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a b  s  t  r  a c t

The location  of  dopant  ions and the  effect  of  doping  level  on the  photocatalytic  activity  have  been  investi-

gated on  Co-doped ZnO  nanopowders.  A  co-precipitation  method was  used  to prepare  ZnO  nanoparticles

of <50  nm  in  diameter  doped  with up  to 5 at% of  Co.  The crystal  structure of  nanoparticles  and  local  atomic

arrangements around  dopant  ions  were  analysed by  X-ray  diffraction and  extended X-ray  absorption fine

structure spectroscopy  using synchrotron  radiation.  The results showed the  Co  ions  substituted the  Zn

ions in  ZnO crystal  lattice and  induced  lattice shrinkage.  The  photocatalytic  activity  under  simulated  sun-

light irradiation  was  characterised  by the decomposition of Rhodamine  B  dye  molecules,  which  revealed

the successful  reduction  of  photocatalytic  activity  by  Co-doping.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide is  an important semiconducting material having

a broad range of applications including transparent conductive

oxides [1], ultraviolet (UV) light blockers [2] and photocatalysts

[3]. ZnO has a bandgap energy of ∼3.3 eV that corresponds to the

wavelengths of ∼375 nm.  UV rays with a shorter wavelength than

375 nm are absorbed by ZnO. ZnO has been regarded as an excellent

UV  shielding material with a broad UV absorption characteristics

and photo-fastness compared with other organic and inorganic UV

shielding materials [4].  However, the inherent photocatalytic activ-

ity  of ZnO hinders many practical UV-shielding applications [5].

The  absorbed UV rays excite the valence electrons onto conduction

bands and the photo-generated electrons and holes can move to

particle surface to react with electron donors or acceptors to form

reactive free radicals such as superoxide (O2
−) and hydroxyl (•OH)

[6],  which causes photocatalysis. Although photocatalysis is  of great

use in many applications such as water-splitting, organic pollu-

tant scavenging and anti-fouling [7,8], photocatalysis is a serious

disadvantage in the use of ZnO as a safe and  durable UV shield-

ing agent, as it can cause skin damage, deterioration of  paints and

plastics and colour fading of paints and fabrics [9]. Hence, for UV

protection applications, it  is  of particular importance to develop

the  methods to effectively reduce the photocatalytic properties in

ZnO  while optimising its UV-absorption properties.
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In the past, impurity doping in semiconductor nanoparticles was

investigated mainly to enhance the photocatalytic activity, particu-

larly  in the visible light region. Despite the industrial importance of

ZnO  nanoparticles as UV blocking agents, the experiments involv-

ing the reduction of the photocatalysis of ZnO nanoparticles have

scarcely been reported. Impurity doping may  create chemical and,

in some cases, physical defects in the crystal lattice that would act

as trapping sites of the excitons to reduce the photocatalytic prop-

erties  [10,11].  In this study, the effect of impurity doping on the

reduction of photocatalysis in ZnO was investigated using cobalt as

a  dopant. Cobalt was  selected for its  expected ease in doping due

to  the similar ionic radius (0.058 nm)  to that of Zn (0.060 nm). In

the  past, Co-doping in ZnO was investigated in order to increase

the photocatalytic activity under the visible light [12,13].  Dodd

et al. produced Co-doped ZnO nanoparticles by mechanochemical

processing and found that the doped ZnO had reduced photoactiv-

ity under the irradiation of  monochromised 300 nm UV light [10].

However, those reports lack the data on  the photocatalysis under

the entire solar spectrum. Casey et al. reported that Co 0.7 wt%

doped ZnO showed reduced photoactivity, but the effect of  dop-

ing  level and UV light source used were not reported [14].  To the

best  of our knowledge, the detailed study about the effect of Co

doping level on the photocatalysis under the entire solar spectrum

has  never been reported. In the present study, cobalt-doped ZnO

were prepared using a co-precipitation method. Different amounts

of  dopants, namely, 0.25, 1, 2 and  5 at% were studied. Higher dop-

ing  levels were not studied because of the possibility of forming

separate cobalt oxide phases in the nanoparticles [15,16]. X-ray

absorption spectroscopy (XAS) was carried out to characterise the
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local atomic arrangement and coordination states of Co element in

ZnO lattice. The change in photocatalytic activity was  analysed via

the decomposition of Rhodamine B  dye molecules under simulated

sun-light in the presence of nanopowders.

