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Antimony-doped tin(IV) oxide Sn;_,Sb,0, prepared by a high-temperature (1300 K) solid-state syn-
thetic procedure has been studied over the composition range 0 < x < .03 by X-ray and ultraviolet
photoelectron spectroscopy (XPS and UPS) and high-resolution electron-energy-loss spectroscopy
(HREELS). Pronounced enrichment by antimony close to the surface is evident from XPS with a heat
of segregation approaching 30 kJ/mole. However, no increase in the surface free-carrier concentration
is evident from the conduction-to-valence band intensity ratio in UPS or from the surface plasmon
frequency in EELS. It is concluded that electrons associated with segregated Sb ions occupy a lone-
pair-like sp hybrid surface state whose energy lies well below that of the conduction band.

1. Introduction

Ternary oxide systems find frequent ap-
plication in catalysis, the flexibility of com-
position providing a means of improving ef-
ficiency and selectivity for “‘target”
chemical reactions. In particular many
technologically important selective oxida-
tion catalysts are oxide materials contain-
ing two or more metal cations (7). It is
widely recognized that the surface chemical
composition important to catalytic activity
may differ from that of the bulk and indeed
atypical surface compositions have been
demonstrated by the surface-sensitive tech-
nique of X-ray photoelectron spectroscopy
in systems such as Bi-Mo-O (2) and Sn-
Sb-0O (3). However, little attention has
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been focused on the influence of segrega-
tion on the electronic structure of the mate-
rial at the surface. In the present paper we
use the complementary techniques of X-ray
and ultraviolet photoelectron spectroscopy
(XPS and UPS) and high-resolution elec-
tron-energy-loss spectroscopy (HREELS)
both to monitor antimony segregation at the
surface of doped tin(IV) oxide and to ex-
plore its impact on surface electronic struc-
ture.

Mixed oxides of tin and antimony have
been developed as selective catalysts for
the oxidation and ammoxidation of alkenes,
notably propylene to acrolein and acryloni-
trile. Optimal catalytic activity is obtained
with fairly large antimony concentrations
(~30% Sb cations (4), but the solubility
limit of Sb in the rutile phase of SnO, is
restricted to around 3 cation %. Calcination
of mixtures with higher antimony content at
1000°C in air leads to loss of Sb,0O, and
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eventually to formation of Sb-doped SnO,
with limiting composition Sngg¢;Sbg;0,.
This material has been previously studied
by Mossbauer spectroscopy which indi-
cates the presence of bulk Sb(V) ions in a
roughly octahedral environment, together
with Sb(III) presumed to be at surface or
grain boundary sites where the field gradi-
ent is large enough to produce incipient
quadrupole splitting of the MGssbauer reso-
nance (5). Segregation of antimony to sur-
face and twin sites has also been discussed
in relation to visible (6) and electron mi-
croscopy (7) of tin—antimony-oxide cata-
lysts.

As emphasized in a recent review, the
solid-state properties of the rutile phase
Sn;_,Sb,0, are far from well understood
(4): there is, for example, no general agree-
ment as to the origin of the distinctive blue
color found for compositions with x > 0.005
prepared by high-temperature reaction. In
recent publications (8, 9) we have shown
that electrons introduced by doping in
Sng¢78by 030, occupy a free-electron-like
conduction band and that the free-carrier
concentration near the surface is close to its
bulk value, despite dramatic surface enrich-
ment by antimony. In the present paper we
extend the results of the previous work
with a study of Sn;_,Sb,0, embracing the
complete composition range of the doped
rutile phase (0 < x < 0.03). Although it is
not generally agreed that the materials we
have studied display optimal catalytic ac-
tivity we believe that the insight into the
electronic properties of this system pro-
vided by our experiments will be of value in
developing understanding of the catalytic
behavior.

2. Experimental

Samples were prepared by a coprecipita-
tion method. Weighed quantities of Sn and
Sb lumps (Koch Light, purity 99.999%)
were dissolved in aqua regia made from
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BDH Analar grade acids. The solution was
made alkaline with excess NH; and, after
boiling for 2 hr, the resulting precipitate
was collected and washed. After it was
dried overnight at 420 K, the powdered ma-
terial was finely ground in an agate mortar
and fired for at least 14 days in air at 1300 K
in a recrystallized alumina crucible, with
occasional regrindings.

