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Abstract 

Desorption curves of CO 2 are presented for powder of lithium niobate with main particle sizes of 1000, 500, 200, 100 
and 50 /xm in diameter. The percentage of surface area occupied by CO 2 molecules is calculated after measuring the total 
surface area of the samples using N 2 single point BET. Adsorption of CO 2 and N 2 were measured with a Quantasorb 
instrument using flowing helium. The ratio of the surface area covered by CO 2 with respect to N 2 changes from 11.5% for 
the 50 ~m particles down to 6.7% for the 100/xm particles. Adsorption of CO 2 for particles equal to or larger than 200/~m 
could not be measured with our technique. XPS results on a single piece of lithium niobate indicated that CO 2 is adsorbed 
on the surface when only Nb 3+ ions are present. Induced crystallographic transformation of the crystal by an applied 2.5 kV 
field changes its surface composition from an initial mixture of Nb 5+ and Nb 3+ ions to pure Nb 5+ ions and as a 
consequence of this change, adsorbed CO 2 was released. A tentative explanation of these results is that the adsorption of the 
CO 2 molecules by the ferroelectric substrate is due to a particular local electrostatic potential created by surface ions, in 
agreement with Pacchioni's work on other oxide surfaces. 
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1. Introduction 

Our research interest is the search for anomalies 
observed in the rate of a surface reaction at the 
transition temperature of  the substrate which hetero- 
geneously catalyzed such a reaction. This type of 
effects are called Hedvall  effects. The Hedvall  effect 
of  type I is associated with an abrupt increase or 
decrease in the reaction rate around the transition 
temperature but without a change in the activation 
energy, while the Hedvall  effect of  type II is associ- 
ated with a change in activation energy when the 
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substrate undergoes the phase transition. A change in 
the reaction rates above and below the phase transi- 
tion might be related to the surface ability to adsorb 
the reactants in the different phases. We reported 
such an effect in the adsorption of  CO 2 onto barium 
titanate in previous work [1]. 

Many examples of  these effects were discussed in 
a paper by Voorhoeve [2] and a theoretical explana- 
tion intended by Suhl [3]. In the case of  substrates 
which are ferroelectric materials, a similar effect can 
be expected since there are two phases present, 
ferroelectric and paraelectric. The phase transition in 
these materials is normally produced by a change in 
crystallographic structure. There are also few reports 
of  anomalies found in reaction rates measured over 
ferroelectric crystals [4,5]. 
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One possible explanation is that the dipole mo- 
ment of a polar molecule (or induced dipole moment, 
as it is the case of CO 2 adsorbed over barium 
titanate [5]) interacts with the electric polarization of 
some ferroelectric domains at the surface. This inter- 
action would then increase the strength of the molec- 
ular adsorption at the substrate's surface. We have 
pursued studies in the past to demonstrate this [1,6,7]. 

Another explanation is related to the ability of the 
surface oxide to adsorb the CO 2 molecule according 
to its basicity. Pacchioni discussed his work [8,9] on 
the adsorption of CO 2 on MgO and CaO, based 
largely on this explanation. For a ferroelectric crystal 
the electric transition occurs because it undergoes a 
crystallographic transition. A change in surface struc- 
ture due to the transition should be reflected in a 
change of surface basicity as a result of a different 
configuration of surface ions. 

We have studied reactions involving carbon 
monoxide (CO) and nitric oxide (NO) - both dipolar 
molecules - over potassium niobate (KNbO3). We 
did not find an anomaly in the rates around the 
transition temperature (T c) of potassium niobate (708 
K). Since the surface area of the ferroelectric crystal 
was low, we were forced to measure the reaction 
rates over fine powder of the material in order to 
increase the amount of the products. Nevertheless, 
we noticed that the spontaneous polarization of the 
powder (in the range 30-60 /xm in diameter), pre- 
sent in the ferroelectric state, was significantly de- 
pressed. This deterioration of the spontaneous polar- 
ization in ferroelectric crystals as a function of parti- 
cle size is well documented [10]. 

More recently, we have studied adsorption of CO 2 
by barium titanate crystals [1] with main particle 
sizes of 1000, 500, 200, 100 and 50 / zm in diameter. 
The percentage of surface area occupied by CO 2 
molecules is calculated after measuring the total 
surface area of the samples using N 2 single point 
BET [11]. The ratio of surface area covered by CO 2 
with respect to N 2 changes from 50% for particle 
sizes between 1000 and 200/zm down to 19% for 50 
/xm particles. Spontaneous polarization measure- 
ments for samples with main particle sizes of 50 and 
100/xm were made and they show a weak ferroelec- 
tric behavior, indicating that ferroelectricity is de- 
stroyed for these small particles. A tentative explana- 
tion of these results was the assumption that the 

adsorption of s o m e  C O  2 molecules on the ferroelec- 
tric substrate is mediated by a dipole-dipole cou- 
pling between the CO 2 molecules and the substrate. 

