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Synthesis of yttria-doped strontium-zirconium
oxide powders via ammonium glycolate
combustion methods as precursors for dense
ceramic membranes
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Ammonium glycolate combustion was used to synthesize SrZrgg5Y0503_, powders.
Soluble metal-glycolate complexes, detected by infrared spectroscopy, were formed with
Y+3 and Zr**, which maintain atomic level mixing of metal cations with glycolic acid.
Sr?/glycolic acid mixtures did not form glycolate complexes. Temperature-programmed
reaction studies showed that only precursor solutions with metal-glycolate complexes
combust, indicating that the combustion is initiated by metal-glycolate complexes. Varying
the ammonium hydroxide content and glycolic acid levels above that required to form
glycolate complexes did not affect surface area and crystallinity. Decreasing the glycolic
acid/nitrate ratio increases the temperatures reached during combustion. Thick disks
prepared from co-precipitated and ammonium glycolate powders demonstrated that
combustion synthesized powders reach higher densities. Surface area and SEM indicated
that the ammonium glycolate powders have smaller particle sizes, which favor
densification, than co-precipitated powders. © 2001 Kluwer Academic Publishers

1. Introduction ing aqueous metal nitrate-glycine mixtures+4d53 K
Strontium zirconium yttrium oxide, SrZry Yy Os_y /2, led to self-sustaining combustion and to the formation
forms crystallites with perovskite structure, which se-of a powder with higher surface area, greater composi-
lectively transport protons and oxygen anions [1, 2].tional uniformity, and smaller particle sizes than those
This material and others with similar structure areprepared by the Pechini method. The glycine nitrate
currently being studied as potential solid oxide elec{process yields high surface area powders by forming
trolytes for fuel cells [2, 3], hydrogen sensors [4], andmetal-organic chelate structures, which preventthe pre-
hydrogen-selective membranes [5-7]. Thick disks areipitation of cations that would otherwise occur during
typically synthesized from low surface areal(n?/g)  heating of aqueous metal nitrates [11]. High local tem-
SrZn_yYx0O3_x/2 powders prepared by co-precipita- peratures are reached during combustisdZ00 K),
tion or physical mixing. The formation of thin solid leading to the formation of crystalline powders. Several
oxide electrolytes and membranes is controlled by thegroups have shown that combustion synthesis meth-
particle characteristics of these powders. Powders witlods, such as glycine nitrate, lead to uniform composi-
more favorable sintering characteristics (e.g. smalletion and structure for a wide range of inorganic oxides,
particle sizes) densify to higher fractional densitiesLa(Sr)CrG [11-13], YBaCuzO7_x [14], calcium alu-
at lower sintering temperatures [8], leading to thinnerminates [15], and Zr@[16].
SrZn_xYxOs_x/2 structures with higher ion transport ~ Ammonium glycolate combustion methods are re-
rates. lated to the hydroxycarboxylic acid methods [10]. They
Combustion synthesis methods were first reportednvolve the heating of metal nitrates, glycolic acid, and
by Pechini [9] and by Courty and Delmon [10] who NH4OH mixtures to form powders similar to those re-
showed that mixtures of aqueous metal salts angborted for the glycine-nitrate process, but with less in-
alpha-hydroxycarboxylic acids formed solid amor-tense and more controllable combustion. This paper
phous resins during water evaporation. The organiceports the study of ammonium glycolate combustion
component of the resin decomposed to form high surwith the aim to understand the details of the combus-
face areainorganic powders when treated at higher temion synthesis pathways. This study includes an analy-
peratures{873 K). Chicket al.[11] reported that heat- sis of complexes formed in the precursor solution, the
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effect of precursor solution composition onthe combus+troscopy (Mattson RS-10000 spectrometer) and a cell
tion and the characteristics of SiZxYxOs_x,2 pow-  equipped with Bafwindows. Competing ligand titra-
ders, wherex =0.05. A comparison between ammo- tion experiments [17] were performed in order to de-
nium glycolate and co-precipitated powders on theirtermine the number of glycolate ligands in the solu-
ability to form dense disks and films with orthorhom- ble glycolate complexes. Aqueous metal nitrates were
bic perovskite structure is also presented. titrated into a 10 crh aqueous solution of 0.1-0.3 g
glycolic acid maintained at a pH of 9 with NaOH or
NH4OH. The titration endpoint is reached when all
2.1. Synthesis of powders and disks the glycolic acid is complexed with the metal cations;

In the ammonium glycolate method, Sr(N@ it was detected by the incipient precipitation of metal

