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Abstract Cerium oxide nanoparticles were continuously
precipitated from a solution of cerium(III) nitrate and ammonium hydroxide using a static microchannel T-mixer. Tmixer synthesis results were compared with synthesis results
from batch precipitation. Findings show that the method of
mixing is important in the ceria precipitation process. Uniform porous film structures and nanorods were produced
when the particle chemistry was synthesized using T-mixing
followed by spin coating. Batch mixing, when using higher
NH4OH feed concentrations followed by spin coating, was
characterized by the heavy agglomeration of nanoparticles.
Similar, high aspect ratio nanorods were produced when
feed conditions in both batch mixing and T-mixing were
identical demonstrating that the momentum effects of continuous microchannel T-mixing did not impact the synthesis
process. In addition, it was found that the micromixing
approach reduced the exposure of the Ce(OH)3 precipitates
to oxygen, yielding hydroxide precipitates in place of CeO2
precipitates. The key advantage of the micro-scale T-mixing
approach is higher throughput which is important for the
scaling of ceria nanoparticle production.
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1 Introduction
Cerium dioxide (CeO2) has drawn much attention in recent
years due to its distinctive characteristics, such as unique
UV absorptivity [1], high stability and hardness at high
temperature, and high reactivity to oxygen [2]. Unique
optical characteristics such as Raman-allowed modes shifting and broadening [3], lattice expansion, and the blue shift
in ultraviolet absorption spectra [4] have been reported.
Catalytic applications such as support or promoter for
exhaust-gas conversion (three-way catalyst application)
[5], oxygen ion conductor in fuel cells [6], and gas sensors
[7] have also been reported.
With such a variety of applications, different forms (particle, mesoporous membrane/film, or composite membrane/
film) of CeO2 have been proposed and analyzed. In particular, CeO2 nanoparticles have been greatly exploited because of the significant size-induced property changes [7].
In oxygen sensor applications, by changing the particle size
from micrometers to hundreds of nanometers, the response
time shortened from minutes to milliseconds [8]. Moreover,
nanocrystalline CeO2 particles have allowed 200–400 °C
decreases in sintering temperature when compared with
micron-sized CeO2 particles [9]. To facilitate the application
of ceria nanoparticles in the marketplace, it is important to
identify a way to scale the synthesis of ceria nanoparticles.
Over the past few years, several methods have been
proposed for synthesizing CeO2 nanoparticles including
sol–gel [10, 11], hydrothermal or solvothermal [12, 13],
forced hydrolysis [14], microemulsion [15] and precipitation [16–18] among others. Precipitation is an attractive
route due to cheap salt precursors and low-temperature
operation [19]. To date, most research on nanoparticle
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precipitation has focused on the use of surfactants to slow
down the release of reactants and thereby reduce the reaction time or to alter the reactant concentration or dielectric
constant. By lengthening the reaction time, effects due to
poor mass transfer during batch mixing can be minimized.
In contrast, micromixers offer the possibility of reducing
reaction times by reducing diffusional distances allowing for
higher throughput and better process control [20, 21]. The
large surface area-to-volume ratios within microchannel
structures lead to accelerated heat and mass transport. This
accelerated transport allows for rapid changes in reaction
temperatures and concentrations leading to more uniform
heating and mixing [22]. Consequently, micromixers have
been demonstrated to have dramatic impacts on macromolecular yields [23, 24] and nanoparticle size distributions
[25–28]. In addition, the use of microchannels provides a
means for scaling up production by “numbering up” [29].
“Numbering up” involves increasing the volumetric flow
rate through increases in flow cross section by adding parallel microchannels. In this manner, flow reaction conditions
remain unchanged in each individual microchannel as the
process is increased in scale.
Prior work has focused on demonstrating ceria nanoparticle synthesis from a continuous flow microreactor [30]. In
this paper, we analyze the products from the continuous
precipitation of CeO2 nanorods using a continuous flow
static microchannel T-mixer and compare the results with
those produced using batch reactor methods. Not only do
microchannel mixers provide higher throughput, but, as will
be shown, they also provide a means for shielding the nanoparticles from environmental contamination during
synthesis.