Tamaru and co-workers [5] also claimed that the 
reason for the anomaly observed in the production of 
CO 2 from the oxidation of CO over barium titanate 
was the difference in CO 2 adsorption strength above 
and below the transition temperature of barium ti- 
tanate (393 K). Tamaru and co-workers determined 
that the CO 2 molecule is adsorbed with the carbon 
near the surface and the oxygens standing up, away 
from the surface. This bend between the C - O  bonds 
induces a dipole moment between the C and O atoms 
since the CO 2 molecule does not have any longer a 
linear shape. 

From all this previous work, we should be able to 
ascertain whether or not the adsorption of CO 2 by 
ferroelectric oxides is mediated by a dipole-dipole 
interaction since the ferroelectricity is depressed 
when the crystal is reduced to small particles. We 
decided then to study the amount of CO 2 
chemisorbed by lithium niobate powder with differ- 
ent main particle sizes to see if we could find a 
correlation in adsorption for all ferroelectric materi- 
als. 

This work presents desorption curves of CO 2 for 
powder of lithium niobate with main particle sizes of 
1000, 500, 200, 100 and 50 /zm in diameter. The 
percentage of surface area occupied by CO 2 
molecules is calculated after measuring the total 
surface area of the samples using N 2 single point 
BET [11]. Adsorption of CO 2 by a large crystal of 
lithium niobate was also studied with XPS in ultra- 
high vacuum conditions. The results are discussed in 
the light of Pacchioni's work. 

2. Experimental 

2.1. Gas adsorption measurements  

Adsorption of CO 2 and N 2 BET areas of lithium 
niobate were measured with a Quantasorb instrument 
from Quantachrome Corporation, Syosset, New York. 

The surface area of the lithium niobate powder 
was determined from N 2 adsorption according to the 
BET theory (11). BET theory explains that breaks in 
the adsorption isotherms of gases at temperatures 
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near their condensation points are due to the forma- 
tion of multimolecular adsorbed layers. The Quanta- 
sorb instrument is capable of measuring the N 2 ad- 
sorption by a solid at different N 2 partial pressures. 
Single point BET refers to the use of only one N 2 
partial pressure. 

The BET surface areas for the lithium niobate 
powder were measured with this instrument without 
modifying it. A flowing mixture of 20% N 2 in He 
was passed through a glass cell containing the sam- 
ple powder. The glass cell was then immersed in a 
liquid N 2 bath kept always at the same level. At 
liquid N 2 temperature, He will not adsorb while N 2 
will physically adsorb on the sample surface. Ad- 
sorption and desorption of N 2 occurs when the sam- 
ple is immersed into and then withdrawn from the 
liquid N 2 bath. Nitrogen concentration changes in 
the flowing mixture are sensed by a specially de- 
signed thermal conductivity detector. 

The instantaneous signal height is proportional to 
the rate of adsorption or desorption and the total 
integrated area under the curve is proportional to the 
quantity of gas (N 2) adsorbed. The area is automati- 
cally digitally integrated by the instrument but we 
also connected the analog output of the Quantasorb 
to a data acquisition system interfaced with a 386-AT 
computer. 

Typically, the signal was monitored for 350 s (or 
600 s for CO 2 adsorption), with a sampling rate of a 
point every 2 s. The real time voltage signal was 
recorded using LabTech Notebook software (Labora- 
tory Technologies Corporation, Wilmington, Mas- 
sachusetts) and 6B modules from Analog Devices 
(Norwood, MA). This combination allows acquisi- 
tion of voltage or current signals with variable sam- 
pling rates. The data were transferred to the com- 
puter for further analysis and plotting using an ap- 
propriate software. 