Y(NO3)s, and ZrO(NQ), solutions (1.35 M, 1.14 M, hy‘TerXides- i vnthes o studi
and 0.323 M, respectively, analyzed by inductively cou- emperature-programmed syntnesis reaction studies

pled plasma optical emission spectroscopy, ICP-OES erle %ef(‘;"fmed by t():ontllnuous analysis of the gases
were prepared from nitrate salts (Aldrich, Inc., 99% ©V0!ved during combustion using a mass spectrome-

purity). An aqueous mixture of metal nitrates with the t€r (Leybold _Inficon Transp_ector RCA-200) and by sy-
stoichiometry of the SrZfesY 00s0s_x phase and gly- ringe sampling (5890 series Il Hewlett Packard_gas
colic acid (GA) [GA/(SrJ}YJ}Zr) molar ratio of 3] chromat_ograph/mass spectrometer, HP—l_ crosslinked
was prepared. The (GA)/nitrate molar ratio was the ethyl siloxane column, 50\ 0.32 mm) during com-
adjusted using 15.8 N HNf)concentrated ammonium ustion. A 0'4Q c_rﬁ sample of the precursor solution
hydroxide (NHOH, 14.8 N) was then added to obtain a Was placed within a quartz reactor, the temperature

pH of 8. The total amount of solution used varied fromWas ramped at 0.17 K/s_to 473 K and at 0.03 Kis
1 ¢ (in a 50 cn? beaker) to 550 c(in a 2000 cr above 473 K, and the carrier gas was metered by mass

beaker) with theoretical yields of SIZgsY 00503_x Of flow controllers (Porter Instruments). The flowing gases

0.5 g to 31 g, respectively. The beaker containin thél'67 _cm”/s) consisted qf varying amqunts 0b Q-
precgursor sglutior? was c)c/)vered with a stainlessgsteé’fO%) in & 3%Ar/He carrier gas (Praxair, UHP).
wire screen (100-mesh) in order to prevent powder loss Powder X-ray diffraction pafterns were obtained us-
and placed within an open-top metal box as a safety!9 2 diffractometer (Siemens D5000) with Cy Ka-
precaution. The clear solution was heated without mixJiation ¢.=1.5406 A). Surface areas were obtained
ing using a heating lamp (250 W) place@ cm below from N, physisorption at its boiling point using an
the bottom of the beaker. The resulting powder wag Ul0sorb-6 automated surface area analyzer (Quan-
crushed with a mortar and pestle, and then treated in ajpchrome, Inc.) after removing adsorbed water from
at 0.167 K/s to 1273 K fio4 h in order to decompose samples at 383 K fo2 h under vacuum. Electron mi-
any organic residues. ICP-OES analysis showed thdt' 0ScOPY Was performed on a dual-stage ISI-DS130C
the synthesized powders had the correct stoichiometryc21NINg electron microscope (SEM). Powder samples
In the co-precipitation method, a stoichiometric mix- ere cogted in a Au sputterer .for 120 s at 40 mA in
ture of the same metal nitrate solutionsdam 2 M OFder to increase the conductivity.
(NH,),CO;s (>99.9% pure, Fisher Scientific) solution 1€ €xtent of densification of SrgdsY0.0s03-x

were prepared. The metal nitrate solution was addeaiSkS was measured by ”‘?" fractional density (mea-
dropri)sep(0.08—1.67 cfs) to the (NH),COs solu- sured density/skeletal density of Srz®.46 g/cni).

tion as the latter was mixed with an impeller, and aThe dimensions were measured using microcalipers

2.5 M NH,OH solution was added to maintain the pH and the weight was determined using a 4-digit microbal-

at 9. Carbonate anions are required in order to precip?nce (Denver Instruments M-220).

itate strontium as SrCf{because Sr(OH)is soluble
in water at all pH values. Solutions were metered by Results and discussion
pumps (Masterflex model 7518-60) and the pH was3 1. precursor solution analysis

measured using a meter (OMEGA pHB-62). The re-gjy 1 shows the infrared spectra of an aqueous glycolic
sulting precipitate consisted of Zr and Y hydroxides 5.4 solution at pH values of 2, 9 (by adding NBH)

and Sr carbonates. It was filtered using a Buchner fung,q 19 (by adding NaOH). In each sample, a broad wa-
nel (Whatman #40 filter paper) and dried overnight inia; hand was detected between 1550—1750%cifhe

air at 400 K. The powder was then treated in air algpecira| noise at frequencies between 1400-1806 cm
0.167 K/s to 1373 K fo4 h in order to form the per-  4ises from water vapor. The symmetric and asymmet-

