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Temperature-programmed oxygen isotopic exchange study was performed on nanocrystalline tin
dioxide-based materials synthesized via sol-gel route and modified by palladium. Such materials are
widely used as resistive gas sensors. The experiments were carried out in a flow-reactor up to complete
isotopic substitution of oxygen. Substantial rates of isotopic exchange for SnO, were observed from
about 700 K. The distribution of isotopic molecules '60,, ®0'®0 and '%0, corresponds to simple
dioxygen heteroexchange mechanism with single lattice oxygen atom. The modification of SnO, by Pd
introduced multiple heteroexchange mechanism with preliminary O, dissociation on the clusters
surface. Spill-over of atomic oxygen from Pd to the surface of SnO, and fast exchange with lattice
oxygen result in more than 100% increase of apparent heteroexchange rate. The exchange on SnO,/Pd
was shown to be a complex process involving partial deactivation of the catalytic centers at
temperature higher than 750 K.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Nanocrystalline tin dioxide based materials are widely applied
in the field of semiconductor gas sensors due to high sensitivity to
many pollutant gases at maximum permissible concentration
level and the stability of the oxide materials at ambient condi-
tions [1]. Modification of tin dioxide surface by Pd additive has
been shown to improve the sensor performance, e.g. selectivity,
sensitivity and optimal operation temperature interval, especially
when the target gas to be detected possesses reductive properties,
e.g. CO [2-4], CHg, H,, ethanol, acetone [4-6], etc. The sensor
response of tin dioxide-based materials, determined by electric
conductivity variation upon ambient gas composition changing
[1], is concerned to be due to electron concentration controlling
chemical reactions of oxygen-related species, e.g. 0?>~ from oxide
bulk or chemisorbed O, and O~ with target gas molecules. Such
processes on the surface of sensing materials are interpreted
similarly to the reactions on heterogeneous oxide catalysts.
The latter ones could be of three general mechanisms [7]:
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(i) Langmuir-Hinshelwood mechanism where both the reactants
are competitively chemisorbed on the catalyst surface;
(ii) Rideal-Eley mechanism in which only one reactant is chemi-
sorbed and the other comes directly from gas phase; (iii) Mars—
van Krevelen mechanism involving bulk oxygen ions of oxide
catalyst as one of the reactants. In the case of reductive gases
sensing with SnO,, the target gas oxidation by chemisorbed O~
and O, species is believed to be the response forming process [1].
Raised temperature is usually needed (500-700 K or higher [8])
for such reactions. Several hypotheses are widely discussed to
explain the Pd-promoted improvement of the sensor properties
towards reductive gases detection, especially CO, e.g. direct target
gas oxidation by oxidized Pd species [1,9], modulation of material
electric properties via Pd?* incorporation into the SnO, lattice
[2], gas molecules spill-over on the PdO grain boundaries [9] and
hydroxyl groups—Pd cooperation in the oxidation process
[10,11]. The latter proposals regarding palladium influence on
the oxygen-related species reactivity, in particular the spill-over
and OH-Pd interplay should be interrelated with the influence of
Pd on oxygen mobility. Hence, the comparative study of oxygen
mobility in blank tin dioxide and Pd-modified SnO, could shed
some light on the promotional effect of Pd on tin dioxide surface
reactivity.

Oxygen isotopic exchange study is a powerful technique for
the evaluation of oxygen mobility in heterogeneous catalysts of
oxidation processes, e.g. transition metal oxides and oxide-sup-
ported noble metal particles [12,13], or in the oxygen conductive
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materials for electrochemical applications (YSZ, CeO,-ZrO,, etc.).
The experiments on isotopic exchange can be performed in static
[14,15] or flow conditions [12,13], with theoretical simulation of
the derived data providing an insight into the oxygen exchange
mechanism, kinetic parameters of the processes (rate, activation
energies and diffusion coefficients) and exchangeable oxygen
fraction.

In this paper we present temperature-programmed oxygen
isotopic exchange (TPIE) study of nanocrystalline SnO, materials,
both blank and modified by Pd. The main objective of this work is
to estimate the oxygen exchange ability of SnO,-based materials
as they are used for gas sensors with particular attention to the
influence of the modification of SnO, surface by Pd on the oxygen
exchange behavior.

