Downloaded via ACS Test Institution on July 22, 2025 at 16:52:50 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

| Catalysis

pubs.acs.org/acscatalysis Research Article

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Metal—Oxide Interface Sites Created Using Atomic Layer Deposition
and Tested for CO Oxidation

Wang Ke, Ilkeun Lee, and Francisco Zaera™

Cite This: ACS Catal. 2025, 15, 12281-12292 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: The performance of catalysts made out of Pt
supported on TiO, thin films grown on SBA-15 (a silica
mesoporous material) by atomic layer deposition (ALD) was
characterized systematically by combining in situ infrared
absorption spectroscopy (IR) with other techniques including
electron microscopy and adsorption—desorption isothermal
measurements. The titania films in the resulting high-surface-area
catalysts were evenly distributed throughout the inner surface of
the SBA-15 mesopores, and their thickness could be controlled at a
submonolayer level, with 3 to 4 TiO, ALD cycles needed for the
complete coverage of the silica sites. The titania films could be
deposited either before or after adding the metal (Pt), which was
dispersed in the form of small nanoparticles (NPs) approximately 4—6 nm in diameter, in order to exert some control on the density
and nature of the Pt/TiO, interface sites. One important lesson deriving from this work is that such an order of deposition leads to
significantly different catalysts in spite of the fact that most of their structural properties are similar. If the Pt is deposited on the
titania films, the resulting metal NPs are slightly smaller than those grown on silica and display CO adsorption sites with lower
surface Pt coordination numbers. On the other hand, when TiO, is deposited on the Pt/SBA-1S starting material, some titania grows
on the metal and partially blocks its surface while also creating new interface sites where CO binds more weakly and displays lower
C—O stretching frequencies. In terms of catalytic performance, the results from in situ IR CO site titration and kinetic measurements
combined suggest a mechanism where CO first adsorbs on Pt atop sites and then migrates to Pt/TiO, interface sites, where
oxidation takes place. Both types of sites appear to be similar in all the catalysts tested, but catalytic performance could be optimized
by tuning their surface densities. Maximum catalytic activity was obtained when the TiO, films were deposited first and with TiO,
coverages of at least half a monolayer, that is, after at least 2 ALD cycles.

KEYWORDS: oxidation catalysis, metal—oxide interface, titania, platinum, atomic layer deposition,
in situ infrared absorption spectroscopy, carbon monoxide

1. INTRODUCTION is also difficult to control the structural details of the catalyst
during its synthesis.

Many oxidation reactions can be promoted by using reducible
Y P Y & Here, we attempt to provide further insights into these

oxides as catalysts. They usually follow the so-called Mars—van

Krevelen (MvK) mechanism, by which the reactant is oxidized o?ddation rea§tior‘1s by .using .catalysts vx.lhere Pt NPS were
by oxygen atoms from the oxide lattice and the ensuing dispersed on titanium oxide (TiO,) deposited as a thin film on

vacancies are replenished with oxygen from the gas phase.' ™ SBA-1S, a silica mesop.orous.material with a high .surface area
Such oxidation catalysis, in particular oxygen incorporation and f/vell—.deﬁned one—dlmer'lsmnal pores of app roxjm;&l}; 6=7
into the reactant, can be aided by the addition of a metal in nm n diameter arranged in a h.oneycomb pattern. The
nanoparticle (NP) form, commonly a transition metal. Much thl.ckness Of. the film was t‘?‘Ted with submonolaye‘r accuracy by
has been learned in this area from studies with gold,“_9 but using atomlc. layer deprSIt.lon' (ALD )’. a techmql.le w}}efe a
other metals have been used as well, including platinum. 101 surface chemical reaction yielding a solid product is split into
The reaction between surface oxygen atoms and the adsorbed
reactant is generally believed to take place at the interface Received: May 9, 2025 ¥Catalysis|
between the metal and the oxide," ™' but the detailed Revised:  June 27, 2025
characterization of that step, of both the structure of the active Accepted:  June 30, 2025
sites and the reaction intermediates, has been challenging. Not Published: July 7, 2025
only are there only a limited number of spectroscopies that can

be used in situ to interrogate the surface during reaction, but it
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two self-limiting and complementary steps to grow films
homogeneously and conformally."®™** Infrared absorption
spectroscopy (IR) was used in situ to characterize the catalytic
surface sites as well as to follow the kinetics of our probe
reaction, the oxidation of carbon monoxide (CO) with O,.
Our approach afforded the creation of titania-based high-
surface-area catalysts, something difficult to achieve with bulk
titania, and to systematically control both the titania film
thickness and the time at which it is added to the catalyst,
either before or after the deposition of the Pt NPs. By tuning
those parameters, it was possible to optimize the catalytic
performance and to acquire some knowledge of the factors that
contribute to the catalytic activity.

2. EXPERIMENTAL SECTION

A total of nine catalysts were synthesized by combining the
deposition of TiO, thin films via ALD with the growth of Pt
NPs via wet impregnation on commercial SBA-15 (Sigma-
Aldrich, research purity): two sets of four catalysts each,
denoted as Pt/(x-ALD-TiO,)/SBA-15 and (x-ALD-TiO,)/Pt/
SBA-15, were made by performing x = 1 to 4 ALD cycles either
before or after Pt NP deposition (respectively), and a ninth Pt/
SBA-15 catalyst was prepared for reference (and as the starting
material upon which the TiO, films were grown by ALD in the
(x-ALD-TiO,)/Pt/SBA-15 cases). Samples with TiO, films
but without Pt, (x-ALD-TiO,)/SBA-15, were also synthesized
for reference.

The ALD of the TiO, films was carried out in a homemade
batch reactor already described elsewhere.”*™® The main
chamber of the reactor is based on a six-way stainless steel
cross with 2.75 in. Conflat flanges, and is heated to 375 K
during the ALD processes (to avoid condensation of the gases
on the inner walls) by using a set of heating tapes wrapped
around its outside. A sample tray 3 X 2 X 0.5 cm’ in size is
attached to electrical feedthroughs by Ni wires to allow for
resistive heating to 375 K during the depositions, as monitored
using a K-type thermocouple spotwelded to the backside of the
tray and set independently from that of the chamber by using a
separate controller. The tray is filled with the powder samples
to a depth of approximately 1 mm and covered with a tightly
fitted lid made out of a stainless steel wire mesh to hold them
in place and prevent them from being blown away during
pumping and purging.

