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Thermodynamic evidence for phase transition in MoO2�d
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Abstract

The standard Gibbs free energy of formation of MoO2�d, DfG
�(MoO2�d), has been measured over a wide temperature range (925 to

1925) K using an advanced version of bi-electrolyte solid-state electrochemical cell incorporating a buffer electrode:

PtjMo + MoO2�dk (Y2O3)ThO2k (CaO)ZrO2k O2(0.1 MPa)jPt

The Gibbs free energy of formation of MoO2�d, which is directly related to the measured cell e.m.f., can be represented by two linear
segments:

Df G
�ðMoO2�dÞ � 570=ðJ �mol�1Þ ¼ �579; 821þ 170:003ðT=KÞ;

in the temperature range (925 to 1533) K, and

Df G
�ðMoO2�dÞ � 510=ðJ �mol�1Þ ¼ �564; 634þ 160:096ðT=KÞ;

in the temperature range (1533 to 1925) K. The change in slope at T = 1533 K is probably related to the phase transition of MoO2 from
monoclinic structure with space group P21/c to tetragonal structure characteristic of rutile with space group P42/mnm. The enthalpy and
entropy change for the phase transition are: DHtr = (15.19 ± 2.1) kJ Æ mol�1; DStr = (9.91 ± 1.27) J Æ mol�1 Æ K�1. The standard enthalpy
of formation of MoO2�d at T = 298.15 K assessed by the third-law method is: DfH

�(MoO2�d) = (�592.28 ± 0.33) kJ Æ mol�1. The new
measurements refine thermodynamic data for MoO2.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Mixture of high melting Mo and MoO2�d forms a con-
venient reference electrode in solid-state sensors for oxygen
in liquid metals such as Fe, Ni, and Co. The sensors usually
use stabilized-zirconia as a solid electrolyte. For the cali-
bration of oxygen sensors, accurate data on Gibbs free
energy of formation of MoO2�d is necessary. Gibbs free
energy of formation of MoO2�d has been measured by a
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number of investigators using CO + CO2 or H2 + H2O
gas-equilibrium [1–4] and oxide solid electrolyte techniques
using a variety of reference electrodes [5–15]. However,
there is considerable difference in reported results, part of
which is caused by the uncertainty in the oxygen potential
of the reference electrode. Ideally pure oxygen at standard
pressure should be used to avoid this uncertainty. The par-
ticle size of the powders used was not specified in most of
the studies reported in the literature. Jacob et al. [16] have
shown that the e.m.f. of solid-state cells depend on particle
size of the phases present at the electrodes when they are in
the nanometer range. This study was aimed at resolving the
uncertainty in thermodynamic data for MoO2.
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In most of the earlier e.m.f. studies on MoO2�d zirconia-
based solid electrolytes were used. Thoria-based electrolyte
was employed in one study [14]. At high temperatures, the
oxygen chemical potential at the Mo + MoO2�d electrode
is close to the boundary for predominant ionic conduction
(oxygen transport number >0.99) in stabilized-zirconia elec-
trolytes [17,18]. Doped-thoria electrolyte, which retains
ionic conduction at lower oxygen potentials, is a better
choice. However, it develops hole conduction at high oxygen
potentials. Hence, a combination of the two electrolytes is
used, with yttria-doped thoria (YDT) near the Mo +
MoO2�d electrode and calcia-stabilized zirconia (CSZ) near
the oxygen electrode. The bi-electrolyte has a larger domain
of ionic conduction than the individual electrolytes.

Even when the electrolyte operates in the predominantly
ionic conduction domain, there is always some trace elec-
tronic or hole conductivity in the material [17–19]. The pres-
ence of trace electronic or hole conduction can give rise to a
small electrochemical flux of oxygen from the high oxygen
potential electrode to the low oxygen potential electrode.
The electrochemical permeability is caused by the coupled
transport of oxygen ions and holes/electrons in the solid
electrolyte under the oxygen potential gradient. The oxygen
flux can polarize the electrodes resulting in lower e.m.f. A
buffer electrode, introduced between reference and working
electrodes, can act as a sink for the oxygen flux and prevent
the flux from reaching the working electrode.

