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Molecular adsorption-desorption of carbon monoxide on
ferroelectric BaTiO;(001)

Carbon monoxide is adsorbed in molecular form on (O01)
oriented, atomically clean barium titanate, and is desorbed
when the substrate is heated above the Curie temperature.
This suggests that the adsorption process is governed by the
ferroelectricity of the substrate. The electric field provided
by barium titanate polarizes the carbon monoxide molecule
and attaches it to the surface. Derived adsorption energies
are in line with this assumption. The adsorption geometry

is dependent on the substrate temperature. Upon repeated
adsorption/desorption cycles, the substrate stoichiometry
and structure remain unchanged.

¥ ROYAL SOCIETY
PN OF CHEMISTRY

AU

See Cristian M. Teodorescu et al.,
Mater. Adv., 2024, 5, 5709.

As featured in:

Materials
Advances

rsc.li/materials-advances

Registered charity number: 207890



¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Molecular adsorption—desorption of carbon

".) Check for updates‘
monoxide on ferroelectric BaTiOz(001)}

Cite this: Mater. Adv., 2024,

> 5709 Alexandru-Cristi lancu,?® Nicoleta G. Apostol,? Adela Nicolaev,?

Laura E. Abramiuc, (29 Cristina F. Chirila,® Dana G. Popescu® and
Cristian M. Teodorescu (2 *@

Carbon monoxide (CO) is reversibly adsorbed on and desorbed from ferroelectric (001) oriented, BaO-
terminated barium titanate. All processes are characterized in real time via photoelectron spectroscopy.
Adsorption proceeds on different sites/geometries as a function of substrate temperature. Below room
temperature, CO is adsorbed on surface Ba. At room temperature, adsorption proceeds on surface
oxygen, whereas at high temperatures, “hollow"” site adsorption occurs with carbon coordinated with
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three oxygens, one oxygen initially belonging to CO and two oxygens from the substrate. The amount
of CO adsorbed is about one molecule for 10 surface unit cells, which is slightly increased at low
temperatures. CO is desorbed if the substrate is heated above the Curie temperature, which is a sign of
the definitory role of ferroelectric polarization. The BaTiO3(001) surface is unaffected by repeated cycles
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1. Introduction

Carbon monoxide is widely used in a wealth of chemical
reactions, such as hydrogenation to form alcohols, Fischer-
Tropsch reactions to produce hydrocarbons, and water gas shift
for hydrogen production.™” There are a myriad of reports on
these subjects and on catalytic systems, allowing one to under-
stand these reactions. However, the use of ferroelectric systems,
i.e. those providing permanent polarization enabling molecular
fixation and bond weakening or breaking, is still at an incipient
stage,>” although controllable substrate polarization might be
used to overcome the Sabatier principle between the high
adsorption binding strength needed to fix and activate reactants
and low strengths needed for subsequent desorption.® One
difficulty arises from the lack of understanding of the ferro-
electric order. Only recently, a microscopic model for ferroelec-
tricity in thin films with a single domain structure was proposed,
highlighting the definitory role of charges accumulated at
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surfaces and interfaces.””® The second difficulty is related mainly
to the possibility of working on atomically clean model systems,
such as ferroelectric single crystals, in order to quantitatively
assess surface adhesion and dissociation. Moreover, such results
were lacking until recently, when carbon monoxide adsorption
and dissociation on a strong ferroelectric single crystalline thin
film, lead zirconate titanate (PZT), were followed-up using
photoelectron spectroscopic techniques.*®'*

It should be noted that carbon dioxide sequestration based
on barium titanate was patented one decade ago and probably
industrially implemented to date but without any known refer-
ence to the ferroelectric properties of this material."”> More
connexions to the ferroelectricity of barium titanate are dis-
cussed in ref. 13 and 14. Regarding carbon monoxide adsorp-
tion on barium titanate, there is no relevant previous reference
to the best of our knowledge.

This work investigates the process of carbon monoxide
adsorption and desorption on a ferroelectric substrate,
BaTiO;(001) or BTO(001). The main reason for choosing this
substrate stems from its non-toxicity, wide availability and
affordable price, which are beneficial if one intends to develop
catalysts at the industrial level. At the same time, before
designing an industrial catalyst, the detailed processes leading
to molecular fixation and possible surface reactions need to be
investigated on model systems, such as ultraclean single crystal
films. Another reason for choosing BTO(001) will be revealed in
the following brief evaluation.

The basic idea of this study stems from the external field,
E = Plg, that a ferroelectric material can provide outside the
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material after a suitable cleaning procedure, where P is polar-
ization and &, is vacuum permittivity. This field induces a
dipole moment p = oF = 4neg0E, in the molecule, where o is
the molecular polarizability in F m? and «, is the polarizability
in volumetric units (e.g, in A%). If one supposes that the
molecule progressively approaches the ferroelectric substrate,
the field experienced by the molecule increases progressively
from 0 to E, and the molecule progressively acquires a dipole
moment. The interaction energy of the external field with the
induced dipole may be obtained by the simple integration
[—Edp as:
2 E? P2

22 me— 1
> oL ” (1)

W=~
by assuming that in the final state, the dipole is parallel to the
surface ferroelectric field. The amount of energy deposited in
the molecule is estimated as follows. Let 2x be the interatomic
distance (2x, for the molecule in its ground state), and +¢(x) be
the charges induced on the two atoms for x > x,. By progres-
sively applying the external field, for an instantaneous value E’
and an elemental elongation dx, the molecule acquires an
elastic energy of dW, = 2F(x)dx = 2E'q(x)dx = E'dp — 2xdg,
where F'(x) is the force acting on one atom and p(x) = 2xq(x) is
the induced dipole moment in the molecule. It follows the
elastic energy stored by the molecule:

2 E 2
e R GRS AR

where the last (negative) term W, can be estimated only by
using quantum mechanical computations.’® By summing the
two terms W; and W, it follows that W, can be interpreted as
the adsorption energy.

For dissociating the molecule, it suffices to have W, > D,
where D is the dissociation energy. The first term, which is
numerically equal to |Wj|, can be estimated in practical
units as:
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|Wi| [eV] ~ 4.450, [A*]P* [C m™2](>D) (3)

The polarizability of CO is 1.95 A%'>'® while the dissociation
energy is 11.16 eV."” It follows that a minimum surface polar-
ization of the material enabling the dissociation of the mole-
cule will be P > {0.225D [eV]/x, [A*]}** = 1.13 C m 2. Of course,
more sophisticated ab initio computations are needed (see e.g.,
ref. 15), but the above estimate can be a reasonable
starting point.

As mentioned above, CO dissociation on ultraclean PZT(001)
with strong out-of-plane polarization was reported in ref. 10
and 11. For a ferroelectric thin film with weaker out-of-plane
polarization, such as BaTiO;(001), CO is expected to be
adsorbed only in molecular form and to be released immedi-
ately when the surface loses its polarization, by heating above
the Curie temperature. The main ideas yielding to the adsorp-
tion mechanisms and possible dissociation are shown in Fig. 1
below. It should be mentioned that in ref. 10, after CO
dissociation following adsorption at room temperature (RT),
the whole amount of carbon left the surface upon progressively
increasing the substrate temperature above the Curie tempera-
ture. It was argued that the reduced carbon left the surface in
the form of CO, by taking up oxygen from the PZT. Therefore,
the substrate is affected after a cycle of CO adsorption/
desorption. Consequently, finding a ferroelectric substrate that
is not affected by the adsorption/desorption mechanism is a
valuable effort in view of determining new reversible molecular
sequestration mechanisms.

