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Kinetics of H, Adsorption at the Metal-Support Interface of Au/TiO,
Catalysts Probed by Broad Background IR Absorbance
Akbar Mahdavi-Shakib, K. B. Sravan Kumar, Todd N. Whittaker, Tianze Xie, Lars C. Grabow,

Robert M. Rioux, and Bert D. Chandler*

Abstract: H, adsorption on Au catalysts is weak and
reversible, making it difficult to quantitatively study. We
demonstrate H, adsorption on Auw/TiO, catalysts results in
electron transfer to the support, inducing shifts in the FTIR
background. This broad background absorbance (BBA) signal
is used to quantify H, adsorption; adsorption equilibrium
constants are comparable to volumetric adsorption measure-
ments. H, adsorption kinetics measured with the BBA show
a lower E,,, value (23 kimol™) for H, adsorption than
previously reported from proxy H/D exchange (33 kJmol™).
We also identify a previously unreported H-O-H bending
vibration associated with proton adsorption on electronically
distinct Ti-OH metal-support interface sites, providing new
insight into the nature and dynamics of H, adsorption at the
Au/TiO, interface.

Introduction

The unique chemistry at the metal-support interface
(MSI) of supported nanoparticle (NP) catalysts has attracted
significant research interest in the past decade."! Small
molecule adsorption at the MSI and the transfer of atoms,
protons, and electrons between the metal and support
components are fundamentally important processes in catal-
ysis. They impact numerous industrially important reactions
including CO/CO, hydrogenation to methanol,” hydrodeoxy-
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genation,”! CO oxidation and preferential oxidation,® CO,
electroreduction,””’ and the water-gas shift reaction.[’!

The MSI combines metal functionality with support acid/
base chemistry directly at the interface where adsorbates can
simultaneously interact with both components. This cooper-
ative bifunctional catalysis is distinct from the well-known
traditional bifunctional catalysis, where reactions take place
on essentially independent active sites.”! For example, metal-
based chemistries are promoted by support Lewis acid sites in
CO, hydrogenation over Cu catalysts,” Brgnsted acid sites in
0, activation,”® and Brgnsted base sites in H, activation.>’!

Charge transfer between metal and support can also
influence catalyst activity and selectivity;"”’ in many cases,
this is mediated by H atom transfer or spillover."!! In
a particularly compelling example, van Bokhoven and co-
workers recently showed activated hydrogen transmission
across a reducible oxide support, demonstrating reduction
reactions can occur nanometers away from H, activation
centers.'” Crossley and co-workers also showed this effect
when metallic NPs and the oxide are spatially separated and
connected via carbon nanotubes."”! Similar conclusions have
been drawn in examining the role of Pt promoters for Co
Fischer-Tropsch catalysts.!""

While the term “hydrogen spillover” as originally coined
by Vannice and Boudart! was originally applied to metals
that strongly adsorb H,, the transfer of a proton and electron
from metal to support is functionally similar.'! Yates and co-
workers reported broad changes in FTIR difference spectra
associated with H, adsorption on Au/TiO, catalysts, attribut-
ing the signal to H spillover, specifically arising from electrons
trapped in conduction band edge (CBE) states.[**'! A change
in the IR light absorbance is expected upon addition of excess
electrons to metals and semiconductors,!® and similar
spectral changes have been observed on various types of
samples such as single crystals!" and powders® in both UHV
and aqueous systems.?!]

The observed spectral changes, which we term the “broad
background absorbance” (BBA), can arise when the catalyst
interacts with electron donating adsorbates (e.g. CO,*
H,2%% or H,)P%4%! or undergoes photo-?"+*I or electro-
chemical excitation.'®*! The spectral origin of the BBA
signal has been attributed to several physio-chemical changes,
including (i) intra-band transition of conduction band elec-
trons, (i) movement of shallow trap electrons into the
conduction band,”*¥ and (iii) surface roughening of the
material, leading to an increase in sample scattering and
observed decrease in overall light transmission.”* These
suggestions may be related, as conduction band electrons are
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expected to populate anti-bonding Ti-O states, which can
lengthen surface Ti—O bonds.’