In the present study, the standard Gibbs free energy of
formation of MoO2�d was measured over a large tempera-
ture range (925 to 1925) K using a solid-state electrochemi-
cal cell incorporating both YDT and CSZ as electrolytes
with pure oxygen as the reference electrode. An advanced
cell design incorporating a buffer electrode was used. During
the course of measurement, evidence for an important phase
transition in MoO2�d was obtained in addition to accurate
thermodynamic data. This phase transition has not been
reported earlier and is therefore highlighted in this article.

2. Experimental

2.1. Materials

Puratronic grade Mo and MoO2 powders were
obtained from Johnson and Matthey Chemicals (Royson,
United Kingdom). The oxide was fired at T = 1373 K in
argon atmosphere and the metal was first reduced under
pure dry hydrogen and then vacuum treated at the same
temperature before use. The Mo–MoO2 electrode was
prepared by intimately mixing Mo and MoO2 in equimo-
lar ratio, compacting the mixture in a steel die at 150 MPa
and sintering the resulting pellet at T = 1673 K for 72 h
under pre-purified argon gas. The pellet was contained
in an alumina crucible. A thin layer of the pellet in contact
with the alumina crucible was removed by grinding
to minimize contamination. The X-ray diffraction analysis
(XRD) at room temperature indicated that MoO2

was monoclinic with lattice parameters a = 0.5609 nm,
b = 0.4869 nm, c = 0.5626 nm and b = 120.91�. SEM
analysis showed that the particle size of the metal and
oxide powders were in the range (4 to 13) lm. High-den-
sity impervious YDT and CSZ tubes and YDT powder
were obtained from a commercial source. The CSZ tubes
closed at one end were leak tested under vacuum before
use.
2.2. Apparatus and procedure

The reversible e.m.f. of the following solid-state cell was
measured as a function of temperature:
PtjMo+MoO2k (Y2O3)ThO2k (CaO)ZrO2kO2(0.1MPa)jPt

ðIÞ
The cell is written such that the right-hand side electrode is
positive. The reference electrode of pure oxygen at constant
pressure is non-polarizable. The chemical potential of
oxygen in the micro-system near the working electrode/
electrolyte interface can be altered because of the semi-
permeability of the electrolyte to oxygen. The oxygen flux
arriving at the working electrode can increase the oxygen
chemical potential at the interface and result in lower
e.m.f. To prevent polarization of the measuring electrode,
a buffer electrode is introduced between the reference and
measuring electrodes separated by solid electrolytes as
shown below:
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FIGURE 2. A schematic diagram of the cell assembly for T/K < 1473.
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The buffer electrode absorbs the oxygen flux and pre-
vents it from reaching the working electrode. To be effec-
tive, the buffer electrode should be maintained at an
oxygen chemical potential close to that of the working elec-
trode. Since there is no significant difference between the
chemical potentials of buffer and working electrodes, driv-
ing force for transport of oxygen through the YDT electro-
lyte separating these electrodes does not exist. The working
electrode therefore remains unpolarized. The e.m.f. of the
cell is determined only by the oxygen chemical potentials
at the reference and working electrodes, which are con-
nected by oxygen ion conductors. Thus, the three-electrode
design of the cell prevents error in e.m.f. caused by polari-
zation of the working electrode. An amplified schematic of
the oxygen potential variation through the cell is shown in
figure 1. Measuring separately the e.m.f. between the three
electrodes, two at a time, can assess the magnitude of the
polarization effect as illustrated on the diagram. Transport
of oxygen between the electrodes through the gas phase is
prevented by physical isolation of the gas phase over the
three electrodes.

