Flame-made ceria nanoparticles
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Flame spray pyrolysis (FSP) has been used to synthesize high-surface-area ceria from
cerium acetate in acetic acid solution. With the addition of an iso-octane/2-butanol
mixture to that solution, homogeneous Ce@anoparticles were obtained. The specific
surface area of the powders ranged from 240 to 184y controlling the oxygen
dispersion and liquid precursor flow rates through the flame. Furthermore, for
production rates from 2 to 10 g/h a constant average primary particle size could be
obtained at selected process parameters. The ceria showed high crystallinity and
primary particles with a stepped surface. The powder exhibited good thermal stability
and conserved up to 40% of its initial specific surface area when calcinated for 2 h at
900 °C. This shows the potential of FSP made ceria for high-temperature applications
as in three-way catalysts or fuel cells.

I. INTRODUCTION of oxide nanoparticle$? Spray pyrolysis of an aqueous

Ceria-based materials play a key role as an active Com~s_o|ution of cerium nitrate at 400 °C resulted in hollow

ponent in the three-way catalyst for automotive exhaustPneres with variable size and inhomogeneous surface

gas treatment. Therefore, they have been extensivelyith particle diameters between 100 and 2000%im.
uzuki et al.* prepared polyhedra ceria particles of

studied for their catalytic as well as special electronic an

structural properties leading to a wealth of scientific con-200Ut 50 nm in diameter by atomizing a 1 M cerium
tributions® One of the main goals is to lower the tem- nitrate aqueous solution into fine droplets and reacting

perature required for oxygen diffusion through thethem in an argon (high-temperature radio frequency) in-
material, which would lead to higher efficiency at lower ductively coupled plasma. Using the gas condensation

temperatured. Therefore, ceria with enhanced textural t€chnique, single-crystal ceria nanoparticles with a sur-

and thermal properties and particularly with high specific/c€ area up to 2550?@ were synthesized for character-
surface area is sought. ization purposes® With a similar process, Tsépe and

Various wet-chemical preparation methods have beeNing® utilized the inert-gas condensation method for
used for its synthesis such as precipitafidrhydrother-  Synthesis of nanocrystalline La-doped GeQwith a spe-

mal synthesi$;® microemulsiong,® and surfactant- Cific surface area of 80 fg. A promising technique
assisted precipitatidito name just a few. In most of the fOr the synthesis of ceria nanoparticles that has been
studies, powders with specific surface areas less tha#is€d for synthesis of AD;* and even mixed oxidés

100 nt/g were made. The relative loss of surface area af flame spray pyrolysis (FSP). The FSP has been used
temperatures as low as 1000 K is a general drawback ¢f Make ceria with rather small specific surface area

those method® This decrease in total surface area can(L5 M7g) while no informaéi?(r)lngof the control of the proc-
be reduced by doping with transition metals like zirco-€SS @and product was given:~However, FSP technol-

nium 1! Recently mesoporous ceria of high specific sur-09Y has proven to be able to produce various ngnpparticle
face area (200 fig) with improved resistance to comm_odmes vv_|t_h closely controlled chara_\ctenstlcs and
sintering (40 g at 1173 K) was made by a surfactant- VerY high specific surface arédsat production rates up
assisted precipitatiohThe improvement was mainly at- ©© 180 g/min-™ Here the FSP is investigated for con-
tributed to the structural arrangement and morphology.tm”ed synthesis of high specific surface area, crystalline

Gas-phase (aerosol) technology provides an alternd=€©: With high thermal stability.
tive route for the synthesis of high-surface-area ceria a]? EXPERIMENTAL

ety

high temperatures as it has been used to make a vari
The experimental apparatus of FSP is described in
detail by Maller et al?® According to this, the spray
_ flame itself forms the reaction zone consisting of small
Address all correspondence to this author. evaporating and subsequently burning droplets which
e-mail: pratsinis@ivuk mavt.ethz.ch often leads to gas-phase synthesis of the desired product.
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Here, the liquid precursor feed was supplied by a syringe The product powder was analyzed also by transmis-
pump and atomized with oxygen (Pan Gas, puritysion electron microscopy, (TEM) (Hitachi H600, oper-
>99.95%) resulting in a fine spray with a droplet massated at 100 kV) and high resolution transmission electron
median diameter in the range of 7 to A& as mea- microscopy (HR-TEM) (Philips, CM30ST, 300 kV). The
sured with Fraunhofer laser diffraction spectrometrypowder x-ray diffraction (XRD) spectra were recorded
(SympaTec) for a range of annular orifice gap areas oWwith a Bruker D8 advance diffractometer from 20° to
180 to 480um?.2° The flow rate of the oxygen disper- 70°, step 0.02°, and scan speed 0.24°/min. Crystallite
sion gas was controlled by a mass flow controllercharacteristics and average crystal sitg,, were ob-
(Bronkhorst) while a constant pressure drop (1.5 bar) atained from the XRD spectra using the Topas 2.0 soft-
the nozzle tip was maintained through the orifice gapware (Bruker AXS, 2000) on the basis of the
area. Evaporation and ignition of the spray was initiatedundamental parameter approach (Rietveld metRdd.

