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The surface characterization of titanium, titanium oxide and lithium titanate samples
exposed to molten Li,CO3-Na,COs3, 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(-1), Li(l) and Na(l). 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 A. A broadening of the Ti 2ps3/2 peak was observed. This effect is
probably caused by a distorsion of the Li,TiO3 lattice due to the incorporation of lithium
within this structure. Li> TiO3; compound was detected by X-ray diffraction (XRD) on Ti, TiO,
as well as Li,TiO3 after treatment in the molten carbonate eutectic. © 7999 Kluwer
Academic Publishers

1. Introduction present in the melt, lithium and sodium, were studied
Titanium and titanium oxide are candidate materialsn details. The spectroscopic results are also compared
for molten carbonate fuel cells (MCFC) operating atwith previous thermodynamic predictions.
550-750C. Titanium is easily covered by an oxide
passive layer at high temperature, which is very corro-
sion resistant and Tigxan be used as a protective layer2. Experimental
on different metals [1]. The conductivity of this oxide Lithium and sodium carbonates, mixed in proportions
canbeincreased by the incorporation of alkali species inf 52—48 mol %, were Merck reagents of analytical pu-
the TiO; lattice, allowing this compound to be possibly rity (>98%). The carbonates were previously storred
used in MCFC's stacks. Titanium-based materials havén a dry atmosphere. A mixture of hydrogen and car-
been very rarely studied, theoretically or experimen-bon dioxide (80/20), of high purity grade, bubbled
tally, in molten carbonates [2—4]. In a previous paperin a humidificator containing water heated at°6D
[4], thermodynamic predictions of the stability of these (P(H,0)~ 0.2 atm), before being introduced in the
species were established under oxidizing {00, in  melt. The total flow was 50 cfmin~. As it was nec-
contact with the MCFC’s cathode compartment) and reessary to eliminate the air contained in the cell before
ducing conditions (K: CO, : H,O: CO, incontactwith  introducing hydrogen, because of the explosion risk at
the anode compartment).liO3 was found to be the high temperature, only C{bubbled first in the carbon-
only stable species in both conditions. Experimentakte melt for about one hour.
evidence is required in order to confirm the presence of Each sample was introduced in the electrochemical
lithium titanate and other species at the surface obTiO cell, and exposed for 24 h to the gaseous atmosphere
or Ti/TiO; in contact with carbonate melts. above the melt (time necessary for reaching the gas
The aim of this paper is to investigate by X-ray equilibrium) and subsecuently immersed in the molten
Photoelectron Spectroscopy (XPS) the chemical comearbonate for more than 48 h (until, at least, the mea-
position and the chemical states of very thin layers orsured open-circuit potential became stationary). Then,
the surface of titanium and titanium dioxide samplesthe sample was removed from the molten mixture, air-
before and after treatment in molten,CiOs-Nap,COs cooled and rinsed with de-ionized water before being
at 650°C under an H/ICO,/H,0 atmosphere. The in- analyzed by XPS. A similar procedure was described
teractions of titanium species with the alkali cationsin a previous paper [5].
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Figure 1 XPS survey spectrum of a titanium foil exposed to moltextid;-Na, CO3 at 650°C, under anodic atmospherefHZO, 80 : 20, humidified
with water heated at 6CC).

