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ABSTRACT 
 

This paper explores the relationship between structural 
attributes and bulk properties for a series of cation doped 
and undoped metal-oxide UV-absorbing nanoparticles. In 
particular, it examines the relationship between the 
location of the dopant cation in the host oxide, photoactive 
behaviour and band gap alteration. It was found that the 
addition of a dopant cation reduces both band gap and 
photoactivity but that in some cases further reducing the 
band gap did not further reduce apparent photoactivity. 
These observations are discussed in the context of whether 
location of the dopant in or on the lattice influences this 
bulk behaviour. 
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1.  INTRODUCTION 

 
Producers of nanoparticles aspire to have the ability to 
design functionality into their product without significantly 
increasing its cost. Nano-particulate oxides such as ZnO 
and TiO2 are receiving much attention as functional 
nanoparticles predominantly due to their increased 
efficiency in absorbing UV at small particle sizes. 
However, whilst protection against UV may be maintained 
at these smaller particle sizes, the rate at which hydroxyl 
radicals are generated increases, due to inherent photo-
activity. These and other effects are subject of much 
discussion from technical to toxological, especially as they 
relate to personal and healthcare applications. 
 
One method by which photoactivity may be quenched is 
by altering the band gap. Alteration of the band gap may 
be achieved by lowering the energy gap relative to the 
original system by the introduction of cationic dopants into 
the lattice, a process which we refer to as lattice 
engineering. In a previous study [1] we reported on a series 
of doped (sub-1 atomic%) and undoped nanosized 
materials (based on ZnO) designed to absorb UV, quench 
photoactivity and impart transparency. Parameters such as 
crystallite size, dopant type and level were considered. In 
ZnO photoactivity increased (one to twofold) with 
decreasing crystallite size (>100nm to 20nm) but doping it 
with metallic cations was observed to reduce this activity 

by more than an order of magnitude, depending on the type 
and/or level of dopant (see Figure 1). 
 
The question arising from this study was whether or not 
the dopants were successfully incorporated within the 
lattice of the nanoparticles. Using a new variant of the 
method of atom location by channelling-enhanced 
microanalysis (ALCHEMI) [2] to determine whether or 
not atomic and sub-1 atomic % dopant atoms were 
incorporated on the cation site. It was found that some 
dopants were exclusively accommodated on the cation 
sublattice site, whereas others existed as a foreign phase or 
decorated the surface. 
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Figure  1. Photoactivity Index versus Crystallite Size 
(Doped and Undoped ZnO) 

 
Design of nanoparticles by lattice engineering may be 
achieved by determining the fundamental structure-
function relationship. With the use of dopants the key 
determinants are (a) knowing where the dopant is placed 
(b) controlling where the dopant needs to be placed to 
effect desired functionality. The former, in this case, is 
determined by the characterisation technique outlined 
above whilst the latter is controlled in the production 
process. This study examines the relationship between 
structural features and bulk properties, in particular 
photoactivity and band gap in an attempt to determine the 
significance of dopant location on bulk material properties 
and the implications of this on both technical and 
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toxological aspects of their application. 
 

2.  EXPERIMENTAL 
2.1 Characterisation of Materials 
As previously reported a series of undoped and doped zinc 
oxide were prepared by proprietary methods and 
characterised chemically and physically [1]. 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 Cu Kα radiation over a 2θ 
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. 
 
The method established and implemented for determining 
the photoactivity has been described elsewhere [1] It is a 
colorimetric test and photoactivity is determined by the 
time it takes to convert a radical (initially purple) to its 
reduced form (yellow). The reciprocal of the time taken for 
radical decomposition is defined as the Photoactivity Index 
(PI), with units of min-1

 
Band gap measurements were performed using a method 
based on diffuse reflectance measurements [3].   This 
method involves measuring the diffuse reflectance ( R∞ ) 
of a powder sample using the diffuse reflectance geometry 
of a spectrophotometer (Carey 1E UV-Vis 

Spectrophometer), calculating ( ) ( )21
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then plotting ( ) 2f R hν∞⎡⎣ ⎤⎦  against hν  for direct band-

gap semiconductors or ( )
1
2f R hν∞⎡ ⎤⎦⎣  against hν  for 

indirect band-gap semiconductors (Tauc plot). The 
intercept with a line through the plot and the x-axis gives 
the band-gap. For the powders used here the calculation 
for direct band-gap semiconductors was used. 