Below, we utilize the BBA phenomenon to selectively
probe H, adsorption kinetics at the Au/TiO, MSI. Active sites
at the MSI sites are notoriously difficult to study because they
are a small subset of both metal and support sites, resulting in
exceedingly low site densities. However, an improved under-
standing of MSI active sites would aid in designing next
generation multi-functional catalysts. Theoretical calculations
provide guidelines,”” but require experimental observations
to inform catalyst design.“***'""l We use the BBA signal to
determine H, adsorption equilibrium constants and show the
determined values are consistent with volumetric adsorption
measurements. Kinetics studies indicate the BBA signal
differentiates H, adsorption and H/D exchange Kkinetics,
showing measurable differences in apparent barriers associ-
ated with each process.

Additionally, we report a previously unreported spectral
signature associated with the active site for H, adsorption on
these catalysts. These sites are revealed by the formation of
a water-like species (nominally OH,") upon proton addition
to MSI hydroxyls. This water-like species, which becomes
rapidly saturated during H, adsorption experiments, has
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a distinct vibrational frequency relative to adsorbed water,
suggesting a unique electronic interaction between the metal
and support.

Results and Discussion

Two Au/TiO, catalysts (1 % and 5% Au with particle sizes
2.7+0.9 and 2.9+ 0.8 nm, respectively) were prepared via
deposition-precipitation as previously reported.”™ A com-
plete materials and methods section, including preparation
and characterization details, representative TEM images, and
details on FTIR sample preparation are available in the SI.
Figure 1 A shows exposure of a freshly reduced sample of 1 %
Au/TiO, catalyst to a 40% D,/N, stream results in an
immediate increase in the spectral baseline. We refer to this
shift as the broad background absorbance (BBA). As
described above, the BBA is attributed to the generation of
conduction band electrons in the support, which decrease
light transmission through the sample either by absorbing IR
radiation!*'”! or by increasing light scattering by the sam-
ple.”?
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Figure 1. Time evolution of FTIR spectra. A) FTIR spectra recorded after exposing a freshly reduced sample of 1% Au/TiO, to a 40% D,/N,
stream at 71°C; B) FTIR spectra recorded after exposure of 1% Au/TiO, to a 40% H,/N, stream at 71°C. C) FTIR spectra recorded under flowing
N, after removing H, from the feed. Bars on the right side of the panels show time associated with the corresponding spectra. D) BBA profiles
recorded during exposure of 1% Au/TiO, to 40% H, at 71°C. The blue data show the same experiment repeated with varying H, exposure times.
The red data are collected under 40% D, at 71°C. All spectra were recorded as difference spectra referenced to the single beam spectrum of the

sample immediately before exposure to H, or D,. Reported areas are the entire integrated area under the spectrum from 1800-1900 cm

-1

referenced to this baseline. The drop in the BBA intensity corresponds to switching the H, (D,) flow off.
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The BBA signal increases rapidly for approximately one
minute; after this time, broad absorbances at ~2500 cm™
(Vop), ~1430 cm™ (Spop), and ~1200 cm™ (dp,o) appear.
The negative bands near 3500 cm ™' in the difference spectra
(Figure 1 A), indicate a loss of surface hydroxyl groups.
Exposure to D, results in a regime of fast BBA evolution
followed by a regime where the BBA evolves more slowly and
H/D exchange begins (see below). The BBA reached almost
30% of its maximum intensity in this initially fast regime
(~1 min); whereas nearly an hour was required for complete
H/D exchange (see below).

