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J 4m Ceram Soc , 72 [Sl 1382-85 (1989) journal 
Effect of Volatilization on the Conduction Behavior of 

Acceptor-Doped Chromium Oxide 

Rong-Fong Huang*,* and Harlan U. Anderson* 
Department of Ceramic Engineering, University of Missouri, Rolla, Missouri 65401 

The effect of volatilization on the conduction behavior of Li- or 
Mg-doped Cr,O, was studied. The Pol dependence on con- 
duction changed from V4 to Yn when volatilization occurred. 
The high-temperature conduction mechanism of Cr203 may 
be dominated by the formation of Cr vacancies due to the 
volatilization effect. [Key words: chromia, electrical conduc- 
tivity, lithium, magnesium, volatilization.] 

I. Introduction 

HKOMIUM OXIDE exhibits a high melting temperature, excel- C lent corrosion resistance under severe environments. and 
good electrical conductivity at high temperatures. All of these 
make Cr,O, an attractive material for high-temperature electrode 
applications.' As a result, the conduction behavior of this coin- 
pound has been extensively studied' '' as a function of teniperaturc. 
oxygen activity. and dopant concentration, Those studies have 
provided much valuable information on the c(nnduction behavior 
of  Cr20?. 

I t  has long been recognized that at elevated temperatures Cr,O 
reacts with oxygen to form a gaseous CrOl ph:aseIh ''I and that the 
effect is enhanced by the presence of moisture." ") However. 
little is known regarding how the volatilization affects the defect 
structure. and hence the conduction behavior. of CrlOi. Since the 
fabrication and the potential applications of this compound need 
to be carried out at elevated temperatures. the influence of vola- 
tilization on the electrical properties of Cr?O1 cannot bc ignored. 
Furthermore, previous studies have shown some discrepancies 
concerning the conduction mechanism.' '' the conductivity dcpend- 
ence on oxygen activity,'."' and the types of  defects in CrtOl.' ' I  li 
These discrepancies may be related to the volittilization. 

In this paper, the effect of volatilization on the electrical con- 
ductivity was studied as a function of temperature and oxygen 
activity. Based upon the conductivity and thermograviinetric 
data. defect models related to the volatilization of Cr,O1 arc pro- 
posed. The conduction mechanism and the influence o f  moisture 
on the oxygen activity dependence of conductivity are examined. 

11. Experimental Procedure 

A series of Mg- or Li-doped CrzO, powders were prepared by 
an organometallic coprecipitation method. Details of this process 
have been dcscribed elsewhere." X-ray diffraction (XRD), scan- 
ning electron microscopy (SEM), and chemical analysis' were 
used to indentify the presence of phases and to determine the Mg 
and Li content. Results indicatcd that a second phase of MgCrrO, 
exist5 i n  powders containing higher than 0.75 m d %  of M p  
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These powders were used to prepare both dense and porous 
samples for conductivity measurements. Details of the porous 
sample preparation. the experimental techniques used for the 
conductivity measurements, and the solubility limit of Li in Cr20J 
were discussed Porous samples, which could rapidly 
equilibrate to changing oxygen activity, were used to determine 
the dependence of the conductivity upon oxygen activity. 

The dense samples were pepared by hot-pressing in a 3.8-cin- 
diameter graphite die at 10.3 MN/m' with temperatures up to 
1793 K .  The hot-pressed samples showed an average of Y4% theo- 
retical density. 'Ihesc dense samples were sliced into 1 -mm-thick 
plates around which Pt wires were wrapped and painted with Pt 
past to form leads for conductivity riieasuremcnts. Dense samples 
were used mainly to determine the total conductivity and i t s  
dependence upon the temperature. 

For both the porous and densc specimens, the conductivity was 
measured using four-point probes. The oxygen activity was con- 
trolled by C02  and forming gas (90% N,, 10%- HJ mixtures in 
coim,junction with a zirconia oxygen sensor. Sufficient time was 
given so that a stable reading could be taken for each measure- 
ment point to ensure that the equilibration between samples and 
the ambient environments had been reached. 

