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Abstract 

Ceria nanoparticles are of interest owing to their interesting properties like photo-absorption and 

ability to absorb oxygen. Several batch synthesis routes exist however these methods often lack 

particle size control, result in agglomeration and typically require high temperature processing. 

In this paper, a continuous flow microchannel synthesis method based on precipitation is 

demonstrated with a static T-mixer, showing improved size control without agglomeration 

through the manipulation of flow parameters. Three flow rates were chosen representing 

different mixing modes and computational fluid dynamics simulations were used to visualize 

flow conditions. The nanoparticles were characterized for composition, size and size distribution 

using transmission electron microscopy, wave dispersive spectroscopy and x-ray diffraction. The 

engulfment flow condition, corresponding to the highest Reynolds number in this study, gave the 

narrowest particle size distribution (15.0±4.7 nm) and best compositional uniformity. 

 

Introduction 

Cerium oxide (CeO2) has been widely investigated due to its distinctive characteristics in UV 

absorptivity [1] and high reactivity to oxygen
 
[2]. More recently, the size-induced property 

changes of ceria nanoparticles (NPs) have led to reductions in response times within oxygen 

sensors [1] and decreases in sintering temperatures [2].  Cerium oxide NPs have been proposed 

as a substitute for silica in chemical mechanical planarization (CMP) owing to its higher 

hardness and better material removal characteristics [3]. Other applications for ceria NPs include 

radical scavenging [4], catalysis [5], sintering [6], solid oxide fuel cells [7, 8] and in sunscreens 

due to the UV absorbing properties [9]. Attributes of importance for these applications include 

narrow size distribution, shape, crystallinity and deagglomeration of nanoparticles. 

Several approaches exist in the technical literature for the synthesis of ceria nanoparticles.  Most 

batch chemistries involve a cerium salt like nitrate or chloride or acetate which is then reduced 

by a base like ammonium hydroxide or sodium hydroxide or amines. It has been found that pH is 

a critical variable for the synthesis of ceria and can affect the particle formation [10]. Depending 

on the solvent used (water/alcohol) and the reactant combination, the morphology of the particles 

has been demonstrated to vary from spheres to cubes and rods.  Hydrothermal processing 

typically involves reacting cerium salts at high temperatures and pressures to create a gel 

precursor consisting of a cerium salt complex and drying precipitates in an oxygen environment 

[11]. Using cerium nitrate and sodium hydroxide, Mai et al produced ceria nanoparticles in 

various morphologies including spheres, cubes and rods by changing the base concentration and 
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the hydrothermal processing temperature [12]. Microemulsion is another route that has been 

demonstrated for the synthesis of ceria nanoparticles. Rebellato et al successfully produced ceria 

of average size 3 nm though the particles appear to have wide size distributions and low 

crystallinity [8]. Electrochemical deposition has been used to yield 20 nm diameter ceria 

nanoparticles, however, additional heat treatment at 650 °C was used to improve the crystallinity. 

The process also involves tedious process control and equipment maintenance [13]. 

Sonochemical synthesis is yet another route characterized by long processing times (several 

hours) and agglomerated nanoparticles [14].  Despite the many routes for ceria synthesis, control 

over particle, size, crystallinity and agglomeration during synthesis remain a challenge. 

For many applications, precipitation is an attractive route to ceria NP synthesis due to the cheap 

salt precursors, simple operation, and ease for mass production [15, 16].  However, traditional 

precipitation approaches in batch reactors often face long cycle times and difficulties in 

controlling particle size due to poor heat and mass transfer.  Due to these same transport issues, 

batch reactors are difficult to scale to production volumes.  Microchannel reactors offer 

accelerated heat and mass transfer which allows for rapid changes in reaction temperatures and 

concentrations leading to more uniform heating and mixing [17].  During nucleation, 

microchannel mixers offer the possibility of reducing mixing times through shorter diffusional 

distances and, in some cases, advective assistance.  Edel et al were able to reduce the mixing 

time for the synthesis of CdS to the order of milliseconds by utilizing microchannels [18].  