2. Experimental

2.1. Sample preparation

Co-doped nanoparticulate ZnO was synthesized using a  co-

precipitation method and subsequent heat treatment via the

following reaction equations,

(1 − x)CoCl2·6H2O + xZn(CH3COO)2·2H2O +  Na2CO3

→ ZnxCo1−xCO3 + 2xNa(CH3COO) +  2(1 −  x)NaCl + H2O, (1)

ZnxCo1 − xCO3 → ZnxCo1  − xO  + CO2.  (2)

The raw materials were Zn(CH3COO)2·2H2O  (Aldrich > 99.0%),

Na2CO3 (Aldrich > 99.0%) and CoCl2·6H2O  (Aldrich > 98.0%). First,

a  mixed solution of Zn(CH3COO)2·2H2O  and CoCl2·6H2O  was pre-

pared in distilled water. Na2CO3 aqueous solution was separately

prepared. Then, the mixed solution was added into the Na2CO3

solution drop-wise while stirring with the speed of 500 rpm. White

precipitate was immediately formed during the mixing of the two

solutions. After 1.5 h of aging, the slurries were washed with dis-

tilled water several times using a centrifuge (DuPont, ECONO SPIN

SORVALL Instrument) until the salinity of the supernatant became

less than 100 ppm. The dried samples were then heat-treated at

350 ◦C for 1 h to decompose ZnxCo1−xCO3 into ZnxCo1−xO.

2.2. Powder characterisation

The morphology of the synthesized particles was characterised

by  transmission electron microscopy (TEM) using a JEOL JEM-2100

microscope with the beam energy of 200 kV. TEM specimen was

prepared by evaporating a drop of the nanoparticle dispersion

on  a carbon-coated specimen grid. A Varian Cary 3E spectropho-

tometer was used to measure the UV–Vis transmittance spectra

of  the washed ZnO and doped ZnO powders at the wavelength

range of 200–800 nm.  The  actual doping levels in the powders

were characterised by  Inductively Coupled Plasma-Atomic Emis-

sion Spectrometry (ICP-AES) using a Varian Liberty II ICP-AES

spectrophotometer.

The crystal structure of the nano-powders was characterised by

X-ray powder diffraction (XRD) using the X-ray powder diffraction

beamline (wavelength =  0.82591 Å) at Australian Synchrotron. c-

Axis lattice parameter was calculated by  the Rietveld fitting method

using Rietica software package [17].

In  order to determine the location of dopants in ZnO, X-

ray  absorption spectroscopy (XAS) experiments including both

extended X-ray absorption fine structure (EXAFS) and X-ray

absorption near edge structure (XANES) were conducted. The

samples were diluted with boron nitride (BN) powder to obtain

optimum X-ray absorption intensity. Co K-edge XAS spectra were

recorded on the multiple wiggler XAS beam-line 12 ID at the Aus-

tralian Synchrotron, in transmittance operational mode 1 [18].

The  beam energy was 3.0 GeV and the maximum beam current

was 200 mA.  The energy scale was calibrated using a Co foil as

an internal standard where the calibration energy 7709.0 eV, cor-

responding to the first inflection point of the foil. The Average

program [19], was used to average raw data files and exclude

channels. EXAFS data analysis was carried out using Ifeffit soft-

ware package [20]. The XANES spectrum of Co-methylimidazole

([Co(melm)2]n) was used as a  reference sample where Co is tetra-

hedrally coordinated and  has an oxidation state of 2+.

Fig. 1. TEM images of 5 at% Co-doped ZnO nanoparticles; (a)  bright-field image, (b)

high resolution lattice fringe image.

2.3. Testing of  photocatalysis

The specific surface area of  the particles was  analysed by the

Brunauer–Emmett–Teller (BET) gas absorption method using a

Micromeritics Tristar 3000 system. All powders were dried at

150 ◦C for 1 h  under high purity nitrogen gas prior to analysis.

