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bstract

he increasing interest of supercritical (SC) fluids for inorganic materials synthesis recently stimulated the development of innovative synthesis
rocesses and strategies. The supercritical CO2 aided sol–gel process, developed for preparing various ceramic oxide powders with attractive
pplications in cosmetics, chromatography, catalysis or solid oxide fuel cells, usually suffer from both reproducibility problems and poor knowledge
f the key parameters defining the final powder characteristics. In the present work a specific effort has been put on the understanding of reaction
echanisms and process parameters like co-solvent polarity and ageing time of the starting solution, which appeared to play a crucial role for

he control of powder characteristics. Two different reaction mechanisms have been proposed to explain the formation of tetragonal yttria-doped

irconia powders by a batch process in either CO2/pentane or CO2/isopropanol mixtures. The first mechanism corresponds to a CO2 anti-solvent
recipitation process while the other one is based on a condensation reaction as in the conventional sol–gel process. This improved understanding
n particle formation allows better control of powder characteristics and reproducibility.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Supercritical fluids exhibit a large range of unusual prop-
rties that can be exploited for preparing original materials
iffering from those derived from classical methods. Super-
ritical water1,2, alcohols3–6 or carbon dioxide7–11 have been
amely considered for the preparation of various ceramic oxides.
he interest of the supercritical carbon dioxide (SC-CO2) aided
ol–gel process has been specifically demonstrated for the

ynthesis of ceramic materials as SiO2 fibers or powders,12

iO2 powders,8 and various nanopowders of ion-conducting
eramics.7,9 The ceramic powders synthesized by this method
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tion; Porosity

o not need any filtration or drying step, and their crystalliza-
ion temperature is generally much lower compared to usual
rocesses (e.g. conventional sol–gel process).

These powders afford new technological developments based
n the specific properties of nanophase ceramics. For exam-
le, worldwide current research efforts in solid oxide fuel cells
SOFCs) are focused on lowering the operating temperature
own to 1000 K (IT-SOFC) and among other parameters, on
he control of the microstructure and composition of ceramic
lectrolytes. In previous works, we have shown the inter-
st of SC-CO2 derived gadolinium-doped ceria (CGO) and
ttria-doped zirconia (tetragonal 3Y-TZP) powders for this

pplication.7 The oxygen conductivity of sintered pellets derived
rom CGO powders prepared in SC-CO2 was measured by
mpedance spectroscopy and was evidenced to be higher than
he one measured for doped ceria prepared by other methods

mailto:audrey.hertz@cea.fr
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.021
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Fig. 1. Experimental set-up used for the syn

ike conventional sol–gel process or hydrothermal synthesis.9

n the other hand processing of 3Y-TZP for producing a
ense electrolyte was hardly achieved due to fluctuating powder
haracteristics. Moreover, the tetragonal to monoclinic phase
ransition (t-m) occurring during the sintering process led to the
egradation of conductivity properties. Works from the litera-
ure showed that structural parameters such as mean grain size,
rain size distribution, porosity13 and yttrium distribution14 are
upposed to control this phase transition. So a better understand-
ng of both the involved reaction mechanisms and their influence
n the structural parameters is of great importance to control the
owder characteristics and their sintering behavior.

In this work, we focused on the dissolution capacity of the
upercritical solvent and co-solvent used as reaction media and
ore precisely on the behavior of the CO2/co-solvent binary
ixture. A decisive stage responsible for reproducibility prob-

ems in this one step batch process occurs when temperature
nd pressure are raised in order to obtain a crystalline pow-
er through the drastic anti-solvent effect of SC-CO2. Specific
ttention has been paid to understand the different steps involved
uring the formation of 3Y-TZP (tetragonal zirconia polycrystal
oped with 3 mol% yttria) particles. The role of key parameters
uch as co-solvent type and precursor solution ageing time has
een also emphasized.