During NP growth, microchannel reactors are attributed to facilitating better control over 

reaction temperature and residence time [19]. Consequently, microreactors have been 

demonstrated to have dramatic impacts on macromolecular yields [20, 21]
 
and nanoparticle size 

distributions [22-25]. The cycle time advantages of using a static microchannel T-mixer for the 

synthesis of ceria nanoparticles was demonstrated by Tseng et al [26].  The objective of this 

paper is to investigate the effects of flow conditions and flow chemistry within a static 

microchannel T-mixer on the size, size distribution, crystallinity and agglomeration of ceria 

nanoparticles. 

Flow Conditions 

In static microchannel T-mixers, two reactant fluids are injected into the two inlets at a constant 

flow rate and the fluids are mixed within an outlet channel.  The flow is typically laminar with 

Reynolds numbers (Re) not generally exceeding 1000.  Three dominant kinds of flow have been 

observed [27].  At a Re of less than 50, the fluid streams are stratified resulting in diffusion-

controlled mixing which is relatively slow. As Re increases, vortices begin to occur within the 

flow along a plane of symmetry about the axis of the outlet [28]. As the Re approaches about 

240, engulfment flow begins to occur characterized by the fluid streams crossing over the central 

plane providing the best mixing conditions in this regime. Several researchers have validated 

these flow regimes using CFD simulations and experiments for microchannels with square and 

rectangular cross-sections [27, 29, 30]. However many off-the-shelf static T-mixers have circular 

cross-sections.   

Numerical simulations were performed for the actual geometry of the T-mixer used in the 

experiments to help visualize mixing conditions within the circular mixing channel. A 3D model 

was created using Gambit 2.4.6 and imported into ANSYS Fluent 12.1 for solving mass and 

momentum conservation equations. Results were exported after convergence and are shown in 

Figure 1. Figure 1a shows the cross-section of flow in the outlet near the end of the flow as 
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shown in Figure 1b. The images in Figure 1b show the two fluids flowing through inlets from the 

left and right and into an outlet on the top. As shown, the mixing conditions change from a 

diffusion-limited, stratified flow to a diffusion-enhanced, advective flow. In the case of the 

lowest Re (40), it can be seen that there is no cross-over resulting only in diffusional mixing at 

the liquid-liquid interface.  At a Re of 245, the fluid streams begin to cross-over indicating the 

onset of engulfment flow.  At a Re of 325, it is clear that the fluid streams have intimate mixing 

due to engulfment flow.  These Re are similar to those reported in the literature for the onset of 

engulfment flow [27, 29, 30].   

 

 

Figure 1: Flow transition in static T-mixer observed in CFD numerical simulation 

(a) Contour map of species mass fraction near outlet – cross section/top view 

(b) Streamlines colored by species mass fraction – front view 

While engulfment flow in T-shaped microchannel mixers has been shown to provide better 

mixing characteristics [27-30], very little work has been reported to date on exploiting these 

findings for nanoparticle synthesis [31, 32].  Further, prior research with static T-mixers studying 

the effect of engulfment flow on particle size did not investigate the effects of engulfment on 

Re = 40
Stratified mixing

Re = 245
Onset of engulfment

Re = 325
Full engulfment

(a)

Re = 40
Stratified mixing

Re = 245
Onset of engulfment

Re = 325
Full engulfment

(b)
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agglomeration or crystallinity [31].  Other researchers have evaluated the effect of mixing 

conditions beyond engulfment at Re up to 8000 in the outlet of microchannel T-mixers [33-36].  

While researchers have shown that increasing Re over 1000 can reduce the average particle size 

and the size dispersion, this has been achieved at very high fluid velocities [33, 34].  For 

instance, 60 nm BaSO4 NPs were produced at a very high throughput of 300 ml/min with an 

average velocity of 6.4 m/s based on calculations [36]. At these high fluid velocities, slurry 

erosion of the channel walls becomes a concern especially during the synthesis of oxide 

nanoparticles which are generally very hard. Liu et al showed that significant erosion can arise in 

an oxide-reinforced metal (Ni) matrix composite at fluid velocities as low as 3 m/s [37].  In this 

study, the three flow conditions shown in Figure 1 were used to evaluate the effect of engulfment 

on ceria NP size, size distribution, crystallinity and agglomeration. 