by a smaller flame ring emerging from an annular gap ofThe analysis was carried out by fitting the measured
0.15 mm width having a 6-mm radius from the centerXRD pattern with the crystalline data of cubic ceria as-
of the nozzle. Premixed methane/oxygen gas flowsuming that the background was a linear function (PDF
through that ring at a total flow rate of 4.7 I/min (GH 81-7922?). No indication for microstain in the particles
1.51/min; G,, 3.21/min). An oxygen sheath flow (51/ was found and therefore omitted in the present analysis.
min) surrounding the spray flame was supplied through a

sintered metal plate ring of 8-mm width and an inner

radius of 9 mm from the center of the nozzle. The vari-lll. RESULTS AND DISCUSSION

able process parameters were the liquid feed rata. Precursor solution composition and

(1-8 ml/min) and the oxygen dispersion gas flowprocess conditions

rate (1.5-8 I/min). Powders made at specific parameter
values were defined as the followingCey, where
x denotes the liquid feed rate in ml/min apthe oxygen
flow rate in I/min. The maximum production rate re-
ported was 10 g/h.

Flame spray pyrolysis of Ce(acyissolved in pure
acetic acid resulted in ceria powders (1Ce3) containing
nanoparticles smaller than 10 nm and larger particles of
several hundred nanometer in diameter (Fig. 1). The dif-
fraction pattern of this highly crystalline powder revealed

[Cg(zr(lzm,é(\::j?i Cﬁce:g;eg&)]/d\r;;i, U(S::égassozgg CJ(::S? ang? Pimodal crystal size distribution. This could be decon-
’ ’ . ’ P voluted into crystals with an average sitRrp =

was dissolved in glacial acetic acid (Fluka, >99.5%) at . -
80 °C to obtain a 0.3 M C& solution. The solution was 155 nm corresponding to about one-third of the mass and

diluted either with acetic acid or a mixture of 80 vol% the remaining two-thirds to crystals Withep = 8.1 nm

iso-octane (Fluka, >99.8%) and 20 vol% 2-butanol

(Fluka, >99.0%) to obtain a 0.15 M €esolution. These

precursor solutions were stable above 65 °C and wert

filtered through a membrane filter (Titan, Qu2Zn) be-

fore filling into the syringe. I
The particles were collected on a glass fiber filter 300 nm

(Whatmann GF/A, 15 cm in diameter) with the aid of a

vacuum pump (Vaccubrand). The powder specific sur-

face areaA, was measured by nitrogen adsorption at

77 K and Brunauer—Emmett—Teller (BET) theory (Mi- |

cromeritics Gemini 2375, with a 5-point isotherm :ff

0.05=< p/p, = 0.25) after degassing the powder at least

for 1 h at 150 °C in nitrogen. The reproducibility of the .

specific surface area was within 5%. The average BET-  #.;

equivalent particle diametetlgz1, was calculated using %

dger = 6/(As- pp) assuming monodisperse particles,

where the density of cubic cerip,, is 7.2 g/cni.** The

results were cross-checked by recording a full adsorptior

isotherm (Micrometrics ASAP 2010 Multigas system,

Norcross, GA). To study the thermal stability of the spe- «

cific surface area, the as-prepared samples were place ;

for 2 h atthe 'n(_j'cated temperature na fum_ace under alfic. 1. TEM micrograph of FSP-made ceria prepared from Cg(ac)

applying a heating and cooling rate of 5 K/min. For everypure acetic acid. The powder consists of both large and very small

experimental point, a fresh sample was taken. particles.
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(Fig. 2). The sum of both modes matches the measure-
ment well (Fig. 2). Solutions of Ce(agh 50 vol% acetic
acid, 40 vol% iso-octane, and 10 vol% 2-butanol instead
of pure acetic acid resulted in a much more homogeneous
powder (2Ce5) withlyzp = 5.9 nm while only 5% were —d— ceria 5.9 nm; 95 wt%
attributed to larger crystals in the XRD spectra (Fig. 3). . —e — error

