) the dissolution of zinc chlo-

ride in GO suspension, which renders Zn2+ ions available to get

adsorbed at the surface of GO sheets due to their bonding with

negatively charged oxygen containing functional groups via

electrostatic forces; (ii) the combination of the crystal growth

units of Zn(OH)4
2� and ZnO2� formed under alkaline medium

with the functional groups of GO sheets via intermolecular

hydrogen bonding or coordinate bonds that act as anchor sites

for ZnO NPs. With subsequent heating at 90 �C (6 h), the ZnO

nuclei are formed. The degradation mechanism initially

involves the excitation of MB, followed by an electron transfer to

Fig. 21 Mechanism of formation of a carbon-coated ZnO core–shell

structure (reprinted with permission from ref. 280; Copyright 2009 @

American Chemical Society).
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ZnO CB via the GO sheets, which are later captured by adsorbed

oxygen to produce reactive oxygen radicals. Finally, MB*+ is

degraded by itself or by the attack of reactive oxygen species

(Fig. 22). Furthermore, the large surface area and hierarchical

porosity of ower-like ZnO anchored onto GO enhance the

adsorption and mass transfer of dyes and oxygen species.289 The

fabrication of ZnO–graphene via the solvothermal reaction (150
�C, 8 h) of Zn–EG–Ac complex and GO in ethanol solvent is

benecial for the decomposition of RhB.287 The reaction system

possessed the following characteristics: (i) the abundant func-

tional groups in the Zn–EG–Ac complex interact with the func-

tional groups (–COOH, –OH) of GO and hydrolyse in situ on GO

to form well-dispersed ZnO NPs without the need for using an

external alkali; (ii) Zn–EG–Ac has a relatively high stability in

ethanol, which promotes the growth of ZnO on graphene rather

than homogeneous nucleation in the reaction medium; (iii)

ethanol facilitates GO reduction and also slows down the

liberation of Zn2+ to produce ne ZnO NPs tightly decorated on

graphene. In another study, ZnO–graphene composite prepared

by the chemical deposition route was also active for the degra-

dation of RhB under UV/visible light.290 The redox potentials of

RhB and RhB* are 0.95 V and �1.42 V (vs. NHE), while the work

functions are �5.45 eV and �3.08 eV (vs. vacuum), respectively.

Comparing the potential of the CB (�4.05 eV) and VB (�7.25 eV)

of ZnO with the work function of graphene (�4.42 eV),291 direct

electron transfer from RhB* to graphene seems to be thermo-

dynamically more favorable (Fig. 23).292 In addition, the

composite also served as a ltration membrane to remove the

dye molecules from water. Graphene sheets densely decorated

by the ZnO NSs resulted in a good combination for the reduc-

tion of Cr(VI),293 in which the photogenerated electron reduces

Cr(VI), while the hole oxidizes water molecules.

Cr2O7
2� + 14H+ + 6e� / 2Cr3+ + 7H2O (63)

2H2O + 4h+ / O2 + 4H+ (64)

The presence of graphene increases the light absorption

intensity, as a result of the increase in the surface electric charge

of the oxides in the composite, and modies the charge carrier

dynamics during irradiation, thus promoting the activity. The

activity decreases at a higher content of graphene (>1.0 wt%)

due to following reasons: (i) graphene absorbs the UV light, and

thus there exists a light harvesting competition between ZnO

and graphene; (ii) excess graphene acts as recombination

centres.294 The ZnO–graphene obtained via the heat treatment

of the ZnO–GO (200 �C, 2 h) containing 2.5% graphene exhibi-

ted higher visible light activity for the degradation of MB

compared to the ZnO–MWCNTs and retains 80% of the initial

activity, even aer recycling ve times.295 TEM images revealed

that both sides of the GO sheets are closely coated with ZnO

particles (average size of 5 nm) in relatively high density to form

a sandwich-structure (ZnO/GO/ZnO), which favoured strong

electronic interactions. The PL studies revealed that the pres-

ence of graphene eliminates the surface defects of ZnO parti-

cles. However, the ZnO particles will peel off the graphene

sheets and the graphene structure will be slowly destroyed

during the durability test. In addition, the impurity or inorganic

anions occupy the active centers and hampers the photocatalyst

performance.295

The ZnO–graphene hybrid containing 2 wt% of graphene

obtained via the reduction of GO with hydrazine was visible

light active for the degradation of MB, accompanied by the

participation of both the superoxide and hydroxyl radicals in

the solution, as well as in direct hole oxidation.296 By this in situ

reduction method, ZnO NPs could efficiently separate the gra-

phene sheets and retard the restacking of graphene sheets. The

defect sites on GO served as nucleation sites for ZnO, resulting

in less agglomerated particles. For this method, Gayathri

et al.297 reported that the optimum amount of ZnO (600 mg of

Zn2+ ion precursor in the synthesis step) showed a higher

activity compared to a low (300 mg) or high (900 mg) amount,

despite the other catalysts showing very low PL intensity. The

increase in Zn2+ concentration makes the ZnO NPs stick to the

surface of the graphene sheets and prevent the graphene sheets

from combining as a result of weak van der Waals forces

between the graphene layers. However, graphene sheets stack

together at a low concentration of Zn2+ and appear like ZnO on

multilayered graphene, due to the loss of the 2D planar struc-

ture.297 The microwave assisted irradiation method to synthe-

size ZnO–RGO in diethylene glycol medium was powerful for

the decolorization of self-photosensitized dyes (RhB and MB)

