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Abstract: Ln-Rh-O systems show potential interest in different catalytic applications. Phase diagram of
these systems revealed that only LnRhOj;, an orthorhombic perovskite structure, has been found as stable
ternary oxide. Employed solid-state electrochemical cell to determine the thermodynamic parameters of
LnRhO; compounds from their binary oxides Rh;O; and Ln,O;. Calcia stabilized and yttria stabilized
zirconia has been used as solid electrolytes in these cells. Ternary phase relation for Ln-Rh-O systems is
established using isothermal equilibration technique. Phase diagram of few Ln-Rh-O systems are
computed with the help of supplementary data for other binary phases (Ln-Rh) from the literature and
thermodynamic data for LnRhOj; from experiment at high temperature. At 298.15 K, AH;-)and SO%or
LnRhOjsare calculated from its constituting elements. Thermodynamic data has been used to compute an
oxygen potential — composition and three-dimensional chemical potential diagram for the system Ln-Rh-
0.
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I. INTRODUCTION

Developments in materials science and engineering that have made a major impact in the last decade. These
functional materials find application as sensors, actuators and modulators in different sectors such as automotive,
aeronautics, electronics, machine-tools and domestic appliances. In addition, some of these materials are also used in
catalysis and electrochemical devices such as batteries, chemical and bio-sensors, electrochromic devices, fuel cells and
solar cells [1-5]. Fundamental and systematic phase relations and thermodynamic data are essential for designing new
materials with tailored properties. In order to provide high accuracy data, new solid—state electrochemical cells are
designed to produce high—temperature thermodynamic data.

Ternary oxides LnRhO; containing lanthanide elements display catalytic [1], electrochemical [2, 3] and interesting
magnetic [4,5] properties. Studies has revealed that LaRhOsas an active catalyst for the hydroformylation of olefins and
conversion of synthetic gas to linear alcohols [1]. Dysporsium rhodite (DyRhOs) has semiconducting in nature. Its
optical band gap falls within the solar spectrum and also has stability over a wide range of pH in aqueous solutions.
Because of the mentioned properties, it haspotential use as cathode in photoelectrolysis of water [3,6]. At 2 K,
GdRhO;exhibit antiferromagnetic transition which has been revealed byspecific heat and magnetic measurements [7].
Looking to the significant importance of Lanthanide-rhodium—oxygen systems in different applications, phase relations
in a series of systems, Ln-Rh-O (Ln= Dy, Gd,La, Ho, Tm, Sm,Nd, Yb, Ce and Pr) has been explored [6-15]. In the
defined temperature range, thermodynamic properties of LnRhO; have been determined by employing a solid-state
electrochemical cell. The phase diagrams and thermodynamic data on L#RhO; are significant for determining stability
of the catalyst under various environments, evaluating catalyst-support interactions and in the designing of strategies
forcatalyst regeneration.
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II. EXPERIMENTAL

2.1 Preparation of Materials
All LnRhO;has been prepared mixing of fine powders of Ln,05; and Rh,O; in equimolar ratio. They were ground in
ethanol and dried. At 1373 K, they were pelletized for heat treatment under pure O,gas for 48 h. Occasional grindings
were done for several times. Further at 1573 K, reaction is completed by heating under flowing oxygen for48 h. X-ray
diffraction (XRD) technique is used to verify the formation of orthorhodite. The detailed method of preparation of
materials is discussed elsewhere [10].

2.2 Phase Equilibrium Studies at High Temperature

Phase relations in Ln-Rh-O systems (Ln = Ho, Tm,Sm and Nd) has been established by using isothermal
equilibration technique [9-12]. Mixtures of pure metals and binary oxides were equilibrated at high temperature in
order to explore the phase relations in the system Ln—Rh—O in liquid nitrogen. The phase identification were performed
at room temperature. Various samples of oxides and metals/intermetallics were pelletized. Under vacuum, the
equilibration of the samples took place in a closed system. Quartz ampules were used to keep the samples and were
evacuated to 0.1 MPa pressure and further flame sealed. With the aim to start the reaction between oxide
andmetals/intermetallics, samples were heated to 1373 K for ~8 h. It was then equilibrated for ~120 h at 1273 K.
Additional heat treatment do not bring any significant change in the phase compositions of the samples. Thus, the
attainment of equilibrium was assumed. Phase identification was done by X-ray diffraction, energy dispersive
spectroscopy and optical and scanning electron microscopy techniques.

