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ABSTRACT: Infrared spectroscopy shows that H, adsorbs
heterolytically at the metal—support interface (MSI) of Au/TiO,
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H, adsorption at the metal-support interface (MSI)

catalysts. This generates stable protonated MSI hydroxyls, which 12 1m=1.0zx01
are chemically distinct from adsorbed water and free surface g 9 | HAu,,
hydroxyls. IR spectra collected during H, adsorption revealed ®

changes associated with the loss of unprotonated interface o5 6 -

hydroxyls (g TiOH) and the appearance of protonated interface g

hydroxyls (g TiOH,"). This allowed us to identify a spectroscopic s TIOH,* 2 31

signature associated with MSI hydroxyls interacting with Au formation Q0
nanoparticles and separate that signature from the unmodified @———T—— T o0 3 6 9
hydroxyls that dominate the surface. Prior to H, adsorption, MSI 4000 3500 3000 Au perimeter
hydroxyls are electron-rich relative to other surface hydroxyls on v (cm™) site density

the catalyst. As a consequence, MSI hydroxyls are more basic,

which likely contribute to their involvement in H, activation. The surface density of the yTiOH," species was quantified with the
broad-background absorbance (BBA) associated with electron injection into the support during H, adsorption. Quantifying these
signals across a series of catalysts showed that each Au perimeter atom is associated with one reactive g TiOH group. This
unexpected result indicates that Au modifies the local structural and electronic properties of the support. Thus, the synergism
between Au and TiO, produces electron-deficient Au particles, which are stronger Lewis acids, and increases the number of electron-

rich MSI hydroxyls, which are stronger Brensted bases.

KEYWORDS: gold catalyst, H, adsorption, metal—support interface, broad-background absorbance, titania, FTIR spectroscopy,

surface hydroxyls, catalyst active site

B INTRODUCTION

Supported metal catalysts, typically consisting of a metal
nanoparticle (NP) immobilized on an oxide support, are one
of the most important classes of industrial catalysts." Their
catalytic activity and selectivity are ultimately controlled by the
chemistry at the catalytic active site, yet the nonuniformity of
these materials presents considerable challenges to identifying
and characterizing the active sites(s) for a particular
reaction.”™ This is especially true for reactions where the
interface between the metal NP and the support is a key
contributor to the catalytic chemistry. Important industrial
examples of these reactions include CO, hydrogenation,’””
methanol synthesis,” biomass ugpgrading,m CO oxidation,'' ™
the water gas shift reaction,"”'® nitroarene hydrogenation,m’17
and electrocatalytic energy conversion.'®"’

The metal—support interface (MSI) sites are typically
associated with <5% of the total number of metal atoms in a
catalyst and an even smaller fraction of the support surface.
This makes the MSI sites particularly difficult to interrogate.
The relatively low activity of Au surfaces, however, makes
supported Au catalysts ideal materials for probing MSI
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chemistry. Since Haruta’s seminal discovery of low-temper-
ature CO oxidation activity over supported Au nanopar‘cicles,20
Au catalysts have been investigated for a variety of organic
oxidations,*' ~** oxidative couplings,zs’26 and other nonaerobic
processes.”” Various chemistries at the MSI are featured
prominently in these reactions.”**~** The combination of the
support Brensted acid—base chemistry with metal surface
redox chemistry is a similarly broad theme that extends to
other important catalytic systems as well.”*~*

Even though Au catalysts often have highly desirable
selectivity for important industrial reactions, Au-catalyzed
hydrogenations have garnered less attention than well studied
oxidations. Some examples include semihydrogenations,**™*
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Table 1. Catalyst Characterization Data

catalyst % Au surface area (m?/g) d,(Au)? (nm)
a 1.0 + 0.1 48 + 3 2.7 £ 09
b 23 +02 48 +£3 3.0+ 1.0
c 45 + 04 48 + 3 29 + 0.8
d 4.5 + 04 31+3 42+ 12

per density” (umol Au,,./g cat.)