 
3.  RESULTS 

 
Figures 2a,b present Tauc plots derived from diffuse 
reflectance curves for a series of doped and undoped ZnO 
that vary with (a) particle size and (b) dopant type. Table 1 
presents a summary of material and bulk properties. 

 
4.  DISCUSSION 

 
The characteristic XRD pattern for both doped and 
undoped materials was that of ZnO. Except for bulk ZnO 
(250nm), crystallite sizes (determined by Rietveld 
analysis) varied between 16 and 66 nm and the level of 
dopant (determined by chemical analysis) ranged from 
0.44wt% with Fe to 0.8wt% for Mn.  

 
Photoactivity is expected to vary directly with surface area. 
A change in particle diameter from 80 to ~30nm for 
example represents a 2-3 fold increase in surface area 
/gram and so a consequent increase in photoactivity with 
increasing surface area of the same order would be 
expected.  It was shown in the previous study that for 
undoped zinc oxide there appeared to be two distinct 
regions of photoactive behaviour. For crystallite sizes up to 
~80nm, activity appeared to be linearly dependant on 
crystallite size but above this it became less so. The 
observed increase in photoactivity for particles between 40 
and 80nm was 1-2 fold, less than the expected 2-3 fold 
(based on surface area). Extrinsic factors (such as 
agglomeration propensity) were implicated as being a 
more likely cause of this disparity rather than intrinsic 
material factors such as subtle changes in crystallite size, 
morphology ,chemical composition etc. . 
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Figure 2 a   Tauc Plot for ZnO (various Particle Sizes) 

Tauc Plot [F(R)hv]^2 vs hv
ZnO and various doped ZnO 
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Figure 2 b   Tauc Plot for ZnO of various Dopants 

 
Photoactivity may be quenched by the incorporation of a 
dopant material with the main influencing factors being 
crystallite size, type and level of dopant. In this study, all 
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dopants were  effective in significantly reducing 
photoactivity (see Table 1). 

 

Table 1 Material and Bulk Properties 
 
The most effective appeared to be Mn2+, Co2+ and Ni2+ 
with Fe2+ being less effective. In the best case, 
photoactivity could be reduced by up to an order of 
magnitude from that exhibited by ZnO at a similar 
crystallite sizes. 
 
Mn, Fe, Co and Ni are all transition elements with d orbital 
electrons, similar ionic charge and atomic radii and so as 
dopants could be expected to behave similarly. It has been 
assumed that they are incorporated into the lattice during 
synthesis however observed differences in bulk behaviour 
raise the question as to whether the dopant is in or 
decorating the lattice and whether differences in 
photoactivity correlate with dopant location. As 
photoactivity may be mitigated by altering the band gap 
any correlation of dopant location with photoactivity 
should in turn be correlated with a change in band gap to 
confirm this as the predominant mechanism for 
photoactive mitigation. 
 