. Experimental

.1. Chemicals

Precursors used for 3Y-TZP powder synthesis were zirco-
ium hydroxyacetate (Zr(acetate)x(OH)y,zH2O (x + y = 4)) and
ttrium acetate (Y(acetate)3,xH2O). The acetate precursors were
ixed in either pentane (99%, PROLABO) or 2-propanol

+99%, ALDRICH). Nitric acid (65%, HNO3-FLUKA) was
sed as a dissolution additive, yielding clear, homogeneous and
table solutions.
.2. Synthesis reactor

A schematic representation of the experimental set-up used
or powder batch synthesis in SC-CO2 medium is shown in

(
m

s of 3Y-TZP powders by the batch process.

ig. 1. It consists in a stainless steel autoclave, mechanically
tirred and working in a discontinuous mode. The internal vol-
me of the reactor is 0.5 l, and the maximal operating conditions
re 623 K and 30 MPa.

For each experiment, the reactor was operated according to
he following procedure: after introducing a solution of reac-
ants, the reactor was closed and CO2 was injected at room
emperature up to 4–5 MPa, depending on the required final pres-
ure and temperature. Then stirring and heating (external electric
eater) were started. The increase of temperature induces an
ncrease of pressure following an isodensity curve. Final temper-
ture and pressure were maintained from several minutes to few
ours (reaction time) in order to allow the formation of the crys-
alline ceramic powder. Finally, temperature was decreased and
O2 was vented. Finally, the reactor was opened and reaction
roducts were collected.

.3. 3Y-TZP synthesis

The synthesis of 3Y-TZP (∼3 mol% Y2O3) powders can
e schematically described as a SC-CO2 aided sol–gel pro-
ess. First the zirconium and yttrium acetates (7.5 and 1 g,
espectively) were mixed in either 50 ml of pentane or 50 ml
f 2-propanol (co-solvent) and 5 ml of nitric acid was added
s dissolution-aiding agent. The effect of solution ageing time
maturation) before supercritical treatment was studied in the
ange 0–1200 h.

Then, reaction was carried out in SC-CO2 during 1 h at
0 MPa and 523 K for pentane solutions (88 mol% CO2) or
23 K for 2-propanol solutions (78 mol% CO2). The synthesis
arameters (temperature, pressure, reaction time) were selected
n order to obtain a crystalline powder with high specific surface
rea. After reaction completion (1 h), CO2 was vented and tem-
erature slowly decreased; the reactor was opened and ceramic
xide particles were recovered in ambient conditions.

.4. Characterization methods
Crystalline phases were determined by X-ray diffraction
Brucker D800) on powders and crystallite sizes were deter-
ined by the Scherrer formula from (1 0 1) diffraction lines for
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Table 1
Structural and textural characteristics of the 3Y-TZP powders prepared with the discontinuous process, from pentane solutions with different ageing times. Synthesis
was performed at 250 ◦C, 30 MPa for 1 h.

Ageing time (h) Monoclinic phase (%) Mean crystallite size (nm) Mean particle sizes (nm) Specific surface area (m2/g)

No 57 22 65 –
No 64 15 – 70
0.33 0 23 49 32
0.33 0 / 65 30
0.33 <5 22 50 and 190 49
3 0 24 – 64
17 0 26 50 and 210 38
41 0 29 50 and 200 12
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he tetragonal structure, (1 1 1) for the cubic one and (1̄ 1 1) for
he monoclinic one. The fractions of monoclinic phase (fM) in
oped zirconia powders were determined from intensities (I)
f monoclinic (M) and tetragonal (T) lines according to the
ollowing equations:

M = 1.311 × XM

1 + 0.311 × XM

with

M = IM(1̄ 1 1) + IM(1 1 1)

IM(1̄ 1 1) + IM(1 1 1) + IT (1 0 1)

The morphology and particle sizes of the produced powders
ere studied using scanning electron microscopy (FESEM-
itachi S4500). Powder specific surface areas and average pore

izes were determined, after 24 h outgassing at 523 K, by apply-
ng the BET and BJH equations to the adsorption curve of the N2
dsorption–desorption isotherms (Micromeritics-ASAP 2010).

.5. Transparent cell

A transparent reactor made of sapphire monocrystal has been
sed for visual observations during the synthesis process, in
rder to evaluate the behavior of the reactive mixture during
ressurisation with CO2 and heating. The cell volume is about

6 ml and the apparatus can withstand maximal pressure and
emperature conditions of 50 MPa and 573 K. No stirring was
pplied and heating was achieved by placing the cell inside a
rying oven.

p
t
O
s

ig. 2. FESEM micrographs showing the morphology of 3Y-TZP particles synthesiz
20 h.
90 and 170 105
140 49
90 –

. Results

.1. Synthesis from precursors in pentane solutions

Results reported in Table 1 show that an increased ageing time
nly leads to a slight increase in mean crystallite sizes (from
5 to 30 nm) for the powders derived from pentane solutions.
ore interesting is the influence of this parameter on the formed

rystalline phases: only 20 min sol ageing are enough for a quasi-
omplete stabilization of the tetragonal phase.