BBA calibration® (mmol H/mol Au/AU)

1.8 +£0.3 3.0+ 03
2.9 + 0.6 4.6 £ 0.1
7.5 + 14 14 + 0.1
3.9+07 12 £ 0.1

“See Figure S1 for STEM images. Determined from particle size analysis of STEM images; details in the SI. “See Figure S9 for calibration curves.

44,4 17,46,47

selective hydrogenations, ° nitro-aromatic reduction,
hydrodechlorination,*® and biomass conversion.”’™>* The
primary reason these reactions have not been employed
industrially is the well-known low hydrogenation activity of Au,
which is orders of magnitude lower than Pt, Pd, or Ni.' At the
same time, this presents an important opportunity: if the
fundamental hydrogenation chemistry can be understood and
improved, there are numerous potential applications for Au
selective hydrogenation catalysts.

There is now broad evidence that fast H, activation over Au
occurs via heterolytic H-H activation at the MSI. Inelastic
neutron scattering and Fourier transform infrared spectroscopy
(FTIR) experiments provided clear spectroscopic evidence for
both Au—H and protons on the support after H, adsorption.>
Rossi’s group has also shown that Au-catalyzed hydrogenations
are considerably faster in the presence of a base.””*” Our own
work has provided an abundance of kinetic evidence for the
importance of heterolytic H, activation in hydrogenation
reactions”®**~*° and allowed us to quantify H, adsorption with
in situ FTIR spectroscopy.’’

Important fundamental questions remain regarding the
nature of the H, activation active site(s) and how they
might be modified to improve broader hydrogenation activity.
Particle size effects have been implicated in several high-profile
Au-catalyzed reactions”>**"**~°" and have been suggested to
be important in selective hydrogenations.** Particle size effects
can have both structural and electronic origins but it is difficult
to sort out their relative importance in a given reaction.’” Clear
determinations of the number of active sites and spectroscopic
signatures that enable monitoring electronic modifications are
necessary to understand the relative impact of structural and
electronic effects, and hence, improve catalytic activity.

While it is clear that the details of the Au-support contact
structure are key contributors to the unique catalytic chemistry
of Au, a few %uantitative measures for examining these details
are available.”” We previously showed that H, adsorption on
Au/TiO, results in electron injection into the support; this can
be quantified via a broad-background absorbance (BBA) and
correlated with volumetric adsorption measurements.”” In this
work, we extend our study to include a full examination of the
support hydroxyls directly at the interface. These hydroxyls
have very low surface concentrations, making them exception-
ally difficult to probe and characterize. Using a series of Au/
TiO, catalysts, we report and quantify clear spectroscopic
signatures associated with (i) the proton transfer to MSI
hydroxyls and (ii) the corresponding “loss” of unprotonated
hydroxyls. Tracking this signature across the catalysts and
quantifying the number of adsorbed H, molecules as a function
of the catalyst perimeter site density revealed new information
regarding the nature and number of H, adsorption sites.

B RESULTS AND DISCUSSION

Catalysts. We studied H, adsorption on a series of four
Au/TiO, catalysts using FTIR spectroscopy and volumetric

adsorption experiments. The catalysts were prepared with the
goal of varying the density of Au—TiO, perimeter sites. The
details on catalyst synthesis and characterization, as well as
scanning transmission electron microscopy (STEM) images,
are available in the SI; these methods and results are
comparable to what we have described previously.”” Selected
characterization data (particle sizes, elemental analysis, BET
surface areas, and H, adsorption measurements) are available
in Table 1. Three catalysts (a—c) were prepared with similar
average particle sizes (2.7—3.0 nm) but with different Au
loadings. A fourth catalyst (d) was reduced at a moderately
higher temperature, yielding slightly larger (4.2 nm) particles.
The perimeter site density for each catalyst was determined by
summing the contributions of each statistical bin in the full
particle size distribution histogram (see the SI).**

] @
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4000 3000 2000 1000

Wavenumber (cm™)

Figure 1. FTIR study of H, adsorption on Au/TiO, as a function of
time. The spectra shown are difference spectra recorded after
exposure of catalyst b to 40% H, in N, at 60 °C. Spectra are
referenced to the single-beam spectrum of the sample recorded
immediately before exposure to H,. The blue bar shows the integrated
area used for quantifying the BBA signal. FTIR spectra for all four
catalysts are provided in Figure S3. The AU unit stands for
absorbance units.

