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ABSTRACT: Understanding the dynamic changes at the active site A5 -

during catalysis is a fundamental challenge that promises to improve ..l. f’r';f;ﬁe’,‘to
catalytic properties. While performing Arrhenius studies during H, - 21 Ti-OH
oxidation over Au/TiO, catalysts, we found different apparent % ,,. |

activation energies (E,,,) depending on the feedwater pressure. This = H* transfer

is partially attributed to changing numbers of metal—support interface ~ -3 :ﬁegi-a?:d

(MSI) sites as water coverage changes with temperature. Constant by H,0

water coverage studies showed two kinetic regimes: fast heterolytic H, '3'52'95 305 345 395 335
activation directly at the MSI (E,,, ~ 25 kJ/mol) and significantly 1000/T (K-1)

slower heterolytic H, activation mediated by water (E,,, ~ 45 kJ/
mol). The two regimes had significantly different kinetics, suggesting a
complicated mechanism of water poisoning. Density functional theory (DFT) showed water has minor effects on the reaction
thermodynamics, primarily attributable to intrinsic differences in surface reactivity of different Au sites in the DFT model. The DFT
model suggested significant surface restructuring of the TiO, support during heterolytic H, adsorption; evidence for this
phenomenon was observed during in situ infrared spectroscopy experiments. A monolayer of water on the hydroxylated TiO, surface
increased the H, dissociation activation barrier by ~0.2 eV, in good agreement the difference in experimentally measured values.
DEFT calculations suggested H, activation goes through a proton-coupled electron-transfer-like mechanism. During proton transfer to
a basic support hydroxyl group, electron density is distributed through the gold nanorod and partially localized on the protonated
support hydroxyl group. Water slows H, activation by slowing this H" transfer, forcing negative charge buildup on the Au and
increasing the transition state energy.

B INTRODUCTION Finally, active sites at or near the interface can dynamically
Supported metal catalysts, typically consisting of a metal respond to the reaction environment,”””" experience poisoning
nanoparticle immobilized on an oxide support, are mainstays or blocking by strongly adsorbing species, or deactivate over
of the petrochemical and environmental remediation indus- extended periods of time.**”

tries." The interface between the metal nanoparticle and the We are working to better understand the complexity
oxide support is often considered the active site for many associated with reactivity at the metal—support interface

ipdusztfislly important reacti9ng, ir}cluding Co, hydrg)gena- (MSI) using the relatively simple, yet industrially important
tion,””” methanol synthesis,” biomass upﬁ;rading, CO
11,12

oxidation*10 the water—eas shift reaction.' "2 nitroarene hydrogen oxidation reaction over supported Au catalysts. More
hy drogen’ation 13,14 9 elecgtrocatal ytic energ}; conversion. 16 than 95% of industrial H, is generated through hydrocarbon
, .

In spite of the commercial importance of these materials, steam reforming and water—gas shift reactions, which produces

developing an understanding of the nature of the catalytic an ~1% CO impurity. The preferential oxidation of CO
active site, and the factors that influence catalyst activity at the (PrOx) is a potential means of removing this CO cheaply and
metal—support interface, remain significant challenges. cleanly, but the reaction places large performance demands on

The interplay between metal, support, and adsorbates is the catalyst.”*™>” Au nanoparticles are exceptional CO

8,38,39

oxidation catalysts

therefore an area of widespread interest; our understandmg’cl)g and have excellent selectivity in

the complex chemistries involved continues to evolve.

Charge transfer between the two components may occur in
either direction depending on the metal, the reducibility of the
support, the exposed metal facets, and the presence of
defects.'”"*° Reaction intermediates can bridge the two
phases,'’ and reactions can occur between species on each
phase.””” Reactive species can also be transferred from one
phase to the other, as is the case of hydrogen spillover.”**’

Received: December 20, 2019
Published: February 21, 2020

© 2020 American Chemical Society https://dx.doi.org/10.1021/jacs.9b13729

W ACS Publications 5760 J. Am. Chem. Soc. 2020, 142, 57605772


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+B.+Sravan+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Todd+N.+Whittaker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christine+Peterson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lars+C.+Grabow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bert+D.+Chandler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b13729&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.9b13729?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

PrOx when an optimal amount of physisorbed H,O is
present.40

Water can have a significant effect on catalytic performance,
particularly in selective oxidation reactions, where the role of
water varies."" Ertl and co-workers concluded that water
preferentially adsorbs at coordinatively unsaturated (cus) Ru
sites, poisoning CO oxidation over RuO, catalysts.*”
Conversely, Haruta and Daté,” as well as others,®*%**
demonstrated water promotion of CO oxidation catalysis over
supported Au at low pressures. Both the Behm and Mullins
groups have shown that water can change the reaction
mechanism of CO oxidation on Au/TiO,. 547 While it is
clear that adsorbed water can profoundly affect catalytic
systems, the origins of this effect are not well understood and
appear to vary from system to system.