The cell design used for high-temperature e.m.f. mea-
surements at T < 1473 K is shown in figure 2. It consisted
of three distinct electrode compartments. The reference
electrode is contained inside an inverted impervious cal-
cia-stabilized zirconia (CSZ) tube. The buffer electrode,
consisting of Mo + MoO2�d is contained inside a CSZ cru-
cible lined with a layer of yttria-doped thoria (YDT). An
ionic bridge of YDT was provided through the buffer elec-
trode, so that the reference and working electrodes are con-
nected by a solid electrolyte combination through which
only oxygen ions can be transported. The gas phase over
the working electrode was separated from that over the
buffer electrode by a tube of stabilized-zirconia spring
loaded against the YDT pellet. The cell e.m.f. measured
between the working and reference electrodes was deter-
mined only by the oxygen chemical potential at these elec-
FIGURE 1. Oxygen chemical potential variation across the solid-state
cell with a buffer electrode and the corresponding e.m.f. between electrode
pairs.
trodes and was not affected by the gradient of chemical
potential through the connecting chain consisting of the
solid electrolyte segments including the ionic bridge across
the buffer electrode. Construction of the high-temperature
galvanic cell was rendered more difficult by the introduc-
tion of the buffer electrode. The static vacuum-sealed cell
construction used by Charette and Flengas [20] was
adopted in this study in preference to other designs that
employ either dynamic vacuum or inert gas flow over the
electrodes [18,21] at T < 1473 K. Further details of the cell
assembly and operational procedures used in this study can
be found in earlier publications [22,23]. To prevent defor-
mation of the quartz tube under vacuum, the cell enclosure
was partially filled with high purity Ar gas when operated
between T = (1273 and 1473 K).

In higher temperature range (1373 to 1925) K, an alu-
mina tube fitted with water-cooled brass heads at the two
ends is used to enclose the cell. Further, a vertical resis-
tance furnace with molybdenum tape as the heating ele-
ment was employed for generating the high temperatures.
The tape was protected from oxidation by a flowing gas
mixture containing 90% N2 and 10% H2. Since the alumina
tube has a small permeability for gases (especially hydro-
gen and oxygen) at high temperatures, a double alumina
tube enclosure was used. This arrangement is described in
detail in the earlier publications [24,25]. The annular space
between the two alumina tubes was purged with a stream
of high purity Ar gas to prevent the ingress of hydrogen
and oxygen into the cell environment. The cell was oper-
ated under flowing (5 ml Æ s�1) inert gas. The pressure of
Ar over the measuring and buffer electrodes was
�5000 Pa above atmospheric. The high-purity Ar gas was
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dried and deoxidized before use. The Pt electrodes were
replaced with Pt–20% Rh wire.

The e.m.f. of the solid-state electrochemical cell was
measured at regular intervals between T = (925 and
1925) K with a high-impedance (>1012 X) digital voltmeter.
The reversibility of each cell was confirmed by micro-cou-
lometric titration (�50 lA for 100 s) of oxygen in both
directions. In each case, the e.m.f. was found to return
gradually to its original value before titration. The e.m.f.
was reproducible during heating and cooling cycles. At
the end of each experiment, the electrodes were cooled to
room temperature and examined by X-ray diffraction.
There was no evidence of change in the phase assemblage
of the electrodes during the experiment. The steady state
e.m.f. was obtained in (1 to 6) ks, depending on the temper-
ature of the measurement. By measuring the e.m.f. between
the three electrodes, the polarization effect (Ep in figure 1)
was found to vary from (6 to 12) mV depending on temper-
ature. The e.m.f. between the buffer and working electrodes
(Eb/w) was negligible, (±0.1) mV. The e.m.f. of the cell
operated under vacuum and static Ar with silica enclosure
was almost identical (±0.2) mV to the e.m.f. obtained with
alumina enclosure and flowing Ar atmosphere in the over-
lapping temperature range.

3. Results and discussion

Figure 3 shows variation of the reversible e.m.f. of the
cell as a function of temperature. The overall cell reaction
is:

Mo(solid) + O2(gas)!MoO2(solid) ð1Þ

The change in slope at T = 1533 K suggests a phase transi-
tion of MoO2�d with a relatively small entropy change.
Additional evidence about the nature of this transition
comes from thermodynamic and phase equilibrium studies
on the system (MoO2 + TiO2) [26]. The solid solubility of
TiO2 in monoclinic MoO2 is very restricted (less than
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FIGURE 3. Measured e.m.f., E of the solid-state cell as a function of
temperature T.
2.5 mol%) up to T = 1412 K. There is extended solid solu-
bility above T = 1533 K and complete solid solubility
above T = 1560 K. The solid solution with tetragonal
structure exhibits a solid-state miscibility gap characterized
by critical temperature Tc = 1560 K and composition
X c

TiO2
¼ 0:38. In the range T = (1412 to 1533 K) there is a

two-phase region, involving monoclinic MoO2 and solid
solution with tetragonal structure, which terminates at
the eutectoid reaction at TR = 1412 K and X R

TiO2
¼ 0:17.