ovskite phase. ric stretches of the carboxylate group~at600 cnt?
SrZio95Y 0.0s03-x powders (1.0 g) prepared by the 541400 cm?, respectively, were not visible. The C-

two methods were pressed in a 25 mm diameter die & gyretching frequency and the in-plane bending fre-
~180 MPa to form cylindrical disks~1 mm thick). quency of the C-OH group were visible at 1095¢m
Disks were sintered at a rate of 0.167 K/s to 1873 K.and 1250 cm, respectively, only for the low pH solu-
held for 4 h, and cooled at 0.167 K/s in flowing dry air 1o The assignment of these bands is consistent with
(1.67 cni/s). a normal coordinate analysis of the glycolic acid spec-
tra reported by Nakamotceet al. [18]. The in-plane
2.2. Characterization methods bending band shifts from 1250 to 1329 thand the
Aqueous complexes formed by Sy Y*3, and zZr*  C-O stretching band shifts from 1095 to 1078 ©¢m
with glycolic acid were detected using infrared spec-when the pH is increased with NB®H or NaOH.

2. Experimental
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Figure 1 Infrared spectra of glycolic acid (a) 1.02 M glycolic acid Figure 3 Infrared spectra of Y complexes (a) 1.14 M Y(ho+
pH=2 (b) 1.02 M glycolic acid+ NH4OH, pH=9 (c) 1.02 M glycolic NH4OH W/GA/MC=3, pH=7 (b) 1.14 M Y(NG)s3+ NH4OH
acid+ NaOH, pH=11. W/GA/MC =4, pH=7.

Both shifts are attributed to the dissociation of the carolic acid (at pH=3) were identical to those observed

boxylic acid group in glycolic acid at pH values above for pure %ch_olic acid. The in-plane bending band at
4 (pKa=3.83). 1250 cnr* disappeared and the C-O stretching band

shifted from 1095 cm! to 1078 cnt! when the pH
HOCH,COOH+H,0 5 HOCH,COO +H30" (1)  was increased to 8 by adding W&IH or NaOH (not
shown). The in-plane bending band probably shifted

1 . . . . .
The in-plane bending band shifts to higher wavenum-t0 1329 em*, as it did for pure glycolic acid, but it

bers b hvd bondina b h b IIS masked by the strong absorption bands of the nitrate
ers because hydrogen bonding between the carboxy oups. The similarity between these spectra and that of
and the alcohol groups becomes stronger as the neg

. T2 ure glycolic acid suggests that'$does not form gly-
tive chargehof the ?I)r/]colatebanlcl)_n mcreasels [19]('j Th olatg gomplexes be%:%use the C-OH bands did 23/'[ shift
negative charge of the carboxylic group also reduce o ;

the polarity in the ¢-O~ bond of the alcohol group, As expected when glycolic acid complexes with%Sr

o) ! . The shift of in-plane bending of C-OH bonds in gly-
Weakenl[ng]n and decreasing the C-O stretching fre-Colic acid/Y(NQy); mixtures shows that ¥8 formed
quency [20].

. aqueous glycolate complexes at (GA)/metal ratios
Infrared spectra showed that'$rdid not form gly- d gy P (GA)

. above 3 and pH values between 5 and 7. Precipita-
colate complexes at (GA)/metal molar ratios betweenjo, ecyrred at (GA)/metal ratios between 1 and 4

1 and 2 and pH values between 3 and 11 (Fig. 2). Gag; :

- pH values below 4 and it also was observed for
phase Walter (1409_1800 ch), liquid water (1600~ solutions with (GA)/metal ratios below 3 at pH val-
1700 cnt?l), and nitrate (1350-1500 cn) infrared ues above 4. Aqueous solutions of Y(j@and of
absorption bands obscured any spectral features abO\ﬁNO3)3/(G A) corroded the BaFwindows and their

1 . .
1300 cm = The in-plane bendmg (1250 crf) and spectra could not be measured. Fig. 3 shows the in-
stretching (1095 c') frequencies of the C-OH group 564 spectra of Y(N@)s/(GA) mixtures at a pH of 7.
of glycolic acid in mixtures of Sr(Ng)2 and gly-  The jn_plane bending band of the C-OH group of gly-
colic acid appeared at 1111 cimbut the C-O stretch
remained at 1078 cm. The shift of the in-plane bend-