Therefore, another reason for choosing BTO was its con-
siderably lower polarization (about 0.2-0.3 C m™?). According
to the above evaluations, its lower polarization would not
suffice to dissociate carbon monoxide. If CO is adsorbed non-
dissociatively on ferroelectric BTO, this would at the same time
reinforce the conclusions from ref. 10 and 11, where CO was
adsorbed on PZT(001). At the same point, this offers the
possibility to ‘gently’ manipulate CO molecules by reversible
trapping and release them for subsequent chemical reactions,

(b)

c ‘> ©)

©.

- —OTP—. o

O'c

P T | Pb(Zr,Ti)O, | P | | Pb(Zr,Ti)O, 4 | BaTiO,
P(*)
~1Cm” ~1Cm”’ ~02Cm’
surface oxygen enrichment surface dissociated C

no surface C

(XPS results)

surface C=0 ’

Fig. 1 Mechanism for the progressive polarization of CO as it approaches a ferroelectric material in the case of a ferroelectric substrate with a strong
out-of-plane polarization, such as PZT (a) and (b),'>!! and in the case of a ferroelectric substrate with a weaker out-of-plane polarization (c), such as

barium titanate (right), analyzed in this study.
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which might find applications in reactions such as the ones
mentioned above.

One could also imagine a drawback of working with a
ferroelectric material with lower polarization. Since the inter-
action energy with the polarized molecule is weaker, this also
implies that the adsorption energy on the surface is lower (in
absolute value) and this might imply a lower number of
molecules stabilized on the surface. The final coverage depends
in fact on which process is the dominant one leading to
molecular adsorption: it could be a dynamical equilibrium
between the adsorbed and desorbed species governed by the
adsorption energy and the substrate temperature, but there
could also be other effects related to changes in the surface
electronic density of states, leading to a lower adsorption
affinity of the surface once a certain number of molecules are
adsorbed. Such effects might be assessed by ab initio molecular
dynamics computations, but nevertheless have to be experi-
mentally checked at different temperatures. This was another
motivation for this work.

CO adsorption on the incipient ferroelectric KTaO;(001) was
reported at low temperature (below 200 K) mainly on TaO,-
terminated areas.® However, for practical applications, one
needs to identify adsorption processes near RT. For simplicity
reasons, it is also desirable to work on substrates with a well-
defined termination. Hence, in this work, we shall investigate
adsorption processes on BTO(001) with a single termination
(BaO) near RT (RT and slightly above or below), while
desorption will be investigated up to temperatures exceeding
the Curie temperature of BTO (about 123 °C'® for the bulk,
probably higher by 25-50 °C in thin films).

X-Ray photoelectron spectroscopy (XPS) is the ideal tool to
characterize these processes, especially when using a powerful
light source (synchrotron radiation), enabling one to visualize
adsorption and desorption processes in real time. Apart for its
chemical characterization possibility and the extreme surface
sensitivity, XPS was recently proven as a valuable tool to
quantify band bending at surfaces and interfaces, which is a
direct method to assess the orientation of polarization in free
ferroelectric surfaces.'®*® A visualization of the concomitant
loss of the surface C 1s signal and of the progressive loss of
the surface polarization by investigating core levels from the
ferroelectric substrate allowed one to unambiguously connect
the adsorbed molecules with the out-of-plane ferroelectric
polarization.'®'" In addition, the method allows a precise quanti-
fication of the number of adsorbed molecules. Other surface
science methods, such as low energy electron diffraction (LEED),
are used to characterize the surface crystallinity. The same strategy
will be adopted in this work. The main goals of this study are as
follows: (i) derive the composition of BTO at each stage; (ii) derive
the BTO termination, if possible; (iii) derive the polarization
orientation; (iv) characterize the stability of BTO, i.e., the ability
to recover the same surface state after desorption; (v) derivation of
the amount of CO adsorbed; (vi) derivation of the state (adsorp-
tion geometry?) of CO adsorbed; (vii) determine if there is any
polarization change upon CO adsorption; (viii) follow-up of CO
desorption, correlated with the BTO polarization.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental

Experiments were performed in the CoSMoS (combined
spectroscopy and microscopy on surfaces) end station con-
nected to the SuperESCA beamline at the Elettra (Trieste)
synchrotron radiation facility, using horizontal linearly polar-
ized soft X-rays. The station comprises a preparation (molecular
beam epitaxy, MBE) chamber, a scanning tunneling microscopy
(STM) chamber, a photoemission analysis chamber, a storage
chamber and a load-lock, the former four ones operating in a
base pressure of low 107 '° to 10~ '" hPa. XPS was performed by
using a Phoibos (Specs) 150 analyzer with angular acceptance of
+7°. Pass energies were 5 eV for C 1s and Ba 4d, measured with
390 eV photon energy, and 10 eV for the survey spectra, Ti 2p
and O 1s, all measured with 650 eV photon energy. The
photoelectron take-off angle was 24°, and the angle between
the direction of incoming X-rays and the detected photoelec-
trons was 90°. Hence, the detected electrons are in a direction
parallel to the polarization of incoming soft X-rays. The esti-
mated resolving power (combined broadening due to the beam-
line and of the analyzer) was better than 500, related to the
photoelectron kinetic energy (<0.2 eV instrumental broaden-
ing for ~100 eV electron kinetic energy). LEED was performed
by using a Specs rear view optics ErLEED 150.

BaTiO;3(001) thin films were grown on 0.5% Nb-doped
SrTiO3(001) (STON) by pulsed laser deposition (PLD) in a sur-
face setup, using a KrF laser (248 nm wavelength) with a
repetition rate of 5 Hz and laser fluence of 1.5 ] cm 2. The
substrate was heated at 700 °C and the partial O, pressure was
14 Pa. After deposition, the sample was cooled down in a rich
0, atmosphere, 0.1 MPa, with a rate of 10 °C min '. X-ray
diffraction revealed the tetragonal crystal structure of BTO(001)
with lattice parameters a = 3.905 A (in plane) and ¢ = 4.121 A
(out-of-plane, i.e., along the [001] direction; see the ESI,t Fig.
S1). Hence, BTO is grown epitaxially on SrTiO;(001) with the
same in-plane lattice constant. X-Ray reflectivity (XRR) mea-
surements allowed one to determine the BTO(001) film thick-
ness, which is close to 12.5 nm (see Fig. S2, ESIt). BTO was
grown on STON since it is expected that ultrathin films will
present a polarization oriented outwards.>

BTO(001) experienced air exposure between its synthesis by
PLD and its introduction. Therefore, a cleaning procedure was
defined well in advance before the synchrotron radiation
experiments. It consists of heating the BTO up to about
1150 K for 2000 s in an oxygen pressure of 5 x 10”7 hPa, then
cooling down in an oxygen pressure of 2 x 107 ° hPa. XPS
spectra revealed a low amount of reduced carbon on the sur-
face, and trials to eliminate it were unsuccessful. After cleaning,
samples were characterized by core level XPS, then CO was
adsorbed at different temperatures: RT (20 °C), high tempera-
ture, i.e., +48 °C and low temperature, i.e., —46 °C. The CO dose
was similar in all cases: 5 x 10~ ° hPa for a duration of 15 min,
i.e., about 3.4 kL. Before each dose, the CO gas line was flushed
in order to avoid the formation of Ni carbonyls by taking up Ni
from the stainless steel pipes, which was confirmed by the
absence of Ni 3p and 3s lines from survey scans (Fig. S3, ESIT).