The BBA signal also arises in experiments where no H/D
exchange was possible, that is, H, adsorption on a protonated
surface (Figure 1B). As above, the BBA signal appears
immediately upon exposure to H,, intensifies quickly over
the first few minutes, followed by slower evolution of the
BBA intensity. The corresponding experiment examining D,
adsorption on a pre-deuterated hydroxyl surface has nearly
identical BBA features (see SI). The H, adsorption experi-
ment (Figure 1B) also shows the appearance of weak bands at
~3300 cm ™! and ~ 1580 cm . These bands are assignable to
Von and Oy, stretching and bending bands, respectively, and
indicate formation of a water-like species (WLS) as H, first
adsorbs on the catalyst. This is consistent with our previous
density functional theory (DFT) and experimental results,
which indicate H, adsorption occurs via heterolytic dissoci-
ation at the MSL.”*® The BBA signal is considerably more
intense than the voy and dy,o bands, indicating the BBA
signal offers a sensitive method for monitoring H, adsorption
in these systems. Figure 1 C shows the spectra recorded after
H, flow was switched to N, (i.e., pressure swing desorption).
The BBA signal and bands associated with a WLS (see below)
gradually decreased in intensity until all features were
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eliminated (/25 min.). This process is completely reversible,
consistent with the well-known weak adsorption of H, on Au
catalysts.?4%"]

The BBA signal intensity can be quantified by measuring
the total area under the spectrum from 1800 to 1900 cm ™', as
reported previously."*>?! This spectral range, shown with
a blue bar in Figure 1, was selected due to the relatively large
changes in BBA intensity and minimal interference from
other features (e.g. hydroxyls, water). We note other fre-
quency ranges yield similar results (see SI for more details).
Figure 1D shows plots of the BBA area versus time for
several adsorption experiments. The BBA signal evolution is
highly reproducible; in five repeat experiments, it showed
similar evolution over time and similar total increases in
intensity. The BBA intensity always returned to zero when H,
was removed, confirming the reversibility of the underlying
chemistry.

Figure 1D includes a time profile for D, adsorption under
similar conditions. The BBA values after one hour of
adsorption are essentially the same for H, and D,, consistent
with the proposed structural/electronic origins of the
BBA."*? The D, adsorption profile also indicates somewhat
slower D, adsorption kinetics. Since H, adsorption is dis-
sociative, a kinetic isotope effect is expected, and indeed
required if the BBA kinetics report on activated H,(D,)
adsorption. The small isotope effects are fully consistent with
the conclusion the BBA arises from the elementary step of
heterolytic H, dissociation at the MSL.P%
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Figure 2. Quantitative H, adsorption at 90°C. A) Integrated BBA intensity as a function of time measured at several H, pressures. The inset
shows the plots used to extract BBA, values for each experiment. Inset lines are linear fits to the data (details in the Sl). B) BBA, values plotted
against the quantity of H, adsorbed (QA;) measured in static volumetric adsorption experiments. C) Adsorption isotherms prepared from (i)
BBA; ; values of FTIR experiments (blue diamonds) and (i) H, uptake from volumetric chemisorption experiments (green triangles). The line
shows the fit of all the experimental data to a Freundlich adsorption isotherm. The inset shows linearized Langmuir plots used to estimate the
equilibrium constant for P, from 0.1-0.45 atm. Error bars correspond to 15% uncertainty in the volumetric adsorption and 10% uncertainty in
the BBA measurements; these uncertainty estimates were based on several repeat experiments.
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Quantitative analysis of BBA profiles

Figure 2 A shows the evolution of the BBA signal during
H, adsorption at 90°C. The BBA value for each adsorption
experiment was determined by treating the BBA profile as
a saturation curve and extracting BBA; (the full BBA signal
at a given temperature and Py, when the adsorption time
approaches infinity) from the slope of the linearized form of
the data (inset in Figure 2A). A complete description of the
data treatment and plots are provided in the SI. Figure 2A
also shows the BBApy value increases with Py, suggesting the
BBA signal correlates directly with the amount of adsorbed
H,. To quantify the weak, reversible H, adsorption shown in
Figure 1, we measured reversible H, adsorption isotherms in
a standard volumetric adsorption instrument. Figure 2B
shows a strong linear correlation between the BBA, values
and the quantity of adsorbed H, (QA). This allows us
calibrate and quantify the BBA signal in terms of the quantity
of adsorbed H, (details in the SI).

