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Abstract

A high-throughput optimisation and subsequent scale-up methodology has been used for the synthesis
of conductive tin-doped indium oxide (known as ITO) nanoparticles. ITO nanoparticles with up to 12
at% Sn were synthesised using a laboratory scale (15 g/hour by dry mass) continuous hydrothermal
synthesis process and the as-synthesised powders were characterised by powder X-ray diffraction
(XRD), transmission electron microscopy (TEM), energy-dispersive X-ray analysis (EDXA) and X-
ray photoelectron spectroscopy (XPS). Under standard synthetic conditions, either the cubic In,Os
phase, or a mixture of InO(OH) and In,O3 phases were observed in the as-synthesised materials.
These materials were pressed into compacts, heat-treated in an inert atmosphere and their electrical
resistivities were then measured using the Van der Pauw method. Sn-doping yielded resistivities of ~
102 Q c¢m for most samples, with the lowest resistivity of 6.0 x 10° Q cm (exceptionally conductive
for such pressed nanopowders) at a Sn concentration of 10 at%. Thereafter, the optimised lab-scale
composition was scaled-up using a pilot scale continuous hydrothermal synthesis process (at a rate of
100 g/hour by dry mass) and a comparable resistivity of 9.4 x 102 Q c¢cm was obtained. The use of the
synthesised TCO nanomaterials for thin film fabrication was finally demonstrated by deposition of a

transparent, conductive film using a simple spin-coating process.
Introduction

The combination of low electrical resistivity and high optical transparency, make transparent
conducting oxides (TCOs) one of the most important classes of advanced functional
materials.!? These unique properties are vital in the development of applications such as solar
cells, 3 smart windows,* organic light emitting diodes (OLEDSs),® touch screens® and flat
panel displays.” The simultaneous existence of high transparency and high conductivity
requires the introduction of nonstoichiometry with respect to oxygen and/or suitable dopants
into wide band gap (> 3 eV) oxide structures.® Tin-doped indium oxide (also known as



indium tin oxide, ITO) remains the industry standard TCO, with low resistivity (typically
~10* Q cm for thin films) and high optical transparency >80 % for thin films.1® Given the
interest in ITO as a TCO, it is unsurprising that significant research over the last two decades
has focused on the development of this material as printed ink tracks and thin films. Dense
thin films of ITO can be deposited using a wide range of techniques including sputtering,°
chemical vapour deposition! and pulsed laser deposition.'? Some of these processes typically
require annealing steps in excess of 700 °C in order to obtain the best performance.® This can
restrict applications to substrates that can withstand such harsh conditions, prohibiting the use
of materials such as plastic for flexible devices. The use of highly crystalline TCO
nanomaterials offers potential strategies for the deposition of thin films over large scales,
using well defined coating materials. Furthermore, formulation of TCO nanoparticles into
dispersions, pastes and ceramic inks allows them to be deposited onto substrates via screen
printing and inkjet processes.’>*® When such approaches are coupled with fast, low-
temperature or rapid heat-processing, they offer inexpensive and potentially more
environmentally friendly approaches for the large-scale manufacture of printed
optoelectronics.!®

In order to achieve high performance TCO printed tracks or coatings from particles, control
over size, morphology and particularly structural defects (such as oxygen vacancies) is
determined by the synthetic conditions used. The formation of ITO nanomaterials has
included techniques such as batch coprecipitation and batch solvothermal/hydrothermal
methods.*"-2° In particular, microwave-assisted solvothermal syntheses have yielded
powders with particularly low resistivities when pressed into a pellet (ca. 1.2 x 102 Q
cm).¥2122 However, the relevance of such synthetic approaches to industrial scale-up is
limited because of the use of toxic organic solvents with high Volatile Organic Compound

(VOC) content, as well as batch to batch variations in the static processes.