under visible light, but was ineffective for the degradation of

benzoic acid.298 This result indicated that the decolorization of

dyes is mainly due to the photosensitization process, rather

than excitation of the ZnO–RGO nanohybrids. In this case,

Fig. 22 Photosensitized degradation of MB over ZnO–GO under

visible light (reprinted with permission from ref. 289; Copyright 2012 @

Elsevier).

Fig. 23 Charge transfermechanism for ZnO–graphene sensitized by a

dyemolecule (reprinted with permission from ref. 290; Copyright 2011

@ Royal Society of Chemistry).
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electron transfer takes place from the dye* to ZnO or through

RGO, which contributes to an effective charge carrier separa-

tion. A high loading of ZnO was detrimental (0.0092–0.0115 M

zinc acetate in the preparation step), as it may reduce the

quantity of photogenerated charges, due to an unfavourable

morphology and poor charge carrier transfer through the ZnO

nanocrystals. The ZnO–RGO synthesized by the UV-assisted

photocatalytic reduction of graphite oxide by ZnO in ethanol

was efficient for the removal of Cr(VI) ion, due to the increased

light absorption intensity and range, with reduced carrier

recombination.299 In addition, this composite also served as a

good adsorbent for the removal of colour removal under dark

conditions.300

The so material g-C3N4 (Eg 2.7 eV) as an analogue of

graphite possesses a stacked 2D structure, with tri-s-triazine

building units connected with planar amino groups in each

layer and weak van der Waals forces between the layers. It is

exceptionally stable under light illumination in a wide pH range

(0–14), thus making it a potential candidate for many green

energy applications.301,302

The ZnO hybridized with g-C3N4 (ZnO:g-C3N4) via the

monolayer dispersion method showed a high activity for the

degradation of MB under UV/visible light at a 3% loading of g-

C3N4.
303 This enhancement was mainly due to the p-stacking

type adsorption between MB and g-C3N4, which was similar to

the conjugation between graphene and aromatic molecule. The

MB can be adsorbed on the g-C3N4 surface with an offset face to

face orientation via p–p conjugation until an adsorption–

desorption equilibrium is reached. The superior adsorption

capacity was a worthy complement for the high activity of

hybridized g-C3N4:ZnO. The suppression of the degradation of

dye with EDTA and TBA conrms the dominant involvement of

holes and hydroxyl radicals under UV and visible light photo-

catalysis, respectively. Under UV light, the hole transfers from

ZnO to the HOMO of g-C3N4, resulting in an efficient charge

separation and it also suppresses the photocorrosion of ZnO.

The g-C3N4 absorbs visible light to induce p–p* transition from

the HOMO to LUMO. The LUMO potential of C3N4 is �1.12

eV,304 which is more negative than the CB of ZnO (�0.5 eV), and

the excited electrons are directly injected to the CB of ZnO. The

g-C3N4
+ radical can accept electrons from the fragments of the

degradation of MB and return to the ground state.303 The

formation of a chemically bonded interface between g-C3N4 and

ZnO originates from the condensation reaction between the

triazine amino group and the surface hydroxyl groups of ZnO.

The concentration of the Zn2+ ions aer the degradation of MO

and 4-NP under visible light using this composite was found to

be considerably lower than for pure ZnO, attesting to its long-

term stability in aqueous solution.305 The activity increased

with an enhancement in the ZnO content upto 15.6 wt% and

reduced at higher values (58.1 wt%), which was attributed to the

unsuitable ratio between the coupled semiconductors and to

the poor visible light response of the composite. In another

study, Shifu and co-workers reported that the optimum

amounts of ZnO and g-C3N4 were 15 and 5 wt% for ZnO:g-C3N4

prepared from ball-milling and from the deposition–precipita-

tion methods, respectively.306,307 This was attributed to the

balanced introduction of the trap sites for the charge carriers,

which prolongs the carrier lifetime. The reaction kinetics with

different radical scavengers declined in the order: benzoqui-

none > isopropyl alcohol > ammonium oxalate, conrming the

pivotal role of the superoxide radicals in the decomposition

mechanism of RhB. However, the hydroxyl radical generation,

as evidenced by PL spectroscopy, indicates that the superoxide

radical, thus formed transforms to the hydroxyl radicals by a

series of reactions, and contributes to complete mineraliza-

tion.306,307 The holes generated in g-C3N4 cannot oxidize OH
� or

H2O to hydroxyl radicals, because the position of the VB of g-

C3N4 (1.57 eV vs. NHE) is more negative compared to the stan-

dard redox potential of E (OHc/OH�) ¼ 1.99 eV vs. NHE.

