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Hydrous titanium oxide (HTO) ion-exchange materials pro-
vide a unique and versatile platform for obtaining high loadings
of supported transition metal cations with essentially atomic
dispersion. Strong interactions between the atomically dis-
persed metal cations and the support alter the reduction behav-
ior of metal cations as compared to other support materials
and preparation methods. X-ray photoelectron spectroscopy
(XPS), Auger electron spectroscopy (AES), and secondary ion
mass spectrometry (SIMS) measurements of the reduction of
Rh, Ni, and Fe supported on HTO materials provide a represen-
tative cross section of possible behaviors. The results suggest
that metals with high melting points and low surface mobility,
such as Rh, Pt, and Pd, should retain high dispersions even
after reduction at temperatures up to 300°C. Lower melting
point metals such as Ni, Co, and Cu, that exhibit moderate
heats of oxide formation, will likely undergo extensive sintering
at temperatures above 250°C, largely negating the high disper-
sions characteristic of the freshly ion-exchanged state. Finally,
lower melting point metals with very high heats of oxide forma-
tion, such as Fe and Cr, will be difficult to reduce due to
unfavorable thermodynamics in the presence of the support.
The results indicate that for certain types of metals, HTO sup-
port materials allow the preparation of catalysts with both high
loadings and high metal dispersions. This capability provides
a new pathway toward more efficient usage of expensive noble
metals that is unavailable using conventional catalyst supports

and preparation methods. c 1995 Academic Press, Inc.

1. INTRODUCTION

Using traditional supported metal catalyst preparation
techniques, such as impregnation or incipient wetness, high
metal dispersions can generally only be obtained at very
low weight loadings. In contrast, hydrous titanium oxide
(HTO) ion-exchange materials provide a potentially
unique and versatile platform for the preparation of high
loading, highly dispersed supported metal catalysts. Syn-
thesized by the reaction of titanium isopropoxide with
NaOH in methanol followed by hydrolysis (1, 2), HTO
materials possess high surface areas (300 m?/g), and high
intrinsic cation-exchange capacities of up to 5 meq/g. This
ion-exchange capacity allows for the possibility of ob-
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taining high metal loadings with essentially atomic disper-
sion. Indeed, in the case of Ni** exchanged onto an HTO
support, transmission electron microscopy (TEM) demon-
strates that atomic or near-atomic dispersion can be
achieved after ion exchange even for nickel loadings as
high as 5-6% by weight (3, 4). Unfortunately, this high
dispersion is largely lost during reduction (3, 4). Further-
more, Ni/HTO catalysts display unusual activation trends
during hydrogen reduction (4), attributed to formation of
an amorphous overlayer on the nickel particles during re-
duction. This overlayer, which consists of either carbona-
ceous residues or partially reduced titania (4-6), inhibits n-
butane hydrogenolysis and its removal requires prolonged
reduction at high temperatures (>350°C), or a short oxida-
tion treatment after reduction. Surprisingly, oxidation
prior to reduction results in a completely inactive catalyst
(5), possibly because of an increased interaction between
the nickel ions and the support that inhibits reduction (6).
Surface analysis of Ni/HTO materials using Auger electron
spectroscopy (AES) and secondary ion mass spectrometry
(SIMS) supports the conclusions of the reactivity and TEM
studies and also provides evidence for a phenomenon re-
sembling a strong metal-support interaction (SMSI) at
anomalously low temperatures (6). Although Ni/HTO cat-
alysts do not appear to offer significant advantages over
more conventionally prepared Ni/TiO, catalysts, the possi-
bility exists that other transition metals supported on HTO
materials will exhibit unique and advantageous properties
relative to conventional titania supports, particularly if the
high dispersions characteristic of the freshly ion-exchanged
material can be retained following reduction of the metal.
The possibility that HT'O supports could allow the prepara-
tion of high-weight loading, highly dispersed catalysts
therefore presents a potentially important new catalyst
synthesis route that could lead to more efficient use of
expensive noble metals. This manuscript presents a com-
parative study of the activation behavior of nickel, iron,
and rhodium supported on HTO materials. Since several
investigations of the Ni/HTO have already appeared (3, 4,
6), results for Ni/HTO will be presented first and compared
with the earlier work. The results will then be extended
to the Rh/HTO and Fe/HTO systems which have not been
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described previously. These three metals span a wide range
of reducibility and as such provide a good basis for de-
termining the range of activation behaviors possible with
HTO supports.

