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d Ga-doped zinc oxides; rapid
optimisation and scale-up†

D. P. Howard, P. Marchand, I. D. Johnson, C. J. Carmalt, I. P. Parkin and J. A. Darr*

A high-throughput synthesis, screening and subsequent scale-up approachwas utilised for the optimisation

of conductive aluminium and gallium-doped zinc oxide (AZO and GZO, respectively) nanoparticles. AZO

and GZO nanoparticles with up to 6 at% dopant (with respect to Zn) were directly synthesised using

a laboratory scale continuous hydrothermal process at a rate of 60 g per hour. The resistivities were

determined by Hall effect measurements on pressed, heat-treated discs. Both Al- and Ga-doping yielded

resistivities of the order of 1 � 10�2 U cm for most samples; the lowest resistivity of AZO was 7.0 � 10�3

U cm (at 2.5 at% Al doping), and the lowest resistivity of GZO was 9.1 � 10�3 U cm (at 3.5 at% Ga

doping), which are considered exceptionally conductive for pressed nanopowders. Synthesis of the

optimised lab-scale compositions was scaled-up using a pilot-scale continuous hydrothermal process at

a production rate of 8 kg per day (by dry mass); results obtained from these nanopowders generally

retained resistivity trends observed for the lab-scale analogues.
Introduction

Transparent Conducting Oxides (TCOs) are among the most
important classes of advanced functional materials in wide-
spread use today, due to the combination of high optical
transparency and low electrical resistivity that are fundamental
to their use.1,2 These properties are necessary in the develop-
ment of applications such as touchscreens,3 solar cells,2,4 smart
windows,5 organic light emitting diodes (OLEDs)6 and at panel
displays.7 In order to achieve high transparency and conduc-
tivity within the materials, the introduction of non-
stoichiometry with respect to oxygen is oen required, which
can be substituted by or coupled with the introduction of alio-
valent dopants into the wide band gap (>3 eV) semiconductor,
depending on the material in question.8 With low resistivity
(typically 10�4 U cm) and high optical transparency >80% for
thin lms, tin-doped indium oxide (ITO) is the industry stan-
dard material.1,9 Given the increasing scarcity and cost of
indium, alternative materials for TCOs are under investigation,
focussing on materials such as doped zinc oxides, and titanium
and tin dioxides.10,11 In particular, two promising TCOmaterials
are aluminium-doped zinc oxide (AZO) and gallium-doped zinc
oxide (GZO), both of which have been shown to exhibit
conductivity and optical transparency characteristics rivalling
those of ITO.12 Highly promising optoelectronic properties
aside, in terms of abundance and cost, zinc oxide-based
London, 20 Gordon Street, London WC1H

tion (ESI) available. See DOI:

74–12780
alternatives are among the foremost potential replacement TCO
materials. Dense thin lms of such materials can be deposited
using a wide range of techniques including sputtering,13

chemical vapour deposition,14 pulsed electron deposition,15 and
pulsed laser deposition.16 Some of these processes can require
annealing steps in excess of 500 �C in order to obtain optimal
performance.9 This would restrict the choice of substrate to
those that can withstand such conditions, limiting the appli-
cability of TCO material deposition onto some plastics for
applications in exible displays, for example. The use of highly
crystalline TCO materials, formulated into inks, pastes, or
dispersions, would allow them to be deposited onto a wider
range of substrates using techniques such as ink-jet or screen-
printing processes.17–19 Coupled with low temperature, relatively
mild post-deposition processes, large-scale manufacturing of
printed optoelectronics becomes possible.20

The synthesis of transparent conducting nanomaterials
includes methods such as batch coprecipitation and batch sol-
vothermal and hydrothermal methods.17,21–24 However, the use of
organic solvents with high volatile organic compound (VOC)
content is unsustainable and batch-to-batch variations canmake
these methods unsuitable for industrial scale-up.17,25,26

Continuous Hydrothermal Flow Synthesis (CHFS) processes
offer the possibility of controlled and consistent syntheses of
nanomaterials at large scale. In such processes, nanoparticles
of metal oxides are typically formed upon mixing a feed of
supercritical (sc) water with a stream of ambient-temperature
aqueous metal salts. The precursors react with the sc-water
resulting in simultaneous hydrolysis and dehydration of the
metal salt to the corresponding metal oxide, typically in less
than a second. In recent years, the use of a Conned Jet Mixer
This journal is © The Royal Society of Chemistry 2016
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(CJM) has been reported by the authors for the continuous
synthesis of various nanoparticles. In the CJM, a ow of
aqueous precursors is entrained in a jet of supercritical water,
affording rapid mixing, which is generally under turbulent
conditions.27–29 The CJM is also highly scalable, such that
similar particle properties have been observed for nanoparticles
made on the lab and pilot plant scales.30,31

