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ABSTRACT: A new continuous supercritical water pilot plant was used for the large-scale production of nanomaterials in the
Zn−Ce oxide system. Similar to an existing laboratory continuous process, the pilot plant mixes aqueous solutions of the metal
salts at room temperature with a flow of supercritical water (450 °C and 24.1 MPa) in a confined jet mixer, resulting in the
formation of nanoparticles in a continuous manner. The Zn−Ce oxide system, as synthesized here under identical concentration
conditions than those used in our laboratory scale process (but 17.5 times total flow rate), has been used as a model system to
identify differences in particle properties due to the physical enlargement of the mixer. The data collected for the nanoparticles
from the pilot plant was compared to previous work using a laboratory scale continuous reactor. In the Ce−Zn binary oxide
series, it was shown that Zn had an apparent solubility of about 20 mol% in the CeO2 (fluorite) lattice, whereafter a composite of
the two phases was obtained, consistent with the high solubility observed in previous studies using a continuous hydrothermal
process. Because of the inherent scalability of the continuous process and excellent mixing characteristics of the confined jet
mixer, it was found that the pilot plant nanoparticles were almost indistinguishable from those made on the laboratory scale.

1. INTRODUCTION

Recent commercial interest in nanomaterials and their
applications has led to the development of many new
technologies and approaches for synthesis of such materials
on increasingly larger scales.1−3 The production of these
materials is often intensive in terms of labor, chemicals, and
energy, particularly when scaled up. Many synthesis methods
are also lengthy, leading to high running costs associated with
factors such as waste processing (for instance, emulsions or
toxic organic solvents involved in the production of nano-
particles or quantum dots), safety concerns, cost of reagents,
etc.1−6

From the point of view of the nanomaterials production, the
scale up may significantly alter heat/mass transfer rates, which
leads to different regimes for the nucleation and growth of
nanoparticles. In this case, the properties of the nanomaterials
synthesized (e.g., crystallite size, solid solubility, etc.) could
differ from those produced at smaller scales, which may be
undesirable for an intended application.7 In terms of nano-
particle quality (small crystallite size and breadth of size
distribution, phase purity, etc.), many efficient processes for
making nanomaterials require the sudden conversion of a
precursor into a nanomaterial (nucleation-dominated process
with little or no particle growth), often leading to metastable
phases (with novel properties) that are not readily accessible via
more conventional synthesis processes.3

From a technical standpoint, the scale up of a process for
producing nanomaterials is not trivial as such syntheses often
involve very high temperatures and pressures. One promising
method for the rapid synthesis of high quality nanoceramics is a
continuous hydrothermal flow synthesis (CHFS). In CHFS, a
feed of low-density supercritical water (above the critical point
of water, Tc = 374 °C and Pc = 22.1 MPa) is mixed with a

higher density ambient temperature flow of aqueous metal salts
in a confined jet mixer, rapidly converting the metal salts into
metal oxide nanoparticles via simultaneous hydrolysis and
dehydration reactions.8 The process does not use any organic
solvents, and the products are conveniently recovered as
aqueous slurry at ambient temperature (after in-line cooling).
This process, or variants of it, has been used for the production
of many nanomaterials, e.g., titania and titanate photocatalysts,
bioceramics, potential fuel cell cathodes and composite anode
nanomaterials, catalysts, and gas sensors, among others.9−16

The particle properties made using such unique conditions are
often difficult to achieve directly using conventional synthesis
methods.
Previously, the authors developed a manual high-throughput

CHFS system known as HiTCH to increase nanomaterials
throughput allowing a complete Ce−Zr−Y phase diagram (66
samples) to be produced and evaluated on a relatively short
time scale.17−21 HiTCH was also used to manufacture a Zn−Ce
oxide binary system in which unprecedented solubility of Zn in
CeO2 was observed.20 In a further development, a fully
automated CHFS process allowed the rapid evaluation of
nanophosphors.17 More recently, we reported the synthesis of
nanoceramics using a continuous hydrothermal reactor at pilot
plant scale (17.5 times scale up on flow rate alone from lab
scale).22,23