Spectroscopic Evidence for H, Adsorption at the MSI.
Figure 1 shows representative difference FTIR spectra
collected during H, adsorption on a freshly reduced 2.3%
Au/TiO, catalyst (catalyst b); spectra for all four catalysts are
provided in Figure S3. Briefly, the change in light transmission
over the entire spectrum, which we describe as a broad-
background absorbance (BBA), is characteristic of electron
transfer into the conduction band of TiO,.*"*”%*~%" When
correlated with volumetric H, adsorption measurements, the
BBA signal can be used to quantify H, adsorption on Au/TiO,
catalysts.”” A new feature centered near 1580 cm ™, which we
previously assigned to the dyoy vibration of protonated MSI
hydroxyl groups (ygTiOH,"), also appears. These features
occur during H, adsorption on all four catalysts, as shown in
Figure S3. Control experiments on comparably pretreated P-25
titania showed no H, uptake in volumetric adsorption
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experiments and no changes in the IR spectrum upon the
addition of H,.

The appearance of protonated MSI hydroxyl groups and
concomitant electron transfer to the support, evidenced by the
BBA signal, indicates H, adsorption results in the net transfer
of a proton—electron pair to the support. We refer to this
proton—electron pair as a hydrogen atom equivalent (HAE) to
distinguish it from a pure proton or a true H-atom, which
describes a proton strongly coupled to an electron with a 1s
orbital ground state. Thus, transferring the HAE onto the
support captures the following process

msiTIOH + HAE 2, TiOH," + ¢ (TiO,) (1)

where 5 TiOH represents the active perimeter hydroxyls,
msiTiOH," represents the protonated active perimeter
hydroxyls, and e™(TiO,) represents the added electron to
the support observable as BBA. DFT calculations indicate that
the electron is broadly delocalized across the support surface,
with roughly one-half of an electron localized on the
protonated Ti—OH group.”* For simplicity, we treat both
the proton and electron as separate entities.

DFT calculations in support of kinetics measurements
indicate that the adsorbed proton and electron are tightly
coupled, even though the electron is broadly delocalized.” We
previously characterized the HAE as a “waterlike species”
based on the 8y0yy vibrational frequency;”” however, we do not
believe that the bulk of the data is consistent with the adsorbed
water. While protons and deuterons are readily exchanged, we
see no evidence that the O species are removed, even at 150
°C under H, or under flowing N, during H, desorption.
Additionally, we can conceptualize a process by which a proton
is transferred to a hydroxyl group with a formal negative
charge, while a partial negative charge is transferred to a Ti—O
antibonding state, polarizing the Ti—OH bond to localize
greater charge on the O atom.”

While the transfer of a proton to a hydroxyl group certainly
results in a waterlike species, it is then unclear how that water
would become partially oxidized when the electron density is
transferred to a Ti—O or a Ti-based state. In fact, our DFT
calculations show the opposite, with the protonated hydroxyl
removing the electron density from the surface.”* Therefore,
while the best description of the surface species likely lies
somewhere in between a “waterlike species” and a “protonated
hydroxyl”, we presently believe that the “protonated hydroxyl”
(msiTiOH,") description is more consistent with the observed
and modeled chemistry.