For the discovery and optimisation of TCO nanomaterials, the
development of high-throughput synthesis and rapid screening
methods for doped metal oxide systems is highly desirable.
Synthesis of doped metal oxides can readily be accomplished by
mixing the appropriate ratios of metal salts (e.g. nitrate salts of
the dopant or most metals in the oxide) into a single precursor
solution, which is then used in the CHFS process. One particular
benet of CHFS-type reactors is thatmany different compositions
of such doped materials can be synthesised sequentially by
simply adjusting the relative ratio of the various metal salt
solutions in the precursor feed; great care must be taken to avoid
cross-contamination between different samples.31 Variations of
this high-throughput approach for CHFS have previously been
demonstrated by some of the authors for the synthesis of an
entire phase diagram of CexZryYzO2�d,30–33 Eu-doped Y(OH)3
phosphor libraries,34 Fe-doped La4Ni3O10 mixed ion conductor
libraries,35 and a rare earth-doped zinc oxide photocatalyst
library.32 Application of this high-throughput approach to TCO
systems would be expected to facilitate rapid optimisation of
dopant concentrations for maximised conductivity.

The use of CHFS for the direct/indirect synthesis of TCO
nanoparticles is limited in the literature; ITO has recently been
synthesised via CHFS methods by some of the authors with
pressed-disc resistivities as low as 6.0 � 10�3 U cm.31 The
Fig. 1 (a) A schematic representing the continuous hydrothermal flow s
senting the Confined Jet Mixer (CJM), in which the supercritical water e
metal salt feed (that has already been mixed with the base in flow) enters
annulus of the inner pipe of the CJM.

This journal is © The Royal Society of Chemistry 2016
authors have also investigated the CHFS synthesis of co-doped
zinc oxide (with both Al and Ga and known as AGZO) using
formic acid as an in-process reducing agent, which gave
a resistivity of 4.6 � 10�2 U cm.36

Herein, we report the rst CHFS synthesis of highly
conductive optimised AZO and GZO nanoparticles followed by
heat-treatment in reducing conditions. Compositional space for
each doped system was rst explored (up to 6 at%) using a lab-
scale CHFS reactor at a production rate of 60 g per hour. These
materials were screened as heat-treated pellets, and then the
composition with the highest conductivity was remade using
a pilot-scale CHFS process at a production rate of 8 kg per day
(by dry mass). The conductivity of this material was also eval-
uated as a heat-treated pellet.

Experimental
Materials

Reagents were purchased from the following suppliers and used
as-purchased: zinc nitrate hexahydrate, 98% (Sigma Aldrich,
Dorset, UK), aluminium nitrate nonahydrate, 98+% (Sigma
Aldrich, Dorset, UK), gallium nitrate hydrate, 99.999% (Alfa
Aesar, Lancashire, UK), and potassium hydroxide (Fisher
Scientic, Leicestershire, UK).

Nanoparticle synthesis by CHFS

The lab-scale CHFS process was used, similarly to that reported
elsewhere.37,38 In the lab-scale CHFS, three identical diaphragm
pumps (Primeroyal K, Milton Roy, Pont Saint-Pierre, France)
were used to supply three pressurised feeds at 24.1 MPa as
follows; (i) DI water at a ow rate of 80 mL min�1 (pump P1), (ii)
ynthesis system described herein and (b) a schematic diagram repre-
nters from the bottom inner pipe. The ambient temperature aqueous
from both of the side arms and mixes with the sc-water just above the

