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The surface characterization of titanium, titanium oxide and lithium titanate samples
exposed to molten Li2CO3-Na2CO3, in the anodic conditions used in molten carbonate fuel
cells, was carried out by X-ray Photoelectron Spectroscopy (XPS). Different elements were
identified: Ti(IV), O(-II), Li(I) and Na(I). The amounts of adsorbed sodium and lithium
carbonates, as well as inserted lithium were estimated by a semi-quantitative XPS analysis
in layers of about 50 Å. A broadening of the Ti 2p3/2 peak was observed. This effect is
probably caused by a distorsion of the Li2TiO3 lattice due to the incorporation of lithium
within this structure. Li2TiO3 compound was detected by X-ray diffraction (XRD) on Ti, TiO2

as well as Li2TiO3 after treatment in the molten carbonate eutectic. C© 1999 Kluwer
Academic Publishers

1. Introduction
Titanium and titanium oxide are candidate materials
for molten carbonate fuel cells (MCFC) operating at
550–750◦C. Titanium is easily covered by an oxide
passive layer at high temperature, which is very corro-
sion resistant and TiO2 can be used as a protective layer
on different metals [1]. The conductivity of this oxide
can be increased by the incorporation of alkali species in
the TiO2 lattice, allowing this compound to be possibly
used in MCFC’s stacks. Titanium-based materials have
been very rarely studied, theoretically or experimen-
tally, in molten carbonates [2–4]. In a previous paper
[4], thermodynamic predictions of the stability of these
species were established under oxidizing (O2 : CO2, in
contact with the MCFC’s cathode compartment) and re-
ducing conditions (H2 : CO2 : H2O : CO, in contact with
the anode compartment). Li2TiO3 was found to be the
only stable species in both conditions. Experimental
evidence is required in order to confirm the presence of
lithium titanate and other species at the surface of TiO2
or Ti/TiO2 in contact with carbonate melts.

The aim of this paper is to investigate by X-ray
Photoelectron Spectroscopy (XPS) the chemical com-
position and the chemical states of very thin layers on
the surface of titanium and titanium dioxide samples
before and after treatment in molten Li2CO3-Na2CO3
at 650◦C under an H2/CO2/H2O atmosphere. The in-
teractions of titanium species with the alkali cations
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present in the melt, lithium and sodium, were studied
in details. The spectroscopic results are also compared
with previous thermodynamic predictions.

2. Experimental
Lithium and sodium carbonates, mixed in proportions
of 52–48 mol %, were Merck reagents of analytical pu-
rity (>98%). The carbonates were previously storred
in a dry atmosphere. A mixture of hydrogen and car-
bon dioxide (80/20), of high purity grade, bubbled
in a humidificator containing water heated at 60◦C
(P(H2O)≈ 0.2 atm), before being introduced in the
melt. The total flow was 50 cm3 min−1. As it was nec-
essary to eliminate the air contained in the cell before
introducing hydrogen, because of the explosion risk at
high temperature, only CO2 bubbled first in the carbon-
ate melt for about one hour.

Each sample was introduced in the electrochemical
cell, and exposed for 24 h to the gaseous atmosphere
above the melt (time necessary for reaching the gas
equilibrium) and subsecuently immersed in the molten
carbonate for more than 48 h (until, at least, the mea-
sured open-circuit potential became stationary). Then,
the sample was removed from the molten mixture, air-
cooled and rinsed with de-ionized water before being
analyzed by XPS. A similar procedure was described
in a previous paper [5].
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Figure 1 XPS survey spectrum of a titanium foil exposed to molten Li2CO3-Na2CO3 at 650◦C, under anodic atmosphere (H2 : CO2 80 : 20, humidified
with water heated at 60◦C).

The cell with the carbonate melt was a compact
single-compartment crucible 70× 50 mm2 (Degussa
A1 23) contained in another Al 23 250× 60 mm2 cru-
cible hermetically closed by a stainless steel cover with
a Viton O-ring. The reference electrode and the auxil-
iary electrodes were fully described elsewhere [6]. The
samples, which constitute the working electrodes, were
either metallic titanium foils of 10× 10× 1 mm3, han-
dled by a titanium wire of the same purity grade (99.9%,
provided by Goodfellow), or titanium dioxide pellets
of 12× 4 mm2, with 99.9% purity grade, provided by
Cerac. Temperature control was achieved with a West
3810 Gulton regulator and calibrated chromel-alumina
thermocouple.