2. METHODS

All experiments were performed in an ultra-high vacuum
(UHV) chamber coupled to an atmospheric pressure reac-
tion cell. This apparatus is identical to one described else-
where (6), except that facilities for X-ray photoelectron
spectroscopy (XPS) and ion scattering spectroscopy (ISS)
have been added. A previous publication presents details
of Auger electron spectroscopy and secondary ion mass
spectrometry depth profile measurements (6). XPS was
performed with a VG Microtech CLAM?2 hemisplierical
analyzer operated at a pass energy of 50 eV and a slit width
of 4 mm. A dual anode X-ray source oriented 50° away
from the analyzer lens axis provided primary excitation.
In order to avoid interference between the metal core
levels of interest and the Auger transitions from other
elements in the samples, a 300 W MgKa source was used
for Rh/HTO, while a 600 W AlKa source was used for
Fe/HTO and Ni/HTO. The XPS energy scale was cali-
brated by measuring the positions of the Cu 2py,, (932.7
eV) and Cu3p (75.1 eV) peaks from the copper sample
holder (7). Both XPS and AES data are plotted by drawing
straight lines between individual data points without any
smoothing, background subtraction, or curve fitting.

Thin HTO films on tantalum foils provide an excellent
platform for UHV studies as they are thick enough to
completely attenuate signals from the tantalum substrate,
yet thin enough that sample charging is largely avoided in
AES, and can be accounted for in XPS by referencing all
binding energies to the Ti2p,,, peak at 458.5 eV. An earlier
publication (6) discusses the preparation of HTO films. At
present, the morphology and thickness of these films is
poorly characterized. Surface acoustic wave measurements
of film surface areas (8) show that the total surface area of
a ~50-nm-thick film is approximately twice the geometric
surface area, but it is unclear whether porosity, cracks in
the films, or surface roughness lead to this excess surface
area. SEM images of the films indicate that the film surfaces
are smooth and dense on the submicrometer scale, except
for some cracking and delamination of the films from the
tantalum substrate caused by shrinking of the film during
drying. Although these films do not exhibit the high surface
areas typical of bulk HTO materials, earlier AES and SIMS
results on Ni/HTO (6) strongly suggest that the reduction
behaviors of metals supported on HTO films closely ap-
proximate those of the bulk materials. Furthermore, analy-
sis of thin films is directly relevant to the practical use of
HTO materials as catalyst supports, since cost considera-
tions may prevent the use of bulk HTO materials and
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require thin-film HTO materials deposited on inexpensive,
high surface area, oxide substrates.

The films are loaded with the metals of interest via an
ion-exchange process. For each metal, several foils were
exchanged simultaneously in order to provide a consistent
set of samples. Iron was loaded as Fe?* by first equilibrating
the foils for several hours in deionized water adjusted to
pH 5.4 using dilute nitric acid, and then rapidly transferring
the foils to a 0.025 M solution of FeCl, (Fisher, certified),
also adjusted to pH 5.4. After several hours, the pH
dropped to 4.2 and stabilized. The foils were then rinsed
with deionized water and allowed to dry in air. The iron
loading depends very sensitively on ton-exchange condi-
tions (9), and variations of a factor of 2-3 in the loading
were observed for nominally identical loading conditions.
Results for the foils with the lowest iron loading are pre-
sented here in order to maximize the probability that the
iron is loaded by ion-exchange rather than precipitation.
Nickel was loaded in a manner similar to iron, but using
a 0.0055 M Ni(NO;), solution at a pH of ~5.2 (6). Rhodium
loading was performed by equilibrating the coated foils in
100 ml deionized water at pH 4.0, followed by addition of
33 ul of a 0.03 M Rh(NOs); (Johnson Matthey, 99.9%)
solution. Rhodium loading requires a lower pH than either
nickel or iron in order to avoid hydrolysis reactions and
precipitation of insoluble hydroxides during ion exchange.
Also, the rhodium concentration (107 M) is much lower
than for nickel or iron. Higher rhodium concentrations
result in extremely high rhodium signals in AES and XPS
and introduce the possibility that some of the rhodium is
loaded by precipitation rather than ion exchange. As with
the Fe/HTO samples, results for the lowest rhodium load-
ing samples are presented in order to ensure that the results
are characteristic of rhodium loaded by ion exchange only.

In situ reduction and oxidation treatments took place in
the atmospheric pressure reaction cell coupled to the UHV
chamber. All treatments were done in a batch mode by
ramping the sample to the desired temperature under vac-
uum, filling the reactor with the desired pressure of gas,
heating for the specified time, and then evacuating the
reactor while holding the sample at temperature. Further
details on the reduction and oxidation procedures are given
elsewhere (6). Research-purity gases were used for all acti-
vation treatments. No further purification was performed
for any of the gases, except CO. Metal carbonyls were
removed from the CO by passing the gas through a glass-
wool-packed U tube immersed in liquid nitrogen.