Two independent gas lines are attached to two of the flanges
bolted to the reaction chamber for the delivery of the
precursor/water and purging gases, respectively. The chemicals
are fed into the system directly as gases, taking advantage of
their high vapor pressures (after mild heating when needed).
The reactor is evacuated using a mechanical pump connected
to the six-way cross via a 1.5 in. right-angle valve and typically
reaches ultimate pressures of around or below 5 mTorr, as
measured by a thermocouple gauge. In a typical ALD cycle, the
SBA-15 powder (or a Pt/SBA-1S catalyst if the Pt was
deposited first) was exposed alternately to vapors of tetrakis-
(dimethylamido)Ti(IV) (TDMAT, Aldrich-Sigma, 99.999%
purity in a trace metals basis; heated to 315 K during the ALD
processes for vapor delivery) and deionized (DI) water
interspersed with purging exposures to N, (Airgas), all at
375 K, typically using the following cycle times: TDMAT/N,/
H,0/N, = 20 min:50 min:2 min:50 min. This procedure was
shown previously to deposit TiO, films evenly throughout the
full length of the SBA-15 nanopores.”®

The catalysts where the metal (Pt) was deposited first were
synthesized by a colloidal method: 2.59 mL of a 0.006 mol/L
H,PtCls-6H,0 (Strem chemicals, 99.9%) aqueous solution, 2.4
mL of deionized (DI) water, 45 mL of ethanol (Koptec, 200
proof), 0.060 g of polyvinylpyrrolidone (PVP, Sigma-Aldrich,
average molecular weight 10,000), and 0.3 g of SBA-15 were
mixed together, sonicated for 30 min, and stirred using a
magnetic stirrer for 1 h. The suspension was transferred to a 2-
neck flask with an attached condenser and refluxed at 360 K
(measured using a thermocouple inserted in the reaction
volume) for 3 h while stirring. The powder was centrifuged,
dried, calcined under O, (99.5%, Airgas) at 775 K for 24 h, and
reduced under H, (99.9%, Airgas) at 575 K for 2 h to remove
the surfactant (PVP). The Pt deposition on the supports
previously covered with titania films (by ALD, the (x-ALD-
TiO,)/SBA-1S solids) was done via precipitation: 0.86 mL of a
0.006 mol/L H,PtCls:6H,0 aqueous solution, 20 mL of DI
water, and 100 mg of the (x-ALD-TiO,)/SBA-1S were mixed
together and sonicated for 30 min, after which the solvent was
removed via rotary evaporation at 330 K for 3 h. After the
catalysts were fully dried, they were reduced under H, at 625 K
for 3 h.

The scanning transmission electron microscopy (STEM)
images were acquired by using a FEI Titan Themis 300
instrument equipped with a Bruker Quantax detector for
energy-dispersive X-ray spectroscopy (EDX) imaging. The
mesopores in the SBA-15-based catalysts were characterized
using isothermal N, adsorption—desorption data acquired with
a NOVA@2000e gas sorption system and analyzed using the
Nova Win software. The TiO, and Au loadings were measured
by using a PerkinElmer Optima 7300DV inductively coupled
plasma atomic emission spectroscopy (ICP—AES) apparatus.

The transmission infrared spectroscopy (IR) character-
ization and in situ kinetic experiments were performed using
a Bruker Tensor 27 Fourier transform infrared (FTIR)
spectrometer equipped with a mercury—cadmium—telluride
(MCT) detector, together with a homemade quartz cell with
NaCl windows described in more detailed elsewhere.”””" Self-
supporting disks approximately 13 mm in diameter were made
with ~10 mg of each catalyst and placed in the center of the
cell, degassed at 425 K for 2 h under vacuum, and sequentially
oxidized and reduced three times at 625 K under 200 Torr of
O, and H,, respectively, for 1 h each. For the carbon monoxide
(CO, 99.5%, Matheson Tri-Gas) characterization experiments,
each catalyst was cooled down to below 125 K and exposed to
20 Torr of CO for 10 min, after which the cell was evacuated.
Transmission IR spectra were then acquired at 10 K intervals
while slowly heating up the sample until reaching a
temperature of 625 K. It should be indicated that at cryogenic
temperatures, water condensation was found to interfere with
the adsorption of CO on the Pt metal surface. However, this
could be easily addressed by focusing on the data recorded
above approximately 225 K, at which point all adsorbed water
has already desorbed and been pumped away. All of the spectra
were recorded at a resolution of 4 cm™ and referenced to
background traces recorded under similar conditions before
CO adsorption.

For the kinetic experiments, the cell was filled with a
premixed 100 Torr CO + 100 Torr O, gas mixture, after which
the temperature was increased to 525 K, and IR spectra were
taken periodically as a function of time for 3 h. The partial
pressures of CO and CO, were determined by using the
integrated intensities of the appropriate IR bands (the 2050—

https://doi.org/10.1021/acscatal.5c03164
ACS Catal. 2025, 15, 12281-12292


pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c03164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

2240 and 2240—-2400 cm™' regions, respectively) after
calibration of the signal intensities, and converted to moles
using the ideal gas equation and the measured value of the
volume of the IR cell. From there, turnover numbers (TONs)
were estimated after calculating the total number of Pt atoms
exposed using the metal loads and NP average sizes (assuming
spherical particles). Turnover frequencies (TOFs) were
calculated by numerical derivation of the TON-versus-time

data and are expressed in units of s™'.

3. RESULTS

The physical properties of the catalysts were first characterized
using a combination of techniques. The geometrical details of
the mesopores of the solid support after the ALD of the TiO,
films were extracted from isothermal N, adsorption—
desorption data. As previously reported for the deposition on
both pure SBA-15*>*" and on catalysts made out of Au NPs
dispersed on the same silica support,®"** the TiO, films were
found to grow uniformly throughout the length of the
mesopores at a rate of approximately 1.2 A/cycle. The relevant
data are provided in Figures 1 and S1 (Supporting

1 | 1 [
10 Pt+(x-ALD-TiO,)/SBA-15 Pore Properties
From N, Adsorption-Desorption Isotherms
8 0.81 0.81
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(] x-TiO,/SBA-15
2 0.2 O xTiO./PUSBA-15 | 0.2
* PUx-TiO,/SBA-15
Average
0 0.0 0.0
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Figure 1. Pore average diameters ({d), in nm; left panel), surface
areas (4, in m?/mg; center), and total volumes (V, in mL/g; right), all
plotted as a function of the number of TiO, ALD cycles used. Data
are provided for the three sets of catalysts, (x-ALD-TiO,)/SBA-1S
(red-filled circles), (x-ALD-TiO,)/Pt/SBA-15 (blue open squares),
and Pt/(x-ALD-TiO,)/SBA-1S (green-filled diamonds). The error
bars correspond to the standard deviations of the results from three
sets of measurements made in each case using three different batches
of catalysts.