Fig. 2 shows the effect of pentane solution ageing time on
he mean particle size. Short ageing times (shorter than 20 min)

ainly yield small particles (sizes in the range 50–65 nm). Long
geing times (longer than 90 h) generate bigger particles (size
n the range 90–140 nm). Intermediate ageing times generally
ield a double size distribution, with the smallest one centered
n 50 nm and the biggest around 200 nm. Finally, no obvious
endency was observed concerning the influence of ageing time
n the specific surface area of powders derived from pentane
olutions.

.2. Synthesis from precursors in 2-propanol solutions

When 2-propanol was used as co-solvent, ageing time of the

recursor solution was found to influence neither the tetragonal
o monoclinic phase transition, nor the particle size (Table 2).
n the contrary, quite reproducible crystallite sizes and specific

urface areas were obtained whatever the ageing time.

ed from pentane solution after different ageing times: (a) 17 h, (b) 41 h and (c)
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Table 2
Structural and textural characteristics of the 3Y-TZP powders prepared with the discontinuous process, from 2-propanol solutions with different ageing times.
Synthesis was performed at 350 ◦C, 30 MPa for 1 h.

Ageing time (h) Monoclinic phase (%) Crystallite size (nm) Mean particle size (nm) Specific surface area (m2/g)

3 0 6 – 186
17 46 6.5 678 218
17 35 6.5 472 143
41 0 5.5 – 205
65 16 5.5 1064 –
65 14 6.5 560 193
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160 10 6.5
720 55 7
200 24 7

Fig. 3 shows particle sizes and morphology for different solu-
ion ageing times. Spherical particles are principally obtained
ut, either sintered aggregates, or a bimodal particle size distribu-
ion are observed. Finally, compared to pentane, bigger particle
izes and higher specific surface areas (almost 200 m2/g) were
btained with 2-propanol as co-solvent.

As shown in Table 3, these comparative experiments with a
on-polar (pentane) or a polar (2-propanol) co-solvent revealed
ery different behaviors, and lead to totally different powder
haracteristics.

. Discussion on parameters influencing 3Y-TZP
owder characteristics
.1. Tetragonal phase stabilization and crystallite sizes

For pentane solutions, a sizeable effect of ageing time was
oticed, especially related to the tetragonal phase stabiliza-

2
b
h
n

ig. 3. FESEM micrographs showing the morphology of 3Y-TZP particles synthesiz
5 h and (d) 160 h.
– –
383 215
760 –

ion and crystallite size. This behavior was not observed for
-propanol solutions. This is likely to be linked with precursor
olution characteristics.

In fact, a gelation phenomena was observed with pentane and
he time needed for gel formation corresponds to the tetragonal
hase stabilization (20 min ageing time) during the supercriti-
al treatment. Stabilization of the tetragonal phase could then
e explained in this case by the reaction of ceramic precursors
t the molecular level during gel formation. The solution pre-
ared with 2-propanol never formed a gel and obviously the
etragonal phase does not form by reaction of the precursors
t this stage of the process. In conclusion, the dispersion of
ttrium in the zirconia structure occurs at the sol stage before
he supercritical treatment for pentane solutions, while it is prob-
bly thermally activated during the supercritical treatment for

-propanol solutions. Consequently, the tetragonal zirconia sta-
ilization is improved using pentane solution thanks to a more
omogenized and controlled yttria distribution inside the zirco-
ia structure.

ed from 2-propanol solution after different ageing times: (a) 17 h, (b) 41 h, (c)
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Table 3
Main characteristics of the 3Y-TZP depending on the co-solvent.