Note the excellent reconstruction of the XRD spectrum. =
Furthermore, increasing the liquid flow rate and decreas-=

— 4 — measurement
— b — sum of calculated signals
—c¢ — ceria 179 nm; 5 wt%

ing the oxygen flow rate to prolong or stretch the spray 2 | a
flames resulted in a homogeneous powder (8Ce3) of high#z
crystallinity that can be best reconstructed by a singleg b
cubic ceria crystal spectrum (Fig. 4). = l
Figure 5 shows the visually measured flame height as A ¢ ) Il

a function of the equivalence ratid(+ 1): M
d

(hoxidant)
h i 4 —— e Iy — e
P = s ; D U B R B L
noxidant
- 20 30 40 50 60 70
fuel /real
where “oxidant” is the oxygen gas for dispersion molar 2 O, degree

flux and “fuel” is the precursor solution molar flux. The FIG. 3. XRD pattern of FSP-made ceria (2Ce5) prepared from 50
stoichiometricratio of Nyy;gan: @Nd Ny, defines the mole  vol% acetic acid, 40 vol% iso-octane, and 10 vol% 2-butanol showing
quantity of oxidant needed to completely burn 1 mol of& bimodal crystal size distribution. The larger crystals (average size
fuel, while thereal ratio defines the molar flux of oxidant 179 "™) contribute about 5% of the total mass (GEFL.38).

and fuel in the system. In this figure, data points repre-

sent the flame height at different oxygen dispersion gas

—a — measurement —a — measurement
— b — sum of calculated signals —b— ceria 15.5 nm; 100 wt%
—C — ceria 155 nm; 33 wt% —C — error
—d— ceria 8.1 nm; 67 wt%
. —e¢ — error .
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FIG. 2. XRD pattern of FSP-made ceria (1Ce3) with strong bimodalFIG. 4. XRD pattern of FSP-made ceria (8Ce3) with homogeneous
crystal size prepared from Ce(g@) pure acetic acid. One-third of the crystal size prepared from 50 vol% acetic acid, 40 vol% iso-octane,
powder mass consists of large crystals (average size 155 nm) €sOF and 10 vol% 2-butanol at high liquid feed rate. No large crystals can
1.38). The measured XRD was fitted with two cubic ceria modes (PDFbe found, and the spectrum corresponds nicely to a single average
81-792). crystal size of 15.5 nm (GO 1.40).
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200 The product particle size can be controlled by the lig-
A strong bimodal crystal A uid feed and oxygen dispersion flow rates. With these
180 size (5 wt% of 30 times parameters the specific surface area was varied from

240 nf/g (1Cel.5) to 101 Rig (8Ce3) within the opera-
tion window for synthesis of homogeneous powders.
Figure 6 shows the average particle size as a function of
the precursor feed rate at constant oxygen dispersion gas
flow, 5 I/min (xCe5). The BET-equivalent average par-
ticle diameterdget, and the average crystal sizdrp
(small crystal fraction for bimodal powder, open sym-
bols), increase from 3 to 5.5 nm and from 4.5 to 10.5 nm,

larger crystals)

—_

[@))

)
I

A unimodal
crystal size

,_

N

o
1

Flame height, mm
2

100 i respectively. Increasing the precursor feed rate increases
80 - the total concentration of ceria and fuel within the spray
i flame resulting in longer flames that lead to longer par-
60 = ticle residence times at high temperatures. Both effects
i contribute to the production of larger particles by in-
77, ) S S S creaseq coagulati_on and s_int_ering rates as it has been
0 1 5 3 4 5 shown in synthesis of titania in vapor flame reactdrs.