A modification to the Quantasorb instrument was 
made to measure desorption of CO 2 from the lithium 
niobate. Because CO 2 is chemisorbed by the sample, 
desorption must be induced by heating the sample 
well above room temperature. A special glass celt 
was built which allowed the powder sample to be 
introduced in an electrical tube furnace. The sample 
was heated up to 700 K during desorption, and the 
temperature of the sample was monitored by a 
chromel-alumel thermocouple which was in close 

contact with the sample but was outside the glass 
cell. The powder sample inside the glass cell was 
outgassed in pure N 2 at 383 K for at least 1 h. Then, 
after the sample has cooled down to room tempera- 
ture, the flowing gas was switched to pure CO 2 and 
kept under CO 2 for 15 min. After that, the gas flow 
was switched again to pure He and the sample was 
heated with a nearly linear rate (20 K/min )  to 700 
K. The CO 2 desorbed was registered as a peak with 
a maximum around 600 K. More details of this 
procedure can be found elsewhere (12). 

The same glass sample cell was used to measure 
first the N 2 BET surface area and then the CO 2 
chemisorption without removing the lithium niobate 
powder sample from it. 

Calibrations of the integrated area under the curves 
were performed by injecting 1 ml of pure N 2 or CO 2 
into the carrier stream. By doing that, the respective 
areas under the curves were correlated with an accu- 
rate amount of volume corresponding to the ad- 
sorbed gas. 

Lithium niobate, 99.99% pure, was obtained from 
Cerac, Inc. (Milwaukee). Another piece of lithium 
niobate with a size of 1 × 2 × 5 cm was grown at the 
University of Saarland and it was mainly used for N 2 
and CO 2 adsorption measurements. 

Powder samples with different grain sizes were 
obtained by crushing millimeter size crystals and 
sieving the material through sieves of different mesh 
sizes. 3 g samples of lithium niobate trapped be- 
tween meshes with Tyler sizes 14-20, 20-50, 50-  
100, 100-200 and 200-325 were obtained. The av- 
erage particle size of these samples corresponds to 
1015, 551, 223, 111 and 59/~m respectively, but for 
the sake of simplicity we will refer to them as 1000, 
500, 200, 100 and 50 /zm throughout this paper. 

High purity He and N 2 (99.999% pure) and 99.9% 
pure CO 2 from Matheson (AGA Chile) were used in 
all the experiments. 

2.2. X P S  s tud ies  

X-ray photoelectron spectroscopy (XPS) analyses 
were performed with a cylindrical mirror analyzer 
(CMA) from Physical Electronics. The analyzer was 
operated in the retarding mode using Mg K a radia- 
tion (1253.6 eV). Survey spectra were scanned from 
0 to 900 eV of binding energy with 100 eV of pass 
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energy (1.2 eV resolution). The binding energies for 
Nb, C and O were obtained from high-resolution 
scans using 50 eV of pass energy (0.6 eV resolution). 
More details of this system can be found elsewhere 
[131. 

A single piece of lithium niobate crystal with 
dimensions of 0.8 × 0.8 X 0.2 cm, with an almost 
flat surface, was used for the XPS characterization 
and CO 2 adsorption studies in UHV. The crystal was 
supported on a flat piece of quartz and four electrical 
contacts made of 302 ss were provided at the edges 
of the crystal. Each pair of contacts was positioned at 
opposite edges. During the experiments high voltage 
was applied to each pair of these contacts at different 
times as discussed in Section 3. 

3. Results and discussion 

Typical nitrogen adsorption curves for powders 
with particle sizes of 1000, 500, 100 and 50 /~m are 
displayed in Fig. 1. Similar nitrogen desorption 
curves for the powder samples with different particle 
sizes were obtained. The amount of N 2 adsorbed at 
liquid N 2 temperature is proportional to the area 
under each curve. Moreover, this amount of N 2 
adsorbed is proportional to the total surface area of 
the powder sample, assuming that a molecule of N 2 
occupies a given surface area. We have assumed, 
after Emmett and Brunauer [14], that a N 2 molecule 
occupies 16.2 x 10 -20 m 2. The curves in Fig. 1 
indicate that the total surface area of the powder 
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Fig. 1. Nitrogen BET adsorption curves for powder of lithium 
niobate with different particle sizes: ( 0 )  50 /xm; (11) 100 /~m; 
(O)  200 /xm; ( - )  1000 /xm. 
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Fig. 2. Carbon dioxide desorption curves for powder of lithium 
niobate with different particle sizes: ( 0 )  50 /xm; (11) 100 /xm. 

samples monotonically increases as the particle size 
decreases, as was expected. 