Since structural compatibility between end members is an
essential requirement for forming a continuous range of
solid solution, it may be safely concluded that the structure
of MoO2 at high temperature must be identical to that of
TiO2 (rutile). In view of this additional evidence, the phase
transition identified in this study can be described as that of
MoO2�d from monoclinic structure with space group P21/c
to tetragonal structure with space group P42/mnm.
Although the high-temperature form of MoO2 could not
be quenched to room temperature, (MoO2 + TiO2) solid
solutions with tetragonal structure can be quenched. By
extrapolating the lattice parameters of the solid solution,
the lattice constants of monoclinic MoO2 were evaluated:
a = 0.4850 nm and c = 0.2812 nm [26].

The least-squares regression analysis of the e.m.f. of the
cell in the temperature range (925 to 1533) K gives:

E � 1:48=ðmVÞ ¼ 1502:36� 0:44049ðT=KÞ; ð2Þ
where the uncertainty limit corresponds to the standard
deviation obtained from regression analysis. In the temper-
ature range (1533 to 1925) K, e.m.f. variation is given by:

E � 1:32=ðmVÞ ¼ 1463:01� 0:41482ðT=KÞ: ð3Þ
The measured e.m.f. of the cell is related to the standard
Gibbs free energy change associated with the cell reaction
by the Nernst equation; DfG

� = �nFE, where n = 4 is the
number of electrons involved in the electrode reactions,
F/J Æ V�1 = 96,485 is the Faraday constant and E/V is the
measured e.m.f. of the cell. The standard Gibbs free energy
of formation of MoO2�d with monoclinic structure in the
temperature range (925 to 1533) K can be represented by
the expression:

Df G
�ðMoO2�dÞ� 570=ðJ �mol�1Þ ¼�579;821þ 170:003ðT=KÞ:

ð4Þ

For MoO2�d with tetragonal structure in the temperature
range (1533 to 1925) K:

Df G
�ðMoO2�dÞ� 510=ðJ �mol�1Þ ¼�564;634þ 160:096ðT=KÞ:

ð5Þ

The temperature-independent terms in equations (4) and
(5) are the enthalpies of formation of the two forms of
MoO2 at an average temperature in the range of measure-
ment. The temperature-dependant terms are related to the
corresponding entropies of formation.

Table 1 summarizes all the information available in the
literature on the Gibbs free energy of formation of MoO2,



TABLE 1
Comparison of experimental information and Gibbs free energies of formation of MoO2�d, DfG

�(MoO2�d)

Year Investigators Technique/reference electrode Temperature range, T/K DfG
�/(kJ Æ mol�1)