Flow Chemistry 

Within precipitation reactions, particle size is affected by the nucleus size at nucleation which is 

in turn controlled by the supersaturation of reactants. For a precipitation reaction, particle 

nucleation occurs when the concentration of reactants become supersaturated.  The effect of 

supersaturation on critical nuclei size has been explained by Mullin [38] for precipitation 

reactions and can be summarized in the following equation:  

  
3 3[ ][ ]

SP

Ce OH
S

K

 

  ………………………………………….(1) 

where S is the supersaturation and KSP is the solubility product and 
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where r* is the critical nuclei size, k is the Boltzmann constant,  is the interfacial energy and  

is the molecular volume for the compound. Based on Equation 2, it can be observed that higher 

supersaturation values can result in smaller nuclei and, therefore, smaller particles. In this paper, 

reactant concentrations of 0.09M were calculated to yield a nucleus diameter of 5 nm.   

Prior batch precipitation chemistries have involved the reaction of cerium nitrate and ammonium 

hydroxide dissolved in a water-alcohol solvent. The pH of this reaction was not allowed to go 

beyond 8 and progressed at room temperature. Following synthesis, the particles were calcined at 

temperatures 500, 600, 700 and 800 C and an associated improvement in crystallinity was 

observed [39]. The room temperature reaction of cerium nitrate and triethanolamine (TEA) in 

ethanol over 40 minutes has yielded ceria nanoparticles with nearly spherical morphology and a 

size distribution of 5.9 ± 0.5 nm. An intermediate Ce (IV)-TEA complex was found to promote 

the oxidation of Ce
3+

 to Ce
4+

 [40]. 

As a result, the flow chemistry proposed below was chosen to increase the rate of nucleation by 

increasing the rate of pH change.  NaOH is proposed here as a stronger base for precipitation.  
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Also, TEA is used to aid the conversion of cerium salt to its oxide and it has also been reported 

to act as a surfactant for deagglomeration [41].   

Experimental procedure 

In this research, computational fluid dynamics (CFD) simulations were performed to identify the 

best mixing conditions and also to understand the fluid flow transitions occurring in flow in a 

microchannel T-mixer with a circular cross-section. Three flow rates (2.3, 15, 20 ml/min) were 

chosen representing the flow conditions shown in Figure 1.  A Tygon® tube of inner diameter 

1.22 mm and length 50 mm was added to the outlet of the T-mixer.  Overall, based on flow rates 

and the mixer setup, average residence times for the three mixing conditions were calculated to 

be 1.6, 0.25 and 0.18 sec, respectively. A 500 µm diameter static T-mixer (Idex Corp, USA) was 

used for the nanoparticle synthesis.  Reagent solutions of 0.09M Ce(NO3)3.6H2O and 0.09M 

NaOH were prepared using 2-propanol as a solvent.  To further aid in the reaction and to act as a 

surfactant, 0.5M of TEA was added to the mixed solution. The reaction was quenched and the 

as-synthesized nanoparticles were collected after centrifuging at 12000 rpm and washed 

repeatedly before examination. A Harvard Apparatus PHD2000 Syringe pump (Holliston, MA, 

USA) was used to pump the reagents through the T-mixer at varying flow rates. All the 

experiments were performed within a controlled environment at 22C.  

A Phillips CM-12 TEM operating at 120 kV and a FEI TITAN TEM (Portland, OR, USA) 

operating at 300 kV were used to image the nanoparticles. A Bruker-AXS D8 Discover X-ray 

diffraction unit (Madison, WI, USA) was used for phase analysis using XRD patterns. A SX-100 

CAMECA Electron microprobe analyzer (Gennevillier, France) was used to evaluate the 

composition of nanoparticles using wave dispersive spectroscopy. Simultaneous 

thermogravitmetric analysis and differential scanning calorimetry were performed using a TA 

Instruments Q600 (New Castle, DE, USA) to study the thermally induced phase changes. 