J. Mater. Chem. A, 2016, 4, 12774–12780 | 12775
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aqueous solution of zinc nitrate hexahydrate with either
aluminium nitrate nonahydrate or gallium nitrate hydrate (with
appropriate amount of the Al or Ga salt) at a ow rate of 40 mL
min�1 (pump P2) and (iii) an aqueous solution of potassium
hydroxide at a ow rate of 40 mL min�1 (pump P3). The total
concentration of the metal ions (not including the base) in the
initial precursor feeds was maintained at 0.3 M, with the atomic
ratio of the [Zn + Al or Ga salts] being varied according to target
dopant-loading for ZnO (see Tables S1 and S2 in the ESI†). The
base concentration was maintained at 0.6 M throughout. The
experiments were conducted as follows; rst the premixed
metal precursor solution feed from pumps P2 and the base feed
from P3 were mixed in a 1/40 0 stainless steel T-piece prior to
mixing with the supercritical water ow in a Conned Jet Mixer
(CJM) as shown in Fig. 1a. The design of the CJM is shown in
Fig. 1b, and is detailed in previous publications of the
authors.27,29,39 The DI water feed from pump P1 was heated to
450 �C in ow using a 7 kW custom-built electrical heater. The
reaction at this CJM mixing point resulted in the rapid crystal-
lisation of nanoparticles at a calculated temperature of 325 �C
(based on the properties of water and the temperatures and ow
rates used).40 The particle-laden ow was then cooled to ca.
40 �C using a 1.5 m pipe-in-pipe heat exchanger, before passing
through a back-pressure regulator (BPR), which maintained the
pressure in the system. The aqueous nanoparticle slurry exiting
the BPR was collected in a beaker and then cleaned by repeated
centrifugation and washing with deionised water, until the
conductivity of the supernatant was below 50 mS, as measured
by a conductivity probe (Hanna Instruments, model HI98311).
The concentrated slurry was then freeze-dried (Virtis Genesis
35XL) by slowly heating the samples from �60 �C to 25 �C over
24 h under vacuum of <13 Pa, which yielded free-owing
powders.
Fig. 2 XRD patterns for samples of each AZO and GZO. (a) shows a full
pattern typical of the zinc oxides, in this case sample A1.0. (b) shows
a standard ZnO pattern.40 (c1) and (d1) show peaks in the range 13.5 to
17.5� 2q for A2.5p and G2.5p, respectively (pilot scale materials), (c2–4)
and (d2–4) show these same peaks for 5, 3, and 1 at% nominal dopant
level for each AZO and GZO synthesised on the laboratory scale.
Materials characterisation

Powder X-ray diffraction (XRD) data were collected using a STOE
Stadi P diffractometer (Mo-Ka radiation, wavelength ¼ 0.70932
Å) in transmission geometry for analysis. Data were collected
over the 2q range 5 to 30� with a step size of 0.5� and a count
time of 10 s per step. Scherrer analysis was carried out on the
(100), (002), and (102) peaks using eqn (1), where s is the crys-
tallite size (in nm), K is the dimensionless shape factor taken to
be 0.9, l is the wavelength of X-rays used (in nm), b is the line
broadening at half the maximum intensity for the peak in
question (in radians), and q is the Bragg angle (in degrees).

s ¼ Kl

b cos q
(1)

Transmission electron microscopy (TEM) was performed
using a Jeol 200 kV transmission electron microscope in
imaging mode. Samples were dispersed in MeOH and drop
coated onto a carbon-coated copper TEM grid purchased from
Agar Scientic. Image analysis and particle size measurements
were carried out using ImageJ® soware. Energy dispersive
X-ray spectroscopy (EDS) analysis was carried out using an
12776 | J. Mater. Chem. A, 2016, 4, 12774–12780
Oxford Instruments X-MaxN 80-T Silicon Dri Detector (SDD)
tted to the transmission electron microscope and processed
using Aztec® soware. X-ray photoelectron spectroscopy (XPS)
was performed a Thermo Scientic K-alpha photoelectron
spectrometer using monochromatic Al-Ka radiation. Survey
scans were collected in the range 0–1100 eV (binding energy) at
a pass energy of 160 eV. Higher resolution scans were recorded
for the principal peaks of Zn (2p), Al (2p), Ga (3d), O (1s) and C
(1s) at a pass energy of 50 eV. Peak positions were calibrated to
carbon and plotted using the CasaXPS® soware. Additional
chemical analysis for Zn, Al and Ga was performed by ICP-AES
using dilute solutions of the samples dissolved in 1% HNO3

(aq.). Analyses were carried out using a Varian 720 ICP-AES
(axial conguration) equipped with an autosampler. Prior to
sample analysis, calibrations were carried out using standards
at concentrations of 2.5, 5.0, 7.5 and 10 ppm for Zn and 0.25,
0.5, 0.75 and 1.0 ppm for Al and Ga. To assess the conductivity
of thematerials, the powders were pressed into 16mmdiameter
green-coloured compacts of thickness 1.0 mm under a force of
50 kN using a hydraulic press (Specac, Orpington, UK). The
discs were then heat-treated under 5% hydrogen in nitrogen at
This journal is © The Royal Society of Chemistry 2016
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500 �C for 3 hours, aer which a change in colour from green to
blue was observed. Hall effect measurements were carried out
using the Van der Pauwmethod to determine the bulk resistivity
of the materials. In order to do this, four gold contacts were rst
sputtered onto the heat-treated discs, which were then sub-
jected to an input current of 1 mA and a calibrated magnetic
eld of 0.58 T using the Van der Pauw probe. The transverse
voltage was then measured. The measurement was repeated by
reversing the direction of the magnetic eld and the current.
Resistivity measurements were made in triplicate for each pellet
and the mean value and standard deviations were calculated.
Results and discussion
Synthesis and characterisation of AZO and GZO nanopowders