The Py, dependence of the BBApr and QApy values is
shown in Figure 2 C; the added line fits of all the experimental
data to a Freundlich adsorption isotherm. This suggests the
enthalpy of adsorption varies over wide ranges of H, cover-
age. CO adsorption on Au and Pd-Au catalysts shows
coverage-dependent adsorption constants;® the volumetric
and BBA data suggests H, adsorption is similarly coverage
dependent. However, changes to the adsorption constant
(Ky,) are expected to be small when the H, coverage is
relatively constant, making the Langmuir description a rea-
sonable approximation when QA values are similar. The inset
in Figure 2 C shows both the BBA and QA data sets are well-
described by linear Langmuir isotherms for H, pressures from
0.1 to 0.45 atm H, (QA ~ 150 mmol Hmol ' Au). The good-
ness of these fits justifies the Langmuir approximation and
allows us to estimate Ky, for this pressure range.

Table 1: FTIR and volumetric adsorption data determined at 90°C and
Py, =0.1-0.45 atm.

Catalyst
1% Au 4.5% Au
Au d,y, [nm] 2.7+0.9 29+0.8
% perimeter sites 3.5 33

P — BBA data 1242 1342

e | ! Vol. ads data 20+6 2144

B . BBA data 741 841

AGag: [k mol ] Vol. ads data 9+3 9+4

B 4 BBA data 40+3 4143

AHgs [k mol ] Vol. ads data 4143 41+4

QA,, mol H/mol Au 0.18+0.01¥"  0.1040.01®
(Py, =0.5 atm)

BBA calibration mmol H/mol Au/ 3.0+0.8 1.4+04

BBA area®

[a] Values correspond to 5.140.8 and 3.0£0.3 H/Aupe e, for the 1%
and 4.5 % catalysts, respectively. [b] For BBA changes from 1800
1900 cm™".
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Extracted Ky, values can be interpreted as AH,q, values
by assuming a constant AS, of —90 Jmol ' K. While studying
propane hydrogenolysis over Ru/Al,O;, Tsjeng and Anderson
determined a AS,,, for H, of —87.0 Jmol 'K at 411 K.*! As
discussed by Vannice and co-workers, this value likely
represents an upper bound for the true value of the entropy
associated with dissociative adsorption of H, on a metal ™"
Campbell and Sellers’ method for estimating AS,q yields
nearly the same value (—91.5Jmol 'K).F!! This analysis
yields —AH, 4 values of about —40 kJmol ™' for both experi-
ments and both catalysts. This is ~20 kImol ' weaker than
reported for CO adsorption on Au,” and seems reasonable
given the well-known weak binding of H, to Au.?*?"

Several groups have provided a theoretical basis for
estimating the number of added electrons associated with
a BBA signal, using other model systems. Biirgi et al. used the
Drude model to describe BBA changes in attenuated total
reflection (ATR) spectra of a Pd thin film.”? Their work
showed a linear relationship between the number of added
electrons and expected BBA intensity. Woll et al. interpreted
changes to the BBA intensity in transmission FTIR spectra
with the Drude-Zener model to estimate the number of
electrons added to ZnO.”®! Consistent with these theoretical
models, we observe a linear relationships between H,
pressure and (i) the BBA signal (Figure 2B and Figure S10)
and (ii) volumetric H, adsorption. Accordingly, the BBA
intensity may be useful for tracking electron addition to the
catalyst. While a further exploration of the details of these
interactions is beyond the scope of this paper, these models
provide a solid fundamental foundation for using the BBA
signal as a measure of H, adsorption on these catalysts.

This allows us to calibrate the BBA signal to the amount
of H, adsorbed on the catalyst (details in the SI). For Au/TiO,,
the low H, uptake and weak nature of the interaction between
H, and the catalyst have impeded quantitative evaluation of
this interaction for more than 20 years. The BBA signal is
significantly more sensitive than individual vibrational bands
(e.g. vou) or volumetric chemisorption, enabling a new
examination of H, adsorption on these and related catalysts.
Additionally, IR experiments can distinguish H, adsorption
from other surface processes (e.g. H/D exchange), and have
time resolution that is sufficiently sensitive to evaluate
adsorption kinetics. This provides significant new insight into
H, adsorption and H/D exchange kinetics, as we show below.
These are substantial advantages to the BBA methodology
that afford measurements currently unavailable via volumet-
ric adsorption techniques alone.