201 ing band of the C-OH group reflects a decrease in the
@ strength of hydrogen bonding between the H in the
C-OH group and the carboxylate group as glycolic acid
© forms complexes with Y3 via the carboxylate group.
If a chelate had formed, the C-O stretching band would
® have shifted to lower wavenumbers, because the C-O

bond is weakened by direct metal cation-oxygen bonds
using oxygen atom in the C-OH group [20]. Schematic
diagrams of chelate complexes and carboxylate com-
plexes are shown in Fig. 4. The low intensity in the
water (1650 cm?) and in the nitrate (1400 cm) fre-
quency regions is caused by total light absorption by
these solutions.
wavenumber (crm") The spectra shown in Fig. 5 suggest that%also

. forms glycolate complexes via the carboxylate group at
EE‘:‘; z(t!;]frla;%d ,VT pgrc(t,:laq)z f Vf,reztf,{,lncplixleso (ZLi'g’S(C';A f;g)ﬁ (GA)/metal molar ratios above 2 and pH values between
Sr(NOs), + NH4OH W/GA/MC = 1.0, pH=8 (d) 1.35 M Sr(N@), + 5 and 11. The addition of glycolic acid to ZrO(NJR
NH4OH W/GA/MC = 2, pH=8. led to white amorphous precipitates at (GA)/metal

transmission %

@
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H TABLE | Summary of solubility observations

| 0]
, ’ O — // 0 glycolic
", o C i, | AU aqueous acid/metal precipitation?
M | M 4 C— CH,0H metal molar ratio  pH (base added) (species)
O Sr(NOs)  0-2 2-11 (NaOH, NHOH)  no
| Y(NO3z);  0-2 2-7 (NaOH, NHOH)  no
H 0-2 7-11 (NaOH, NgOH)  yes (hydroxide)
>3 2-4 (NaOH, NHOH)  yes (glycolate)
(@) (b) >3 5-11 (NaOH, NHOH) no
ZrO(NG3);  0-1 <1 (NaOH,NHOH)  no
Figure 4 Schematic pictures of (a) insoluble chelate complexes and 0-1 2-11 (NaOH, NOH)  yes (hydroxide)
(b) soluble glycolate complexes. >2 2-4 (NaOH, NHOH)  yes (glycolate)
>2 5-11 (NaOH, NHOH) no
20}
©
> The formation of individual soluble metal glyco-
£ @ late complexes maintains atomic level mixing be-
2 tween metal cations and glycolic acid, leading to
2 ) © . .
g metal-initiated combustion and to concurrent nucle-
E ' ®) ation of metal cations. Mixtures of aqueous Y ()®
or ZrO(NGg), with glycolic acid led to amorphous
@ white precipitates at pH values below 4 (molar ratios
GA/Zr, GA/Y =1-4) and to clear solutions when the

pH was raised to 5-11 by adding W&H or NaOH
(molar ratios GA/Ze= 2—-4, GA/Y = 3-4). The precip-
wavenumber (cm’) itates formed at pH values below 4 and the soluble

Figure 5 Infrared spectra of Zr complexes (a) 0.323 M ZrO(9 complex detected at_ pH va_Iues above 4 were shown
pH=0.7 (b) 0.323 M ZrO(N@), W/GAIMC = 2, pH=0.5 (c) 0.323 M O be glycolate species by infrared measurements. In
ZrO(NOg)2 + NH4OH w/GA/MC=2, pH=11 (d) 0.323 M zrO  addition, the soluble species at higher pH values are
(NO3)2 + NH,OH w/IGAIMC =3, pH=11 (¢) 0.323 M ZrO(N@2+  not ammonium complexes, because the substitution of
NH;OH W/IGA/MC=4, pH=11. NaOH for NH4OH led to similar solubility behavior
and infrared spectra. These results suggest that the fol-

ratios between 1 and 4 and pH values below 4. Thes¥®Wwing solution equilibria govern the behavior of these

precipitates dissolved when the (GA)/metal ratios in-mixtures.

creased above 2 for pH values above 5. Infrared spec-

tra of the precipitates show the in-plane bending band ™" + XHOCH,COOH+ nOH™ £

at 1250 cmt, the C-O stretch at 1095 cth, and a Al

new band at 1058 cnt. The band at 1058 cnt is at- [M(HO-CH,-COOH).(OH)nl 2)

tributed to a shift of the C-O stretching band indicating HOCH,COOH+ H,0 £, HOCH,COO™ + H30*

the formation of an insoluble glycolate chelate [20]. 3)

The spectra of precipitate-free solutions at pH valuesy;+n . \HoCH,COO~ = M(HOCH,COO 4

above 5 showed that in-plane bending bands shifted to + 2 = M( 2 by (4)