The ZnO–mesoporous g-C3N4 core–shell structure was also

active for the degradation of MB under UV/visible light.308 The

activity was closely related to the thickness of the shell, het-

erojunction interfaces and the core–shell structure induced by

the lattice match between the two components. The processes

of formation for the core–shell structure takes place through

two steps: mesoporous g-C3N4 is exfoliated into sheet-like

nanostructures via ultrasonication in methanol solvent, and

later these sheets are uniformly decorated on the ZnO surface to

minimize the surface energy. The photoactivity increased with

the loading of g-C3N4 up to 4 wt% under UV light, whereas the

activity increased up to 20 wt% under visible light. The increase

in shell thickness shields the UV light photons from reaching

the ZnO surface, while it improves the visible light absorption of

the composite, beneting charge transfer at the heterojunction

interfaces. The mesoporous structure easily permits the UV

light to reach ZnO, compared to bulk g-C3N4. The optimal

amount of ZnO in ZnO: mesoporous g-C3N4 was found to be

24.9 wt% under visible and solar light for the degradation of

MB.309 In this case, ZnO was allowed to nucleate and uniformly

disperse on the mesoporous g-C3N4 sheets under solvothermal

conditions (160 �C, 24 h). The holes were found to be the major

oxidant responsible for the degradation of pollutant compared

to hydroxyl and superoxide radicals. Instead of bulk g-C3N4 with

a big sheet of a lamellar structure, mesoporous g-C3N4 with an

open crystalline pore wall and large surface area will be more

benecial in photocatalysis.308,309 The C–ZnO:g-C3N4 showed

high activity for the degradation of MB under visible light, at

50.7 wt% g-C3N4, corresponding to the homogeneous hybrid-

ization between ZnO and g-C3N4 (Fig. 24).310 This is the rst

report on simultaneous carbon doping and heterojunction

formation of ZnO with g-C3N4. In this work, high temperature

treatment of zinc nitrate and dicyandiamide initiated the

formation of g-C3N4 and ZnO, respectively, through the thermal

decomposition. Moreover, dicyandiamide adhering to the

surface of ZnO NPs undergoes combustion and subsequent

atomic rearrangements (Zn, C and O), enabling the substitution

of carbon for oxygen in the bulk of the lattice.

The electronic coupling of ZnO with g-C3N4 may be an ideal

system to promote the charge carrier separation, due to their

well-matched overlapping band structure. The activity seems to

be very sensitive to the content of both ZnO and g-C3N4 in the

composite, and the preparative method used seems to be a

decisive factor in governing the photocatalytic pathways. The
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relative tuning of the individual components and the decora-

tion of g-C3N4 on various morphologies of ZnO still requires

further research.