It is well known that the chemical and physical properties of
nanoceramics can be tuned by doping a metal oxide structure
with various elements.24−27 Doping can introduce significant
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changes in the structure of the host material, creating various
lattice defects such as cation/oxygen vacancies, resulting in
different functional properties from those of the host material.
The Zn−Ce oxide binary system has attracted interest for
applications as UV attenuators and as an up-converting
phosphor host material.28,29 Homometallic CeO2 (fluorite fm-
3m structure) has a bandgap of about 3.0 eV and exhibits
several interesting properties such as good optical transparency
and strong UV absorption when crystallite dimensions
approach the nanoscale. ZnO, a semiconductor with a wide
bandgap of about 3.36 eV, is also of interest in a variety of
applications as a UV attenuation material as its dimensions
approach the nanoscale.30 Metal-doped Ce oxides (M/CeO2)
find applications as clean catalysts in the oxidation of
automotive exhaust, anticorrosion materials, and gas sensors.
In these applications, both homogeneous distribution of
dopants and high surface areas are vital in their final
application.31 Conventional synthetic routes to Zn−Ce oxides
include high-temperature solid-state reactions, high-energy ball
milling (high production capacity), precipitation in micro-
emulsions, sol−gel syntheses, batch hydrothermal synthesis,
etc.22,32,33 Many of these synthetic processes have been used to
assess the effect of dopant substitution and particle size.33

Nevertheless, the aforementioned methods are often energy or
chemically intensive (time consuming, multi-step, etc.) and
rarely quoted as scalable processes within the academic
literature (with the notable exception of high-energy ball
milling).
In the work presented here, the binary Zn−Ce oxide system

is used as a model to investigate how particle properties change
with volumetric scale-up. Comparisons are drawn between
optical properties and phase behavior of this system produced
in both laboratory and pilot scale reactors.20,23

2. EXPERIMENTAL SECTION
2.1. Materials. Zinc nitrate (Zn(NO3)2·6H2O, > 98%),

cerium ammonium nitrate ((NH4)2Ce(NO3)6, > 98.5%), and
potassium hydroxide (KOH, > 85%) were obtained from
Sigma-Aldrich (Dorset, U.K.). The synthesis was carried out
using deionized water (>15 MΩ resistivity).

2.2. Apparatus and Synthesis. Figure 1 shows a process
flow diagram of the new continuous hydrothermal flow
synthesis pilot plant, designed to be up to 17.5 times the
flow rate of a similar laboratory scale process, as detailed in our
previous publications.8−20,23

Briefly, the pilot scale CHFS process reported herein consists
of four industrial diaphragm-type chemical dosing pumps
(Milton Roy, Primeroyal K), identified as P1−P4 in Figure 1.
The flow rate from each of the pumps was set at the desired
value using a linear actuator, up to a maximum of 0.66 L min−1,
by adjusting the volume of fluid displaced on each stroke. The
error in the flow rate quoted by the manufacturer was ±1% of
the maximum, i.e., ± 6.6 mL min−1. In this study, 350 mL
min−1 of deionized water was pumped (pump P-1) through a
custom built electrical heater arrangement (Watlow Cast X
2000, maximum thermal output 24 kW) that heated the water
in flow to 450 °C at a pressure of 24.1 MPa (i.e., above the
critical point of water, Tc = 374 °C and Pc = 22.1 MPa). The
supercritical water was subsequently mixed cocurrently with the
precursors (issuing from pumps P-2 to P-4 as detailed in Table
S2 of the Supporting Information) in a confined jet reactor.23