The cell with the carbonate melt was a compact3.1. Qualitative surface analysis
single-compartment crucible 3050 mn? (Degussa  3.1.1. Metallic titanium
A1 23) contained in another Al 23 25060 mn? cru-  The survey spectrum of a titanium sample treated in
cible hermetically closed by a stainless steel cover withmolten L,,CO3-Na,COs at 650°C during 3 days (24 h
a Viton O-ring. The reference electrode and the auxilin the gaseous atmosphere above the melt and 48 h in-
iary electrodes were fully described elsewhere [6]. Theside the melt) is presented in Fig. 1. It reveals the pres-
samples, which constitute the working electrodes, werence at the surface of the sample of C 1s (corresponding
either metallic titanium foils of 16 10x 1 mn?, han-  to adsorbed carbonates and/or to a surface contamina-
dled by atitanium wire of the same purity grade (99.9% tion), Ti 3p, 3s, 2p and Auger, O 1s and Auger. The high
provided by Goodfellow), or titanium dioxide pellets resolution spectra corresponding to Ti 2p and O 1s are
of 12 x 4 mn?, with 99.9% purity grade, provided by reported in Fig. 2. The spectra may originate from dif-
Cerac. Temperature control was achieved with a Wesferent chemical states. The TiZpand 2p,» peaks can
3810 Gulton regulator and calibrated chromel-aluminabe well fitted by single peaks corresponding to Ti(IV)
thermocouple. with known binding energy position and full width at
XPS measurements were performed with a VGhalf maximum. The O 1s spectrum exhibits a principal
ESCALAB Mark Il spectrometer using the Mg, peak at low binding energies, ascribed td-Qchar-
X-ray source. The spectrometer was calibrated usin@cteristic of the O-Ti bond. The relatively important
the reference energies of Aus4f (83.9+ 0.1 eV),and  shoulder at higher energies can be explained by the
Cu 22 (9327+0.1 eV). Atake off angle of 90was  contribution of two kinds of oxygen: O 1s(Ohl and
used (angle between the surface and the analyser). @ 1s(ads), corresponding respectively to hydroxide ions
binding energy of 285.0 eV was assigned to the C lsand to adsorbed molecules of water or carbon dioxide.
peak corresponding to the surface contamination an&odium is also detected with an Na 1s peak at 1072 eV,
this was used as an internal reference for correction ods shown in Fig. 3, and two Auger peaks at 263.6 and
charging effects. 302.8 eV respectively. Although the XPS sensivity is
XRD experiments were carried out with a Siemensvery weak with respect to lithium, a small Li 1s peak is
CGR type Tleta 60 diffractometer using a g, ra-  also detected at 56 eV, between Ti 3s at 63.7 eV and the
diation @ = 1.789,&). 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 @5@uring
3. Results and discussion about 24 h. The corresponding survey spectrum shows
The following informations were extracted from XPS the presence of carbon, oxygen and titanium, whereas
experiments: a qualitative analysis of the specieso peaks corresponding to lithium or sodium were de-
present, including theoir chemical states, within a surtected. High resolution spectra allowed us to identify
face layer of about 5@\, a semi-quantitative analysis Ti(IV) and the three O 1s peaks previously mentioned
of the proportions of lithium and sodium respectively O 1s(3~): 53%, O 1s(OH): 37% and O 1s(ads): 10%.
present in this layer under an adsorbed form or as palit can be observed that O 1s(ads) represents 41% of the
of the crystalline structure and an empirical correlationtotal O 1s peak area, which means that the amount of
between the presence of lithium and the intensities odsorbed gas (#D or CQ3,) is much larger than for the
the Ti 22 and Ti 2p > peaks. 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 mok@OiNaCO3 at 650°C, under anodic
atmosphere.
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Figure 3 High resolution spectrum of Na 1s, in the same conditions, relative to a titanium foil exposed to me&&nINa, CO3 at 650°C, under
anodic atmosphere.
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Figure 4 High resolution XPS spectrum showing Li 1s peak, relative to a titanium foil exposed to mo}e®4-NayCO3 at 650°C, under anodic
atmosphere.
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TABLE | Values of the binding energies (B.E.) corresponding to Bj2@i 2p;/» peaks and\B.E., the difference between them

Literature data [ ] Titanium B.E. 2 B.E. 2p,2

or experimental results oxidation degree (eV) (eV) ABL.E. (eV)
[7] 0 454.5/453.8 460.5 6.0

[7] 1l 457.5 463.1 57+0.1
[8] 1 457.4 463.1 5.7

[8] \Y, 458.9/459.0 464.6 5.7

[9] v 459.2+0.1 4650+ 0.1 5.8

Ti treated above the melt \ 458.1 463.9 5.8
Ti treated in Li-Na v 458.9 464.6 5.7
TiO2 before treatment v 458.4 464.1 5.7
TiO, treated in Li-Na \YJ 458.4 464.2 5.8
Li,»TiO3 before treatment v 458.4 464.2 5.8
Li>TiO3 treated in Li-Na \Y) 458.4 464.1 5.7
3.1.2. Titanium dioxide 3.1.3. Discussion