8.4 Modication with CNTs, fullerenes and CQDs

The favourable bandgap energy level alignment in ZnO–

MWCNTs–CdS resulted in its high photocurrent density (0.25

mA cm�2) compared to ZNWs–MWCNTs (0.10 mA cm�2) and

CdS–ZNWs (0.20 mA cm�2) under solar light.311 In this bandgap

conguration, unidirectional electron transfer takes place from

CdS to ZNWs to MWCNTs to favour the separation and the

photocurrent collection. The CdS serves as an electron sensi-

tizer or relay, while ZNWs and MWCNTs act as an electron sink

(Fig. 25). The electrons from the ZnO CB are trapped by

MWCNTs via an inductive effect that promotes the interfacial

electron transfer process. Such as the growth of ZNWs on

MWCNTs improves the active surface area, thus enhancing the

photon absorption, while the NW conguration affords

conductive pathways to the charge carrier transfer process. The

MWCNTs possess more landing sites for the adhesive growth of

NWs and the space between each NT would be benecial for its

dispersion. The photocurrent of the ZNWs–MWCNTs was

higher under UV light compared to solar light, as the extra

excitons photogenerated at the nanocomposite–electrolyte

interface intensies the electric eld produced in the depletion

layer, which further assists the electron transport processes.312

The ZnO (34%)–MWCNTs were effective in the removal of

cyanide under a 355 nm UV light generated by the third

harmonic of Nd:YAG laser.313 The structural model proposed

indicates that the zinc atom is aligned closer to the oxygen atom

of the carbonyl group, whereas an oxygen atom of ZnO remains

close to the hydrogen atom of the hydroxyl group on the func-

tionalized MWCNTs (Fig. 26). The former is possible as the

electron density on oxygen atoms is shared with zinc, which has

an electron affinity, while the latter is favoured because of the

hydrogen bond formation. In such types of hetero-interphase

interactions, attractive van der Waals forces play a signicant

role. The rate of removal of cyanide was enhanced with the laser

energy (60 mJ to 200 mJ), but declined with an increase in the

pH values (4–12). When the laser energy is increased, the inci-

dent photon ux increases in the solution and facilitates the

generation of more charge carriers. The PZC of functionalized

MWCNTs was 4.9, and hence an efficient adsorption-

degradation was observed at acidic pH. With an increase in

pH, both MWCNTs and ZnO become negatively charged and the

cyanide experiences repulsion from the catalyst surface.313

The increased light absorption and high surface energy of

the ZnO–TiO2–CNTs facilitated both the adsorption and

reduction of the Cr(VI) ion.314 The CNTs served as wires con-

necting different ZnO NSs and the TiO2 NPs, and also promotes

the electrons to freely ow throughout the structure without any

scattering from atoms or defects (ballistic transport).315 The IEF

at the surface of the composite and the constructed stepwise

structure of the band edge levels leads to electron transfer from

ZnO to TiO2 to the CNTs, whereas the hole traverses from TiO2

Fig. 24 Illustration of the electron–hole separation, transport, and

photocatalytic progress of C–ZnO:g-C3N4 under visible light (reprin-

ted with permission from ref. 310; Copyright 2014 @ American

Chemical Society).

Fig. 25 Charge carrier separation and transportation in a CdS–ZNWs–

MWCNTs heterojunction (reprinted with permission from ref. 311;

Copyright 2011 @ Elsevier).

Fig. 26 Ball and stick representative diagram of MWCNT–ZnO

composite (reprinted with permission from ref. 313; Copyright 2010 @

IOP Science).
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to ZnO. The increase in the loading of CNTs (4 wt%) competes

with photon absorption with TiO2 or ZnO and hampers the

dispersion of the metal oxides on the CNTs surface, in addition

to promoting the recombination process.316 The fabrication of

MWCNTs-doped ZnO (Zn–O–C bond) by a electrospinning

method was positive for the degradation of MB under UV/visible

light. Under UV light, electrons from the ZnO CB move freely to

the MWCNTs, while MWCNTs serve as a sensitizer by absorbing

the visible light and transferring the electrons to the ZnO CB.317

The positively charged MWCNTs remove an electron from the

VB of ZnO leaving a hole. The oxidation of MWCNTs with

concentrated acid and the presence of surface alcohol, ketone

and the acid groups enhance the adsorption of dye on the

composite surface, thus favouring an efficient photocatalysis.

The ZnO:N–CNTs exhibit better activity compared to ZnO–CNTs

for the degradation of benzoic acid and RhB under visible

light.318 The composite activity, with respect to the crystallite

size of ZnO, had the following sequence: 9.5 > 7.3 > 5.4 > 4.2 nm.

The relative position in the CB of the N–CNTs allowed the

transfer of electrons to ZnO, and shows that defects introduced

by nitrogen doping might have separated the charge carriers.

Pd–ZnO : MWCNTs at an optimum ratio of 0.08 : 1.0 : 0.04 were

successful in reducing Hg(II), with excellent recyclability under

visible light.319 The introduction of CNT and Pd prevented the

ZnO NPs from agglomeration, showing that ZnO was strongly

attached to the surface of the CNTs network. The Pd doping and

CNT incorporation induced a visible light response, while the

large surface area of the composite provided more active sites

for the reduction of Hg(II).

The hybridization of C60 at a loading of 1.5% on the ZnO

surface enhanced the activity for the degradation of MB and the

photocurrent generated remained constant even aer pro-

longed UV illumination (20–35 h).320 The CB energy level of ZnO

(�0.5 V vs. NHE at pH 7) thermodynamically favours the elec-

tron transfer to the C60 molecules (E C60/C60
� is�0.2 V), and the

delocalized conjugated p-system of C60 promotes the facile

migration of electrons because of the minimal changes in the

structure and in the solvation associated with the process.321,322

The crystal structure of ZnO was changed to Zn5(OH)6(CO3)2
aer prolonged illumination, whereas the pristine phase was

retained for the composite, suggesting that C60 inhibited the

photocorrosion of ZnO via deactivating the surface oxygen

atoms. ZnO–CQDs were benecial for the degradation of toxic

gases (i.e. benzene and methanol) under visible light.323 The

CQDs loaded on the ZnO surface form a “dyade” structure,

providing access to the photoinduced charge transfer pathways.

At the dyade structure, the photoinduced electrons are trans-

ferred to joint charge transfer states located on the CQDs, while

holes accumulate electrically and structurally near ZnO. The

electrons can be freely shuttled along the conducting network of

CQDs and combine with adsorbed oxygen to produce super-

oxide and hydroxyl radicals in the solution. Moreover, the p-

interaction between the conjugated structure of the CQDs and

the aromatic pollutant is benecial to enrich its concentration

on the composite surface.324 In addition, CQDs with upconver-

sion PL properties convert the longer wavelength light to a

shorter wavelength, resulting in a bandgap excitation of ZnO,

and consequently facilitating the generation of more charge

carriers (Fig. 27).