Briefly, the supercritical water entered the inner pipe (1/4 in.
OD, 0.049 in. wall thickness) at the bottom of the reactor. The
precursors were fed in below the outlet of the supercritical
water, which exited the inner pipe as a turbulent jet, and rapid
entrainment of the precursor into the supercritical water feed
occurs as discussed in our other publication.23 The mixture at a
temperature of 337 °C subsequently flowed upward through
tubing (3/4 in. OD, 0.103 in. wall thickness, length 0.5 m),
before entering two cooled pipe sections in series (1/4 in. OD,
0049 in. wall thickness, length 1.5 m each). Type K
thermocouples were located before and after these cooling
pipes and were used to monitor the reactor and product stream
temperatures. The cooling system was composed of an outer
jacket through which water (supplied by a recirculating chiller)
flowed at 100 L min−1 and an inlet temperature of 15 °C. At
these conditions, the cooling water exited the heat exchanger at
approximately 20 °C. The design of the cooler was identical to
that which has been previously described in detail on the lab
scale apparatus, except the total length was 3 m and the outer

Figure 1. Simplified continuous hydrothermal flow synthesis pilot plant flow diagram.
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diameter of the cooling water jacket was 25.4 mm.8−20 Further
details of the design and safety considerations associated with
this pilot plant can be found in our other publication.23

The zinc and cerium salts, both at the same concentration of
0.1 M used in the author’s previous work, were mixed in the
different ratios to yield a total flow of 175 mL min−1. The
outputs of each of the metal salt precursor pumps are detailed
in Table S2 of the Supporting Information.20 The KOH (0.4
M) flow was pumped at 175 mL min−1. The concentrations of
the zinc and cerium salts were matched with those used in the
author’s previous study.20 Thus, the mass production rate of
nanoparticles collected was 17.5 times that of the laboratory
apparatus yielded in the same time.
2.3. Methods. 2.3.1. Sample Post-Treatment. The nano-

particle laden aqueous slurry was repeatedly centrifuged and
washed with deionized water until pH neutral. The
concentrated slurry was subsequently dried in a freeze drier
(Virtis Genesis 35XL) by slowly heating a sample from −60 to
25 °C over 24 h under a vacuum of 100 mTorr.
2.3.2. Analytical Characterization. X-ray diffraction data

were collected using a Bruker D4 Diffractometer (Cu Kα1, λ =
1.540598 Å). Yttria (Y2O3) was used as standard for the

estimation of instrumental peak broadening. Refinement of the
XRD data was performed using GSAS. Elemental analysis was
performed using Oxford Instruments Inca 300 energy
dispersive X-ray (EDX) detector connected to a JEOL JSM-
6300 scanning electron microscope. Samples were prepared for
TEM by dispersing the particles ultrasonically in ethanol
(99.9%, Sigma-Aldrich, Dorset U.K.) and dropping onto Holey
carbon film grids 400 mesh (Agar Scientific, U.K.). A JEOL
4000x transmission electron microscope (350 KeV accelerating
voltage) was used for generating HRTEM micrographs of
particles and images were captured using a coupled CCD
camera (GATAN). Similarly, SAED patterns were taken using a
GATAN CCD camera. Image analysis was performed using
freely available software ImageJ. Brunauer−Emmett−Teller
(BET) surface area measurements were carried out using N2 in
a Micrometrics ASAP 2420 instrument with six analysis
stations. The samples were degassed at 120 °C (12 h) under
vacuum before the BET measurements. Raman spectra were
collected in a Renishaw InVia Raman spectrometer equipped
with a 785 nm diode laser. The laser power was 80 mW for all
samples, except for pure ZnO and pure CeO2, which was at 40
mW. The Raman system was calibrated against the silicon

Figure 2. High resolution transmission electron micrograph images of (a) pure CeO2 and Zn-doped ceria samples with (b) 10 mol% Zn, (c) 20 mol
% Zn, and (d) 30 mol% Zn. All samples were produced using a continuous hydrothermal flow synthesis pilot plant process. Interatomic spacing and
corresponding Miller indices are noted on each figure (scale bar 5 nm, magnification x 350000).
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mode centered at 520 cm−1 (spectral resolution 1 cm−1).
Absorption spectra were collected using an Ocean Optics
USB4000 UV−visible spectrophotometer with a deuterium−
halogen (DH2000-BAL) light source. Spectralon was used as a
reference material. Color data was obtained from reflectance
spectra using the Ocean Optics Spectrasuite software and a
D65 light source.