The XPS spectra obtained with an untreated commerXPS spectra (Figs 1 and 2) obtained for the titanium foll
cial pellet of rutile TiQ were used as references for the treated in the molten carbonate are similar to those cor-
titanium and the oxygen peaks. Titanium is present irresponding to the Ti@pellet. The presence of Ti(IV)
+1V chemical state and the high resolution spectrum ofand O-Ti shows that the titanium foil was oxidized
O 1sshowsthat 82% of the total oxygen peak is bound tagitu. The hypothesis of this oxidation in the anodic con-
titanium (Ti-O), 13% corresponds to hydroxide groupsditions of a molten carbonate fuel cell can be justified
and only 5% to the adsorbed gases. by the fact that HO and CQ are globally stronger

The spectrum obtained with a TiQellet after the oxidizing agents and dominate the reducing power of
same treatment of three days in theftNa carbonate hydrogen. Indeed, the comparison of the free energies
eutectic is roughly the same than that obtained in Fig. 22G* shows that the oxidation reactions of Ti into HO
with the Ti foil dipped in the melt. Nevertheless, the or Li,TiO3 are more favourable than the reduction re-
proportions of the O 1s components are differerft: O action of Ti into TiH, [4] in our working conditions:
18%, O 1s(OH): 9% and O 1s(ads): 73%. ) i .

In Table 1, the binding energies relative to Tizgp Ti+Hz — TiHy AG" = -174kJ/mol (1)
and 2p,, and the difference between both values for Tj + 2H,0 — TiO, +2H, AG* = —3762kJ/mol
the mentioned samples are compared to data from

. Y oY Y . 2

the literature concerning titanium in different chemi- ] ) o
cal states. These results confirm the presence of Ti(lv) 1!+ L12C0s +2H,0 — Li2TiO3 + 2H; + CO,

at the surface of all the studied samples. In Table Il are 3
summarized the deconvolution parameters used for the AG* = —4350kJ/mol

Ti 2p3/2, Ti 2p1/2 and O 1s(O-Ti) peaks relative to the _ _

different samples. The fact that only Ti(IV) is present at the surface of

the titanium sample, in contact with the/@0O,/H,0
atmosphere at 65, shows that metallic titanium is
oxidized into TiQ or Li,TiO3z over a layer thickness

TABLE Il Values of the binding energies (B.E.), the peak areas a”°|argerthan 50?\ whichisthe analysis depth for titanium
the parameters used for the decomposition of the high resolution spectra !

of Ti 2pz/2, Ti 2p1/2 and O 1s (O-Ti) peaks Compounds' . . . .
The comparison of the peak intensities relative to
B.E. (eV) O 1s(ads) and C 13(@0), obtained for TiQ before
Ti 2p3y2, and after treatment in kCO3-Na,CO;3, shows that a

(Ti2py2) Peakarea  FWHM large amount of carbonate is adsorbed at the surface of

Samples and[O1s] (ctseV) (V) G/ ihe sample in contact with carbonates. Fig. 5 shows the
Titreated above the melt ~ 458.1 17200 1.5 30 high resolution spectra of C 1s.
(463.9) (8160) (22 (60) In order to determine the structure of thicker layers
_ o [530.1]  [22660] [1.6]  [20]  of about 1um, XRD experiments were carried out on
Titreated in Li-Na ( 4‘585 (gi Zgg) (21‘3‘? (gg) metallic titanium and Ti@ after treatment in molten
[530.2] [79154] [6] (o] carbonate. XRD spectra of the surface of metallic tita-

TiO, before treatment 458.4 76711 1.4 60 nium and TiQ are presented in Fig. 6. In the case of
(464.1) (37555)  (2.2) (60)  metallic titanium, two crystalline structures were iden-