The modication of ZnO with various carbon nano-

structures, such as activated carbon, amorphous carbon,

graphitic carbon, CNFs, graphene, RGO, g-C3N4, fullerenes,

CNTs and CQDs, improves both the photoactivity and the

stability of ZnO during photocatalytic reactions. In a few cases,

these carbon nanostructures serve as a support for the growth of

ZnO nanocrystallites or ZnO can act as substrate for the growth

of these carbon forms. The excellent capacity of carbon nano-

structures to enrich pollutant concentration on the catalyst

surface and their robust capacity as electron conducting chan-

nels allows more carriers to participate in degradation reac-

tions. These semiconductor–carbon composite nanostructures

are expected to dominate in waste water purication in the near

future.

9. Reactivity of exposed polar and
non-polar facets

It is widely accepted that the photocatalytic reaction occurs at

the catalyst surface–pollutant interface. Thus, the morphology

of the catalyst affects the surface atomic rearrangements and

coordination, which thus modulates the crystal facets in

different orientations and plays an important role in the pho-

tocatalysis.325 The difference in the surface atomic conguration

results in a distinct capacity to adsorb oxygenated species and

the target molecules. Such speculation has given the impetus to

explore the relationship between the surface orientation of ZnO

and their photocatalytic efficiency.

Compared with non-faceted ones, ZnO with a hexagonal

faceted prism (3–4 nm) showed a high performance for the

degradation of MB, which was attributed to the large surface

area and the oxygen vacancy defects that promoted an efficient

Fig. 27 Photocatalytic process of ZnO–CQDs under visible light

(reprinted with permission from ref. 323; Copyright 2012 @ Royal

Society of Chemistry).
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charge transfer process.326 ZnO with a high degree of exposed

{0001} facets embedded in a ower-like matrix was active for the

degradation of RhB compared to ZnO NRs (with fewer exposed

{0001} facets) and platelets (with an equal number of Zn-{0001}

and O-{0001�} facets) under visible light.327 The origin of the

visible light activity was attributed to the polar surface induced

oxygen defects such as oxygen vacancies or interstitial oxygen.31

Furthermore, the ower-like matrix possess a high degree of

dispersion and prevents the aggregation of ZnO NPs, thereby

improving the stability. The ower-like ZnO microarchitecture

built by the self-assembly of dense NSs with an ultrathin

thickness of 5 nm and a large population of polar (0001) planes

exhibit a high performance for the degradation of MO

compared to other morphologies such as NPs, NRs and NSs.328

These NSs were obtained by a citrate-mediated hydrothermal

treatment in the presence of zinc nitrate and HMT. The addi-

tion of citric acid changes the orientation of ZnO from (0001) to

(101�0), followed by amorphological transformation fromNRs to

NSs and a change in the main exposed surface from non-polar

to polar facets, attributed to its complexation on the (0001)

surface. These size-quantized NSs promote dye adsorption,

enhance the light harvesting capacity and efficiently channelize

the carriers from the bulk to the surface.329 The grid-like or net-

like arrangement of NSs retain their structural integrity even

aer vigorous ultrasonication (50 min).

The inuence of the ZnO morphology for the degradation of

RhB followed the following order: cones > bullets > plates >

rods, whereas the activity of the exposed crystal facet showed

the following trend: {10�11} [ {0001}, {10�10}.330 The

morphologies and crystal facets were controlled by varying the

reaction temperature and the benzylamine/Zn2+ ratio, with

benzylamine serving as a reactant and capping agent to stabilize

the (10�11) planes. On the basis of a model, it was proposed that

the {10�11} facets possess a ridge-and-valley topography with

oxygen termination, whereas the surface oxygen atoms alternate

between two-coordinated and three-coordinated in nature.

Because low coordinated oxygen atoms are generally saturated

by hydrogen atoms via O/H–O–H hydrogen bond formation,

they generate dense hydroxyl radicals in the solution. The ZnO

nanoplatform with an exposed {0001} facet showed a higher

photocatalytic activity compared to a hamburger-like

morphology with a {10�10} facet.331 The former was obtained

by adding an aqueous solution of NaOH to zinc acetate, whereas

adding sodium citrate resulted in the latter morphology under

hydrothermal conditions (160 �C, 5 h). The concentration of

growth units involved in the nucleation and growth was reduced

by the complexation of citrate ions with Zn2+ ions.332 In addi-

tion, the longer organic molecular chain of citrate anions allows

the ZnO growth units loosely spread in the reaction solution,

leading to the formation of a bigger and looser hamburger-like

morphology. ZnO nanoplates with a higher proportion of polar

to non-polar surfaces induce a rapid generation of H2O2 under

UV irradiation, lasting for 730 min, compared to NRs, micro-

rods and dumb-bell shaped, which is consistent with their

respective area of polar faces.107 Recently, Bopella et al.333 also

reported that the performance of ZnO for the degradation of MB

increased with the increase in the proportion of polar to non-

polar facets. The ZnO NRs with a cone and small aspect ratio

showed a superior performance for the degradation of MO

compared to the short-and-fat microrods and NRs with a cone

and large aspect ratio.334 Control over the shape was achieved by

varying the reaction temperature and time in the hydrothermal

reaction of the zinc foil–zinc acetate–H2O system. The forma-

tion of NRs with a cone originates from the change of V(0001) and

V(011�0) during the growth. The crystalline nuclei grow into a

rod-like structure (120 �C, 2 h), as V(0001) is larger than V(011�0).