Kinetic Analysis using BBA

The initial time data in Figure 2 contain kinetic informa-
tion appropriate for initial rate analysis; rate data and plots
are available in the SI. The kinetics are well behaved, yielding
a reaction order for H, adsorption of 0.6 (Table2). The
measured H, reaction order during H, oxidation catalysis is
essentially the same.”*! While these two values measure
slightly different quantities (H, adsorption versus H, oxida-
tion, which includes both adsorption and reaction with O,), H,
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Table 2: Kinetic parameters of H, and D, adsorption on Au/TiO,.

H, rxn order E,pp [k)mol™] reference

BBA H, ads 0.6+0.1" 2342 This work
H, Ox. kinetics 0.6440.05 31430 92

H/D exchange!®! 0.6+0.06 33428 This work
H,-D, equilibration 1 36+1M B3

[a] Measured by monitoring the loss of 6, , after exposure to D,. [b] Py, :
0.19-0.86 atm, temperature: 90°C. [c] Py, : 0.03-0.6 atm, temperature:
60°C. [d] P, : 0.14-0.81 atm, temperature: 71°C. [e] temperature: 21—
51°C, Py,: 0.4 atm. [f] P, temperature: 45-60°C, Py, : 0.8 atm. [g] tem-
perature: 51-71°C, Pp, : 0.4 atm. [h] temperature: 80-180°C, 6 torr of H,
and 6 torr of D,.

oxidation kinetics depend strongly on H, adsorption, so
reasonable agreement between the H, dependencies is
expected. Table 2 also shows the results of a BBA Arrhenius
study conducted with Py, =0.44 atm (data in the SI). Results
from this study are discussed in the section on H/D exchange
below.

Figure 1D shows the BBA decay process when H, (or D,)
is removed from the feed is also highly reproducible. The
linear portion of the decay plots (available in the SI) yield an
average H, evolution rate of 3.9 +0.1 BBAmin . Based on
comparisons with volumetric H, adsorption data (see below),
this corresponds to 0.3 £0.1 umol Hy/g.,,min~'. These data
suggest the BBA can potentially be used to study structure—
reactivity relationships in photochemical H, evolution or to
study the dynamics of photogenerated charge carriers and
electron-hole recombination rates.”** While such a study is
outside the scope of this paper, it highlights the potential
value of further investigation and application of BBA studies.

Deconvolution of H/D Exchange Kinetics from H, and D,
Adsorption Kinetics

Since H, adsorption kinetics are difficult to measure, H,-
D, equilibration and/or exchange reactions are commonly
used as a proxy for H, activation kinetics.”***3] These
reactions are widely understood to be dominated by H,
activation, and are therefore appropriate in the absence of
more direct methods. Indeed, both our initial evaluation of H,
oxidation®® and Fujitani’s H,-D, equilibration study™
attributed E,,, values of 30-35 kJ mol ! to the barrier for H,
adsorption. However, H/D exchange processes are more
complex than H, adsorption, involving proton transport,
recombination, and desorption. A distinguishing feature of
the BBA technique is that it has the potential to differentiate
H, adsorption from H/D exchange.

The experiment presented in Figure 1 A can be used to
examine H/D exchange kinetics by monitoring the 8y, band
disappearance and/or the appearance of the 6p,o band. Time
profiles for these IR bands (Figure3) show the rapid
evolution of the BBA signal followed by more gradual
changes in water isotope speciation (H,O, HOD, D,0). For
the D, adsorption experiment shown in Figure 1 A, loss of the
dy,0 band was followed to monitor H/D exchange kinetics.
This allows differentiation between H, adsorption kinetics

Angew. Chem. Int. Ed. 2021, 6o, 7735—7743

Research Articles

© 2021 Wiley-VCH GmbH

Internati

5H(D),0 (A.U.)
(‘n'v) esse ygg

0 2 4 6 8 10
Time (min)

Figure 3. Evolution of IR band intensities (BBA, HOD, and D,O
growth; H,0O loss) during D, adsorption (40% D,/N, at 71°C) on 1%
Au/TiO,. The integrated areas were extracted from the spectra shown
in Figure TA.