Rhodamine B (RhB) dye was used to evaluate the photocatalytic

activity of doped and undoped ZnO nanoparticles in response to

simulated sun light irradiation which includes UV and visible light.

The  optical absorption peak characteristic of RhB at  554 nm was

chosen to monitor the dye degradation. The experiment was car-

ried  out according to the following procedure: 8  mg of the dried

powder was dispersed in 50 ml of RhB aqueous solution having the

concentration of 0.0096 g L−1 in a 50 ml quartz beaker. The suspen-

sion was  stirred in the dark for 1  h to ensure the establishment

of adsorption and desorption equilibrium of RhB on the particle

surface. Subsequently the suspension was  irradiated with simu-

lated sunlight using an Atlas Suntest CPS+ instrument equipped

with a 150 W Xenon lamp. After every 30 min of irradiation, 3 ml

of  the suspension was  extracted and then centrifuged to separate

particles from supernatant. The UV–Vis absorbance spectra of the

supernatant were measured using a  Varian Cary 3E spectropho-

tometer using a quartz cuvette having an optical path length of

10  mm.

3. Results and discussion

3.1. Morphology and structural analysis

The colour of synthesized ZnO nanopowders varied from pure

white, light green to dark green as the Co composition increased

from 0 to 5 at%, consistent with the incorporation of a  Co into the

tetrahedral Zn site. Fig. 1(a) shows a typical bright field image

of  5  at% Co-doped ZnO. It is  evident that the powder consisted

of  agglomerated nanoparticles with the sizes between 10 nm and

50  nm.  The undoped ZnO and other Co-doped samples with differ-

ent doping levels appeared nearly identical under TEM. Fig. 1(b)

shows a high resolution TEM image of a  doped ZnO nanoparti-

cle, in which the measured interplanar spacing (0.53 nm) matches

well with the value of a hexagonal wurtzite lattice parameters

(c =  5.21 Å).

Fig. 2 shows the correlation between the real dopant levels iden-

tified by ICP-AES and theoretical doping level. The real doping levels

were close to the theoretical values and had a  good liner correlation
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Fig. 2. Correlation between nominal and experimental Co doping levels.

with the nominal values. Hereafter we use nominal dopant levels

to  identify the samples in the text.

Zinc and cobalt have ionic radius of 0.60 Å and 0.58 Å, respec-

tively [21]. Hence, if Co replaces Zn in the ZnO crystal lattice,

a  reduction in lattice parameters is expected. A  high flux X-ray

source from synchrotron was considered to be useful to detect the

small change in lattice parameters. Fig. 3(a) shows the XRD spec-

tra  of undoped and Co-doped ZnO samples. The XRD patterns of

Fig. 3. (a) Synchrotron XRD spectra of undoped ZnO and Co-doped ZnO samples

(0.25, 1, 2 and 5 at%), (b) c-axis lattice parameter calculated by Retivielt analysis.

Fig. 4.  K-edge XANES spectra for Co-doped ZnO and reference samples.

Co-doped ZnO samples showed the same characteristics as un-

doped ZnO, consisting of only peaks corresponding to ZnO. The

peaks  associated with separated cobalt oxide phases such as Co3O4

were not detected. Simple observation of diffraction-peak positions

was  not  sufficient to detect the change in lattice parameters. Hence,

the  Rietveld analysis method [22–25] was  employed to calculate

the c-axis lattice parameter. As shown in Fig. 3(b), the c-axis lat-

tice parameter decreased from 5.2091 Å  to 5.2065 Å as the dopant

level increased from 0  to 5 at%, indicative of Co-atoms replacing

zinc  atoms in the ZnO lattice [26].

In addition to the powder diffraction data, XAS was  carried out

to investigate the location of the Co within the ZnO  crystal lattice.