X-Ray powder diffractometry indicated
the presence of a single well-crystallized
rutile phase for each sample, with lattice
parameters not significantly different from
those of SnO, itself. Mean antimony con-
tents of doped samples were found by
atomic absorption spectroscopy to be close
to nominal values. Examination of samples
of Sn0,97Sb0,0302 in a 100-keV JEOL 100CX
TEMSCAN analytical electron microscope
revealed the presence of a single phase:
SnKa and SbKa emissions indicated a ho-
mogeneous distribution of antimony with a
mean antimony content equal to the bulk
value. Our findings thus concur with those
of Smith et al. (7) who used a 600-keV
electron microscope to demonstrate that
Sng 96Sby o4O, prepared by a method similar
to that adopted here consisted predomi-
nantly of a well-crystallized rutile phase.
Nominal compositions are used throughout
the present work.

Prior to introduction into the electron
spectrometer samples were pressed into
pellets between optically smooth tungsten
carbide dies and were then sintered for at
least 24 hr in air at 1300 K to yield strong
ceramic disks. Spectra were measured in an
ESCALAB spectrometer (VG Scientific,
East Grinstead, U.K.) with facilities for ex-
citation of photoelectron spectra with un-
monochromatized AlKa or MgKa X rays
or uv radiation from a noble-gas discharge
lamp, as well as with a monochromatic
electron source for HREELS. Samples
mounted in platinum trays were cleaned in
the preparation chamber of the spectrome-
ter (base pressure 1071° Torr) by annealing
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at 820 K for at least 12 hr. They were then
quenched to room temperature by rapid
transfer from the heater stub to the ‘‘rail-
way track,’’ a large thermal capacity metal
device that moves the sample from prepara-
tion to analysis chambers.

Surface cleanliness was monitored by
HREEL spectra which under vacuo of
around 107'° Torr remained free of loss sig-
nals due to hydrocarbon or other contami-
nation for periods of several hours. Elec-
tron spectra were accumulated in an
ORTEC 620B multichannel analyzer and
were transferred to floppy disks for subse-
quent analysis in a Research Machines Ltd.
380Z microcomputer.

3. Results and Discussion

3.1. Ultraviolet Photoelectron Spectra

Ultraviolet photoelectron spectra excited
with He(I) (hv = 21.2 eV) radiation are
shown in Fig. 1. The spectra are in each
case dominated by the full oxygen 2p va-
lence band which has a sharp onset about 4
eV below the Fermi energy and merges
with a strong and highly structured back-
ground of secondary electron emission be-
yond 10 eV. It is noteworthy that doping
with antimony appears to have litile effect
on the valence band, which retains the
shape characteristic of the undoped rutile
phase of SnO,. The overall O:2p band-
width cannot be deduced from He(I) photo-
electron spectra, although as we have dis-
cussed previously a bandwidth of about 10
eV may be observed in He(I) spectra (hv =
40.8 eV) (9), in agreement with KKR (I10)
and tight-binding band-structure (/1) calcu-
lations. The large bandwidth arises mainly
from strong Sn—O covalency (I11).

Close to the Fermi energy one finds in the
spectra of the doped samples a weak peak
that is best defined after subtraction of
structure due to HelB (hv = 23.09 eV) radi-
ation from the raw spectra. This corre-
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Fic. 1. He(I) photoelectron spectra of antimony-
doped SnO; for various doping levels. He(I)8 satellite
structure has been subtracted from the spectra. Bind-
ing energies are relative to the Fermi energy Er. The
weak peak near Er is due to conduction electrons in-
troduced by the dopant.

sponds to conduction electrons introduced
by antimony doping. Taking the conduction
and valence bands to be defined by their
respective  high-binding-energy minima,
one can estimate the ratios between the ar-
eas of conduction and valence bands for
compositions with x > 0.001 (0.1% Sb). The
ratios are plotted against the composition
parameter in Fig. 2. It wili be seen that a
linear variation is found. This would be ex-
pected on very simple grounds from the
bulk nominal concentration of the dopant
antimony but must be considered remark-
able in view of the abnormal surface chemi-
cal composition of the doped material (sec-
tion 3.3).