We recently showed that water poisons H, activation over
Au, which takes place at the MSI via heterolytic H,
dissociation.” This finding was surprising given that most
metals bind H, through dissociative chemisorption. Heterolytic
activation of nonacidic bonds such as H—H and C—H bonds
has been claimed in some solid systems, but these systems
typically require clever modifications to yield strong Frustrated
Lewis Pairs (FLPs).*™>®

The goals of this study are to elucidate the origins of the
water poisoning effects and to understand the driving force
behind the heterolytic H, activation. In particular, we examine
the conclusion that water blocks the most reactive MSI sites
and more deeply probe the details of heterolytic H, activation
at the MSI. We find that the poisoning, and indeed the nature
of the active site, is far more dynamic than a simple “site-
blocking” mechanism suggests. Additionally, we show the Au/
TiO, catalysts have an intimate electronic interaction that
allows for the rapid exchange of both protons and electrons
between the two components. This exchange is also tied to
structural changes on the support surface. Thus, water poisons
the reaction not by simply blocking the active site, but by
interfering in the ability of the MSI to distribute these charges
in the H, activation transition state.

B RESULTS AND DISCUSSION

Constant P, o Arrhenius Studies. We initially concluded

the loss of activity with increased water coverage resulted from
losing the most active H, activation sites at the metal—support
interface.*® Arrhenius studies carried out with 9 and 19 Torr
water in the feed yielded two different apparent activation
barriers: 50 =+ 3 and 76 + 12 kJ/mol, respectively (see the
Supporting Information). The feedwater content should not
affect a “true” activation barrier; further, these values are
considerably larger than the E,,, values Haruta and co-workers
reported for H,—D, equilibration over Au/TiO, (36 kJ/
mol).”” Given that both reactions occur at the MSI, and both
are considered to be H, activation limited, the measured
apparent activation energies ought to be reasonably similar. We
also found the reaction kinetics varied substantially with the

feed Py (vida infra). Collectively, these data indicate the

water-poisoning chemistry is more complex and more
interesting than simple “site blocking” of the most active H,
dissociation sites.

Calculated Elementary Step Energetics for H,
Oxidation. We previously showed homolytic activation of
H, on Au—Au sites is thermodynamically and kinetically less
favorable than heterolytic activation at the MSL*® The
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homolytic pathway is unlikely to be affected by the water
layer, beyond water’s ability to cover the more reactive
surfaces. We therefore focus our analysis on the (faster)
heterolytic H, activation at Au MSI sites and Au metal—water
interface (MWI) sites.

The various reaction sites in the computational model are
described briefly here; full details are available in the
Supporting Information. A TiO,(110) surface models the
support and gold is modeled as a nanorod with different facets.
As Scheme 1 shows, the left side of the nanorod truncates in

Scheme 1. Schematic Representation of the Au/TiO,
Computational Model Showing the Metal—Support
Interface and Metal-Water Interface Sites”

metal-supportinterface sites

Au*(111)-HO¢ (\O Au**(111)-HOqyq
Ay,

)4

HOcys

HO.ys

“The Au*(111)—HO_,, and Au**(111)—HO_,, sites are indicated on
the left side and right sides of the top portion of the scheme,
respectively. The metal—water interface is described by the Au(111)—
H,O and Au(211)—H,O sites on the left side and right sides of the
bottom portion of the scheme. Further details on the computational
model can be found in the Materials and Methods section in the
Supporting Information.

the Au(111) surface, while the right side truncates in a
Au(211) step edge; Miller indices associated with individual
surface atoms are also included. The TiO,(110) surface was
fully hydroxylated with water, leading to two chemically
distinct surface hydroxyl groups in close proximity to the Au
nanorod: (i) hydroxyl groups bound to coordinatively
unsaturated Ti sites (HO,,,) and (ii) hydroxyl groups resulting
from protonation of bridging O atoms (HO,,). The former are
Bronsted bases; the latter have Bronsted acidity. Both Ti—OH
sites alternate along the length of the Au nanorod such that
both hydroxyls are accessible to adsorbates on the Au.