Mater. Adv,, 2024, 5, 5709-5723 | 5711
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After each dose, the surface was characterized by core level XPS.
Subsequently, it was heated by following the signals from
different core levels (Ba 4d, C 1s, Ti 2p, O 1s) using ultrafast
XPS. At the end of the thermally-induced desorption process,
the surface was again characterized to confirm its cleanness.

In a separate experiment, LEED was performed on clean
BTO(001) in the MBE chamber and after dosing CO in a similar
amount at RT.

3. Results and discussions

3.1. Low energy electron diffraction (LEED)

Fig. 2 presents the LEED patterns obtained at two energies on
clean BTO(001) and after dosing 3.4 kL CO at RT. There was no
sizable modification in the broad LEED pattern observed, nor
in the relatively high background, after CO dosing. This is the
first sign that the surface structure is not strongly affected by
CO adsorption.

3.2. Core level X-ray photoelectron spectroscopy. General
aspects

Fig. 3 presents the XPS core level investigations for clean
BTO(001), several clean samples, and for CO/BTO(001) upon
dosing at different substrate temperatures. The spectra are
analyzed (‘deconvoluted’) as follows:

(i) For the Ba 4d spectra (Fig. 3(a) and (b)), two Gaussian
doublets were used, with the ratio between the line integrals
equal to the branching ratio (theoretically, Ba 4ds/,:4ds),
should be 1.5) and the difference in binding energy (BE) being

clean BTO(001)

3.4 kL CO dosed

Fig.2 Low energy electron diffraction (LEED) images on clean
BaTiO3(001) and after CO dosing. The electron energies are indicated on
each photograph.
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the spin-orbit splitting. The use of Gaussian line-shapes comes
from the fact that it is estimated that the core level width
(which might manifest as a Lorentzian lineshape) of Ba 4d
should be much lower than the estimated experimental broad-
ening, of Gaussian nature, of at least 0.2 eV at 390 eV>* and at
least 0.5 eV at 650 eV. One doublet will be named in the
following as a ‘component’. Each ‘component’ has its own
associated inelastic background. A low background is a sign
that the ‘component’ in question belongs to surface atoms,
since there are no inelastic losses to be expected in the photo-
electron yield for those atoms.>® This is the case for the high BE
‘component’ of Ba 4d. Additionally, the ratio between this
‘component’ and the lower BE one decreases for the series
recorded at 650 eV photon energy (Fig. 3(b)) with respect to that
recorded at 390 eV photon energy (Fig. 3(a)). In the latter case,
the kinetic energy and inelastic mean free path of the recorded
photoelectron are both lower. Therefore, the relative amplitude
of the surface ‘component’ increases for lower photon energy.
These are then two facts suggesting that the higher BE compo-
nent (denoted as ‘Ba2’) belong to surface Ba atoms, and ‘Bal’
(the lower BE component) belongs to bulk Ba. It is reasonable
to suppose that the surface Ba atoms have higher BE since their
coordination with oxygen is lower, and then the crystal field
experienced by surface Ba atoms has a lower value (neighboring
0’ anions give a repulsive term, rising the core levels). SrO
termination was also reported for SrTiO;(001) single crystals
upon annealing in oxygen (2 x 10°° hPa) and flashing in
ultrahigh vacuum at about 1000 K,>* with a similar attribution
of the higher BE component. The same situation was reported
for a BaTiO5(001) single crystal.>® In addition, as will be
demonstrated below, surface Ba atoms are more strongly
affected by the near surface band bending owing to the out-
wards polarization of the BTO(001). The average binding ener-
gies for Ba 4ds, are 88.33 £ 0.13 eV for ‘Bal’ and 89.67 + 0.11
eV for ‘Ba2’. The tiny differences between the clean and CO-
dosed samples will be discussed in the following. The spin-
orbit splitting values are 2.600 + 0.004 eV and 2.602 £ 0.003 eV
for the two doublets used. The branching ratio for ‘Ba1’ is close
to its theoretical value of 1.5, whereas it is close to 1.6 for ‘Ba2’.
The line full widths at half maximum (FWHM) are 0.80 £ 0.02
eV and 1.29 £ 0.06 eV for ‘Bal’ and ‘Ba2’, respectively, which
points to a larger disorder for the surface atoms.

(ii) For the Ti 2p spectra (Fig. 3(c)), a spin-orbit split doublet
using Voigt lines®® was sufficient to ‘deconvolute’ the spectra.
This implies a single ‘component’ for Ti 2p. Therefore, all Ti
atoms are in similar chemical environments, corresponding to
Ti in bulk BTO. Again, this suggests that the surface is BaO-
terminated. A more in-depth analysis of the amplitude ratios
presented in the following confirms this hypothesis. The need
for Voigt profiles comes from the relatively larger core level
widths, approaching the experimental Gaussian broadening.*’
Furthermore, the Lorentzian width of the 2p,, is considerably
higher than that of the 2p;, line. This is because the Coster—
Kronig decay channels yield a reduced lifetime of the 2p;, core
hole,?® as well as the occurrence of more subtle many-body
effects yielding a mixture of configurations with a 2p;, core

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Core level X-ray photoelectron spectroscopy for Ba 3d (a) and (b), Ti 2p (c), O 1s (d) and C 1s (e) for BaTiO3(001) clean and after several doses with
3.4 kL CO at different temperatures. The employed photon energies are specified on each graph.

hole and those with a 2p,,, core hole in the spectral region of
the latter level.>® The Ti 2ps;, binding energy is 458.40 +
0.09 eV, the spin-orbit splitting is 5.746 =+ 0.003 eV,
the Gaussian width (FWHM) is 0.71 =+ 0.01 eV, the
Lorentzian FWHMSs are 0.44 £+ 0.01 eV for 2p;z, and 1.86 £
0.03 eV for 2p,, and the branching ratio result is 1.435 +
0.012, while it should be theoretically 2. Further discussion on
this latter fitting parameter can be found in the next
subsection.

(iii) For the O 1s spectra (Fig. 3(d)), three ‘components’,
denoted by O1, O2 and O3 in order of increasing BE, have to be
considered. Each ‘component’ is simulated by a Voigt line,
since it is expected that the core hole width of O 1s exceeds

© 2024 The Author(s). Published by the Royal Society of Chemistry

0.1 eV. 02 and O3 have low backgrounds; hence, they belong to
surface atoms. O2 will be associated with Ba2 and belong to the
first surface BaO layer, while O3 will be associated with carbon
in CO, compounds formed at the surface. It is clear that O3
increases considerably after each CO dosing. The presence of
03 in clean samples could be attributed to O being close to a
region with a relative oxygen deficit, promoting its core levels to
higher energies (lower BEs), or to surface hydroxyls adsorbed
from the residual gas,® owing to the high affinity for polar
molecules or radicals of areas with outwards polarization.>®
The same remark regarding a possible effect of the outwards
polarization for surface oxygen, as for the case of surface
barium, will be evidenced by the temperature dependence of

Mater. Adv., 2024, 5, 5709-5723 | 5713
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the XPS data, which will be described in a later subsection.
Numerically, the O 1s binding energies yielded 529.57 £ 0.12 eV
for ‘O1’, 530.58 £ 0.25 eV for ‘O2’ and 532.24 + 0.16 €V for ‘O3’.
The Lorentzian FWHM was kept the same at 0.128 + 0.004 eV,
while the Gaussian FWHMs are 1.02 + 0.03 eV for ‘O1’, 2.06 +
0.04 eV for ‘O2’ and 1.43 £ 0.07 eV for ‘O3’. This suggests a
possible multiple origin of the ‘O2’ component or a larger
degree of disorder for surface oxygens.