Continuous hydrothermal flow synthesis (CHFS) processes offer the potential for controlled
and consistent syntheses of nanomaterials at scale. In such processes, metal oxide
nanoparticles are typically formed upon mixing a feed of supercritical (or superheated) water
with a stream of aqueous metal salts at ambient-temperature.? This environment rapidly
converts the precursors into nanoparticulate metal oxides by simultaneous hydrolysis and
dehydration of the metal salt to the oxide. In continuous hydrothermal reactors, the mixing
approach by which supercritical water is mixed with metal precursor solutions can affect the

properties of the nanoparticles formed.?* Recently, the use of a Confined Jet Mixer (CIJM) has
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been reported for the continuous synthesis of nanoparticles, in which a flow of aqueous
precursors is entrained in a jet of supercritical water, affording rapid mixing, generally under

turbulent conditions.?> 4’

For the discovery and optimisation of TCO nanomaterials, the development of high-
throughput synthesis and screening methods for doped metal oxide systems, is highly
desirable. Such doped metal oxide systems can be easily made by incorporation of additional
metal salts into the CHFS process. One particular benefit of such modified CHFS reactors, is
that many different compositions of doped materials can be synthesised in a short time and
sequentially by simply adjusting the relative concentrations of the metal precursors used (and
taking care to avoid cross-contamination).?® Variations of this high-throughput approach for
CHFS has been previously demonstrated by some of the authors previously, e.g. in the
synthesis of an entire CexZryY;0,-s phase diagram,?® Eu-doped Y (OH)s libraries,* Fe-doped
LasNizOno libraries® and rare earth element doped zinc oxide libraries.?® Application of this
high throughput approach to TCO materials discovery, would be expected to facilitate rapid
optimisation of high conductivity TCOs by variation in dopant or reagent levels.

The use of CHFS for the direct synthesis of In,Oz nanoparticles used in a gas sensing
application has been previously demonstrated by some of the authors using both small-scale
and pilot scale continuous hydrothermal flow reactors.®>3 Therein, the In,O3 was formed
directly in process as cubic (bixbyite) phase without the need of any auxiliary reagents such
as [KOH]. The synthesis of ITO by a continuous hydrothermal process has been reported by
Fang® and Lu.*® In both those reports, INO(OH) was observed under certain conditions and
reaction temperatures > 400 °C were necessary to achieve phase-pure ITO directly in-

process.

In order to obtain sufficient conductivity in ITO nanomaterials, the extent of oxygen
vacancies within the structure is important.8363” Oxygen vacancies act as doubly ionised
donors, contributing a maximum of two electrons to the conduction band. These oxygen
vacancies also allow for O% ion mobility, however, conduction arising by this pathway is
negligible compared to the electronic contribution.®® Commonly, such defects are introduced
by using post-synthesis annealing under reducing atmospheres.’® To achieve sufficiently
reducing conditions within the continuous hydrothermal process (to form oxygen vacancies),
one approach is to use an in situ reducing agent such as formic acid, which decomposes to

CO2 and reducing H: gas under supercritical conditions.>®4



This approach was successfully employed by Lu et al. for the continuous production of ITO
nanoparticles with a hexanoic acid surface coating.®® The as-synthesised material in that
report was pressed (at 9.6 MPa) into compacts (density ca. 3.6 g cm™) which had a measured
resistivity of ca. 8.3 Q cm (reported as a conductivity of 0.12 S cm™). However, no
optimisation of dopant concentration was made in the report. The observed resistivity in that
case compared it to a resistivity value of 5 x 102 Q cm reported by Sasaki et al. for an ITO
powder made by a batch solvothermal method (note however, the pressed compacts in this
latter case were also heat-treated at 300 °C under a 1% H in N, atmosphere).'8

Herein, we report the use of a high-throughput CHFS approach for the optimisation of
conductive ITO nanomaterials, utilising formic acid as an in situ reducing agent for the
formation of conductive materials. Nanomaterial composition optimisation was first carried
out on a ‘lab-scale’ reactor at a production rate of 15 g/hour per sample (by dry mass) and the
effects of dopant level and [KOH] auxiliary reagent on the crystallographic phase of the as-
synthesised materials were studied. The lab-scale materials were screened in parallel as heat-
treated pellets and the optimised composition was subsequently synthesised using a pilot-
scale CHFS reactor at a production rate of 100 g/hour (by dry mass) and the conductivity of
this material was also evaluated as a heat-treated pellet. The work carried out herein,
represents a first demonstration of the use of high-throughput CHFS synthesis and scale-up of
an optimised TCO nanomaterial and can be broadly applied to a number of inorganic

materials discovery areas, as long as suitable screening methods are available.
Experimental

Materials

Reagents were purchased from the following suppliers and used as-purchased: indium(Ill)
nitrate hydrate, 99 % (Alfa Aesar, Lancashire, UK); potassium stannate trihydrate, 99.9 %
(Sigma Aldrich, Dorset, UK); potassium hydroxide (Fisher Scientific, Leicestershire, UK);
formic acid, >95 % (Sigma Aldrich, Dorset, UK).