Our previous study focused on quantifying the BBA signal
and included only a cursory examination of changes to the MSI
hydroxyls on two catalysts;>” the extension of this study to four
catalysts allows for a more complete examination of the
hydroxyl groups involved in H, activation. Upon H,
adsorption, an additional feature near 3300 cm™' appears,
corresponding to a new O—H stretching frequency. A close
inspection of the spectra reveals that the growth of the 3300
cm™" band coincides with a feature associated with the loss of
absorbance at ~3628 cm™' (Figure 2A). Similar features are
observed for all four catalysts; see Figure S3. We therefore
assign the 3628 and 3300 cm™' bands to pgTiOH and
mst TiIOH, " stretching vibrations, respectively.

Figure 2B shows the plots of the g TiOH and 5 TiOH,"
stretching band peak areas vs the peak area associated with the
mstTIOH,* scissoring band (8yy) for four different Au/TiO,

3800 3600 3400 3200 3000
Wavenumber (cm-1)

30 { (B)

15 4

v(ys TIOH or 5 TiOH,*) area (A.U.)

M
d c
-15 y
0 1 2

&(msi TIOH;*) area (A.U.)

Figure 2. (A) FTIR difference spectrum of catalyst c under 40% H,/
N, at 70 °C. The spectrum is referenced to the single-beam spectrum
of the sample recorded immediately before exposure to H,. The
negative absorbance feature (highlighted in purple) shows the species
consumed during H, adsorption; the positive absorbance feature
(highlighted in red) shows species generated during H, adsorption.
The BBA feature was subtracted for clarity. (B) Integrated areas of the
negative g TiOH stretching band (purple) and the positive g
TiOH," stretching band (red) as a function of the gTiOH,"
scissoring band centered at 1580 cm™ (not shown). Full spectra
are available in Figure S3. The reported peak areas are averages of the
extracted areas from S to 10 spectra of the saturated MSI sites (see
Figure 3); error bars indicate the corresponding standard deviations.
Letters a, b, ¢, and d represent catalysts a, b, ¢, and d, respectively (see
Table 1).

catalysts. The changes to these peak areas are linearly
correlated, indicating that each ,TiOH hydroxyl “lost”
during H, adsorption is converted to ugTiOH," (Figure
2B). Differences in the slopes of the lines are attributed to
differences in extinction coefficients for various vibrational
modes. With these linear correlations, observed changes to
msiTiIOH,", which are more easily quantified, must be
proportional to the number of active hydroxyls. This internal
consistency is a prerequisite for evaluating the number of active
hydroxyl groups across all of the catalysts. Our results also
showed that the intensity of all three v(ygTiOH), v-
(msiTiIOH,*), and 6(ygTiOH,") bands are directly propor-
tional to the perimeter density of the catalysts (Figure S4),
indicating that these species are specific to the MSI of Au/
TiO, catalysts.

We have not found evidence for a Au—H band in any of our
studies. While some have attributed bands around 2130 cm™!
to Au—H, >*® we and others®® have not been able to observe
this for Au/TiO,. DFT calculations indicate that Au—H
species are unstable relative to deprotonation by TiO,.>"*
Hence, either the extinction coefficient for Au—H is too low
for us to observe or the lifetime of Au—H species appears to be
too short to be observed in our FTIR experiments. Given the
relative stability of g TiOH,", we favor the latter explanation.
Thus, at least over the timescale of our experiments, H,
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adsorption on Au/TiO, catalysts is best described as the
addition of two HAEs to the MSL

Quantification of Active Hydroxyls via FTIR Titration.
Since H, adsorption involves both Au atoms and ,TiOH
sites, the number of active sites cannot be determined simply
from the number of perimeter sites on Au nanoparticles
( Auper)-3g_40’53_57

Au particles must also play a role, as active sites require

The local structure of the support around

hydroxyl groups that are (i) physically close enough to Au,,
for H, to bridge the two components of the site and (ii)
sufficiently basic to accept a proton during H, activation. The
surface terminations of anatase and rutile structures typically
have a combination of terminal (basic) and bridging (acidic)
hydroxyls. Using this as a guide, there is no a priori reason to
expect that every Ti—OH next to a Au,,,
of the criteria necessary for an active site; rather, the
expectation should be that roughly one-half of surface

atom will meet both

hydroxyls near Au particles will be sufficiently basic to activate
H,. We examined this more carefully by developing a
systematic method for estimating the number of active
hydroxyls at the MSI based only on the IR data, which is a
measure of the number of active sites independent of the Au
particle size information from TEM data.

