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Recent increasing uses of ceria in research and industrial applications have fostered continuing

developments of efficient routes to synthesize the material. Here we report our investigation of the

effects and the mechanistic roles of lithium acetate to accelerate the growth of crystalline ceria

nanoparticles in ozone-mediated synthesis. By increasing the mole ratio of the acetate to cerium nitrate

in the reactions, the reaction yields of ceria nanoparticles were observed to increase from ca. 10% to up

to over 90% by cerium content in 30 min reactions. Microscopy images and Raman spectra of the as-

synthesized nanoparticles revealed that increasing the acetate additions led to a decrease in average

particle size and size range but an increase in crystallinity. Through analyzing the organic by-products in

the reaction mixtures, the acetate was inferred to base-catalyze the formation of acetals and cerium

complexes and accelerate the formation of Ce–O–Ce bonds and hence the growth of ceria

nanoparticles through alcohol-like condensation reactions.

1. Introduction

Fluorite-structured cerium oxide (ceria, CeO2�x) is a versatile

metal oxide with widespread applications ranging across

chemical catalysis,1,2 oxygen sensing,3 solid oxide electrolytes

for fuel cells,4 UV blockers,5 resistive-switching memory

devices,6 chemical mechanical polishing,7 and biomedical

antioxidants.8 The wide range of applications for these mate-

rials stems from their intrinsic oxygen vacancy defects (OVDs)

and reversible redox cycling of Ce3+ and Ce4+.9,10 These charac-

teristics coupled with the large surface area of nanosized

structures have improved upon the catalytic efficiency of ceria,

widening its application interests to organic chemical

synthesis.11 This wide range of applications has accentuated the

need for efficient synthetic routes for ceria nanoparticles. The

traditional synthetic routes of sol–gel synthesis, solvothermal

synthesis, hydrothermal synthesis, chemical precipitation, and

ame spray pyrolysis have been used extensively to produce

ceria nanoparticles of various crystallinity, shapes, and particle

size distributions.12,13 In general, these techniques require

either long reaction times, elevated temperatures, and/or high

pressures. Some reported methods employ metal alkoxides and

caustic alkalis which necessitate the need for more cost-efficient

and safer synthetic procedures. Recently, we reported an ozone-

mediated methodology to synthesize ceria nanoparticles (ceria

NPs) in ethanol.14 The growth mechanism of NPs was hypoth-

esized to be initialized by the oxidation of ethanol with ozone to

produce acetic acid and acetate. These species were postulated

to form complexes with cerium ions which then yield NPs.15,16

Though this methodology started to produce NPs within the

rst 15 s of the reaction and it was comparatively facile over

many other synthetic routes, its atypical reaction yield in 30 min

was only ca. 10% by cerium content and the total yield only

slightly increased even aer several hours of continued

reaction.

Herein we report our study of applying acetate additions to

accelerate the ozone-mediated synthesis of ceria NPs in

ethanol. By increasing the ratio of lithium acetate to cerium

nitrate in the reaction, we successfully increased the reaction

yields of ceria NPs in 30 min-reactions by eight folds, from ca.

10% to over 90% by cerium content. Moreover, through elec-

tron microscopy, electron diffraction, and Raman spectros-

copy, both the crystallinity and the size distribution of as-

synthesized NPs were shown to correlate with the additions

of acetate in the reaction. Lastly, our identications of major

organic side-products in the reaction mixture further revealed

the mechanistic roles of acetates in catalyzing the reactions to

form Ce–O–Ce bonds and hence accelerating the growth of

ceria NPs.
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2. Experimental
2.1 General procedure for the syntheses of ceria

nanoparticles

Fluorite-structured Ceria NPs were synthesized by bubbling

ozone into ethanol solutions containing different mole ratios of

cerium nitrate and lithium acetate. The additions of lithium

acetate were found to greatly improve the reaction yields of our

previously reported ozone-mediated synthetic method.14 Briey,

a reactant solution was rst prepared by dissolving cerium

nitrate hexahydrate Ce(NO3)3$6H2O (99.99% REO, Alfa Aesar,

Tewksbury, MA) in ethanol with lithium acetate dihydrate.