(iv) The C 1s spectra were analyzed only in the region where
CO, lines show up after CO dosing by a single Gaussian
component. The statistics of these data did not allow a more
refined ‘deconvolution’. The background coefficient is also
negligible for C 1s. The average binding energy is 289.85 +
0.07 eV and the FWHM is 0.92 & 0.03 eV.

It is then clear that after each CO dosing, a distinct compo-
nent shows up in the C 1s spectra. This is accompanied by an
increase of the O3 component. This suggests that CO is
adsorbed in molecular form on BTO. Also, after each
desorption experiment, the core levels of the substrate are quite
similar. In the following, we will discuss the findings from
these spectra in more detail.

3.3. Composition analysis

For the composition analysis, one needs first to normalize the
spectra. This was performed with respect to cross-sections o
and with the asymmetry factor 1 + fP,(cosy), where y is the
angle between the polarization of the incoming X-rays and the
detection direction of the photoelectron (y = 0 for the experi-
mental geometry used), P, is the Legendre polynomial of
second order (P,(1) = 1 in the actual setup), and f is the
asymmetry parameter. For each level and employed photon
energy, o and f are taken from ref. 30. The cross-sections for Ba
4d, Ti 2p and O 1s at 650 eV are 0.4604 Mb, 0.9937 Mb and
0.3383 Mb, respectively. The asymmetry parameters are 1.206,
1.353 and 2.0. We first analyzed the survey spectra taken at 650
eV with a pass energy of 10 eV, which are represented in the
ESI,T Fig. S3. The experimentally derived composition ratios,
after normalization with respect to the cross-section and with
the asymmetry parameters, were an average of Ba:Ti ~ 3.61
and O:Ba ~ 1.45 (the O: Ti ratio can be derived from the above
two, and will not be discussed in the following). It can be
readily observed that the Ti content seems to be too low. We
will argue below that some intensity in the Ti 2p;/, peak seems
to be lost, and this manifests in a much lower experimental
branching ratio (of the integral intensities of the 2ps,, and the
2D1/2 peak) rexp. & 1.44. Therefore, a correction factor for the Ti
intensity (1 + rg )/(1 + rexp) = 3/2.44 = 1.23 will be employed.
With this correction, Ba:Ti ~ 2.94.

Clearly, the high Ba content can be explained by the
BaO termination of the sample. The deviations from the ‘ideal’
composition, Ba:Ti = 1, O:Ba = 3, can be modeled by introdu-
cing different inelastic mean free paths (IMFP) for Ba, Ti and
O /o, Ari, /Ba since their kinetic energies are O 1s: 120.4 eV;
Ti 2psp: 191.7 eV; Ba 4ds;,: 561.7 eV. Assuming a BaO
termination, the intensities result by summing the
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contribution of all involved layers as follows:

0§ ne Iy
Iga = Iy, Zexp = = ( - ) (4)
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where the I%]Q,Tiyo values are the normalized intensities corres-
ponding to one atom per unit cell. Normally, these should be
equal for a perfect crystal. Furthermore, c is the size of the unit
cell along the [001] direction.
The intensity ratios are given by:
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The two independent ratios cannot be used to uniquely deter-
mine three parameters, Ao/c, Ari/c, and Ag,/c. The Monte Carlo
method was used to find sets of these three parameters, giving
the closest match for Ig./Iyi =~ 2.94 and Io/lz, ~ 1.45, by
estimating the values given by eqn (7) and (8). The values that
give the closest match to the experimental intensity ratios over
107 iterations over a wide range of IMFPs (in ¢ units) were
retained. Then, 107 iterations over a narrower range =0.1
around the solutions were again yielded by the first set of
iterations. This whole procedure was performed 50 times. The
yielded dependences Aq(Ari) and Ags(Ar;) (in ¢ units) for the
solutions from the simulation were then analyzed. These are
represented in Fig. 4 with red symbols. Interestingly, the
dependences are close to a linear dependence.

The next step in composition analysis is to use the ‘decon-
volution’ of the spectra. As commented above, Ti 2p can be
fitted with a single component. However, the branching ratio of
1.44 + 0.01 is quite low, while it should theoretically be 2.
Deviations from the theoretical value of the branching ratio can
be attributed to photoelectron diffraction effects®' or to many
body effects, as described by Bagus et al.>° Other empirical
arguments will be presented below. Since the kinetic energy of
electrons originating from Ti 2p;/, is quite close to the ioniza-
tion energy of Ba 4p,,, one could suspect an increasing loss in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Results of the Monte Carlo simulation yielding sets of inelastic
mean free (IMFP) path values for Ba 4d, O 1s and Ti 2p (photon energy 650
eV) from the analysis of total XPS intensities (survey spectra) represented
by red symbols and from the analysis of the 'bulk’ components from the
‘deconvoluted’ spectra represented by blue symbols. The IMFPs of Ba and
O divided by the lattice parameter c are plotted vs. the IMFP of Ti divided
by c. Straight lines are linear fits. For the meaning of the intersections of the
two pairs of lines, see the description in the text.

the yield of these photoelectrons due to inelastic interactions
with Ba atoms sitting on top. For that reason, we investigated
the Ti 2p branching ratio by measuring the same samples (as
introduced and after cleaning) in another setup with mono-
chromatic Al K, radiation (1496.7 eV). The result was a quite
similar branching ratio of 1.43, irrespective of the cleanliness of
the sample (Fig. S4 from ESIT). At the same time, the Ti 2p
spectra from Pb(Zr,Ti)O; excited with 600 eV in a different
setup, but using a similar electron energy analyzer, yielded a
branching ratio of 1.83.'° Meanwhile, for SrTiO;(001) measured
in exactly the same setup as the one used for the actual
experiments, a branching ratio of 2.2 for Ti 2p was
obtained.** Therefore, the low branching ratio obtained in
the case of BaTiO;(001) seems to be really connected to this
specific material and/or structure. We then conjectured that
there is some inelastic loss of unknown nature from the Ti 2p;/,
intensity. Therefore, we re-calibrated the total areas corres-
ponding to the Ti 2p doublet by a factor, taking into account
this possible loss (1 + 7 )/(1 + rexp) = 3/2.44 =~ 1.23, as
mentioned above.

The Ba 4d spectra present two components (Bal and Ba2 in
order of increasing binding energy), and the attribution sug-
gested above is that Ba2 represents Ba from the surface BaO
layer. Owing to the reduced oxygen coordination, the average
crystal field potential energy is higher. The same is valid for
oxygen, which presents three lines (01, 02, and O3 in order of
increasing binding energy). Now, O3 is negligible for clean
BaTiO3(001) and will not be discussed in relation with the clean
samples. Thus, O2 will be attributed to the surface BaO layer, as
for Ba2. The chemical shifts are rather similar, 1.34 eV between
Ba2 and Bal and 1.01 eV between O2 and O1. Then, the ‘bulk’
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signals are Bal, O1 and Ti; the surface BaO yields Ba2 and O2.
The integral amplitude ratios resulting from ‘deconvolutions’,
normalized with respect to the cross-sections and taking into
account the asymmetry parameters, are O1:Bal ~ 1.42 instead
of 3, 02:Ba2 ~ 1.50 instead of 1, Bal:Ti (corrected) ~ 1.47
instead of 1. One can observe that the ratio O2:Ba2 deviates
seriously from 1, which is the ‘theoretical’ value for the surface
BaO layer. At the same time, the O1:Bal intensity ratio, attrib-
uted to bulk components, is considerably lower than 3. This
suggests that some part from O2 still belongs to the bulk, e.g., it
is due to oxygen from the second layer (TiO,) influenced by the
surface band bending due to the ferroelectric polarization. We
anticipate here a result that will become evident in the next
subsection by analyzing the spectra while heating the BTO, in
which the BTO has a polarization oriented outwards. (It should
be noted that there is no such influence on the Ti 2p signal.) In
order to obtain the average value of 02:Ba2 = 1, about f ~
0.335 is ‘translated’ into O1 from the contribution of O2. The
resulting ratios are (O1 + f02):Bal ~ 1.72, (1 — f)-02:Ba2 ~ 1,
Bal:Ti(corrected) ~ 1.47 (the same value as above). Still, the
bulk composition is not derived.