It is interesting to consider the nature of
the conduction band states in further detail.
Transport measurements indicate that low
concentrations of n-type dopants in SnO,
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FiG. 2. Intensity ratio between conduction band
(CB) and valence band (VB) in He(I) UPS of anti-
mony-doped SnO,.

give rise to a bound donor state AE; = 0.15
eV below the conduction band minimum
(12). The activation energy for conduction
AE decreases with increasing donor con-
centration n according to an expression of
the type:

AE = AE, — an'® 1

where « is a constant. The critical carrier
concentration n, for AE = 0 is 5.1 x 10%/
cm?, corresponding to a value for the com-
position parameter x = 1.8 x 1074 (0.018%
Sb). From the well-established empirical
correlation of Sienko and Edwards (13) a
transition from nonmetallic to metallic be-
havior is to be expected when a modified
Mott criterion is satisfied, i.e.,

nPag = 0.26 Q)

where af; is the effective donor radius given
by:

3)

Here ay is the Bohr-radius, m*/my is the
electron effective mass ratio, and &, is the
static dielectric constant of the material un-
der investigation.

From Eq. (2) we estimate an effective do-
nor radius af; = 28.5ay at the donor concen-
tration when AE = 0 according to (1). This

ai‘.‘[ = aHmoeo/m*
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is close to the estimate aff = 22.9 ay ob-
tained through Eq. (3), assuming a mean
static dielectric constant g, = 12.6 consis-
tent with the infrared reflectivity data of
Summitt (/4) and an effective mass ratio
m*/my, = 0.55 taken from our own
HREELS data (section 3.2). Thus the dis-
appearance of an activation energy for con-
duction at n, = 5.1 x 10'8/cm? may be inter-
preted as a semiconductor-to-metal
transition conforming to the Edwards-
Sienko criterion. Over the range of compo-
sitions where one may observe directly the
conduction band in UPS (x > 0.001) Sb-
doped SnO, is essentially a metallic mate-
rial: the conduction electrons introduced by
doping are not trapped at individual Sb ions
but occupy the conduction band that is
empty in pure Sn0O,. Note, however, that
metallic transport properties may not mani-
fest themselves in measurements on poly-
crystalline material where the resistivity is
dominated by grain boundary effects.

The tight binding calculations of Robert-
son indicate that the states at the bottom of
the conduction band are of dominant (90%)
Sn: Ss atomic character (/1). It is thus pos-
sible to estimate the variation with x of the
conduction-to-valence band intensity ratio
I(CBYI(VB) using O:2p and Sn: Ss atomic
matrix elements for ionization from valence
and conduction bands, respectively. From
the calculations of Fadley and co-workers
(15) one has the following one-electron ion-
ization cross-sections: o(O:2p) = 1.77 Mb
o(Sn: 5s5) = 0.047 Mb. Noting that there are
twelve O : 2p electrons per formula unit we
obtain

dI(CB)YI(VB)) _ o(Sn:35s)

dx " 120(0:2p)
=22x%x1073% @)
Experimentally we have
[
——————d(I‘CBLI(VB» =45% 107 (5
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F1G. 3. Electron energy loss spectra of Sb-doped
SnO; excited with a 25-eV electron beam. Instrumen-
tal resolution set at ~30 meV for these measurements.

The agreement between (4) and (5) is satis-
factory in view of the simplicity of the the-
ory used to define the intensity ratio in (4)
and the fact that some of the more tightly
bound valence band states are not observed
in He(I) UPS. Thus our experiments con-
firm that UPS probes the bulk nominal con-

Ep/ev

ot ]
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Butk Sb Content / Atom “/s

F1G6. 4. Variation of plasmon energy Ep with Sb-
doping level in Sn,.,Sb,0,. The solid line is for heuris-
tic purposes only. The error in Ep is +0.02 eV,
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duction electron concentration over the
composition range studied, and that the
conduction band states are of predominant
Sn: 5s atomic character.