1111 cnrt and the C-O stretch appears at 1078¢m

suggesting that the soluble Zr glycolate complex bond . . R

via the carboxylate group as it had for Y. hese equations describe how precipitation of mgtal-
The number of glycolate ligands required to form theglycolate species occurs at .IOW pH values, for which

soluble glycolate complexes was confirmed by com-3!Ycolic acid exists primarily in the protonated form. It

peting ligand titration experiments. The results showec®!SC Shows thatincreasing the pH shifts the equilibrium

that the moles of glycolic acid per mole of metal re- ©f glycolic acid hydrolysis (Equation 2) to the right,

quired to form soluble glycolate complexes at pH val-SC that glycolic acid exists as an ionized species and
ues between 5 and 11 is 3.4 and 1.6 for¥and Zr4. the soluble glycolate complex forms via reaction with
respectively. These values are consistent with infrare§©!vated cations. The chelate has lower solubility than
spectra that showed that¥Yand Zr™ required approx- the glycolate _becau_se the hydroxyl group 1S bonded to
imately three and two moles of glycolic acid per mole ofthe ”?e“”" cation (Fig. 4), thus reducing the hydrogen
metal, respectively, in order to form the aqueous g|y_bond|ng that occurs between the complex and the water
colate complexes. These glycolate complexes exhibit®Vent:

greater solubility at pH values between 5 and 11 than

Y(OH)3 and Zr(OH), which would precipitate at these

pH values in the absence of the glycolic acid required ir3.2. Characterization of combustion

order to form soluble glycolate complexes. A summary processes

of the solubility observations and results are shown inFig. 6 shows the change in molar flow rate for precur-
Table I. sor solutions with varying (GA)/nitrate ratios during

1700 1600 1500 1400 1300 1200 1100 1000 900 800

here M stands for Y3 and ZrO™2, respectively.
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TABLE Il The effect on combustion when the precursor solution |atter two solutions formed glycolate complexes. The
composition and gas phase is varied precursor solution without N}OH (at a pH of 2) did
solution  GA/ GA/ extent of notcombustbecause Y and Zr glycolate complexes pre-

composition metal nitrate pH gas phase combustion? combustion (*gipitated before heating. Kingsley and Pederson [21]
found that the ignition temperature depends on which

gﬁ HNOs m;ﬁ T’(’)“ % 22%"{;% :g 8-8 metal cations exist as complexes in glycine nitrate pro-
, . 0 . . . . .
Sr. GA > 10 8 20%® no 0.0 icneitsi;teesd this also suggests that the combustion is metal
Y, GA 3 10 8 20% es — :
zr, GA 2 10 8 20%% zes — These data also show that combustion depends on
Sr,Zr,Y,GA2 10 8 20%@ yes — the amount of local oxidant available in the solution
) 2 i-g 2 ;8228 ygz 1; and in the gas phase. The extent of combustion de-
310 2 20%0 ﬁo 0.0 creased dramatically te0.01 moles of gas/GA mole
3 10 5 20%Q vyes 15 for (GA)/nitrate ratios of 1.5 compared to 1.7 and 1.5
3 15 8 20%Q vyes <0.01 moles/GA mole for the (GA)/nitrate ratios of 1.0 and
3 05 8 20%Q yes 15 0.5, respectively. No © consumption was detected
g ig 2 inert - no 8-8 during any of these experiments, (MS detection limit
s on o ied ;gs o8 0.01% conversion). Removing,@rom the gas phase
prevented combustion for solutions of (GA)/nitrate ra-
GA —glycolic acid. tios of 1.5 and 1.0, but not for (GA)/nitrate ratios of
Sr—1.4 M Sr(NQ)2. 0.5. The differences observed with and without O

Y —1.1 M Y(NO3)s.
Zr— 0.3 M ZrO(NG)>.
* —moles of gas evolved per mole of glycolic acid.

showed that @was required for fuel-rich (GA)/nitrate
ratios. The low @ conversions and its dependence on
(GA)/nitrate ratios, however, suggest that, once initi-
ated, combustion relies upon the local source of oxi-
dants (nitrates). Therefore, the stoichiometric reaction
heating rate 0.03 K/s (Equation 5) for complete combustion of glycolic acid,
Sr(NGs)2, and ZrO(NQ), to Ny, CO,, and HO is:

[\

6CoH403 + Sr(NQ;s)2 + ZrO(NOs), 4+ 3.2HNO;
— SrZrO; + 3.6N; + 12CQ, + 13.6H,0  (5)