2.3 Electrochemical Studies
The solid-state electrochemical cell,

Pt-13% Rh, Rh + LrRhO; + Ln,05 // (CaO) or (Y,03) ZrO,// Rh,O3+ Rh, Pt-13% Rh
has been outlined. Measured reversible emf as a function of temperature in the range from 900 to 1300 K. Reference
electrode (positive) on right-hand side and measuring electrodes on the left side. Both were separated by solid
electrolyte i.e. a calcia—stabilized zirconia (CSZ) or Yttria stabilized zirconia (YSZ) tube. The predominant oxygen ion
conduction (t;,,) is greater than 0.999 under the experimental conditions. Pt-13 % Rh alloy wires serve as electrical
leads. Over the electrodes, there was appreciable partial pressure of oxygen at high temperatures. Thus, an evacuated
and sealed system was used to contain the samples. Decomposition of Rh,O; and DyRhOj; created an oxygen partial
pressure over both the electrodes. The electrochemical cells are designed in such a way that the EMF can be related to
the Gibbs energy of formation of LnRhO; from component binary oxides Ln,03; and Rh,0s. The detailed experimental
description is given elsewhere [16]. The cell diagram is presented in Figure 1.

I11. DISCUSSION

In the case of all nine Ln-Rh-O systems, the reversible emf of solid-state electrochemical cell has been measured and
plotted against temperature from 900 to 1300 K. With the help of the oxygen potential of reference [17]and measuring
electrodes, the oxygen potentials of LnRhO; are calculated by using the Nernst equation(z\,u{,2 — Aug, = nFE ).The
standard Gibbs free energies of formation of O-type orthorhombic perovskites LnRhO; from the component binary
oxides are obtained (Table 1). At 298.15 K, thermodynamic properties of LrRhO; can be calculated by using the
Neumann-Kopp rule (Table 2).

The phase relation for the systems Ln-Rh-O are represented on the Gibbs’ triangle. In Tm-Rh-Osystem, the relation is
established at 1200, La at 1223 whereas in the case of Sm and Nd, it is at 1273 K. Three binary systems (Ln-Rh, Rh-O
and Ln-O) forms the boundaries of the isothermal section of the ternary phase diagram.In all the systems, Rh-O and Ln-
O binaries have only one oxide i.e. RhO; and Ln,O;For the binary system Ln-Rh, various intermetallic compounds
exist for all the four systems and are represented in Figure 2. Systems containa ternary oxide LnRhO;with an
orthorhombically distorted perovskite structure.LnRhO;exists with Ln,O;, Rh,O;, Rh and O, in several phase fields.The
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isothermal section for all the systems contains different three-phase regions and are represented in Table 3a. Figure 3
shows an isothermal section of Nd-Rh-O system at 1273 K.

With the help of thermodynamic information of all the three phases, phase diagram for the systems Ln-Rh-O (Ln=
Dy, Gd, Ho, Yb, Ce and Pr) are generated. The Gibbs free energies of formation of Dy,0;, Gd,0;, H0,0;, Yb,0;,
Ce,0; and Pr,0; are taken from Pankratz [18]. In Ce-Rh-O ternary system, along Ce-O boundary, three non-
stoichiometric compositions (Ce;Os., Ce;0s.4, CeO,,) and one stoichiometric phase (Ce;O;,) are present at 1200K
[14].Pr,05 and Pr,0,, are the two stable oxides at 1200 K in Pr-O binary system [15]. Thermodynamic informations for
LnRhOsare obtained from recent studies. Enthalpy of formation for various intermetallics are available in literature
from calorimetric measurements [6-7,9,14-15] Free energies of formation of intermetallics are not measured. Thus, the
values are estimated by using values for enthalpy of formation and Miedema’s model[19] which are in consistent with
the phase relation available in the literature[20]. Table 3b contains various three-phase regions for Ln-Rh-O which are
computed from the literature data.

Oxygen potential diagrams for Ln-Rh-O (Ln = La, Ce, Pr, Nd, Sm, Dy, Gd, Ho) system at high temperature evaluated
from thermodynamic data (Table 2). Figure 4 shows this diagram for Nd-Rh-O at 1273 K. This diagram implies that a
gas phase and three condensed phases coexist at equilibrium in a ternary system. This clearly signifies that the system
is univariant. At specific oxygen chemical potential and at constant temperature, three condensed phases can coexist.
Horizontal lines on the diagram shows three-phase equilibria. The low oxygen potential region presents various
intermetallic phases are in equilibrium with Nd,O; and in the high oxygen potential region NdRhO; is in equilibrium
with Nd,O3 or Rh,O;.Thisdiagram and Gibbs triangle diagram for ternary phase relation are complementary to each
other (Figure 2).Similarly, oxygen potential diagrams for all other systems are explained in the literature [6-7, 9-12,14-
15].