2. Materials and methods
2.1. Synthesis of nanocrystalline SnO, and its modification by Pd

Nanocrystalline SnO, was synthesized via aqueous precipita-
tion route as we previously described in [11]. The obtained
Sn0, - nH,0 powder was annealed at 573 K for 24 h. The resultant
nanocrystalline SnO, sample was used both for further measure-
ments and for modification by Pd.

The modification of SnO, was carried out via an impregnation
method also described in [11]. The nominal quantity of the
modifier was 1wt% of Pd. The impregnated SnO,/Pd(acac),
subproduct was calcined at 498 K for 24 h, the lowest tempera-
ture of Pd(acac), decomposition evidenced by TG-DSC (Fig. 1).

2.2. Materials characterization

Phase composition and crystal structure were examined by
X-ray diffraction with the DRON-3M instrument. The crystallite
size (dxgrp) of SnO, was calculated from the broadening of (110)
XRD peak using the Scherer equation, wave length 1=1.54051 A
(CuKorq radiation). The microstructure of the samples was char-
acterized by high resolution transmission electron microscopy
(HRTEM), high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) and energy-dispersive X-ray
(EDX) analysis with a Tecnai G2 transmission electron microscope
operated at 200KkV. The specific surface area of powders
was measured by nitrogen adsorption method using the BET
model with the Chemisorb 2750 instrument (Micromeritics).
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Fig. 1. TG-DSC spectra of the Pd-precursor decomposition in impregnated SnO,/
Pd(acac), subproduct. Left axis—sample mass (percent of the initial mass); right
axis—heat difference (mW per 1 mg of sample).

Characterization of surface species of the samples was carried
out by means of Temperature Programmed Reduction by
H, (TPR-Hy) using the Chemisorb 2750 (Micromeritics) instru-
ment. The powders were tested without a pretreatment. The test
gas used was 10vol% H, in argon, gas flow rate 10 ml/min,
heating from room temperature to 1073 K with the rate 10 K/min.

2.3. Study of oxygen isotopic exchange

The experiments on the oxygen isotopic exchange were per-
formed in a temperature-programmed isotopic exchange (TPIE)
mode. The experimental setup included source for test gas, namely
Ar and '®0, (both analytical pure grade) and the electrolyzer filled
with water with high concentration of H3%0 as a source of an
equilibrium mixture of '%0,, '°0'%0 and !0, molecules. The
desired test gas composition containing Ar, '°0,, °0'%0 and %0,
was controlled by mass-flow controller. Total gas flow rate was
about 20 ml/min, with the overall oxygen content of 25%. The test
gas was passed through a reactor (quartz tube, length 230 mm,
diameter 13 mm) placed inside a tube furnace. Samples were
heated up to 1073 K with the rate 200 K/h. The powders (about
0.9 g) were put on a porous silica membrane inside the reactor. A
part of the outlet gas flow was taken to the mass-spectrometer and
the ion current at mass numbers 32 ('°0,), 34 ('°0'80) and 36
(180,) were recorded together with sample temperature measured
by a thermocouple. The molecular oxygen fractions were calcu-
lated from the raw data by the following equations:

I3
= 32 1
f52 I3p+134+136 M
I34
SR R 2
fsa I3y +134+136 @
I36
= 3% 3
Js I3y +134+136 )

where I35, 34 and I3 are the ion currents at mass numbers 32, 34
and 36. The atomic fraction of 80 in the test gas was calculated
from molecular oxygen fractions using the equation:

_ s
2

The blank SnO, sample was examined by the so called equili-
brated test gas mixture, i.e. containing 46% of 1°0'80, 41% of 80,
and 13% of 10, that corresponds to the statistical distribution of
isotopes. This sample was pretreated in the reactor by heating up
to 573 K for 1 h in the Ar flow, holding at 573 K for 2 h and cooling
down to 473 K for 1 h at the '°0, flow. The SnO,/Pd sample was
used without the pretreatment to prevent undesired morphologic
changes and tested by non-equilibrium test gas mixture containing
15% of 160'80, 40% of '80, and 45% of 0, from the total O,
content.

o +f35. (4)