0.6
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Figure 3. FTIR titration method for determining the quantity of
adsorbed H at yqTiOH,* saturation. Changes to the BBA and
msiTIOH, ™ 80y band profiles during H, adsorption on catalyst b (60
°C, 40% H,/N,; spectra in Figure 1) are shown. The BBA intensity
was monitored by measuring the area under the spectrum between
1800 and 1900 cm™' (blue bar in Figure 1). The uqTiOH,*
saturation time is determined from the intersection of linear fits to
the early time increase regime and the flat portion of the
S(msiTiIOH,*) profile. Note: while the plots only show the early
portion of the experiment, all of the saturated data (~1000 s) was
used to fit the flat line (Figure S10).

Figure 3 shows the integrated areas of the BBA and
mst TIOH," signals for the spectra presented in Figure 1 as a
function of time. The 5 TiOH," band stabilizes in about 30 s,
which marks the point at which gTiOH sites become
saturated with protons. While this correlation is clear, the
extinction coefficients of g TiOH and ,TiOH," bands are
unknown; consequently, the intensity of these vibrational
features cannot be directly used to extract the number of active
hydroxyls.

The calibrated BBA signal is linearly related to the total
quantity of adsorbed H and can be used to evaluate the
amount of H, adsorbed on the catalyst (e.g, HAEs) when
mst TIOH, " signal becomes saturated. BBA calibration plots for

each catalyst are available in the SI (Figure S9); the extracted
calibration factors are reported in Table 1. The uTiOH,"
saturation time is determined from the intersection of linear
fits to the early time increase regime and the flat portion of the
Suon profile. Determining the amount of hydrogen (HAE)
required to saturate the ugTiOH," Syoy band provides a
quantitative spectroscopic determination of the number of
active MSI hydroxyls. We refer to this systematic method as
FTIR titration. In this titration, the hydroxyl IR absorption
area (bending or stretching vibration) is linearly correlated
with the BBA signal. The BBA signal for each sample is
calibrated to volumetric H, adsorption measurements as we
have described previously.”’

Thus, the FTIR titration provides a direct quantitative
measure of the number of reactive interface hydroxyls. While
several TEM studies have shed light onto Au—TiO, MSL,°772
this information is not available via TEM due to three
fundamental limitations: (i) TEM is limited by sample bias, as
Au particles are most easily imaged on the thinnest sections of
the support; (ii) TEM is limited to the analysis of a very small
number of particles. Even 10000 particles is a miniscule
fraction of what is present on 1 mg of catalyst; and (iii) TEM
cannot directly probe hydroxyl reactivity. Thus, while excellent
TEM images may be able to show that there is one hydroxyl
group per Au, TEM cannot indicate if all of those hydroxyls are
reactive. The FTIR titration provides exactly that information
and samples orders of magnitude more particles than is
possible with TEM.

‘é 8 - catalyst-c
= | Ht ¢
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: ¢
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z 4 4
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0 v r
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Figure 4. Extracted number of active perimeter hydroxyls for catalysts
b, ¢, and d as a function of temperature using FTIR titration.

Using the data in Figure 3 as an example, the extracted
quantity of 3.1 + 0.4 umol H/g is then interpreted as the
number of active perimeter hydroxyls for catalyst b. We
performed this titration at several different adsorption
temperatures. The extracted number of active perimeter
hydroxyls as a function of temperature is shown in Figure 4.
For any given catalyst, the extracted values are essentially
constant for analysis temperatures up to about 100 °C. Above
that temperature, there may be a slight decline in the number
of saturated perimeter sites. This is not surprising as eventually
equilibrium considerations will require higher H, pressures to
overcome entropy and continue saturating the MSI hydroxyl
group.