3.2. Electron Energy Loss Spectroscopy

High-resolution electron energy loss
spectra obtained with a 25-eV exciting elec-
tron beam are shown in Fig. 3. Close to the
elastic peak one finds structure due to exci-
tation of surface optical phonons, as dis-
cussed in detail elsewhere (9, 16). How-
ever, the spectra of Fig. 3 are dominated by
a fairly broad feature at E, = 0.59 eV for
Sng ¢7Sby 030, that moves to progressively
lower energy with decreasing antimony
concentration. The variation in the energy
of this loss feature shown in Fig. 4 is not
linear with concentration: roughly speaking
an x'? dependence is found as shown in Fig.
S where E2 is plotted against x. This leads
us to assign the loss peak to excitation of
the conduction electron surface plasmon.

The loss function P(w) for scattering of
low energy electrons with velocity compo-
nent v normal to the surface of a material
with complex dielectric function &(w) is
given by the expression (17):

e? glw) — 1

P(w) = e Im ;m—l (6)

Q3

(Ep2rev 02

0 0-5 1 W5 2 25 3
Bulk Sb content / atom

F16. §. Variation of square of plasma frequency with
antimony doping in Sn;_,Sb,0,. The solid line is a
linear least-squares fit to the experimental data.



350

Peaks in the loss spectra thus correspond to
the condition

Re(e(w)) = —1 )]

Note that this loss condition differs from
that for bulk losses for which:

Re(e(w)) =0 @)

For an array of damped oscillators with dy-
namic charge e, effective mass m*, fre-
quency wy, and damping constant y one has

ne?

m* gy(wf — w® + iwy) ©)

e(w) = &, +

where n is the concentration of oscillators,
& is the permittivity of free space, and &, is
the background dielectric constant. Note
that we have omitted the effect of local
fields since we wish to deal with a metallic
regime where local field corrections vanish
(18). In the limit where wy = 0 Eq. (9) re-
duces to the familiar Drude dielectric func-
tion for a free-electron gas. From the ob-
served loss frequencies in HREELS we
have calculated electron effective masses
through an expression derived from (8) and
(9) that ignores damping, viz:

ne?

* =
go(en + 1)(w§p - @)

(10)

Where fiwg, is the observed surface plas-
mon loss energy and Aw, = 0.15 eV, the
single-particle donor-level to conduction
band excitation energy (I2). We assume
that the carrier concentration probed by
HREELS is equal to the bulk nominal anti-
mony doping levels. The effective mass ra-
tios m*/mg obtained in this way are given in
Table I. It will be seen that the mass ratios
show a fairly weak x-dependence with a
wide scatter and are of the same order of
magnitude as found in transport measure-
ments (19). This provides justification for
our analysis of the loss feature in terms of
plasmon theory. Elsewhere we have shown
that the effective mass from HREELS en-
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TABLE I

EFFECTIVE Mass OF CONDUCTION ELECTRONS IN
Sb-DoPED SnO, FROM HREELS DATA

% Sb Effective mass ratio m*/m,
0.3 0.55
0.6 0.65
1.0 0.60
1.5 0.90
2.0 0.80
2.5 0.60
3.0 0.75

n. = 1,75 x 10"/cm? 0.41¢

7 From transport measurements (Ref. (19)).

ables one to calculate the width and shape
of the conduction band in UPS (8, 9).

Some remarks about the optical proper-
ties of Sb-doped SnQ, are warranted in
view of our HREELS measurements. The
blue color of such materials is probably due
to a reflectivity minimum at the plasma fre-
quency in the infrared, with a reflectivity
that increases with increasing frequency
through the visible region. This interpreta-
tion differs from the view that the blue
color arises from Sb>*—Sb’* charge transfer
excitation in the tin(IV) oxide matrix (¢, 6).
In this context it is interesting to contrast
our results for Sn;_,Sb,0, with those for
formally related systems of the type
A,Sn,_.Sb,Cl studied by Atkinson and
Day (20) (A being here a unipositive cat-
ion). In the latter materials blue coloration
undoubtedly arises from a metal-metal
charge-transfer absorption process, but the
intervalence band shows little variation in
energy with the level of doping. Thus in
(NH,),Sn,_,Sb,Clg the frequency shifts
from 17,900 cm™~! at x = 0.02 to 19,200 cm™!
at x = 0.28. This variation is negligible com-
pared with that found for the loss feature in
the doped oxide system (Fig. 4) and com-
pels one to recognize that differing excita-
tion processes are involved.
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Fic. 6. MgKa X-ray photoelectron spectra of
Sn,_,Sb,0,. Peaks to the left of the main features are
due to satellite radiation.