1940 Tonosaki [1] H2/H2O 918 to 1096 �550.199 + 0.1457T

1953 Gokcen [2] H2/H2O 950 to 1330 �553.334 + 0.1469T

1962 Gleiser and Chipman [3] CO/CO2 1200 to 1350 �576.932 + 0.1681T

1963 Rapp [5] e.m.f./Fe + ‘‘FeO’’ and Ni + NiO 1020 to 1320 �575.300 + 0.1674T

1964 Barbi [6] e.m.f./‘‘FeO’’ + Fe3O4 and Fe + Fe3O4 840 to 1100 �575.856 + 0.1778T

1965 Drobyshev et al. [7] e.m.f./Fe + ‘‘FeO’’ 1260 to 1360 �575.635 + 0.1697T

1968 Vassilev et al. [4] H2/H2O 773 to 1123 �533.887 + 0.1336T

1969 Berglund and Kierkegaard [8] e.m.f./air 1150 to 1450 �564.798 + 0.161T

1972 Alcock and Chan [9] e.m.f./CO/CO2 1273 to 1873 �579.902 + 0.1674T

1979 Iwase et al. [10] e.m.f./Co + CoO and air 1223 to 1723 �576.100 + 0.1692T

1723 to 1923 �509.600 + 0.1297T

1979 Klekamp and Supawan [11] e.m.f./Fe + ‘‘FeO’’ 1070 to 1320 �571.800 + 0.1662T

1984 Pejryd [12] e.m.f./air 940 to 1450 �529.210 � 0.1268T

+0.0362TlnT

1986 O’Neill [13] e.m.f./Fe + ‘‘FeO’’ 1000 to 1400 �603.268 + 0.3375T

�0.0207TlnT

1987 Jacob et al. [15] e.m.f./O2 900 to 1500 �578.880 + 0.1685T

1994 Bygden et al. [14] e.m.f./Fe + ‘‘FeO’’ 1224 to 1584 �580.560 + 0.173T

2007 This study e.m.f./O2 925 to 1533 �579.821 + 0.170T

Buffer electrode 1533 to 1925 �564.634 + 0.1601T
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the techniques used and temperature ranges covered by dif-
ferent investigators. Of all the previous studies listed only
two spanned sufficient temperature range on either side
of the transition to be able to detect it. Alcock and Chan
[9] did not observe any change in slope, while Iwase et al.
[10] detected a very large change of slope with entropy
change of 39.5 J Æ mol�1 Æ K�1 at T = 1723 K, but did not
link it a phase transition in MoO2.
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FIGURE 4. Difference between the standard Gibbs free energy of
formation, DfG

�(MoO2), reported in the literature and that obtained in
this study, as a function of temperature T: }, Tonosaki [1]; ,, Gokcen [2];
·, Gleiser and Chipman [3]; ., Vassilev et al. [4]; r, Rapp [5]; +, Barbi [6];
w, Drobyshev et al. [7]; n, Berglund and Kierkegaard [8]; l, Alcock and
Chan [9]; m, Iwase et al. [10]; h, Kleykamp and Supawan [11]; , Pejryd
[12]; s, O’Neill [13]; ¯, Bygden et al. [14]; , Jacob et al. [15]; j, JANAF
(1985) [27]; and d, Pankratz [28].
Figure 4 shows graphically the difference between the
values of Gibbs free energy of formation, DfG

�(MoO2�d),
reported in the literature and that obtained in this study
as a function of temperature, T/K. The difference in Gibbs
free energy is plotted to provide better graphical resolution
of the data. The data in the literature fall into two sets. The
standard Gibbs free energy of formation reported in the
majority of the studies is more positive than that obtained
in this study. Thermodynamic compilations [27,28] depend
on this set of data. Use of very fine powders of MoO2 may
be responsible for the more positive values. However, more
negative are the results of Alcock and Chan [9], Jacob et al.
[15]. The data of Gokcen [2] and Iwase et al. [10] fall on
both sides: more positive at lower temperatures and more
negative at higher temperatures. In the temperature range
(925 to 1500) K, the results of this study are in good agree-
ment with values of Gleiser and Chipman [3], and in fair
agreement with the measurements of Rapp [5], O’Neill
[13], and Jacob et al. [15]. It is significant that these closely
agreeing results are obtained by a variety of techniques;
Gleiser and Chipman [3] using the gas equilibrium method,
Rapp [5] using e.m.f. method with Ni + NiO and
Fe + ‘‘FeO’’ as reference electrodes, O’Neill [13] using the
e.m.f. method with Fe + ‘‘FeO’’ reference and Jacob
et al. [15] using pure O2 gas reference. In the latter case
polarization effects (gradual drift with time of the e.m.f.
to lower values) were noticed, but was compensated by
passing d.c. current to restore the electrode to the non-
polarized state. In retrospect, the compensation may have
been slightly overdone. The polarization effect is expected
to be less significant when Ni + NiO and Fe + ‘‘FeO’’ are
used as reference electrodes, since the oxygen chemical
potentials associated with these solid electrodes are lower
and the driving force for oxygen transport through the
solid electrolyte is correspondingly reduced. The result of



1544 K.T. Jacob et al. / J. Chem. Thermodynamics 39 (2007) 1539–1545
Kleykamp and Supawan [11] at T = 1323 K agrees well
with this study, but their results at lower temperatures
are more positive. Since all previous e.m.f. studies were
done without the buffer electrode with Mo and MoO2�d

of unspecified particle size, the results obtained in this
study may be considered more reliable. The data of Tono-
saki [1], Vassilev et al. [4], and Barbi [6] are significantly
more positive and may now be discarded.