Figure 4 presents the ;g TiIOH," density in terms of sites per
gram of catalyst, and so the observed differences between the
catalysts are expected based on different Au weight loadings. A
plot of the same data normalized to the perimeter site density
is available in the SI (Figure S11B). The relationship trend is
readily visualized by plotting the extracted number of active
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Figure S. H, adsorbed at g TiOH," saturation (FTIR titration) as a
function of the catalyst perimeter site density (STEM image analysis).
The y-axis values were determined at 70 °C, except catalyst b, which
was determined at 60 °C. The slope of the fitted line shows H"/Au,,,
at i TIOH, " saturation. The uncertainty in the slope was determined
using the regression analysis of the linear fit. The letters a, b, ¢, and d
next to the symbols represent catalysts a, b, ¢, and d, respectively (see
Table 1).

hydroxyl groups (IR and volumetric adsorption data) against
the number of Au,, sites (STEM image analysis), as shown in
Figure 5. This is essentially a bulk determination of the number
of active sites on the catalyst that simultaneously provides
information on (i) the number of adsorption sites and (ii) the
structural stoichiometry of active site components. The bulk
determination of the number of active sites on Au catalysts for
any reaction, much less hydrogenation, has not previously been
possible.

The linear relationship with a slope of 1.0 + 0.1 H/Au,,
(Figure 5) indicates that, on average, one H" is transferred to a
reactive MSI hydroxyl group for each Au,,, site. This 1:1
relationship implies that there is one basic OH per Au,,, atom.

er
This relation holds for all of the catalysts withinP a very
reasonable margin of error. It also covers a relatively large
range of Au nanoparticle sizes—roughly from 1.5 to 7 nm,
which is the particle size range of greatest interest for catalysis.

This is a somewhat unexpected finding, as structural models
of anatase and rutile TiO, generally show a combination of
both bridging (acidic) and terminal (basic) hydroxyl
groups.””’* Given the spacing between surface hydroxyls on
common TiO, surface terminations, Au atoms are not large
enough to accommodate both bridging and terminal hydroxyls
at every Au,,, site. The generation of one basic TiOH per Au,,,
site therefore suggests a significant local modification of the
support around Au nanoparticles. We note that this is not
typically incorporated into computational models, which
typically freeze the support surface termination to the bulk
geometry to reduce computational expense.

We cannot rule out the possibility that the H, activation
activity correlates with the particle size due to activation on
low-coordinate corner or edge sites followed by transfer to
MSI sites; this would result in the same final state as we
observe spectroscopically. The corner site density dependence
on particle diameter (d47*) is almost indistinguishable from the
perimeter site density dependence (d*) over this particle size
range, so a nearly equivalent correlation for Figure 5 can be
prepared using the corner site density (further details available
in the SI). Several factors make this less likely. First, previous
DEFT calculations indicate that homolytic H, activation on low-
coordination sites is thermodynamically uphill.****¢%75=78
Second, several well-conceived studies from the Rossi group

have clearly shown that H, activation on Au nanoparticles is
facile in the presence of basic amine groups; they report
essentially no hydrogenation activity in the absence of the
added amine.*” These amines can be added in solution with
various diamines’” or via the support using N-doped carbon
supports.*” Both in their systems and in ours, heterolytic H,
activation avoids the formal oxidation of Au (which is more
electronegative than H) during homolytic dissociative
chemisorption.

p

3750 3650 3550
Wavenumber (cm-)

Figure 6. FTIR spectra comparing TiO, surface hydroxyls (top) with
changes observed during H, adsorption (bottom). The top FTIR
spectrum is of a dry Au/TiO, catalyst (catalyst a), collected at 200 °C
and referenced to KBr at 200 °C. The bottom spectrum shows the
msi TiIOH bands that undergo protonation upon H, adsorption. The
symbols in both top and the bottom panels show spectral data points,
and the dark lines are the sum of three individual Gaussian curves
(lighter lines). Spectra were offset for clarity. See Figures S16 and S17
for more details on the fitted Gaussian curves.