Information): the narrowness of the pore size distributions
attests to the homogeneity of the film (Figure S1), and the
approximately linear decrease in the average pore diameter
with the number of ALD cycles used provides the information
from which the film growth rates could be extracted (Figure 1,
left panel). The decreases in the surface area (Figure 1, center
panel) and total pore volume (Figure 1, right) with increasing
number of ALD cycles are consistent with the reductions in
pore diameter reported in the left panel of Figure 1. Critically,
it can be seen from these results that the dimensions of the
pores in these catalysts are the same (for the same number of
ALD cycles, x), within the errors of the experiments, in the
three families of catalysts, indicating that the deposition of the
Pt NPs either before or after TiO, film growth does not affect
the ALD process in any appreciable way.

The TiO, and Pt content of our catalysts were estimated by
ICP—AES and are reported in Figure 2 in terms of weight %,

1T 1T
60 Pt+(x-ALD-TiO,)/SBA-15 Loadings & NP Size, ICO
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Figure 2. TiO, (left panel) and Pt (center) weight percentages (wt
%), measured by ICP—AES, and average Pt NP diameters ({(d)p, in
nm; right), estimated from STEM images (Figure S2, Supporting
Information), for the three sets of catalysts, (x-ALD-TiO,)/SBA-15
(red-filled circles and dashed lines), (x-ALD-TiO,)/Pt/SBA-15 (blue
open squares and solid lines), and Pt/(x-ALD-TiO,)/SBA-1S (green-
filled diamonds and dash-dot lines), all as a function of the number of
ALD cycles used (x). The error bars in the left and center panels
correspond to the standard deviations of results from three sets of
measurements made using three different batches of catalysts, whereas
those in the right panel correspond to the standard deviations of the
size values of 100 Pt NPs.

referenced to the mass of the initial SBA-15 substrate (left and
center panels, respectively). The mass of TiO, was seen to
grow in an approximately linear fashion with the number of
ALD cycles (x), at the same rate in all three types of catalysts;
again, the addition of Pt NPs either before or after the TiO,
deposition does not appear to significantly alter the physical
nature of the latter. It should be indicated, however, that
previous studies highlighted the fact that the density of the new
oxide films is initially much lower than those of crystalline
titania and only approaches the latter values after multiple
(>10) ALD cycles;”” the same behavior was observed in the
present case. In terms of the Pt content of the catalysts, it was
close to the targeted value of 1 wt % in all cases (Figure 2,
center), except for an apparent increase after several TiO, ALD
cycles on the samples where the Pt was deposited afterward:
possibly, the nucleation and growth of the Pt NPs on the TiO,
films is different than on the underlying silica substrate. The Pt
NP average sizes, extracted from the size distributions
estimated from STEM images (Figure S2, Supporting
Information) and reported in the right panel of Figure 2,
also indicate a slight difference between the two sets of
catalysts, with the NPs grown on the TiO, films being, in
general, somewhat smaller than those deposited on the naked
SBA-15. Nevertheless, the differences are not large and are
likely not significant in relation to our later evaluation of the
activity of the catalysts.

A general assessment of the quality of the catalysts was
further pursued by acquiring STEM and EDX images of
representative samples, as illustrated in Figure 3. The images
indicate good dispersions for both the TiO, films and the Pt
NPs all throughout the inside of the pores. The former is
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Pt+(1-ALD-TiO,)/SBA-15 STEM & EDX
(1-ALD-TiO,)/Pt/SBA-15

' ~

Figure 3. STEM (top left in each image set) and Pt (top right), Si (bottom left), and Ti (bottom right) EDX images of two representative catalysts,
(1-ALD-TiO,)/Pt/SBA-15 (top set) and Pt/(1-ALD-TiO,)/SBA-15 (bottom), imaged at two different scales, approximately 600 nm (100 nm
scale bar, left sets) and either 80 (20 nm scale bar, top right) or 150 (30 nm scale bar, bottom right) nm in total size. With both samples, the Ti and
Pt EDX images indicate full dispersion of both elements all throughout the length of the pores.

particularly encouraging, because the design of the ALD
process requires avoiding mass transport limitations during
exposure to the chemicals involved, and in the case of SBA-15
the conditions are quite restrictive, given that the pores are
approximately 6—7 nm in diameter but hundreds of nanome-
ters in length.”® Again, high-quality catalysts were obtained
regardless of the order of the Pt NP deposition and TiO, ALD.

The adsorption sites of our catalysts were characterized by
using IR absorption spectroscopy in combination with carbon
monoxide as the probe molecule. Each catalyst was saturated
with CO, after which IR spectra were then taken under a
vacuum as a function of temperature. At cryogenic temper-
atures, CO adsorption was detected on both the metal and the
oxide support; Figure 4 reports the corresponding spectra
recorded at 125 K. A transition is observed in all (x-ALD-
TiO,)/SBA-15, Pt/(x-ALD-TiO,)/SBA-15, and (x-ALD-
TiO,)/Pt/SBA-1S catalysts with increasing TiO, coverage,
that is, as the number of TiO, ALD cycles is increased, a trend
similar to what we have already reported for (x-ALD-TiO,)/
SBA-15,”" Au/(x-ALD-TiO,)/SBA-15,”* and (x-ALD-TiO,)/
Au/SBA-15"%? catalysts. The spectrum for CO adsorbed on
pure SBA-1S5 (Figure 4, left panel, bottom—green—trace)
shows a primary peak at 2155 cm™' accompanied by a smaller
feature at 2137 cm™}, as reported by us previously;28 these

peaks have been assigned to CO bonded to the silanol groups
of silica.”® The addition of Pt to the silica support suppresses
those peaks at the expense of the growth of a single, sharp, and
intense peak at 2102 cm™" (Figure 4, center and right panels,
bottosr?;green—traces), typical of adsorption on Pt atop
sites.”