The relative Ba ‘excess’ is then attributed, as in the case of
the analysis of survey spectra, to the considerably larger IMFP
of Ba 4d with respect to the other two core levels. More
precisely, for the bulk (excluding the surface BaO layer), one
obtains the following intensities:

1O

0 ¢\ & ne .
= oo (<55 ) Y e (<45 ) =B ()
Ba/ 7,20 Ba exp (_) 1
ABa

JA exp(— ¢ )

> i 2/i

Joulk — 7(0) oo (7 ¢ ) ex (7”0) _ Ti
Ti i P Z/LTi ; p )b_“ L exp (7i)
/lBa

(10)

bulk 0 ¢
I3 —lé){2 exp (—220

(1)
This yields the following intensity ratios:
()  2sinh ¢
I Iy, 2 (12)
Jbulk 1(0) ¢
Ti Ti exp|— ] —1
/lBa
exp ¢ 1
Igulk I(OO) )LBa - ¢
Ba Ba exXpl — | — 1
20
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The next step is to perform a Monte Carlo simulation for the
bulk composition resulting from ‘deconvolution’ in a similar
way, as was performed for the total compositions derived from
the total intensities of the survey spectra. The results are
plotted in Fig. 4 with blue symbols.

In summary, Fig. 4 presents the dependencies Ao(Ari) and
Zga(/41i) (in ¢ units) obtained from the analysis of survey spectra
(total integrated intensities of all Ba 3d, Ti 2p and O 1s signals),
and from the components attributed to ‘bulk’ resulting from
the deconvolution of the spectra (still, with some fraction of 02,
the ‘surface’ BaO, translated towards O1, the bulk component).
It may easily be seen that these dependencies intersect them-
selves at about a similar value of Ari/c. This may be interpreted
as a proof that the procedure is self-consistent; in particular,
the correction factor for Ti 2p and the ‘translated’ intensity
from O2 to O1 have real support. As a consequence, the
following IMFPs are derived: Ari/c = 0.69 + 0.05, Ao/c = 0.72 +
0.04, /pa/c = 1.42 £ 0.05. By introducing ¢ ~ 4.12 A, one obtains
Jmi ~ 2.8A, )0 ~ 3.0 Aand Az, ~ 5.9 A. It should be noted that
the sample is tilted off-normal by = 24°. Therefore, one has to
multiply by the above IMFPs by (cos )" ~ 1.1. With these
IMFPs, the composition ratios obtained using eqn (7), (8), (12)
and (13) are as follows:

(1) (Ba:Ti) from survey, total intensity = 3.12 vs. 2.94
experimentally.

(2) (Ba:Ti) from bulk components resulting from deconvolu-
tions = 1.55 vs. 1.47 experimentally.

(3) (O:Ba) from survey, total intensity = 1.35 vs. 1.45
experimentally.

(4) (O:Ba) from bulk components resulting from deconvolu-
tions = 1.70 vs. 1.72 experimentally.

If the Ti 2p intensity is not corrected, a similar analysis is
presented in the ESI,{ Fig. S5. As expected from the larger ratios
Ipa/I3; (total intensities) or from I55%/I%"%, the derived IMFP for
Ti 2p is too low, and lies in the range of 2.2 to 2.5 A. Also, the
coincidence of the Ar; solutions from the two procedures is
worse than that presented in Fig. 4.

To date, we have no clear explanation for the intensity
quenching of the Ti 2p;/, photoemission line for BTO(001). In
the following section, we proceed with a first attempt. Accord-
ing to the previous determinations, the specificity of this
material/sample is as follows: (i) the sample is BaO terminated.
This is clear from the invariance of the Ti 2p spectrum with
surface modification (CO adsorption or even for a ‘dirty’, as-
introduced sample, see Fig. S4, ESIT), the lack of any ‘surface’
titanium peak, and the clear evidence of Ba 4d and O 1s surface
peaks. (ii) The Ba-O bond has a more prominent ionic char-
acter, as compared with Pb-O (in PZT) or with Sr-O (in SrTiO3)
owing to the lower Pauling electronegativity of barium (0.89, to
be compared with 1.87 for Pb or 0.95 for Sr**). Hence, valence
electrons in the topmost BaO layer are more concentrated on
the oxygen anions. On the other hand, in all geometries
employed so far, the detection of the outgoing photoelectrons
was close to normal emission. This means that electrons
emitted from Ti can be scattered by the oxygen anion sitting
on top to a larger extent in BTO(001) with pure BaO termination
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than in other samples (although in the SrTiO3(001) analyzed in
ref. 24, the single crystal was SrO terminated). It seems that
some of the electron excitation channels are attenuated. Fig. S6
(ESIt) shows drawn diagrams reporting all of the possible
excitations towards continuum states, starting from the 2p;,,
and 2p;), states. For each excitation, the squared Clebsch-
Gordan coefficient (]',-mjl,lq[jjmj},) is represented, where j; = 1/2
or 3/2 is the initial total angular moment, m;, is its projection,
1 is the photon angular moment, ¢ = 0, +1 indexes the
components of the complex polarization vector of the
incoming radiation, and ( jf,mjj) indexes the final angular state
of the outgoing photoelectrons. It may be easily seen that

1 .
> FMiajirm;

mj; Jf 4m,'/ .q
1 .
i Lalirm;

mj; JZ;/; i

Where the sums are performed by obeying the sum rules,
Jr —Ji =0, 1 and my = m; + ¢.** As expected, the resulting
branching ratio from these sums is 2. Now, if one imagines that
the transition towards states with high projections of the
angular moment m; = £5/2 are excluded, then the second
sum from eqn (14) becomes 10 and the branching ratio
becomes 5/3. This is still considerably higher than the derived
experimental value (1.44). Another hypothesis is to exclude all
excitation channels with m;, = +5/2, +3/2, i.e., to assume that
the detected electrons somehow have m; = +1/2 only. In this
case, the first sum from eqn (14) reads 4 and the second sum
reads 6; therefore, the branching ratio becomes 1.5. Qualita-
tively, the explanation of some deficit of electrons would imply
that electrons emitted by titanium with a high projection of the
angular momentum are efficiently scattered by the negative
charge of the oxygen anion sitting on top. Conversely, electrons
emitted with a low projection of the angular momentum
‘penetrate’ the oxygen anion, and are transmitted towards the
surface and to the analyzer. It should be noted that the above
model implies that the reference axis for the projection of the
angular momentum should be (almost) perpendicular to the
detection direction, which is close to the [001] normal direction
of the crystal. In the synchrotron radiation experiments, the
linear polarization of incoming X-rays is almost perpendicular
to the sample surface. Therefore, by choosing this axis as the
z-axis and selecting only transitions with ¢ = 0 (i.e., considering
Am = 0 in all transitions from Fig. S6, ESI{), one obtains a
branching ratio of 2. In the laboratory XPS experiment (Fig. S4,
ESIt), one uses an unpolarized X-ray source hitting the sample
surface at the magic angle off-normal (54.7°). Therefore, all
transitions with g = 0, £1 should be considered. However, the
obtained branching ratio was the same as in the synchrotron
radiation experiment, suggesting that this effect is not due to
the primary excitation geometry, but rather to some loss of
emerging electrons by scattering on the BaO overlayer.