XPS measurements were performed with a VG
ESCALAB Mark II spectrometer using the MgKα

X-ray source. The spectrometer was calibrated using
the reference energies of Au 4f5/2 (83.9± 0.1 eV), and
Cu 2p3/2 (932.7± 0.1 eV). A take off angle of 90◦ was
used (angle between the surface and the analyser). A
binding energy of 285.0 eV was assigned to the C ls
peak corresponding to the surface contamination and
this was used as an internal reference for correction of
charging effects.

XRD experiments were carried out with a Siemens
CGR type Thêta 60 diffractometer using a CoKα1 ra-
diation (λ= 1.789Å).

3. Results and discussion
The following informations were extracted from XPS
experiments: a qualitative analysis of the species
present, including their chemical states, within a sur-
face layer of about 50̊A, a semi-quantitative analysis
of the proportions of lithium and sodium respectively
present in this layer under an adsorbed form or as part
of the crystalline structure and an empirical correlation
between the presence of lithium and the intensities of
the Ti 2p3/2 and Ti 2p1/2 peaks.

3.1. Qualitative surface analysis
3.1.1. Metallic titanium
The survey spectrum of a titanium sample treated in
molten Li2CO3-Na2CO3 at 650◦C during 3 days (24 h
in the gaseous atmosphere above the melt and 48 h in-
side the melt) is presented in Fig. 1. It reveals the pres-
ence at the surface of the sample of C 1s (corresponding
to adsorbed carbonates and/or to a surface contamina-
tion), Ti 3p, 3s, 2p and Auger, O 1s and Auger. The high
resolution spectra corresponding to Ti 2p and O 1s are
reported in Fig. 2. The spectra may originate from dif-
ferent chemical states. The Ti 2p3/2 and 2p1/2 peaks can
be well fitted by single peaks corresponding to Ti(IV)
with known binding energy position and full width at
half maximum. The O 1s spectrum exhibits a principal
peak at low binding energies, ascribed to O2−, char-
acteristic of the O-Ti bond. The relatively important
shoulder at higher energies can be explained by the
contribution of two kinds of oxygen: O 1s(OH−) and
O 1s(ads), corresponding respectively to hydroxide ions
and to adsorbed molecules of water or carbon dioxide.
Sodium is also detected with an Na 1s peak at 1072 eV,
as shown in Fig. 3, and two Auger peaks at 263.6 and
302.8 eV respectively. Although the XPS sensivity is
very weak with respect to lithium, a small Li 1s peak is
also detected at 56 eV, between Ti 3s at 63.7 eV and the
satellite titanium peak at 51.8 eV, as shown in Fig. 4.

These results were then compared to those obtained
with another titanium foil, which was in contact only
with the gaseous anodic atmosphere at 650◦C during
about 24 h. The corresponding survey spectrum shows
the presence of carbon, oxygen and titanium, whereas
no peaks corresponding to lithium or sodium were de-
tected. High resolution spectra allowed us to identify
Ti(IV) and the three O 1s peaks previously mentioned
O 1s(O2−): 53%, O 1s(OH−): 37% and O 1s(ads): 10%.
It can be observed that O 1s(ads) represents 41% of the
total O 1s peak area, which means that the amount of
adsorbed gas (H2O or CO2) is much larger than for the
titanium foil dipped in the carbonate melt.
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Figure 2 High resolution XPS spectra of Ti 2p and O 1s, relative to a titanium foil exposed to molten Li2CO3-Na2CO3 at 650◦C, under anodic
atmosphere.

Figure 3 High resolution spectrum of Na 1s, in the same conditions, relative to a titanium foil exposed to molten Li2CO3-Na2CO3 at 650◦C, under
anodic atmosphere.