To determine the volatilization of Cr20,, the nonreversible weight 
change of each powder specimen was measured as a function o f  
temperature and oxygen activity. The apparatus and procedurc?fur 
the thcrmogravinietric measurements were shown elsewhere.-- 

111. Results and Discussion 

( I )  Ejfect of Volaiifization on the Conductivity Dependence 
on Oxygen Activity 

Undopcd Cr203 has been found to exhibit a p-type electronic 
conduction  behavior'-'^(' except under vcry reducing conditions a! 
low temperature (573 K),  where ti-type behavior was observed.- 
In the case where the monovalent or divalent ions are substituted 
onto the Cr sites. electron holes will be created on the normal Cr 
ions to maintain the electrical neutrality of the compound.' If the 
extrinsic defects caused by the acceptor dopants exceed the 
intrinsic defect concentration. then the conductivity will be con- 
trolled by the dopant levels in the high P,,? region. ' Under reduc- 
ins conditions. the oxygen can be lost and the two electrons 
produced by the oxygen vacancy will compensatc the electron 
hole$ created by the acceptor dopants. thereby rcducing the hole 
concentration. This reaction can be expressed as 

0; + 2Cr;, G + v;; + to2(g) ( 1 )  

Since the ionic conduction due to V;; i s  much smaller than the 
electronic conduction of an electron hole," the conductivity dc- 
creases with decreasing oxygen activity. According to the pro- 
posed defect models,' the conduction in the high Po? region is 
controlled by the dopant level and no Po, dependence can be 
seen. In the low Po? region, where the fornmation of oxygen va- 
cancies dominates the defect structure. a Po-. dependence of f i  is 
expected. The conduction behavior of Li-d<ped CrzO, had been 
previously studied using the porous samples. ' Although the meas- 
ured conductivity data followed the proposed models well, a de- 
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viation from the predicted Yi dependence of Po, was observed in 
the interrnediate Pel: range. In an effort to  confirm the predicted 
P,,, dependence, the conductivities of high-density Mg-doped 
samples were measured. Typical results arc shown in Fig. 1 and 
are compared with the data for porous Li-doped specimens. In 
this figure, the conductivity of the porous specimens is plotted 
relative to that in air, since absolute values were not obtainable. 
As can be seen. the porous specimen data showed a region of YX 
power Po: dependence, but the high-density specimen did follow 
the predicted Pol dependence and no deviation was observed. 
Therefore, the higher POL dependence found for the porous samples 
in the intermediate Pol range came from other defects. 

Previous studies have shown that C r 2 0 ,  reacts with oxygen at 
high temperaturesih-’(’ to form gaseous CrO, and that the effect is 
greatly enhanced by the presence of moisturc. IX~” ’  The influence 
of  the formation of a volatile CrO; phase on the defect structure 
of Cr20 ,  can be expressed as 

The equilibrium constant of Eq. (2) is 

With the neutrality condition of 

the carrier concentration can be written as 

Therefore. the concentrations of both Cr vacancies and electron 
holes, hence the conductivity, are expected to increase whenever 
volatilization occurs. Furthermore, a Pol dependence of i /x  on the 
conductivity is also expected if the volatilization-induced electron 
holes dominate the charge-carrier concentration. 

Since the volatilization effect was expected to play an impor- 
tant role in the conduction behavior of Cr20,, the influence of 
temperature and the buffer gas system on the volatilization was 
investigated. The effect of temperature was determined by meas- 
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Fig. 1. 
samples. cr,, is the conductivity tneasurcd in air. 