With increase of the oxygen flow rate, the opposite ef-
(1+®) fects are encountered: reduction of ceria concentration by
) . i . dilution and reduction of flame height by acceleration of
FIG. 5. Visually measured flame height as function of equivalence .
ration ® [Eq. (1)] for different flame conditions at various feed and co_mbustlon_ by the abundance .Of Oxygen or enhanced
oxygen flow rates. mixing that is accompanied by higher cooling rates lead-
ing to smaller particle sizes. This is consistent with the
effect of oxidant flow rate in synthesis of silica in tur-
flow rates and at various liquid feed rates, respectivelybulent diffusion flame reactor:2°
The points fall nearly on a straight line as it is common Figure 7 shows the effect of oxygen flow rate on prod-
for shear-induced spray flamé$2>The open symbols in uct average particle size at constant precursor feed rate of
Fig. 5 represent the powders with bimodal crystal8 ml/min (8CGy). The oxygen flow rate was varied from
size distribution made ab < 1 (flame heights less than
60 mm). The mass fraction of larger particles is less
than 7% for all powders made using the acetic acid/
iso-octane/2-butanol mixture containing Cegadyor i
longer flames @ > 1), the powder is homogeneous as 10
shown by the XRD spectra, and no large crystals or par-
ticles were detected by TEM/scanning electron micros-
copy (SEM). B
The appearance of large crystat & 100 nm) in the i A
TEM and XRD analysis may indicate that two particle -5 i
formation mechanisms are present independently. Larg‘g 6 - A
particles may be formed directly from precursor droplets 8 I L
that do not completely evaporate. Particles with sizesg,
below 10 nm could be formed by precursor evaporation2 4 |
and subsequent gas-phase reaction, ceria nucleation, sugt e e
face growth, coagulation, and sintering. The addition ofé I
iso-octane that has high combustion enthalpy and high
evaporation/burning rat&?® increases the flame tem-
perature enhancing precursor evaporation that therefore ol L
reduces the formation of residue. Similar homogeneous
ceria powders were obtained for longer flames (larger 0 2 4 6 8
equivalence ratios) where the particles experience high Precursor feed rate, ml/min
tempergtureg and Iong residence t_imes. This was ShoWFr?G. 6. BET-equivalent average particle sidgg, and average crys-
by nonintrusive Fourier tranSform,',nfrared (FT,IR) tem- tal size, dygp, for powders produced at different feed rates at an
perature measurements in a silica producing sprayxygen flow rate of 5 I/minXCe5). Open symbols represent powders
flame?° with strong bimodal crystal size, and ttgg, is that of the fine mode.

12 ¢

XRD A
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3 to 8 1/min leading to the decrease df-+ anddyrp  poOres between aggregates) with an average diameter of
from 7 to 4.5 nm and from 15 to 9 nm, respectively. It about 30 nm and 10% to pores smaller than 10 nm with
can be inferred that precursor feed rate and oxygen disn average diameter of about 1.5 nm (intraparticles pores
persion gas flow rate may balance and compensate eatletween primary particles and at crystalline surface
other for attainment of a specific particle size. Figure 8steps) (Fig. 10). The corresponditiglot showed a posi-
shows how the product particle size can be kept constariive intercept and revealed that about 90% of the total
at increasing production ratesdey, x = y). The average

particle sizes were kept alger = 4 nm or dyrp = 5
8 nm, while the production rate was varied from 2 to
10 g/h. This is an important feature for scaling-up of this
process.

In all ceria powders the BET-equivalent average diam- I
eter,dge1, and the average crystal size obtained from the 5 i A
fundamental parameter approadigp, differ by a factor
of about 0.5. Possible reasons for this difference is poly-
dispersity sincelze is a surface-weighted particle prop- ’
erty while dyrp is @ mass-weighted particle property
which would lead todget/dyrp < 1. Figure 9 shows a &,
HR-TEM image of one homogeneous nanocrystalline®
powder (8Ce3) where a broad spectrum of crystal/s
particle sizes can be seen. The picture also shows
stepped surface which is a result of the high crystallinity.<t
This surface topology can also lead to larger surface area
and therefore t@lze/dyrp < 1. A full nitrogen adsorp- i
tion isotherm at 77.4 K (8Ce3 powder) showed a type IV S S S S S RS
isotherm, typical of a mesoporous samples with a low 0 2 4 6 8 10 12
micropore content® However, the pore size distribution .
calculated from the desorption branch revealed a bimodal Production rate, g/h
pore size distribution. About 90% of the pore volumeFr|c. 8. BET-equivalent average particle sidgg, and average crys-

corresponds to pores larger than 10 nm (intraparticlesl size,dygp, for powders produced at different powder production
rates while keeping the liquid feed to oxygen dispersion gas ratio
constant XCey, x = vy).