_ o [529.7] ~ [99397] [1.5]  [201  tified: mainly Li,Ti(IV)O3 and also LiTO4 (which is
TiO; treated in Li-Na (4‘(‘35374? (é‘égg)‘r’ (21; (gg) a bronze with Ti(IV) and Ti(lll)). As no Ti(lll) was
[529:0] [18 888] [1.6] [60] detected by XPS, it can be concluded that the upper

Li,TiO3 before treatment ~ 458.4 43268 1.6 20 layer (<50 ,&) is constituted by LiTiOg, which is ther-
o ) (4645-32) (21 8;2) (2.2) (gg) modynamically the most stable form of titanium in
Li»TiO3 treated in Li-Na 458.4 451 1.7 L . 2
(464.1) 20101)  (21) (50) l\/_IC_FC conditions [4], ar_ld the inner layes 60 A) by
LiTi 204. In the case of TiQ, 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 mal@@::Na,CO3 at 650°C, under anodic
atmosphere.
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Figure 6 XRD patterns, after exposure to molterp,CiO3-NaCO3 at 650°C, under anodic atmosphere, of the following samples: (a) Metallic
titaniuma and (b) Ti@.

identified: mainly LpTi(IV)O3 and also LiTi(lll)O,. In order to determine if alkali cations are incorpo-
The first compound, corresponding to Ti(IV), is alsorated in the surface layers of the samples, a semi-
present in the surface layer analyzed by XPS, whereaguantitative analysis was carried out. As carbon cor-
the second one, containing Ti(lll) is only present in sub-responding to adsorbed carbonates is detected at the
jacent layers deeper than BOA thorough description  surface, an homogeneous layer of the adsorbed carbon-

of the structures determined by XRD will be given in a ate eutectic was considered as the top layer. It was then
forthcoming paper. 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
éAppendix, was used, considering that the proportion
é)é lithium and sodium at the surface of the samples is
ggual to their proportion in the molten carbonate:

3.2. Semi-quantitative analysis

Lithium and sodium were detected on all the sample
exposed to molten carbonate. The presence of the
elements at the surface of the samples after their conta
with the melt can be due either to lithium or sodium

incorporation in the oxide layer, or to the adsorption of D_E _ '_/f ) Y8 _ E (4)
lithium and sodium carbonates. DS IS Ya A3
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Figure 6 (Continued.

TABLE Ill Intensities of incorporated sodium and comparative ratio of lithium with respect to titaniurpTiOilayers
Li»TiO3 before Ti treated Ti@treated LyTiO3 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)) Y(Ti)
M YW 7.35 8.87 20.3 13.93
where DiS represents the density of the atdrinside The values of the alkali intensities corresponding re-

the solid; 1S, peak area of, represents the intensity spectively to adsorbed and incorporated species are pre-
emitted byi in a solid of infinite thickness with respect sented in Table Ill.
tox;Y; re%resents the experimental XPS yield relative In all the cases:
toi; and)?> represents the inelastic mean free path in
the solid of the emitted electrons. I(Na)= I (Nacez-) + I (Nainc) > | (Nacz)

The composition of the carbonate eutectic being
Lio,CO3-NapCO3 52—-48 mol %, the ratios of sodium
and lithium with respect to carbon in the top layer are

wherel (Na) is the total intensity of the sodium peak,
I(Nacog_) the determined intensity corresponding to
NaCO; and | (Napc) the intensity emitted by the

the following: sodium incorporated in LTiOs.
Moreover:
D(Nacg:-)
“p)  2x048=0% | (Liing) - Y(Ti) 1 (Livi,Tios) - Y(Ti)
D(Licee ) L(Ti)-Y(L)  1(Ti)- (L)
cos
b0 2x0.52=1.04 wherel (Liinc) is the intensity emitted by lithium incor-

porated in the oxide layer ardLiyj,tio,) the intensity

Therefore, the intensities emitted respectively by ad©f lithium in pure LpTiOs. The corresponding values
sorbed lithium and sodium were determined and sub@re presented in Table Iil. .
stracted from their total intensities, allowing to deduce It can be concluded that, for all the considered
the amounts of these species incorporated within théamples, lithium and sodium are incorporated inside
Li, TiO3 lattice. Sodium was considered incorporatedLi2TiOs.