To ascertain whether or not dopants were incorporated 
within the lattice, a method related to atom location by 
channelling-enhanced microanalysis (ALCHEMI) was 
used.  Concentrations of Co and Mn, derived from 
analyses of different particles under channelling and 
random diffraction conditions, showed that the apparent 
Co concentration is accommodated on the Zn sublattice 
site. Results from Mn showed significant variations for 
channelling and random orientations, as well as differences 
between different particles.  This indicates that a 
significant portion of Mn atoms exist as a foreign phase or 
surface coating on the ZnO particles, and is not 
incorporated on the Zn sublattice site. 
Band gap determination using the Tauc plot method 
indicated small but subtle changes with crystallite size 
(3.22 to 3.17eV) (See Figure 2a) which may be a 
consequence of light scattering or other particle size 
dependant effects. Inclusion of a dopant had a more 
significant effect on band gap than particle size and the 

most significant change was observed with Co2+ (3.17 to 
2.82eV)  and Mn2+ (3.17 to 2.78 eV) . Fe2+ and Ni2+ 
appeared to have less influence (3.17 to 3.0 and 3.17 to 
2.95 respectively) (see Figure 2b). The Tauc plot curves 
for Co2+ and Ni2+ appear to exhibit secondary lower energy 
shifts (~1.8 – 2.0 eV and  ~2.4-2.6 eV respectively) which 
are not manifested in the plots for Fe2+ and Mn2+. 
 
In general these observations are similar to those observed 
elsewhere [4] where for Co-doped ZnO a decrease in band 
gap from 3.3 eV (ZnO) to 2.95 eV (Co-ZnO) and 3.2 eV 
(10 mol% Co in ZnO) were reported. This reduction was 
attributed to interactions between the band electrons and 
the localised d electrons of the Co2+ ions that substitute the 
Zn2+ ions, lowering the conduction band and raising the 
valence band. A decrease  in band gap for Ni-doped ZnO 
was also reported but it was much smaller than for Co2+ 
doping and additional small peaks at around 1.9 eV were 
observed. In studies where ellipsometry [5] was used to 
measure the absorption coefficient for Co-doped ZnO, a 
decrease in band gap to 3.13 eV and 2.99 eV for 8% and 
15% Co2+ was observed. In all these Co2+ systems a feature 
at around 2 eV was observed (as they are here) and this is 
attributed to electronic d-d transitions involving Co2+ ions 
that substitute the Zn2+ ions and are and which are not 
related to the transitions that determine band gap. A broad 
shoulder in the Ni-doped case has also been observed at 
2.3 to 3.0 eV (also seen here) is assigned to a sub-bandgap 
charge-transfer transition. 
 
Whilst Co2+ , Mn2+ and Ni2+ are reported to be isotropically 
doped throughout the ZnO nanocrystals, examination by 
XRD in these systems indicated the formation of 
detectable second phases (ZnCo2O4, Co3O4, 
ZnMn2O4,NiO) that was dopant concentration dependant. 
For Co2+ and Mn2+ this occurred at ~ 7wt% and for Ni2+ at 
~ 5wt%. The formation onset of these second phases 
affected the band gap such that it exhibited a minimum at 
the dopant concentrations where these secondary phases 
were formed. Whilst there are differences in preparation 
processes and dopant concentrations between these 
reported materials and the doped systems reported here, it 
is noteworthy that in the reported cases dopant extrusion 
occurs in all three systems and given the detection 
limitations of XRD it is not unreasonable to conclude that 
in all systems the dopant may exist in both a lattice 
incorporated or a lattice decorated state.  
 
To determine whether the bulk property of photoactivity 
could be correlated with band gap and/or structural 
considerations, a plot of photoactivity index versus band 
gap was generated and is presented in Figure 3. 
 
The data in this appears to fall into three distinct regions. 
Region A represents undoped ZnO with a varying particle 
size (30 – 250nm) and whilst there appears to be subtle but 

ZnO Crytsallite 
Size (nm) 

Dopant 
Level 
(wt%) 

Band 
Gap 
(eV) 

PI 
(min-1) 

ZnO 250 -- 3.22 0.065 
ZnO (a) 66 -- 3.20 0.083 
ZnO (b) 30 -- 3.17 0.090 

ZnO (Fe) 14 0.44 3.0 <0.033 

ZnO (Ni) 20 0.64 2.95 0.010 

ZnO (Mn) 18.3 0.8 2.78 0.0066 

ZnO (Co) 16 0.7 2.82 <0.0066 
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small changes in band gap, there is a significant change in 
photoactivity. In this region the predominant influence 

Photoactivty Index (min-1) vs Band Gap (eV)
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Figure 3  Photoactivity Index vs Band Gap (Doped and 
undoped Materials) 

 
 controlling photoactivity is surface area. 
 
