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ABSTRACT

A solid-state electrochemical cell, with yttria-stabilized zirconia as the electrolyte and pure O, gas at
0.1 MPa as the reference electrode, has been used to measure the oxygen chemical potential correspond-
ing to the equilibrium between (3-Rh;03 and RhO; in the temperature range from 850 to 1050 K. Using
standard Gibbs energy of formation of 3-Rh,03 available in the literature and the measured oxygen
potential, the standard Gibbs free energy of formation of RhO; is derived as a function of temperature:

AG;(RhO,)(+71)/) mol ™" = ~238, 418 + 179.89T

Using an estimated value of AC; for the formation reaction of RhO, from its elements, the
standard enthalpy of formation, standard entropy and isobaric heat capacity of RhO, at 298.15K
are evaluated: AHf (298.15K)( +164)/k] mol~" = —244.94, S° (298.15 K)( £ 3.00)/J mol~' K-' =45.11 and

Decomposition temperature
Stability

G, (298.15K)(£2.6)] mol~1K-1=64.28.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Rhodium metal supported on alumina is a selective catalyst
for steam reforming of aromatic compounds [1]. The metal is also
used in automotive three-way catalysts for the oxidation of CO and
hydrocarbons and reduction of NOy present in exhaust gases [2,3].
The major role of the catalyst in the oxidation of CO is to dissociate
0, molecules, which occurs spontaneously in the adsorption pro-
cess. The “free” oxygen atoms on the surface react with adsorbed
CO to form CO;, [4]. Gustafson et al. [4] have shown that a thin RhO,
surface oxide film forms on metal Rh prior to the bulk Rh,03 with
corundum structure. Increase in CO, production has been corre-
lated with the presence of the thin RhO; surface films. Bulk Rh,03
appears to poison the oxidation of CO. Thus, the ability to predict
the effect of temperature and oxygen pressure on the stability of
rhodium and its oxides is important for industrial catalytic pro-
cesses. Further, anodic film formed on Rh electrode in an alkaline
solution exhibits reversible color change between lemon yellow
(Rh03-5H,0) and olive green (RhO,-2H,0) by successively revers-
ing applied potentials [5]: an effect attributed to change in the
oxidation state of metal ions.

The stable oxide phase in equilibrium with metallic Rh is
Rh,03 [6], which exists in two polymorphic forms: «-Rh,03
or the low-temperature form having corundum structure (space
group R3c) with lattice parameters a=0.5127 nm and c=1.3853 nm
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[JCPDS file no. 00-043-1025], and 3-Rh, O3 or the high-temperature
form exhibiting orthorhombic structure (space group Pbca) with
a=0.51472 nm, b=0.54379 nm and c=1.4691 nm [JCPDS file no. 00-
043-0009]. The oxidation of Rh always results in the formation of
high-temperature form of Rh,03. Thermodynamic properties of
[3-Rh,03 are now well established [6,7]. Lower oxides, Rh,0 and
RhO, identified by Wohler and Jochum [8] in the early study of
the system Rh-0O, have not been confirmed by subsequent inves-
tigators. RhO,, which is stable at high oxygen pressures, has the
rutile structure (space group P4,/mnm) with (a=0.44862 nm and
c=0.30884 nm) [JCPDS file no. 01-074-2385]. Muller and Roy [9]
have studied the stability of the Rh oxides as a function of temper-
ature in the range from 723 to 1273 K and oxygen pressure in the
range 0.21 < Po, /P° < 4000, where P° is the standard atmospheric
pressure. The results are neither sufficiently reproducible nor accu-
rate to derive thermodynamic data. Although rhodium is generally
present in the trivalent state oxides especially at elevated temper-
atures, there are indications of the presence of tetravalent rhodium
in some complex oxides, especially spinel solid solutions.

Norman et al. [10] have detected both RhO and RhO, species in
the gas phase using Knudsen cell mass-spectrometry, with constant
flow of oxygen into the Knudsen cell at partial pressures varying
from 107> < Po, /P° < 107>.These experiments were conducted in
the temperature range from 1903 to 2173 K. Alcock and Hooper[11]
studied the volatility of Rh as a function of oxygen partial pressure
from 1273 to 1773 K. They show that RhO, is the predominant gas
species.