3. Results and discussion
3.1. Materials composition and microstructure

For the sake of comparison we investigated the phase composi-
tion and microstructure parameters of blank and Pd-modified tin
dioxide as prepared (denoted as SnO, and SnO,/Pd) and after the
temperature-programmed  isotopic  exchange experiments
(denoted as SnO,-TPIE and SnO,/Pd-TPIE, respectively). The X-ray
diffraction patterns of the samples are shown in Fig. 2. The phase
evaluation revealed nanocrystalline cassiterite (SnO,) phase. No
palladium-related species were detected by XRD due to either
small Pd content or additive segregation or clustering on the
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Fig. 2. XRD patterns of blank tin dioxide (curve Sn0O,), palladium-modified SnO,
(curve SnO,/Pd), SnO, after TPIE experiment (curve SnO,-TPIE) and SnO,/Pd after
TPIE experiment (curve SnO,/Pd-TPIE).

surface of tin dioxide grains. However, the same observation was
made on analogous Pd-modified materials in our previous work
[11] where the modifier was proved by XPS to occur in a mixed Pd/
PdO form. In the present work such sample is designated as SnO,/
Pd for simplicity. The average particle size (dxgp) calculated using
the Scherer equation was 2-5 nm for as prepared SnO, and SnO,/
Pd. Their BET specific surface area was about 90-95 m?/g. The
modifying of tin dioxide by palladium had no observable effect on
the crystallite size and surface area of as prepared samples. Low
magnification TEM images (Fig. 3a) and HRTEM images (Fig. 3b) of
the as prepared samples revealed agglomerated irregularly shaped
tin dioxide particles with a size ranging from 3 nm to 10 nm, which
is in accordance with the calculations of dxgp. Electron diffraction
pattern indicates that SnO, is the only crystalline phase in the
samples (Fig. 3a). A small amount of palladium (about 1 wt%) was
detected in the EDX spectra of agglomerated particles, but HAADF-
STEM did not visualize any Pd segregation presumably due to small
modifier concentration and/or its homogeneous distribution (Fig.
S1 of Supporting Information). It should be noted that occurrence
of Pd on the surface of the SnO, particles strongly depends on the
particle size. If Pd is deposited on coarse crystalline SnO, particles
with the size of 15-100 nm prepared at 970 K, clear clustering of
Pd into nanoparticles of 5-10 nm is observed (Fig. S2 of Supporting
Information). Such clustering is definitely absent in the SnO,/Pd
sample prepared at 573 K, suggesting more homogeneous Pd
distribution over the surface of the particles. The origin of this
difference will be the subject of forthcoming publication.

Since during the TPIE experiments the samples were heated up
to 1073 K, they underwent drastic morphologic changes resulted
in sintering the crystallites evidenced by XRD (Fig. 2) and HRTEM.
Yet, the degree of sintering turned to be different for the samples:
the dxzp values were 17-19 nm for the SnO,-TPIE and 7-10 nm
for the SnO,/Pd-TPIE samples. The crystallite sizes estimated from
HRTEM micrographs were 30-50 nm for the SnO,-TPIE and
10-20 nm for the SnO,/Pd-TPIE samples (Fig. 4a). The BET area
was estimated to about 5-10 m?/g for SnO,-TPIE and 20-25 m?/g
for the SnO,/Pd-TPIE samples. Thus, the modifier is likely to
prevent tin dioxide grains from sintering to such a large extent
as it was in the case of blank SnO,. This could be due to Pd-
induced inhibition of the surface diffusion and particles restruc-
turing of tin dioxide as discussed in [16]. Regarding the Pd
restructuring upon heating, no clear modifier segregation could
be observed by HAADF-STEM imaging combined with EDX map-
ping of the SnO,/Pd-TPIE sample. However, recording the EDX
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Fig. 3. (a) Low magnification TEM image of the SnO,/Pd sample; inset—the
electron diffraction pattern with the diffraction rings indexed according to the
cassiterite structure. (b) High-resolution micrograph of the SnO,/Pd sample.

spectra from different areas (50-100 nm sized squares) of the
sample for a long time revealed large-scale inhomogeneous Pd
distribution suggested by its concentration variations from noise
level to 1.9 wt% for different regions (Fig. 4b and c). Hence, the
only observed effect of high-temperature treatment during TPIE
experiment on the Pd microstructure was the transition from
nearly homogeneous to highly inhomogeneous distribution in the
sample. This could arise from palladium decoration by tin dioxide
and temperature-induced diffusion and sintering of the decorated
Pd species.