3. RESULTS
3.1. Ni/HTO

Figure 1 shows representative XPS results for the
Ni/HTO films. Initially, the nickel is present mainly as
Ni?*, as demonstrated by the position of the Ni 2p,, peak



156

Ni 2p
Ni(l1)
a) As-prepared

M

\—_J\‘

A

b) Reduced (x2)
A

Ni(0)
c¢) Oxidized

/’\

Ar

Counts/Second

’ .

d) Oxidized and Reduced (x2)

LN NS
880 870 860 850
Energy (eV)

FIG. 1. Ni2p XPS of Ni/HTO films: (a) in the as-prepared state; (b)
after reduction under 5 Torr H; at 350°C for 2 h; and (c) after subsequent
oxidation under 130 Torr O, at 300°C for 2 h. Spectrum (d) shows the
Ni 2p region after oxidation of an as-prepared Ni/HTO film under 130
Torr O, at 300°C for 2 h, and subsequent reduction under 5 Torr H, at
350°C for 2 h. Intensities are normalized to the Ti 2p peak areas.

at 856.0eV and the characteristic shake-up feature at
862.2 eV (10, 11). Because the presence of shake-up fea-
tures and a large background change through the Ni 2p
region make determination of the Ni 2p;;; peak area diffi-
cult, no quantitative analysis of the Ni/HTO XPS data was
attempted. Previous analysis of AES data for Ni/HTO (6)
gave a nickel loading of ~5% by weight, in good agreement
with elemental analysis of bulk HTO materials prepared
in a similar manner (3, 4).

Heating the Ni/HTO film under either vacuum or 5 Torr
H, at 300°C or greater results in quantitative reduction of
the nickel to the metallic state, as evidenced by the shift
of the Ni 2p;/, peak to 852.3 eV and the loss of the shake-
up intensity. A substantial decrease in intensity of the Ni2p
peaks relative to the Ti 2p peaks occurs during reduction.
Reoxidation of the Ni/HTO film in 130 Torr O, at 300°C
completely restores the nickel to the +2 state, and also
results in a substantial increase in the Ni 2p intensity to a
level approaching that of the freshly ion-exchanged film.
The changes in Ni 2p intensity with reduction and oxidation
are entirely consistent with earlier AES/SIMS results on
Ni/HTO films (6). Reduction of the nickel upon heating
in vacuum is attributed to the presence of carbonaceous
residue in the freshly prepared films that provides the re-
ducing equivalents, while the decrease in the Ni signal in
both AES and XPS arises from the formation of large
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(10-20 nm) metallic nickel particles from the initially atom-
ically dispersed nickel ions. The increase in signal upon
reoxidation is attributed mainly to removal of the amor-
phous overlayer discussed in the Introduction, but could
also be evidence for an SMSI effect.

The complete reduction of nickel contrasts with earlier
measurements that used oxygen uptake following reduc-
tion to determine the extent of reduction in bulk Ni/fHTO
(3, 6). These studies conclude that only one-third of the
nickel can be reduced in hydrogen at temperatures up to
400°C. The XPS results clearly demonstrate that all of the
nickel in the near-surface region of the films is reduced
and therefore suggest that the lack of complete reduction
in bulk Ni/HTO materials may be due to physical changes
in the support during reduction that prevent access of gas-
phase reactants to a portion of the nickel. Surface area
losses during reduction (5, 12) are consistent with this
explanation, although surface area loss is minor below
350°C. The diffusion of a large fraction of the Ni** ions
into the HTO matrix (5, 13) provides a second possible
explanation for the absence of any unreduced nickel in the
XPS spectrum, although it is difficult to imagine that the
nickel ions would diffuse far enough below the surface so
that the Ni** photoelectrons would be completely attenu-
ated. Finally it is possible that the reduction behavior of
Ni/HTO films differs from bulk Ni/HTO, although in all
other respects the two systems behave similarly.

In order to assess earlier work (6), which speculated
that oxidation of Ni/HTO prior to reduction alters the
interaction of the nickel ions with the support, a freshly
prepared Ni/HTO sample was oxidized at 300°C under 130
Torr O, for 2 h, then reduced at 350°C under 5 Torr H,
for 2 h. Oxidation resulted in removal of adventitious car-
bon, but no changes in the Ni 2p XPS spectrum. After
reduction, Ni 2p;,, peaks are evident at 852.1 eV (metallic
nickel), and at 855.7 and 861.5 eV (Ni?*) (Fig. 1d). Thus,
under conditions that result in complete reduction of
freshly prepared Ni/HTO, preoxidized Ni/HTO undergoes
only partial reduction. Furthermore, the loss in Ni 2p inten-
sity upon reduction is lower for the oxidized sample than
for the as-prepared sample, in agreement with earlier AES
measurements (6). The true extent of reduction of the
oxidized sample may be overestimated by these experi-
ments since some reduction occurs during the installation
of the sample. This reduction results from heating the
reactor to ~80°C after sample installation to remove water
from the reactor walls and improve the ultimately attain-
able vacuum. That this treatment causes some reduction
is clear from the small shoulder on the low binding energy
side of the Ni 2p;,, peak in Fig. 1a. The fraction of the nickel
that is reduced prior to the initial oxidation treatment most
likely forms large particles that oxidize and reduce easily.
The remainder of the nickel is apparently more difficult
to reduce, however, providing clear evidence that oxidation
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FIG. 2. AES of Fe/HTO film in the as-prepared state.

of Ni/HTO prior to reduction alters the interaction be-
tween the nickel ions and the HTO support, thereby de-
creasing the reducibility of the nickel and resulting in negli-
gible activity for n-butane hydrogenolysis (5).

