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Abstract

Generalized Ellingham diagram for the P-O-H and the Ni-P-OH systems have been constructed
to investigate thermodynamically the chemical stability of nickel anode against the gaseous
impurities containing phosphorous compounds. In the same way as the original Ellingham diagram,
the oxygen potential is used as the vertical axis, while the temperature is adopted as horizontal axis.
For the P-O-H system which contains many gaseous species, the dominant areas of gaseous species
are displayed with a parameter of their partial pressure in an analogous way to the aqueous species
in the Pourbaix diagram. The multicomponent Ellingham diagram for the Ni-P-O-H system was
constructed in a similar manner to the multicomponent Pourbaix diagram. The obtained diagrams
have been discussed to examine the reactivity of nickel anodes with phosphorus compounds in
SOFCs in terms of operational variables such as temperature, oxygen potential, overpotential under
the anode polarization and so on.

Keywords: solid oxide fuel cells, SOFC, Ni anode, phosphor poisoning, Ni-P-O system, NI-P-O-
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1. Introduction thermodynamic database and related
software to practical material issues [1-4].

In recent years, there are growing As software, the complicated chemical
interests  in  applications of  the equilibrium calculations and the chemical
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potential diagrams are most important in
high temperature materials science. Since
the chemical equilibrium calculations
provide results easily to be understood, this
has been widely utilized particularly for the
multicomponent systems. In contrast, the
chemical potential diagrams can be regarded
as well organized compilation of equilibrium
states. Even so, it needs to establish an easy
but powerful method of constructing the
chemical potential diagram for the
multicomponent system and applying those
diagrams to practical materials issues.
Yokokawa et al. have proposed the
generalized computer program based on the
polyhedron approach to construct the
generalized chemical potential diagrams for
the multicomponent system [5,6]. As one of
example of its applications, this was applied
to the semi-conducting materials [7].

In the present investigation, the
generalized chemical potential diagram is
applied to the extension of the Ellingham
diagram [8] for the multicomponent systems
which are related to the solid oxide fuel cells
[9,10]; in this applications, temperature and
oxygen potential are the most important
among many other thermodynamic variables
so that the Ellingham diagram becomes
appropriate in representing the chemical
equilibria associated with stability and
durability of SOFC materials. Recent
progress in the SOFC technology makes it
necessary to establish the durability of SOFC
materials [11,12]. For establishment of long
life more than 40,000 h, it has been clarified
that the impurities such as sulfur, phosphor,
sodium, silicon and halogens should be
carefully examined on their effects on
electrode activities [13]. In this paper, the
procedure of constructing the generalized
Ellingham diagrams for the multicomponent

systems and is described first and then
construction will be made on the Ni-P-O-H
system which is needed to examine the
degradation of the nickel anodes due to the
phosphor contamination in fuels [14-16].

2. Thermodynamic data

The thermodynamic data used in the
present study is from the thermodynamic
database MALT for windows [1-4] except
for some compounds in the Ni-P-O system.
Table 1 summarizes the thermodynamic data
evaluated/estimated in the  present
investigation.

3. Construction Procedures

In the present investigation, almost all
diagrams were constructed by using the
computer program CHD for constructing
generalized chemical potential diagrams [5].
Some parts have been modified to adjust to
requirements for constructing Pourbaix
diagrams or Ellingham diagrams.

3.1 Typical Ellingham Diagram for
solid oxide fuel cell materials

Figure 1 shows a typical Ellingham
diagram, in which equilibria between
H>O/H,, NiO/Ni, and others are presented in

ap(Oy) vs. T'plot. As the vertical axes, three

variables are presented in the right hand side.
The logarithmic partial pressure of oxygen
molecules is a typical measure to examine
the cathode material behavior in air or
cathodic polarized states. The logarithmic
ratio of partial pressure of HyO to Hy is

instead a measure for anode compartment.
As typical anode, nickel is used so that the
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Figure 1. Ellingham diagram for solid oxide
fuel cell related materials (Ni-O. Co-O and Mn-
O systems are included in addition to H-O, C-O
fuel systems).

equilibrium between NiO/Ni is critically
important. As a third axis, the electrical
potential is given which corresponds to the
electrical potential of electrodes referred to
air. Those scales are in parallel to the line
corresponding to the partial pressure of
oxygen in air.