To evaluate the content of the surface species in the samples
before and after the TPIE experiments, temperature-programmed
reduction by H, was performed. The TPR-spectra of as prepared
SnO, (Fig. 5a) and SnO,/Pd (Fig. 5b) are characterized by two
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Fig. 4. (a) High-resolution micrograph of the SnO,/Pd-TPIE sample; (b, c) EDX
spectra of the different 50-100 nm areas demonstrating presence and absence of
Pd, respectively.

H,-consumption broad peaks: the smaller one at lower tempera-
ture (370-570K) and the stronger one at higher temperature
(720-920K). The first peak is attributed to H, consumption
during the reduction of surface species, i.e. O~, O,~ and OH
groups [11]:

Ogsurp+Hz(g)=H20(g)+e7; (5)

D.D. Frolov et al. / Journal of Solid State Chemistry 186 (2012) 1-8

a
3t ﬁ
o > 8nO, g8
" SnO,-TPIE § 3
E : =
§2f :
a o
E ; 5
3 o
g 3
S H
£ 1} :
%é\
0 I T T T T T I
300 400 500 600 700 800 900 1000
T.K
b
3k "
o A
g | 0 = Sn0,/Pd i
= * Sn0,/Pd-TPIE ﬁ
S 2t TR
a PA e
E ig v g
2 PA Y
c . A A
8 s P =
T S R
0k T T T T T \h_‘: i
300 400 500 600 700 800 900 1000
T.K

Fig. 5. TPR-H; spectra of as prepared (a) and TPIE-tested (b) SnO, and SnO,/Pd
samples.

O2(surp +2Hz(g)=2H20(g)+€ 7 (6)
ZOH(surf)-FHz(g)ZZHzO(g). (7)

The high-temperature H, consumption is assigned to SnO,
bulk reduction according to [11]:

Sn02(5)+2H2(g):Sn(s)+2H20(g); (8)

furthermore it yielded small metallic tin droplets after the
experiment.

Regarding the spectra of the as-prepared samples, the mod-
ification by Pd leads both peaks to shift to lower temperature: the
peak of surface species reduction is centered at 420 K and that of
SnO, bulk reduction is at 760 K, while respective peaks of blank
SnO, are centered at 500 K and 800 K, respectively. This indicates
on the catalytic action of Pd in the processes of reduction with
hydrogen. The low-temperature peak area, proportional to the
amount of consumed Hj, is almost equal for both materials and
corresponds to about 14.5 + 0.5 pmol of 05 per 1 m? of samples
surface. The O3 species were taken during this estimation solely
for stoichometry simplicity to obtain some characteristic surface
species concentration value. The assumption was based on the
fact that it is O5 that was proved to be the predominant form of
chemisorbed oxygen on tin dioxide at temperature below 430 K
[1,17]. In our recent EPR study [18] of pure and modified
nanocrystalline SnO, the surface O; and OH radicals were
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detected as the adsorbed derivatives of atmospheric oxygen and
water. However, the Weisz limitation restricts the maximum
ionic species concentration on the surface of semiconductors to
about 10~3-10~2 monolayer [17], which supposing the normal
orientation of O and front radius close to O~ ionic radius
(1.76 A) corresponds to about 0.02-0.2 pmoles/m?2. As the value
obtained from TPR-H, data exceeds the Weisz limit at least by
two orders of magnitude, it is nessecarry to note that the actual
surface species composition is far from the simplification used in
the experimantal data treatment and besides the ionosorbates
should include various neutral oxygen and hydroxyl derivatives
with different stoichometry in Hy-reduction.

Not unexpectedly, the TPR-spectra of the samples after TPIE
measurements exhibited a drastic drop in low-temperature
H,-consumption peak, that of SnO,-TPIE sample being almost
absent while in the spectrum of SnO,/Pd-TPIE a low-intense
broad line was observed in the 340-570 K range suggesting that
some surface species concentration and/or Pd-induced catalytic
action remained in the latter sample after high temperature
treatment during TPIE. Taking into account that the Pd-modified
sample is sintered to significantly lower extent than the blank
Sn0O, sample, it seems reasonable that higher surface species
concentration remains in the SnO,/Pd sample due to its higher
BET surface area. On the other hand, the high-temperature TPR
peak due to bulk SnO, reduction shifts to higher temperature, but
again to a different extent: for the SnO,/Pd sample it is shifted
from 760 K to 800 K, whereas for SnO, the shift from 800 K to
900 K was observed. The positive peak temperature shift for the
processed materials could be due to increased crystallinity so that
sintered materials have smaller surface energy and are less
readily reducible by hydrogen. The difference in TPR temperature
between the TPIE-tested samples could arise either from different
crystallinity and/or from residual catalytic activity of palladium.