Pentane 2-Propanol

Characteristic of the mother solution Gelation after 20 min ageing Transparent solution whatever the ageing
time

Crystallite sizes (XRD) From 15 to 30 nm From 5 to 7 nm
Particle sizes (SEM) From 50 to 250 nm From 200 nm to 3 �m
Specific surface area (SBET) From 10 to 100 m2/g From 140 to 220 m2/g
Morphology (FESEM) One or two populations of spherical particles One or two populations of spherical

particles—sometimes sintered aggregates
I ation

te size
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nfluence of ageing time Tetragonal phase stabiliz
Slight effect on crystalli
Effect on particle size di

In addition, gel formation in pentane solution might also
e responsible for the increasing crystallite sizes with ageing
ime. Indeed, isopropanol solutions seems stable and crystallites
emain small (5–7 nm) whatever the ageing time, while crystal-
ites are bigger (15–30 nm) and ageing time dependant when
entane is employed. Cluster growth by condensation reaction
xplains both the increasing crystallite sizes and gel formation
n pentane solution.

.2. Textural and structural characteristics

The SC-CO2 assisted sol–gel process resulted in 3Y-TZP
owders with high specific surface area (10–220 m2/g), depend-
ng especially on the used co-solvent. It has been shown that
hese specific surface area values (S in m2/g) were directly cor-
elated with crystallite sizes following the equation S = 3/(r × �),

ith ρ the theoretical density (6.10 g/cm3) and r the parti-

le/crystallite radius (�m). N2 adsorption/desorption method
lso evidenced the presence of bimodal pore size distribution in
Y-TZP powders prepared in supercritical CO2. Intra-particle

A
r
p
p

ig. 4. FESEM and TEM micrographs showing the multi-scale powder microstructu
lso able to form aggregates.
s
tion

No clear tendency was evidenced

icro/mesopores smaller than 4 nm in diameter and inter-
article macropores of about 30–50 nm in diameter have been
bserved. These pores results from aggregation of crystallites
nd particles, respectively. Indeed, SEM and TEM observations
n Fig. 4 illustrate the typical multi-scale structure of the parti-
les derived from this batch synthesis process: nanocrystallites
re aggregated in spherical particles.

The size of spherical particles also depends on the type of
o-solvent selected for preparing the initial precursor solution.
or synthesis realized with pentane solutions ageing time seems

o control the particle size (Tables 1 and 3). Two particle size
opulations have been evidenced: the first one in the range of
0–100 nm and the second one in the range of 100–200 nm. The
mall particles in population 1 derive from clusters formed in
he gel phase (previously described). The increase of crystallite
izes with ageing time could explain the increase in particle size.

gglomeration of small particles during maturation phase might

esult in the second particle population. After 40 h ageing time,
article sizes of both populations tend to homogenize through
rogressive reorganization of agglomerates or/and by Oswald

re. Aggregated nanocrystallites form porous nano- or microparticles which are
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ig. 5. Schematic representation of reactive solution behavior during 3Y-TZ
epending on the co-solvent.

ipening mechanism. After 90 h ageing time only one particle
ize population remains at an intermediate size. For 2-propanol
olutions, no gel formation is observed and ageing time does
ot influence particle size and morphology (Tables 2 and 3). In
his case, the mechanism for particle formation is initiated in
ressurized CO2.

.3. Key parameters controlling 3Y-TZP powder
haracteristics

The co-solvent polarity is an influential factor for the final
owder characteristics. A judicious selection of the co-solvent
or sol preparation allows controlling both powder crystallite
izes and specific surface areas. The use of polar co-solvent
2-propanol in this study) instead of non-polar co-solvent (pen-
ane) favors the formation of valuable powders with high specific
urface area and small crystallite sizes.

On the contrary, with this discontinuous process, particle size
nd crystalline structure can be controlled only by using the
on-polar co-solvent (pentane in this study). In this case, the
etragonal phase is stabilized and particle size distribution is
ontrolled by choosing the appropriate solution ageing time.

. Discussion about particle formation mechanisms

.1. Visual observations and reactive solution behavior

Observation of the co-solvent/CO2 mixtures in a transparent
ell and comparison between pentane and 2-propanol helped
etter understanding the involved reaction mechanisms (Fig. 5).

For the pentane solution, gel formation can occur rapidly

20 min) and condensation reaction can be observed before reac-
or pressurisation with CO2. After CO2 introduction into the
eactor and during the heating stage, total miscibility between
entane and CO2 was observed at low temperature (Tc ∼ 323 K).

p
m
t
p

ercritical CO2 synthesis, based on visual observations (transparent cell) and

hen, particle precipitation rapidly occurred due to the SC-CO2
nti-solvent and sursaturation effects.