(via the BBA signal) and H/D exchange rates (via production
or loss of D,0O and H,O, respectively). Table 2 shows H,
adsorption, H/D exchange, and H, oxidation all have
essentially the same Py, dependence, consistent with the
notion that all three processes are primarily controlled by
H,(D,) adsorption.

The evolution of each of these bands can be monitored
during Arrhenius studies (details in the SI). This allows for
the simultaneous determination of the H, adsorption and H/D
exchange apparent barriers from a single data set, simply by
evaluating different signals during a single experiment. The
determined apparent barrier for H/D exchange (33 kImol™")
is essentially the same as the apparent activation energy
reported by Fujitani et al. for H,-D, equilibration over a series
of Au catalysts (36 kT mol™").*) However, the IR experiments
show the apparent barrier for H/D exchange is considerably
higher (& 50%) than the H, adsorption barrier measured in
the same set of experiments. The statistically significant
differences in E,,, values indicates they are associated with
two distinct processes: 20-25 kImol ' for H, adsorption and
30-35kJmol™' for H/D exchange. This suggests surface
transport and/or recombination processes® play a larger role
in in H,-D, equilibration and H, oxidation kinetics than
previously considered.

Identification of H, Activation Sites at the Metal-Support
Interface.

In examining the H/D exchange kinetics, we noticed
a consistent delay between the initial evolution of the BBA
signal and the onset of H/D exchange. To better illustrate this
relationship, Figure 4 shows changes to the 0y, band plotted
vs. BBA intensity during D, adsorption for several D,
pressures. Regardless of Pp,, the BBA and 0y, signals follow
essentially the same trajectory (Figure 4B). This is also
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Figure 4. Induction time in H/D exchange of surface water molecules after exposure to D,. A) loss of water bending band intensity versus
integrated BBA area at 71 °C for four different D, pressures; B) ratio of integrated BBA to water bending band intensity as a function of time;
C) loss of water bending band intensity versus integrated BBA area at 0.35 atm D, at four different temperatures.
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Figure 5. Time evolution of the integrated areas of WLS bending band and BBA signal after exposing the 1% Au/TiO, catalyst to 40% flowing H,/
N, at 71°C. The integrated areas were extracted from the spectra shown in Figure 1B&C.

observed in plots of the BBA/dy, band ratio versus time (see
SI) and in Arrhenius studies (Figure 4 C). These adsorption
experiments have widely different reaction rates, yet the
relationship between the BBA and dy,o areas is essentially
constant. This suggests a critical concentration of protons/
electrons on the surface must accumulate before H/D
exchange can begin.

Closer examination of the H, adsorption spectra in
Figure 1 shows the appearance of a very weak signal around
~ 1600 cm™. Figure 5 examines the evolution of this spectral
band and the BBA signal. Both the dy,, band intensity and
BBA signals increased linearly over the first minute after
exposure to H,, but then diverge, with the BBA feature
evolving as described above. The dy,o band plateaued after
~ 1 min, then remained remarkably consistent throughout the
remainder of the experiment. Upon removing H,, the BBA
band begins to disappear while the dy,o band does not change
until the BBA intensity approaches zero. This behavior is
inconsistent with adsorbed water, so we attribute this bending
band a “water-like species” (WLS).