2 Experimental approach
A conventional batch mixing strategy for ceria precipitation
(shown in Fig. 1a) involves pipetting ammonium hydroxide
(NH4OH) into an aqueous solution of cerium(III) nitrate
until the pH rises above 10. At that point, supersaturation
leads to the nucleation of ceria precipitates followed by
particle growth. In this case, the supersaturation value, S,
is defined as:
S¼

½Ce3þ   ½OH 3
KSP

ð1Þ

where [Ce3+] and [OH−] are the cerium and hydroxyl ion
concentrations and Ksp is the solubility product constant for
cerium hydroxide, respectively. In theory, higher supersaturation values should result in more nucleation sites and
smaller precipitate sizes. In this case, the supersaturation
value is highly dependent upon increases in [OH−] species.

In this experiment, batch mixing and micromixing strategies were compared by implementing two sets of recipes
based on the work of Chang and Chen [31]. For batch
mixing, reactants were mixed in a beaker using a magnetic
stirrer at 500 RPM. The two batch mixing recipes are shown
in Fig. 1b. Experiment (1) involved mixing 0.0375 M
(moles solute per liter of solution) of cerium nitrate (molar
mass of 434.22 g/mole) with 3 mL of 5 N (normal0molarity
of base times the number of hydroxyl ions) NH4OH pipetted
in increments of 250 μL. This nitrate concentration is one
half of that used by Chang and Chen. This was necessary
since higher concentrations caused clogging problems in the
T-mixer. For experiment (2), 0.0187 M of cerium nitrate was
mixed with 5 mL of 5 N NH4OH pipetted in increments of
250 μL.
The protocol for the micromixing approach involved the
use of a T-mixer in line with a single peristaltic pump as
shown in Fig. 2a. The peristaltic pump was used to pump
aqueous solutions of cerium(III) nitrate and dilute ammonium hydroxide through the T-mixer. After mixing, the reaction was quenched in a beaker with 50 mL of deionized
water.
Two similar mixing experiments were conducted using
the T-mixing approach. For experiment (1), 0.0375 M of
cerium nitrate was introduced on one side, and 3 mL of
dilute NH4OH was introduced on the other side of the Tmixer. For experiment (2), 0.0187 M of cerium nitrate was
used, and 5 mL of dilute NH4OH was applied (Fig. 2b.).
Overall, the amount of reactants and solvents used in the Tmixing approach was the same as the batch recipe. However, the concentrations of reactants were different due to the
constraint of needing identical volumetric flow rates through
the T-mixer. Subsequently, a second set of experiments was
conducted as shown in Fig. 3. These experiments used
identical concentration conditions.
To characterize the morphology of the nanoparticles
and the elemental distribution of the deposited thin
films, a Zeiss Ultra scanning electron microscope
(SEM) with energy-dispersive X-ray spectroscopy
(EDS) was used. The samples for SEM study were
applied to a 25×25-mm microscope glass slide by spin
coating. The spin coating process was carried out in two
sequential steps. First, samples were spun at 500 rpm
(100 rpm/s acceleration) for 10 s. During this step,
about 4 mL of the product solution was slowly dropped
onto the substrate. For the second step, the samples
were ramped up to 1,500 rpm (300 rpm/s acceleration)
and held for 30 s to discard excess colloidal solution
and accelerate the evaporation of deionized (DI) water.
The coated glass slides were then heated in a hot plate
oven at 95 °C for 14 h.
The chemistry of the deposited nanoparticles was characterized by X-ray photon spectroscopy (XPS). To prepare
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Fig. 1 a Schematic diagram of
the batch mixing approach. b
Batch mixer precipitation
protocols

NH4OH (dropper)

(a)
Ce(NO3)3 H2O (beaker)