Our model is designed to describe reactivity at the MSI in
the presence and absence of water, where metal, support, and
Bronsted acid—base chemistry can all be explored. Each
potential reaction site is chemically distinct. Reactivity on the
Au nanorod, away from the MSI, is described simply with the
atoms involved (e.g, dissociative H, chemisorption on
Au(211)—Au(211) sites is faster than that on Au(111)-—
Au(111) sites).” Both sides of the model have Au(111) atoms
interacting with the support, but the Au(111) structure is
truncated and replaced by interactions with the support O

https://dx.doi.org/10.1021/jacs.9b13729
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Table 1. Elementary Step Energetics for H, Oxidation at the MSI without Water and at the MWI with Water”

key H, oxidation elementary steps with and without H,O at the interface

entry reaction site/reactant reaction E, (eV) AE (eV)
O, activation

ES1 Au*(111)—HO,,, (MSI) Au + O, + HO,, - Au**~"OOH + "0, 0.05 —0.49
ES2 Au(211)—H,0-HO,, (MWI) Au + O, + HO,, » Au**~"OOH + ~O,, 048 —-0.39
ES3 Au(211)-H,0-"H,0,,, (MWI) Au + O, + *H,0_,, = Au**~"OOH + HO_, 0.19 —-0.52
Au—OOH protonation

ES4 Au*(111)—"H,0,, (MSI) Au**~"OOH + "H,0,,, = Au’*—H,0, + HO_ 0.04 -0.27
ESS Au(211)—H,0—"H,0,, (MWI) Au**—~"OOH *H,0,, * = Au**~H,0, + HO, 0.19 —0.55
Au—H,0, protonation

ES6 Au*(111)—*H,0,, (MSI) Au**~H,0, + Au + "H,0_, »Au'—OH + Au**~H,0 + HO_, 0.41 —-1.81
ES7 Au(211)-H,0-"H,0,,, (MWI) Au**-H,0, + Au + "H,0,; »Au’'—OH + Au**~H,0 + HO_, 0.37 -2.11
Au—OH protonation

ES8 Au*(111)—*H,0,, (MSI) Au*—OH + *H,0,,, = Au>*~H,0 + HO,,, 0.00 —1.17
ES9 Au(211)-H,0-"H,0,,, (MWI) Au*—OH + *H,0,,, = Au**~H,0 + HO,,, 0.13 —-0.70
Au—O protonation

ES10 *H,0, (MSI) Au-0 + *H,0,, — Au*—OH + HO_, 0.16 —-1.04
ES11 Au(211)-H,0-"H,0,,, (MWI) Au—0 + *H,0,, = Au*—OH + HO_, 0.02 —0.63
Au—H deprotonation

ES12 Au*(111)—HO,,, (MSI) Au—H" + HO_,,— Au*™ + *H,0,, 0.39 —-0.73
ES13 Au(211)-H,0-HO,,, (MWTI) Au—H~ + HO_.— Au*™ + "H,0_, 0.55 —0.71
proton exchange

ES14 HO.,, HO,, (MSI) HO,, + HO— ~O,, + "H,0 0.49 0.08
ES15 HO,,, HO,, (MWI) HO,, + HO_— ~Oy, + "H,0, 0.44 0.00

“Elementary steps at the MSI were published previously.**

atoms. We define the combination of metal and support at this
site as “Au*(111)—HO,,,”. The “*” (asterisk) indicates direct
interaction with the support (and consequent lower Au
coordination); the “HO,,,” indicates the close proximity of
the HO,,, group. The presence of the step edge imposes a
slightly different MSI coordination environment on the right
side of the model. We designate this site as “Au**(111)—
HO,,,” to distinguish the two similar MSI sites.

A monolayer of water adsorbed on the support (Scheme 1,
bottom) physically blocks adsorbates from interacting with the
Au*(111)—HO,,, and Au**(111)—HO,,, sites. Under these
conditions, we describe the catalyst surface on the left side of
the model as “Au(111)—H,0O”. This indicates proximity
between the available 9-coordinate Au(111) site and water
adsorbed on the support (not on Au). Similarly, the site
defined by water adsorbed on the support and the Au(211)
step-edge is described as the “Au(211)—H,0O” site.