The IR peaks due to CO adsorption on the silica surface
decrease gradually as thicker TiO, films are deposited, that is,
as the number of TiO, ALD cycles are increased. As reported
in the past, this transition requires multiple ALD cycles but is
complete by 4 cycles, at which point the surface is fully covered
with a titania film.”” Curiously, though, the IR spectra of CO
adsorbed on the newly deposited titania are different
depending on the film-growth protocol. If the Pt NPs are
added to the SBA-1S surface prior to the TiO, ALD, that is,
with the (x-ALD-TiO,)/Pt/SBA-15 catalysts, only one major
peak is seen around 2189 cm™' (Figure 4, right panel); this
feature has been reported to correspond to adsorption on
Lewis-acid titanium ion surface sites in both crystalline
(rutile)*” and amorphous®~*" surfaces, on fully coordinated
Ti sites (Tisc). On the other hand, if the titania films are
grown on pure SBA-1S, clear additional peaks are detected at
2159 and 2138 cm™'; this is the case for both sets of samples
with (Pt/(x-ALD-TiO,)/SBA-15; Figure 4, center panel) and
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CO Adsorption on Pt+(x-ALD-TiO,)/SBA-15
IR, 125 K
(x-ALD-TiO,)/ Pt/(x-ALD-TiO,)/ (x-ALD-TiO,)/Pt/
. SBA-15 )18 SBA-15 %
§ | A
£ M ey 5 T
N At
§ N\/-\I‘MV:\:;M \’\’V\N/wwv;:_;ﬂw “"\/v\«, Xx=2
“\,\/"“”#;:Tﬂ"*\’v\v x=1 21;89 x=1
[ 2137 x=0 215!9 \ X=2001I V\\ x=0
2155 2102 ) 2102

S S —
2100 1900 2100 1900 2100 1900
Wavenumber / cm™!
Figure 4. IR spectra for CO adsorbed on the (x-ALD-TiO,)/SBA-15
(left panel), Pt/(x-ALD-TiO,)/SBA-15 (center), and (x-ALD-TiO,)/
Pt/SBA-1S (right) catalysts, for x (number of TiO, ALD cycles) = 0
to 4. The data were obtained under vacuum after saturating the

catalyst with CO at 125 K (exposing them to 20 Torr CO for 10 min)
and pumping the gas away.

without ((x-ALD-TiO,)/SBA-1S; Figure 4, left) added Pt NPs.
Literature reports have associated these IR features to CO
adsorbed on oxygen sites with the molecular axis oriented
either perpendicular or parallel to the surface plane
(respectively),”" but they could alternatively, and perhaps
more likely, reflect an incomplete blocking of silica sites by the
titania film. Adsorption on those sites appears to be inhibited
in the (x-ALD-TiO,)/Pt/SBA-1S catalysts, suggesting more
efficient site blocking by the titania film in that case, possibly
because the Pt NPs may catalyze a better dispersion of the
growing TiO, film during ALD. It should also be pointed out
that no indication of the formation of unsaturated Ti,c sites
was seen with any of the samples reported here. Those are
typically seen at higher frequencies and were indeed observed
in the equivalent gold-based catalysts.””

The CO IR titration experiments also provided new insights
into the nature of the adsorption sites on the Pt surfaces. The
relevant features became evident after warming the samples, as
illustrated in the set of spectra reported versus temperature
(from 275 to 415 K) for all of our catalysts in Figure S3
(Supporting Information). A selection of those traces is
provided in Figure 5. A number of absorption features are seen
in the 2000—2100 cm™" frequency range, all associated with
CO adsorbed on Pt surfaces, as the CO bonded to the oxides
(SiO, and TiO,) desorbs at much lower temperatures. The
behavior is complex, as several peaks are detected, though, in
sequences that are quite different depending on which of the
two materials, Pt or TiO,, was deposited first during the
fabrication of the catalysts. With the Pt/SBA-15 catalyst,
without any TiO, added, the peak initially seen at 2102 cm™"
red-shifts slightly, to 2093 cm™ at 225 K, 2090 cm™" at 275 K,
and 2088 cm™" at 285 K, as some CO desorbs and its coverage
on the surface (and the intensity of the IR peak) decreases
(Figure S, bottom, green traces in both sets of panels, x = 0);
this is a well-known trend due to changes in dipole—dipole
interactions with coverages.*” CO desorption from this catalyst
is virtually complete by 325 K.
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Figure 5. IR spectra for CO adsorbed on the (x-ALD-TiO,)/Pt/SBA-
15 (top row) and Pt/(x-ALD-TiO,)/SBA-15 (bottom) catalysts
saturated with CO (20 Torr CO exposure for 10 min), for x (number
of TiO, ALD cycles) = 0 to 4. The data were obtained at the
indicated selected temperatures as the samples were slowly heated in
vacuum from an initial temperature of 125 K.

As TiO, is added to this Pt/SBA-1S catalyst, new features
develop in the IR spectra due to CO adsorbed on the metal
sites. The changes are barely detectable after only one TiO,
ALD cycle (Figure S, top row, second from bottom, blue
traces, x = 1) but become dominant for x = 2 (middle, purple,
traces), after which they decrease in intensity (together with
the ~2090 cm™' original feature). Three additional over-
lapping peaks (in addition to the ~2090 cm™ feature) are seen
in the IR spectra of these samples, the main one at 2002 cm™*
surrounded by shoulders at both ends, at 1982 and 2032 cm™".
It is well known that the C—O stretching frequencies of CO
adsorbed on Pt surfaces vary considerably with both surface
coverage and the coordination of the Pt adsorption site,”” but
these values are well outside the range that could be justified
this way. Instead, they are likely to reflect CO adsorption on Pt
sites modified by TiO,, possibly by a thin layer grown on top
of the metal NPs akin to those associated with strong metal—
support interactions (SMSIs).**~* Interestingly, the new IR
features appear at lower frequencies than those for CO on
regular Pt sites, implying more extensive back-donation from
the Pt d orbitals to the 7* antibonding orbital of CO and/or a
more negatively charged Pt atom.*® This is the opposite of
what has been reported for Au/TiO, catalysts, where typically
the metal in the new interface sites is partially cationic.”>**
As mentioned above, the coverage of the new Pt/TiO,
interface sites is optimized after 2 TiO, ALD cycles, at
which point about 50% of the initial silica surface is still
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Figure 6. In situ IR spectra versus reaction time recorded during the conversion of 100 Torr CO + 100 Torr O, gas mixtures at 425 K promoted by
the (2-ALD-TiO,)/Pt/SBA-15 catalyst. Five sets of kinetics were obtained sequentially, the results of which are shown in the five panels presented
here. In each panel, shown are the traces recorded after 1, 20, 40, 60, 90, 120, and 180 min of reaction, with colors transitioning from green to blue,

red, and finally orange as the reaction time increases.