Electrical conductivity dependence on Po, for porous and den& 

uring the weight loss of powders occurring in a flowing oxygen 
atmosphere with respect to heating tinic and tcmpcrature. Thc rc- 
sults arc shown in Fig. 2 .  As can he seen. Crz03  volatiliicd at 
conmnt rates when heated at temperatures higher than 1471 K .  
with no significant weight loss occurring at lower tempcraturcs. 
This behavior is in agreement with previous studies? l o  Thus, in 
order to minimize any possible volatilization due to tempcraturc, 
the Po? dependence measurements must be carried o u t  at tcinpcr- 
atures below 1473 K.  

To determine the influence of the buffer gas system (COI and 
forming gas) on the volatilization. the weight changes occurring 
for C r 2 0 3  powders were measured at a constant temperature LIS 

they were subjected to reduction~rcoxidation cycling using dif- 
ferent gas mixture ratios. Typical weight change results due to 
cyclings are shown in Fig. 3. Theoretically, unless volatilimtion 
occu~~ed. the weight change observed with retfuction-reoxidation 
cycling should be reversible. However. as can be x c n .  the re- 
versibility did not occur. indicating the occurrence of volatiliza- 
tion. It is apparent that the largest irreversible weight loss 
occurred in the gas combination of forming-pas-to-COz ratios 
near 1 .  Significant amounts of water were found to  condcnsc in 
the gas outlet for these gas compositions. The water was coming 
from the reaction of oxygen and hydrogen. which came from the 
dissociated C 0 2  and forming gas. respectively. The weight Io5s 
in the intermediate Po? range is unexpected, a s  little volatilization 
should occur in this low Pol region. Judging from the presence o f  
water in this region. the weight loss must be comine from a 
moisture-enhanced volatilization process. The possible mccha- 
nisms for this moi\ture-enhanced procesj had been studied previ- 
o ~ s l y . ’ ~  ‘‘I and the enhancement is thought to be caused by the 
formation of a gaseous CrO’OH phase. For samples containing 
MgCr,O, as a second phase, the effect of possible volatilization 
of MgCr‘O, needs t o  be considered. The  volatilization of 
MgCr’O, was studied by Anderson.” His results indicate that 
MgCr20 ,  is stable at oxygen activities above 10 “MPa  at 
1973 K.  Since the weight-loss measurements were carried out  in 
high POL o r  at temperatures much lower than I973 K.  thc intlu- 
ence of MgCr2O4 volatilization in this study is minimal. 

Since the gas compositions for which the conductivity dcpend- 
ence deviated on porous samples were the same as those for 
which a severe weight loss occurred, the dcviation is thought to  
be related to enhanced volatilization due to moisture. Thi5 can be 
seen as 

Because 
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peratures under flowing oxygen. 
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Fig. 3. Influence of buffer gas coinposition on weight loss behavior: 
(a) total loss at a given Pol, (b) reversible loss, and (c) irreversible losa. 
The reference point was taken as the weight in pure oxygen. 

Eq. (6) can be rewritten as 

4CrcXr + :O,(g) + iH,(g) V:: + 3Cr;, + Cr020H(g)  

Therefore, the electron hole concentration is 

where A is a temperature-dependent constant. Hence, like the dry 
condition shown in Eq. (2), a Po2 dependence of % is also to be 
expected for the moisture-enhanced volatilization of Cr,03. This 
is indeed what is shown in Fig. 1 for the conductivity of the 
porous samples. On the other hand, the dense samples, with 
much lower surface areas, have such low volatilization rates that 
the effect is negligible. 
(2) Effect of Volatilization on the Conductivity Dependence 
on Temperature 