Our previous work indicated the fastest H, oxidation
pathway involves a combination of Au—H deprotonation
followed by proton addition to various Au—O species (Au-
OOH, Au—H,0,, Au—0, and Au—OH).* We first address
these O, activation and subsequent reaction steps, many of
which involve proton transfers that might be impacted by an
adsorbed water layer. The energetics of these elementary steps
at the Au**(111)—HO,,, sites (absence of water) and at the
Au(211)—H,O sites (presence of water) are presented in
Table 1.

With one exception, the calculated barriers for proton
transfer steps at MWI sites are within 0.15 eV of the barriers at
MSTI sites. The only significant difference is the O, activation
barrier near HO,, sites, which is considerably higher in the
presence of water. However, water mediates proton transfer
from acidic HO,, to basic HO_, sites, and Au—OOH
formation using "H, O, sites is fast. Thus, the overall proton
mediated O, activation pathway is largely unchanged by the
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addition of water. Two proton transfer steps (Au—H
deprotonation and Au—H,0, protonation) have modest
barriers that affect the coverages of the adsorbed species, but
neither step is significantly impacted by the presence of water.

Since the added water layer has a relatively small impact on
the overall proton transfer and O, activation kinetics, we
conclude that the reaction likely proceeds through similar
pathways in the presence and absence of exogenous water.
Additionally, nearly all proton transfer reactions have barriers
lower than 0.2 eV and can be considered quasi-equilibrated
under typical reaction conditions. Most importantly, the
presence of the water layer has generally small effects on the
calculated thermodynamics and kinetics of these steps. While
the reaction is conveniently described as limited by hydrogen
activation, this is an oversimplification. Our previous kinetics
studies indicate that the reaction is H coverage limited rather
than strictly limited by H, activation.*® However, H, activation
has the largest kinetic barrier and is most significantly impacted
by the presence of water. The analysis below is not intended to
describe the entire reaction network, but focuses on the details
of the key first step in the mechanism.

H, Activation Thermodynamics. While there may be
small differences in the Au coverage of various species, the
primary difference between the dry and wet feeds is the water
coverage on TiO, and therefore surface hydroxyl availability.
Hydrogen adsorption reaction energies and associated
activation barriers are summarized in Table 2. The left side
of Figure 1 shows the final states and their relative energies for
H, adsorption at the Au*(111)—HO,,, Au(111)—H,0, and
Au(211)—H,O sites. When the water layer is present, the
calculations show the final state has a proton transferred to the
support HO,, (Figure 1). This is essentially the same final
state as that for H, activation directly at the MSI, and it is a
consequence of the HO_,; being the most basic hydroxyl group
in the system.

https://dx.doi.org/10.1021/jacs.9b13729
J. Am. Chem. Soc. 2020, 142, 5760—5772
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Table 2. DFT Reaction Energies (AE) and Activation
Energies (E,) for H, Activation on Various Sites on Au/
TiO,

AE

H, activation E

reaction site mode (ev) (e‘al) ref
Au*(111)—HO,, heterolytic —-0.03 0.70 ref 48
Au**(111)—HO heterolytic 0.08 0.81 this work
Au(211)-H,0 heterolytic 0.05 0.99 this work
Au(111)-H,0 heterolytic 0.29 1.25 this work
Au(111)—Au(111) homolytic 1.07 1.58 this work
Au(211)—Au(211) homolytic 0.59 1.16 ref 48

0.29 eV
Au(111)-H- + *H30,us

Au(111)-H- +*H;0.us

0.20 eV

DDA
o\ BT O pu(at) s H,00s
/[ 0.05eV Initial State
— 0.02 eV
AU (111)-H + *HyOpys =
-0.03 eV -0.03 eV

Figure 1. Final states for H, adsorption at Au*(111)—OH,_, (red),
Au(211)—H,O (left, green), and Au(111)—H,O (left, blue). The
horizontal lines show the calculated reaction energies. The right side
of the figure shows the calculated energies for moving the Au—H from
the metal—support interface site (Au*(111)—H~, red) to the
Au(211)—H~ (green) and Au(111)—H~ (blue) sites.