Nanoparticle Synthesis by CHFS. Table 1 contains experimental details of the conditions
used in the synthesis of samples 1 - 12. The following is a description of representative
procedures, with full experimental details for all samples given in the Supporting
Information. Figure 1 shows a simplified flow diagram of the CHFS process used for the

synthesis of the nanoparticles. In general, three diaphragm pumps (Primeroyal K, Milton



Roy, Pont-Saint-Pierre, France) were used to supply feeds of deionised water (Psw), an
aqueous solution of indium(l1l) nitrate hydrate (Pin) and an aqueous solution of potassium
stannate trihydrate (Psn). Where KOH was incorporated, it was mixed with the Sn precursor
solution supplied by Psh. Where formic acid was used, it was supplied by a fourth diaphragm

pump, designated Pra.

The DI water feed from pump Psw was heated in flow to 450 °C using a 7 kKW custom-built
in-line electrical heater and was mixed with the flow of (room temperature) aqueous formic
acid from pump Pra at mixing point M1, shown in Figure 1. Precursor feeds from pumps Pin
and Psn, were separately mixed in a T-piece (at room temperature) prior to mixing with the
combined superheated water/formic acid feed in the confined jet mixer (CJM), which is
shown as M2 in Figure 1. The design of the CJM is detailed in previous publications of the
authors.?*2 In the case of samples 5 and 11, Pra was omitted and the feed of supercritical
water was mixed directly with the combined precursor feed at M2. In all cases, the total
concentration of the metal precursors in the initial precursor feed was maintained at 0.1 M,
with the atomic ratio of the indium and tin precursors being varied according to desired tin-
loading of the product. Thus, for a desired In:Sn atomic ratio of 90:10, precursor solution

concentrations of 0.09 and 0.01 M were used In and Sn, respectively.

The particle-laden flow in the CHFS process was then cooled to ~40°C using a 1.5 m pipe-in
pipe counter-current heat exchanger, before the slurry passed through a back-pressure
regulator (BPR) valve. 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 consistently below 50 xS, as measured by a
conductivity probe (Hanna Instruments, model HI98311). The concentrated slurry was then
freeze-dried (Virtis Genesis 35XL) by slowly heating a sample from -60 to 25 °C (over 24 h)
under vacuo (< 100 mTorr), which yielded free-flowing nanoparticulate powders.
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Figure 1 - Schematic diagram representing the CHFS process. Detailed diagrams of the mixer

arrangements used in this study are given in the Supporting Information.

Table 1 - A description of experimental conditions used in the synthesis of ITO nanoparticles by

CHFS.
Sample  In:Sn [KOH]/ [HCOOH]/ Temp. at As-synthesised Product Yield
no. atomic M M reaction point XRD Phase (%)
ratio® M2/ °CP
Lab-scale synthesis/optimisation
1 90:10 0.1 1 350 INO(OH) 57
2 90:10 0.2 1 350 In20s / INO(OH) 63
3 90:10 0.3 1 350 In20s* / INO(OH)* 70
4 90:10 0.3 0 350 In20s* / INO(OH) T 66
Synthesis of In,03
5 100:0 0 0 305 In203 64
6 90:10 0 0 305 InO(OH) 75
ITO dopant screening
7 100:0 0.3 1 350 In205* / INO(OH)" 47
8 96:4 0.3 1 350 In203* / INO(OH)* 64
9 94:6 0.3 1 350 In,03* / INO(OH)* 56
10 92:8 0.3 1 350 In,03* / INO(OH)* 68
11 88:12 0.3 1 350 In,03* / INO(OH)* 74
Pilot-plant synthesis
12 90:10 0.75 0.5 350 In20s/ INO(OH) 71




Key: a) The total concentration of metal ions (In + Sn) for samples 1-11 was 0.1 M; b) Temperatures
calculated based on the properties of the fluids and the temperatures and flow rates used;*

* Indicates major phase observed; " Indicates minor phase observed.