5N NH4OH
(i) 250 µL×12 = 3 mL
(ii) 250 µL×20 = 5 mL

(b)
99.9% Ce(NO3)3·H2O
(i) 0.4066 g
(ii) 0.2035 g

the XPS sample, the mixed solutions were deposited by
pipette onto a clean Si wafer inside a nitrogen-purged I2R
glove bag attached to the XPS sample introduction chamber.
The DI water in the solution was allowed to dry for approximately 10 min while inside the N2-purged glove bag. The
samples were mounted onto the XPS system specimen holder, and XPS measurements were performed using a Physical
Electronics Quantum 2000 Scanning ESCA Microprobe
(Environmental Molecular Sciences Laboratory, Pacific
Fig. 2 a Schematic diagram of
the T-mixing approach setup, b
micromixer precipitation
protocols

Magnetic Stir
(i) 150 mins
(ii) 37 mins

DI Water
(i) 25 mL
(ii) 25 mL

Northwest National Laboratory, Richland, WA). This system uses a focused monochromatic Al Kα X-rays
(1,486.7 eV) source and a spherical section analyzer. The
instrument has a 16-element multichannel detector. The Xray beam used was a 100-W, 100-μm diameter beam that
was rastered over a 1.3×0.2-mm rectangle on the sample. A
transmission electron microscope (TEM0FEI Tecnai F-20
field emission high resolution) was used to study particle
formation. In the preparation of TEM samples, copper grids

(a)

Ce(NO3)3H2O

NH4OH

Peristaltic
Pump

Tee-Mixer

Final
Product

(b)
99.9% Ce(NO3)3·H2O
(i) 0.4090 g
(ii) 0.2035 g

DI Water
(i) 13.0 mL
(ii) 15.0 mL
Peristaltic Pump
(i) 6 mL/min
(ii) 6 mL/min

5N NH4OH
(i) 3 mL
(ii) 5 mL

DI Water
(i) 12.0 mL
(ii) 10.0 mL
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(a)

Ce(NO3)3 H2O

NH4OH

(b)
99.9%
Ce(NO3)3·H2O

DI Water
14mL

5N NH4OH
3mL

DI Water
11mL

Magnetic Stir
(Batch Mixer)

Fig. 4 Results from experiment (1) for batch (left) and T-mixer (right)
(c)
99.9%
Ce(NO3)3·H2O

DI Water
14mL

5N NH4OH
3mL

DI Water
11mL

Peristaltic
Pump (T-Mixer)

Fig. 3 a Schematic diagram of the alternative batch mixing approach,
b the alternative batchmixing precipitation procedure, c T-mixer precipitation protocol for comparison

(with thin lacey carbon films) were dipped into the mixed
solution for about 20 s after mixing was completed.

3 Results and discussions

a thermodynamically driven phenomenon (Eq. 4). The
cerium hydroxide then experiences a Ce3+/Ce4+ transition.
Afterwards, the Ce4+ ions usually undergo strong hydration due to its lower alkalinity and higher charge. The
hydrated Ce4+ ions can form complexes with water molecules or OH− ions, in the form of Ce(H2O)x(OH)y(4 − y)+,
where x+y is the coordination number of Ce4+. In aqueous solution, this becomes the precursor for the CeO2
because H2O tends to take protons away from the hydroxide. This is expressed in Eq. 5. Zhou et al. [19] further
proved that the size of CeO2 particles can be changed by
introducing oxygen bubbles into the solution to react with
Ce(OH)3. This reaction is expressed in Eq. 6.
H O