The three Au—H adsorption sites are located at chemically
distinct Au atoms. To understand water’s influence on H,
adsorption, we first determined the impact of the Au surface
atom coordination environment by evaluating how Au—H
stability affects H, adsorption energy. Using the final state of
H, adsorption at the Au*(111)—HO,,, site (i.e, Au*(111)H"~
+ "H,0,,,) as the reference state, the hydride was moved to
the other two calculated positions and the system energy was
calculated. The final states and calculated energies are shown
on the right side of Figure 1. The energetic differences
associated with moving the Au—H closely mirror the overall
energy differences in H, adsorption, indicating these differ-
ences are almost entirely due to the differences in Au—H
stability. We therefore conclude the added water layer, in spite
of mediating the proton transfer at the Au(111)—H,O and
Au(211)—H,O sites, has almost no effect on the H, adsorption
thermodynamics. The water layer must therefore have large
effects on the kinetics and dynamics of H, adsorption, which
we explore further below.

Experimental Determination of H, Oxidation Kinetic
Parameters at Constant 6. Although the measured E,,

values extracted from constant Py o data are determined in a

manner consistent with the literature, they miss a key
component to this system: under constant water pressure,
the support water coverage changes significantly with temper-
ature. Since water blocks the fast H, activation sites at the MSI,
changing water coverage effectively changes the number of
active sites on the catalyst. Over this relatively small
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temperature range, water coverage (o) can change by

more than 30%. This significantly impacts the number of
available MSI sites. For example, the nominal fraction of

exposed hydroxyl groups triples when 8y o changes from 0.9

MLE (10% exposed hydroxyls) to 0.7 MLE (30% exposed
hydroxyls). We note that this example is illustrative; it is
difficult to know the true number of available active hydroxyl
groups at the MSI under any given condition.

We therefore carried out experiments at constant water
coverage to ensure the accuracy of the experimental measure-
ments. Judicious choice of reaction conditions, careful control
of H, conversion, and long reaction equilibration times were
required to ensure steady-state activity; this allowed us to

maintain consistent @y o within reasonable experimental

errors. The reaction requirements limited our submonolayer
measurements to between 0.8 and 0.9 MLE of water; under
these conditions, we believe H, activation occurs at the MSI
with surface Ti—OH groups.

Table 3. H, Oxidation Reaction Orders at 0y o < 1 (ref 48)
and 6y o > 1 (from This Work)

reactant/species Ono < 17 Ouo > 1v
0O, 0.20 + 0.07 0.16 + 0.0S
H, 0.64 + 0.05 18 + 02
H,O (wrt pressure) —0.64 + 0.02 —1.21 + 0.07
H,O (wrt coverage) —1.41 + 0.06 —-28+02

“Reference 46: Py: 23—456 Torr; Po: 7.6—76 Torr; Py o: 5—18
Torr. Ty, = 60 °C. WHSV: 2.3 X 10° L/g.,./h. bThis work: Py : 243—
304 Torr; Pg: 7.6—23 Torr; Py o: 9—18 Torr. T,y, = 40 °C. WHSV:
86 L/g./h.

Kinetic data collected at low (6,0 < 1 MLE) and high (6y,0
> 1 MLE) 0y ¢ are reported in Table 3 and incorporated into

observed rate laws (eqs 1 and 2). The O, reaction orders are
within error of each other, indicating water has no significant
effect on O, activation. This is consistent with our observations
for CO oxidation®***" and with the elementary step analysis
reported in Table 1. The changes in H, and H,O reaction
orders were surprisingly large. For 6y > 1 MLE, water

inhibition is far more pronounced (i.e., larger negative reaction
order) than for MLE water coverages less than unity. The
concomitant large increase in the H, reaction order indicates
the loss in activity is associated with large changes in hydrogen
activation kinetics.

P0.7P0.2
forOy o < 1: 1y = k/y—2 2
H,0 . obs obs 01_4
H,0 (1)
1.850.2
PP,
forOy o> 1: 1y, = klp—2 22
H,0 . obs obs 92‘3
H,0 2)

Arrhenius studies were carried out by adjusting the
feedwater pressure at each reaction temperature to ensure
constant Oy o at different reaction temperatures within
reasonable experimental errors. Equations 1 and 2 were used
to determine k/; values and normalize the small differences in

https://dx.doi.org/10.1021/jacs.9b13729
J. Am. Chem. Soc. 2020, 142, 5760—5772
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Figure 2. (A) Arrhenius studies at constant water coverage of 0.86 +
5% MLE (blue) and 1.26 + 2% MLE (green). Each data point is
labeled with the estimated water coverage under the conditions of the
experiment. (B) Hydrogen evolution energetics from proton—hydride
pairs; reaction energies were referenced to the initial state of the
proton—hydride pair.

04,0, which are presented alongside each data point in Figure

2A. Direct plots of the kg, values are in the Supporting
Information.