The following naming convention is in use in this work; letter A
or G corresponds to the dopant being Al or Ga, and the number
following the letter represents the relative at% of this metal ion
in the precursor solution, such that A2.5 is the sample syn-
thesised with 2.5 at% Al in the precursor solution (with respect
to 97.5 at% Zn). The suffix ‘p’ is used to denote samples syn-
thesised on the pilot scale, all others were synthesised on
laboratory scale CHFS. In the initial lab-scale CHFS experi-
ments, the concentration of the dopant in solution was in the
range 0.5–6.0 at% (increments of 0.5 at%) with respect to Zn.
Initially an off-white powder at low dopant levels, the colour of
the products went from cream to pale yellow at high dopant
levels. The GZO system powders were had more intense colour
for each dopant level relative to the AZO system. The base
concentration was consistently obtained at pH 7, and the yield,
though uctuating from sample to sample, was consistently in
the range 75 to 85%.
Fig. 3 TEM images of AZO. (a) and (b) are from A2.5; (c) and (d) are
from A5.0.

This journal is © The Royal Society of Chemistry 2016
Selected XRD patterns are shown in Fig. 2, with dopant levels
in the precursor feeds of 1, 3, and 5 at% for each AZO and GZO
series, as well as a reference pattern for ZnO.41 The broad XRD
peaks in the as-prepared materials was indicative of nano-
crystallites; Scherrer peak analysis was performed on the dif-
fractograms for the (100), (002), and (101) XRD peaks, the
averages for which are collated in Tables S1 and S2 in the ESI.†
Estimated crystallite size was observed to decrease with
increasing dopant concentration in the precursor for each
series; the sizes were calculated as 35 and 31 nm for samples
A1.0 and A5.0, respectively, and 28 and 21 nm for samples G1.0
and G5.0, respectively.

TEM images revealed that the morphology of the
aluminium-doped samples was a mixture of small (<10 nm)
rounded particles and larger rod-like structures. On average
these particles were 43 � 14 nm wide by 132 � 83 nm long
(mean from 250 particles), an aspect ratio of 3.1 for sample A2.5
with 2.5 at% Al dopant (see Fig. 3a and b).

Increasing the aluminium content in the precursor to
5.0 at% (Fig. 3c and d), resulted in a decrease in average rod
width to 38 � 17 nm, but an increase in length to 187 � 92 nm,
corresponding to an increase in average aspect ratio to 4.9. This
was consistent with the crystallite size as estimated by the
Scherrer method; the crystallite size decreased with increasing
Al at%, as does the width of the rods as determined from TEM
images.

BET analyses were conducted in order to understand the
changes in surface area across the compositions. BET data
suggested an increase in surface area from 19m2 g�1 at 1 at% Al
up to 27 m2 g�1 for 5 at% Al that was also consistent with the
trends from TEM and Scherrer analyses, though the BET values
were lower than expected. This was due to the difficulty in fully
removing moisture from very high surface area ZnO-based
Fig. 4 TEM images of GZO; samples G2.5 (a and b) and G5.0 (c and d).

J. Mater. Chem. A, 2016, 4, 12774–12780 | 12777

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ta03364d


Fig. 6 Resistivity data for Ga-doped ZnO with increasing dopant level.
Error bars correspond to standard deviations in Hall probe data for 3
repeat measurements.
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samples prior to BET analysis, despite extensive degassing for
18 hours at 150 �C prior to BET measurements. XPS analyses
revealed that only one type of Al-species was present up to 5 at%
Al (the highest nominal concentration tested), as shown in
Fig. S1 in the ESI.† The binding energy peak at 73.2 eV corre-
sponds to Al3+ in coordination with oxygen.42 A single environ-
ment was observed for Zn, with the 2p3/2 peak at 1021.5 eV
characteristic of ZnO.43 ICP analyses suggested that the actual
loadings of Al in the solids were 2.2 and 4.1 at% for samples
A2.5 and A5.0, respectively, indicating a dopant uptake of >80%
from the nominal compositions in the precursor solutions.