The value of ~15 BBA absorbance units for WLS
saturation in the H, adsorption experiments is essentially

www.angewandte.org
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the same as the value required for the onset of H/D exchange.
This suggests the WLS plays a fundamental role in H, (and
D,) adsorption. Using the calibration from volumetric
chemisorption, the BBA intensity of ~ 15 area units corre-
sponds to ~ (.04 £0.01 H/Au,,, or approximately 1 WLS per
Au,,, site (per=perimeter; details in the SI). This value
strongly suggests the WLS is associated with protons
adsorbed on Ti-OH groups at the MSL

We examined a 4.5% Au/TiO, catalyst with similar Au
particle size (2.9 &+ 0.8 nm) to further confirm the role of WLS
in H, adsorption. Figure 6 shows the higher Au loading
resulted in faster adsorption kinetics and more intense 0y,0
and voy bands. The 4.5% Au catalyst showed the same
adsorption profile over time, but the WLS dy,, vibration is
clearly discernable at ~1580 cm~'. This is a considerably
lower frequency than is attributable to water adsorbed on
TiO,, which is typically found around ~1640-1620 cm".*’!
Extracted voy areas for the data in Figure 6 (see SI) follow
essentially the same trend as dy,o band, rising rapidly and
plateauing after ~1 min. These bands are therefore also
attributable to the WLS.
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Figure 6. H, adsorption on 4.5% Au/TiO,. A) difference FTIR spectra
recorded after exposure to 40% flowing H,/N, at 71°C. B) Integrated
Ou,0 (of WLS) and BBA areas versus time.

Based on all the above data, 1580 cm™' band associated
with the WLS is attributed to proton transfer to support
hydroxyl groups at the MSI. The resulting protonated Ti-OH
group appears to be a very strongly adsorbed OH,"" species.
The spectral overlap between the active hydroxyls and all the
other hydroxyls on the support make them indistinguishable
from one another with FTIR spectroscopy; the active hydrox-
yls are only observable as the WLS present after H, adsorption.
Previous studies showed the addition of atomic hydrogen to
a bare TiO, support does not produce a similar WLS.”*! Thus,
the unique bending vibration attributable to the WLS suggests
it arises from an electronically unique Ti-OH group.

Figure 6 B shows the WLS species saturates at ~22 BBA
units on the 4.5% Au/TiO, catalyst. Employing the same
calibration protocol using volumetric chemisorption experi-
ments (see SI), the 22 BBA unit value corresponds to 0.031 +
0.009 H/Au,, or 0.94+0.3 WLS per Au,,, site. Given all the
measurements involved (chemisorption, BBA . determina-
tion, analysis of TEM data, IR peak areas), this is good
agreement between the two catalysts. These values assume
every adsorbed H, molecule is rapidly converted to 2 protons
at the MSI; the associated electrons are transferred to the
TiO, conduction band, where they are observed as the BBA.
These are reasonable assumptions given our previous exper-
imental and computational evidence involving H, adsorption
on Au catalysts. This evidence includes: (i) H, adsorption
occurs through a heterolytic H, activation mechanism at the
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Au/TiO, interface, (ii) H, adsorption involves electron trans-
fer to the support, and (iii) Au-H deprotonation by the
support is thermodynamically favored with a lower barrier
than H, adsorption.”*"!

Thus, it appears most of the Au perimeter sites are
sufficiently close to reactive surface hydroxyls to enable H,
activation. Coupled to the unique bending vibration attribut-
able to the WLS (1580 cm ') these results indicate the active
hydroxyl groups are somehow modified by their close
electronic interactions with the Au nanoparticles. In other
words, the combination of electronically distinct Ti-OH
groups and Au atoms at the MSI appear to be the active
site for H, adsorption and desorption on these catalysts.
Fujitani et al. recently reported TPD experiments using Au
nanoparticles supported on single-crystal TiO, (110) model
systems, finding the amount of dissociated water tracked with
number of Au perimeter sites, and that CO oxidation activity
correlated with the number of these interface sites.|*!