Figure 4 High resolution XPS spectrum showing Li 1s peak, relative to a titanium foil exposed to molten Li2CO3-Na2CO3 at 650◦C, under anodic
atmosphere.
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TABLE I Values of the binding energies (B.E.) corresponding to Ti 2p3/2, Ti 2p1/2 peaks and1B.E., the difference between them

Literature data [ ] Titanium B.E. 2p3/2 B.E. 2p1/2

or experimental results oxidation degree (eV) (eV) 1B.E. (eV)

[7] 0 454.5/453.8 460.5 6.0
[7] III 457.5 463.1 5.7± 0.1
[8] III 457.4 463.1 5.7
[8] IV 458.9/459.0 464.6 5.7
[9] IV 459.2± 0.1 465.0± 0.1 5.8
Ti treated above the melt IV 458.1 463.9 5.8
Ti treated in Li-Na IV 458.9 464.6 5.7
TiO2 before treatment IV 458.4 464.1 5.7
TiO2 treated in Li-Na IV 458.4 464.2 5.8
Li2TiO3 before treatment IV 458.4 464.2 5.8
Li2TiO3 treated in Li-Na IV 458.4 464.1 5.7

3.1.2. Titanium dioxide
The XPS spectra obtained with an untreated commer-
cial pellet of rutile TiO2 were used as references for the
titanium and the oxygen peaks. Titanium is present in
+IV chemical state and the high resolution spectrum of
O 1s shows that 82% of the total oxygen peak is bound to
titanium (Ti-O), 13% corresponds to hydroxide groups
and only 5% to the adsorbed gases.

The spectrum obtained with a TiO2 pellet after the
same treatment of three days in the Li+Na carbonate
eutectic is roughly the same than that obtained in Fig. 2
with the Ti foil dipped in the melt. Nevertheless, the
proportions of the O 1s components are different: O2−:
18%, O 1s(OH−): 9% and O 1s(ads): 73%.

In Table I, the binding energies relative to Ti 2p3/2
and 2p1/2 and the difference between both values for
the mentioned samples are compared to data from
the literature concerning titanium in different chemi-
cal states. These results confirm the presence of Ti(IV)
at the surface of all the studied samples. In Table II are
summarized the deconvolution parameters used for the
Ti 2p3/2, Ti 2p1/2 and O 1s(O-Ti) peaks relative to the
different samples.

TABLE I I Values of the binding energies (B.E.), the peak areas and
the parameters used for the decomposition of the high resolution spectra
of Ti 2p3/2, Ti 2p1/2 and O 1s (O-Ti) peaks

B.E. (eV)
Ti 2p3/2,
(Ti 2p1/2) Peak area FWHM

Samples and [O 1s] (cts.eV) (eV) G/L

Ti treated above the melt 458.1 17 200 1.5 30
(463.9) (8 160) (2.2) (60)
[530.1] [22 660] [1.6] [20]

Ti treated in Li-Na 458.9 66 286 1.5 50
(464.6) (31 650) (2.3) (30)
[530.2] [79 154] [1.6] [30]

TiO2 before treatment 458.4 76 711 1.4 60
(464.1) (37 555) (2.2) (60)
[529.7] [99 397] [1.5] [20]

TiO2 treated in Li-Na 457.6 14 205 1.6 20
(463.4) (5 902) (2.2) (50)
[529.0] [18 888] [1.6] [60]

Li2TiO3 before treatment 458.4 43 268 1.6 20
(464.2) (21 846) (2.2) (60)

Li2TiO3 treated in Li-Na 458.4 45 126 1.7 20
(464.1) (20 101) (2.1) (50)

3.1.3. Discussion
XPS spectra (Figs 1 and 2) obtained for the titanium foil
treated in the molten carbonate are similar to those cor-
responding to the TiO2 pellet. The presence of Ti(IV)
and O-Ti shows that the titanium foil was oxidizedin
situ. The hypothesis of this oxidation in the anodic con-
ditions of a molten carbonate fuel cell can be justified
by the fact that H2O and CO2 are globally stronger
oxidizing agents and dominate the reducing power of
hydrogen. Indeed, the comparison of the free energies
1G∗ shows that the oxidation reactions of Ti into TiO2
or Li2TiO3 are more favourable than the reduction re-
action of Ti into TiH2 [4] in our working conditions:

Ti + H2→ TiH2 1G∗ = −17.4 kJ/mol (1)

Ti + 2H2O→ TiO2+ 2H2 1G∗ = −376.2 kJ/mol

(2)

Ti + Li2CO3+ 2H2O→ Li2TiO3+ 2H2+ CO2

(3)
1G∗ = −435.0 kJ/mol

The fact that only Ti(IV) is present at the surface of
the titanium sample, in contact with the H2/CO2/H2O
atmosphere at 650◦C, shows that metallic titanium is
oxidized into TiO2 or Li2TiO3 over a layer thickness
larger than 50̊A, which is the analysis depth for titanium
compounds.