TEM images of the Ga-doped ZnO samples showed
a rounded morphology with an aspect ratio close to 1 for the 2.5
at% (Fig. 4a and b) and for the 5.0 at% samples (Fig. 4c and d);
the increase in [Ga] in the precursor resulted in a decrease of
particle size from 44 (�8) to 36 (�9) nm, respectively. BET
analyses of the Ga-doped ZnO samples demonstrated an
increase in surface area with increasing Ga at%, from 18 m2 g�1

at 1 at% Ga up to 31 m2 g�1 for 5 at% Ga. Concurrently, as ex-
pected, the crystallite size as calculated using the Scherrer
method, showed a general decrease in crystallite size with
increasing dopant concentration.

TEM, XRD and BET data for the Ga-doped materials sug-
gested that the effect of increasing [Ga] in the precursor solu-
tions (and thus in the product) reached a plateau, such that the
crystallite size and surface area did not dramatically change at
>3.5 at% Ga. XPS data suggested a possible reason for this; in
the 2.5 at% Ga sample, the 3d binding energy doublet revealed
only a single gallium environment at 22.1 eV. This was consis-
tent with the presence of Ga3+ and was attributed to GaZn,
gallium substituted into the Zn sites in ZnO. For sample G5.0,
two sets of doublets were present in the spectrum; one at the
same binding energy, representing a slightly higher at% of Ga
present in the surface structure, as well as a second peak at
a lower binding energy of 19.7 eV. This second peak was
representative of Ga2O3,44 a separate species that appeared to
have formed once a saturation point of GaZn was reached in the
ZnO structure at ca. 3.0 (or 3.5) at% gallium. ICP data indicated
that the actual values of dopant Ga in the solid was 2.5 and 5.5
Fig. 5 Resistivity data for Al-doped ZnO with increasing dopant level.
Error bars correspond to standard deviations in Hall probe data for 3
repeat measurements.

12778 | J. Mater. Chem. A, 2016, 4, 12774–12780
at% for samples G2.5 and G5.0, respectively, suggesting
a slightly increased dopant uptake compared to the AZO
samples.

High-throughput screening of AZO and GZO nanomaterials

Pressing of the powders into discs resulted in a colour change
from off-white/yellow to green, the colour strength being
dependant on the dopant concentration; aer reducing heat
treatment, the discs were all blue in colour. Similar colours were
seen on both lab and pilot plant scales. The bulk resistivity of
the sintered discs was determined by use of a Hall probe, by rst
sputter coating four gold contacts onto each disc. Hall effect
measurements were carried out on these discs using the Van der
Pauw method to determine the bulk resistivity of the materials.
The measured resistivities as a function of the dopant content
are summarised in Tables S1 and S2† for AZO and GZO,
respectively, along with standard deviation in the results
(shown graphically in Fig. 5 and 6). For AZO, this data clearly
showed a minimum resistivity at 2.5 at% Al (on the lab-scale
CHFS), with an average value of 7.0 � 3.7 � 10�3 U cm. By
comparison, ITO discs made by the lab scale CHFS process of
the authors, showed optimum resistivity of 6.0 � 0.2 � 10�3 U

cm.30 For GZO, the resistivity decreased with increasing Ga
content, reaching a minimum at 3.5 at% Ga. However, further
increase in gallium content did not improve the resistivity,
which appeared to plateau thereaer. This is in keeping with
the evidence from XPS, XRD and BET data, which suggested that
there is a limit to the uptake of gallium into the ZnO structure.

The lowest mean resistivity value for 3.5 at% GZO (sample
G3.5), was 9.1� 10�3 U cm. Both the optimum resistivity of AZO
and that of GZO reported herein, are a signicant improvement
on the value of 4.6 � 10�2 U cm, as reported by the authors
elsewhere for the corresponding co-doped system.36

Pilot scale continuous hydrothermal synthesis of AZO and
GZO

Whilst the scale of the synthesis discussed thus far (rate of 60 g
per hour) was suitable for high-throughput synthesis and
This journal is © The Royal Society of Chemistry 2016
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screening of doped zinc oxide nanomaterials, production of
such materials at still larger scales is critical for practical
industrial applications. Previous reports by the authors have
demonstrated the scale-up of the CHFS process for the
synthesis of ZnO27 and Ce–Zn oxide nanoparticles29 in
a continuous supercritical water pilot plant. In both of these
cases, it was shown that particles synthesised on the pilot scale
were similar or indistinguishable from those synthesised on the
smaller lab-scale process, based on TEM and BET data analysis.
In the only report on the CHFS scale-up of a TCO, the authors
previously showed that ITO could be synthesised with minimal
change in material properties (size and resistivity) between lab-
and pilot-scale CHFS processes.31