(LiOAc$2H2O 98%, Sigma-Aldrich, Milwaukee, WI) of various

mole ratios with respect to Ce(NO3)3$6H2O (hereaer referred

as reactants ratio (LiOAc : Ce(NO3)3) ¼ 0 : 1, 1 : 1, 2 : 1, 3 : 1,

4 : 1, and 5 : 1). A gas mixture of ozone and oxygen (ultra-dry

high purity grade, Matheson Trigas, Lincoln, NE) was bubbled

through the solutions for 30 min to yield ceria nanoparticle

products. For example, for the preparation with a 1 : 1 mole

ratio of LiOAc to Ce(NO3)3, 0.5 g of Ce(NO3)3$6H2O (1.15 mmol),

and 0.117 g of LiOAc$2H2Owere dissolved in 20 mL of 200 proof

ethanol (Decon Laboratories, Montgomery, PA). The colorless

salt solution was bubbled with a stream of ozone (0.5 g h�1)

generated by passing 200 SCCM of extra dry oxygen (99.6%,

Matheson Tri-Gas, Lincoln, NE) through an ozone generator

(MP-3000, A2Z Ozone, Louisville, KY) for 30 min. The resulting

suspension with orange-red precipitates was centrifuged at

4500 RPM for 20 min. The precipitate was re-suspended in

20 mL of 200 proof ethanol and re-centrifuged. This was

repeated in 20 mL Nanopure water (18 MU m water from the

Synergy® water purication system, VWR, Randor, PA) and

recentrifuged again. The resulting orange-red pellet product

was dried under vacuum for ve hours and air-dried overnight.

2.2 Characterization of ceria nanoparticles

The morphology, crystal structure, and size distributions of the

as-synthesized NPs with reactant ratios (LiOAc : Ce(NO3)3) of

0 : 1, 1 : 1, 2 : 1, 3 : 1, 4 : 1, and 5 : 1 were studied by high-

resolution transmission electron microscopy (HRTEM) and

selected area electron diffraction (SAED) using an FEI Tecnai

Osiris S/TEM (Thermo Fisher Scientic Inc., Hillsboro, OR)

operated at 200 kV. The average particle sizes were established

based on statistics of 150 crystallites measured from the TEM

images using ImageJ.17 The SAED patterns were indexed using

ICDD card #00-004-0593 for uorite-structured CeO2. A DXR

Raman microscope (Thermo Fisher Scientic Inc., Madison,

WI) equipped with a 564 nm laser was applied to identify the

vibration modes of samples.

The elemental compositions of the NPs were identied by

energy-dispersive X-ray spectroscopy (EDX) on the FEI Tecnai

Osiris S/TEM and trace analysis was conducted using induc-

tively coupled mass spectrometry (ICP-MS). The concentration

of cerium and lithium in the as-synthesized NPs samples were

determined by ICP-MS (Bruker Aurora M90, Bruker Scientic

LLC, Billerica, MA). For each sample, 25 mg were digested in

10 mL of concentrated hydrochloric acid (ACS grade, Sigma-

Aldrich, St. Louis, MO) at 180 �C for 5 min. The resulting

solutions were diluted from 4X to 1000X with Nanopure water

for analysis. Thermogravimetric analysis coupled to Fourier

transform infrared spectroscopy (TGA-FTIR, Nicolet iS50 FT-IR

spectrometer (Thermo Fisher Scientic Inc., Madison, WI)

with TGA 55 thermogravimetric analyzers (TA Instruments, New

Castle, DE)) was also performed for the qualitative determina-

tion of sample content.

The identication of organic by-products formed during the

growth of ceria nanoparticles was accomplished by 1H-NMR

performed on a Bruker Avance III-HD 400 MHz nuclear

magnetic resonance (NMR) spectrometer (Bruker BioSpin

Corporation, Billerica, MA). Samples were prepared by ozonat-

ing the ethanolic solutions containing lithium acetate dehy-

drate and cerium nitrate hexahydrate in the ratio of 4 : 1.