3.2. Fe/HTO

Figure 2 shows a typical Auger spectrum of an Fe/HTO
foil. The spectrum shows Ti, O, and Fe as expected, along
with a relatively large carbon peak resulting from organic
residues deposited in the film during preparation. The
Fe(703 eV)/Ti(384 eV) ratio is approximately 0.07, vs 0.04
for the Ni(848 eV)/Ti(384 eV) ratio in Ni/HTO (6). Ac-
counting for relative AES sensitivity factors for nickel
(0.26) and iron (0.21) (14), and an earlier analysis showing
that the Ni(848 eV)/Ti(384 eV) ratio of Ni/HTO corres-
ponds to a loading of ~5% by weight (6), the iron loading
can be estimated to be approximately 10% by weight.
Based on a nominal, volatile free, Na/HTO composition
of NaTi,OsH (1, 2), the maximum iron loading obtainable
by ion exchange of Fe?" is 14%. Thus, it is possible that
all of the iron was loaded by ion-exchange, although the
presence of some precipitated iron cannot be ruled out.

XPS of the Fe/HTO samptle is shown in Fig. 3. For the
freshly ion-exchanged sample, the position of the Fe
2pi2 peak at 709.8 eV and the characteristic shake-up fea-
ture ~715 eV clearly identify the iron oxidation state as
+2, as expected (15). Quantitative analysis of Fe 2p XPS
suffers from the same difficulties as described for Ni 2p,
and therefore was not attempted. Treatment of the Fe/
HTO film in 5 Torr of hydrogen at temperatures up to
400°C results in a narrowing of the Fe 2p features but no
evidence for any metallic iron. The narrowing is attributed
to slight reduction of the titania support, which decreases
sample charging and thereby minimizes the effects of dif-
ferential charging on XPS peak widths. Evidence for titania
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reduction comes from subtle changes in the Ti (LMV)
Auger lineshape during hydrogen treatment, similar to
those observed for Ni/HTO (6). No evidence for Ti** ap-
pears in the Ti 2p XPS spectrum, indicating that AES is
a more sensitive qualitative indicator of titania reduction
than XPS.

The size of the Fe 2ps,; peak in the ion-exchanged sample
decreases by less than 25% relative to the Ti 2p peaks
during hydrogen treatment, contrasting with the large at-
tenuation of the Ni 2p signal upon reduction of Ni/HTO.
AES also detects little change in the iron signal upon hy-
drogen treatment. In the absence of iron reduction, forma-
tion of large iron particles does not occur and consequently
little change in the Fe 2p signal intensity is observed. The
small reduction in Fe 2p intensity may result from diffusion
of iron ions into the HTO matrix to form iron titanate
structures (e.g., ilmenite (FeTiO;)).

The failure of hydrogen treatments to reduce the Fe?*
in Fe/HTO led to attempts to reduce the iron using carbon
monoxide, since the thermodynamics of iron reduction are
much more favorable in CO than in hydrogen (16). Treat-
ment under 100 Torr CO at 350-400°C for 2 h results in
formation of zerovalent iron from about 10-20% of the
total iron present. This zerovalent iron appears as a low-
energy shoulder in Fig. 3c, with a binding energy of
~707.5 eV estimated by subtraction of the Fe 2p spectrum
of the freshly prepared Fe/HTO. The uncertainties associ-
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FIG. 3. Fe 2p XPS of Fe/HTO film: (a) in the as-prepared state; (b)
after reduction under 5 Torr H, at 350°C for 2 h; (c) after reduction
under 100 Torr CO at 400°C for 2 h. Spectrum (d) shows the Fe 2p region
after oxidation of a Fe/HTO foil under 130 Torr O, at 300°C for 2 h.
Intensities are normalized to the Ti 2p peak areas.



158

ated with this subtraction and with charge referencing to
the Ti 2p,,; peak prevent discrimination between metallic
iron and iron carbide, which differ by only 0.3 eV in the
Fe 2ps,, binding energy (15, 17). Since iron carbide is easily
formed by reaction of metallic iron with CO at 350-400°C
(15, 17), assignment of the low binding energy shoulder to
a carbide seems most likely. As with hydrogen treatment,
little or no change in the intensity of the Fe 2p XPS or Fe
(703 eV) AES signals occurs during CO treatment. The
small fraction of iron which reduces in CO, and presumably
forms iron carbide particles, is insufficient to significantly
decrease the total iron signal.