Materials Characterisation

Powder X-ray diffraction (XRD) data were collected using a STOE Stadi P diffractometer
(Mo-Ka radiation, 0.70932 A) in transmission geometry. Data were collected over the 20
range 5 - 30° with a step size of 0.5° and a count time of 20 s per step. Transmission electron
microscopy (TEM) was performed using a Jeol 200 kV transmission electron microscope in
imaging mode. Cleaned samples were dispersed in MeOH and drop coated onto a carbon
coated copper TEM grid purchased from Agar Scientific. Image analysis and particle size
measurements were carried out on 300 particles for each sample using ImageJ software.
Energy Dispersive X-ray (EDX) analysis was carried out using an Oxford Instruments X-
MaxN 80-T Silicon Drift Detector (SDD) fitted to the transmission electron microscope and
process using AZtec® software. X-ray photoelectron spectroscopy (XPS) was performed a
Thermo Scientific 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 In (3d),
Sn (3d), O (1s) and C (1s) at a pass energy of 50 eV. Peak positions were calibrated to carbon
and plotted using the CasaXPS software.

To assess the conductivity of the materials, the powders were pressed into compacts of
thickness 1.6 mm under a force of 50 kN using a hydraulic press (Specac, Orpington, UK).
The deep blue coloured discs were then heat-treated under argon at 600 °C for 3 hours and
after cooling to room temperature, the disks were green in colour. Hall effect measurements
were carried out using the Van der Pauw method to determine the bulk resistivity of the
disks. In order to do this, gold contacts were first sputtered onto the heat-treated discs, which
were then subjected to an input current of 1 mA and a calibrated magnetic field of 0.58 T.
The transverse voltage was then measured. The measurement was repeated by reversing the
direction of the magnetic field and the current. Resistivity measurements were made three
times for each pellet in each direction and the mean value and standard deviations calculated.
A thin film was deposited by spin coating from a 20 wt% dispersion of sample 12 in water

using a Laurell WS-650-23B spin coater.



Results & Discussion

Synthesis and characterisation of ITO nanopowders

Initial doping investigations maintained a constant tin loading of 10 at% (with respect to In)
by addition of [K>SnO3-3H20] at the appropriate concentration through a secondary feed
supplied by pump Psn. The influence of adding formic acid on the reaction was investigated
by pre-mixing of a 1 M aqueous feed of formic acid with the supercritical water feed in the
process. Under the supercritical conditions within the reactor, formic acid is known to
decompose to CO, and Hy,*® which would be expected to create the reducing conditions
required to promote the formation of oxygen vacancies within the ITO structure.®® In the
absence of formic acid, an off-white material was produced. In contrast, the inclusion of
formic acid in the process led to a light blue product being formed. This colouration of ITO
suggested the formation of some oxygen vacancies within the structure (and presumably an

increase in carrier concentration).>>%?

The influence of base as an auxiliary reagent was also investigated by the addition of KOH
(in the range 0.1 — 0.3 M) with the tin precursor feed issuing from pump Psy. Initial
investigations used a Sn feed concentration of 10 at% with respect to the indium precursor
feed concentration. Powder X-ray diffraction analysis of the as-produced materials revealed a



mixture of INO(OH) and In203 (bixbyite) phases
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Figure 2a-c). At the lowest concentration of KOH, only the InO(OH) phase was observed.
Increasing [KOH] to 0.3 M, resulted in the formation of predominantly the bixbyite oxide
phase, although a minor InO(OH) phase was still observed. Further increase in [KOH] to 0.6
M vyielded no significant difference in the phase-purity of the product, with a mixture of
phases still being present (Figure 2d).
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Figure 2 —Powder XRD patterns of ITO nanomaterials synthesised by CHFS with 10 at% Sn. a)
sample 1, as prepared; b) sample 2, as prepared; ¢) sample 3, as prepared; d) sample 4, as prepared; e)
sample 3, heat-treated.

To further examine the phase behaviour of the system, syntheses were carried out in the
absence of KOH and formic acid, mimicking the conditions used for the previous synthesis of
phase-pure undoped In203 by a smaller scale CHFS process (3.75 times smaller than the lab-
scale reactor used herein, based on total volumetric flow rates).®? It was found that in the
absence of the Sn dopant (sample 5) phase-pure In2Os was formed, whereas only InO(OH)
was observed when the Sn dopant was included (sample 6), as shown in Figure S4
(Supporting Information). Thus, the observed phase impurity was attributed to additional
presence of the Sn precursor, which appeared to retard the exclusive formation of the bixbyite
phase compared to the undoped indium oxide.