H, Adsorption after Saturation of the Metal-Support Interface

The BBA signal increases 2-3 fold after the WLS signal
saturates, indicating H, adsorption and electron transfer to
the support continues long after the active sites are saturated
with protons. While it is surprising the maximum observable
concentration of WLS is reached so quickly, it helps explain
the volumetric chemisorption data, which show total H,
uptakes are several multiples of the number of Au perimeter
sites (Table 1). We find no evidence in the IR spectra for the
formation of Au-H species on the nanoparticle surface (2100-
2200 cm ). While such a species would likely be difficult to
observe, DFT calculations indicate Au-H is thermodynami-
cally unstable relative to deprotonation by Ti-OH.”**! This
suggests H, adsorption beyond WLS formation results in
protons and electrons transferred to the support rather than
stored in/on the Au. While the electrons are observable via
the BBA signal, we are unable to immediately discern the fate
of the accompanying protons.

The additional adsorbed H, appears to reside in a form
that promotes surface proton transfer,*® as evidenced by the
onset of H/D exchange with support hydroxyls once the WLS
On,0 band saturates. We considered the possibility that new
hydroxyl groups are formed; however, O-H stretching
frequencies associated with the WLS are observed immedi-
ately upon adsorption. This band stops evolving with the 0y,
band (see SI), providing no evidence for the generation of
additional surface hydroxyls beyond those associated with the
WLS.

In single crystal UHV experiments, several groups found
added protons become invisible to surface sensitive methods
such as HREELS and STM at high temperatures. In some
cases, this observation has been attributed to proton diffusion
into the TiO, bulk.”” DFT calculations showed H* adsorption
onto surface -OH groups is far more stable than sub-surface
sites (see SI). Further, rapid H/D exchange between adsorbed
H/D and surface hydroxyls begins when the WLS signal
saturates, indicating that the “missing” protons are readily
available to the surface. Thus, while proton migration into the
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bulk is not completely unthinkable for these catalysts, we
believe it is unlikely in these experiments.

A more plausible explanation is that the additional protons
are stored on the support as surface hydronium ions.*”! We
distinguish between hydronium, which arises from proton
transfer to strongly adsorbed water, and the WLS, which arises
from proton transfer to a Ti-OH group at the MSI. Hydronium
ions on solid surfaces have a vibrational band around 1100-
1200 cm L This band is relatively weak and is likely masked
by lattice vibrations, making it difficult to observe on an oxide
material. Hydronium should exchange with surface hydroxyls,
so the onset of rapid H/D exchange with the onset of surface
hydronium production supports this conclusion. Increased H/D
exchange rates were reported upon generation of hydronium
on FeO;** our results are consistent with that finding. Thus,
the presence of surface hydronium ions, which are difficult to
observe, makes good chemical sense and provides a very
reasonable explanation for both the rapid H-D exchange and
the unobserved protons.*?!

Conclusion

Although H, is IR inactive, H, adsorption on Au/TiO,
catalysts transfers electron density into the support, generat-
ing a broad shift in the spectral baseline. This broad back-
ground absorbance (BBA) is readily integrated and quanti-
fied, providing a new tool for examining H, adsorption on Au/
TiO, catalysts and similar materials. Thermodynamic quanti-
ties determined with the BBA are consistent with values
determined from volumetric adsorption; further, the signifi-
cantly higher sensitivity of the BBA allows for monitoring H,
adsorption kinetics.

The BBA methods allowed us to directly measure H,
adsorption kinetics as a function of temperature and pressure.
Further, by monitoring the BBA signal and H,O or D,0
bands, a single experiment can differentiate H, adsorption
and H/D exchange kinetics. The extracted activation barrier
for H, adsorption is significantly lower than previously
reported values determined with proxy reactions such as
H,-D, equilibration and H, oxidation.

Close examination of H, adsorption spectra allowed us to
identify a clear spectroscopic signature associated with
electronically unique hydroxyl groups at the metal-support
interface. Proton transfer to these MSI hydroxyls results in
a water-like species with bending vibration at approximately
1580 cm™'; this is significantly shifted from vibrations asso-
ciated with adsorbed water or other hydroxyls. Correlations
with volumetric chemisorption data suggest most of the Au
perimeter sites are sufficiently close to an active Ti-OH to
serve as a H, activation site. This work represents the clearest
spectroscopic evidence to date of H, adsorption and activa-
tion directly at the metal-support interface.
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