The comparison of the peak intensities relative to
O 1s(ads) and C 1s(CO2−3 ), obtained for TiO2 before
and after treatment in Li2CO3-Na2CO3, shows that a
large amount of carbonate is adsorbed at the surface of
the sample in contact with carbonates. Fig. 5 shows the
high resolution spectra of C 1s.

In order to determine the structure of thicker layers
of about 1µm, XRD experiments were carried out on
metallic titanium and TiO2 after treatment in molten
carbonate. XRD spectra of the surface of metallic tita-
nium and TiO2 are presented in Fig. 6. In the case of
metallic titanium, two crystalline structures were iden-
tified: mainly Li2Ti(IV)O3 and also LiTi2O4 (which is
a bronze with Ti(IV) and Ti(III)). As no Ti(III) was
detected by XPS, it can be concluded that the upper
layer (<50Å) is constituted by Li2TiO3, which is ther-
modynamically the most stable form of titanium in
MCFC conditions [4], and the inner layer (>50 Å) by
LiTi 2O4. In the case of TiO2, again two structures were
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Figure 5 High resolution XPS spectrum showing C 1s peak, relative to a titanium foil exposed to molten Li2CO3-Na2CO3 at 650◦C, under anodic
atmosphere.

(a)

Figure 6 XRD patterns, after exposure to molten Li2CO3-Na2CO3 at 650◦C, under anodic atmosphere, of the following samples: (a) Metallic
titaniuma and (b) TiO2.

identified: mainly Li2Ti(IV)O3 and also LiTi(III)O2.
The first compound, corresponding to Ti(IV), is also
present in the surface layer analyzed by XPS, whereas
the second one, containing Ti(III) is only present in sub-
jacent layers deeper than 50Å. A thorough description
of the structures determined by XRD will be given in a
forthcoming paper.

3.2. Semi-quantitative analysis
Lithium and sodium were detected on all the samples
exposed to molten carbonate. The presence of these
elements at the surface of the samples after their contact
with the melt can be due either to lithium or sodium
incorporation in the oxide layer, or to the adsorption of
lithium and sodium carbonates.

In order to determine if alkali cations are incorpo-
rated in the surface layers of the samples, a semi-
quantitative analysis was carried out. As carbon cor-
responding to adsorbed carbonates is detected at the
surface, an homogeneous layer of the adsorbed carbon-
ate eutectic was considered as the top layer. It was then
possible to determine the contribution of the adsorbed
lithium and sodium to the respective peak intensities of
these species. The following relation, explained in the
Appendix, was used, considering that the proportion
of lithium and sodium at the surface of the samples is
equal to their proportion in the molten carbonate:

DS
A

DS
B

= I S
A

I S
B

· YB

YA
· λ

S
B

λS
A

(4)
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(b)

Figure 6 (Continued).

TABLE I I I Intensities of incorporated sodium and comparative ratio of lithium with respect to titanium in Li2TiO3 layers

Li2TiO3 before Ti treated TiO2 treated Li2TiO3 treated
Samples treatment in Li-Na in Li-Na in Li-Na

I (Na(inc)) — 23738 cts.eV — 9190 cts.eV
I (Li(inc)) — 5692 cts.eV 4469 cts.eV 11 430 cts.eV
I (Li(inc))

I (Ti)
· Y(Ti)

Y(Li)
7.35 8.87 20.3 13.93

whereDS
i represents the density of the atomi inside

the solid; I S
i , peak area ofi , represents the intensity

emitted byi in a solid of infinite thickness with respect
to λ; Yi represents the experimental XPS yield relative
to i ; andλS

i represents the inelastic mean free path in
the solid of the emitted electrons.