In batch mixing experiments (1) and (2), a light yellow
solution was formed after mixing for 162 and 37 min,
respectively. After roughly 25 min of magnetic stirring, the
color of the solution appeared yellowish purple. In general,
the state of oxidation in a ceria precipitation reaction can be
visually identified by the light purple color of Ce(OH)3 and
the light yellow color of CeO2 [31]. With flow rates of
6 mL/min, the T-mixer finished the process in 4.7 and
5 min, respectively, yielding a solution that was light purple
in color (Fig. 4). These results demonstrate 34.5 times and
7.4 times increases in throughput.
The process of precipitating ceria starts with dissolving
cerium nitrate in DI water expressed in Eq. 2. Since the
desired final product is CeO2, the Ce3+ ion must go
through an oxidation transition to a Ce4+ ion. Chen et
al. [17] suggested that a basic solution favors Ce4+ compared to Ce3+. To increase the pH value (and, therefore,
facilitate the oxidation process), ammonium hydroxide is
added to the aqueous solution. Resultant ammonia molecules are protonated to form ammonium and hydroxyl
ions (Eq. 3). As pH changes, Ce(OH)3 (cerium(III) hydroxide) quickly precipitates out due to an extremely low
solubility constant (Ksp 06.3×10−24 at 25 °C) [30]. This is

2
2CeðNO3 Þ3 
! 2Ce3þ þ 6NO3

ð2Þ

NH3 þ H2 O $ NH4 þ þ OH 

ð3Þ

Ce3þ þ OH , CeðOHÞ3

ð4Þ

CeðH2 OÞx ðOHÞy ð4yÞþ þ H2 O ! CeO2  nðH2 OÞ þ H3 Oþ
ð5Þ

1

2CeðOHÞ3 þ O2 ! 2CeO2 þ 3H2 O
2

ð6Þ

In batch mixing, the solution was exposed to the ambient
environment for a much longer time than for the micromixer.
Consequently, we believe this led to the conversion of Ce(OH)3
to CeO2 which would explain the different color products.
SEM images (Fig. 5) show significant differences in the
morphologies of deposited nanoparticle films. All films
were found to be discontinuous. However, the film structure
produced using the batch-mixed solution was found to be
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Fig. 5 Comparison of
morphology by different
synthesis approach and
concentration

1 µm

Experiment (i) using batch mixer

Experiment (i) using T-mixer

400 nm

400 nm

Experiment (ii) using batch mixer

agglomerated and unordered. SEM images of films produced using the T-mixer show more uniform, porous films
and nanorod structures.
The formation of nanorods is not fully understood for
ceria precipitation. Yamashita et al. [32] has shown that in
order to precipitate nanorods, [OH−] have to be above a
certain value. Results from Chang and Chen [31] suggest
that ceria nanorod formation happens by two-stage nonisothermal precipitation. Our study shows that nanorods
are also attainable at room temperature. Since the samples
prepared for the SEM study did not go through a calcination
process, the results suggest that the nanorod structure was
formed before the deposition process. One possibility for the
formation of the nanorod might be preferred agglomeration
due to the nanoparticle shape. Recent studies suggest that
the particles tend to form a coherent interface as a result of
minimizing interface energy [33], leading possibly to a
preferred orientation in particle orientation. Another possibility is that the nanorods are formed by the rolling of
laminar structures similar to the formation of carbon nanotubes [34].
The results from the first set of batch and T-mixing
experiments indicate that mixing plays a crucial role in the
ceria precipitation process. To further investigate these phenomena, experimental protocols were changed to use identical reactant concentrations. For batch mixing, cerium(III)
nitrate and ammonium hydroxide were both diluted in DI
water. The volume and concentrations of reactants for batch
mixing were matched with those of T-mixing (Fig. 3).

1 µm

Experiment (ii) using T-mixer

(a)

300nm

(b)

300nm

Fig. 6 a SEM image of nanoparticle morphology synthesized using
batch precipitation approach. The circles indicate breakage of nanorods
into nanoparticles. b SEM image of nanoparticle morphology synthesized using T-mixer precipitation approach
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Fig. 7 Data summary showing
differences of nanorod
diameter and length

Intensity (arb. unit)

Again, for batch mixing, the reactants were mixed using a
magnetic stirrer at 500 rpm.
Both SEM images (Fig. 6) reveal nanorod structures.
Quartz PCI software was used to analyze the size distribution which is summarized in Fig. 7. Nanorod lengths were
found to be roughly equivalent at 223.0±10.6 and 227.8±