The corresponding CO 2 desorption curves for the 
same samples with particle sizes of 1000, 500, 100 
and 50 /xm were measured. Desorption of CO 2 was 
observed for the samples with particle sizes of 100 
and 50 /xm only and they are displayed in Fig. 2. 
The amount of CO 2 desorbed also decreases when 
the particle size increases. In this case, it decreases 
more rapidly than in the case of N 2 since CO 2 is not 
detectable for the 200/xm size sample. The signal is 
now noisier because when we heat the sample we 
also heat the flowing gas, upsetting the background 
signal. 

The CO 2 desorption rate at each temperature can 
be calculated from the curves shown in Fig. 2 using 
the standard rate equation for desorption [13]. Plot- 
ting the logarithm of the rate as a function of the 
inverse absolute temperature (Arrhenius plot), the 
desorption energy was obtained and corresponds to 
- 15.9 _ 0.5 kcal/mol.  The Arrhenius plots for both 
curves shown in Fig. 2 are displayed in Fig. 3. This 
desorption energy which corresponds to about - 0 . 7  
eV is similar to the values obtained for CO 2 desorp- 
tion from a MgO surface and lower than the value 
for desorption from CaO [9]. 

The amount of N 2 and CO 2 adsorbed by the 
samples with different particle sizes is listed in Table 
1. The ratio of surface area covered by CO 2 and N 2 
is also listed in the same table. One can clearly see 
that the ratio of area covered by CO 2 is between 
6.7% and 11.5% for particle sizes between 100 and 
50 ~m. This is much smaller than in the case of CO 2 
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Fig. 3. Arrhenius plots of CO 2 desorption rate versus inverse 

absolute temperature for the desorption curves shown in Fig. 2. 

Full circles correspond to desorption from 5 0 / x m  powder  and full 

squares correspond to desorption from the 100 ~ m  powder. 
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Fig. 4. XPS survey scan of a single piece of l i thium niobate. 

adsorption by barium titanate (between 19% and 
50%). 

A small piece of the lithium niobate crystal was 
placed inside a vacuum chamber provided with sur- 
face analysis facilities (AES, XPS, mass spectrome- 
ter and Ar sputtering gun). After the vacuum inside 
the chamber reached 10 -9 Torr the crystal was 
inspected with XPS. Part of the survey spectrum of 
the crystal without cleaning procedures is displayed 
in Fig. 4. There is some carbon contamination but 
the Nb 3p and Nb 3d lines are clearly discernible. 
We avoided typical cleaning procedures (Ar ion 
sputtering) and Auger analysis because of surface 
charging in these insulators. 

High resolution spectra for Nb 3d, C ls and O ls 
were obtained before and after exposure to 100 L of 
CO 2. The high resolution scans for C ls and O ls 
are composed of only one peak for each different 
chemical state of either C or O. The scan for Nb 3d 
shows two peaks for each chemical state of Nb. 

These two peaks correspond to the splitting of the 
Nb 3d multiplet (3d3/2 and 3d5/2) due to ionization. 

The surface of the crystal contains a mixture of 
Nb 5+ and Nb 3+ ions when CO 2 is adsorbed as 
shown in Fig. 5a (top line). In this scan there are 
four peaks present due to the Nb 3d multiplet split- 
ting but they correspond to only two different chemi- 
cal states. When the Nb 3+ state is removed (Fig. 5a, 
lower line), the Nb 5+ state shows two peaks which 
correspond to its 3d5/2 (around 206 eV) and 3d3/2 
levels (around 209 eV). 

The presence of CO 2 on the surface is detected by 
a small shoulder on the left side of the O ls line (top 
line of Fig. 5c) at a binding energy of 533.2 eV. The 
C corresponding to CO 2 is not discernible from the 
C ls spectrum because the line corresponding to 
hydrocarbon contamination is too strong (see top line 
of Fig. 5b). 

Since the crystal was provided with electrical 
contacts on the edges, 2.5 kV was applied on one 
pair of contacts without removing the crystal from 

Table 1 
Adsorption volume of N 2 and CO 2 by samples of l i thium niobate with different main particle sizes 

Main Area N 2 counts N 2 volume CO 2 counts CO 2 volume C O 2 / N  2 
size ( / xm)  (mE/g )  (ml) (ml) 

50 0.91 988 0.65 133 0.075 0.115 
100 0.42 459 0.30 35 0.020 0.067 
200 0.30 328 0.22 - - - 
500 0.26 282 0.19 - - - 

1000 0.25 274 0.18 - - - 
Calibration of  1 ml  1511 1775 
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the UHV. XPS inspection after this revealed that 
most of the CO 2 and the hydrocarbon contamination 
was removed in this way. After polarizing the crystal 
with the high voltage only Nb 5+ was observed on 
the surface as a clear evidence of structural transfer- 

~ a 
e- 

w 

w 
Z 

.b., a 
/"--_. 