Although the Fe?* ions in Fe/HTO resist reduction, oxi-
dation to Fe** is facile. Oxidation under 130 Torr O, at
300°C for 2 h quantitatively converts Fe?* to Fe?* as evi-
denced by shifts in the Fe 2p;, peak and the shake-up
feature to 711.0 eV and ~719 eV, respectively (15) (Fig.
3d). Subsequent treatment in 5 Torr H, at 350°C for 2 h
reduces the Fe* back to Fe®*, but not to metallic iron.
The thermodynamics of the Fe/HTO system are therefore
such that conversion between Fe?* and Fe®* is favorable,
but reduction to the metal is not.

3.3. RWHTO

Due to the ease with which rhodium can be reduced, it
is difficult to obtain either XPS or AES of freshly prepared
Rh/HTO. Bombardment of the surface with stray electrons
generated by the ion gauge filament, or with secondary
electrons generated during AES can result in complete
reduction of the rhodium. Even a system bakeout at 80°C to
obtain ultra-high vacuum results in substantial reduction.
Figure 4 shows the Rh 3d spectrum obtained from a
Rh/HTO sample installed in the reactor and pumped over-
night without bakeout before introduction into the analysis
chamber. The Rh 3ds,, peak appears at 309.5 eV, indicating
that the vast majority of the rhodium is in the +3 oxidation
state (10, 11). Even here, however, a small shoulder is
apparent near 307.5 eV corresponding to metallic thodium.
Heating to 150°C in vacuum completely reduces the rho-
dium to the metallic state. The Rh 3ds,, peak narrows and
shifts to 307.5 eV and decreases slightly in size relative to
the Ti 2p peaks. As for Ni/HTO (6), reduction of
Rh/HTO under vacuum is attributed to organic residue
present in the HTO materials. Continued heating under
vacuum results in further decreases in the Rh 34 intensity
and binding energy. After heating to 300°C under 5 Torr
H, for 2 h, the Rh 3d intensity falls to about 60% of the
initial value and the Rh 3ds,, binding energy decreases
to 306.8 V.

The changes in the Rh 3d region upon reduction un-
doubtedly arise from rhodium particle growth, although
the changes are much less severe than those observed upon
reduction of Ni/HTO. Assuming that the freshly prepared
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FIG. 4. Rh 3d XPS of Rh/HTO film: (a) in the as-prepared state;
(b) after heating to 150°C under vacuum; (c) after reduction under 5
Torr H; at 300°C for 2 h; (d) after oxidation of the reduced film under
130 Torr O, at 300°C for 1 h. Intensities are normalized to the Ti 2p
peak areas.

Rh/HTO samples contain atomically or nearly atomically
dispersed Rh* ions, the relatively small decrease in Rh
3d intensity upon reduction indicates that small Rh parti-
cles are formed with diameters on the order of the attenua-
tion length (AL) of Rh 3d photoelectrons. Since the AL
of Rh 3d photoelectrons is approximately 1.5 nm (18), the
metallic rhodium particles must be only a few nanometers
in diameter. Quantitative analysis of the Rh/HTQO XPS
data agrees well with the postulated formation of small
particles (unlike Ni2p and Fe 2p, quantitative XPS analysis
of the Rh 3d region is reliable since there are no complica-
tions due to shake-up features or large background
changes). The analysis, performed in a manner described
by Seah (19), assumes a flat, dense film surface as observed
by SEM, and uses XPS sensitivity factors measured by
Wagner et al. (20) and ALs taken from Seah and Dench
(18). Since Wagner et al. report only sensitivity factors for
the elements, the relative Ti 2p intensity expected from
TiO, must first be caiculated using the equations for homo-
geneous binary samples (19). Next, based on the SIMS
depth profile data presented below, all of the rhodium is
taken to be on the surface of the HTO film, and is further
assumed to be atomically dispersed initially. Using the
appropriate equations for an homogeneous sample with
fractional monolayer coverage (19), and inserting the mea-
sured Rh 3d/Ti 2p intensity ratio of ~0.23 for the as-
prepared film, gives a fractional surface coverage of 0.45



REDUCTION BEHAVIOR OF METALS

monolayers of rhodium. Based on this coverage, the parti-
cle size necessary to obtain the final Rh 3d/Ti 2p intensity
ratio of 0.13 following reduction under H, at 300°C can be
determined, and turns out to be ~2 nm. Following the
less-severe reduction treatment of heating to 150°C in vac-
uum, the particles must be even smaller based on the higher
Rh 3d/Ti 3p intensity ratio. Hydrogen uptake and TEM
measurements on bulk Rh/HTO materials, to be reported
elsewhere, support the presence of small, 2- to 4-nm parti-
cles (5, 13). The apparent small rhodium particle size in
reduced Rh/HTO contrasts with the large, 10- to 20-nm
nickel particles formed upon reduction of Ni/HTO, indi-
cating that the very high dispersion characteristic of ion-
exchanged metal ions supported on HTO materials can be
retained in Rh/HTO materials after reduction.