The phase purity of hydrothermally-made ITO nanomaterials by continuous methods was
previously reported to have a high dependence on the reaction temperature due to the very
short reaction times involved in comparison to batch methods.®**® Lu et al. reported the

continuous synthesis of ITO requiring reaction temperatures quoted at >400 °C for the
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formation of phase-pure bixbyite ITO.* In the absence of base, the hydrothermal synthesis of
In.03 is understood to proceed by the initial hydrolysis of In®* to form In(OH)s, followed by
partial dehydration to InO(OH) and subsequent complete dehydration to In2Os (See equations
1 — 3 below):?°

In** + 3 H,0 — In(OH); + 3H' 1)
In(OH); — InOOH + H,0 ()
2 InOOH — In,0, + H,0 )

With the addition of KOH, In(OH)s was formed in flow upon mixing of the aqueous
precursor feeds under ambient conditions, allowing for an overall increase in the rate of
formation of In2Os (by the subsequent two-step dehydration) upon mixing with the

supercritical water feed.

Heat-treatment of all the as-prepared materials under an argon atmosphere at 600 °C for 3
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hours in a tube furnace (

11



Figure 2¢), yielded phase-pure cubic (bixbyite) ITO. In the powder XRD data, a characteristic
intense (222) peak was observed at 26 = 13.9°, while other strong but less intense peaks were
observed at 26 = 16.1, 22.8 and 26.9 °, which were attributed to the (400), (440) and (662)
planes, respectively. The broad nature of the XRD peaks for both the as-prepared and heat-

treated materials was indicative of the nano-sized particles.

Amongst the as-synthesised Sn-doped In203/INO(OH) mixed phase samples, sample 3 had
the highest phase purity, thus this sample was investigated further using transmission electron
microscopy (TEM), as shown in Figure 3. The images revealed well-defined cube-like
particles with rounded edges (Figure 3b). High resolution TEM (HRTEM) imaging (Figure
3c) revealed the highly crystalline nature of the nanoparticles. A lattice spacing of 0.25 nm
was identified, which corresponded to the interplanar spacing of the (400) planes of cubic
ITO. The selected area diffraction pattern (as shown in the inset of Figure 3c), was indexed to
confirm the formation of the cubic ITO, when referenced to the powder XRD pattern. In this
way, some of the as-prepared particles could also be indexed to confirm the presence of the
orthorhombic INO(OH) phase, in agreement with the observations made by powder XRD. No
phases corresponding to SnO- or In(OH)s were observed in either powder XRD or HRTEM /

SAED analyses. From TEM micrographs, all particles measured for sample 3 were found to

be within the range 7 — 31 nm, with a mean particle size of 15.1 + 4.1 nm.

Figure 3 - TEM images of ITO nanoparticles (sample 3) synthesised by CHFS. a) 25,000 x
magnification; b) 300,000 x magnification; ¢) 500,000 x magnification. Inset: selected area electron
diffraction (SAED) pattern.

The elemental composition of the nanoparticles was investigated by STEM/EDX and XPS
analysis. STEM/EDX showed a homogenous distribution of the Sn dopant within the material
and no separation of any tin oxide phases (Figure S5). The compositional analysis of sample
3 suggested a Sn loading of 9.5 at%, which was close to the input tin precursor concentration
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of 10 at% (with respect to indium) used in the CHFS process. XPS analysis confirmed the
presence of indium and tin within the sample by the presence of peaks at 444.5 and 486.6 eV,
corresponding to the 3ds. levels of In®** and Sn**, respectively.**** In both cases, the high
resolution spectra could be fitted with a single set of doublet peaks, indicating the presence of

only one chemical species for each element (Figure S6).
High-throughput Screening of ITO Nanomaterials

The synthetic strategy implemented in this work for the optimisation and scale-up production

of ITO nanoparticles is outlined in Figure 4.

High-Throughput Synthesis Parallel Screening Scale-up Synthesis
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Figure 4 - Representation of TCO nanomaterial lab scale synthesis (lab scale CHFS), parallel
screening and scale-up strategy (pilot scale SHFS).