The value of the nonstoichiometric parameter d in
MoO2�d has not been determined accurately. The measure-
ments of Zador and Alcock [29] suggest a value of
(d ± 0.004 = 0.01) at T = 1273 K. The results obtained by
coulometric titration and thermogravimetry showed con-
siderable difference. However, the small nonstoichiometry
is unlikely to affect the value of Gibbs free energy of forma-
tion. Hence, the values obtained in this study can be tenta-
tively considered to be identical to that of stoichiometric
MoO2 and effect of nonstoichiometry will be neglected in
further discussion. The dioxide also takes up excess oxygen
up to MoO2.03 at 1273 K [29].

Since both low- and high-temperature heat capacities
are available for MoO2, the entropy is well defined. The
heat capacity measurements are critically assessed in
NIST-JANAF tables [27] and we are in general agreement
with the entropy and heat content data up to the phase
transition temperature (1533 K). The value of standard
entropy is listed as S�298:15 ¼ ð46:459�0:42Þ J �mol�1 �K�1.
Third-law analysis of the high temperature Gibbs free
energy data provides a convenient check of its temperature
dependence. The standard enthalpy of formation at
T = 298.15 K, DfH �298:15, can be calculated from the value
of the standard Gibbs free energy of formation at each
temperature, DfG

�(T), using the following relation:

Df H �298:15 ¼ DfG
�ðT Þ � DðH �T � H �298:15Þþ

T DfS
�
298:15 þ DðS�T � S�298:15Þ

� �
: ð6Þ

The values of H �T � H �298:15 and S�T � S�298:15 for monoclinic
MoO2, Mo solid, and O2 gas along with value of DfS

�
298:15

were taken from NIST-JANAF [27]. The ‘‘third-law’’ anal-
ysis of the Gibbs free energy of formation obtained in this
study in the temperature range (925 to 1533) K gives a
mean value of DfH �298:15 ¼ ð�592:28� 0:33Þ kJ �mol�1,
with maximum variation of 0.91 kJ Æ mol�1. The very small
drift suggests that the temperature dependence of Gibbs
free energy measured in this study is essentially consistent
with the thermal data. The value of Df H �298:15 obtained by
‘‘third-law’’ analysis compares with values of (�587.85 ±
2.9) kJ Æ mol�1 recommended in NIST-JANAF [27]. It is
recognized in this compilation [27] that a value more nega-
tive by 2.1 kJ Æ mol�1 would have provided a better overall
fit of all Mo–O data available at that time. Since such a
revision required readjustment of data for higher oxides
of molybdenum, the observation was not implemented.
The value of DfH �298:15 in other compilations is �588.94
kJ Æ mol�1 [28,30]. A small part of the difference between
calorimetric data for DfH �298:15 and that deduced from
Gibbs free energy of formation may be related to nonstoi-
chiometry. Nevertheless, the results of this study argue for
a downward revision of the accepted data for DfH �298:15 and
reassessment of thermal data at temperatures above the
transition. In fact the assessed heat capacity in NIST-JA-
NAF [27] deviates significantly from measurements of
King et al. [31] at the higher temperatures: the experimental
data at T = 1801 K was excluded from the analysis because
it deviated (+2.3)% from the assessed value. The rapid in-
crease in measured heat capacity above T = 1500 K is con-
sistent with the proposed phase transition.

From the change in slope of the e.m.f. at T = 1533 K,
the entropy of phase transition of MoO2�d is evaluated
as DStr = (9.91 ± 1.27) J Æ mol�1 Æ K�1. The corresponding
transition enthalpy change is DHtr = (15.19 ± 2.1)
kJ Æ mol�1. Since this transition has not been reported in
the literature, it warrants further discussion. The mono-
clinic structure of MoO2 can be considered as a deformed
rutile type [32]. In the rutile structure, each metal atom
coordinates six oxygen atoms to form MO6 octahedra.
The MO6 octahedra are joined by sharing edges to form
strings. The metal–oxygen distances fall into two sets; four
equal distances involved in edge-sharing in the chain, and
two perpendicular to them. MoO2 has four short and two
long M–O distances. The strings are mutually connected
to three-dimensional structure by octahedra having corners
in common. The oxygen atom is in planar threefold coor-
dination. In the undistorted rutile structure the metal
atoms are equidistantly arranged within the strings,
whereas in the MoO2-type distorted rutile structure metal
atoms are alternatively nearer to and farther from each
other. The coupling or dimerization of the metal atoms
leads to monoclinic symmetry.