3.2. Kinetics of oxygen isotopic exchange in nanocrystalline
Sn0, and SnO,/Pd

The raw data obtained during the TPIE experiments, i.e.
molecular fractions of 10,, '80'®0 and 80, calculated by Egs.
(1)-(3) versus rising temperature, for the nanocrystalline SnO,
and SnO,/Pd samples are depicted in Fig. 6a and b, respectively.
The starting temperature for oxygen isotopic exchange was
recognized by the molecular oxygen fractions deviation from
their initial values. Oxygen exchange starts from 700 K in blank
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Sn0,, while in the Pd-modified sample it starts from 590 K. Such
essential temperature decrease is an evidence of the promotive
effect of Pd on oxygen exchange in nanocrystalline tin dioxide.
The '80 atomic fraction calculated using Eq. (4) and molecular
fraction f34 for blank and Pd-modified SnO, are shown in Figs. 7
and 8a, respectively. The 80 atomic fraction decreases with the
beginning of exchange suggesting heteroexchange as the predo-
minant process in both samples.

On the basis of the reported data the total amount of
substituted oxygen in the samples was estimated integrating
the o(T) curves (Figs. 7 and 8a) according to the equation:

end t
N(Oexchanged) = V / <1 - ofrfp?;t) F(t)dt, 9)
g

where t is the time variable (min), t.,q is the time of the
experiment end (min), a(t) is the 80 atomic fraction at the reactor
outlet, a;nput is the 180 atomic fraction at the reactor inlet, F(t) is the
oxygen flow rate (I/min) and V,, is the molar gas volume. The
estimated substituted oxygen amount was 7.9 mmol/g (60 at%) for
Sn0, and 7.0 mmol/g (54 at%) for SnO,/Pd. It is necessary to note
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Fig. 7. Temperature dependence of 80 isotope fraction (og: triangles—experi-
mental values, line—simulation) and '®0'®0 molecules fraction (fs4: squares—ex-
perimental values, line—simulation) for SnO, sample. R! and R? designate
simulated f34 curves in the frame of type I and type Il heteroexchange models,
respectively. Dotted line corresponds to the exchange of oxygen adsorbed on the
surface of SnO,.
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Fig. 6. Temperature dependences of molar fractions of '°0,, 1080 and '80, in the outlet gas flow during TPIE experiments for SnO, (a) and SnO/Pd (b).
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Fig. 8. (a) Temperature dependence of '®0 isotope fraction (o;g: triangles—ex-
perimental values, line—simulation) and '®0'°0 molecules fraction (f34: squar-
es—experimental values, line—simulation) for SnO,/Pd sample. (b) The graph of
empirical F(T) function simulating active centers deactivation upon heating.

that substitution process was not completed in these experiments,
i.e. 180 isotope fraction in the outlet gas did not reach its value in
the inlet gas. Hence, total exchangeable oxygen amount in the
samples definitely exceeds the values obtained by integrating the
experimental curves o(t).

3.3. Modeling the oxygen exchange

In general, three kinetically different types of isotope exchange
(regarding the number of atoms from the solid being exchanged)
are possible [19-21], namely

i) homoexchange without participation of oxygen atoms from
the solid (type I according to the classification of Boreskov and
Novakova [19,20], rate R°):

180,(g)+'°04(g) > 2'°0"0(g); (10)

—-
=
-

simple heteroexchange between gas phase oxygen molecule
and one oxygen atom from the solid (type II, rate R'):

1%0,(g)+'°0(s)~ '°0'®0(g)+ '*0(s),
160180(g)+160(S)<—>1602(g)+180(5); (12)

iii) multiple heteroexchange between gas phase oxygen molecule
and two oxygen atoms of the solid (type III, rate R?):

180,(g)+2"°0(s) > '°0,(g) +2'80(s), (13)
180,(g)+2'°0(s) > '°0'80(g)+°0(s)+ '30(s), (14)
190'80(g)+2"°0(s) <> 1°0,(g)+ '°0(s)+ '30(s). (15)