Results and discussion 

Experiments were carried out by fixing the concentrations of the reactant while the flow rates 

were varied to realize the three different Reynolds numbers.  
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Figure 2: Nanoparticle size from TEM for a) Re = 40 b) Re = 245 c) Re = 325 and size 

distribution d) for image b and e) for image c 

 

Figure 2 shows the corresponding experimental results after ceria nanoparticle synthesis. At a Re 

of 40, it can be observed that there is extensive agglomeration yielding structures with features 

approaching a micrometer in scale. At a Re of 245 at the onset of engulfment, interestingly the 

nanoparticles no longer appear agglomerated. The shape was found to be spherical with a wide 

coefficient of variance for particle size. At a Re of 325, it was observed that the particle size 

distribution is narrower and the shape remains unchanged with increasing Re.  In addition, the 

average particle size was found to be larger owing to better mixing leading to higher 

supersaturation and higher growth rates in a diffusion controlled regime. This would also explain 

the marked absence of a population of smaller particles i.e. the distribution is skewed to the right 

unlike the case where Re = 245 

X-ray diffraction patterns for the nanoparticles are shown in Figure 3.  In Figure 3a, the presence 

of cerium hydroxide peaks in the diffraction pattern suggests that the reaction is incomplete.  

With increasing Re, the occurrence of these peaks is reduced.  Based on integral area under the 

peaks for Ce(OH)3 which is indirectly affected by the wt% of this phase, a 40% reduction in 

occurrence of Ce(OH)3 for Re = 245 (3b) and a 75% reduction for Re = 325 (3c) is observed. 

This indicates completion of the reaction at higher Re even though the residence time for 

condition (b) is 1/6
th

 that for condition (a) and the residence time for condition (c) is 1/8
th

 that for 

Mean = 15.03 nm, 

SD = 4.73 nm

Mean = 7.59 nm,
SD = 5.54 nm
CV = 72% CV = 32%

1 2 3

1 – Re 40
2 – Re 245
3 – Re 325
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condition (a). This further supports the notion of enhanced mixing at higher Re.  As Re 

increases, the additional peaks of ceria (311) and (400) appear due to the additional conversion 

of reactants and Ce(OH)3 to CeO2. This higher conversion is apparent by simply measuring the 

dry weight of obtained precipitates. The weights of the obtained precipitate for Re values of 40, 

245 and 325 were 0.7 mg, 5.5 mg and 6.3 mg respectively. The XRD data was deconvoluted to 

separate the crystalline and amorphous phase contributions. Based on the intensities of the peaks 

the following formula was used to calculate the percentage crystallinity as outlined by He [42]. 

Percentage crystallinity XC =   100C

C A

I

I I



 

Where IC is intensity of the crystalline phase and IA is the intensity of the amorphous phase. 

Based on this equation the values of XC for Re 40, 245, 325 were found to be 26.5%, 27.3% and 

37.7% respectively. 

This suggests improved stoichiometry and crystallinity with increasing Re due to better mixing 

conditions. It is expected that the better mixing conditions led to a better stoichiometric 

distribution of reactants and hence higher crystallinity.  In all cases, cerium hydroxide peaks 

were observed as an intermediate compound. It is well known that subsequent exposure to 

oxygen can convert the remaining hydroxide into oxide. Also observed were some unidentified 

peaks which were prominent in lower Re. These peaks could be possibly attributed to 

[Ce(TEA)2(NO3)](NO3)2 complex as mentioned by Pati el al during synthesis of ceria using TEA 

[41].  
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Figure 3: X-ray diffraction patterns of ceria nanoparticles at various synthesis conditions 

(a) Re = 40 (b) Re = 245 and (c) Re = 325 

 

High resolution TEM micrographs of the synthesized nanoparticles corresponding to the various 

flow conditions are shown in Figure 4.   Planar spacings are detectable in these images and some 

representative regions are highlighted in the images.  Planar spacings were also determined using 

XRD results in conjunction with the ICDD PDF-2 database. The lattice parameter was calculated 

using the formula: 

2 2 2

0 ( )a d h k l    

where d is the interplanar spacing and (hkl) are the Miller indices from the identified planes.  The 

measured planar spacings based on the micrographs were compared with XRD results and the 

comparison is shown in Table 1. 