As a consequence, one may infer a nearly perfect stoichio-
metry of BTO(001). Most deviations from ideal composition

2
=6 and

(14)

2
=12
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ratios are due mainly to IMFP effects, but also occur due to (i)
some band bending manifesting just in the O 1s component,
shifting artificially some of the ‘bulk’ intensity towards the
‘surface’ (first monolayer) component, and to (ii) some missing
intensity in the Ti 2ps,, line, which is clearly related to BaO-
terminated BaTiO3(001), since it does not occur in Pb(Zr,Ti)O;
and SrTiO; measured under similar conditions.

3.4. Carbon coverage and coordination

The next question concerns the CO coverage of the BTO(001) for
dosing at different temperatures. From the Ba 4d and C 1s
measured at 390 eV, one may derive the ratio C:Ba2, knowing
that Ba2 is attributed to the first monolayer. We use the cross-
sections of 0.4929 Mb and 0.8775 for C 1s and Ba 4d excited
with 390 eV photon energy, and the asymmetry parameters 2
and 0.8268, respectively.’® It should be noted again here that we
attributed the change in component O3, which shifted at about
2.8 eV higher binding energies with respect to the main
component (oxygen from bulk BTO), to the adsorbed CO. Then,
from the ratio Ba2: 03 obtained from measurements at 650 eV,
one may finally obtain the ratio C: 03, i.e., also the molecular
state of carbon-containing molecules. The results are repre-
sented in Table 1.

As a consequence, the ratio C:Bag,s is about 9% for
adsorptions at RT and at 48 °C, and increases up to about
12% for adsorption at —46 °C. The interesting aspect comes
when one associates the intensities of the O3 component,
which increased each time after dosing, with the intensity of
C 1s. It seems that by adsorption at low temperatures, the
stoichiometry of CO is approximately retrieved (slightly
enriched in oxygen). However, the surface molecules have an
approximate stoichiometry of CO, by adsorption at RT, and this
evolved towards CO; at high temperature.

A mechanical hypothesis is that by applying the surface
electric field and elongating the C=O molecule, the triple
bond is broken and surface reactions occur, such as:

C=0 + (BaO)yyr. » C=0-[Ba(-O)]surr. (15)
C=0 + (BaO)surt. > O—C—[O(-Ba)]sur. (16)
C=0 +2(BaO)™" —» O=C[(-0-Ba)yJsurt.  (17)

In the first case (15), the CO molecule (which is polarized with
its dipole moment oriented from the surface outwards) binds
with 0°~ to Ba?*, as represented in Fig. 5(a). To understand the
second reaction (16), one needs to evaluate the local electric
fields at the BTO surface. The field due to the substrate

Table1l Coverages with carbon species and C: O ratios derived from XPS
data from Fig. 3 for dosing BTO(001) with 3.4 kL CO at different
temperatures

CO dosing temperature C:Ba2 Ba2:03 C:03 Approximate composition

RT (20 °C) 0.089 4.97 0.44 CO,
48 °C 0.088 3.38  0.30 CO;
—46 °C 0.118 6.25  0.74 C;0, (2CO + CO,)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polarization is simply E, ~ Plep ~ 3 x 10" V. m™, and it is
oriented from the surface towards the vacuum. It should be
noted that in the next section, a clear evidence of the outwards
polarization of BTO will be presented. Locally, at the surface
along the middle of the Ba®>~0*" distance, the maximum
(oriented in-plane) may be estimated as

E = 4e/{4n£0(a/\/§)2} ~7.6 x 10" Vm~!, where a ~

A is the in-plane lattice constant. The factor 4 in front comes
from the charge 2 of barium and oxygen, and from the need to
consider both contributions of the field generated by Ba** and
O”". If the molecule reaches the BaO surface layer close to the
middle of the Ba**-0>~ bond, this in-plane field tilts the
molecule to bring it with C°* towards the surface O*". A local
CO,-like coordination is thus formed, and its dipole moment
probably will be oriented outwards in the final state (Fig. 5(b,)).
This seems to happen at RT adsorption, and also partially for
low temperature adsorption. Finally, more complicated surface
interactions are probably involved for high temperature adsorp-
tion, yielding C bound to three oxygen atoms, one from the
initial CO molecule and two oxygens from the substrate, in a
‘hollow’ site, as represented in Fig. 5(c,), suggesting a reaction
such as that from eqn (17). These hypotheses can be taken as a
possible input for molecular dynamics or density functional
calculations.

Within the actual data, some tests can already be performed
by looking at the XPS results, as represented in Fig. 6. Firstly,
we note that the Bal and Ba2 BEs increase slightly by CO
adsorption, which suggest some charge transfer from Ba
towards the molecule (BTO(001) is supposed to have a polariza-
tion oriented outwards). A more striking influence is on the 02
BE, which also comes from the surface BaO layer (Fig. 6(a)).
This is in line with the reductive properties of a ferroelectric
thin film with outwards polarization.>® As for the proposed
geometries, a first examination will be to see if the situation
with CO adsorbed on-top on Ba yields a decrease of the Ba2
(surface) signal. Indeed, this seems to be the case for the
adsorption at low temperature, Fig. 6(b), where the O2:Ba2 is
shown to increase. This effect is less prominent for the data
obtained from the other two adsorptions. At the same time, the
C 1s BE shows a noticeable increase by about 0.13 eV for the
adsorption at low temperature. This is probably due to a less
negative environment owing to the proximity of Ba>".

electric field

3.905

3.5. Thermally induced CO desorption

Fig. 7 presents the XP spectra (temperature programmed
desorption TPD) of Ba 4d, Ti 2p, O 1s and C 1s obtained while
heating the substrate, following dosing at temperatures below
RT. For similar TPD data obtained after dosing CO at higher
temperature, see the ESL,{ Fig. S7. One may firstly notice a
constant shift of all core levels towards lower binding energies
as the substrate is heated above the Curie temperature. This
means that at the beginning of the experiment, the sample was
in a state with polarization oriented outwards,"®*%3*
supposed initially. The C 1s signal vanishes after heating at
about 160 °C, which is the same result as in ref. 10 and 11 for

as we
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Fig. 5 Schematics of possible adsorption sites to fit with the XPS results. (a) Adsorption of CO with its dipole moment oriented along the outer field of
the ferroelectric BTO, with oxygen bound to barium; view along the in-plane [110] axis. (b;) The case when the molecule experiences the Ba — O in-
plane field. (b,) The case when the carbon from the molecule is forming a new bond with an oxygen from BTO. (c;) A view along the [100] in-plane axis
connecting two oxygens from BTO. (c,) The case when carbon from CO forms two bonds with two oxygens from the first BaO layer of BTO.
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Fig. 6
different CO dosing). (b) Composition ratios for different surface states.