For the Mn-O system, borderlines
between two adjacent phases are given. In
other words, one phase has two borderlines
at the upper and lower bounds in the oxygen
potential. This is the stability polygon of the
phase in the p(O,) vs. T plot. In the

generalized chemical potential diagram
without specification of temperature values,
we have three thermodynamic variables,
namely, temperature, oxygen potential and
the manganese chemical potential. In Fig. 1,
no information on p(Mn) appears. Thus, the
construction of the Ellingham diagram by
using the program for constructing
generalized chemical potential diagrams can
be easily made.

3.2 Multicomponent systems

In more complicated systems, similar
Ellingham diagrams can be constructed by
adopting the following sequence:

1) Select the temperature as one of the
changeable thermodynamic variable.

2) Select the oxygen potential as one of
possible thermodynamic variables.

3) Construct a two dimensional diagram
by fixing some selected chemical potential
values.

4) Or construct a three dimensional
diagram by fixing an appropriate number of
chemical potentials. Then display parts of
them in a two dimensional diagram.

3.3 Analogous treatments to the
generalized Pourbaix diagrams

In practical applications of Pourbaix
diagrams to the industrial materials or
environments, many useful treatments have
been tested with great success. Thus, it will
be quite reasonable to adopt similar
treatments in the generalized Ellingham
diagrams. These can be summarized as
follows;

1) Partial pressure of gaseous species.
Equilibria among gaseous species or at
solid/gas interfaces strongly depend on the
partial pressures of gaseous species. This is
analogous to the activity (concentration) of
aqueous species in the Pourbaix diagram.
This can be made by fixing the partial
pressures of gaseous species when the
chemical potential diagrams are constructed.

2) In a Pourbaix diagram, the redox
element is selected and only phase equilibria
in which such redox element is involved are
presented in a diagram. This can be made in
the constructed generalized diagrams by
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making the stability polygons (polyhedrons)
transparent for those compounds/species
which do not contain the redox element. For
this purpose, the three dimensional diagram
is convenient because other phase equilibria
can be explicitly displayed after the above
procedure is made. To be consistent with
other Ellingham diagrams, three dimensional
diagram can be projected on the two
dimensional space.

4. Ellingham diagrams for the Ni-P-O-
H systems

4.1 Diagrams for the P-O-H system

Figure 2 shows the three dimensional
Ellingham diagram for the P-O-H system.
Here the partial pressure of gaseous species
belonging to the O-H subsystem is all fixed
at 1 atm, while the partial pressure of

phosphor containing species is fixed at 1076

atm for (a) and (b) and 1072 atm for (c). All
stable compounds and gaseous species are
shown in the u(P)-u(0,)-T space.

Comparison between Fig.2(a) and 2(b)
clearly indicates how the polygons for
Hs(g), HyO(g), and O5(g) can be made as

transparent in  the multicomponent
Ellingham diagram. Comparison between
Fig. 2(b) and Fig. 2(c) indicates the effect of
partial pressure of gaseous species on the
predominant area of respective species. With
decreasing partial pressure, those molecules
having small number of atoms per molecule
become more stable and as a result, have a
wider predominant area. In the P-O-H
system, phosphor oxygen molecules are
dominant in the HyO-rich region, while the

PH3 and other P-H species become dominant
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Fig. 2 Three dimensional Ellingham diagram
for the P-O-H system; (a) All stable

polygons/polyhedrons for p(PX) = 1 070 atm are
displayed, (b) polygons for O, H,, H>O are
made transparent; their boundaries are shown
on other polyhedrons; (c) stable polyhedrons for

p(PX) = 1079 amm.
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in the Hy-rich region.
In Fig. 3, effect of the partial pressure is

more explicitly shown in the two
dimensional Ellingham diagram for

p(PX)=1, 103, 100 and 1079 atm,
respectively. Note that the borderline of the
H5-dominant and H,O dominant regions is

also given in Fig. 3. This borderline is very
important in the solid oxide fuel cells
because hydrogen is -electrochemically
oxidized in the anode compartment so that
the atmosphere in anode has the oxygen
potential near to this borderline.
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4.2 Chemical potential diagram for
the Ni-P-O system