For the 2-propanol solution, gelation is not observed. After
O2 pressurisation in the reactor and during the heating stage,

otal miscibility of 2-propanol and CO2 occurred at higher
emperature (Tc ∼ 373 K) than with pentane. A biphasic media
liquid/gas) can be observed inside the reactor. Thus, nucle-
tion and growth due to reactant condensation could start in the
iquid phase before the CO2 anti-solvent effect yields particle
ormation.

In fact, these observations reveal that pressurization and
eating stages, leading to final synthesis conditions, are key
arameters for controlling particle formation mechanisms and
eed to be studied in more details.

.2. Binary phase diagram study

In order to better understand the effect of the reaction media
n powder characteristics, a detailed study on CO2/co-solvent
ehavior was carried out. Phase diagrams have been built for the
wo CO2/co-solvent mixtures (Figs. 6 and 7), i.e. (i) 0.88 mol
raction of CO2 for the CO2/pentane mixture (Tc ∼ 328 K and
c ∼ 8 MPa) and (ii) 0.78 mol fraction of CO2 for the CO2/2-
ropanol mixture (Tc ∼ 378 K and Pc ∼ 13 MPa) using literature
ata.15–19 Literature data for mixture critical temperatures are
lose to the experimental values observed with the transparent
ell.

Pressurization/heating curves (black dashed curve in
igs. 6 and 7) have been reported onto the phase diagrams. These
urves have been obtained during the reactor heating stage, by
easuring the pressure for each temperature, from room tem-
erature to final operating temperature. For isopropanol/CO2
ixtures, initial reactor pressure was fixed at 5.3 MPa (at room

emperature) in order to reach the final temperature of 623 K and
ressure of 30 MPa. For pentane/CO2 mixtures, initial reactor
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Fig. 6. CO2/2-propanol phase diagram for 0.78 molar fraction of CO2

(temperature/pressure representation). Final temperature = 623 K, final pres-
sure = 30 MPa.
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ig. 7. CO2/pentane phase diagram for 0.88 molar fraction of CO2

temperature/pressure representation). Final temperature = 623 K, final pres-
ure = 30 MPa.

ressure was fixed at 5 MPa (at room temperature) in order to
each the final temperature of 523 K and pressure of 30 MPa.

First, a specific artefact at around 450 K corresponding to an
xothermal reaction can be noticed using pentane co-solvent.
n intermediate nitrate compound resulting from the reaction
etween nitric acid and acetate precursors is formed, which
ecomposes to oxides at 450 K. This compound does not form
hen using 2-propanol co-solvent.
Then, two differences can be noticed when comparing the

ocation of phase areas (liquid, gas, liquid/gas and supercritical)
s. temperature for the two CO2/co-solvent mixtures. The first
ne concerns the delay (ts) before entering the supercritical area:
min with pentane co-solvent and 25 min with 2-propanol, with

he same heating rate in both cases (300 K/h). Heating duration
nder supercritical conditions (before reaching the operating
emperature and pressure value) is equivalent for both composi-
ions and last 20 min. The second difference is related to the type
f phase which is met when temperature is increased: mainly

iquid for CO2/pentane and liquid/gas for CO2/2-propanol.

Particle formation mechanisms related to anti-solvent phe-
omenon and liquid phase condensation (mentioned before) fit
hese phase diagram descriptions.

e
t
f
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ramic Society 30 (2010) 1691–1698 1697

.3. Possible mechanisms occurring during 3Y-TZP powder
ynthesis

SEM/TEM observations and phase diagram study bring about
he consideration of two different mechanisms for particle for-

ation. In addition to cluster/particle formations during solution
aturation (before supercritical treatment), two competitive
echanisms take place within the reactor, under pressurized
O2 environment. The short delay (ts = 5 min), before entering

he homogeneous supercritical pentane/CO2 medium, is com-
atible with the hypothesis of anti-solvent precipitation and
el-drying mechanisms. Consequently, particle formation occur
hrough both condensation reactions in air (in the Becker), and
O2 anti-solvent effects (in the reactor). For pentane/CO2 reac-

ion media, two successive mechanisms controlling crystalline
tructure and particle size could be attributed to the effects of
oth maturation and supercritical treatment. The first mechanism
akes place during ageing of the starting solution in which con-
ensation of yttrium and zirconium cations give rise to cluster
rowth and gel formation. The second mechanism occurs dur-
ng the treatment in pressurized CO2, with first the dispersion of
he gel phase in the CO2/pentane mixture and then the growth
f crystalline particles by a combined effect of temperature and
nti-solvent process.