CO adsorbed on PZT. As soon as the polarization of the
substrate is lost, the molecules are desorbed. Therefore, the
basic electrostatic mechanism sketched in Fig. 1 is confirmed.

Fig. 8 analyzes the fitting parameters obtained from ‘decon-
volutions’ of all spectra in more detail (including for that
presented in Fig. S7 from the ESI). It should be noted that
for O 1s, owing to the worse statistics of the TPD data, no fit
with physical insight could be obtained by using three ‘compo-
nents’. Conversely, the fit with two ‘components’ gives reason-
able and reproducible results. Therefore, in the discussion of
the O 1s spectra from TPD, we will neglect the weak O3
‘component’. No noticeable variations were detected for Lor-
entzian or Gaussian widths, spin-orbit splittings, and branch-
ing ratios for Ba 4d and Ti 2p, nor for the amplitudes from the
substrate. Hence, the substrate composition seems rather
unaffected by CO adsorption or desorption. The shifts in
binding energies are on the order of 0.48 £ 0.05 eV, which
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(a) Relative binding energies from substrate atoms and for the different ‘components’ and several surface states (different clean surfaces and

are higher by a factor of more than two compared to 0.2 eV, as
reported in ref. 35. This difference is most probably due to a
different degree of cleanliness of the substrate, and also to the
fact that the thickness of BTO was considerably lower in the
actual case, granting the single domain structure. However, it
should be noted that the relative shift of the O2 ‘component’
towards lower binding energies (about 1.1 eV) is about twice the
shift recorded for all other ‘components’ and core levels. On the
one hand, this reassures us that the progressive shift observed by
heating is not due to, e.g., changes in the surface conductivity
yielding a better neutralization of the photoemitted charges
(i.e., all shifts would be just a charging effect). On the other
hand, this suggests that the potential energy due to the
ferroelectric-induced band bending is ‘felt’ to a larger extent by
the oxygen anions than by the barium cations from the surface.

The C 1s signal decreases steadily with the increase of
temperature. Although the initial CO coverage was higher for

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00389f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 11 June 2024. Downloaded on 7/23/2025 2:29:34 AM.

(cc)

Materials Advances

XPS intensity (arb. units)

XPS intensity (arb. units)

TPD Ba 4d dosed at — 41 °C 2
M./A @
25 e ST N

270°C M\d&
264°C M‘/&
258°C "'/‘Vd/*

250°C
242°C _
232°C
22°C
212°C_
200°C —
178°C et ST ,-

157°C _M‘J at

B0 e ST N
nre A&WA

_— v“‘\"’"" 2N

TPD Ti 2p, CO dosed at - 46 °C

ﬁ‘lﬂ_lTﬁ_ﬁ_m_ll||||||||||||l|||_l_l_ll||||||
534 532 530 528
Binding energy (eV)

a
40 S
A a4
LI o i R B L L L R L L e RN DRl AR RN Ry
94 92 90 88 468 466 464 462 460 458 456
Binding energy (eV) Binding energy (eV)
TPD O 1s, CO dosed at - 46 °C
TPD C 1s, CO dosed at - 41 °C 187°C
265°C m AN < vV
N - A
260°C A 173°C A A
s\ TN “
157°C
243°C M A ——A—*—VAVN“’VA’%
N
233°C @ 139°C
————-—-—-—-ﬁé:ﬁ &k 2 N =M¢MVM= Ap=
23C NN 5 \ASAEY
£ 117°C
213°C —
=
200°C g 92°C
189°C %ﬂ\\& =
2 61°C
175°C x
26°C
4°C
3°C
I A o o o o e o L
291.0 290.5 290.0 2895 289.0 2885 288.0
Binding energy (eV)
(d)

View Article Online

Paper

Fig. 7 Temperature-programmed desorption of CO initially adsorbed at low temperature (3.5 kL), and follow-up using all core levels: (a) Ba 4d; (b) Ti 2p;
(c) O 1s; (d) C 1s. Dots are experimental data (red lines for C 1s). Full lines are fitting functions (black for the total fit) and the separate contribution of two
‘components’ (for Ba 4d and O 1s). For fits, similar functions as for the basic XPS analysis from Fig. 3 are used. For O 1s, only two Voigt singlets were
employed, instead of three.
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Fig. 8 (a) Temperature evolution of binding energies of several ‘compo-

nents’ and core levels for 3.4 kL dosed at low temperature (blue symbols)
and at higher temperature (red symbols). (b) Temperature evolution of
carbon coverage obtained from the C 1s peak integral intensity after
dosing CO at high (48 °C) or low (—41 °C) temperature. Error bars are
on the order of the size of the symbols. The fits are the temperature
dependence of coverage according to a simple Langmuir model, with
constant adsorption energy (dashed lines) or with energy proportional to
the electrostatic interaction of the induced molecular dipole (full lines).

adsorption at low temperature, the decrease of the C 1s signal is
significantly faster for that adsorption than for the adsorption
at RT. In line with the considerations when we analyzed the
C: 03 surface ratios (see Table 1 and Fig. 5), it seems that when
CO is adsorbed mostly on Ba atop sites at low temperature, the
desorption is faster than when there is a significant part of CO
forming other bonds with surface oxygen, as schematized in
Fig. 5(b,) and (c,). However, in both cases, the whole amount of
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CO is desorbed from BTO(001) at about 180 °C. In ref. 10, a
sizable decrease in the C 1s signal was detected in a short time
when starting the core level measurements after dosing, ie.,
after beginning the sample irradiation with soft X-rays. For all
dosing experiments, we investigated if such decrease is present
in the case of CO/BTO(001), and concluded that no clear
radiation-induced desorption occurs in this case (Fig. S8, ESIT).
This can imply that the irradiation-induced desorption is in
fact due to hot electrons released by Auger cascades following
core level excitation, where these hot electrons essentially
originate from the Pb 5d shallow levels in the case of PZT, as
proposed in ref. 36.

More refinements can be made by supposing a simple
Langmuir model for molecular adsorption, as in ref. 10. The
relative molecular coverage is written as:

-1
0 ks T(2nMkgT)>/? w
— =q1+ exp
90 pl’l3 kBT

5/2
z{l +3.87 x 105710[Iq exp<

o 1.16 x 10°W [eV])}‘

T K]
(18)

where kg is the Boltzmann constant, T is the temperature, M is
the molecular mass, p is the equilibrium partial pressure, 4 is
the Planck constant and —W is the adsorption energy. The
approximate formula was written in convenient units for CO
molecules. Now, as a first approximation, one may consider the
adsorption energy as a constant. Fitting the coverage tempera-
ture with these hypothesis dependences (Fig. 8(b), dashed
lines) yields adsorption energies of W =~ 0.42 eV for low
temperature adsorption and W = 0.53 eV for high temperature
adsorption. These values are in line with those reported for CO
adsorbed on KTaO;.° This is reasonable since one may expect
that molecules adsorbed in geometries, such as schematized in
Fig. 5(b,) and (c;), should be more strongly bonded to the
substrate. The pressure parameter is p ~ 1.04 x 10° Pa for
adsorption at low temperature and p ~ 3.19 x 10° Pa for
adsorption at high temperature. Obviously, this is orders of
magnitude larger than the pressure in the analysis chamber
during the CO desorption (in the range of 10”7 Pa), or even than
the pressure during CO dosing (5 x 10~ Pa). One should then
re-evaluate the meaning of the parameter p as a local pressure
that is quite near the BTO surface.

