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Influence of mechanochemical activation of metal-doped ZnO on its photocatalytic
activity in degradation of Malachite Green dye
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Mechanochemical activation (MCA) of ZnO samples doped with Ag, Ni, or Co was studied with regard to effect on
their photocatalytic activities in degradation of Malachite Green dye. The samples were characterized by XRD and XPS
methods. XRD spectra of ZnO photocatalysts showed presence of wurtzite ZnO phase. After MCA, the degree of
crystallization was increased and crystallite sizes were smaller. Ratios of defect oxygen species to total oxygen were
calculated for mechanochemically treated doped ZnO catalysts and compared with those of matching non-activated

ZnO catalysts using X-ray photoelectron spectra.

The rate of Malachite Green oxidative discoloration reaction on cobalt- and silver-doped ZnO increases with
duration of post-synthesis mechanochemical treatment. Mechanochemical activation effect is strongest for silver-doped
samples due to the smallest size of the crystallites and increased degree of crystallization.
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INTRODUCTION

Applying mechanochemical treatment procedures
for tuning of the activity and physicochemical
properties of materials has a significant evolution in
recent years. Mechanochemical activation could be
an effective route for improvement of the structural
and catalytic properties of metal oxide nanoparticles
and nanocomposites. Mechanically introduced energy
can also create crystal defects such as Schottky or
Frenkel defects or crystallographic shear planes
which can lead to enhanced catalytic or photo-
catalytic activities [1]. This technique can improve
the surface areas and porous structures. In many
cases, mechanochemical nanomaterials and nano-
catalysts exhibit comparable or improved catalytic
activities as compared to conventionally synthesized
materials.

Air and water pollution with persistent organic
pollutants can cause significant health and environ-
mental problems. In many cases, conventional puri-
fication techniques are not effective. Photocatalysis
using inorganic semiconductors is considered to
have significant potential to destroy organic pollu-
tants in wastewaters [2]. Recently, ZnO photo-
catalyst is attracting increased attention due to its
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similarity with TiO; in band gap, high quantum effi-
ciency, and high photocatalytic activity [3]. Doping
is a widely applied procedure to diminish the wide
band gap of ZnO and reduce the electron-hole
recombination rate of ZnO during the photocata-
Iytic process by using various transition or noble
metals such as Cu, Ni, Co, Mn, Ag, etc. [4]. Saharan
et al. [5] have obtained nickel-doped ZnO by
chemical precipitation method applying CTAB
surfactant at a low temperature. They found that
substitutional doping of Ni in ZnO lattice at low
temperatures has a positive influence on ZnO elec-
tronic structure and improved sonocatalytic activity
for degradation of anionic (Fast Green) and cationic
(Victoria Blue) dyes.

Nickel-ZnO hybrid nanostructures, prepared by
reduction of nickel chloride hexahydrate through a
solvothermal process followed by surface modifica-
tion, act as an efficient photocatalyst for decompo-
sition of Methylene Blue (MB) dye [6].

Nanorods of cobalt-doped ZnO, synthesized by
hydrothermal method, exhibit a high photocatalytic
activity in degradation of methylene blue dye and
phenol [4].

Silver-doped ZnO nanorods were synthesized
through the precipitation method and their photo-
catalytic activities at different doping levels were
evaluated in the degradation of methylene blue [7].
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It has been found that Ag doping leads to optical
band gap narrowing. Silver-deposited ZnO nano-
particles (NPs) have been synthesized by sol-gel
method designed for visible light excited photo-
catalytic degradation of methylene blue [8]. Ag/ZnO
NPs exhibit a five-fold higher activity than the
pristine ZnO and four times greater than that of
reference Degussa P-25. A high visible-light activity
of Ag/ZnO could be attributed to effective charge
separation. Dimitriev et al. [9] have performed soft
mechanochemical synthesis of ZnO powders to
avoid formation of intermediate ZnCO5; and addi-
tional heat treatment. The mechanochemically syn-
thesized ZnO powders possess good photocatalytic
properties for degradation of Malachite Green dye.

The purpose of the present study was to perform
mechanochemical activation (MCA) of doped ZnO
powders and test their photocatalytic activities
toward degradation of Malachite Green dye.

EXPERIMENTAL

Activated ZnO powder samples, doped with 1.5
wt.% Co, Ni or Ag, were prepared using zinc
carbonate precursor [10]. The procedure comprised
thermal decomposition at 400°C followed by impreg-
nation with the corresponding metal nitrate. Doped
samples were finally calcined in air at 500°C for 2
h. The so obtained Co-, Ni- and Ag-doped ZnO
samples were mechanochemically treated in a high-
energy planetary ball mill (model PM 100, Retsch,
Germany). The mechanochemical activation was
carried out in an agate-milling container of 80-ml
volume for milling time interval of 15 minutes at a
milling speed of 400 rpm using air medium. The mass
ratio of sample amount to applied balls was 1:9.