The dependence of conductivity on temperature was deter- 
mined by heating the well-annealed hot-pressed samples in air. 
Typical results are shown in Fig. 4 by a log VT versus l /T  plot. 
The log u T  versus 1/T plots indicate two distinctive regions. In 
the low-temperature region (< I473 K) ,  the conductivity in- 
creased slowly with the increase in temperature: until 1473 K was 
reached. Above that temperature, the conductivity rapidly increased. 
It was found that the conductivity of specimens (both air-sintercd 
porous samples and well-annealed hot-pressed samples) is revers- 
ible only in the low-temperature region. If the samples were kept 
at high temperatures for a period of time, a higher conducitivity 
would be seen when cooling to the low-temperature region. The 
conduction mechanism in the high-temperature region has previ- 
ously been suggested as an intrinsic behavior and that no Po, de- 
pendence on conductivity can be expected . ? . ' I  Thus the activation 
energy observed in this region was attributed to the formation of 
intrinsic defects. This model, however, could not explain the data 
obtained from the thermoelectric measurements. Hay ef a/ .  ' used 
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- z -. 
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4 . 0  
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Fig. 4. 
stagnant air for Mg-Doped, hot-pressed samples. 

Temperature dependence of electrical conductivity measured in 

the activation energy (173.4 kJ/mol or 1.8 eV) obtained from the 
high-temperature region to calculate the carrier concentration of 
CrzO, using the intrinsic-defect model. They found that the cal- 
culated carrier concentration was 2 orders of magnitude lower 
than the value obtained from the thermoelectric data. Mead- 
owcroft et al. ' measured the Seebeck coefficient of Cr,O, at high 
temperatures and observed a rapid increase of hole concentration 
in this region. The irreversibility of conductivities at high tem- 
peratures, the rapid increase of hole concentration observed in 
Seebeck measurements, and the instability of Cr,Oi toward 
volatilization above 1473 K suggest that the conduction behavior 
in the high-temperature region is probably dominated by the 
volatilization effect shown in Eq. (2). Because of the volatiliza- 
tion, extra electron holes can be generated; consequently, higher 
conductivity was observed when the sample was cooled from the 
high-temperature region. In the stagnant air environments, the 
hole concentration could increase until a concentration gradient 
of thc volatilized phase was established around the sample,' ' 
which limited further volatilization to occur at that temperature. 

The conduction behavior in the low-temperature region is revers- 
ible because no extra charge carriers are created in this region. 
Therefore, the activation energy found in this region is strictly 
from the mobility term. The log u T  versus I /T plot yields a 
straight-line relationship, and an activation energy of 16.0 I+_ 0.3 
kJ/mol (0.17 eV) was obtained. The low activation energy sug- 
gests that the conduction is of the small polaron hopping type. 
The lack of temperature dependence for mobility reported by 
De Dogan et al. is probably due to the low temperature used in 
their study. As was pointed out by Wimmer et al.," it is rather 
difficult to observe a temperature dependence for mobility at low 
temperatures. Seebeck measurements in the 973 to 1373 K 
range' indicated the existence of an activated mobility, which 
also support the hopping process. 

The solubility limits of Mg in CrzO1 have been reported by 
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Ownby ef ~ t l . ’ ~  to be 0.37 mol% on samples prepared under 
strong reducing conditions, and by this study to be 0.75 mol%. 
More recently, Park et al.” found that the solubility limits of 
MgO in Cr203 varied between 0.6 and 1 mol% depending on the 
oxygen partial pressure and temperature when samples were pre- 
pared. They suggested that additional Mg atoms which came 
from the decomposition of MgCr,O, may have occupied the Cr 
vacancy sites at high temperatures. In general, the conductivity 
of the samples should increase proportionally to the amount of 
dopants until its solubility limit is reached. Beyond that limit, no 
further increase can be expected. However, as shown in Fig. 4, 
the conductivity increases with increasing Mg content even 
though the solubility limit of 0.75 mol% which was determined 
using low-temperature ( I  173 K )  calcined coprecipitated pow- 
ders, had been reached in these samples. It is possiblc that the 
formation of chromium vacancies by volatilization during high- 
temperature annealing may allow additional Mg atoms to substi- 
tute onto these sites, in agreement with Park et al.’s suggestion.26 
As a result, higher conductivity was observed due to higher Mg 
solubility. 