exposed (Figure 4);”*® further addition of TiO, blocks all
sites, and after 4 TiO, ALD cycles, which deposit
approximately one full monolayer, very few Pt adsorption
sites remain exposed (Figure 5, top row). Another critical
observation deriving from these data is that CO desorption
from the surface obtained after adding TiO, to the Pt/SBA-1S
catalyst requires much higher temperatures than from the
substrate without the titania film: removal of CO from the Pt/
TiO, interface sites in the former case requires heating to 385
K, and the CO adsorbed on the original atop sites, namely, the
one associated with the ~2100 cm™ IR peak, remains bonded
to Pt to even higher temperatures, up to 405 K.

If the TiO, films are grown on the SBA-15 support prior to
the addition of the Pt NPs, that is, with the Pt/(x-ALD-TiO,)/
SBA-15 catalysts, a very different behavior is observed for
adsorbed CO, as shown in the bottom set of panels in Figure S.
Only one extra peak is observed in the IR traces, around 2045
cm™, upon addition of TiO, to the Pt/SBA-15-based catalysts.
This feature appears to develop at the expense of the original
atop adsorption site as the TiO, film is made thicker, until
reaching an optimum coverage for x = 2 (2 TiO, ALD cycles,
Figure S, bottom row). The new frequency is again lower than
that for the unmodified Pt/SBA-15 catalyst, but the shift in this
case is not as large and it is possibly due to structural changes
in the Pt NPs because of them having been grown on TiO,
rather than on SiO, substrates. It has been reported that CO
adsorption on small nanoparticles, which typically contain
more low-coordination sites, yields lower C—O stretching
frequencies.”' ~>* This suggests that the Pt NPs grow in a more
irregular form on titania than on the underlying silica support,
a hypothesis consistent with the smaller Pt NP sizes seen by
STEM in those cases (Figure 2). Counterintuitively, however,
the CO adsorbed on the low-coordination sites, that is, the one
associated with the IR peak around 2045 cm™', desorbs first
and is gone by 325 K; the CO atop basal-plane Pt atoms,
reflected by the 2090 cm™" feature, remains on the surface up
to approximately 405 K. Clearly, the addition of titania to the
silica surface prior to the Pt NP deposition affects the
energetics of adsorption of those sites as well.

The activity of our catalysts toward the oxidation of carbon
monoxide with molecular oxygen was tested next using IR in
situ as a function of the extent of the reaction. Either five (with

the (x-ALD-TiO,)/Pt/SBA-15 catalysts) or two (with the Pt/
(x-ALD-TiO,)/SBA-15 samples) consecutive runs for the
conversion of 100 Torr CO + 100 Torr O, gas mixtures at 425
K, each for 3 h, were carried out while acquiring IR spectra in
transmission mode. For this, the spent reaction mixture was
pumped out and a fresh gas mixture was added to the reactor
without any catalyst treatment in between. All of the spectral
data from these studies are reported in Figures S4 and S5
(Supporting Information), and an example, for the case of the
(2-ALD-TiO,)/Pt/SBA-15 catalyst, is provided in Figure 6.
Three regions are easily identified in these traces: (1) a set of
multiple peaks in the 2250—2400 cm™" region due to the gas-
phase carbon dioxide being produced by the oxidation of CO;
(2) a broad “m”-shaped feature between 1950 and 2250 cm™
corresponding to the gas-phase CO in the reaction mixture;
and (3) a sharp peak at about 2088 cm™" associated with CO
adsorbed on the Pt surface during reaction. A few clear
observations can be highlighted from these data: (1) the CO,
IR peaks clearly grow with time, a fact that affords a method to
follow the kinetics of the CO oxidation; (2) the intensity of the
IR absorption due to gas-phase CO decreases with time but
only slightly: this decrease was used to corroborate the kinetics
estimated using the CO, IR region but yielded much noisier
results (the total CO consumption by the end of the 3 h
reactions was approximately 1—2 Torr); and (3) the intensity
of the adsorbed CO IR peak provides a direct measurement of
the available Pt sites.

First, we discuss the latter point, the fraction of Pt sites
available for catalysis during the CO oxidation reaction. The
area of the 2088 cm™" peak was calculated as a function of time
for all runs with all of our catalysts, and the averages from all
runs, normalized to the maximum CO coverage seen under
reaction conditions for the Pt/SBA-15 catalyst, are plotted in
Figure 7 (the error bars are the standard deviations of the
individual measurements). It is seen there that a steady-state
CO coverage is reached in each reaction only after tens of
minutes into the catalytic runs (Figure 7, left and center
panels). This was true in every run (Figure 6), so it was not an
issue related to preconditioning of the catalyst before use. The
end points of such kinetic data provided estimates for the
steady-state CO coverages on the catalysts in relative terms,
referred to full surface saturation (that is, the maximum
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Figure 7. CO coverages on the surfaces of the Pt NP (relative to the
maximum coverage measured under reaction conditions for Pt/SBA-
15; 0co/0cou) versus reaction time during the conversion of 100
Torr CO + 100 Torr O, gas mixtures at 425 K promoted by the (x-
ALD-TiO,)/Pt/SBA-1S (left panel) and Pt/(x-ALD-TiO,)/SBA-1S
(center) catalysts, both as a function of ALD cycles (x = 0 to 4). The
data, extracted from the intensity of the peak at 2088 cm™ in the in
situ IR spectra in Figures 6, S4, and S5 (the last two in the Supporting
Information), correspond to averages of the results from either five
(for the (x-ALD-TiO,)/Pt/SBA-1S catalysts) or two (Pt/(x-ALD-
TiO,)/SBA-15) individual runs. The steady-state 8co/6co . values
are summarized versus x in the right panel.

coverage seen under reaction conditions with the Pt/SBA-15
catalyst). A summary of those steady-state coverages is given
for the two families of catalysts in the right panel of Figure 7.
Relevant to our previous discussion on the CO titration
experiments under vacuum is the fact that all Pt/(x-ALD-
TiO,)/SBA-15 catalysts display approximately the same
coverage of Pt active sites, within experimental error, whereas
in the (x-ALD-TiO,)/Pt/SBA-15 cases, some Pt sites are
clearly blocked by the TiO, deposited afterward. As already
suggested above, the titania films appear to grow not only on
the silica substrate but also on the Pt NPs if the ALD follows
the Pt NP deposition. This effect is quite significant: by the
fourth TiO, ALD cycle, as required to complete the first TiO,
monolayer on the silica support, only about 20% of the initial
Pt surface sites remain exposed.

