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ABSTRACT 

The relative photoactivity of a series of nanophase 
ZnO powders with varying crystallite size (20-140nm) 
was determined using a chemical method based on the 
photobleaching behaviour of the stable radical 1,1-
diphenyl-2-picrylhydrazyl (DPPH). It was confirmed 
that photoactivity behaviour increased (one to twofold) 
with decreasing crystallite size for crystallites  
<100nm. A further series of  nanophase ZnO powders 
doped with  metal ions showed that, depending on the 
type and/or level of dopant, the photoactivity 
behaviour of nanoparticles could be reduced by more 
than an order of magnitude.   
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1. INTRODUCTION 

Nano-particulate oxides such as ZnO and TiO2 are 
increasingly being used as pigments and UV absorbers 
in personal care products (e.g. sunscreens), coatings 
and paints, predominantly because their absorbance 
efficiency increases with decreasing particle size. 
However, whilst protection against UV may be 
maintained at smaller particle sizes, the rate at which 
hydroxyl 
radicals are generated increases, due to the inherent 
photo-activity of these materials. Consequently, in the 
case of personal care products, there may be a negative 
effect on skin cells due to this increased photocatalytic 
activity. There is little published data that correlates 
photo-activity of nanoparticles with biological effects, 
however in vitro work has shown that supercoiled 
DNA is indeed damaged in the presence of nano-
particulate metal oxides and the rate of unwinding  

itself can be used as a measure of the photoactivity of 
the metal oxide [1,2].   

In personal care applications, to prevent possible 
damage to skin cells, the photoactivity of these 
materials needs to be quenched.  

Methods by which this may be achieved are by 
altering the band gap, capping the sites where surface 
hydroxyl radicals are generated or encapsulating the 
material by coating the particles with an insulating 
layer.

Alteration of the band gap is of increasing interest and 
may be achieved by lowering the energy gap relative 
to the original system by the introduction of dopants. 
The majority of published data on the use of dopants 
to control photoactivity has been with titania [3,4]. A 
series of undoped and doped nanosized ZnO materials 
designed to quench photoactivity has been tested for 
photoactivity (using chemical methods) when exposed 
to UV. Parameters such as crystallite size, dopant type 
and level have been considered.  

The test method used to evaluate the photoactivity was 
a modified method of that reported by Dransfield et al. 
[5] that follows the photobleaching of the stable 
radical 1,1-diphenyl-2-picrylhydrazyl (DPPH).  The 
method is relatively simple and requires little 
expensive equipment compared to conventional 
methods based of the photocatalytic oxidation of 
propanol [6] or the more recently reported unwinding 
of supercoiled DNA [1,2].  It is quite sensitive to 
parameter changes, highly reproducible and is able to 
be performed in a short period of time as compared to 
other simple methods looking at pigment colour 
degradation over months of exposure to UV. 
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2. EXPERIMENTAL

2.1 Characterisation of Materials 
A series of undoped and doped zinc oxide was
prepared by proprietary methods and characterised
chemically and physically. Chemical analysis was 
performed using Inductively Coupled Plasma Atomic
Emission Spectroscopy  (ICP-AES) methods.
Crystallite phase was determined by using a Bruker
ASX-D8 X-Ray Diffractometer using CuK  radiation
over a 2  range of 5o to 85o with a step size of 0.02o . 
Crystallite size was determined by performing a 
Rietveld refinement of the diffraction data using
SiroquantTM Version 2.5 software.

2.2 Test Protocol
The method established and implemented for
determining the photoactivity of metal oxide particles
such as ZnO and TiO2 was that initially proposed by
Dransfield et al. [5]. It is a colorimetric test that
follows the photobleaching of the stable radical 1,1-
diphenyl-2-picrylhydrazyl (DPPH). A measure of the
photoactivity is determined by the time it takes to 
reduce the DPPH radical, which is initially purple in 
colour, to its reduced form, which is yellow.
Test Procedure
A 1:1 weight mixture of mineral oil (white, heavy) and
capric caprylic triglyceride was prepared.  This was
the dispersing medium in which two further mixtures
were prepared:
Mixture 1 0.031 g of the metal oxide (ZnO or
doped ZnO) was added to 62.5 ml of the dispersing
medium and the mixture was stirred magnetically for
over 30 minutes to disperse the metal oxide
nanoparticles.
Mixture 2 0.0052 g of the DPPH was added to
62.5 ml of the dispersing medium and the mixture
stirred magnetically for over 30 minutes to dissolve
the DPPH radical.