Aliquots were collected at 30 min and diluted in CDCl3 (Sigma-

Aldrich, Milwaukee, WI) for the 1H-NMR analysis.

3. Results and discussion

Our modied synthetic methodology with acetate additions

produced crystalline ceria nanoparticles (NPs) with average

sizes of 1.8 to 2.3 nm. HRTEM imaging illustrated the crystal

structure of all as-synthesized samples as uorite-structured

ceria NPs (Fig. 1a and ESI Fig. S1†). The displayed diffraction

rings of corresponding SAED patterns were determined to

Fig. 1 (a) TEM image of ceria NPs produced using 5 : 1

LiOAc : Ce(NO3)3 reactants ratio with indexed SAED. (b) EDX spectrum

of the corresponding ceria nanoparticle sample. The copper signal was

originated from the TEM grid.
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match the (111), (200), (220), and (311) lattice planes of the

cubic (Fm�3m) phase ceria (Insets in Fig. 1a and ESI Fig. S1†). The

EDS analysis of these samples conrmed the presence of cerium

and oxygen in all studied samples (Fig. 1b). Though lithium

acetate was used in the syntheses, the incorporation of lithium

in the as-produced samples was minimal as it was determined

to be below 1 at% (on trace metal basis) by ICP-MS. Interest-

ingly, the particle size distributions of ceria NPs particles

illustrated shiing of the average particle size and size range

correlated to the additions of acetate in their syntheses (Fig. 2).

As the LiOAc : Ce(NO3)3 reactants ratio increased from 0 : 1 to

5 : 1, the average particle size of the corresponding ceria

nanoparticles gradually decreased from 2.3 nm to 1.8 nm.

Additionally, the size range decreased from approximately 4 nm

to 2 nm with increased acetate additions. These observations

could both be attributed to the increased availability of

carboxylates from acetates near or on the ceria crystallites. The

carboxylate functional groups could bind to the surface of ceria

crystallites and thereby limiting their growth and decreasing

the diffusion rate of cerium ions between growing ceria nano-

crystals. This postulation of surface modication effect was

corroborated by a similar discussion by Slostowski et al. for

their syntheses of ceria nanocrystals in supercritical aliphatic

alcohols.18

The reaction yields of ceria NPs made with lithium acetates

were found to be up to 8 times higher than those of our stan-

dard ozone-mediated method reported by Bhalkikar et al.14 Our

TGA-IR analysis revealed that the as-synthesized samples also

contained water and residual organics. As the NP samples were

heated to 600 �C, their weights decreased by about 20% with the

evolution of water vapor, carbon dioxide, and organic vapor

(Fig. 3 and ESI Fig. S2†). Note that acetic acid vapor was iden-

tied when the sample was heated at approximately 250 �C,

which was close to the normal boiling point of acetic acid (245.5
�C) (Fig. 3b). These remnants were regarded as artifacts of the

ambient drying process used in this study to avoid sample

sintering. Due to these le-over water and organic content,

mass quantication of product yields was found insufficient for

this study. Accordingly, ICP-MS was used to measure and

compare the cerium content in the ceria NPs to the theoretical

one as the product-yield indicator. The ICP-MS results revealed

drastically improved synthetic efficiency from the 0 : 1 reactants

ratio ceria NP sample (11.6%; synthesis with no acetate addi-

tions) to the 3 : 1 reactants ratio sample (84.9%), with less than

6% increase for the 4 : 1 reactants ratio (85.7%) and 5 : 1 reac-

tants ratio (90.1%) samples (Fig. 4).

The structural identities of the as-synthesized samples were

further conrmed by Raman spectroscopy. All Raman spectra of

the samples illustrated the characteristic F2g peaks of uorite-

structured ceria in the region of 450–461 cm�1 (Fig. 5). The

Fig. 2 Particle size distributions of ceria NPs produced using LiOAc

and Ce(NO3)3 with reactants ratios of 0.1, 1 : 1, 2 : 1, 3 : 1, 4 : 1, and

5 : 1.