The data for the kinetics of the CO conversion for all of the
runs performed are reported in Figure S6 (Supporting
Information), and an example of those, for the (2-ALD-
TiO,)/Pt/SBA-1S catalyst, is provided in Figure 8. Turnover
numbers (TONs) were obtained by calibrating the IR CO,
signal intensities (in independent experiments, filling the IR
cell with varying pressures of CO,) and dividing those by the
total number of Pt surface atoms estimated by using the Pt
loads and the average NP sizes reported for each catalyst in the
center and right panels of Figure 2, respectively. Turnover
frequencies (TOFs) were then calculated by numerical
differentiation of the plots of TON versus time and are
reported in units of s\,

The TON and TOF plots versus time obtained with all of
the catalysts, averaged over all runs, are summarized in Figure
9. Also provided are the estimated initial and steady-state
TOFs for both sets of catalysts as a function of the number of
TiO, ALD cycles (x) used in their preparation (Figure 9,
bottom-right panel). An increase in absolute TOFs with
increasing x was observed in both cases for the catalysts
prepared by adding the Pt NPs either before (data in blue) or
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Figure 8. Kinetics of CO oxidation, in terms of TON (left panel) and
TOF (right) versus time, for the conversion of 100 Torr CO + 100
Torr O, gas mixtures at 425 K promoted by the (2-ALD-TiO,)/Pt/
SBA-15 catalyst. Shown are the data from five consecutive reaction
runs, extracted from the peak areas of the CO, peak in the in situ IR
spectra shown in Figure 6, as well as the average values.

after (red) the TiO, ALD, but the effect is more noticeable
with the Pt/(x-ALD-TiO,)/SBA-15 catalysts. However, that is
because in the (x-ALD-TiO,)/Pt/SBA-15 samples, there are
tewer Pt sites exposed, as reported in Figure 7. If the TON and
TOF values are normalized by the CO/Pt coverages estimated
from the in situ IR measurements (Figure 7), then the trend
reverses itself (Figure S7, Supporting Information). One
interpretation of these results is that the Pt sites in the metal
NPs modified by thin TiO, films may be intrinsically more
active for the promotion of the oxidation of CO, but if so such
a benefit is overcome by the fact that there are less active sites
available overall, and on balance the catalysts made by growing
the Pt NPs on top of the titania films perform better. However,
the full picture is somewhat more complicated than that, as
discussed later. A final point to be made here is that all these
catalysts exhibit a relatively high activity at the start of the
catalytic runs but the TOFs drop by about an order of
magnitude within the first hour of reaction. This is not a
reflection of catalyst poisoning or of major changes in their
structure, however, because the initial rate is mostly regained
once a fresh reaction mixture is fed into the reactor. Instead, it
is possible that the product (CO,) exerts an inhibiting effect
on the reaction. This is an aspect of this reaction that is worth

exploring further.
4. DISCUSSION

As stated in the Introduction, our main objective in this project
has been to create, characterize, and optimize metal/reducible-
oxide interface sites for the promotion of catalytic reactions,
with a focus on oxidation processes. Our approach has relied
on the growth of thin films of the oxides on mesoporous
materials, SBA-15 in particular, because that provides a
number of advantages, including: (1) the possibility of
producing high-surface-area catalysts, something not always
viable with the bulk materials of interests (titanium oxide in
this case); (2) the ability to better control the growth of the
films at a submonolayer level, and with that the structural and
chemical properties of the resulting surfaces; and (3) the
additional ability to better characterize the oxide surface sites
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Figure 9. Kinetics of CO oxidation, in terms of TON (top row) and
TOF (bottom) versus time, for the conversion of 100 Torr CO + 100
Torr O, gas mixtures at 425 K promoted by the (x-ALD-TiO,)/Pt/
SBA-1S (top left and bottom left, respectively) and Pt/(x-ALD-
TiO,)/SBA-1S (top right and bottom center) catalysts, both as a
function of ALD cycles (x = 0 to 4). The data correspond to averages
of the results from either five (for the (x-ALD-TiO,)/Pt/SBA-15
catalysts) or two (Pt/(x-ALD-TiO,)/SBA-1S5) individual runs
(reported in Figure S6, Supporting Information). The initial and
steady-state TOFs are summarized versus x in the bottom-right panel.

and distinguish them from the bulk material. Atomic layer
deposition (ALD) was chosen as the way to build the oxide
films because that process affords excellent conformality, even
in porous materials, and control of the film thickness down to
the submonolayer level. Such advantages were in fact
corroborated in this work by the results from the isothermal
N, adsorption—desorption measurements reported in Figures
1 and S1 (Supporting Information): the conformality was
indicated by the retention of the narrow distribution of pore
diameters seen in the initial SBA-15, and the rate of deposition
by the extent to which that diameter decreases with increasing
number of ALD cycles, at a linear rate of approximately 1.2 A/
cycle. The buildup of a full TiO, monolayer was reached by the
fourth ALD cycle.

Pt NPs were added either before or after the growth of the
titanium oxide films to create the desired metal/oxide
interfaces. This provided an additional controllable parameter,
which in fact proved to be critical for the chemical behavior of
the catalysts, as discussed below. The average Pt NP sizes were
approximately the same in all cases, somewhere between 4 and
6 nm in diameter, but smaller NPs were obtained when grown
on the previously deposited TiO, film (Figures 2 and S2—
Supporting Information). The structural details of the pores

were nevertheless preserved in all cases (Figures 1 and S1—
Supporting Information). Both the TiO, and Pt NP phases
were well distributed throughout the length of the pores of the
SBA-15 substrate (Figure 3). In this way, we were able to
obtain a total of 9 samples with very similar structures but with
TiO, films of different thicknesses (as the result of performing
anywhere from 0 to 4 TiO, ALD cycles) and where the Pt NPs
were added either before or after the oxide film growth.