[ XRD
10 |- o dBET
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Average particle size, nm
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FIG. 7. BET-equivalent average particle sidggr, and average crys-
tal size,dyrp, for powders produced at different oxygen flow rates and FIG. 9. HR-TEM micrograph of as-prepared FSP-made ceria (8Ce3).
at a liquid feed rate of 8 ml/min (883). The powder shows high crystallinity and a stepped crystals surface.
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surface corresponds to external surface area. The agree-Figure 11 shows a comparison with one of the best
ment to the BET-derived specific surface area was withirceria in the literature prepared by a surfactant-assisted
2%. The microporous fraction of the surface area (10%precipitation? The specific surface area (SSA) of pre-
may also lead to a slight overestimation df-; and cipitated ceria was 40 ffg after 2 h at 1173 K, which is
therefore todge+/dyrp < 1. IMmportant to note is the fact essentially the same as that of the FSP-made ceria (8Ce3)
that 90% of the surface area is attributed to external

surface area (large pores) which is easily accessible.

250
r —@— 5Ce5, this work

B. Thermal stability of FSP-made CeO , I —@— 8Ce3, this work

. - o0 F —/— Rhdne-Poulenc,
The evolution of the CeQspecific surface area as a &~ 200 - Perrichon et al., 1995

function of calcination temperature for two selected ho- i [ Terribile et al., 1998
mogeneous powders (5Ce%, = 177 nf/g; 8Ce3 A, =
101 nf/g) are shown in Fig. 11 along with those of a
commercial powder (Rhee-Poulenc, Perrichoet al,*°
and a representative sample from the literafubenearly
linear decrease of th&, was obtained for the FSP-made
powders. The powder with lower initigh, (8Ce3) was
more stable than the 5Ce5 powder. However, both FSP&
made powders showed an excellent thermal stabllltyq)
when compared to commercial ceria which showed a3
pronounced loss in specific surface area for temperatures
above 970 K. There, the mesoporous structure collapsed
and the surface area decreased drastically. Perrichon 0
et al*° claimed that carbonate species stabilize the struc- 700 800 900 1000 1100 1200
ture that collapses when they are eliminated at around Calcination temperature, K

870 to 970 K. At this temperature, the FSP-made ceria

IG. 11. Ceria specific surface area afeh calcination at a given
0 0
powder preserved more than 60% (5Ce5) or 80% (Sce?{imperature in air. Filled symbols refer to this work using FSP-made

of its initial surface area. ceria with an initial surface area of 177%m (5Ce5) and 101 Aig
(8Ce3). They are compared with commercial ceria (®RhBoulent’)
and high specific surface area ceria prepared with a surfactant-assisted
precipitation method.

:
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FIG. 10. Pore size distribution for a FSP-made ceria sample (8Ce3)
About 90% of the pore volume corresponds to pores larger than 10 nn
(intraparticle pores between aggregates) and 10% to pores smaller thau,
10 nm (intraparticle pores between primary particles and at crystallind=1G. 12. TEM micrograph of ceria powder (8Ce3) after calcmatlon at
surface steps). 1173 K for 2 h inair.
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processed at equivalent conditions. The structural advafREFERENCES

tage of the highly crystalline FSP-made ceria powder
may arise from the fact that it consisted of distinct pri-
mary particles. This structure is conserved even up to
1173 K as observed by TEM (Fig. 12). The linear de- 3.
crease with calcination temperature of the 8Ce3 powders.
SSA indicates its structural stability since no collapse
occurred and still up to 40% for the 8Ce3 powder of its
initial SSA were conserved at 1173 K. These results

highlight the potential of FSP-made ceria for catalyst 7.

support or promoter at high temperatures.

8.

IV. SUMMARY 9.
Synthesis of ceria with specific surface areas up tapo.

240 nf/g was demonstrated by FSP of an acetate precur-

sor dissolved in acetic acid. Addition of iso-octane/2-11.

butanol in solution accelerated precursor evaporation anfl2
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ders as shown by electron microscopy and XRD. The
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90%. The specific surface area and crystal size wer
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persion gas flow rate. A set specific surface area wags,

achieved during a fivefold increase of production rate by
balancing the liquid feed and oxygen flow rates.

when calcinated for 2 h in air for temperatures up to;g
1173 K. Compared to conventionally prepared ceria no
collapse of the surface area was observed during heating.
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mogeneous morphology of the FSP-made powder. The
powder showed a linear loss of the specific surface area
with calcination temperature. Up to 40% of the initial

SSA was conserved after calcination at 1173 K, resultingo.

in about 40 n¥/g in the final product.
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