The sintering of small rhodium particles explains the
observed shifts in the Rh 3ds,; binding energy as the reduc-
tion temperature increases. Following emission, the kinetic
energy of the photoelectron is determined in part by the
extent to which the atomic core hole in the final state is
screened by extra-atomic relaxation of electrons from the
valence band of the metal particle. This screening de-
creases the final state energy of the core hole, and thereby
increases the amount of energy available to photoelectron.
This effect is small or negligible for isolated metal atoms
or very small metal particles, and increases with particle
size, eventually reaching the bulk value (21, 22). Conse-
quently, for particles small enough that the electronic struc-
ture differs from the bulk, photoelectron kinetic energies
increase (i.e., binding energies decrease) with particle size,
as observed here.

Unlike with nickel, in which an oxidation treatment fol-
lowing reduction restores the nickel signal to values ap-
proximating those of the freshly prepared Ni/HTO, oxida-
tion of Rh/HTO at 300°C following reduction results in a
further decrease in the Rh 34 signal. Figure 4d shows that
this decrease is accompanied by nearly complete oxidation
of the rhodium metal to the +3 state, indicating Rh,O;
formation. Subsequent reduction converts the rhodium
back to the metallic state with little change in Rh 3d signal
intensity. For Ni/HTO, large increases in nickel XPS and
AES intensities upon oxidation are attributed to removal
of the amorphous overlayer described earlier, and oscilla-
tions in the Ni/Ti ratios during subsequent reduction/
oxidation cycles have elsewhere been shown (6) to be due
to a low-temperature SMSI effect. The differing behavior
of Rh/HTO suggests that such phenomena are absent or
much less important for Rh/HTO. Instead, it appears that
both oxidation and reduction of Rh/HTO cause mild sin-
tering of rhodium particles.

3.4. Depth Profiling

SIMS depth profiles of freshly prepared Ni/HTO,
Fe/HTO, and Rh/HTO films are presented in Fig. 5. The
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FIG. 5. SIMS depth profiles from Ni/HTO, Fe/HTO, and Rh/HTO
films. Data were taken using 3 keV argon ions with an ion flux of 1.5 X
10'* ions/em®/s. Depth profiles of Fe/HTO were taken both with and
without a background pressure of 10°7 Torr O, to suppress reduction of
the HTO support.

depth profiles for Ni/HTO and Fe/HTO are very similar;
the *Ni*/**Ti* and *Fe'/*Ti* SIMS ratios decrease by a
factor of 4-5 with depth. Auger spectra taken from the
sputter craters after the depth profiles indicate substantial
reduction of titania, but no decreases in the Ni(848 eV)/
Ti(384 V) or Fe(703 eV)/Ti(384 eV) ratios. This apparent
discrepancy between SIMS and AES is reconciled by as-
suming that changes in the ion yield of the various second-
ary ions occur with titania reduction (6). These changes,
an example of the SIMS matrix effect (23), result in a
decrease in the *¥Ni*/*Ti* and *Fe*/**Ti* SIMS ratios
even though the actual concentrations of nickel and iron
in the films do not change with depth. By backfilling the
vacuum chamber with 1077 Torr O, during a depth profile
of Fe/HTO, sputter-induced reduction of the HTO mate-
rial can be largely prevented, resulting in only a 30-40%
decrease in the **Fe*/*Ti* SIMS ratio with depth.

The behavior of RhW/HTO is qualitatively different from
Ni/HTO and Fe/HTO. In Rh/HTO the '"*Rh*/*Ti* SIMS
ratio rapidly decreases to zero with depth. Auger spectra
taken from the sputter crater indicate a complete absence
of rhodium inside the HTO film. Thus, unlike Ni/HTO
and Fe/HTO, the observed decrease in the '"*Rh*/*Ti*
SIMS ratio accurately reflects changes in the rhodium con-
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centration with depth. This observation provides further
evidence that the loading of Rh*" ions onto HTO supports
is qualitatively different from the loading of Ni** and Fe?".
While both Ni* and Fe®* ions can penetrate the film, either
due to porosity in the film or to an ability of these ions to
diffuse through the dense HTO matrix during ion-
exchange, Rh** ions are unable to penetrate and therefore
are loaded only on the film surface. A possible explanation
for this difference is that the solution chemistry of Rh**
may favor the formation of large oxyhydroxide clusters
which are too large to penetrate any pores present in the
films, or are unable to diffuse through the HTO matrix.
Unfortunately, little information is available in the litera-
ture regarding Rh*" solution chemistry.