The diffusion rate of zinc–hydroxyl complexes and zinc acetate

in the solution will be slow and results in a concentration

gradient between the Zn-(0001) and O-(0001�) planes. As a

consequence, the concentration of zinc–hydroxyl complexes

and zinc acetate will be maximum around the top of a NR and

lower around the root. Thus, V(011�0) at the top of a NR is lower

than that of its root, resulting in a cone-like structure. With an

increase in temperature (185 �C, 2 h), the diffusion rate between

the reactants increases and the concentration gradient

decreases, resulting in a NR with a cone and large aspect ratio.

The formation of a short-and-fat microrod (120 �C, 6 h) origi-

nates from the small difference between V{0001} and V(011�0).334

The prismatic aggregates of ZnO calcined at 800 �C (4 h) with

a {10�10} facet demonstrated the highest activity for the

decomposition of CH3CHO.335 The SEM results revealed that the

surface exposed crystal faces or the ratios among the exposed

crystal faces were evidently different following self-assembly of

the particles towards prismatic aggregates with an increase in

the calcination temperature. The driving force for the self-

assembly originated from the solid state diffusion and migra-

tion of the grain boundaries in the ZnO. In addition, the

ZnO single crystal with non-polar {10�10} or {11�20} facets having

O–Zn alternating atomic outermost layers performed better

compared with a polar {000�1} or {0001} single crystal with an

O–O or Zn–Zn monotonous atomic outermost layer.335,336 This

prismatic morphology transformed to a sheet-shape aer

coupling with VOx, which facilitated more exposure of {10�10}

and consequently enhanced the activity. However, rod-like ZnO

and no change in morphology was observed aer coupling with

CeOx and WOx, respectively, which were not benecial to

photoactivity.337

The conical-like ZnO showed better photocatalytic activity

compared to hourglass-like ZnO, although these morphologies

exhibited similar crystal facets. This was attributed to the

following: (i) the conical-like ZnO exhibits large areas of (0001)

planes because the two halves of the hourglass-shaped crystals

are attracted through the (0001) planes; (ii) the interior cavities

in the conical-like ZnO allows multiple reections of UV light,

which facilitates an efficient use of the incident light. The ZnO

with {�1101} and {10�10} facets showed the very least activity.128

The activity of ZnO with a hexagonal plate-like particle size was

>5 fold for the degradation of MB compared to the rod-shaped

particles. The surface of c-axis aligned rods mostly consists of

non-polar facets, whereas the dominant surfaces exposed on a

hexagonal plate of the same diameter are the polar facets.127

The ZnO superstructures for the degradation of Orange-II

showed the following order: structure-I > structure-IV >

structure-III > structure-II (Fig. 28).338 The structure-II and
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structure-III had six symmetric side walls enclosed by {10�10}

surfaces, whereas structure-IV was composed of cone-like

building blocks, of which the exposed crystal faces were

{10�11}, {0001} and {10�10}. Because of the reduced areal

proportion of low active {10�10} facets, structure-IV exhibited a

better performance compared to structure II and III. Interest-

ingly, size quantized structure-I had a main exposed plane

{21�10}, which has higher in surface energy than the {10�10}

surface and close to the polar (0001) surface.339 These 3D

superstructures were tailored by varying the concentration of

zinc acetate and Na2O2, along with the reaction temperature

without an organic additive. Under the reaction conditions

(0.03 M zinc acetate and 0.1 MNa2O2 at pH 12.9), the adsorption

of acetate anion and Zn(OH)3
� in the solution compete with

Zn(OH)4
2� for the occupation of the (0001) plane. Thus, the

surplus non-growth unit anions stabilized the surface charge

and the structure of the (0001) surfaces to some extent, allowing

a fast growth along h10�10i. Hence, the ZnO crystals grew along

h0001i and h10�10i directions (both are fast growth directions),

resulting in ZnO NSs with an exposed {21�10} surface.