Herein for AZO, as the optimal dopant level was observed to
be in the range ca. 2.0 to 2.5 at% Al on the lab scale, dopant
precursor solutions corresponding to 1.0, 2.0, 2.5, and 3.5 at%
were selected for the pilot plant synthesis. For GZO, 2.0, 3.0, 3.5,
and 4.5 at% Ga were selected for scale-up; in both cases, these
dopant levels should have given an indication of any trends in
the data, i.e. if trends on lab scale were transferable to the pilot
plant scale.

The as-prepared materials made on the pilot scale CHFS
were phase-pure wurtzite structure as determined by XRD
(Fig. 2c1 and d1; full patterns are included in Fig. S3 in the ESI,†
as well as representative TEM images). XPS analysis revealed
that the uptake of aluminium in AZO was reduced on the pilot
scale by almost half, whereas uptake of gallium in GZO was
increased by a third compared to the lab scales. ICP analyses
also indicated that the dopant uptake was 1.9 at% Al in sample
A2.5p and 1.7 at% Ga in G2.5p. This showed quantitatively the
decrease in dopant uptake when synthesising on the pilot scale,
compared to 2.2 at% Al and 2.5 at% Ga in each A2.5 and G2.5,
respectively, the lab-scale analogues.

The lower-than-expected dopant levels on the pilot plant can
be understood when one considers the following: the residence
time on the pilot plant (<4 s) is considerably less than the lab
scale process under similar conditions (>12 s) and this is very
important for precipitation of precursors that are highly soluble
and that tend to nucleate and have a signicant growth or
maturation phase in ow. With less time to nucleate out from
solution, the dopant elements were incorporated less effectively
into the ZnO structure, and thus thematerials made on the pilot
scale demonstrated reduced uptake of the dopants compared to
those synthesised on the lab scale. This could be rectied in the
future by increasing the residence time on the pilot plant or by
using more supersaturating conditions to drive the conversion
of the Zn precursor.

To conrm the electrical performance of the pilot scale
samples, compact pellets were again pressed and resistivity
measurements taken. As detailed in Tables S1 and S2,† the
trend of conductivity as seen on the lab scale CHFS for both
materials was carried forward to the pilot scale. The optimal
resistivity obtained for AZO at 2.0 at% on the pilot scale was
6.1 � 10�2 U cm, which is higher than the laboratory scale
analogue of 1.6 � 10�2 U cm. This was believed to be due to
increased grain boundary effects in the pellets due to reduced
crystallite size of the pilot scale material, as well as differences
This journal is © The Royal Society of Chemistry 2016
in Al uptake between lab and pilot scale materials. The
optimum GZO sample was at 4.5 at% Ga, and this had a resis-
tivity of 1.3 � 10�2 U cm, comparable to the analogous lab-scale
material.
Conclusions

In summary, highly conductive AZO and GZO compacts were
synthesised via continuous hydrothermal ow synthesis fol-
lowed by heat-treatment of the products in a reducing atmo-
sphere. The optimal compositions of each AZO and GZO on the
lab scale were found to have 2.5 and 3.5 at% dopant, respec-
tively, with the optimal resistivities of 7.0 � 10�3 U cm and
9.1 � 10�3 U cm, respectively. Pilot-scale CHFS was used for the
attempted production of selected AZO and GZO samples at
a rate of 8 kg per day. Analysis of these scaled-up materials
showed that the particles were physically similar to the labo-
ratory-scale process in terms of particle properties, with dopant
uptake to the ZnO structure reduced on up-scaling of both AZO
and GZO. Electrical characterisation revealed that pilot-scale
AZO had lower conductivities than observed on the laboratory
scale, but the optimum GZO sample was comparable, with
optimal resistivity obtained of 1.3 � 10�2 U cm for sample
G4.5p. This work demonstrates the successful use of CHFS for
the synthesis of sustainable TCO nanomaterials, in particular
the rapid identication of optimal dopant compositions for
both aluminium- and gallium-doped zinc oxides. Our optimal
TCO materials are currently being investigated as sputtering
targets to make thin lms; results of these endeavours will be
reported in due course.
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