3. RESULTS AND DISCUSSION
Typical reaction yields in the synthesis of the Zn−Ce oxide
system were >99% for the series up to 50 mol% Zn, although
the yield decreased to 60−80% for samples with higher Zn
content. A gradual color change upon Zn content was observed
in the freeze-dried powders from yellow CeO2 to white ZnO.
Colorimetric data of all Zn−Ce oxide samples are shown in
Figure S1 of the Supporting Information.
The particle size distribution and morphology of selected

samples was assessed by TEM (pure CeO2 and 10, 20, and 30
mol% Zn samples are presented in Figure S2, Supporting
Information). The particle size distributions (S.D.) determined
for the series were 4.8 (±1.2), 3.2 (±1.1), 3.3 (±2.3), and 3.7
(±1.0) nm, respectively, showing very similar morphology. The
presence of a single phase up to a Zn concentration of 30 mol%
was confirmed by SAED (Figure S3, Supporting Information).
Table S1 of the Supporting Information provides the
corresponding summary of the measured lattice spacings and
indexed reflections. A slight increase in the lattice parameters of
CeO2 were observed up to 30 mol% Zn, which is consistent
with incorporation of Zn into the fluorite lattice. Minor
reflections from ZnO (wurtzite structure) were identified at 30
mol% Zn content (Figure S2, Supporting Information). The
single crystalline structural details of the CexZn1−xO2−δ
nanomaterials produced using the pilot scale CHFS process
were further characterized by HRTEM. Highly crystalline and
faceted materials were visualized with no evidence of any
significant amorphous content within the particles (Figure 2).
The facets observed were typical of those for these materials
and were consistent with our previous study.20 Surface facets
were predominantly [111] and [100] (visualization along the
[110] zone axis) as highlighted in Figure 2 and are consistent
with the crystal habit of CeO2 showing a fluorite structure.
Lattice fringe spacings were consistent with those reported for
the CeO2 fluorite structure. Surveys of the images did not show
lattice spacings characteristic of ZnO (expected d-spacings of
the (100) and (002) planes to be larger).
As discussed further in our previous report, the solubility of

Zn in the fluorite may be due to the rapid precipitation of
products, allowing nanosized metastable phases to be
obtained.3,20 However, the solubility of Zn in the CeO2 lattice
is certainly limited by the ionic radii mismatch of Ce4+ and Zn2+

ions, estimated as −23.7% ((rdopant − rhost)/rhost), that has
restricted Zn content below 10 mol% so far, although values as
high as 20 mol% have been claimed in the literature.20,31,33

An evaluation of nominal and measured Zn content in the
samples (Figure 3) was performed after the determination of
Zn:Ce ratios from EDX analysis (Table 2, Supporting
Information). The largest divergence was found in the
nominally 10 mol% Zn sample (measured 5.08 mol% Zn),
which could be due to the slightly lower conversion of the Zn
precursor with respect to Ce. The most accurate value was
found for the 30 mol% case (29.75 mol% Zn), and a Zn
content average difference of 0.75 mol% was calculated over the
whole range.

The change in BET surface area of the samples synthesized
in the pilot plant was in excellent agreement with the trend
observed in our previous report for the laboratory scale process
(Figure 3, Table 2, Supporting Information).20 The BET
surface areas measured for pure CeO2 (211 m2 g−1) and ZnO
(30 m2 g−1) on the pilot plant significantly exceeded those
reported from batch hydrothermal syntheses.33 The high BET
surface area observed for the 10 mol% Zn sample (248 m2 g−1)
was probably due to a decrease in particle size upon
substitution of Zn2+ for Ce4+ cations in the fluorite lattice
(0.97 Å versus 0.74 Å).35 Overall for Zn contents at 30 mol%
and more, there is a virtually linear decrease in BET surface area
with Zn content (Figure 4). Particle size can be roughly
estimated from BET surface area data, assuming the particles
are spheres, using DS = 6000/(SBET ρ), where DS (nm) is the
equivalent sphere diameter, SBET (m2 g−1) is the BET surface
area, and ρ (g cm−3) is the density of the material. This
calculation resulted in particle diameters of 4 and 41 nm for
CeO2 and ZnO, respectively, which correlate well with the
values estimated in the TEM analyses.
The XRD patterns of CeO2 and Zn-doped CeO2 with 10 and