There are three possibilities in the location: (1) The Co decorates

the surface of the ZnO with a  phase such as CoO or  Co3O4, (2)

the Co creates interstitial defects in the ZnO crystal lattice, or (3)

the  Co occupies Zn sites within the lattice. There are two  parts of

the XANES spectra that can be used to examine the conditions of

doped Co ions, which are marked as pre-edge peak “A” and ris-

ing edge “B” in Fig. 3. The pre-edge peak A has been assigned

as a  1s → 3d transition [27,28] and is therefore characteristic of

all  open-shell transition metals, so will be present in the Co(II),

3d7,  K-edge spectra. The intensity of the peak A is reflective of

the coordination environment; a  tetrahedral cobalt compound will

have  higher intensity than an octahedral compound [24,25].  This

effect can be seen in Fig. 4 where the tetrahedral (Td) reference

(Co-methylimidazole) has substantially higher peak A  than CoO in

which Co is present in octahedral (Oh) sites. The high intensity of

peak A  in the spectra of Co-doped ZnO indicates that the majority

of  doped Co-ions were present in tetrahedral sites.

The rising edge energy B is  indicative of oxidation states. The

rising edge energy position of Co-doped ZnO are similar to each

other and to that of the Td reference and CoO reference, indicating

that the oxidation state of most of the Co were +2. The above obser-

vations of XANES spectra indicate that Co ions substituted Zn sites

in the wurtzite crystal lattice.

In addition to the XANES data, interpretation of EXAFS can also

be used to elucidate the location of the Co ions. Fig. 5(a) shows k3-

weighted Co K-edge EXAFS spectra and Fig. 4(b) shows the scaled

phase-corrected Fourier Transforms, for the series of Co-doped

ZnO samples. They are compared with the Zn K-edge EXAFS and

its  Fourier Transform of undoped ZnO. The Fourier Transforms of

EXAFS  represent the local atomic structure around the atom of

interest. The position and height of the peaks in Fourier Trans-

forms are associated with the distance and number of neighbouring

atoms. For example, in the Fourier Transforms of Zn K-edge EXAFS

of undoped ZnO, the first peak at 1.9 Å  corresponds to the first

coordination shell with 4  oxygen atoms. The second peak at  3.3 Å
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Fig. 5. (a) Co K-edge EXAFS k3�(k) functions for Co-doped ZnO and the Zn K-edge

function for un-doped ZnO, (b) Fourier Transforms of the EXAFS spectra of un-doped

and Co-doped ZnO.

represents the second coordination sphere, consisting of 12 Zn

atoms at 3.3 Å. The Fourier Transforms of Co K-edge EXAFS rep-

resent the distance and number of neighbouring atoms around Co

dopants.

As  shown in Fig. 5(a), the EXAFS patterns across the series of

Co-doped ZnO samples are nearly identical to each other in oscil-

lation shape but not in intensity. The low intensity of  the EXAFS

pattern of 0.25 at% doped ZnO is caused by self-absorption phe-

nomena [29]. Since Zn and Co have similar atomic numbers, when

the doping level is very low, materials cannot be diluted with BN

powder adequately for XAS measurements to minimise self absorp-

tion  [30]. The possibility of reduced EXAFS intensity by the presence

of  another crystal phase or  disordered structures can be ruled out,

because uniform reduction of the intensity across the entire EXAFS

range was observed which is  not  expected to occur by the pres-

ence of another crystal phase or disordered structure. Hence, it is

reasonable to scale the intensity of Fourier Transforms for com-

parison without causing any distortion in the data interpretation.

In Fig. 5(b), the intensity of the Fourier Transforms of 0.25 at% Co-

doped ZnO was magnified 3 time so that the peak heights become

similar to those in  the Fourier Transforms of  other samples.

It  is evident that the shape of Fourier Transforms for the

Co–K-edge EXAFS of doped ZnO is nearly identical to that for the

Zn–K-edge EXAFS of undoped ZnO. The result indicate that the local

atomic arrangement around doped Co ions were almost the same

as  that around Zn ions, suggesting that the doped Co atoms substi-

tuted the Zn atoms in the ZnO crystal lattice [31,32],  which supports

the results of both the XANES and XRD analysis described above.

Fig. 6. (a) UV–Vis transmittance spectra and (b) estimation of band gap energies of

undoped and Co-doped ZnO.