Y(NO3)3 and NH,OH are excluded from the com-
bustion equation because Y(N)J is in relatively
small quantities and N}OH did not influence the
temperature-programmed reaction results. This equa-
tion shows that the stoichiometric (GA)/nitrate ratio
required for complete combustion is 0.83 and that the
: : : : : reaction should produce 4.83 moles of gas/GA mole.
0 10 20 30 40 A (GA)/nitrate ratio of 1.5 corresponds to a fuel-rich
mixture and it does not contain sufficient nitrate groups
to oxidize all glycolic acid; therefore, such mixtures
Figure 6 Volume expansion measured during temperature-programmedead to low extents of combustion. The fuel-lean mix-
reaction experiments, (GA)/nitrate (a) 0.5 (b) 1.0 (c) 1.5. ture ((GA)/nitrate ratio of 0.5) has enough oxidant to

combust the glycolic acid, and such mixtures lead to

higher extents of combustion. The similarity between
temperature-programmed synthesis. (GA)/nitrate rathe fuel-lean and stoichiometric extents of combustion
tios of 0.5 led to the most rapid combustion. Increas-suggests that excess nitrate does notinhibit combustion.
ing this ratio led to slower combustion. Table 1l shows Fuel-lean mixtures, however, will be shown in later sec-
the results of temperature-programmed reaction studig#ons to reach higher local reaction temperatures dur-
using different precursor solutions and gas phase coning combustion than stoichiometric or fuel-rich mix-
positions. Combustion was detected by a rapid dropures. The extent of combustion measured for those that
in the internal standard (Ar) concentration. The extentcombusted corresponded to 31-35% of the value ex-
of combustion was defined as the total moles of gapected for complete combustion. These low values are
evolved, determined by integrating the change in mo-attributed to incomplete combustion and to the forma-
lar flow rate, divided by the amount of glycolic acid in tion of oxygen-containing organics (i.e. @83) and
solution. CO, which were detected in the combustion effluent by

The absence of combustion in solutions of glycolicGC/MS. These products formed because combustion

acid, (GA)HNG;, or Sr(NG;)2/(GA), and the combus- propagates like a wave through the precursor solution
tion detected for Y(N®@)3/(GA) and ZrO(NQ),/(GA)  where high local temperatures are unable to be main-
mixtures confirm that combustion is initiated by metal- tained for sufficient time to ensure complete combus-
glycolate complexes. The first three solution compo-ion to CQ, leading to the formation of the oxygen
sitions did not contain metal-organic bonds, while thecontaining organics.

o
~
O
S’
il
[
(=]

A total molar flow rate/mole glycolic acid (1/s)

time (s)
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TABLE Ill Surface area, percentage weight loss, and crystallite ra-
dius of powders synthesized under varying (GA)/metal ratios and pH
values
treatment Surface crystallite 1
temperature Area % wgt radius
(K) (GA)/metal (GA)/itrate pH (rA/g) loss  (nm)
298 2 1.0 8 136 00 — J k LA 12713K
3 1.0 8 134 00 — @
4 1.0 8 159 00 — g
3 1.0 5 132 00 — s
553 2 1.0 8 21.2 23 — a k A_.._A_A_ 1023 K
3 1.0 8 186 33 —
4 1.0 8 237 31 — T Ao 793 K
3 1.0 5 183 49 — N
793 2 1.0 8 238 64 7.1 553K
3 1.0 8 271 78 — + ~— raw
4 1.0 8 371 94 87
3 1.0 5 242 105 81
1023 2 1.0 8 271 118 10.1 . : . : . : . :
3 1.0 8 263 133 106 20 40 60 80
4 1.0 8 296 121 103 -
3 1.0 5 277 172 118
1273 32 11(? 88 11:'37 11(?45 114571 Figure 7 Evolution of perovskite phase with treatment temperature
' ' ’ ’ [GA/IMC =2, GA/INO3 = 1.0, pH=8, 1.2 g yield].
4 1.0 8 193 151 149
3 1.0 5 152 202 153
40
@
35 T _——
3.3. Precursor solution composition and // N
temperature treatment effects on 30 1 [ oo \
powder characteristics R )
The surface area and the evolution of the perovsklt” 25 | / o\
phase were notinfluenced by the (GA)/metal ratio (2—4 g / \
or the pH (5-8) (Table Ill). The surface area increase! ﬁ / -\
with treatment temperature between 553 and 793 K, ¢ & 20 / \
the result of the removal of organic residues or non & 4,~79 \
reacted meﬁal-orgamc complexes, a process that e 15+ — purd \‘9
poses previously inaccessible surface area or leads ° (©
additional formation of powder. These air treatments 10 L /.——\\
decrease the weight of the powders formed via glycolat
combustion methods. Treatment at higher temperaturt 5