Sample morphology was examined on a JEOL
model JEM-200CX scanning electron microscope
equipped with an EM-ASID3D scanning adaptor.

An X-ray diffraction (XRD) investigation of the
samples was performed using a Philips PW 1050
instrument with CuKa radiation. Crystallite sizes
were determined by Scherrer formula.

X-ray photoelectron spectroscopy (XPS) studies
were carried out in a VG Escalab Il electron spec-
trometer using AlKo radiation with energy of
1486.6 eV under base pressure of 10~ Pa and a total
instrumental resolution of 1 eV. Binding energies (BE)
were determined using the C1s line (from adven-
titious carbon) as a reference with energy of 285.0
eV. The accuracy of measuring the BE values was
0.2 eV. C1s, Zn2p, and O1s photoelectron lines were
recorded and corrected by subtracting Shirley’s type
of background and quantified using the peak area
and Scofield’s photoionization cross-sections.

The photocatalytic activities of the prepared
samples were measured in the oxidative degradation
of Malachite Green dye under UV light irradiation
(power of 18 W, maximum emission at 365 nm) in a
semi-batch photocatalytic reactor. Feeding large
stoichiometric excess of oxygen allows modelling
the kinetics of bimolecular reaction reducing it to a
pseudo-first order rate equation, disregarding the
dissolved oxygen concentration. Being practically
constant, Co, is included in the value of the apparent
rate constant. The course of the photocatalytic
reaction was followed using a UV-Vis absorbance
spectrophotometer in the wavelength range from
200 to 800 nm. The initial concentration of the used
MG dye solution was 5 ppm (Amax = 615 nm) and the
catalyst loading was 1 g.L'. Before UV illumi-
nation, the investigated systems were equilibrated in
the dark for about 30 min. The rate constants k were
evaluated as a slope of linear logarithmic depend-
ence —In(C/Cy) = Kappt.

RESULTS AND DISCUSSION

X-ray diffraction spectra have proved that all
doped ZnO samples without mechanochemical
treatment represent a wurtzite crystallographic phase
(PDF 36-1451) with three main peaks corresponding
to (100), (002), and (101) planes orientation [10].
Figure 1 displays XRD patterns of the samples after
mechanochemical activation. The Ag/ZnO-MCA
sample shows traces of silver oxide phase. The
intensity of the crystallographic peaks of MCA
samples is twice higher than that of the initial
samples.
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Fig. 1. X-ray diffraction patterns of mechanochemically
activated samples

Mean crystallite sizes of fresh and mechano-
chemically activated samples are shown in table 1.
The MCA leads to a strong decrease in crystallite
sizes.
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Table 1. Mean crystallites sizes (nm).

Sample Before MCA After MCA
Ni/ZnO 54 24
Co/ ZnO 52 24
Ag/ZnO 50 22

Figure 2 shows SEM pictures of Ni/ZnO,
Ni/ZnO-MCA, Ag/Zn0O, and Ag/ZnO-MCA samples.
Figures 2a,b represent surface morphology species
of the Ni/ZnO and Ni/ZnO-MCA samples. It is seen
that after mechanochemical activation the spheroidal
species is transformed into needle-like crystals. In
the case of Ag/ZnO (Figs. 2¢,d) the effect of MCA
is more strongly expressed. Particles size is being
considerably reduced revealing internal surface and
the rate of dye molecule diffusion is being
increased, whereupon the inner pores become easily
accessible. This brings about a higher rate of the
photocatalytic reaction. The smaller particle size
also causes a reduced degree of scattering of the
light beam because of which the reaction is
accelerated due to a greater number of active sites.

(d)

Fig. 2. SEM pictures of: (a) Ni/ZnO, (b) Ni/ZnO, MCA,
(c) Ag/ZnO and (c) Ag/ZnO, MCA.

Surface chemical states of the elements in the
mechanochemically activated ZnO photocatalysts
doped with Ag, Co, and Ni were investigated by
using an X-ray photoelectron spectroscopy method.
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The most intensive photoelectron lines of zinc,
oxygen as well as those of silver, cobalt, and nickel
were studied. Recorded Ag3d, Co2p, and Ni2p
photoelectron spectra (not shown here) were used to
estimate dopant oxidation states as follows: Ag",
Co®, and Ni** [10]. O1s photoelectron lines
obtained for the ZnO powders were complex and to
understand their nature they were subjected addi-
tionally to a fitting procedure. The fitted O1s spectra
presented in figure 3 manifest three peaks.