3.3. X-Ray Photoelectron Spectra

MgKa excited X-ray photoelectron spec-
tra in the region of metal 3d ionizations are
shown in Fig. 6. Unfortunately the Sb: 3d;;,
peak overlaps with the O : 1s peak but from
the Sb: 3d,, intensity ratio it is evident that
there is a pronounced surface enrichment in
antimony for all compositions studied. This
point is emphasized in Fig. 7 which shows
that the intensity ratio I(Sb:3dsy)/
I(Sn:3d,;) does not correspond to the
composition parameter x, and that there is a
nonlinear variation with antimony-doping
level.

In a previous publication (9) we showed
that for Sng¢;Sby 3O, the intensity ratio
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I(Sb)/I(Sn) was higher for the 3d peaks than
for the 4d peaks, where the photoelectron
energy is substantially higher. Similar be-
havior was found for the materials with
lower antimony content studied in the
present work. Qualitatively this result
shows that antimony enrichment is re-
stricted to a surface ‘‘layer’’ thin compared
with the electron mean free path, while
quantitative analysis of the intensity ratio
variation between 3d and 4d peaks strongly
favors a model where antimony enrichment
is restricted to the topmost ionic layer (9).
Thus we adopt this model for a more de-
tailed interpretation of the 3d,» intensity ra-
tios depicted in Fig. 7.

Suppose that a fraction 6 of surface cat-
ion sites are occupied by antimony and that
there is an abrupt return to bulk composi-
tion in the next atomic layer from the sur-
face. Ignoring the (small) contribution to
the photoelectron flux from antimony ions
in the bulk, the intensity ratio between anti-
mony and tin signals is then given by

I(Sb) _  o(Sb:3d)[6(1 — exp(—D/N))]
I(Sn) ~ o(Sn: 3d)[exp(—D/)\)
+ (1 — )1 — exp(—D/\))]

(1)

02 r

1(Sb) o

TR

005

(‘) 0‘5 l»‘D 1‘5 2.0 2‘5 JTO
Bulk Sb Content /Atom*.

Fic. 7. Intensity ratio between Sb:3d;; and

Sn:3d;, signals in MgKa XPS of antimony-doped

tin(IV) oxide. The solid line is for heuristic purposes
only.
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where the o are subshell ionization cross-
sections, D is the separation (normal to the
surface) between adjacent cation-contain-
ing planes, and X is the electron mean free
path. Assuming that the electron scattering
that leads to photoelectron attenuation can
be described using a bulk jellium model for
the solid, Leckey and co-workers (21, 22),
have derived a simple expression relation
the electron pathlength A(E) to the kinetic
energy E:

ME) = 1.8 E E¥E, (12)

In this equation all energies are in electron
volts and E, is the plasma energy character-
istic of all valence electrons in the system,
according to the expression:

Ep = 28.8 (pz/A)1” (13)

where p is the density, A is the formula
weight, and z is the number of valence elec-
trons per formula unit. In (12) E is the cen-
troid of the optical loss function which can
be approximated as follows:

E=FEp +E, (14)

where E; is the gap between valence and
conduction bands. Assuming that O:2p,
0:2s, and Sn:4d electrons contribute to
the valence electron plasmon one has Ep =
31.6 eV and with E, = 3.8 ¢V (23) this gives
E = 35.4eV. Through Eq. (12) we thus esti-
mate a path length A = 9.2 A at the photo-
electron energy appropriate to the metal 3d
region of the spectra.