The monoclinic distortion and the metallic property of
MoO2 have an electronic origin [33]. Of the two d elec-
trons associated with molybdenum, one is involved in
Mo–Mo bonding that distorts the otherwise tetragonal
structure to monoclinic symmetry. In an octahedral crys-
tal field, the two 4d electrons of Mo4+ would occupy the
triply degenerate t2g levels. In the rutile structure, the t2g

levels would be split into a nondegenerate (more stable) ti
and doubly degenerate t^. The ti containing one of the d
electrons overlaps directly along the linear chains of
the edge-shared octahedra running parallel to the rutile
c-axis, resulting in the formation of Mo–Mo bonds
(0.25 nm) within the chain. This dimerization can also
be described as a type of Peierls instability [34]. The dou-
bly degenerate t^ overlap the p orbitals of oxygen form-
ing Mo–O p* bands. The second d electron of Mo4+

occupies the Mo–O p* band, making MoO2 metallic.
He 1 photoelectron spectrum of MoO2 provides direct
evidence for this bonding picture: Mo–Mo bonding states
are clearly resolved below the Mo–O p* states and a
sharp Fermi surface within the partially filled Mo–O p*

band [35].
Whether the rutile or MoO2-type deformed rutile struc-

ture is adopted can be temperature dependent. The dis-



K.T. Jacob et al. / J. Chem. Thermodynamics 39 (2007) 1539–1545 1545
torted structures have lower entropy compared to their
undistorted counterparts. When enthalpy change associ-
ated with the distortion is not too large, the structure will
rid itself of the distortion at higher temperatures. For
example, VO2 (V4+:3d1) has the monoclinic structure below
T = 340 (±5) K and rutile structure (tetragonal, space
group P42/mnm) above that [32]. The structure transition
in VO2 and the source of the distortion are similar to that
of MoO2, but the structure transition in VO2 is also accom-
panied by a metal–insulator transition. In VO2 the entropy
change for the transition is DStr = (13.2 ± 1.2) J Æ
mol�1 Æ K�1 [27]. The monoclinic to tetragonal phase tran-
sition in MoO2 (Mo4+:4d2) detected in this study fits this
pattern. The higher transition temperature for MoO2 is
the result of stronger metal–metal bonds. It would be
interesting to investigate whether WO2 (W4+:5d2) and
TcO2 (Tc4+:4d3) which have the deformed rutile structure
similar to MoO2 at low temperature will transform to the
rutile structure at higher temperatures. The transition tem-
perature will give an indication of the strength of metal–
metal bonding along the edge-sharing chains of MO6

octahedra.
4. Conclusion

New high-temperature solid-state electrochemical
measurements using an advanced cell design have
generated accurate data on the standard Gibbs free
energy of formation of MoO2�d in two crystallographic
forms, monoclinic and tetragonal. The standard Gibbs
free energy of formation of monoclinic phase of MoO2

is: DfG
�(MoO2�d) ± 570/(J Æ mol�1) = �579,821 + 170.003

(T/K) in the temperature range (925 to 1533) K. The
standard Gibbs free energy of formation of tetragonal
phase is: DfG

�(MoO2�d) ± 510/(J Æ mol�1) = �564,634 +
160.096(T/K) in the temperature range (1533 to
1925) K. The new measurements on microcrystalline
MoO2�d improve thermodynamic data for MoO2 and
suggest a value of Df H �298:15ðMoO2Þ ¼ ð�592:28� 0:33Þ
kJ �mol�1, (3 to 4) kJ Æ mol�1 more negative than values

given in thermodynamic compilations. Accurate measure-
ments on the nonstoichiometry of MoO2 as a function of
temperature will help to further refine the data for this
compound.

Identified in this study is a hitherto undetected phase
transition in MoO2 at T = 1533 K from deformed-
rutile to rutile structure. The entropy of this phase transi-
tion is obtained as DStr = (9.91 ± 1.27) J Æ mol�1 Æ K�1.
The nature of chemical bond that gives rise to the structure
distortion at lower temperatures and entropy stabilization
of the undistorted structure at high temperatures are dis-
cussed in comparison with an analogous system.
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