In the Ni-P-O system, there are several
stable intermetallic compounds such as Ni3P

as listed in Table 1. In addition, there are
three stable nickel phosphates; namely,
Nl3(PO4)2, N12P207 and N1P206 The
stability of these compounds can be shown in
a normal chemical potential diagram like
Fig. 4. Since the stabilization energy of
nickel phosphates from the constituent
oxides is larger compared with the
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Fig. 3 Two dimensional Ellingham diagrams for the P-O-H system at the selected partial
pressures for the gaseous species; (a) p(PX) = 1 atm,; (b) p(PX) = 1 0-3 atm; (c) p(PX)=1 070 atm; (d)

p(PX) = 1079 amm.
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Table 1. Thermodynamic properties of components of ideal association solutions used in the
present investigation: AfH, the enthalpy change for formation; S, entropy at 298 K, a, b, ¢, d, e

coefficients of heat capacity equation, Cp/JK'I moll = a+ b*103T/K + ¢*105 (T/K)'2 + d*10°

6 (T/K)2 + e*108 (T/K)'3; Tlimit, temperature limit of equation.

Compound | state | AgH kJ/mol | S J/K mol a b c d|e| Tlimit | ref
NiP,0¢ c -1926.7 152.42 179.326 | 42.056 | -47.498 0|0 | 1553 | *
NipPy07 | ¢ 228225 190.41 | 227.216 | 48.836 | -52.808 00| 1668 | *
N3(POyg)y | -2580.15 2284 | 275.106 | 55.616 | -58.118 |0|0| 1623 | *
5.1 . T T T T 3
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Fig. 4 Two dimensional chemical potential diagram for the Ni-P-O system in a log {p(O,)/atm,

vs. log a(P) plot at 1073 K. The iso partial pressure lines are displayed for Py(g), P4Og, and P40

at 1070 atm. Compare with Fig. 3(c) forp(PX)=]0'6 atm.

stabilization energy in alloys, the stability
areas of nickel phosphates extend to the
more reduced atmosphere compared with
NiO. In the same diagram, iso partial
pressure lines for Py(g), P40¢(g) and

P401(g) at p(PX)ZlO'6 atm are displayed,

since those species can be dominant species.

4.3 Ellingham diagram for the Ni-O-H
system

In Fig.5, the Ellingham diagram for the
Ni-O-H system is shown. Although this
diagram is well established, the predominant
areas for nickel gaseous species are also
included to compare the behavior with those
in the P-O-H system. Here again, the



H. Yokokawa / JMM 44 B (2008) 39 - 48 45

1(OH; (2

MO _bunsenite (c)

=250 ,
400

43%00— 700 5001100 1300 1500

b) o

Ni(OHj (g)

MiO_bunsenite (g)

Ni(gP

900 1100 1300 1500
TIK

%09

700

Fig. 5 Two dimensional Ellingham diagram for the Ni-O-H system under the conditions of

(@) p(NiX)=1070 atm and (b) p(NiX)=10"2 atm

borderline for the Hy- and the H>O dominant

regions is indicated. Since the nickel anode
activity is heavily degraded when nickel is
oxidized, the nickel metal stable region is
highly important in the solid oxide fuel cells.

4.4 Extended Ellingham diagrams for
the Ni-P-O-H system

The Ellingham diagrams for the Ni-P-O-
H system shown in Fig. 6 were constructed
as follows; first, the three dimensional
Ellingham diagrams were constructed under
the conditions of p(H,) = 1 atm or p(H,O) =

a) 0

50
100
150
200
250
300
350
400

4
50500

NpP,05 ()

o 5 (PO 3 9

AG(0; @)

N3P (d
900 1100 1300 1500
T /K

700

1 atm. Those diagrams are projected into a
normal two dimensional diagrams. Two
diagrams can be joined with each other on

the borderline between the HZ2™ and H,O-

dominant regions. In Fig.6, it will not be
difficult this borderline is actually indicated.
In Fig. 6, those gaseous species appearing in
Figs. 2 and 3 were treated as transparent
species. Their predominant are not explicitly
shown but only the borderlines are
displayed. As a result, Fig. 6 collects the
stability areas of those compounds/species
which always include nickel. In other words,
Fig. 6 is the predominant diagram for nickel
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Fig. 6 Ellingham diagrams for the Ni-P-O-H system under the conditions of (a) p(PX)=10'6 atm

and (b) p(PX)=10" atm.
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compounds/species in the plot of Ellingham
type. In this sense, the Ellingham diagram
for the multicomponent system exhibits
similarity to the Pourbaix diagrams for the
multicomponent systems.