3.2. Photocatalytic property

The UV–Vis transmittance spectra of undoped and doped ZnO

are shown in Fig. 6.  It is  evident that the increased doping level

resulted in a decrease in optical transmittance in the visible light

range, while retaining the good absorption property in the UV-light

range. The  bandgap energy of the samples were also calculated by

extrapolating the linear portion of the plot (˛h�)2 versus h� to the

(˛h�)2 = 0  axis [33,34]. The estimated bandgap energy of Co-doped

ZnO gradually decreased from the value of pure ZnO (3.24 eV),

which is  similar to the earlier red-shift observation [35,36].  This

red shift phenomenon is mainly due to the sp–d  exchange interac-

tions between the localized d electrons and the band electrons of

the Co2+ ions which substitute Zn ions [37].

Fig.  7  shows the doping effects on  the BET specific surface area.

Although there is  a  significant variation in the trend as a  function

of  doping level, the surface area values did  not differ much among

the samples.

Fig. 8(a) shows the relative change in the intensity of  the optical

absorption peak of RhB dye as a function of irradiation time. In the y-

axis of Fig. 8(a), C  is  the absorbance value of  RhB at each irradiation

time interval at the wavelength of 554 nm and C0 is  the absorbance

value before the irradiation when the adsorption and desorption

equilibrium was achieved. The data was normalised using the BET

specific surface area of each sample. It is  evident that the photo-

induced degradation of Rhodamine-B was  significantly slower in

the presence of doped ZnO than undoped ZnO. Higher doping lev-

els resulted in stronger reduction of Rhodamine-B decomposition.
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Fig. 7. BET surface areas of undoped and Co-doped ZnO.

Fig. 8(b) shows the calculated Rhodamine-B degradation rate

assuming the first-order kinetics [38]. It is  evident that doping

level of 0.25 at% was sufficient to cause a  meaningful decrease in

the photo-degradation rate. Doping of 1 at% induced a  significant

decrease in the photo-degradation rate down to 18% of the origi-

nal  value. Above the doping level of 1  at%,  the photo-degradation

showed only slight decrease as the doping level increased. The pho-

tos  of the Rhodamine-B solutions with un-doped ZnO under 1.5 h

irradiation and with 5 at%  Co-doped ZnO under 2  h irradiation are

Fig. 8. (a) Relative change in the concentration of Rhodamine-B molecules as a func-

tion of light-irradiation time in the presence of un-doped and Co-doped ZnO, (b)

calculated Rhodamine-B degradation rates.

also shown in Fig. 8(b), illustrating the strong effect of Co-doping

on  the decrease of  the photocatalytic property in ZnO.

The successful lattice doping of  Co in ZnO may  lie in the fact

that the ionic radii of Co and Zn are close to each other. Co-doping

did  not appear to create significant physical defects in ZnO crys-

tal. Hence the mechanism of  the reduction of the photocatalytic

activity by Co-doping is  considered to be not by creating physi-

cal  defects but mainly by introducing deep band gap energy levels

between the valence and conduction bands that would act as effi-

cient recombination centers for photo-generated excitons [39,40].

The  recombination of electrons and holes inside of the particles will

give  the charge carriers less chance to generate •OH and O2
− free

radicals on particle surfaces [13].

4. Conclusions

In this study, the location of dopant ions and  the effect of

doping level on the photocatalytic activity under the simulated

sunlight have been investigated on Co-doped ZnO nanopowders.

A  sol–gel co-precipitation method and subsequent heat treatment

were used to synthesize Co-doped ZnO nano-powders of up to 5  at%

doping  level. Synchrotron X-ray diffraction and  X-ray absorption

spectra were used along with TEM study to show that Co atoms

successfully replaced the Zn atoms in the ZnO lattice. This may

have created deep band gap energy levels for the recombination of

photo-generated electrons and holes. It was demonstrated that Co-

doping  can effectively decrease the photocatalytic activity of ZnO

and that the photo-degradation rate can be controlled by varying

Co-doping levels. Only 1  at% of Co-doping reduced the photoactiv-

ity down to 18% of the original value. Although Co ions are toxic,

encapsulation of Co-doped ZnO in a hydrophobic environment may

facilitate the practical use of the material as a durable UV shield-

ing  agent for the protection of plastics, textiles and other organic

matters from UV rays.
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