O1s
Co/ZnO, MCA

524 526 58 5% 52 54 5%
Binding Energy, eV

O1s
Ni’ZnO, MCA

526 528 530 532 534 536 538
Binding Energy, eV

O1s
Ag/ZnO, MCA

526 528 530 532 534 536 538
Binding Energy, eV

Fig. 3. XPS spectra of O1s for mechanochemically
activated samples.

The peak at around 530.5 eV belongs to oxygen
in stoichiometric ZnO, the second one at around
531.5 eV is attributed to oxygen in a non-stoichio-
metric ZnO matrix and the third peak (around 532.5
eV) is ascribed to chemisorbed oxygen: an OH
group or dissociated oxygen on the surface of the



K. I. Milenova et al.: Photocatalytic activity of metal-doped ZnO

mechanochemically treated doped ZnO catalysts.
Ratios of defect oxygen species to total oxygen were
calculated for mechanochemically treated doped
ZnO catalysts and compared with those of matching
non-activated ZnO catalysts. Oxygen species associ-
ated with defects related to the total oxygen is
increasing in the order: Ag/ZnO-MCA (30.5%) >
Ni/ZnO-MCA (30.26%) > Co/ZnO-MCA (26%) >
AQ/ZnO (25.3%) > Co/ZnO (23.9%) > Ni/ZnO
(20.8%). It is worth mentioning that the mechano-
chemical activation procedure obviously leads to
creation of more oxygen vacancies on the surface of
silver-, cobalt-, and nickel-doped ZnO catalysts.

A previous study of mechanochemically act-
ivated ZnO powders doped with nickel, cobalt, and
silver reports a positive effect on photocatalytic
performance for degradation of azo dye RB5 over
doped samples, as compared with undoped ZnO in
all cases [10]. Degradation rate constants were
calculated and increased in the following order: ZnO
< C0-ZnO < Ag-ZnO < Ni-ZnO. This confirms the
most positive effect of nickel dopant on the
photocatalytic properties of activated ZnO. Figures
4 and 5 illustrate the reaction course of Malachite
Green dye solution under UV-A illumination over
Ni/Zn0O, Co/Zn0, Ag/ZnO, Ni/ZnO-MCA, Co/ZnO-
MCA, and Ag/ZnO-MCA catalysts. Malachite
Green dye was used as a model pollutant due to its
carcinogenic and teratogenic effect [11, 12].

1.0

0.8

0.6+

CiCo

0.4 4

0.2

0.0 ! T T T T
-30 0 30 60 80 120
Time, min

Fig. 4. Reaction course of the Malachite Green dye
solution under UV-A illumination of (A) Ni/ZnO;
Co/ ZnO; Ag /Zn0.

The photocatalytic activities of the samples
depended both on dopant type and applied act-
ivation treatment. Among all the investigated
dopants, the nickel doping of ZnO powders affected
most favourably the rate of oxidative discoloration
reaction of the Malachite Green dye solution. It can
be supposed that nickel doping in a semiconductor
shifts the Fermi level towards more negative poten-
tial and improves the efficiency of the interfacial
charge transfer process [13]. Therefore, the transfer

of an electron that takes place from the conduction
band of ZnO to the new Fermi level is facilitated in
the Ni-doped ZnO, as shown in Ref. 6. Such an
electron transfer between the photoexcited semi-
conducting ZnO and the dopant prevents electron-
hole recombination [14]. As a result, enhanced
photodegradation of the dye is observed.
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Fig. 5. Reaction course of the Malachite Green dye
solution under UV-A illumination of (B) Ni/ZnO, MCA,;
Co/ZnO, MCA; Ag/ZnO, MCA.

Mechanochemically treated Ag- or Co-doped
powders increase the photocatalytic efficiency of the
samples. This effect was more pronounced in the
case of Ag/ZnO-MCA powders. After 120 min of
illumination, the conversion degree of dye degrada-
tion was 99%, while for the non-treated samples it
was 96%. The higher efficiency of mechanically
activated Ag/ZnO samples is attributed to enhanced
crystallization and a decrease in crystallite size [15].

Figure 6 compares rate constants of the photo-
catalytic process in presence of the investigated
catalysts under UV-A illumination. The photoca-
talytic activity of ZnO nanomaterials is strongly
dependent on porous structure, presence of defects,
crystallite size, degree of crystallinity, etc., which
are affected by the preparation procedure [15]. The
best photocatalytic properties of Ag/ZnO-MCA
samples can be ascribed to smaller crystallite sizes
and enhanced crystallization in comparison with
non-activated Ag/ZnO.