From the physicochemical point of view,
Fig. 6 indicates the interesting behaviors in
the Ni-phosphor interactions in the Hy/H,O

environment.
(1) Since the Ni-P interaction is strong,
the Ni phosphides are formed even under the

condition of p(PX)=10'9 atm. Since the
dominant phosphor containing species is
PH3, this reaction can be written down as

follow;
2PH3(g) +5Ni=NigPy +3Hy(g)  [1]

(2) In the oxygen potential region where
PH3 is oxidized into P»O3(g) or P4O¢(g),

nickel can be reacted with phosphor gaseous
species to form nickel phosphates;

2PH3(g) + 505(g) + 2Ni =

NiyP>O7 + 3H50(g)

Or

4PH3(g) + 80(g) =

(P205),(g) + 6HyO(g)

(P705)o(g) +4Ni +205(g) =

2NiyP> 07 [4]

Since this phosphate formation reaction
can be take place in the original Ni-dominant
region shown in Fig. 6, the interaction of Ni

with phosphorous oxides is extremely
strong.

2]

[3]

5. Discussions

The electrochemical investigations on
effect of phosphor impurities on nickel
anode activity have been recently made in

relation to the utilization of coal gasified gas.
For example, Zhi et al.[16] have recently
reported the experimental results of
introducing about 20 ppm of PHj in Syngas

for 8-12 h. They observed the following
interesting features;
(1) Nickel is reacted with PH3 in the

anodic polarization to form Ni3(POy),,

leading rapid degradation of anode
performance;
(2) In addition, they observed the

formation of ZrP,O7. This Zr is originated

from the yttria stabilized zirconia used as the
oxide component in the nickel cermet
(ceramics and metal) electrodes.

(3) Under the OCV condition, P and Zr
coexist in the outer surface of nickel cermet,
whereas only the P was detected in the outer
region under the potentiostatic operation at
0.7 V.

In order to interpret those phenomena,
additional diagrams were constructed and
shown in Fig. 7. This is essentially the same
as Fig. 4, but explicitly indicates the effects
of gaseous species in another type of plot.
This indicates that at 1073 K, nickel is in
equilibrium with Ni3(POg4),. This confirms

that the coexistence of Ni and Ni3(POy), is

a result of consumption of gaseous phosphor
containing species to form Ni3(POy), and

resulting decrease in the partial pressure of
phosphor containing gases. The difference
in appearance between the OCV and
cathodic polarization can be interpreted in
terms of the oxygen potential difference in
the two cases; that is, under the OCV
condition, the oxygen potential is rather low
so that the Ni phosphides are first formed,
whereas the nickel phosphates can be
directly formed as a reaction among the
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Fig. 7 Chemical potential diagram for the Ni-P-O-H system at 1073 K. The upper part corresponds
to the condition of p(H»0) = 1 atm, the lower being p(Hy) = I atm. (a) the partial pressure of PX

is fixed at 1 076 atm; (b) the partial pressure of PX is fixed at 1 0 atm.

nickel anode, emitted water vapor and the
phosphor containing species. The latter may
cause to hider the ZrP»,O formation. In

more detailed analysis, the chemical
potential diagrams which contain Zr as the
main component are highly required.

6. Conclusions
The present investigation has revealed

that the Ellingham diagram can be easily
extended to the muticomponent systems by

adopting the available procedures of
handling the stability area in the
thermodynamic MALT database and

associated CHD software to constructing
generalized chemical potential diagrams.
The application to the Ni-P-O-H system has
been successfully made to construct the
various type of diagrams which can be easily
compared with the experimental features in
the electrochemical operations in which
temperature and oxygen potential are key
variable. In addition, phase equilibria given

in terms of oxygen potential is important
when consideration is made on the effect of
polarization causing overpotential inside the
electrode layer. The present diagrams for the
Ni-P-O-H system are found to be well
consistent with the experimentally reported
features of reaction of nickel anode with
phosphor containing syngas.
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