Fig. 3 TGA-FTIR results for the 4 : 1 reactants ratio ceria nanoparticle

sample. (a) 2D-plot of FT-IR spectra as a function of sample temper-

ature. (b) FTIR spectrum at 250 �C.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 20515–20520 | 20517
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red-shi in the F2g peaks, when compared to that of pure ceria

nanoparticles at 464 cm�1, was shown to be positively corre-

lated to the degree of disorder and the density of oxygen vacancy

defects in uorite-structured ceria materials.19 This red-shi

was observed to decrease with increasing reactants ratio,

approaching that of pure ceria. This suggested an increase in

crystallinity of the ceria NPs corresponding to the extent of

acetate additions. This trend also corroborated well with

observed changes in the intensity and width of the defect (D)

peak near 590 cm�1. The studied samples displayed a decrease

in the D peak intensity with decreasing red-shi but increasing

the narrowing of the F2g peak. These overall observations

revealed a decrease in the defect density and an increase in

crystallinity in the as-synthesized ceria samples with increasing

additions of acetate in the syntheses.

To elucidate the roles of acetate in the growth of ceria NPs,

we identied major organic by-products in the reactants ratio of

0 : 1 and 4 : 1 samples by NMR (Fig. 6). The NMR spectra of both

samples prominently showed the presence of the ethanol

(CH3CH2OH) represented by the triplet at 1.15 ppm for the

methyl group (CH3), the quartet at 3.61 ppm for the methylene

group (CH2), and the singlet at 2.75 ppm for the hydroxyl group

(OH) (Fig. 6a). The observed downshis of this singlet (2.75

ppm) from the typically reported location for ethanol (1.32 ppm)

were attributed to the complexation of the hydroxyl oxygen with

metal ions.20 The increasing downshi of these singlets in the

samples with lithium acetates suggested an increased extent of

ethanol-cerium coordination complexes with acetate addition.21

The presence of lithium-bound acetate (CH3COOLi) from

lithium acetate was also inferred from the singlet representing

the corresponding methyl group (CH3) at 1.95 ppm (Fig. 6a).

The NMR spectra also revealed the presence of acetaldehyde,

1-ethoxyethan-1-ol, and 1,1-diethoxyethane (Fig. 6b and c).

Acetaldehyde (CH3CHO) was indicated by the doublet at

2.15 ppm for the methyl group (CH3) and the corresponding

quartet at 9.72 ppm for the aldehyde group (CHO) (Fig. 6b). 1-

Ethoxyethan-1-ol (CH3CH(OCH2CH3)(OH)) and 1,1-diethoxy-

ethane (CH3CH(OCH2CH3)2) were identied by the doublet at

1.28 ppm for the methyl group (CH3) and the characteristic

quartet at 4.75 ppm for the methanetriyl group (CH) (Fig. 6c).

The doublet overlaps with the downeld triplet satellite signal

Fig. 5 Raman spectra of ceria NPs made with reactants ratios of 0.1,

1 : 1, 2 : 1, 3 : 1, 4 : 1, and 5 : 1.

Fig. 6 NMR spectra of the reaction solution under synthesis condition

with 4 : 1 reactants ratio of LiOAc : Ce(NO3)3 indicated the presence of

(a) ethanol and lithium acetate, (b) acetaldehyde and (c) 1-ethox-

yethan-1-ol and 1,1-diethoxyethane.

Fig. 4 Percentage reaction yields of the ceria NP products by Ce

content as a function of reactants ratio.
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of ethanol in Fig. 6c and these peaks corresponding to the

protons of the ethoxy groups were postulated to be “hidden”

with those of the ethanol. Owing to these “hidden” peaks, it was

not possible to differentiate between 1,1-diethoxyethane and 1-

ethoxyethan-1-ol in the reactionmixture. However, an increased

presence of these by-products indicated the involvement of both

chemical species in the synthesis of ceria NPs. Ethyl acetate was

also observed among the side-products in standard synthesis

(reactants ratio 0 : 1), but it only showed up as a minor product

(estimated to be <0.1% by 1H-NMR peak integration) in the

reaction mixture with larger reactants ratios. The minor quan-

tity of ethyl acetate formed was likely due to the competitive

formation of other by-products such as acetaldehyde, 1-

ethoxyethan-1-ol, and 1,1-diethoxyethane.22,23

According to the NMR studies and our observed drastic

increase in reaction yield of ceria NPs in the ozone-mediate

synthesis with acetate additions, we proposed the following

reaction mechanism mediated by both ozone and the acetate in

the CeOx NP synthesis (Fig. 7). Initially, ethanol was oxidized by

ozone to produce acetaldehyde and acetic acid24 (eqn 1 and 2).