SEM pictures displayed in figure 2d reveal that
the Ag/ZnO-MCA sample exposes sphere-like
particles that enhanced photocatalytic performance
[16, 17] without being aggregates as Ag/ZnO.
Aggregation leads to suppression of photocatalytic
activity because it can lead to fewer electron-hole
pairs, which result in suppressed OHe generation, as
in the case of Ni/ZnO-MCA [18]. Another possible
reason is associated with aggregate particle size
distribution, which may influence both light absorp-
tion and light scattering mechanisms that determine
the degree of photon interaction with photocatalyst
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particles. Scattered light intensity is probably
stronger on samples with aggregates.
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Fig. 6. Rate constants k of the photocatalytic process in
the presence of the investigated catalysts under UV-A
illumination.

CONCLUSIONS

Mechanochemical post-synthesis activation of
metal-doped (Ag, Co or Ni) ZnO powders was
investigated in connection with their photocatalytic
activities in degradation of Malachite Green dye. An
increased degree of crystallization and decreased
crystallite sizes of the samples were observed after
mechanochemical activation. The mechanochemical
treatment results in formation of a larger number of
oxygen defects in the ZnO lattice, which play the
role of adsorption sites. Degradation apparent rate
constants (pseudo-first order kinetics) are decreasing
in the following order: Ag/ZnO-MCA (26.7x10°°
min™) > Co/ZnO-MCA (17.5x10°2 min™) > Ag/ZnO
(14.3x10° min*) > Co/ZnO (12.3x102 min?). The
mechanochemical activation promotes significantly
the rate of oxidative reaction of Malachite Green
dye discoloration in the case of samples doped with
silver.
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BJIMAHUE HA MEXAHOXUMHWYHATA AKTUBALIMA HA ZnO JOTUPAH C METAJI BbPXY
OOTOKATAJIIMTUYHATA AKTUBHOCT 3A PA3JIAI'AHE HA BAT'PUJIOTO MAJIAXMTOBO
3EJIEHO
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(Pe3srome)

UzcnemBan e edexTpT Ha MexXaHOXHMHYHATa aktuBamms Ha ZnO potmpan ¢ Ag, Ni mm Co BBpXy
(doToKaTanMTUYHATA My AaKTHBHOCT 3a pa3naraHe Ha Oarpmwioto MamaxuroBo 3eneno. OOpasmure ca
OXapaKkTepU3UpaHH 4Ype3 METOAUTE Ha PEHTIeHOBa IU(paKIMs U PEHTTCHOBA (OTOCIECKTPOHHA CIIEKTPOCKOIIHSI.
PentrenoBute cnektpu Ha (orokaramuzaropure orT ZnO Tmokasaxa NPUCHCTBUE HA BIOpUMTHA (asa. CremeHTa Ha
KpHUCTaJIM3allis HapacTBa, a pa3MepUTe Ha KPUCTAJIMTUTE HaMalsiBaT CHJIHO CJIeJ] MEXaHOXMMHYHA AaKTHBAaIUS.
W3unciieHo € ChOTHOIIEHHETO MEXY KHCIOpoJa MPUHAUIeKAI Ha 1eeKTH U OOLIHs KUCIOPO/ 32 MEXaHOXHUMHUYHO
aKTUBUPAHHUTE KaTaJIH3aToOpu OT AOTHpaH ZnO M € CPaBHEHO ChC ChIlaTa BEIWYMHA 3a HETPETHPaHHUTE 0Opas3lu Ha
OCHOBaTa Ha PEHTTCHOBHTE (DOTOEIEKTPOHHH CHEKTPH.

CkopocTTa Ha OKHCIHMTENHATa PEaKIHs BOJeNa 10 00e3BeTsIBaHe Ha MalaXuToOBO 3€JI€HO B MPHUCHhCTBHE Ha ZnO
JIOTHpaH ¢ KoOanT wiu cpeOpo HapacTBa ciel] MEXaHOXMMHYHAaTa UM o0paboTka. EdexTpT oT MexaHOXMMHYHATa
aKTHBAIMS € Hali-CHJIEH 3a IOTUPAHHUTE ChC cpedpo 0Opas3nu, KOETO ce IBIDKH Ha MAJKUs pasMep Ha KPHCTATUTUTE U
MI0-BHCOKATa CTENIEH Ha KPHCTATHOCT.
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