These two mixtures were then combined in an open
glass vessel and stirred magnetically.  The vessel was
placed 15 cm directly under an irradiation source
(Spectroline BIB-150P UV lamp) which emitted
predominantly in the UVA region with a steady state 
output of 6 mW/cm2 at an irradiation distance of 38
cm.  The irradiation source could be isolated from the
vessel by means of a removable barrier. This allowed
the UV lamp to be turned on an hour before
experimental irradiation exposure so as to let the lamp
reach a steady state output.  Prior to removal of the
barrier and exposure to the irradiation source, 5 ml of 
the test sample was withdrawn and an absorption
spectrum was recorded in a 10 mm quartz cuvette 

using a Cary UV-Vis spectrophotometer. The sample
was then returned to the bulk dispersion before the
isolating barrier was removed to begin the
experiment. At regular intervals the isolating barrier
was replaced and further absorption spectra were
recorded to monitor the photocatalysed reduction and
colour change of the DPPH radical.

To quantify photoactivity the value of the absorbance
was monitored at 520 nm (the position of a peak in 
the absorbance spectra due to the purple DPPH 
radical). Photoactivity was determined by the time it
took to change from an initially high absorbance (due
to the purple DPPH radical) to a lower baseline
absorbance (the yellow colour of the reduced DPPH
radical). The reciprocal of the time taken for radical
decomposition was defined as the Photoactivity Index
(PI) whose units are reciprocal time (min-1).

3. RESULTS 
Comparative XRD results of some selected doped

and undoped ZnO samples are presented in Figure 1.
Results of chemical analyses, crystallite size and 
chemical photoactivity rating for the series of oxides
examined are presented in Table 1 and Figures 2.1a
and b.

ZnO

ZnO-Mn

ZnO-Co

ZnO-Ni

Figure 1. Comparison of XRD traces for  doped

and undoped ZnO
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Compound Crystallite

Size

  (nm)

Time taken for

decay of DPPH

radical (min)

P I 

(min-1 ) 

ZnO 24 12 0.083

Dopant

Fe
(0.44wt%)

14 30+ <0.033

Ni
(0.64wt%)

20 100 0.01

Co
(0.7 wt%) 

16 150+ <.0066

Mn
(1.1wt%)

21 150 0.0066

Dopant

Level

(wt%Mn)
0.2 30 0.0333
0.3 23.3 38 0.0263
0.6 23 95 0.0105
0.8 18.3 220 0.0045

Table 1. Summary of Chemical analyses,

Crystallite Size and Photoactvity Index (PI) 

Photoactivity Index (min-1) vs
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Figure 2.1a Photoactivity Index versus Crystallite

Size
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Figure 2.1b  Photoactivity Index versus Weight % of

dopant (Mn)

4. DISCUSSION

The characteristic XRD pattern for all the materials
examined was that of ZnO (see Figure 1). An average
crystallite size, determined by Rietveld refinement,
varied between ~20 and 140nm. For ZnO this
crystallite size may be effectively interpreted as 
primary particle size if efficient dispersion in a hosting 
medium can be achieved.

Photoactivity is expected to vary directly with surface 
area such that as surface area increases so too does
photoactivity. A change in particle diameter from 80 to
40nm represents a 2-3 fold increase in surface area
/unit weight. A consequent increase in photoactivity of
the same order would be expected.

In the case of undoped zinc oxide there appeared to be
two distinct regions of photoactivity behaviour. For
crystallite sizes < ~ 80nm photoactivity was linearly
dependant on crystallite size but above this it became
independent of crystallite size. For example, the
photoactivity index for crystallite sizes between 40 and
90nm decreased from ~.092 to ~0.07 whilst from 90-
140nm it remained essentially unchanged (0.068-0.071
cf 0.068). The increase in photoactivity for particles
from 80-40nm was in the order of 1-2 fold, far less
than the expected 2-3 fold for the associated crystallite 
size change (based on surface area). 

While these experimental results reflect the expected 
relationship between surface area and photoactivity the
changes are less substantial than predicted. Possible
reasons for this are that (i) other intrinsic or extrinsic
material factors, either physical and/or chemical,
besides surface area diminish  or influence
photoactivity (ii) the conditions under which tests were 
performed affect either the photoactivity or the
measurement of photoactivity.

It is unlikely that intrinsic material factors vary
significantly between samples of undoped ZnO and
any subsequent effect on photoactivity due to these
factors would be insignificant. Chemical analysis, 
XRD and inspection by SEM showed no changes in
chemical composition, crystallite phase or particle
shape or morphology between samples. Extrinsic
factors may be a more likely cause. Nanoparticles,
because of their high surface area, have a great
propensity to agglomerate and their successful
dispersion as discrete particles and non-
reagglomeration in hosting media for targeted
applications remains one of the greatest challenges in 
harnessing the efficient use of their functionality. At

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-9-2     Vol. 3, 2004372



greater degrees of dispersion the effective surface area
increases and consequently photoactivity would be
expected to rise.  To determine whether extrinsic
factors such as dispersion effects could influence
photoactivity measurements, a trial was performed
where a sample of undoped ZnO (~30nm) was
dispersed using a high shear mixer (Ultra Tarax T50)
as opposed to magnetic stirring. The Photoactivity
Index rose from 0.083 (magnetically stirred) to
0.125min-1 (high shear mixing). This suggests that the
degree of dispersion and/or agglomeration influences
photoactivity measurements. To compare in house
dispersed material to that independently dispersed, two 
samples of similar size ZnO (~30nm), supplied as
sunscreen concentrate dispersions from different
commercial suppliers, were also tested. In these cases
the photoactivity index (dispersed using magnetic
stirring) was the similar to that of ZnO mixed in house
using the high shear mixer i.e ~0.125min-1.