Experimentally determined thermodynamic properties of RhO,
have not been reported in the literature. Heat capacity of RhO, at
298.15 Khas been estimated by Hurst and Harrison [12] using mod-
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Fig. 1. Schematic diagram of the cell assembly used for electrochemical measure-
ment.

ified Kopp’s rule as 53.47Jmol~'K-! and by Leitner et al. [13] as
55]mol~1 K-1. Because of the absence of data on RhO, in all ther-
modynamic data compilations, an experimental determination of
the standard Gibbs free energy of RhO, as a function of temper-
ature was undertaken. The oxygen chemical potential associated
with the equilibrium between (3-Rh,03 and RhO; was measured
using a solid-state cell. The standard enthalpy of formation and
standard entropy of RhO, at 298.15 K were evaluated.

2. Experimental methods
2.1. Sample preparation

Dark grey B-Rh,03 was prepared by oxidation of fine powder of metallic Rh
at 1323 K in pure oxygen gas at ambient pressure. RhO, was prepared by thermal
decomposition of Rh,03-5H,0 at 923 K. The product was heated at 1073 K for ~50 ks
in pure oxygen gas at a pressure Po, /P° = 10, where P° is the standard atmospheric
pressure. Formation of both oxides was confirmed by XRD. The composition of both
compounds was verified by reductive gravimetry (mass loss during reduction by
hydrogen gas) at 1073 K.

2.2. Electrochemical measurements

The reversible emf of the solid-state electrochemical cell: Pt—13%Rh,
-Rh;03 +RhO,/(Y203)Zr02/02(0.1 MPa), (RuO;), Pt — 13 % Rh, was measured as a
function of temperature in the range 850-1050K. The cell is written such that the
right hand electrode is positive. Yttria-stabilized zirconia tube functioned as the
solid electrolyte with predominant oxygen ion conduction (t,, >0.999) under the
experimental conditions encountered in this study.

The cell assembly used for electrochemical measurements is shown in Fig. 1.
The yttria-stabilized zirconia tube used as the solid electrolyte was leak tested and
found to be impervious. A coating of RuO, was applied on flat inner surfaces of
the closed-end tube so that it would serve as a low interfacial impedance electrode
at reduced operating temperatures [14]. Drops of 10% aqueous solution of RuCls
was dropped inside the tube. After drying, the tube was heated in air at 1073 K for
300s. A highly adherent black porous film of RuO, is obtained by this treatment.
The half-spherical type RuO, particles attached to the solid electrolyte catalyzed
the conversion of diatomic oxygen molecules from gas phase to oxygen ions in the
solid electrolyte. A platinum mesh is placed over the RuO, electrode. A Pt-13%Rh
wire, spot welded to the mesh, was used as an electrical lead. Good contact with
the electrolyte tube was ensured by pressing the platinum mesh against the RuO,
electrode with an alumina tube. Oxygen gas at 0.1 MPa pressure was flown over the
RuO, electrode at a flow rate of 1.5mls~ 1.

A mixture of 3-Rh,03; and RhO; in the molar ratio 1:1.5 was placed in a yttria-
stabilized zirconia crucible, with a Pt-13%Rh wire embedded in the mixture. The
solid electrolyte tube was pressed against the two-phase mixture as shown in the

Fig. 2. Variation of the emf of the solid-state electrochemical cell with temperature.

figure. The oxygen chemical potential associated with the phase mixture of 3-Rh, 03
and RhO; was measured by the solid-state cell. The assembly was enclosed in an
outer quartz tube. At the cold end, the gap between the neck of the quartz tube and
the zirconia tube was closed with De Khotinsky cement as shown in the diagram.
After assembling the cell, the quartz tube is evacuated through a side arm to a pres-
sure of 0.1 Pa and then flame sealed. During the experiment, the equilibrium oxygen
partial pressure is established inside the quartz tube by the dissociation of RhO; into
B-Rh,0s. The oxygen partial pressure for the dissociation of 3-Rh,03 to Rh and O,
is considerably lower.