Table 1: Comparison of lattice parameters for fluorite structured ceria 
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Re Identified planes 
D-spacing  Lattice parameter 

from XRD from HRTEM from XRD from HRTEM 

40 
(111) 0.312 0.315 0.540 0.546 

(200) 0.271 0.270 0.542 0.540 

240 
(111) 0.312 0.310 0.540 0.537 

(200) 0.271 0.280 0.542 0.560 

325 
(111) 0.312 0.315 0.540 0.546 

(200) 0.271 0.270 0.542 0.540 
 

1
Data compared from XRD standard reference data from ICDD PDF-2 database 

 

  (a)    (b)       (c) 

Figure 4: High resolution TEM images of ceria nanoparticles synthesized at (a) Re = 40 (b) 

Re = 245 and (c) Re = 325 

It can be observed that the lattice parameters values are consistent between XRD and TEM for 

both the lowest and highest Re. At a Re of 245, the lattice parameter is found to be slightly 

higher compared to the equilibrium value of 0.541 nm for (200) plane. This difference can be 

attributed to a change in valency of cerium ion from +4 to +3 and to the small particle size. This 

behavior of size related change in valency has been first reported by Tsunekawa et al [43]. This 

finding would be confirmed in subsequent work. 

The mean particle sizes were calculated based on TEM and XRD data and is summarized in table 

2. Since the high resolution TEM images indicate that the particles are single crystalline, 

crystallite size calculated from the full width and half maxima (FWHM) of the ceria peaks would 

give the particle size. Also it is assumed that the contribution to peak broadening from strain in 

the nanoparticles is negligible. The Debye-Scherrer equation [44] is used to calculate the particle 

size sing FWHM and is given by 

10 nm 
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(2 )
cos

K
B

L





  

Where B is the peak broadening from crystallites of size < 100 nm, K is the scherrer constant and 

is taken as 0.9 [45],  is the wavelength of the x-ray beam and 2 is the scattering angle. 

Table 2: Nanoparticle size comparison  

Re 

Particle size (Mean ± SD) 
nm  

from XRD from TEM 

40 20.7 ± 3.5 - 

240 9.6 ± 1.5 7.59 ± 5.54 

325 14.7 ± 6.4 15.03 ± 4.73 

 

Electron microprobe analysis using WDS was carried out to identify the composition of the 

precipitated nanoparticles and thereby confirm their stoichiometry. This was carried out for 

nanoparticles synthesized at Re of 245 and 325. The sample pertaining to Re 40 could not be 

satisfactorily characterized in WDS owing to the presence of the TEA complex leading to an 

increase in complexity of measurement. Several milligrams of the nanoparticles were 

synthesized and used to form a loosely bound film on glass substrate. The thickness, and hence 

the amount of nanoparticles, were adjusted to remove substrate effects during WDS probing. 

This is based on the interaction volume of the incident electron beam on the sample [46]. As 

shown in Figure 5, the interaction volume for the ceria sample was estimated using CASINO 

Monte Carlo simulation developed by Drouin et al [47]. It can be seen there is an interaction 

volume of approximately 1 m
3
 at 20 keV incident energy.  Hence it is expected that the 

composition information is collected from thousands of nanoparticles for each data point. The 

corresponding results for the compositional analysis are summarized in Tables 3 and 4 

respectively. 

 

Figure 5. Monte-Carlo simulation of electron interaction volume in ceria sample 

 

Table 3: Measured atomic percentage of ceria nanoparticles for case Re = 245 

Point Ce O O:Ce 
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1  29.98 70.02 2.34 

2 29.37 70.63 2.41 

3 31.67 68.33 2.16 

4 35.34 64.66 1.83 

5 33.13 66.87 2.02 

  Average 2.15 

Table 4: Measured atomic percentage of ceria nanoparticles for case Re = 325 

Point Ce O O:Ce 

1 31.66 68.34 2.16 

2 38.19 61.81 1.62 

3 28.87 71.13 2.46 

4 38.22 61.78 1.62 

5 32.34 67.66 2.09 

  Average 1.99 

 

On observing the stoichiometric ratio of oxygen to cerium, the higher flow rate shows an average 

stoichiometric ratio closer to the theoretical ratio of 2. This supplements earlier findings 

suggesting that better mixing leads to better nanoparticle stoichiometry. Also since the ratio is 

very close to 2, the contribution of cerium hydroxide to the stoichiometric ratio seems to be low 

suggesting that the volumetric percentage of cerium hydroxide in the sample is low. This is also 

consistent with the XRD results. 