%. 
" N b n  : ".~ 

,,, .1 ',.. 
..." .._" - \ 

..~ ............ - .,- :. - -. 
; "-•.. 

.: ".. 

•-.... 
0 

216 

t-- 
"~ 2 

UJ 1 

Z 

0 
291 

213 209 206 202 199 
Binding Energy (eV) 

b 
C 

...--.: 

i / • 
.." .. 

................ ~.'•" ••••...... ............ 

-••.•..•..- .~ ............. 

288 285 282 279 
Binding Energy (eV) 

':":: C 4 L I N b O s - ~  : 
:" : 

,- co= •..•' " - " 

2 

LU " \ 
--~ 1 "- 

Z 

0 
540 536 532 528 524 

Binding Energy (eV) 
Fig. 5• (a) XPS high resolution scan of Nb 3d lines• (b) XPS high 
resolution scan of C I s  line and (c) XPS high resolution scan of  
O l s  line. Top lines correspond to l i thium niobate after 100 L CO 2 
exposure and bottom lines correspond to l i thium niobate after an 

applied voltage of 2.5 kV. 

Table 2 

XPS binding energies (eV) for CO 2 adsorbed on li thium niobate 

Line This work  References 

State 1 State 2 C-cent• CO2-ads. KNbO 3 Nb203 

C Is  285.0 288.0 284.6b 291.8 a _ _ 

O IS 529.8 533.2 -- 535.1a _ _ 

Nd 3d5/2 202.0 206.0 - - 206.0 b 202.5 b 

a Ref. [8]• b Ref. [15]. 

mation because of the applied voltage. The spectra 
for Nb, C and O are shown in Figs. 5a, 5b and 5c, 
bottom lines, respectively• The binding energies de- 
termined in these experiments and their respective 
reference values are summarized in Table 2. 

A voltage of 2.5 kV was applied to the crystal 
because the saturation field is about 3 k V / c m  for 
this material• The saturation electric field rotates the 
electric domains of the crystal in the direction of the 
applied field producing a slight change in surface 
structure. 

These results are consistent with Pacchioni's 
model of CO 2 adsorption on oxides due to surface 
basicity. Two main conclusions of these experiments 
are consistent with his model• First, more CO 2 is 
adsorbed onto small particles of lithium niobate than 
onto larger particles due to changes in surface mor- 
phology. Second, XPS reveals that adsorption of 
CO 2 and hydrocarbons is related to the presence of 
Nb 3+ atoms on the surface• 

4. Concluding remarks 

We realize that a possible interaction mediated by 
a dipole-dipole coupling between the CO 2 molecules 
and the ferroelectric substrate was not the only inter- 
action present in the complex mechanism of CO 2 
adsorption by the oxide. Nevertheless, we hoped that 
this interaction could be competitive in strength with 
the adsorption interaction arising from charge trans- 
fer mechanisms. 

The difference relies on more localized interaction 
at an atomic scale in the case of charge transfer 
rather than a more macroscopic interaction between 
the dipole of the CO 2 molecule and the polarization 
of an electric domain of the crystal• 
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The results of the XPS experiments suggest that a 
charge transfer mechanism is mainly responsible for 
the CO 2 adsorption on this material. In our results, it 
appears that the local electrostatic potential produced 
by the configuration of the oxide's surface ions is 
directly related to the oxide ability for adsorbing 
CO2, in agreement with Pacchioni's work on other 
non-ferroelectric oxides. 

Adsorption results on powders of the material 
show that for large particle sizes (larger than 200 
/xm), the amount of CO 2 is too small to be detected 
by our method. One could quickly speculate that the 
surface of the ferroelectric crystal is still responsible 
for the adsorption since 32.5% of the surface of 
barium titanate [1] is covered by CO 2 while only 
6.7% of the lithium niobate surface is covered under 
the same experimental conditions (one must bear in 
mind that the spontaneous polarization in barium 
titanate is much larger than in the case of lithium 
niobate). 

Our experimental results are still elusive to prove 
this point. We are planning future experiments with 
other ferroelectric materials and even smaller particle 
sizes in which a ferroelectric behavior is not ob- 
served at all. 

This effect could have revolutionary technological 
implications in the areas of gas separation or gas 
sensors if one can demonstrate that the adsorption of 
other polar molecules can also be manipulated by a 
change in the surface structure of ferroelectric mate- 
rials. 
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