In this view, 3-D chemical potential diagram for Nd-Rh-O system at 1273 K is drawn and shown in Figure 5 [9].
Itexplicitly explains the stability domains of various phases in the chemical potential space. At fixed temperature, these
stability domains of a ternary phasesarethe function of chemical potentials of the three components. An isothermal
three- dimensional chemical potential diagram constitutes of three orthogonal axis which represent the chemical
potential of each component. The stability domain of each stoichiometric phase is outlined by a plane and the
stoichiometry of compound defines slope of plane. The non-stoichiometry in the composition is represented by a
curved surface.Due to use of compressed scales, the curvature is evident in the figure. The intersection of adjacent
planes forms a line which represent two-phase equilibria. Three phase equilibria in the diagram are presented by a point
intersecting the three planes.Considering the binary compound, slope is infinite or zero in one direction. It is depicted

from the figure that Nd,O; is the dominant phaseand slopes are (dA,UOZ/dA,UNd = —1.333 ) and

(dA,UO2 /dAp,, = 0) . At the lower oxygen potential axis, intermetallics are shown by vertical planes. Width of

these planes measure the stability of these intermetallics. Plane at the right top corner represents NdRhO;with high
chemical potential of Rh and O, and low chemical potential of Nd. Slopes forNdRhO;plane are

(dAp, [dAp,, =-0.667) and(dAu, /dApu,, = —0.667) . A plane representing the stability domain
of Rh,Ojplace above that of the NdRhO;. The plane for Rh,O; is parallel to the Auygq axis and the slope is
(dAu Oz/dA Mo = —1.333) . The 3-D chemical potential diagram gives an explicit geometric image of the

stability domains of various phases in the chemical potential space. The three-dimensional chemical potential diagrams
for other system are explained in the same manner.

IV. CONCLUSION
Studies of phase relations impart the knowledge of phase stability and phase composition as a function of
composition, pressure and temperature. They help in rationalizing synthetic procedures aimed at minimizing secondary
phases that are usually present in complex oxides. They also allow to explore different processes such purifying,
solidification, phase separation, sintering, and doping of single crystal for technological applications. It contributes in
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g compositional changes, phase relations and structures in the systems, those are not in equilibrium. Along
, thermodynamic studies provide information about how energy is stored, released and transferred in various

processes. With the help of different thermodynamic parameters, one can evaluate the stability of phases.
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LnRhOs; AG® Jmol™

LaRhO, —70780 + 4.89(T/K) (+180)
DyRhO; —52710 + 3.821(T/K) (+£182)
GdRhO; —56603 + 3.78(T/K)(£60)
HoRhO; —50535 + 3.85(T/K) (£78)
TmRhO; —46474 + 3.925 (T/K) (£104)
SmRhO; (cubic-Sm,0;) —60467 + 3.58(T/K)(£139)
SmRhO; (Monoclinic-Sm,053) —64230 + 6.97(T/K)(£75)
NdRhO; —66256 + 5.64(T/K)(+197)
YbRhO; —43164 + 3.436(T /K)(+130)
PrRhO; —67831 + 5.299(T/K)(£50)

Table 1: Change in Standard Gibbs energy of formation for the reaction %2 Ln,O; + 72 Rh,O3—LnRhO;

LnRhO; AH]?(298.15 K) 50(298.15 K)
X J mol'K!
kJ mol
DyRhO; -1187.2+6.4 108.9+4.2
GdRhO; -1172.84£3.2 109.3+0.7
HoRhO; -1195.35+4.3 113.08+1.5
TmRhO; -1193.89+2.86 103.8+1.6
SmRhO; -1176.9+1.7 106.65+8.4
NdRhO; -1172.52+1.6 111.5+0.4
YbRhO; -1153+£3 100.93+0.6
PrRhO; —-67.81 £0.115 108.89 £1.3
Table 2: Thermodynamic properties of LnRhO; at 298.15 K [7-13,15].
La-Eh-O svstem Tm-Fh-O svstem Nd-Bh-0O svstem Sm-Rh-O svstem
g-La+ LayRh:+La203 Tm + Tm:Eh + Tm:0: Nd +Nd-Rh (/) + Nd; 0, Sm:0: + SmRhQ: +Eh
‘LayRh:’+La:Rhy +Lax0:  Tm:Rh + Tm-Eh: + Tm:0:  Nd-Eh ()+Nd:Rh:+ Nd: 0= SmBhO: + Rh:0: +Rh
LasRhy +LaRh+La;0; Tm-Eh: + TmsBh: + Tmz0:  Nd:Rh;+ Nd:Rhy + Nd;0: ‘SmBh;" +Bh + 5mz0;
LaFh+ LaRh; '+ La:0s Tms:ERh: + Tm:Fh: + Tm:0: Nd:sEhy + NdBh + Nd: O3 SmEh + "SmBEh>" + Sm:0:
LaFh;" + LaRh:+La: 03 Tm:Eh; + TmEh + Tm.0: NdEh + "WdEh; + Nd: O Sm:Fhy + Sm: 03
LaFh: +Fh +La203 TmFEh + “TmRh:™ + Tm:0:  ‘WNdEh:;+ NdRh: + Nd:0:, Sm-Fh: + Sm:Bh: + Sm20:
La:03 + Eh + LaRhOs “TmEh;”™ + Eh + Tm:0s NdEh: +Eh + Nd:0s SmyFEh + Sm-Rh: + Sm:0s
LaRhQ: +Rh:0: +Eh Eh + Nd:0: + NdRhO: Sm (s.5.) + Sm:0s
Rh + NdRhO: + Rh; 04 Sm:0: + SmRhO:
SmBRhO: + Rh:0s