Simultaneous thermo gravimetric analysis and differential scanning calorimetry were performed 

on the samples to carry out extensive thermal analysis. The results are shown in figure 6. 

Comparing all the DSC results it can be observed that there is an exothermic peak in the 290°C – 

320°C range. This can be attributed to conversion of Ce(OH)3 to Ce2O3. This reaction is 

exothermic since it takes 1392 KJ/mol to break the three O-H bonds to form one Ce-O bond 

requiring 795 KJ/mol [48]. The weight loss is significant in all three samples around the same 

temperature consistent with loss of 3 moles of water formed for every 2 moles of cerium 

hydroxide. The possible reaction is  

2Ce(OH)3  Ce2O3 + 3H2O 

The start of amorphous to crystalline transformation can be observed for all samples around 

600°C based on the DSC results. The heat flow required decreases with increasing Re again 

reinforcing the findings from XRD where higher Re implies higher crystallinity. An endothermic 

dip is also observed for these samples centered around 1000°C for (b) and 930°C for (c). This 

could be possibly be attributed to sintering of the nanoparticles. The peak at 900°C for (a) could 

result from the loss of carbon from the cerium-TEA complex. Again at 1185°C an endothermic 

peak suggests possible transition of CeO2 to Ce2O3 under inert atmosphere through loss of 

oxygen for (a) and (c). A similar transition has been reported by Zhou et al at 1200°C [49]. The 

corresponding weight loss is observed to initiate at 1100°C for both (a) and (c). This transition is 
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not clearly observed for (b) and it is possible that the transition overlaps with the huge 

endothermic dip associated with sintering.  

 

 

 

 

Figure 6: Simultaneous TGA/DSC results for a)Re = 40, b)Re = 245 and c) Re = 325 
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A summary of the particle sizes and shapes used for various applications of ceria NPs is shown 

in Table 5.  This table suggests that nanoparticles synthesized in this paper could be useful as a 

sintering aid or in chemical mechanical planarization.  

Table 5: Ceria nanoparticle characteristics based on application 

Ref Application Typical size (nm) Desired shape 

[3, 50, 51] Chemical Mechanical Planarization 5 - 100 Rounded, spherical 

[4, 52] Radical Scavenger 3 - 5 Faceted 

[8, 12] Fuel Cell 5 - 40 Cubical 

[53, 54] Catalyst 10 - 30 Octahedral 

[55, 56] Sintering aid 10 - 50  Spherical 

 

Conclusions 

In this research, a new synthesis route for ceria nanoparticle precipitation was demonstrated 

using engulfment flow conditions within a microchannel static T-mixer.  NaOH was used to 

increase the rate of pH change, TEA was used to assist in the conversion of Ce
+3

 to Ce
+4

 and to 

help control agglomeration and IPA was used to provide better control over agglomeration. 

Several conclusions were drawn as a result of this research.  First, using the chemistry and setup 

outlined in this paper, the flow regime used for nanoparticle synthesis, as dictated by the Re, was 

found to affect the attributes of the nanoparticles synthesized.  Specifically, results show that the 

better mixing conditions due to flow engulfment with the static T-mixer lead to better 

stoichiometry and better crystallinity as well as better utilization of the reactants.  Further, the 

average particle size was found to be larger under full engulfment flow (15.0±4.7 nm) suggesting 

that better mixing may also lead to faster nucleation and growth in cerium oxide.   Also, the ceria 

nanoparticle shape was found to be spherical and rounded under engulfment flow which is well-

suited for applications in sintering and chemical mechanical planarization.  Finally, despite the 

possibility that the enhanced advection under engulfment flow conditions could lead to greater 

agglomeration, nanoparticles produced under engulfment flow were found to be well dispersed 

with no agglomeration.  
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