We are now in a position to use Eq. (11)
to estimate surface antimony occupancy,
using empirical estimates of subshell ion-
ization cross-sections taken from the tabu-
lation of Evans and co-workers (24). For a
polycrystalline material there is some ambi-
guity in the choice of the intercationic sepa-
ration normal to the surface. For simplicity
we choose D to be the spacing between cat-
ion planes along the (110) direction. It then
transpires that for Sng ¢7Sb ;0,6 ~ 1, i.e.,
surface cation sites are exclusively occu-
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pied by antimony. For other compositions
correspondingly lower surface occupancies
are found.

From these data we can make very rough
estimates of the heat of segregation of anti-
mony to the surface of doped SnQO,. Simple
thermodynamics (25) leads to the following
relationship between surface (s) and bulk
(b) antimony cation site occupancies:

6 _ 6 _ _AH
1-6, 1-6, P RT

where AH is the heat of segregation and 7 is
the temperature. In deriving the heats of
segregation shown in Fig. 8 we assume that
the surface is equilibrated with the bulk at
550°C, the temperature used for sample
cleaning. It will be seen from Fig. 8 that the
heat of segregation decreases slightly with
increasing antimony content and has a lim-
iting value of about 30 kJ/mole for the low-
est concentrations. Given the various ap-
proximations involved, this estimate is in
remarkably good agreement with the value
of 40 kJ/mole obtained from temperature
variation of the antimony XPS intensity
measured by Cross and Pyke (3).

(15)

3.4. General Remarks

The conduction-to-valence band inten-
sity ratio in UPS and plasmon frequency in
HREELS are both consistent with a con-
centration of electrons in the Sn:5s con-
duction band close to the bulk value. The
effective sampling depth in UPS is deter-
mined by the electron path length in the
relevant Kinetic energy regime and is proba-
bly in the range 5-10 A. The penetration
depth of the surface plasmon in HREELS is
governed by v/w (see Eq. (6)) and is about
50 A using a 25-eV beam to probe a 0.5-eV
excitation. In XPS we have an electron
pathlength close to 10 A and although the
technique is more sensitive to details of sur-
face structure than electronic EELS it is
less sensitive than UPS. Superficially then
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FiG. 8. Heat of segregation of antimony to surface of
doped SnO, as a function of composition. The solid
line is a heuristic least-squares fit to the experimental
data.

it is difficult to reconcile the observed 10-
fold surface enrichment in antimony with
the low conduction electron concentration
probed by UPS and EELS.

Consider a model where antimony en-
richment arises from a surface ‘‘phase”
thick compared with the probing depths of
XPS, UPS, and EELS. Each antimony ion
in regular cation rutile sites would donate
one electron to the conduction band, giving
a surface free-carrier concentration larger
by a factor of around 10 than found experi-
mentally. One is thus forced to conclude
that this model is incorrect and that segre-
gated antimony ions do not contribute elec-
trons to the conduction band. Simple ionic
model calculations indicate that the cation
site potentials near the surface of an ionic
crystal differ little from those in the bulk
(26). In particular for the rutile lattice one
expects a significant field gradient at the
cation site only in the topmost ionic plane.
The asymmetric environment of these gen-
uine surface cations can lead to strong s—p
hybridization which splits a local lone-pair
like surface state off from the bulk conduc-
tion band. Thus provided antimony enrich-
ment is restricted to the topmost cation
plane, segregated Sb ions do not necessar-
ily contribute electrons to the conduction
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band. Indeed one knows from the gas-
phase uv photoelectron spectrum of the
“model’” compound Sb,O that Sb(III)
lone-pair states overlap significantly with
O : 2p states (27). Thus we propose that the
“surface state’’ associated with segregated
Sb ions in doped SnO, overlaps the O:2p
valence band and for this reason is not ob-
served in ultraviolet photoelectron spectra.
Note that M(III) cations may be accommo-
dated at the surface of a material based on
bulk M(IV) cations without development of
a surface charge owing to flexibility in sur-
face oxygen content.

The proposed existence of lone-pair-like
surface states for antimony-doped tin(IV)
oxides has clear implications with regard to
the chemical behavior of such surfaces.
This will be the subject of future publica-
tions.
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