The ZnO nanodisks with a {0001} facet showed a high activity

for the degradation of dye compared to the ZNWs with {01�10}

planes.340,341 Although NWs had a higher activity over nanodisks

in the initial 4 h of illumination, the nal degradation aer 5 h

was slower than for nanodisks, which may be related to the

formation of some long lived by-products covered at the surface

of NWs, which are resistant to react with hydroxyl radicals.340

The heterostructure of the ZnO-disks with CdS improved the

hydrogen evolution rate under visible light by a factor of 2.8

times higher than the non-polar ZnO–CdS.342 Thus, it was

concluded that the metallic features of polar surfaces promote

easy charge transfer at the interface between ZnO and CdS,

Fig. 28 The 3D ZnO superstructures with their building blocks and photocatalytic activity (reprinted with permission from ref. 338; Copyright

2010 @ American Chemical Society).
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whereas non-polar (01�10) surfaces remain as semiconducting in

nature. In addition, the XPS VB spectra revealed that the VBM of

the disk is lower compared to the rods, which reects the strong

oxidative power of photogenerated holes on the disks. Surpris-

ingly, there was only a marginal difference in the hydrogen

evolution rates between ZnO rods and the disk samples. This

result was against the hypothesis that the polar surfaces

signicantly promote the photodecomposition of organic

pollutants.127,340 This contradiction was due to the following

reasons: (i) the polar function of the disk being restrained as

they adsorb ions in the solution (Na+, S2� or SO3
2); (ii) ZnO itself

not being a good candidate for hydrogen evolution, as the

bottom of its CB is little higher than the H+/H2 potential.
343 The

Z-scheme transfer of photogenerated charge carriers between

ZnO and CdS mediated by Au NPs at the interface resulted in

signicant hydrogen evolution (Fig. 29).344 Both Au and CdS

were selectively deposited at the oxygen-terminated {000�1}

surface, based on the rationale that the Au3+- and Cd2+-based

complexes are electrostatically adsorbed on negatively charged

surfaces. Thus, the CdS serves as a reductive site for hydrogen

evolution, whereas ZnO serves as an oxidative site. In the Z-

scheme, the recombination of photoexcited electrons from the

ZnO CB and holes from the CdS VB occur at the interface, and

thus photoexcited electrons and holes with high CB and VB

potential, respectively, can be retained for redox reactions.

Huang et al.345 suggested that Bi2WO6 crystal seeds can be used

to tune the polar facets of ZnO, and hence the photocatalytic

activity. The ZnO morphology gradually changed from NRs to

NSs aer the addition of Bi2WO6, due to the electrostatic

interaction between these two semiconductors, consequently

changing the ratio of the polar facets. Compared with previous

reports that extensively used organic additives to tune the polar

facets, this method has outlined the heterogeneous nucleation

of ZnO on Bi2WO6 with specic crystal planes with a minimal

lattice mismatch (2.5%). The (10�10) planes of ZnO stack parallel

to the (200) planes of Bi2WO6, forming the heterojunction,

indicating that ZnO NSs grow epitaxially along the normal

direction of the (200) plane. In addition, the polar surfaces of

ZnO were also found to be catalytically active for the N-for-

mylation of aniline and for the thermal decomposition of

ammonium perchlorate.346,347

The internal electric eld between the polar faces of Zn-

{0001} and O-{000�1} arising from the spontaneous polarization

drives the electrons and holes to migrate towards the positive

and negative polar planes, facilitating the reduction and

oxidation to operate at different sites, respectively.348 Theoreti-

cally, the strong preference of zinc ions for a tetrahedral coor-

dination geometry and the coordinatively unsaturated

environment of zinc ions on the (0001) plane facilitates more

generation of H2O2, and adsorbs atmospheric oxygen through

chemical or physical adsorption and hydroxyl anions (i.e. via

electrostatic attraction) to a larger extent on its surface. The Zn-

{0001} facet holds the highest chemisorption ability and surface

energy, which enrich the dye adsorption at the surface and

Fig. 29 Schematic presentation of: (a) the direct Z-scheme charge-

carrier transfer process in CdS–ZnO and (b) the vectorial Z-scheme

charge-carrier transfer process in CdS–Au–ZnO (reprinted with

permission from ref. 344; Copyright 2013 @ Royal Society of

Chemistry).

Fig. 30 Overall view of ZnO-based photocatalysis. The scheme at the

four corners shows the reactive facets (top left), intrinsic defects (top

right), nanostructured morhopology (bottom left) and the generation

of free radicals with electron acceptors (bottom right). The centre

image represents the charge transfer pathways in the surface-bulk

modification of zinc oxide that are reported to improve the photo-

activity. Path 1-excitation fromVB to the dopant level (metal ions); Path

2-bandgap excitation of ZnO; Path 3: excitation from the impurity level

(nitrogen or carbon doping) to CB; Path 4: excitation of the sensitizer

(for instance, CdS, CuS, g-C3N4, inorganic complexes); Path 5: transfer

of the excited electrons to the ZnO CB; Path 6: direct excitation of the

electron from the sensitizer to the CB of ZnO (as observed in the

surface complex formation between 4-CP and ZnO); Path 7 and 12:

transfer of the electrons and holes in a bicomponent system (for

instance ZnO–SnO2); Path 8–10: electron trapping from graphene,

MWCNTs and the metal islands on ZnO surface, respectively; Path 11:

surface carbon enriches pollutant adsorption on the ZnO surface, thus

facilitating the direct attack of the hole or the hole oxidizes water

molecules to generate hydroxyl radicals.
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makes it inherently more reactive than the O-{000�1} or non-

polar {10�10} plane.107,331,340,349

There is an urgent need to optimize the design and a

synthetic route to obtain the ZnO nanocrystallite with well-

dened facets. If the particle size with specic exposed crystal

facets is tailored, the carrier separation efficiency could be

maximized by considering the interdependence between the

surface structure and the diffusion length of the charge carriers.