20 mol% Zn content (Zn0.1Ce0.9O2−δ and Zn0.2Ce0.8O2−δ,
respectively) were similar. In good agreement with the SAED
data for ZnO, sharp X-ray diffraction peaks appeared for the 30
mol% Zn content sample, increasing thereafter with higher Zn
concentrations. Le Bail refinements of the XRD data confirmed
the structures of CeO2 (fluorite phase, ICDD pattern 78-694)
and ZnO (wurtzite phase, ICDD pattern 79-2205) (Table 3,
Supporting Information). A shift in the location of the
diffraction peaks and a corresponding change in the unit cell
volume, which would be expected if the Zn atoms were
incorporated into the CeO2 lattice, could not be confirmed due
to resolution limitation of the XRD patterns (Figure 4). The
crystallite sizes determined in the refinements (Table 2,
Supporting Information) were consistent with the particle
sizes estimated from the TEM analysis and those reported
previously.20 The sizes calculated using the Scherrer equation,
based on the peak full-widths of reflections (111) and (101) for
CeO2 and ZnO, respectively, also correlated with the values
given here. A correction must be made in the values estimated
from the refinements reported in the previous work,
recalculated as approximately 4 nm for the CeO2 crystallites
and an average of 30 nm in the case of ZnO crystallites.20

Figure 3. BET surface areas of the Zn−Ce oxide system upon
increasing Zn metal content (mol%) as measured from laboratory
(gray symbols) and pilot plant (black symbols) scale processes.20 A
linear fit between nominal and measured Zn content from EDX
analysis (dashed line) is compared to the target ratio (solid line).
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The Raman spectra of all samples are shown in Figure 5. The
spectrum of bulk CeO2 is dominated by a characteristic Ce−O
vibration (F2g) at 465 cm−1. Defects related to oxygen
vacancies, strain, and phonon confinement induce red shifts
and broadening of this band that can be directly related to
crystallite size.35,36 The Raman spectrum of our nanostructured
CeO2 sample showed this band at 457 cm−1 and its width was
about 33.5 cm−1 (Figure 5, inset). The broad Raman bands
below 400 cm−1 and the spectral features in the 500−600 cm−1

region (Figure 5) have been related to oxygen vacancies and
dopant defects.36 The Raman spectrum of ZnO is less intense
than the spectrum of CeO2, and thus, its presence was only
noticeable in samples containing above 70 mol% Zn. The
spectrum of pure ZnO reaffirmed its wurtzite structure.37 The
crystallite size of CeO2 can be estimated from Raman data
using the linear least-squares fit reported by Weber et al. [Γ
(cm−1) = 5 + 518/D (Å), where Γ is the half width of the
band].35 This estimation suggested a particle size of about 4−5
nm, which is consistent with all other size estimates.
The UV−vis absorption spectrum of CeO2 arises from

charge transfer transitions between O 2p and Ce 4f states in O2‑

and Ce4+, with strong absorption bands at about 270 and 340
nm. However, this spectrum is affected by particle properties
and for the reported samples are presented in Figure 6.38

The absorption band at 340 nm is very broad for CeO2
nanoparticles and appears blue-shifted compared to that for

bulk CeO2.
38 Accordingly, the spectrum of the authors’ pilot

plant CeO2 sample had a band maximum centered at 330 nm
(Figure 6). The optical fibers used in our UV−vis spectrometer
setup absorb UV light below 300 nm, and hence, the

Figure 4. X-ray diffraction patterns of the Zn−Ce oxide system.
Nominal Zn content in the mixed oxides is given in mol%. The relative
intensity of 70−90 mol% Zn oxides and ZnO patterns is adjusted as
indicated. Reflections (111) and (101) have been used in the
estimation of crystallite sizes (Scherrer equation) for CeO2 and ZnO,
respectively.