The composition of the carbonate eutectic being:
Li2CO3-Na2CO3 52–48 mol %, the ratios of sodium
and lithium with respect to carbon in the top layer are
the following:

D
(
NaCO2−

3

)
D(C)

= 2× 0.48= 0.96

D
(
LiCO2−

3

)
D(C)

= 2× 0.52= 1.04

Therefore, the intensities emitted respectively by ad-
sorbed lithium and sodium were determined and sub-
stracted from their total intensities, allowing to deduce
the amounts of these species incorporated within the
Li2TiO3 lattice. Sodium was considered incorporated
when the resulting intensity of this species was>0. In
order to determine the incorporation of lithium, the ra-
tios of the resulting lithium intensity with respect to
titanium, corrected for the experimental XPS yields,
were calculated for each treated sample and compared
with pure Li2TiO3.

The values of the alkali intensities corresponding re-
spectively to adsorbed and incorporated species are pre-
sented in Table III.

In all the cases:

I (Na)= I
(
NaCO2−

3

)+ I (Nainc) > I
(
NaCO2−

3

)
where I (Na) is the total intensity of the sodium peak,
I (NaCO2−

3
) the determined intensity corresponding to

Na2CO3 and I (Nainc) the intensity emitted by the
sodium incorporated in Li2TiO3.

Moreover:

I (Li inc) · Y(Ti)

I (Ti) · Y(Li)
>

I
(
LiLi2TiO3

) · Y(Ti)

I (Ti) · Y(Li)

whereI (Li inc) is the intensity emitted by lithium incor-
porated in the oxide layer andI (Li Li2TiO3) the intensity
of lithium in pure Li2TiO3. The corresponding values
are presented in Table III.

It can be concluded that, for all the considered
samples, lithium and sodium are incorporated inside
Li2TiO3.

3.3. Correlation between the ratio of
Ti 2p3/2 and Ti 2p1/2 peak areas and
inserted lithium

The ratio,r , between Ti 2p3/2 and Ti 2p1/2 peak areas
is theoretically equal to the ratio2 j+1

2 j+1, where j is the
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TABLE IV Ratio of the Ti 2p3/2 and the Ti 2p1/2 peak areas as a
function of lithium at the surface of the samples

Presence of
additional Detection

Samples
r = I (2p3/2)

I (2p1/2) lithium techniques

Ti treated above the melt 2.1
Ti treated in Li-Na 2.2 × XRD, XPS,

FTIRa

TiO2 2.0
Li2TiO3 2.0
TiO2 treated in Li-Na 2.4 × XRD, XPS
Li2TiO3 treated in Li-Na 2.3 × XPS

aFourier transform infrared spectroscopy.

quantum numberj = l ± s with j > 0, l being the or-
bital quantum number ands, the spin quantum number
[7]. For Ti 2p electrons,l = 1 ands=±1/2; therefore,
j = 3/2 or 1/2 andr = 2. The ratiosr , measured af-
ter the deconvolution of titanium peaks, are presented
in Table IV. The value ofr is equal to the theoretical
value of 2 only in the case of TiO2 and pure Li2TiO3.
It appears that this ratio increases with the amount
of incorporated lithium in the surface layer. The pro-
portion of incorporated lithium within the lithium ti-
tanate structure, estimated from XPS spectra, is repre-
sented by the ratioDinc