Another hypothesis would be to suppose that the adsorption
energy is (in absolute value) proportional to the square of the
substrate polarization, i.e., to suppose that the leading factor
yielding the molecular adsorption is the dipolar interaction.
Thus, one has to introduce an interaction energy on the form
given by eqn (1) and (3), and also take into account the decrease
of the polarization with temperature. By using the Langevin
summation over states and an approximation of the inverse
Langevin function,®” a simple mean field model developed in
ref. 7 yields the dependence of the remnant polarization of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ferroelectric material, such as:
3(Te—T)
37c—-T'

07 T > Tc

(19)

where P is the saturation polarization and T¢ is the Curie
temperature. Now, introducing P,> from eqn (19) into eqn (3)
instead of P, one ends up with a fitting parameter of P;’,, and
|W;| from eqn (3) replaces W in eqn (18). This yields a slightly
better fit of the coverage dependence on temperature, as
represented in Fig. 8(b) with full lines. The chi square is better
for this fit by about 20%, but this may be due to the fact that
there is an additional fitting parameter (three fitting para-
meters, 0o, p and W, for the first simulation, and four fitting
parameters, 0,, p, Tc and P.u,, for the second simulation). The
obtained values of the fitting parameters are also reasonable in
this case: (i) P’«, ~ 5.88 x 10>> C*> m™* for adsorption at low
temperature and P o, ~ 8.69 x 107** C*> m~ " at high tempera-
ture. This means that the polarizability of the CO molecules
adsorbed at high temperature is slightly larger. The saturation
polarization is estimated to be in the range of 0.2 C m™?. (ii)
The Curie temperature is obtained as 189 °C for adsorption at
low temperature and 197 °C for adsorption at high tempera-
ture. (iii) Again, the parameter p yields very high values, 6.13 x
10'° Pa, for adsorption at low temperature and 1.45 x 10'" Pa
for adsorption at high temperatures. This might be connected
to some energy density of CO molecules in the neighborhood of
the BTO surface. By multiplying these pressures with the area of
an adsorption site a?, where a &~ 3.905 A is thin-plane lattice
constant and by an estimated distance of CO to the surface of
1.5 A, one obtains energies in the range of 8.7 eV for adsorption
at low temperatures and 20.7 eV for adsorption at high
temperature.

A more accurate analysis of the desorption curves, by taking
into account the rate of temperature increase, might be per-
formed using the Redheed formalism.%*® This analysis actually
implies the analysis of desorption rates, ie., differentiating
dependences, such as the ones represented in Fig. 8(b). Owing
to the noise present in the data, this cannot be achieved on the
bare data, but on some empirical simulations of them. The
induced errors by such simulations are unacceptable for a
decent analysis with reliable results.

We end this attempt of analyzing the coverage dependence
on temperature by noting that both hypotheses, with constant
adsorption energy or with adsorption energy proportional to
the squared remnant polarization of the substrate, give reason-
able results; the pressure parameters obtained alone have no
immediate meaning in terms of dosing or desorption pres-
This problem needs a more accurate statistical
mechanics evaluation.

sures.

4. Conclusion

The main conclusions are that CO is adsorbed on BTO(001) in a
non-dissociated form. It is desorbed when the substrate is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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heated above the Curie temperature, and the substrate is
unaffected by repeated CO adsorption and desorption. The
adsorption geometries suggested by the C: (surface oxygen)
atomic ratio seem to be different at different adsorption
temperatures, and this suggestion might stimulate a deeper
theoretical investigation.

We are then able to respond to all queries formulated in the
Introduction: (i) the BTO composition is nearly perfect, pro-
vided that one takes into account the effect of the different
inelastic mean free path and the ‘loss’ in Ti 2p;/, intensity of yet
undecided nature. Also, one needs to assess a part of the
‘surface’ oxygen to bulk BTO that is probably affected by the
surface band bending, which manifests to a higher extent in the
relative shift of the surface oxygen core level. (ii) The BTO(001)
termination is BaO. (iii) The BTO(001) is polarized outwards.
(iv) BTO(001) is stable against repeated adsorption/desorption
processes. (v) The amount of CO adsorbed is in the range of one
molecule for ten surface unit cells, increasing by about 30% for
adsorption below RT (around —40 °C). (vi) A majority of CO is
adsorbed at low temperature atop sites on barium from the
surface, with oxygen towards barium. Meanwhile, CO is
adsorbed on surface oxygen at higher temperature, forming a
“CO,-like” configuration, or even on hollow sites on surface
BaO, mimicking a “COj;-like” configuration. (vii) There is a
readable reinforcement of the band bending towards lower
energies (higher binding energies) upon CO adsorption, man-
ifested especially in the surface Ba and O components. The
dipolar adsorbed CO is probably reinforcing the surface polar-
ization of BTO. (viii) CO is completely desorbed upon heating
above the Curie temperature.

As briefly discussed in the Introduction, indeed in the case
of CO/BTO(001), we detect lower carbon coverage (a factor of 2-
3) as compared with CO/PZT(001)."® The effects relying on
changes of the electronic structure can be taken into account.
However, according to Fig. 6(a), the binding energies of most
levels and components increase slightly after CO adsorption,
which could be interpreted as an enhancement of the surface
band bending. This is possibly due to an increase of the
polarization. Thus, a lower driving field towards the surface
when there are already adsorbed molecules could possibly be
ruled out. Another effect that might be taken into account is the
reduction of the spatial range, where the electric field produced
by the ferroelectric material polarizes the molecules in the gas
phase and succeeds to attract them towards the surface. In ref.
39, there is a computation of the electrostatic potential gener-
ated by the surface dipole at a surface of a clean ferroelectric
material in vacuum, outside the sample. This potential energy
distribution could be integrated into a statistical mechanics
treatment of polarizable molecules, ending with the adsorption
dynamics in a modified Langmuir model. In our opinion, this
can be an interesting theoretical work to be undertaken.

The relatively low amount of CO adsorbed near RT is not a
major drawback from the possible utilization of this material
for controlled CO removal from the atmosphere. In ref. 6, CO
was adsorbed on KTaO; only at low temperature. In ref. 10 and
11, a maximum amount of 0.3 monolayers was derived for a
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ferroelectric material with much stronger polarization, PZT. We
can briefly sketch a possible application in the sequestration of
carbon monoxide. If the absorber is in the form of small
cuboidal nanoparticles, the surface/volume ratio scales with
the inverse of the nanoparticle size. Under these conditions, 1
m? of BTO(001) surface may accommodate about 31 pg of CO. A
finely dispersed powder with 50 nm particles exhibits a max-
imal specific surface area of about 20 m* g~* (the density of
BTO is 6020 kg m™>). Thus, 1 g of this material may accom-
modate up to 611 pg of CO. If adsorption-desorption cycles can
be imagined (with the collection of CO during the desorption)
taking about ten minutes per cycle, then 1 g of BTO will be able
to store and achieve controlled release about 32 times its weight
in carbon monoxide in one year. This stimulates the use of
ferroelectric absorbers or supports for controlled adsorption for
other molecules, such as CO,, NO, etc. The fact that the
molecule in its free form does not have a dipole moment is
not a drawback: it is only necessary for the molecule to have a
polarizability exceeding a few A®. We end with the conviction
that this field will be explored further, both theoretically and
experimentally.

Open questions from this study are related to the low
branching ratio derived for Ti 2p, which was ascribed to some
loss in the intensity of the 2pj;/, line of unknown nature, but
clearly related to BaTiO;(001) being terminated by BaO, and the
high value of the p parameter that has to be introduced in the
simulation of the coverage dependence on temperature using a
simple Langmuir model.
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