Figure 5. Normalized Raman spectra of the Zn−Ce oxide system,
containing an increasing amount of Zn from top to bottom. Nominal
Zn content (mol%) and intensity ratio for the ZnO spectrum are
indicated. Inset: Raman spectra of pure CeO2 highlighting the main
band full width and band positions.

Figure 6. Absorption spectra of CeO2 and Zn0.2Ce0.8O2−δ. Inset shows
normalized absorption spectra of the Zn−Ce oxide system upon
nominal Zn content (mol%).
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observation of the band at 270 nm was not possible.
Introduction of a nominal value of 20 mol% Zn in ceria
substantially reduced absorption in the visible region, but a
smooth shift between CeO2-like and ZnO-like spectral profiles
was observed thereafter (Figure 6). Direct bandgaps of pure
CeO2, pure ZnO, and mixed the Zn−Ce oxides were estimated
using the Kubelka−Munk function (Figure 7), F(R) =

(1 − R)2/2R (where R is reflectance data). A representative
plot showing F(R) × E2 vs E (where E (eV) is photon energy)
is included in Figure 7 (inset).39 The bandgap of CeO2 (3.21
eV) was comparable to that reported for nonoriented
polycrystalline CeO2 (3.19 eV) and within the range reported
in the literature.38,40,41 The energy shift observed upon
increasing Zn content in the mixed oxide samples showed
good correlation with the shift reported in our previous work
(Figure 7).20 In this context, we have used the bandgap as a
measure of the averaged absorption properties of the composite
(especially in the biphasic region of the sample series). Strictly
speaking, we report the average bandgap of the composite that
would be composed of the unique bandgaps of both the
semiconductors present in the sample, and in this context, we
are simply using this as a measure of similarity with a previous
sample series.20

A sudden initial blue shift can be explained in terms of a
smaller particle size within this range, as discussed above.42

Beyond 50 mol% Zn content, the energy trend reached a
plateau around the bandgap of pure ZnO (3.3 eV). Surprisingly,
a recent report suggested a significant red shift upon increasing
Zn content, with the bandgap of CeO2 being the largest one
(3.35 eV) in their series.34

4. CONCLUSIONS AND CLOSING REMARKS
A recently built pilot plant continuous hydrothermal flow
synthesis reactor has been presented, representing 17.5 times
scale-up (on flow) over an existing laboratory scale process. In
this study, the concentrations of the Zn- and Ce-containing
precursors were matched to those used in a previous laboratory
scale synthesis so that a comparison of the physical properties
of the products could be made. Important nanoparticle
properties related to the BET surface area, phase behavior,
and crystallite size were shown to be virtually indistinguishable
from those produced by the laboratory scale apparatus. In

particular, the solubility of Zn in the nanoparticle fluorite lattice
was observed with a limit of 20−30 mol% (Zn in CeO2) for the
as-prepared nanomaterial and as little as 10−20 mol% Ce into
ZnO. Doping Zn into CeO2 dramatically altered the shape and
position of the UV−visible absorption edge, an observation
consistent with the previous publication. This similarity was
despite the substantive volumetric scale-up of the pilot process
and other slight differences in apparatus. This suggests that the
processes underlying the nucleation and growth of nano-
particles occur at similar rates, yielding materials showing
indiscernible physical characteristics, highlighting that the
CHFS process is highly scalable and remains a nucleation
dominated process when the output of the process is increased
on a volumetric basis alone.23 A further order-of-magnitude
scale up of the process is possible by increasing the
concentration of metal salts in the feed precursors, explored
in a separate study.23
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