For Fe/HTO and Rh/HTO films the depth profiles are
insensitive to either reduction or oxidation treatments. In
the case of Ni/HTO, reduction substantially decreases the
initial **Ni*/**Ti* SIMS ratio (6). This decrease results from
the formation of large nickel particles during reduction,
which decreases the fraction of the film surface covered
by nickel atoms. The absence of significant changes in the
Fe/HTO and Rh/HTO depth profiles with reduction is
consistent with the lack of iron reduction in Fe/HTO and
the formation of small rhodium particles in Rh/HTO. In
both cases, the fraction of the film surface covered by the
metal atoms does not change significantly, and this fact is
reflected in SIMS as well as XPS and AES.

4. DISCUSSION

For reactions which are structure insensitive, the ability
to prepare supported metal catalysts with high dispersions
even at high loadings would result in extremely efficient
usage of noble metals. The inherent ion-exchange capacity
of HTO materials provides a potentially important synthe-
sis method for achieving this goal. Although these materi-
als allow the loading of metal ions with essentially atomic
dispersion, agglomeration of the metal ions during reduc-
tion remains problematic. TEM, XPS, AES, and chemi-
sorption (3-6) all reveal that severe agglomeration of
nickel occurs upon reduction of Ni/HTO containing ~6.0
wt% nickel. The initial atomic dispersion is completely lost
and particles on the order of 10-20 nm form. For both
Fe/HTO and Rh/HTO, however, XPS and AES strongly
suggest that little agglomeration of these metals occurs
during reduction. In the case of Fe/HTO, the absence of
agglomeration is related to the absence of iron reduction.
Without reduction, the iron ions remain tightly bound to
the ion-exchange sites and diffusion to form large particles
is highly activated. Thus, although Fe/HTO retains the
high dispersion that characterizes the freshly prepared cat-
alysts, no metallic iron forms, and activity for reactions
which are catalyzed by metallic iron is expected to be
negligible. Tests of Fe/HTO catalysts for Fischer—Tropsch

ALLEN G. SAULT

synthesis confirm this expectation (24). Fe/HTO materials
may, however, exhibit high activities for reactions such as
selective dehydrogenation, which are catalyzed by iron
oxides. Experiments using Fe/HTO to catalyze ethylben-
zene dehydrogenation to styrene indicate that Fe/HTO is,
in fact, an active catalyst for this reaction (9).

For Rh/HTO, complete reduction to the metal is facile,
but unlike Ni/HTO, occurs without extensive particle
growth. This result might be expected for very low reduc-
tion temperatures where metal atom diffusion rates are
slow, but it is quite unexpected following reduction at
higher temperatures. Two primary mechanisms for sin-
tering are migration and coalescence of metal particles,
and emission of atoms from small particles and capture
by larger particles (Ostwald ripening) (25). Both of these
mechanisms for sintering qualitatively predict a lower rate
of sintering for high melting point metals such as rhodium
than for lower melting point metals such as nickel. For
Ni/HTO, the relatively high sintering rate overcomes the
initial atomic dispersion and results in large particles. For
Rh/HTO, however, the initial atomic dispersion of the
rhodium ions following ion exchange, coupled with a low
sintering rate, results in the formation of only small, highly
dispersed rhodium particles even at high metal loadings.
Preparation of high weight loading supported rhodium cat-
alysts by other catalyst preparation techniques, such as wet
impregnation followed by calcining in air, generally results
in the formation of large rhodium oxide particles even
before reduction. As a result, large metal particles are
likely to be formed during reduction.

Regardless of the explanation for the lower sintering rate
of rhodium relative to nickel, the Rh/HTO experiments
demonstrate that high dispersions can be obtained on HTO
supports even at high metal loadings. Chemisorption,
TEM, and catalytic activity studies by Gardner et al. (5, 13)
conclusively demonstrate the presence of small rhodium
particles in reduced Rh/HTO. This important result high-
lights the unique nature of HTO ion-exchange materials
as catalyst supports. Assuming that the simple explanation
given above for the sintering resistance of Rh/HTO is
correct, then other metals with high melting points, such
as Pt and Pd, should also display stable high dispersions
at high loadings on HTO supports. It is important to note
that the sintering rate arguments given above apply equally
well to more conventional supports, such as silica and alu-
mina, as to HTO materials. The unique aspect of HTO
ion-exchange materials is that high metal dispersions at
high metal loadings can be achieved prior to reduction
by proper control of ion-exchange conditions. It is this
property of HTO materials that allows the sintering resis-
tance of certain metals to be utilized to obtain highly dis-
persed, highly loaded supported metal catalysts even
after reduction.