The activation energy obtained in the high-temperature region 
can be used to examine the proposed defect model based on the 
volatilization effect. The energy of 165.2 kJ/mol (1.7 eV) ob- 
tained in this region is in agreement with previous studics7.” and 
should be the combination of energies needed for the mobility 
(16.0 S 0 . 3  kJ/mol) and for the volatilization reaction shown in 
Eq. (2). Therefore, according to the model (Eq. (2)), the energy 
needed for the formation of a Cr vacancy and the associated elec- 
tron holcs and the formation of the volatilized CrO, phase is 
596.8 2 I .2 kJ/niol. The temperature dependence of oxidative 
vaporization of CrzOi was studied by Stearns et al.,” and thc ac- 
tivation energy for the formation of CrOi was calculated to be 
233.0 ? 21 kJ/mol. Therefore,  the formation energy of Cr  
vacancies and the associated electron holes is calculated to be 
363.8 ? 22 kJ/mol.  Within experimental error, this value is 
similar to the value of 372.5 kJ/mol reported by Greskovich*’ on 
the formation energy of a Cr vacancy and the associated defects 
in the high-oxygen activity region. This suggests that the high- 
temperature conductivity of Cr,O, is controlled by the oxidative 
volatilization and not by a intrinsic band-to-band process. Fur- 
thermore,  the band gap  of C r 2 0 3  has been reported to be 
462.3 kJ/mol (4.8 eV),” which would yield an activation energy 
of 231.2 kJ/mol (2 .4  eV),  not the commonly found value of 
165 kJ/mol ( I  .7 eV), for the high-temperature region if it domi- 
nated the conductivity. 

The lack of POL dependence in the high-temperature region re- 
ported in prcvious studies’.” could be due to the slow diffusion 
rate of oxygen. In measuring the conductivity dependence on PoL 
for dense samples, i t  was found that after extreme reduction. the 
initial conductivity could not be restored even after 2 d of reoxi- 
dation at 1000°C. However, if samples were heated 50” to I00”C 
higher for a short time and then cooled, the initial values were 
readily obtained. It appears that the kinetics are such that increas- 
ing temperature has a more profound influence in restoring the 
equilibrium than does increasing the oxygen partial pressure. 
Recently, Hoshino et al. ’” observed a Po? dependence of %h for 
diffusion of Cr  vacancies in Cr&. Their experiment was carried 
out at 1550°C in the low Poz region using an undoped single ctys- 
tal. The highly dense single crystal and low Po2 reduced the 
chance of volatilization, and the high testing temperature could 
greatly enhance the equilibrium between the sample and the am- 
bient conditions. Their data suggest that the conductivity in the 
high-temperature region should show a Pol dependence of 3/16, 
since the concentration of cation vacancies is directly related to 
the hole concentration by the neutrality condition shown i n  
Eq. (4); however, these measurements were not reported. 

IV. Conclusions 
The influence of volatilization on the electrical conduction be- 

havior of acceptor-doped Cr,Oi were studied by conductivity and 
thermogravimetric analysis (TGA) measurements. Results indi- 
cate that both the defect structures and the conduction behavior of 

Cr203 are affected by volatilization, The dependence of electrical 
conducitivity on oxygen partial pressure can be altered from ‘14 to 
V x  on samples affected by the volatilization. The volatilization 
process is influenced by the temperature, the oxygen activity, and 
the moisture content in the ambient. It was observed that the 
volatilization of Cr,03 can occur even in the low Pol region, due 
to a moisture-enhanced process. 

TGA data have shown that volatilization occurs at temperature 
higher than 1473 K in high Poz regions. Strong evidence suggests 
that the formation of Cr vacancies and the associated electron 
holes induced by the volatilization may be the dominating factor 
for the conduction behavior of Cr203 in the high-temperature re- 
gion rather than an intrinsic band-to-band process. The formation 
energy of the Cr vacancy and the associated holes was determined 
to be 363.8 -+ 22 kJ/mol. The activation energy for the mobility 
term is 16.0 S 0.3 kJ/mol, which indicates that the conduction 
is by the small polaron hopping process. 
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