The nature of the chemical sites in these catalysts was
evaluated by using IR spectroscopy and CO as a probe
molecule. In terms of the oxide surfaces, they could be titrated
at cryogenic temperatures and the various sites identified by
the associated C—O stretching frequencies of the adsorbed CO
(Figure 4). It could be determined that the new sites added by
the TiO, ALD were in fact different depending on the order of
deposition with respect to the Pt NPs: when the titania films
were grown first on the SBA-15, several CO adsorption sites
were detected (in both cases, with or without Pt NPs), Lewis-
acid fully coordinated Ti ions (Tisc) as well as possible mixed-
oxide sites, but if the Pt NPs were added to the SBA-1S5 surface
prior to the TiO, ALD, only one type of CO adsorption was
detected, on the Ti sites.

It was also found that the interaction of the Pt NPs with the
TiO, films affects the CO adsorption sites on the metal as well
and that those are different depending on the order of the
deposition of the two components. The relevant data are
shown in Figures S and S3 (Supporting Information). The
adsorption of CO on atop of Pt sites typically seen with Pt-
based catalysts was observed in all of the catalysts studied here,
but additional features were identified. If the TiO, films are
grown on the SBA-15 support prior to the addition of the Pt
NPs, a new CO IR peak develops identifiable with low-
coordination sites. Those develop at the expense of the original
atop sites, which are likely to be predominantly located in basal
planes, possibly because the Pt NPs are smaller when grown on
titania rather than silica surfaces (as mentioned above).
Surprisingly, the new sites adsorb CO less strongly than the
original atop sites, even if the former involve Pt atoms with
lower coordination. More interesting are the catalysts in which
the TiO, films are deposited on the Pt/SBA-1S solid. In that
case, new low-frequency peaks are seen in the IR spectra that
we contend reflect the adsorption of CO on Pt sites modified
by TiO,, possibly a thin layer grown on top of the metal NPs.
The lower frequencies of the C—O stretching mode in the CO
bonded to these sites suggest a higher degree of back-donation
from the Pt d orbitals to the 7* antibonding orbital of CO
and/or a more negatively charged Pt atom, the ospposite to
what has been reported for Au/TiO, catalysts.”>***" It could
be conceived that the new Pt sites become more electro-
negative upon interaction with the thin titanium film deposited
on top. As a result, the CO bonding to the surface becomes
stronger, and higher temperatures are required to induce its
desorption.

The adsorption of CO on the Pt sites could also be probed
by IR in situ during catalysis, while CO was being oxidized by
O, (Figures 6 and 7, and S4 and SS—Supporting
Information). The first observation worth pointing out here
is that the only surface species detectable under reaction
conditions is the CO bonded atop single Pt atoms; none of the
other adsorption modes identified during the vacuum CO IR
titration experiments were seen under the reaction conditions.
This can be easily justified in terms of the energetics of the
adsorption, since only the CO on atop sites survives heating
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the CO-dosed catalysts to 385 K under vacuum (Figure S).
Even the atop CO adsorbed species do not fully cover the Pt
surface, and a dynamic adsorption—desorption equilibrium is
established at the catalytic reaction temperature (425 K). By
comparing the CO IR peak intensities in the titration (Figure
5) versus catalytic (Figures 6 and 7) experiments, we estimate
that only roughly one-third to one-half of those sites are
occupied during reaction on the Pt/(x-ALD-TiO,)/SBA-15
(where the TiO, films were deposited before the Pt NPs). In
the case of the (x-ALD-TiO,)/Pt/SBA-1S counterparts (Pt
NPs deposited first), fewer Pt atop sites are available to start
with (because the TiO, films partially block the Pt NP
surfaces), but still only about half of those are covered with
CO at any time during catalysis. It is also worth noticing that
reaching steady-state CO coverage under reaction conditions
takes time, on the order of 1 h or so. It is possible that this is
due to some reconstruction of the Pt NPs or the Pt/TiO,
interfaces upon exposure to the CO + O, gas mixture at high
temperatures. However, if this is so, the changes must be at
least partially reversible, because subsequent catalytic runs
reset the lower initial CO coverage and require similar times to
again reach the steady state (Figure 7).

It is possible that even though no other CO adsorbed
species besides that bonded atop individual Pt sites are
detected by the in situ IR analysis of the catalysts during
reaction, they may still participate in the CO oxidation process.
We do not favor this possibility, however, because the intrinsic
catalytic rates for CO oxidation measured here are similar in
both sets of catalysts. As mentioned above, most of the unique
CO adsorption sites observed in the IR data acquired at low
temperatures (Figure S) are depopulated under reaction
conditions; they may possibly be relevant for other, milder
catalytic processes but do not appear to contribute to the CO
+ O, conversion. Regardless, we speculate that at the very least,
the Pt atop sites may provide a reservoir of CO-adsorbed
species for reaction. In fact, the most accepted mechanistic
model for this reaction with Au is the formation of a CO—-0,
complex at the Au/TiO, interface, even if that intermediate has
not been directly detected during reaction (it was inferred
from density functional theory—DFT—calculations).>> Our
own past in situ diffuse-reflectance IR (DRIFTS) experiments
with Au/TiO, catalysts led to the identification of two CO-
containing species on the surface, with peaks at 2180 and 2160
cm™ assigned to adsorption on the titania surface and at the
Au/TiO, interface, respectively, and to the observation of a
correlation between the gopulation of the second species and
the catalytic activity.”*~*° Unfortunately, no equivalent feature
could be seen in the in situ IR data from the experiments
reported here, perhaps for a lack of sensitivity (the relevant IR
peaks may be masked by the signal from gas-phase CO); a
similar mechanism may nevertheless be operational with Pt as
with Au.