Electronic Modification of ygTiOH by Au. The
observed 1:1 relationship between active perimeter hydroxyls
and Au,, sites prompted us to more carefully consider the
spectroscopic signatures associated with each of the hydroxyl
bands. Anatase surface hydroxyls typically show three vy
stretches at 3718, 3673, and 3641 cm™!, while rutile surfaces
typically have two bands at 3695 and 3660 cm™.”® Figure 6
shows that a dried sample of catalyst a has TiOH vgy bands
centered at ~3673 cm™". This spectrum is well described by a
linear combination of three Gaussian curves centered at 3619,
3673, and 3720 cm}; it is therefore consistent with the
composition of P-25 titania, which is predominately anatase.”

The negative peak centered at ~3628 cm™" in Figure 2A is
associated with the loss of the v(j TiOH) stretch that can be
regarded as the spectroscopic signature of MSI hydroxyls prior
to H, adsorption. The low concentration of MSI hydroxyls,
coupled with the high background absorbance of the sample at
these wavelengths, adds considerable noise to these spectra. To
facilitate comparison with unmodified hydroxyls on TiO,
(Figure 6), we averaged four spectra collected when MSI
hydroxyls are saturated (see Figure S17) and inverted the
spectrum. The resulting spectrum is also well described by
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three Gaussians centered at 3582, 3618, and 3677 cm™'. These
values are, on average, ~45 cm™' red-shifted relative to anatase
surface hydroxyls, indicating a substantial electronic perturba-
tion of the support at the MSIL. The differences in the relative
sizes and distribution curves fitted to active hydroxyls are also
consistent with structural changes at the MSI suggested above.

The observed lower stretching frequency indicates that
active hydroxyls are characterized by weaker, less polar O—H
bonds. It follows that less polar O—H bonds are associated
with more electron-rich O atoms, so MSI hydroxyls are
expected to be stronger bases than surface hydroxyls away from
Au. A recent DFT study also suggested the net partial electron
transfer from Au to TiO, at the interface, consistent with this
observation.”’ This conclusion is consistent with two related
observations. First, interface hydroxyls remain protonated
while H-D exchange occurs between mobile H" and D" on
the support.”* Second, H, adsorption continues after MST sites
are saturated (presumably due to a spillover-like mechanism),
yet interface hydroxyls are always observed under H,. The
msi TiIOH," bands are the first to appear upon adsorption and
the last to disappear during desorption; HAEs are clearly more
stable at the MSI than elsewhere on the catalyst.”* These
results, along with the spectroscopic signature, are all
consistent with the stronger Bronsted basicity of MSI
hydroxyls.

The 3300 cm ™ (g TiOH,") stretch in the top spectrum of
Figure 2 is ~330 cm™' further red-shifted from v(ygTiOH)
and is about 3 times more intense than the corresponding
negative band of 0(g TiOH). This red shift is too large and in
the wrong direction to be attributed solely to the protonation
of active hydroxyls. DFT calculations show that the vibrational
frequency of isolated surface hydroxyls and isolated water
molecules (e.g,, without H-bonding) adsorbed on TiO, are
almost indistinguishable.”* A large red shift and a significant
increase of the molar absorptivity are typical when functional
groups are directly involved in H-bonding.*” Our results
suggest that the g TiOH species are largely isolated but the
protonated 5 TiOH," species participate in H-bonding, either
with near-by hydroxyls or with trace amounts of surface water.
(Prior to H, adsorption, the surface is equilibrated with <1
pbar of water that remains after purifying UHP gases with a
dry ice/isopropanol bath.)