The reversibility of the emf was established by microcoulometric titration in
either direction. A small quantity of current (~25 nA for 200 s) was passed through
the cell using an external potential source and then the open-circuit emf was
recorded as a function of time. In each case, the emf was found to gradually return
to the steady state value before the titration. Since the emf returned to the same
value after successive essentially infinitesimal displacements from equilibrium in
both directions, the reversibility was confirmed. The emf was also found to be insen-
sitive to changes in the flow of oxygen gas through the solid electrolyte tube by a
factor 2x and reproducible on cycling the temperature of the cell. After the emf
measurements, the cell was cooled and the cell components were examined. There
was no evidence of reaction between RuO, and Pt at the reference electrode. The
working electrode was examined by optical and scanning electron microscope and
XRD before and after the experiment. There was no change in the characteristic pat-
terns of the two oxides during the experiment; observed was only a change in the
relative concentration of the two phases caused by partial decomposition of RhO,
to Rh,03 during experiment to establish the equilibrium oxygen partial pressure
inside the evacuated quartz tube.

3. Results and discussion

The reversible emf of the solid-state cell is plotted as a function
of temperature in Fig. 2. The emf decreases linearly with increasing
temperature. The least squares regression analysis gives:

E(0.39)/mv = 417.01 — 0.4034T (1)

where the uncertainty limit corresponds to twice the standard
deviation (20). The corresponding uncertainty in the temperature-
independent term is +1.9 and in the temperature-dependent term
is £0.002. The open-circuit potential of the concentration cell is
expressed as

RT . (5,
E= g In (IJOZ (2)
where Pp, and sz are the oxygen pressures at the working elec-
trode and the reference electrode, respectively, F is the Faraday
constant, and R the gas constant. As pure oxygen at 0.1 MPa was

used as the reference electrode, the emf directly gives the oxy-
gen potential (Auo, = RT InPg, ) at the working electrode, which
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is defined by the reaction:
0.58-Rh,03 +0.250; — RhO, (3)

The standard Gibbs energy of formation of RhO, from oxygen
and 3-Rh;03 according to reaction (3) is related to oxygen poten-
tial:

AG4(£37)/] mol™' = 0.25A 0, = 0.25RT InPo, = —FE
= —40, 235 + 38.89T (4)

The standard Gibbs free energy of formation of 3-Rh,03 obtained
from recent measurement [6] in the temperature range from 873
to 1300K is:

AG}(B-Rhy03)(+120)/J mol ' = 396, 365 + 282.0T (5)

Combining Egs. (4) and (5), the standard Gibbs energy of formation
of RhO, can be computed as

Rh(s) + O, — RhO, (6)

AGZ(RhO,)(£71)/] mol™! = AG§ +0.5AG}(B — Rh,03)

—238,418 +179.89T (7)

The temperature-independent term in the above equation gives the
standard enthalpy of formation (AHfO(i 0.16)/kjmol~! = —238.42)
of RhO, according to reaction (6) at the mean experimental
temperature of 950K. The temperature-dependent term with
change in sign gives the corresponding entropy of formation
(ASF(£0.15)[] mol~1K-1=—-179.89) at the same temperature. To
calculate AHIE’ (298.15K) and ASf"(298.15K), the following rela-
tions are used:

T
AH(T) = AHf"(298.15K)+/ ACydT (8)
298.15
T °
ACGy
ASH(T) = AS}(298.15K) + ~2dT (9)
298.15

An estimated value of ACy(+2.5)/Jmol~"K~1=10 is used for the
evaluation of enthalpy and entropy of formation at 298.15K. The
estimated value is slightly larger than that for the isostructural
compound TiO, at 900 K (8.25 ] mol~1 K-1)[15], but smaller than an
average value of 12.55 ] mol~! K~! recommended by Kubaschewski
and Alcock [16] for reactions similar to (6). The corresponding
value of AC, of RhO, at 298.15K is 64.28 (+2.6)Jmol-1 K1,
which is considerably larger than the estimated values given
in the literature [7,8]. The derived thermodynamic properties
at 298.15K are: AHf (298.15K)(+1.64)K] mol~1=-244.94, and

AS°(298.15K)(+2.9)/Jmol~1K-1=-191.48.