2 theta (degrees)
Fig. 8 XPS high energy resolution photoemission spectra of the Ce
3d region. a T-mixer, b batch mixer. The brackets in Fig. 6 show
the spin orbital pairs (5/2 and 3/2) for Ce4+ (solid lines) and Ce3+
(dashed lines)

Fig. 9 Powder XRD pattern of the product compared with reference to
CeO2 JCPDS (Joint Committee on Powder Diffraction Standards) CAS
(Chemical Abstracts Service) #810792
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5 nm

Fig. 10 TEM images of nanoparticles synthesized from T-mixer

8.1 nm for the micromixing and batch approaches, respectively. However, the average diameters were found to be
24.7±1.2 and 32.4±4.6 nm for the micromixing and batch
approaches, respectively, showing that the batch approach
yielded nanorods with 31 % larger diameters having almost
4× the variability. Consequently, aspect ratios for
micromixing-assisted synthesis were found to be over 9:1
compared with approximately 7:1 for batch synthesis. Further, batch nanorods also appear to be interspersed with
clusters of nanoparticles as shown in Fig. 6. In prior work,
similar disintegration of ceria nanorods into nanoparticles
has been observed after batch mixing and hydrothermal
treatments which could be attributed to turbulence during
batch mixing [35].
As hypothesized earlier, it is expected that the micromixing approach reduced the exposure of the reacting flux
to oxygen thus yielding more Ce3+ ions which form the
intermediate Ce(OH)3 instead of CeO2. To quantify the
results, an X-ray photoelectron spectroscopy (XPS) analysis
was performed. Nanoparticles were deposited by pipette
onto clean Si wafers inside a nitrogen-purged I2R glove
bag attached to the XPS sample introduction chamber. The
resultant solution was allowed to dry while inside the N2purged glove bag. Samples were dried for approximately
10 min and mounted onto the XPS system specimen holder.
XPS high energy resolution photoemission spectral plots are
shown in Fig. 8. The bracketed peaks in this plot show the
spin orbital pairs (5/2 and 3/2) for Ce4+ (solid lines) and Ce3+
(dashed lines). These plots clearly show more (i.e., higher
intensity peaks) Ce3+ ions in the T-mixed sample than in the
batch-mixed samples. An N1s line was found at 407 eV
suggesting that NH3 oxidized as a nitrate.
To verify the crystal structure of the nanoparticles, the
resultant nanoparticles were deposited onto a glass slide,
dried for 12 h at room temperature and, afterwards, characterized by X-ray diffraction (XRD). XRD patterns (Fig. 9)
indicate the existence of CeO2 (JCPDS CAS#810792) in
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both batch mix and T-mix samples. Results from EDS show
similar results indicating a high percentage of Ce and O.
This is congruent with drying procedures which would
cause any hydroxide to convert to oxides under ambient
conditions.
To further investigate nanoparticle morphology and crystallinity, a transmission electron microscope (TEM) was
used to analyze resultant nanorod configurations. Samples
were prepared by depositing the resultant solution onto a
TEM copper grid followed by drying at room temperature
for 12 h. High-resolution TEM images (Fig. 10) of T-mixed
nanorods show uniform and repeatable atomic structures
representative of a single crystal. EDS data from the TEM
show similar results to those from the SEM with the exception of increased copper content due to the copper grid.

4 Conclusions
Results from batch mixed and T-mixed protocols show that
unoptimized micromixing was from 7 to 34 times faster than
batch mixing. At higher NH4OH concentrations, batch mixing and deposition was characterized by the heavy agglomeration of nanoparticles. At lower NH4OH concentrations,
batch and T-mixed protocols were characterized by nanorods. In addition, it was found that the T-mixer permitted the
formation and capture of an unstable intermediate Ce(OH)3
molecule by shielding the intermediate from exposure to the
oxygen environment. Future work should investigate the
effects of different mixing and heating strategies on the
nanoparticle size, shape, and phase of ceria nanoparticles.
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