The 8oy band for water is well known to be sensitive to its
local environment,®' ~** and it has been established that 8y
bands blue-shift upon increasing the H-bonding strength.®”*
For example, the molecular water 6y band ranges from 1650
ecm™ for liquid water to 1590 cm™' for isolated gas-phase
molecules.®” Figure 7 compares dyoy bands for the adsorbed
water (H,0—Au/TiO,) and for the uqTiOH," species
generated by H, adsorption (H,—Au/TiO,). The water band
at 1620 cm™" indicates substantial H-bonding interactions. The
Onon band for g TiOH," is red-shifted even further to 1580
cm™!, even though the v(ygTiOH,") stretching frequency
suggests that the ;g TiIOH," species participate in H-bonding.
Direct interpretation of the bending vibration frequency is
difficult, as charges associated with H" and (partial) electron
transfer to the ,TiOH are not clear. However, the low
scissoring frequency cannot be attributed to H-bonding and
therefore must have structural and/or electronic origins,
making IR observations internally consistent, and consistent
with a significant structural and electronic modification of the
support by Au.
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Figure 7. FTIR spectra of the dyop scissoring vibration of adsorbed
water (H,0—Au/TiO,) and H, (H,—Au/TiO,) on Au/TiO, in the
scissoring region. Spectra are difference spectra referenced to the
single beam of the sample before H, or H,O adsorption. Full spectra
for H, and H,O adsorption are shown in Figures S3 and S13,
respectively.

The Bond and Thompson model for CO oxidation over Au/
TiO, catalysts®® originally postulated a unique interaction
between Au and the interface Ti—OH groups. Although their
suggestion that Au MSI atoms are fully oxidized to Au(I) likely
overstates the degree of charge transfer, and perhaps, overly
localizes the process on a small number of Au atoms, the
broader suggestion of the important electronic interaction
between the two components appears to be appropriate. Most
recently, Fujitani et al. examined water TPD from single-crystal
Au/TiO, model catalysts, observing a high-temperature
desorption peak whose intensity increases linearly with the
Au perimeter site density.”” They attributed this unique water
TPD feature to the presence of “special hydroxyls” that are
selectively formed at the Au/TiO, MSI. While our work is on
high-surface-area materials, our results show a similar linear
increase with the perimeter site density (see Figures S and S4),
providing a complementary spectroscopic signature to their
TPD identification. Further, our studies show that interface
hydroxyls are directly involved in H, adsorption, and by
extension, in Au-catalyzed hydrogenations and CO
PrOg S+56:57,88

The unique spectroscopic signature of MSI hydroxyls above
and Fujitani’s report indicate an electronic influence of Au on
MSI hydroxyls. Interactions with Au may also perturb the
surface hydroxylation, effectively converting bridging hydroxyls
at the MSI to terminal (basic) hydroxyls. Most of the stable
surface terminations of anatase and rutile contain both
bridging and terminal hydroxyls. However, a number of low-
energy pathways are available for the hydrolysis of bridging
hydroxyls,”* and small deviations from stoichiometry lead to
the formation of crystallographic shear planes and surface
roughening.89 Even the rutile (110) surface, which is the most
stable and most studied single-crystal surface, is not well
understood because of structural changes due to sample
pretreatment and sample history.”® It is therefore not
unreasonable to expect that interactions with Au nanoparticles
might lead to a small perturbation in the surface and/or
electronic structure of titania that results in an overabundance
of relatively electron-rich terminal hydroxyl groups directly at
the MSL

Bl CONCLUSIONS

The spectroscopic results during H, adsorption indicate
intimate local electronic interactions between the catalyst
components, whereby electron density is transferred from Au
to TiO,. The experimental ratio of approximately one active
hydroxyl per Au,, atom suggests that this electronic
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modification coincides with a structural modification of the
support at the interface. These synergistic structural and
electronic interactions appear to facilitate heterolytic H,
activation (relative to pure Au surfaces). The electron transfer
from Au to TiO, makes the Au surface somewhat electron
poor, which facilitates the stabilization of a developing hydride.
This interaction also increases the electron richness of MSI
hydroxyls, making them more basic and more able to stabilize
the developing proton.
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