For 2-propanol/CO2 mixture, the slow transition to reach
upercritical conditions (ts = 25 min) confirm the hypothesis
f condensation within the liquid phase. Reaction between
ydrated cations followed by nucleation and particle growth
ainly occurs into the reactor during the pressurized CO2 treat-
ent. In fact, hydrolysis of yttrium and zirconium salts yields

ydrated cations in 2-propanol, but condensation reactions are
imited by the acidic pH of the starting sol. In this case, particle
ormation rather results from a complete process in CO2 media
in the reactor) involving precursor reaction, seed formation and
article growth. Particles formation by condensation reaction in
iquid phase is obtained by cluster growth and particle precipita-
ion when clusters reach a critical size. The progressive increase
n CO2 concentration within the liquid phase and the evaporation
f isopropanol into the gas phase before reaching supercritical
onditions (ts = 25 min) could lead to several particle precipita-
ions by anti-solvent effect, explaining the polydispersity of the
Y-TZP particle size distribution.

Consequently, the “delay” before entering the supercritical
rea appears as a very decisive parameter for controlling pow-
er characteristics and the influence of mass transfer on particle
nd crystallite formation is noticeable. The different crystal-
ite sizes obtained when using pentane or 2-propanol might
e related to the difference in mass transfer between the co-
olvent and the CO2 phases, leading to different supersaturation
ates.20 Indeed, in the liquid/gas biphasic area, droplets can
orm due to stirring. Mass transfer between the CO2-rich and
he co-solvent-rich phases occurs and its kinetic depends on the
o-solvent properties. Moreover, co-solvent/CO2 mixture prop-

rties, especially precursor diffusivity, might strongly depend on
he co-solvent properties, thus affecting reaction kinetics. There-
ore, mass transfer can be modulated by selecting the appropriate
o-solvent, and reaction kinetics might be monitored carefully.
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. Conclusions

Ceramic processing in SC-CO2 is a very promising tech-
ique for creating nanocrystalline and homogeneous mixed
xide ceramic powders from salts or metal-organic compounds.
s shown for yttria stabilized zirconia, combining the sol–gel
ethod with the anti-solvent property of SC-CO2 leads to a

ery versatile process well adapted to the production of crys-
alline powders with high specific surface area. Yttria-doped
irconia powders, stabilized in tetragonal phase, were success-
ully prepared with this method, selecting suitable parameters.
hese powders exhibit high specific areas, up to 250 m2/g, and
riginal multi-scale morphologies which can be described as
pherical substructure (40–3000 nm) composed of individual
anocrystallites (5–30 nm).

Different reaction mechanisms may contribute to powder for-
ation depending on the co-solvent used at the sol stage and on

he sol ageing time before starting the supercritical step. These
echanisms strongly influence both the formation of primary

rystallites (size and crystalline phase) and the morphology of
ndividual particles. All results presented in this work (powder
haracteristics, visual observations and phase diagram study)
videnced the competition between two main mechanisms: the
ondensation reaction and the anti-solvent process. In the case
f pentane co-solvent, condensation reaction occurs at the sol
tage and is controlled by sol maturation. Then, anti-solvent
recipitation is achieved during CO2 reactor pressurization.
ith 2-propanol co-solvent, species condensation and anti-

olvent precipitation occur simultaneously in CO2/co-solvent
edium and the process kinetics are more hardly controlled.
ther co-solvents are currently under study in order to relate the

haracteristics of the co-solvent/CO2 mixture, e.g. polarity and
ielectric constant, with the 3Y-TPZ powder characteristics.

In other respects, the way in which the SC-CO2 phase is
ormed in presence of the sol (in the batch reactor) generates
uctuations in both the CO2/solvent ratio and reaction kinetics,

hus limiting the reproducibility of powder characteristics. In
rder to solve this problem, an injection device is under study
hich is able to contact directly the sol with the supercritical
O2 phase after it has been formed in the reactor.
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