Time variation of fractions of differently labeled oxygen
molecules f3,, f34 and f36 is determined by the rates of all three
types of exchange. The overall rate of heteroexchange
V=0.5R'+R? is the only factor determining the atomic fraction
of 80 in gas phase oxygen (o). In turn, the atomic fraction of '¥0
within the surface layer of the oxide (o) depends on the rates of
both heteroexchange on the oxide surface and labeled atoms
transfer in the oxide bulk. The latter can be described by a
diffusion equation proposed by Klier and Kucera [22] and Happel
[23,24]. In the general case accounting for the three types of

exchange the TPIE between gas phase oxygen and that in the
oxide in the reactor can be modeled on the basis of the following
mass balance equations:

oog 1oog\ 1, p2
Co, (ﬁﬁ ¥ ;¥> — —b(0.5R! +R?)(0tg —2%5), (16)

Co, (ﬁ@ + 1@> = bR®(20tg(1—0tg)—f34) + R (0tg (1 —0%5)

o 1 o
+0t5(1—01g)—f34) + DR*(20ts(1—0t5) —f 34),

a7)

oot 1, p2 Npuix D 00tpuik
&5 (0.5R" +R*)(otg—0ts)— = Zlbulk 1
T (0.5R" + )(OCg 0ls) Ng h2 on ; :O, (18)
Otpute D & oty

B GTL'l 2 anzu (19)

Initial and boundary conditions

T=T,: og= Ot'ignpm. faa= érfut, os =0, o =0;

£=0: O{g:a‘ignput, f34: grf”t;

n=0: opyk=0s.

Here og, o5 and gy are the atomic fractions of 80 in gas
phase oxygen, on the oxide surface and in the oxide bulk,
respectively; fs4 is the fraction of 10'®0 molecule in gas phase;
Co, is the gas phase oxygen concentration (mole/mole); 7 is the
residence time (s); b is the total number of surface sites (mole)
per mole of gas molecules present in the catalyst section; R°, R
and R? are the rates of different types of exchange as calculated
per active site of the surface (s~ !); D is the diffusion coefficient of
80 in the oxide bulk (m? s~1) ; h is the characteristic size of oxide
particle (m), Ns and Ny is the numbers of oxygen atoms on the
surface and in the oxide bulk, respectively; ¢ is the dimensionless
reactor length; # is the dimensionless depth of oxide layer, £ is
the heating rate; T is the reactor temperature.

The temperature dependences of oxygen exchange rates and
diffusion coefficient were expressed by the Arrhenius equations:

TTref
Toef—T'

RO =R, x e~ Eo/ED D =D,y x e~ E/RD, T’ = (20)
where R‘r'gf and D,y are exchange rate and diffusion coefficient at a
reference temperature (T,.s) taken equal to 573 K, respectively;
Eri) and Ep are activation energies.

Fig. 7 illustrates the comparison of experimental og(T) and f34(T)
curves for SnO, sample with the ones simulated on the basis of the
model (16)-(20). Fitting distinguishes two possible types of het-
eroexchange. Being sensitive to the heteroexchange type, the f34(T)
relation revealed the simple heteroexchange (see Fig. 7, curve R')
as a predominant route of oxygen exchange in unmodified SnO-.

The total number of exchangeable oxygen atoms in the oxide
(Ng+Npui) estimated by this model is No=6.7 x 10?! atom/g,
which is consistent with the stoichometric amount of oxygen in
Sn0-, (8 x 10?! atom/g) taking into account the calculation errors.

The a,(T) curve in Fig. 7 can be resolved into two overlapping
peaks related to at least two states of oxygen in the oxide with
different activities towards oxygen heteroexchange. The area of
lower-temperature peak (Fig. 7, dotted line) corresponds to about
(1.6 +0.4)x10%! atom/g of exchangeable oxygen. An estimated
lattice oxygen concentration in the surface layer of this sample is
(90 m?/gx1.4x10'° atom/g) ~ 1.2x10%! atom/g, as calculated for
Sn0,(1 1 0) oxidized surface taking into account the BET surface
area of the sample and lattice parameters of SnO, (a=b=
4.7374 A, c=3.1864 A). These two oxygen atomic concentrations
are quite close suggesting that it is surface oxygen exchange that
is responsible for lower-temperature peak of a,(T) curve in Fig. 7,
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Table 1
Estimated kinetic parameters of oxygen exchange on SnO, and SnO,/Pd.