(1023-1273 K) sintered the powders and decreased st 00 400 600 800 1000 1200 1400
face areas as a result of sintering. The perovskite pha
was not detected by XRD at temperatures below 793 k
(Fig. 7). The perovskite phase may exist in sampleigure 8 Surface area changes with treatment temperature and
treated at 553 K, but the crystallites are possibly tO0GA/NOs. (2) GAINO;=1.5 (b) GAING =1.0 (c) GA/NG; =05
small to be detected by diffraction methods3(nm).  [GA/MC =3, pH=8, 1.2 gyield for all samples].
The crystallite size, calculated from the line breadth
of the [002] reflection, was not influenced by the gly-
colic/metal ratio or pH (Table IlI). fuel-lean powder, however, had a lower initial surface
The surface area and diffraction results are indepenarea at 298 K than stoichiometric and fuel-rich pow-
dent of the (GA)/metal ratio or the pH over the rangeders (9 vs. 14 #g); it showed very little increase in
examined, consistent with the kinetic measurements adurface area between 298-793 K, and then a slight de-
combustion rate and extent. Glycolic acid is requiredcrease from 793-1273 K (Fig. 8). Thermogravimetric
as a fuel for combustion, but glycolic acid amounts be-analyses showed that the weight loss after treatment at
yond those required to complex the metal cations didl273 K for fuel-rich, stoichiometric, and fuel-lean pow-
not influence the extent of combustion. NbH does ders was 4.36%, 16.43%, to 30.20%, respectively, indi-
not influence or participate in the combustion, but itcating a decrease in the amount of organic residue with
increases the pH of the precursor solution in order talecreasing (GA)/nitrate ratio. X-ray diffraction showed
maintain the metal cations in solution. that the orthorhombic perovskite phase was detectable
Varying the (GA)/nitrate ratio led to changes in the at lower treatment temperatures as the (GA)/nitrate ra-
surface area and crystallinity of the powders formedtio was decreased (Figs 7, 9, and 10). The smaller
Stoichiometric and fuel-rich powders showed similarchanges in surface area and crystallinity for fuel-lean
changesin surface areawith treatmenttemperature. Tipowders suggest that fuel-lean precursor solutions led

Calcination Temperature (K)
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Figure 9 Change in phase with treatment temperature [GAINOL.5,
GA/MC =3, pH=38, 1.2 g yield].
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Figure 10 Change in phase with treatment temperature [GAIN®.5,

oxidant available during rapid (diffusion-limited) reac-
tions. In fuel-rich precursor solutions ((GA)/nitrate
1.5), nitrates are the limiting reactants, preventing
combustion of glycolic acid and leading to regions that
cool and extinguish. Increasing the nitrate content (e.qg.
(GA)/nitrate= 1.0 or 0.5) overcomes this limitation
and leads to continuous combustion of glycolic acid
and to higher local temperatures.

In our study, fuel-lean precursor solutions led to the
highest combustion temperatures. Chiekal. con-
cluded instead that precursor solutions with stoichio-
metric fuel/oxidant ratios led to the highest tempera-
turesin the glycine nitrate process, a similar combustion
synthesis method [11]. NMDH was excluded from the
combustion reaction stoichiometry (Equation 5), based
on the finding that the presence of MBH (used to vary
the pH) did not influence the extent of combustion, the
surface area, or the crystallinity. If NJ@H, however,
were oxidized by nitrates, the reaction stoichiometry
would be:

6C,H403 + Sr(NGs);, + ZrO(NOg), + 6.2HNO;
+5NH,OH — SrZrO; + 7.6N, 4+ 12CQO,
+27.6H,0 (6)

The stoichiometric (GA)/nitrate ratio for this reac-
tion is 0.59 vs. 0.83 for Equation 5 indicating that
(GA)/nitrate ratios of 0.5 were approximately stoichio-
metric if NH,OH was oxidized. Our results would then
be consistent with that of Chiai al. NH,OH may not
affect the combustion because its relative contribution
to the combustion is much smaller than that of glycolic
acid. Itis not conclusive, however, whether Equation 6
represents the overall stoichiometric combustion more
accurately than Equation 5.