In order to determine the optimum dopant concentration, ITO nanopowders with varying Sn
concentrations were sequentially synthesised by setting the initial concentrations of Sn in the
range 0 to 12 at% with respect to In. Approximately 0.75 g of each of the as-synthesised
powders was pressed into a 1.6 mm thick and 16 mm diameter cylindrical pellet (density =
ca. 2.3 g cm?®) to minimise grain boundary influences and enhance inter-particle contact.
Heat-treatment of the pellets at 600 °C under argon for 3 hours in a tube furnace afforded
phase-pure ITO (as determined by powder XRD), which resulted in a change in colour from

blue to green.

The resistivity of the materials as a function of tin content is shown in Figure 5 and full Hall

probe data and standard deviations are given in the Supporting Information, table S1.
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Figure 5 - Variation of bulk resistivity and conductivity with tin precursor concentration for ITO
powder synthesised by CHFS. Standard deviations are omitted for clarity, full S.D. data are given in
Supporting Information table S1.

Whilst undoped In203 had a bulk resistivity of 1.6 x 10 (+ 3.1 x 10%) Q cm, Sn-doping led to
an immediate decrease in resistivity for all loadings, ranging from 1.2 x 102 (+ 5.0 x 10%) Q
cm for 4 at% Sn, to 6.0 x 102 (+ 2.1 x 10%) Q cm for 10 at% Sn, as expected for the
substitution of In®** for Sn**. Materials synthesised in the absence of formic acid showed poor
conductivity, owing to charge compensation by the formation of oxygen interstitials under
these conditions. The reductive conditions induced by the addition of formic acid in process
inhibited this charge compensation mechanism, as well as promoting the formation of oxygen

vacancies within the structure, providing a further conduction mechanism.

A general decrease in resistivity was observed with increasing tin loadings in the range 4 to
10 at%, after which an increase in tin concentration resulted in an increase in resistivity.
Optimum Sn concentrations in the range 5 to 10 at% have previously been observed for ITO
nanopowders, with an increased resistivity at concentrations above 10 at% being attributed to
phase separation of SnO; at higher loadings.'® However, no evidence of SnO, phase
separation was observed in either powder XRD or XPS analyses herein. Tomonaga et al.
attributed this increase in resistivity with increasing Sn content to the presence of Sn
interstitials, which act as scattering centres, causing a decrease in Hall mobility.*® The lowest
measured resistivity reported herein of 6.0 x 102 (+ 2.1 x 10*) Q cm was found for the
sample with 10 at% Sn (sample 3), which corresponded to a conductivity of 174 (+ 12.3) S
cmt. Whilst this resistivity remains an order of magnitude larger than values observed for
ITO thin films (ca. 10™* Q cm),*® the result is still a significant improvement on the lowest

reported resistivity of 1.2 x 102 Q cm for pressed nanopowder pellets achieved by
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Hammarberg et al. (using powders synthesised by a microwave-assisted solvothermal
process).?? In contrast to the work of Hammarberg et al., herein, a post-synthesis annealing
step was necessary to achieve phase-purity and minimise resistivity. The observed resistivity
herein was lower than reported for ITO synthesised via a batch solvothermal method
followed by reductive annealing in 1% Haz in N2 (5 x 102 Q cm), as reported by Sasaki et
al..!® This demonstrated the effectiveness of using formic acid in process for the reduction of
TCO materials. Previously, the synthesis of ITO nanopowders by a continuous flow process
was reported by Lu et al.,* showing a minimum resistivity of 8.3 Q cm (reported as a
conductivity of 0.1 S cm™). The resistivity reported in this work, therefore, represents a

significant increase in conductivity by comparison to related TCO nanomaterial literature.
Pilot Scale Continuous Hydrothermal Synthesis of ITO

Whilst the scale of the synthesis discussed thus far (15 g/hour) was suitable for the high-
throughput synthesis and screening of ITO nanomaterials, production of such materials at still
larger scales is critical for practical industrial applications. Previous reports by the authors
have demonstrated the scalability of the CHFS process through the synthesis of ZnO® and
Ce-Zn oxide nanoparticles?” in a continuous supercritical water ‘pilot plant’, which showed

little variation from particles synthesised on the smaller ‘lab-scale’ process.