Parameter® Sample

Sn0, Sn0,/Pd
R' (T=300°C), m~2s~! 1.3 x10"2 2.6x10'2
R? (T=300°C), m~2s~! None 5.7 x 10
D (T=300°C), m~2s~! 6.1x10°24 1.9x10%2
E(R"), k]/mole 130 130
E(R?), k]/mole None 110
E(D), kJ/mole 80 80

3 R'_—rate of simple heteroexchange, R>—rate of multiple heteroexchange,
D—oxygen bulk diffusion coefficient, E—corresponding activation energies.

while the higher-temperature peak must be due to the exchange
of oxygen from grains bulk. Noteworthy, taking this assignment
the fraction of exchangeable surface oxygen atoms from total
number of exchangeable oxygen atoms is

Ny 16-10""atom/g
Ns+Npue — 8.0-10*' atom/g

0.2. 1)

The kinetic parameters: heteroexchange rate, oxygen bulk diffu-
sion coefficient at T and corresponding activation energies evalu-
ated and used in the simulation procedure are compared in Table 1.

The experimental og(T) and f34(T) data for Pd-modified SnO,
could be adequately simulated (Fig. 8a) only if an additional type of
exchange mechanism, namely multiple heteroexchange, is taken
into account. It accounts for lower starting temperature of the
process and describes the o,(T) curve shape and initial f54(T) curve
behavior at T=630-700 K. The kinetic parameters for both hetero-
exchange types and oxygen bulk diffusion for SnO,/Pd are com-
pared in Table 1. The strong promoting effect of Pd comprises the
emergence of multiple heteroexchange stage with the rate by two
orders of magnitude higher and activation energy by 20 kJ/mole
lower than those of simple heteroexchange. It also addresses a
2-fold rise of the rate of type II heteroexchange and oxygen bulk
diffusion coefficient increment by two orders of magnitude.

However, in the frame of Arrhenius law the S-shape bend
observed for the f34(T) curve of SnO,/Pd sample in the T=700-
850 K region (Fig. 8a) could not be explained. Oxygen exchange in
this case seems to be a rather complex process and to adequately
fit the experimental curves «(T) and f34(T) in Fig. 8a the following
function was proposed:

R*(T) = RZ,ce~Eno/RT) 5 F(T). (22)

The decrease of oxygen exchange efficiency at 700-850 K
evidenced by the bend is assumed to be due to active centers
deactivation. The latter could arise from nanocrystals sintering
and specific surface area decrease evidenced by XRD, BET and
HRTEM analyses (Section 3.1) and from the catalyst deactivation.
The Pd deactivation deduced also from the TPR-H, results
(Section 3.1) could be due to the palladium sites decoration by
agglomerated SnO, grains. Anyway, we propose an empirical F(T)
function (Fig. 8b) as a measure for the fraction of active centers on
the surface of SnO,/Pd for oxygen exchange. This relation was
proposed to take into account the catalyst deactivation on raising
the temperature when modeling the TPIE on SnO,/Pd; it can be
expressed by the following equation:

0.05 x exp(—Egeqct/RT")
1+40.05 x exp(—Egeqce/RT")

' TTdeact
Tdeact_T

F(T)=1-0.95 T” (23)
Here Tyeqc:=640 K is the temperature of the deactivation start;
Egeact= 140 k]/mole can be regarded as an activation energy of this

process.

3.4. Mechanism of oxygen exchange on SnO, and SnO,/Pd

Simple heteroexchange (type II) usually proceeds via the Iley-
Rideal mechanism involving direct oxygen molecule interaction
with the surface oxide center. It is the exchange mechanism that
was established for the SnO, sample. At the same time, multiple
heteroexchange (type III), which is predominant for the SnO,/Pd
sample includes the preliminary oxygen molecule dissociation
followed by the exchange of adsorbed oxygen atoms and lattice
oxide ions. Earlier investigations of the oxygen exchange on
oxide-supported noble metal particles [12,13] established that
the latter tend to effect spill-over like activity in promoting
oxygen exchange. Supposing similar behavior in the case of
Sn0O,/Pd and based on the interpretation provided by [12,13],
the following reaction scheme can be suggested for the spill-over
assisted exchange mechanism:

180,(g) <> 2"80paoxy (dissociation);

180 (paox) <> ¥O0surpy  (spill-over);

80 (sur + "®Obutiey <> '®Ogsurn + ' *Opuiy  (exchange);
150 surpy <> "®O(paoxy  (spill-over);

180 paox)+ ®0(pdox) < 80180y (recombination);

2"®0(paoxy <> '®0z() (recombination).