Regions B and C represent regions where the influence of 
the cationic dopant dominates (with surface area a 
secondary influence) and significant changes in 
photoactivity occur. Region B appears to be an 
intermediate zone where a direct relationship between 
photoactivity and band-gap (from 2.95 - 3.18 eV) is 
suggested such that as band gap increases so does 
photoactivity. In region C photoactivity appears 
independent of a changing band-gap. 
 
The factors hypothesised to control photoactivity are 
surface area, crystal phase, morphology and shape, surface 
activity, lattice doping and band gap shift. This suggests 
that the mechanism(s) by which photoactivity is mitigated 
here has effectively quenched the particles of detectable 
(by this method) photoactive behaviour, may differ with 
the specific material properties consequent to specific 
dopant(s) (the limits of the Fe, Ni, Mn,Co are intrinsically 
different ) or there may be more than one mechanism 
occurring that may be in different levels of competition 
depending on the dopant and/or its location. It is not 
difficult to imagine that a surface decorating dopant is akin 
to a highly dispersed catalytic site on a high area support 
(given these cations generally encourage oxidation 
reactions) and will act differently to a metal dopant 
incorporated within the lattice. 
 
Of particular interest is whether band gap alteration and 
photoactivity may be influenced by the placement of the 
dopant.  From our ALCHEMI investigations, Co2+ was 
found to be incorporated into the lattice whereas Mn2+ was 
not and was determined to be mainly decorating it. Region 
C encompasses Ni2+, Mn2+ and Co2+ as the dopants with  
the largest change in band gap and with the lowest 
photoactivity. 

 
Given this, it is not apparent what mechanism or material 
attribute is dominant in the mitigation of photoactivity in 
these (and indeed other systems). It is also unclear as how 
to interpret the change in band gap with dopant location. 
Several fundamental questions are raised regarding band 
gap alteration and photoactivity mitigation through lattice 
engineering via doping: (a) Is it essential for the dopant to 
be incorporated into the lattice structure to effect band gap 
alterations or can intimate inclusions in the lattice 
contribute to this (b) if so, to what extent (c) what 
implication does this have on mechanism of photoactivity 
and its mitigation (d) what are the secondary implications 
of having a dopant decorated lattice. 

Region C 

Region B 

Region A 

 
In many studies of examining doped materials the level of 
dopant is substantial and in some phosphor systems it can 
be in the order of >30%. In the systems examined here 
dopant levels are <1% yet the determined band gap 
alteration is of a similar  shift to that reported in 
analogous (ie ZnO oxide) systems at higher 
concentrations. This suggests that the similar band gap 
outcomes may be achieved with varying dopant levels 
which implying that charge carrier behaviour is changed 
rather than charge carrier numbers and that the preparative 
method/technique used to prepare lattice engineered 
materials may influence subsequent behavioural outcomes. 
 
In the context or personal and health care mitigating the 
effects of photoactivity in UV absorbing metal oxides is 
beneficial. Whilst some doped oxides are touted for 
inclusion into these products it remains unclear as to what 
mechanism predominates and whether there are 
implications on their use other than mitigating 
photoactivity. 

 
5.   CONCLUSION 

 
The addition of a dopant cation reduces both band gap and 
photoactivity in metal-oxide UV absorbing nanoparticles. 
In some cases further reducing the band gap dose not 
further reduce apparent photoactivity. It is unclear what the 
controlling mechanisms are in the context of the location 
of the dopant in or on the lattice. 
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