Li /DTi . For both Ti and TiO2
samples, the value ofr increases after treatment in
the molten carbonate melt. In fact, Soedergrenet al.
[12], in a recent publication, have found an increase
of the full width at half maximum, FWHM, of the
Ti 2p peaks when lithium was electrochemically in-
tercalated in nanoporous anatase TiO2. The full width
at half maximum being directly proportional to the
peak area, we have determined the Ti 2p3/2 and Ti
2p1/2 peak areas presented in this paper and found
that the ratioI (2p3/2)/I (2p1/2) was 2.1 for pure TiO2,
2.5 for TiO2 after lithium intercalation and again 2.1
when lithium was deintercalated. The following hy-
potheses were given by these authors:—the double in-
jection of lithium ions and electrons may lead to dis-
torsion of the TiO2 lattice, resulting in a slight shift
and a broadening of the Ti 2p components,—TiO2
is not homogeneously intercalated, which means that
the stoichiometry of the Li-intercalated TiO2 is not
well-defined. By analogy, our results seem to con-
firm the influence of lithium incorporation within the
Li2TiO3 lattice (probably provoking a distorsion), on
the broadening of Ti 2p peak and in particular Ti
2p3/2. The formula of the compound formed could
be: Li2+ xTiO3 (or Li2+ xTix(III)Ti 1− x(IV)O3). This
lithium incorporation should be balanced by the pres-
ence of Ti(III), which was not detected by XPS, prob-
ably because of the instability of this species after
the removal of the samples from the molten carbon-
ate and the water treatment. A more detailed expla-
nation of this process and its correlation with the
broadening of the Ti 2p3/2 peak is impossible at this
stage of our work; nevertheless, a similar chemical
intercalation of lithium has been described by other
authors in a Li2Ti3O7 lattice, yielding Li2+ xTi3O7
[13].

4. Conclusion
XPS analysis allowed us to identify the chemical states
of the elements present at the surface of Ti or TiO2 sam-
ples in contact with molten Li2CO3-Na2CO3: Ti(IV),
O(-II), Li(I) and Na(I). Metallic titanium was covered
by TiO2 at 650◦C in the H2/CO2 (80/20) (humidi-
fied with waterP(H2O)≈ 0.2 atm) atmosphere and by
Li2TiO3 in the molten carbonate under the same at-
mosphere. Semi-quantitative analysis of the measured
XPS intensities showed that both lithium and sodium
are incorporated in the LiTi2O3 lattice provoking, in
particular, an increase of the ratio of the intensities of
the Ti 2p3/2 and Ti 2p1/2 peaks, associated with a broad-
ening of the 2p3/2 signal.

This work constitutes an attempt to define the evo-
lution of surface layers on titanium and titanium oxide
in the anodic conditions of MCFC. The present char-
acterization should be pursued in order to clarify some
points. The insertion of lithium in the Li2TiO3 struc-
ture should induce the presence of Ti(III), however this
species was not clearly identified by XPS, which could
be done by electron spin resonance spectroscopy (ESR).
The composition depth profile of the samples is also an
important aspect in order to analyze the diffusion of
lithium within these materials. This could be followed
by secondary ion mass spectroscopy (SIMS).
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Appendix [7, 10, 11]
The intensityI S

A of the signal emitted by an element A in
a solid S of infinite thickness is given by the following
equation:

I S
A = k · DS

A · YA · λS
A · sinθ (A1)

wherek is a constant characteristic of the spectrome-
ter;YA, characteristic of the element, constant whatever
the chemical state of the element A is inside a metallic
or an oxide structure, was determined from [7];θ , the
emission angle is equal, in our condition, to 90◦; andλ,
the inelastic mean free path, was determined from an
empirical relation of Seah and Dench [11]. This equa-
tion, expressed for elements A and B, leads to relation
(4) given in the text.

The binding energy for Ti 2p(IV) was considered as
the mean energy of the doublet (Ti 2p3/2, Ti 2p1/2):
ETi

b = 461.8 eV. Therefore,ETi
c = 787.8 eV.

The following values ofM (molecular weight),n
(number of atom in the molecule) andρ (volumic
weight in g/dm3) were used:

• for Li2TiO3:
ρ(Li 2TiO3) = 2.13.103 g/dm3

n = 6
a = 0.24 nm
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TABLE V Values of the experimental XPS yield (Y) [7] and the mean
inelastic free path (λ) inside the solids Li2TiO3 and TiO2 [11]

Ti 2p3/2 Na 1s Li 1s C 1s

λA (nm) in Li2TiO3 2.38 1.15 2.93 2.62
λA (nm) in TiO2 2.09 1.01 2.57 2.30
λA (nm) in Li2CO3− 2.78 1.34 3.42 3.07
Na2CO3 (52–48 mol %)
YA 1.1 2.51 0.012 0.205

• for TiO2:
ρ(TiO2) = 4.26.103 g/dm3

n = 3
a = 0.22 nm

The values ofYA and λA parameters are given in
Table V.
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