The major drawback of particle aggregation during the photo-

catalytic reactions leads to a low dispersion and masks the

exposed active facets.

10. Conclusion and future prospects

A signicant challenge in the research of solar energy conver-

sion and photocatalysis is the rational design of materials that

can efficiently trap solar energy and facilitate the active

involvement of photogenerated charge carriers in redox reac-

tions. Intense research efforts have led to signicant progress

and as a result ZnO has emerged as a robust nanomaterial for

the complete mineralization of organic pollutants under light

illumination. However, the fast recombination of photo-

generated excitons, zero resistance to photoinduced corrosion

and dissolution at extreme pH values, aggregation of particles

because of structural instability, and a large bandgap that

remains inert in the visible light response remain as barriers to

its extended applicability.

In this context, this review aims to recognize the impressive

strategies and modications developed to date to overcome the

aforementioned drawbacks (Fig. 30), besides discussing the

mechanism of charge transfer, preparative methods, growth

and their relative effects on the degradation reactions. Irre-

spective of the modications, the efficient interaction between

the charge carriers and free radicals with the pollutants is what

ultimately determines photocatalytic efficiency. It is clearly

demonstrated that the photocatalytic activity is a complex

function of several interdependent parameters and that each

modication has its own merits and demerits. Although, the

modied ZnO performed well against commercial ZnO or

Degussa P25, the existing gap among the issues such as multi-

functional properties, photocatalytic performance, problems

associated with their durability and the reaction selectivity for

ZnO systems still needs to be bridged. The photoactivity of ZnO

with a biphasic crystal structure is largely unexplored in pho-

tocatalysis to date. Further studies are still needed to resolve the

aforementioned drawbacks in a single approach; achieving this

could boost the application of ZnO-based nanomaterials in

many areas.

Acronyms

Aluminium-doped ZnO AZO Nanoparticle(s) NP(s)
Carbon nanobers CNFs Nanorod(s) NR(s)
Carbon nanotubes CNTs Nanosheet(s) NS(s)
Carbon quantum dot(s) CQD(s) Nanotube(s) NT(s)
4-Chlorophenol 4-CP Nanowire(s) NW(s)
Conduction band CB 4-Nitrophenol 4-NP

Conduction band offset DEc Orange G OG
Critical micelle
concentration

CMC Photoluminescence PL

Crystal violet CV Polyaniline PANI
2,4-Dichlorophenol DCP Polyvinylpyrrolidone PVP
N,N-Dimethylformamide DMF Pre-micelle

concentration
PMC

Electrochemical
impedance spectroscopy

EIS Reduced graphene
oxide

RGO

Energy dispersive X-ray
spectroscopy

EDS Rhodamine B RhB

Ethylenediaminetetraacetic
acid

EDTA Rhodamine 6G R6G

Ethylene glycol EG Salicylic acid SA
Ethyl violet EV Scanning electron

microscopy
SEM

Fluorine doped tin oxide FTO Sulfur mustard HD
Fluorescence
spectroscopy

FS Tetrapod(s) TP(s)

Functionalized graphene
sheet(s)

FGS(s) t-Butyl alcohol TBA

Graphene oxide GO t-Butylphosphonic
acid

TBPA

Hexadecylamine HCA 2,4,6-
Trichlorophenol

TCP

Hexamethylenetetramine HMT Triethanol amine TEA
Highest occupied
molecular orbital

HOMO Tetraethyla-
mmonium hydroxide

TEAOH

Internal electric eld IEF Tetrahydrofuran THF
Lowest unoccupied
molecular orbital

LUMO Transmission
electron microscopy

TEM

Malachite green MG Tetramethyla-
mmonium
hydroxide

TMAOH

Mars–van Krevelen MVK Valence band VB
Methylene blue MB Valence band offset DEv
Methyl orange MO Water contact angle WCA
Methyl red MR X-ray photoelectron

spectroscopy
XPS

Monocrotophos MCP Zinc–ethylene
glycol–acetate

Zn–EG–
AC

Multiwalled carbon
nanotube(s)

MWCNT(s) Zinc oxide
nanowire(s)

ZNW(s)

Nanorod array(s) NRA(s) Zero point charge ZPC
Nanober(s) NF(s)
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