The complete absence of reduction of iron during hydro-
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gen treatment of Fe/HTO requires some explanation since
the reduction conditions tested are sufficient to reduce bulk
iron oxide to the metal (26, 27). (Note that temperature-
programmed reduction (TPR) studies that observe com-
plete reduction to iron only at temperatures well above
400°C (26, 28) are not necessarily indicative of the reduc-
tion temperatures required under isothermal conditions
(26)). Water outgassed from the sample during the batch
reduction might be expected to inhibit or reverse reduction
somewhat, but it is unlikely that this water would com-
pletely prevent iron reduction. An estimate of the
H,O/H, ratio in the reactor at the end of a reduction
treatment, based on the measured water pressure with the
sample at temperature, the known pumping speed of the
chamber, the reactor volume, and the reduction time, gives
a value of 0.072. Since this estimate is lower than the
equilibrium constant (K., = 0.107) for the reduction of
magnetite to metallic iron (16), the presence of water in
the reactor cannot account for the complete absence of
iron reduction. Instead, interactions between Fe?* and the
HTO support most likely explain the complete absence of
iron reduction. Available literature (29-32) on supported
iron clearly demonstrates that the extent of reduction de-
pends on both support identity and preparation, although
a complete absence of metallic iron is rare. The highly
dispersed nature of the iron ions in the ion-exchanged
Fe/HTO, as opposed to deposition in clusters containing
multiple iron ions and counterions, such as that which
occurs during loading of iron by wet impregnation meth-
ods, may very well serve to increase the strength of interac-
tion between the iron and the support, thereby severely
limiting reduction to the metal.

The trend in reducibility for Rh, Ni, and Fe supported
on HTO materials agrees well with recent work by Madey
and co-workers [33-35], which shows that the strength of
interaction of vapor deposited metals on TiO,(110) sur-
faces increases with the heat of formation of the metal
oxide. Furthermore, for metals such as iron and chromium
that have high heats of oxide formation, reduction of the
TiO; support can occur during deposition of the first mono-
layer, resulting in an oxidized metal overlayer supported
on a partially reduced TiO, substrate. The relative reduc-
ibilities of Rh, Ni, and Fe/HTO materials exactly agrees
with the heats of oxidation, and the inability to reduce
Fe/HTO even at 400°C is entirely consistent with the ob-
served ability of metallic iron to reduce titania. To a limited
extent, it may be that some metallic iron forms during
hydrogen reduction of Fe/HTO, but is rapidly reoxidized
by the titania support. The absence of substantial Ti**
formation during reduction suggests, however, that the
amount of iron which undergoes this process is minor.
Within this context, the small amount of iron reduction
which is seen in a carbon monoxide atmosphere can be
explained. In the presence of CO, any iron which is reduced
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can not only be reoxidized by the support, but can
further react with CO to form the carbide. If reoxidation
of the carbide by the support is less favorable than
reoxidation of metallic iron, then any carbide formed
would be expected to be more stable than metallic iron,
as observed.

5. CONCLUSIONS

The comparative behavior of Rh, Ni, and Fe supported
on HTO ion-exchange materials demonstrates important
trends in the activation behavior of HTO-supported met-
als. For rhodium, reduction to the metal is facile and occurs
without agglomeration of the rhodium into large particles.
In contrast, reduction of Ni/HTO requires fairly high tem-
peratures and results in formation of large metallic nickel
particles, while reduction of Fe/HTO in hydrogen is not
possible at all at temperatures up to 400°C. The trends in
reduction behavior are related to both the heats of forma-
tion of the metal oxides and the mobility of metal atoms
on the surface. For high melting point metals such as Rh,
mobility is low and sintering is therefore slow. Coupled
with an initial atomic dispersion of the ion-exchanged
metal anions, the low mobility results in formation of only
small, highly dispersed metal particles even at high metal
loadings. In contrast, metals which are fairly easy to reduce,
but have relatively low melting points, such as nickel, form
large particles during reduction and the atomic dispersion
characteristic of the freshly ion-exchanged material is
largely lost. Finally, for metals such as iron, which have
high heats of oxide formation, reduction to the metal is
not possible even at temperatures that are sufficient to
reduce the bulk metal oxide. This behavior arises from a
strong interaction between the HTO support and the iron
ions, as well as unfavorable thermodynamics for iron re-
duction on titania surfaces. Based on these results, the
activation behavior of other metals supported on HTO
materials can be predicted. High melting point metals, such
as Pt and Pd, are predicted to form small highly dispersed
metal particles on HTO supports, even at high metal load-
ings, while low melting point metals with moderate heats
of oxide formation, such as Cu and Co, are expected to
sinter to form large metal particles. Metals with extremely
high heats of oxide formation, such as Fe and Cr, are
not expected to undergo reduction at all due to strong
interactions with the HTO support. Thus, the unique ion-
exchange properties of HTO materials, which allow high
metal loadings to be achieved with essentially atomic dis-
persion in the freshly ion-exchanged state, result in highly
dispersed, high-loading catalysts after reduction for certain
classes of metals. This capability allows more efficient us-
age of expensive noble metals at high loadings than can be
achieved with conventional support materials and standard
catalyst preparation techniques.
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