In the same way as with the CO uptake, the rates of the CO
oxidation also display a marked time evolution: the TOFs go
down significantly, by about a factor of S or more, over a
period of a couple of hours (Figure 9). Also like in the case of
the buildup of the steady-state CO coverage on the Pt surface,
the changes in TOF are mostly reversible, since they could be
reset to their initial value upon pumping of the system and
refilling of the reactor with a fresh reaction mixture. The first
run of the CO + O, conversion with each catalyst did display a
slightly higher reaction rate than that of all of the subsequent
catalytic runs, but the difference amounted to an ~25% change

in the value, much less than the drops seen in each run versus
time. On the other hand, the CO surface coverages during the
reaction and the corresponding TOFs qualitatively follow
similar trends; it would seem that the coverage of CO on Pt
atop sites affects the rate of reaction. This correlation is not
linear, however, since the temporal changes in TOFs are much
more dramatic than those observed in the 8.q’s. One possible
interpretation of these results that is consistent with our other
data is that the CO oxidation mechanism may occur at Pt/
TiO, interface sites but requires prior CO adsorption on Pt
and migration of those molecules from the atop Pt sites to the
NP-border (Pt/oxide interface) sites.

In terms of the influence of the nature of the TiO, film on
the kinetics of the CO oxidation reaction, it is clear from the
data in Figure 9 that such films always enhance the catalytic
activity. This is seen for films of various thicknesses, grown
either before or after the deposition of the Pt NPs. However,
the film thickness and the order of deposition are both critical
in determining the catalyst relative performance. First, the
TOFs increase in both cases, with both orders of TiO, + Pt NP
deposition, in transitioning from no titania to 1 and 2 ALD
cycles, after which they level off (within the accuracy of our
experiments). The effect is more pronounced in the initial
rates, but it is also seen under a steady state. In addition, higher
rates are obtained if the Pt NPs are deposited on top of the
pregrown TiO, films: the steady-state TOF with the Pt/(2-
ALD-TiO,)/SBA-1S catalyst is approximately twice that with
the (2-ALD-TiO,)/Pt/SBA-15 solid. It should be remem-
bered, however, that in the latter case some of the Pt surface is
covered by the titania film, about half for the case of 2 ALD
TiO, cycles. In fact, normalized by the CO steady-state
coverage, the reaction rates are comparable in both cases up to
x = 2 (two ALD cycles) but diverge significantly (in the
opposite direction) with thicker films, with the catalysts with
the ALD carried out last becoming 2 to 3 times more active per
exposed Pt atom (Figure S8—Supporting Information). It is
worth adding that no evidence was obtained here for any
significant amount of de-encapsulating of the Pt NPs, that is, of
the removal of the TiO, overlayer deposited by ALD and
partially covering the metal surface, during the CO + O,
catalytic reaction, as it has been reported for Pt/TiO, catalysts
during H, + O, conversions.”®

The picture that emerges is one where CO is likely to first
adsorb on the atop sites of the Pt NPs but then migrate to the
Pt/TiO, interface for oxidation. The rate of the oxidation
reaction is therefore controlled at least in part by the Pt surface
area exposed. That area is reduced if the titania films are
deposited on the Pt-containing catalysts, resulting in a decrease
in the absolute reaction rate; the catalysts where the Pt NPs are
deposited on the pregrown titania films are more active overall,
even if that may not be the case in a per-exposed-Pt-atom basis.
On the other hand, the catalysts with thicker TiO, films on top
of the Pt/SBA-15 catalyst have metal/oxide interface sites that
appear to be intrinsically more active than the regular sites in
other catalysts. That may not necessarily reflect a change in the
chemistry at the reaction site but may rather be due to the fact
that as the titania films cover the Pt surface, they leave fewer
metal sites unexposed but create more Pt/TiO, interface sites
closer to the pure metal ones. In other words, there may be a
CO diffusion term, from the initial Pt atop sites to the Pt/TiO,
interface sites, that contributes to the overall kinetics of the
CO oxidation reaction. Alternatively, there may be a higher
surface density of Pt/TiO, sites overall to promote the CO
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oxidation step (once the CO molecules diffuse from the Pt
sites) when the titania has been partially deposited on the
surface of the metal NPs. On balance, it is clear that the
addition of TiO, films enhances the performance of Pt-based
catalysts in catalytic oxidation reactions but that there does not
seem to be any advantage in adding the titania films on top of
the Pt NPs; the best catalysts are those where the Pt NPs were
deposited on the titania films instead. What is also clear is that
a thin film of TiO,, perhaps below a full monolayer coverage, is
sufficient to confer the desirable properties via the creation of
the metal/oxide interface sites that promote the oxidation
reactions. This is good news, because depositing titania films
on silica mesoporous materials rather than using pure titania
solids affords catalysts with high surface areas. The
optimization of the surface density of metal/oxide interface
sites may then be achieved by controlling the size, shape, and
dispersion of the metal NPs.

5. CONCLUSIONS

The use of ALD as a way to develop new catalysts comprising
thin films of reducible oxides, TiO, in our study, was
successfully probed, in this case to design Pt-based catalysts
for the promotion of oxidation reactions (with CO). The films
were shown to grow uniformly and conformally all throughout
the length of the pores of a silica mesoporous material (SBA-
15), with a thickness that could be controlled to a
submonolayer level by choosing the appropriate number of
ALD cycles. The structural characteristics of all catalysts were
similar, except perhaps for the fact that the Pt NPs deposited
on the titania films grew to slightly smaller average diameters.
However, it was found that the order of the deposition
between the oxide films and the metal NPs makes a big
difference in the chemical reactivity of the catalysts. If Pt is
deposited on the pregrown titania films, the metal NPs may be
smaller and may expose different facets but otherwise behave
similarly than when dispersed on the silica substrate. If titania
is deposited on silica surfaces already containing Pt NPs, on
the other hand, the metal surface becomes partially covered,
and new Pt/TiO, interface sites are created, where CO adsorbs
more weakly and displays lower C—O stretching frequencies.

On the basis of results from in situ IR characterization and
kinetic experiments, CO oxidation on these catalysts was
speculated to proceed via the initial adsorption of CO on Pt
atop sites followed by migration to Pt/TiO, interface sites
where the oxidation to CO, takes place. The presence of the
TiO, film clearly enhances catalytic activity, but the nature of
the new Pt/TiO, interface sites is likely to be similar in all
catalysts, even before a full monolayer of TiO, is deposited.
What changes is the number of Pt sites for CO adsorption and
of Pt/TiO, interface sites for CO oxidation, and those yield
maximum reaction rates if the TiO, is deposited first and at
least 2 TiO, ALD cycles are used. Our general conclusions are
likely to also apply to other oxidation reactions, even though
previous results with Au instead of Pt showed some subtle
differences.’’**
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