when the resulting intensity of this species wel. In

order to determine the incorporation of lithium, the ra-3.3. Correlation between the ratio of

tios of the resulting lithium intensity with respect to Ti 2p3/» and Ti 2p4/» peak areas and

titanium, corrected for the experimental XPS yields, inserted lithium

were calculated for each treated sample and comparethe ratio,r, between Ti 2p» and Ti 2p > peak areas

with pure L TiOs. is theoretically equal to the ratigl*1, wherej is the

I+1
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TABLE IV Ratio of the Ti 2p,, and the Ti 2p,> peak areas as a 4, Conclusion
function of lithium at the surface of the samples XPS analysis allowed us to identify the chemical states

Presence of of the elements present at the surface of Ti orzls@m-
¢ — '@ps2)  additional  Detection ples in contact with molten LCO3-NaCOs: Ti(lV),
Samples 1(2py2)  lithium techniques  O(-Il), Li(I) and Na(l). Metallic titanium was covered

by TiO, at 650°C in the H/CO, (80/20) (humidi-

Titreated above the melt 2.1 fied with waterP(H,0)~ 0.2 atm) atmosphere and by

Ti treated in Li-Na 2.2 X XRD, XPS,

FTIR? Li,TiO3 in the molten carbonate under the same at-
TiO2 2.0 mosphere. Semi-quantitative analysis of the measured
Li2TiO3 2.0 XPS intensities showed that both lithium and sodium

X

TiOz treatedinLi-Na 2.4 XRD, XPS  are incorporated in the LiJDs lattice provoking, in
Li>TiOg treated in Li-Na 2.3 x XPS particular, an increase of the ratio of the intensities of
3Fourier transform infrared spectroscopy. the Ti 22 and Ti 2p > peaks, associated with a broad-
ening of the 2p)> signal.
This work constitutes an attempt to define the evo-

. o ) lution of surface layers on titanium and titanium oxide
quantum numbef =I + s with j > 0,1 being the or-  j, the anodic conditions of MCFC. The present char-
bital quantum number arg] the spin quantum number gcterization should be pursued in order to clarify some
[7]. For Ti 2p electrons, = 1 ands = +1/2; therefore,  ints. The insertion of lithium in the kTiOs struc-
j=3/2 or 1/2 andr =2. The ratios, measured af- y,re should induce the presence of Ti(lll), however this
ter the deconvolution of titanium peaks, are presentedyecies was not clearly identified by XPS, which could
in Table IV. The value of is equal to the theoretical e gone by electron spin resonance spectroscopy (ESR).
value of 2 only in the case of Tiand pure LiTiO3.  The composition depth profile of the samples is also an
It appears that this ratio increases with the amounfynortant aspect in order to analyze the diffusion of
of incorporated lithium in the surface layer. The pro-|ithiym within these materials. This could be followed

portion of incorporated lithium within the lithium ti- by secondary ion mass spectroscopy (SIMS).
tanate structure, estimated from XPS spectra, is repre-

sented by the ratid["°/Dr;. For both Ti and TiQ
samples, the value af increases after treatment in Acknowledgements

the molten carbonate melt. In fact, Soederge¢ral. 55, de France (GDF/ICNRS/ENSCP 414) and the
[12], in a recent publication, have found an increasezropean Community (Joule No. JOE3CT950024) are
of the full width at half maximum, FWHM, of the  yeatly acknowledged for financial support. Professor

Ti 2p peaks when lithium was electrochemically in-  affier is gratefully acknowledged for helpful dis-
tercalated in nanoporous anatase jl[iGhe full width cussions and J. M. Sifre for technical support.

at half maximum being directly proportional to the
peak area, we have determined the Tg2mand Ti
2p12 peak areas presented in this paper and founﬁppendix [7, 10, 11]

that the ratiol (2ps2)/1(2py/2) was 2.1 for pure Ti®, - Theintensityl S of the signal emitted by an element Ain