The production of acetic acid facilitated ozone to oxidize Ce+3 to

Ce+4,25,26 (eqn 3). The excess acetate acted as a base to catalyze

the conversion of acetaldehyde with ethanol to form the hemi-

acetal, 1-ethoxyethan-1-ol (eqn 4), which then formed

complexes with the available cerium ions (eqn 5) (eqn 6). Note

that similar to the observations made by Luche and Gemal,27 we

could not rule out that the Ce+4 ions might also catalyze the

acetalization of acetaldehyde with ethanol. The acetate could

also base-catalyze the formation of complexes between ethanol

and cerium ions. Comparable to common nonaqueous sol–gel

routes to form M–O–M linkages,28 the two types of cerium

complexes probably underwent condensation-like reactions

and formed the Ce–O–Ce linkages with diethyl acetaldehyde

acetal as the by-product (2% with respect to ethanol) (eqn 6).

Hence, the excess acetate, ethanol, and oxidized ethanol by-

products all together accelerated the formation of Ce–O–Ce

linkages through alcohol-like condensation reactions and

promoted the growth of increasingly crystalline ceria NPs. Note

that although Li ions were in large excess, the major role of Li

ions was to increase the solubility of acetate, and hence the

concentration of acetate in our reactant solutions, for facili-

tating the ceria NPs syntheses. While we cannot discount the

possibility of Li ions affecting the stabilization of the reaction

intermediates, we do not think that Li ions strongly inuence

the crystallization of ceria NPs. This is because, regardless of the

large concentration variations of Li ions in our examined reac-

tions, the trace incorporations of Li ions (all <1 at%) in our as-

synthesized ceria NPs were distinctly trend-less. As such, the

trend of observed changes in the crystallinity of ceria NPs was

probably not correlated to the concentration of Li ions.

4. Conclusions

The additions of lithium acetate to the ozone-mediated

synthesis of uorite-structured ceria nanoparticles were deter-

mined to improve both the synthesis efficiency and crystallinity

of the products. The reaction yield of nanoparticles was

enhanced to 90.1% based on Ce content, up to an 8-fold

Fig. 7 Proposed reaction pathways for the formation of Ce–O–Ce linkages catalyzed by lithium acetate through alcohol-like condensation

reactions.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 20515–20520 | 20519
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improvement compared to conditions without acetate additions

(11.6% based on Ce content). By increasing the additions of

excess acetate to the reaction, both the average particle size and

size distribution of the nanoparticles were observed to decrease

while their crystallinity was found to increase. The excess

acetate was postulated to substantially functionalize the surface

of the ceria NPs and hence effectively limiting the NP growth by

decreasing the diffusion rate of cerium ions between the

growing crystallites. NMR analysis of the acetate-rich reaction

mixtures revealed signicant quantities of aldehyde, 1-

ethoxyethan-1-ol, and 1,1-diethoxyethane. Based on these nd-

ings, the excess acetate and cerium ions were hypothesized to

mechanistically assist the reactions by catalyzing the produc-

tion of the hemiacetal, 1-ethoxyethan-1-ol, from ethanol and

aldehyde formed from the ozonation of ethanol. The acetate

was also postulated to promote the formation of ethanol and

hemiacetal complexes with cerium ions. These complexes then

underwent alcohol-like condensation reactions to form the Ce–

O–Ce linkages and 1,1-diethoxyethane, which consequently

accelerate the growth of crystalline ceria NPs. We expect that

our discovered applications of excess acetate to accelerate the

growth of ceria NPs in the ozone-mediated reaction can be

applied to other similar ozone-mediated syntheses of metal

oxide nanoparticles.
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