Table 3a: Experimentally obtained three-phase equilibria in Ln-Rh-O system [8, 10-12]
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"DvRE-O

Gd-Rh-O

Ho-Rh-O

Yb-Rh-O svstem

Pr-Rh-O system

Ce-Rh-O system

Dy=Dy:Eh— Dy20s
Dv:Fh+Dy-Fhs = DyvaO:

Dy-Rh; + DysRh; -~ Dy20;
Dw:Rh: - Dv:Rhy — D Os

Dv:;Rhy = DyRh + Dy 0;
DyEh + DvEh; + Dy20;
DyFh; = DyRhs + Dya 0z
DyEh; +Fh +Dy20:
Rh =+ Dy10; ~ DyRhO:

p-Gd + Gd(/) - Gd20:
Gd(ly+ GdsFh+ Gd; 0
Gd;Eh+ Gd-Eh; + Gd;0;
Gd-Fh: + Gd:Eh: + Gd»O:
GdsFh; + Gd:Fh: — GdaO:
Gd:Fh: + GdRh~ Gd:0:
GdRh+ GdRh; - Gd: 0z
GdRh; + GdRh; ~ GdaO:
GdRh: + Bh~ Gd:O;

Bh+ C-Gd;0: + GdRhO:

Ho+Ho:Eh +~ Ho: 03
Ho:FEh + Ho-Eh: - Ho:O:

Ho-Eh; + Ho;Eh; + Ho2 O3
HosPh: + HozRhy + Hoa O3

Ho:Ehy + HoRh + Ho: O
HoFh+HoFh; + Hoy O
HoPh; + HoRhs + Ho2 05
HoFh; - Fh ~Hoy O
Fh+Ho:0: + HoFhO:
Fh+Eh;0; + HoRhO;

Rh,¥b—. (/) ~EhYb~ ¥by0s,

Bh¥b +RhyYb + Yhi Oz
EhyYb +Rh+ YbaOs
Bh+YbOs + YbRhO;
Fh+YbRhO; + BEhyO:

Pr(S) = Fr (1)~ Pr,0;
Fr (i)~ PriFh ~ PryO;
Pr;Rh - Pr-Bh; = Pr.0;

Pr-Bh: - PrsRh; = Pr20;
Pr;Bh; + Pr:Rhy = Pry0;
Pr;Rh; + PrsRhe + Pra0;

Pr:Fh: - FrEh+ Pra0:
PrEh + PrRhy + Pra0:
PrEh> + PrBh: + PraO:
PrBh; ~ Bh + Pra0;
Eh + Pr:0: + FrEhO;
Eh+Rh;O: - PrEhO:

Pr,0; + PrRIO; — Pr-Op2

Ce(l)+ CesBhe+ Cey0s
CesPhe+ CeFh~+ Cey0
CeRh+ “CeRh;" + Ces05
*CePhy"+ CeRhs + CerOs
CePh:+~Fh~+ Ce,0;

Eh+ Ce(yy+RhyO;

Bh+ B-Gd;0: - GdRhO:
Eh + GdEhO; + Fha Oy

Table 3b: Three-phase equilibria in Ln-Rh-O system computed from thermodynamic data [6-7,9, 13-15]
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Fig. 1 Schematic diagram of the apparatus for the measurement of electromotive force (emf) of the solid-state
electrochemical cell
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Fig. 2 Systematics of compounds in Lzn-Rh binary systems
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Figure 3 Ternary phase diagram of Nd-Rh-O system at 1273 K.
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Figure 4 2-Dimensional oxygen potential diagram of Nd-Rh-O system at 1273 K.
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Figure 5 Three-dimensional chemical potential diagram of Nd-Rh-O system at 1273 K
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