2.5 for TiG, after lithium intercalation and again 2.1 5 golid S of infinite thickness is given by the following
when lithium was deintercalated. The following hy- equation:

potheses were given by these authors:—the double in-

jection of lithium ions and electrons may lead to dis- IS =k- DS Ya-A5-sing (A1)
torsion of the TiQ lattice, resulting in a slight shift

and a broadening of the Ti2p components,—JIiO \yherek is a constant characteristic of the spectrome-
is not homogeneously intercalated, which means thafer: v, , characteristic of the element, constant whatever
the stoichiometry of the Li-intercalated TiOs not  the chemical state of the element A is inside a metallic
well-defined. By analogy, our results seem to con-gr an oxide structure, was determined from []the
firm the influence of lithium incorporation within the emjssjon angle is equal, in our condition, t& 98ndax,
Li>TiOs lattice (probably provoking a distorsion), on the inelastic mean free path, was determined from an
the broadening of Ti 2p peak and in particular Ti empirical relation of Seah and Dench [11]. This equa-
2ps2. The formula of the compound formed could tion, expressed for elements A and B, leads to relation
be: L|2+XT|03 (OI’ L|2+XT|X(”|)T| ]_,X(IV)O?,) This (4) g|Ven in the text.

lithium incorporation should be balanced by the pres- The binding energy for Ti 2p(IV) was considered as
ence of Tl(lll), which was not detected by XPS, pI’Ob— the mean energy of the doublet (T| :#ﬂ Ti 2pl/2):
ably because of the instability of this species afterEgi = 4618 eV. ThereforeE]! = 787.8 eV.

the removal of the samples from the molten carbon- The following values ofM (molecular weight)n

ate and the water treatment. A more detailed explaghnumber of atom in the molecule) and (volumic
nation of this process and its correlation with theweight in g/dn?) were used:

broadening of the Ti 2p, peak is impossible at this

stage of our work; nevertheless, a similar chemical e for LioTiOs:

intercalation of lithium has been described by other p(Li,TiO3) = 2.13.10° g/dn?

authors in a LiTizO; lattice, yielding Ly xTizO7 n==~6

[13]. a=0.24nm
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TABLE V Values of the experimental XPSyield (Y) [7]andthemean 4, v, CHAUVAUT,M. CASSIRandY. DENOS, Electrochim.

inelastic free path)() inside the solids LiTiO3 and TiQG, [11] Acta43(1998) 1991.
_ _ 5.B. MALINOWSKA,M. CASSIRandJ. DEVYNCK,J. Power
Ti2pz  Nals Lils Cls Sourcess3 (1996) 27.
A 6.B. MALINOWSKA, M. CASSIR F. DELCORSO and
Aa (nm) in LizTiOg 2.38 115 293 262 J. DEVYNCK, J. Electroanal. Chen®1 (1995) 389.
Aa (Nm) in TiC, 2.09 101 257 230 7\ M. RIGGS L. E. DAVIS,J. F. MOULDERAND and
Aa (nm) in LioCO3z- 2.78 1.34 3.42 3.07

G. E. MULLENBERG, in “Handbook of X-ray Photoelectron

NapCOs (52-48 mol %) Spectroscopy,” edited by C. D. Wagner (Perkin-Elmer Corporation,
Ya 11 2.51 0.012 0.205 6509 Flying Cloud Drive, Eden prairie, Minnesota 55344).
8.J. POUILLEAU, D. DEVILLIERS, H. GROULT and
_ P. MARCUS, J. Mater. Sci32 (1997) 5645.

o for TiOy: 9.T. LE MERCIER, J. M. MARIOT, F. GOUBARD,
o(TiOy) = 4.26.10° g/dm? M. QUARTON, M. F. FONTAINE andC. F. HAGUE,
n=3 J. Phys. Chem. Solids8 (1997) 679.
a=022nm 10. D. BRIGGS andM. P. SEAH, “Practical Surface Analysis,

2nd ed. Vol. 1 (Wiley, 1990).

The values ofYp and A parameters are given in % 2’:5-1?1')?1';’;:)6‘2”‘“’"' A. DENCH, Surface and Interface Analy-
Tablev 12.S. SOEDERGREN H. SIEGBAHN, H. RENSMO, H.

LINDSTROEM, A. HAGFELDT andS. E. LINDQUIST,
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