Whilst photoactivity measurements will be influenced
by the efficiency of dispersion, as suggested here, the
degree by which it rises under these test conditions is 
still below that expected based on surface area.
Possible reasons for this are (i) there is a degree of 
agglomeration remaining that diminishes
photoactivity (ii) the relationship between
photoactivity and crystallite size cannot be strictly
applied but can only be used as a guide for interpreting
the experimental measurements. It is unlikely that the
ZnO samples used here are of a singular particle size 
but are more likely to be distributed across a range of
sizes. Rietveld refinements calculate an average
crystallite size but make no determination of size 
distribution or population balance.

In considering whether there were variations in the
conditions under which tests were performed that
affect either the photoactivity or the measurement of 
photoactivity an experiment on a selected sample was
repeated. In this case an identical Photoactivity Index 
was obtained. When photoactivity was low (doped
ZnO), dispersions could be exposed for long periods of
time (>> 30 minutes cf  8-12mins for undoped ZnO) to 
the UV lamp with a consequent possibility that
temperature rises may influence the stability of the
radical. An experiment was performed where a
dispersion of the radical alone was exposed to the UV 
lamp for an extended period. No degradation occurred
even though the temperature increased by ~ 5-10oC.

The photoactivity of ZnO may be quenched by the
incorporation of a dopant material. The main factors,
besides crystallite size, that influence the subsequent

photoactivity reduction produced in doped materials
are the type and level of dopant.

All dopants used in this study were effective in
significantly reducing photoactivity (see Figure 3).
The most effective appeared to be Mn, Co and Ni with
Fe being less effective than these. Depending on the
level of dopant, photoactivity could be reduced by 0.5-
1.0 order of magnitude from that exhibited by ZnO at a
similar crystallite size. Other dopants (not reported
here) were tested and displayed less significant
changes in photoactivity than Mn, Ni, Co and Fe. 

Photoactivity Index (min-1) vs Crystallite
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Figure 3    Summary of Photoactivity Index versus

Crystallite Size

To determine whether the level of doping is important,
a series of Mn doped ZnO was prepared at dopant
levels ranging from 0.2wt% to 0.8wt%. From this
series, the level of dopant appeared to be determinant
in the degree of subsequent photoactivity with a clear
relationship indicated between increasing dopant level
and decreasing activity. This is illustrated in Figure
2.1b where, as the level of dopant is increased from
0.2 to 0.8wt%, the photoactivity index drops from
0.0333 to 0.00454min-1 (almost and order of
magnitude) whilst crystallite size remains relatively
constant ~ 20 nm (see Table 1).

When the level of dopant is determined on an atomic
ratio basis (dopant: zinc) what appears to emerge is a
linear relationship between at% doping and
photoactivity up to a ratio of 1 but above which further
reductions in photoactivity appear independent of at%
(see Figure 4). For the series of dopants used here, this
raises the question whether it matters which of these is 
used. Mn, Fe, Co and Ni are all transition elements
with d orbital electrons, similar ionic charge and 
atomic radii and so would be expected to behave in a
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similar manner. It is not surprising that they appear to
follow a general similarity in chemical and
photochemical behaviour.

Photoactivty Index (min-1) vs Atomic

ratio of dopant to Zinc
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Figure  4. Photoactivity Index versus Atomic Ratio

of dopant to Zinc

In general then, the photoactivity of nano phase zinc
oxide has been found to increase with decreasing
particle size but may be controlled by the
incorporation of selected dopants. The current study
has not reported on how or where the dopant has been
incorporated into ZnO but of the three possibilities
suggested in the introduction it is assumed that the
band gap has been altered.

There is some data in the literature that correlates
photoactivity and biological effects. In particular,
photodynamic DNA strandbreaking activity of metal
oxides on supercoiled DNA which has been found to
correlate with the photocatalytic oxidation of propan-
2-ol [4,5]. These methods have  focussed mainly on
titania and at particle sizes much larger than the ones
examined here.

The method presented here is useful as screening
guide in assessing the photoactivity behaviour of 
nanoparticles before they are considered for use in
personal care and other applications. Preliminary
biological trials (the uncoiling behaviour of DNA
under exposure to UV) using materials selected from
this study show good correlation between the level of
photoactivity reported here and biological behaviour.

It is proposed therefore that the protocol of performing
simple chemical photoactivity tests such as that
presented here be used as a screening technique for the
development of designer nanoparticles in personal care

applications. Correlation with biological activity such
as DNA unravelling can then be determined.
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