The standard entropy of RhO, is obtained as
AS°(298.15K)(+2.9)/Jmol-1K-1=-191.48 by using values
for standard entropies of Rh and O, at 298.15 K from Pankratz [15].
It would be useful to confirm the derived values by calorimetric
measurements of enthalpy of formation and heat capacity as a
function of temperature.

Temperatures for the decomposition of RhO, according to reac-
tion (3) can be computed from the data measured in this study as
a function of temperature. The decomposition temperature in pure
diatomic oxygen gas at ambient pressure is 1035 (£1)K; decom-
position to 3-Rh;03 occurs at 955 (+1) K in dry air. Decomposition
temperatures at any oxygen partial pressure can be computed from
Eq. (4).

The standard Gibbs free energies of formation of the two sta-
ble solid oxides (Rh,03 and RhO, ) and two vapor species (RhO and
RhO,) identified in the system Rh-O are plotted as a function of
temperature in Fig. 3 a la Ellingham, Richardson and Jeffes. Data for

Fig. 3. Variation of the standard Gibbs energy of formation of oxides of Rh and Ru
as a function of temperature.

solid Rh, 03 is from reference [6], for solid RhO, from this study, for
RhO gas from reference [17] and for RhO, from reference [11]. It is
seen that the gas species RhO is very unstable and can be detected
by mass-spectrometry only at very high temperatures [10]. Species
RhO, is relatively more stable. At the highest temperature used
in this study (1050K), the vapor pressure of RhO, species over
pure solid RhOy, Pgyo, /P° = 1.74 x 10~ '!, whichis negligible. Thus,
experimental measurement of the decomposition oxygen potential
of solid RhO, to Rh,03 is not affected by volatile species contain-
ing rhodium present in the system. Data for RuO, [18] displayed in
Fig. 3 shows that the oxide is more stable than Rh;03 and will not
be reduced by platinum with which it is in contact at the reference
electrode.

It is informative to compare the relative stability of the two
solid oxides, B-Rh;03 and RhO,. The enthalpy of formation of 3-
Rh,03 per oxygen atom at 298.15K(—135.18 kJmol~1) [11]is more
negative than for RhO, (—122.47 kjmol~!). The metal to oxygen
bond strength in transition metal oxides can be attributed to the
hybridization between M-4d and O-2p states. The optimal filling
or the bonding states in the metal-oxygen hybridization complex
controls the relative stability of rhodium oxide in the two differ-
ent stoichiometries. In rutile-type RhO,, part of the d-electrons
associated with Rh** fill anti-bonding states (Rh-deg—Opx+pz bands)
leading to weaker Rh-O bonds. As discussed by Grillo [19], the
relative stability of Rh,O3 can be attributed to the energy gap
between occupied bonding (Rh-dty;-0p) and empty anti-bonding
(Rh-deg—Opy) states, resulting in an insulating phase with electron
valence charge density dominated by the t; symmetry. Thus, the
lower Rh-0 bond energy in RhO, compared to Rh,03 arises from
the differences in Rh-0 hybridization efficiency in the two struc-
tures.

4. Summary and conclusions

Thermodynamic properties of RhO, were determined using a
solid-state cell at high temperatures. For the RhO, formation reac-
tion:

Rh(s) + O, — RhO,

the standard Gibbs free energy change in the temperature range
from 850 to 1050 K can be represented by the equation:

AG}(RhO )(+71)/] mol™' = —238,418 + 179.89T
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Using an estimated value for ACy, the standard enthalpy of for-
mation and standard entropy of RhO, from elements at 298.15K
were evaluated: AHfO (298.15K)( + 1.64)/k] mol~! = — 244.94 and

$°(298.15K)(£3.00)/Jmol-1 K-1=45.11.
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