3.4. Comparison of ammonium glycolate

and co-precipitation powders
Thick disks formed from ammonium glycolate powders
reached higher fractional densities than those formed
from co-precipitated powders. Fig. 11 shows the effect

GA/MC =3, pH=38, 1.2 g yield].

to higher temperatures during combustion than stoi-
chiometric and fuel-rich solutions. ;

The temperatures measured during combustion by .
thermocouple (type K) placed in the precursor solu-
tion are consistent with these results. Fuel-rich mix-
tures showed slightly lower maximum temperatures?,
(~700 K) than stoichiometric mixtures; fuel-lean mix-
tures reached much higher temperatures (which dam g
aged the thermocouple). The amount of powder pro-§
duced also depended on the (GA)/nitrate ratio. Thec
fuel-rich solution produced only-34% of the theo-
retical powder yield, most likely because of unreacted
glycolate complexes that adhered to beaker walls, while
the fuel-lean produced80%.

Temperature-programmed reaction experiments
showed that @ is not a significant oxidant source
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for combustion and that nitrates are the predominantigure 11 Fraction of the skeletal density vs. sintering temperature.
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Figure 12 SEM of co-precipitated powders [treated at 1373 K4d inair].

of sintering temperature on the fractional density ofinsignificantly to the surface area measurements and
thick disks (the initial fractional density was 0.50—0.60 therefore the estimated particle size represents only the
for all disks) prepared by each synthesis method. Theortion of particles in the sub-micron range.
ammonium glycolate disks were significantly denser The smaller particle sizes of the ammonium glyco-
than those formed from co-precipitated powders at allate powders led to higher density disks because the
sintering temperatures. Since the disks were preparecbntribution of densification mechanisms during sinter-
identically, the differences in final density most likely ing (e.g. bulk diffusion) increases more than coarsening
reflect differences in the particle characteristics (e.gmechanisms (e.g. vapor transport) as the particle size
particle size) between ammonium glycolate and co4s reduced [8, 22, 23]. The dependence of the rate of
precipitated powders. A particle is defined as a crysthese mechanisms on the particle radiysyas shown
tallite or collection of crystallites, which can not be to be [22]:
reduced physically to smaller sub-units. 35 o
The surface area of the ammonium glycolate powder rate~ r bulk diffusion
was higher than the co-precipitated powder (14.7 vs. rate~ r ~%3 vapor transport
1.7 n?/g). Assuming non-porous quasi-spherical parti-
cles, the surface area measurements were used to eddisks prepared from ammonium glycolate derived
mate the average patrticle radii, which were 0.03%hd  powders were also stronger and maintained their shape
0.323 for ammonium glycolate and co-precipitated indefinitely; in contrast, co-precipitated disks crumbled
particles, respectively. Pore radii measurements py Ninto powder after about 24 h in ambient air at room tem-
physisorption of ammonium glycolate powder disksperature. These phenomena appear to reflect the weaker
before sintering showed that the pore radii betweeroints formed between particles in disks prepared from
particles was consistent with that for the packing ofco-precipitated powders than those from ammonium
non-porous spherical particles suggesting that our agylycolate powders. The more porous disks prepared
sumption is valid. SEM also showed that the particlefrom co-precipitated powders allow G@nd HO to
size of co-precipitated powders was larger than that openetrate the disk, possibly leading to the formation
the ammonium glycolate powders (Figs 12 and 13)of SrCQ; or other compounds with lower density than
The size of the particles in the SEM pictures, how-SrZrposY 0.0503-x causing disk volume expansion and
ever, is larger than that estimated by the surface arelareak up.
for both powders. In the case of the ammonium glyco- The ammonium glycolate and co-precipitation
late powder, the discrepancy between the surface aregaethod form particles by nucleating particles under
and SEM results reflects the formation of porous agsupersaturated conditions [24]. The ammonium gly-
glomerates. SEM is unable to detect the particle sizeolate method leads to smaller particles than the co-
or the small pores in the agglomerate because they aggecipitation method because it is able to rapidly
too small, while N physisorption is able to penetrate reach local supersaturation and then isolate particles
the pores and accurately detect the particle size. Fdrom unreacted precursor by rapid expansion. The co-
co-precipitated powders, the larger particles contributgrecipitation method nucleates particles, which remain
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Figure 13 SEM of powders [GA/nitrate- 1.0, GA/metak=4, pH= 8, treated 1273 K fo4 h in air].

in a solution containing additional reactants, leading[25] demonstrating the advantage of using combustion
to more particle growth and fewer nuclei than in themethods to synthesize the precursor powders for the
ammonium glycolate combustion method. preparation of dense and strong membranes.
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