It is reasonable to assume that the dissociation rate of oxygen
molecules is lower than the rate of atomic oxygen spill-over
because of rather high O-O binding energy (493 kJ/mole [7]).
Then the dissociation on the catalyst surface is a limiting stage,
and this complex mechanism could be convoluted in a stage of
multiple heteroexchange. Thus, for the SnO,/Pd sample the
oxygen exchange seems to be a combination of the simple
heteroexchange (type II) mechanism like that in the case of blank
SnO, and a multiple heteroexchange (type III) stage due to spill-
over of atomic oxygen from palladium. This can be illustrated by
the processes scheme in Fig. 9.

In the frame of these considerations on the oxygen exchange
mechanism the Pd-induced increase of bulk diffusion coefficient
(Table 1) can be accounted for. The samples under examination
have a nanocrystalline structure; the atomic oxygen formed on
the catalytic centers could be assumed to rapidly migrate via the
intergrain boundaries and penetrate into the sample volume
approaching the internal crystallites. In this case the promotion
of surface diffusion would result in the enhancement of the
apparent diffusion rate estimated from the experimental data.
In this consideration Pd is believed to promote the oxygen surface
diffusion due to the introduction of spill-over mechanism and
increase of the heteroexchange rate. Noteworthy, similar
phenomenon was previously observed in the work [12] for

02 gas
% n Rads
@ —0
&
[[~..
..... Q,J’ surface
(Sn)
o o |3
S @,
(./- g
géﬁn Sn) bulk

p

Fig. 9. Schematic illustration of the processes of oxygen exchange between
palladium-modified tin dioxide and gas phase.
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Pt-modified microcrystalline mixed oxides CeO,-ZrO,-Lay0s.
Oxygen transport mechanism in this type of materials including
diffusion on the intergrain surface and diffusion into the grain
bulk was also discussed in detail in [12].

Thus, the results of oxygen exchange study suggest that on
unmodified SnO, oxygen is adsorbed in the molecular form.
However, after the modification of SnO, by palladium the dis-
sociation of O, on Pd centers followed by spill-over onto the
support surface yields atomic oxygen. The modification of oxygen
species on the surface of tin dioxide induced by palladium is an
important factor that should not be underrated when considering
the gas sensor performance of tin dioxide-based materials.

4. Conclusions

Temperature-programmed oxygen isotopic exchange study
was performed for nanocrystalline blank and Pd-modified tin
dioxide synthesized via aqueous deposition technique followed
by impregnation with Pd(acac), precursor and thermal treatment.
Both materials were shown to exchange up to 100 at% of con-
stituent oxygen via the heteroexchange route. The simple hetero-
exchange was established as the predominant mechanism of
surface processes on SnO,; the contributions from oxygen
adsorbed on the surface and from the bulk of SnO, grains could
be resolved. Tin dioxide modification by palladium brought up an
exchange-promoting effect resulted in the following: (i) a
decrease of the starting temperature of appreciable oxygen
exchange; (ii) an introduction of multiple heteroexchange stage
with higher exchange rate and lower activation energy, presum-
ably due to spill-over action of Pd; (iii) a 100% increase of the rate
of simple heteroexchange occurring due to SnO, support along
with Pd-induced multiple heteroexchange; (iv) an increase by
two orders of magnitude of the oxygen bulk diffusion coefficient.
To account for the experimental data the catalyst deactivation
process was assumed and modeled by a proposed empirical active
centers fraction versus temperature dependence.

Supplementary material

HAADF-STEM image and EDX pattern of nanocrystalline
Sn0,/Pd obtained from SnO, annealed at 573 K; HRTEM and
HAADF-STEM micrographs of coarse SnO,/Pd synthesized from
Sn0, annealed at 970 K visualizing Pd clustering on the surface of
tin dioxide grains.
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