Owing to the superior conductivity of sample 3 on the lab-scale synthesis, a Sn dopant
concentration of 10 at% was chosen for the pilot scale CHFS study. Powder XRD analysis of
the synthesised particles (sample 12) revealed the formation of a mixture of InO(OH) and
In.O3 phases in the as-prepared material, with conversion to the oxide being achieved by heat
treatment at 600 °C under Argon gas for 3 hours (Figure 6a). TEM analysis revealed the
formation of a mixture of spherical and rounded cube-like particle morphologies, with a mean
particle size of 10.9 + 4.6 nm. Particles were virtually indistinguishable to those formed on

the lab-scale, apart from the slightly smaller average particle size (Figure 6b).
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Figure 6 - a) XRD pattern of ITO nanoparticles (sample 11) synthesised on pilot-scale continuous hydrothermal reactor.
Bottom: as synthesised; top: heat-treated. b) TEM image of ITO nanoparticles (sample 11).

To confirm the electrical performance of the pilot scale sample 12, compact pellets were
again pressed, heat-treated and resistivity measurements were made. The resistivity of sample
12 was found to be 9.4 x 102 (+ 4.8 x 10%) Q cm, showing similar performance to the
analogous material made on the ‘lab scale’ CHFS reactor. TEM analysis of the heat-treated
sample showed retention of the small primary particle size post-treatment, with an average
particle size of 13.5 + 4.3 nm (Figure S7).

The performance of the ITO nanomaterial as a thin film was evaluated by deposition using a
simple spin coating technique. A 20 wt% dispersion of sample 12 in water was deposited on a
glass substrate and the resulting film was heat-treated under analogous conditions to those
used for the pellets (Ar, 600 °C, 3 hours). The film showed high transparency in the visible
region, with an average transmission of 84% over the wavelength range 400 — 700 nm
(Supporting Information Figure S8). Furthermore, the measured resistivity of the film was 5.6
x 107 (+ 1.3 x 10%) Q cm™, based on a thickness of 23 pum measured by side-on SEM
(supplementary information Figure S9), demonstrating the potential for the use of CHFS-
derived TCO nanomaterials for the deposition of transparent and conductive films.
Optimisation of the deposition process will lead to an improved performance of the materials
as thin films. Furthermore, the use of alternative sintering processes, such as microwave
sintering, will allow for the deposition of such materials onto temperature-sensitive
substrates.*” These two areas are under current investigation and will be the subject of future

publications.
Conclusions

In summary, highly conductive ITO nanomaterials have been synthesised via continuous

hydrothermal flow synthesis followed by heat-treatment of the products in an inert
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atmosphere. Control over the synthetic conditions allowed the maximisation of the phase-
purity in the as-prepared materials and the incorporation of formic acid provided sufficiently

reducing conditions for the formation of conductive ITO.

The optimum dopant concentration was determined using a high-throughput approach,
whereby dopant loadings of 0 — 12 at% Sn (with respect to In at%) within the In2Os structure
were rapidly synthesised in sequence. Hall effect measurements carried out on pressed pellets
of the heat-treated nanopowders revealed an optimum dopant concentration of 10 at% Sn,
with a resistivity of 6.0 x 102 (+ 2.1 x 10%) Q cm. The observed conductivities measured
from pressed/fired pellets gave resistivity values which were superior to the best ITO pressed
powders reported in the literature to date. To our knowledge, the scale of the high throughput
synthesis processes (15 g / hr) represents a relatively large scale of production for ITO
nanoparticles compared to the literature. Furthermore, the use of the pilot-scale continuous
hydrothermal process for the optimised ITO nanomaterial was then demonstrated at 100 g/hr
(by dry mass), showing particles of very similar size and morphology to those synthesised on
the lab-scale. The resistivity of the heat-treated pellets made from the pilot plant powders was
9.4 x 10 Q cm, providing good evidence that the synthesis of TCO materials by CHFS can

readily be scaled up, without significant deterioration in materials performance.
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Highly conductive indium-tin oxide (ITO) nanomaterials have been synthesised using a
laboratory scale continuous hydrothermal flow synthesis (CHFS) process and the optimised

composition was successfully scaled up using a pilot plant CHFS reactor at a scale of 100

g/hour.
High-Throughput Parallel Screening Scale-up Synthesis
Synthesis Resistivity
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Keywords: continuous hydrothermal; transparent conducting oxides; indium tin oxide;
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