We also re-examined the 9 Torr constant pressure data, in
which 0y was always less than unity, using eq 1 (see the

Supporting Information). This yielded an E,,, value of 26 + 3
kJ/mol, in good agreement with the constant coverage data
(31 + 3 kJ/mol). We therefore consider the value of 25—30
kJ/mol as our experimental measure of the apparent activation
energy for H, oxidation at Au-MSI sites. This value is slightly
lower than Haruta et al.’s determination for H, activation (36
kJ/mol) from H,—D, equilibration kinetics,”” but the two
agree reasonably well. The Arrhenius data for 6y = 1.26 (45

+ 2 kJ/mol) is significantly larger. These E,y,, values (25—30 +
3 kJ/mol for 6 o < 1 and 4S5 + 2 kJ/mol for Oy o > 1) clearly

show the two different kinetic regimes predicted in the density
functional theory (DFT) calculations. While the experimental
values describe the overall reaction and are therefore imperfect
models for H, activation, these values represent our best
experimental E,,, measurements for comparison with the
computational model.

The principle behind Arrhenius experiments is to measure
the rate constant dependence on temperature; however, care
must be taken to correlate Arrhenius data with physically
meaningful activation barriers. As shown above, dramatically
different E,,
constant water coverage experiments. Standard Arrhenius
studies using constant feed composition involve the intrinsic
assumption that coverages remain relatively constant over the
temperature range studied.

For many systems, this is a reasonable assumption; however,
the concentration of active sites can change when active sites
are dynamically created, modified, or destroyed in rapid
response to changes in the reaction environment (e.g.,
temperature or partial pressure). For interfacial reactivity,
adsorbates on both the metal and support must be considered.
The kinetically important water is weakly adsorbed to the
support; as these data show, coverage can change significantly
over a relatively small temperature range. Since water masks
the support hydroxyl groups that participate in (faster) direct
proton transfer from H,, changes to the water coverage impact
the number of available surface hydroxyl groups and thus the
reaction kinetics. In such circumstances, coverage must be
controlled to keep the catalyst surface in a constant functional
state (i.e., maintain a relatively constant number of available
support hydroxyl groups) in order to make physically
meaningful conclusions from Arrhenius data.

Comparing DFT and Experiments. The absolute values
of the experimental E,,, values, which describe the temperature
sensitivity of overall reaction rate constants, cannot be directly
compared with DFT barriers calculated for elementary reaction
steps. Moreover, the experimental measurements occur over a
range of sites, most of which likely have lower coordination
numbers than the DFT model and are expected to be more
reactive. Further, the experimental values are apparent (not
intrinsic) activation energies, and include the complexities of
the reaction network. However, the experimental data
presented here and published previously® collectively suggest
the E,, values are dominated by the H, activation step.

values result from constant water pressure and

app
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Figure 3. Charge density difference plots for the final states of H, activation across (A) the Au*(111)—HO, site, (B) the Au(111)—H,O site, and
(C) the Au(211)—H,O site. Green shading (negative charge) shows electron accumulation, and blue shading (positive charge) shows electron

depletion.
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Qualitative comparisons with DFT calculations focused on H,
adsorption are therefore appropriate.

Because each surface Au atom in the DFT model is
chemically distinct, we cannot directly compare reactions in
the presence and absence of water without accounting for the
differences in surface reactivity. To do this, we examined H,
evolution from the four MSI and MWI active sites, since the
principle of microscopic reversibility dictates H, evolution and
H, adsorption must pass through the same transition state.
Referencing all the initial states to the same energy also
accounts for the energy differences associated with the unique
coordination environments of the different Au sites, more
clearly identifying the effect of water.

Figure 2B shows this comparison, referencing all of the
adsorbed proton—hydride pairs to the same initial energy.
Visualized this way, the effect of water on the transition state
energy is clear: for this DFT model, the calculated activation
barrier is ~0.2 eV higher in the presence of the water layer.
This corresponds to an ~20 kJ/mol difference between proton
transfer directly to a support hydroxyl group and proton
transfer mediated by water; the experimental E,,, values are
15—25 kJ/mol larger when 6y > 1. This constitutes very

good qualitative agreement between theory and experiment
and imparts greater confidence that conclusions from the DFT
calculations have physically meaningful implications for the
experimental system.

Charge Distribution After H, Adsorption. Additional
DFT calculations were directed toward understanding the
details of how water impacts the H, activation kinetics. Figure
3 shows charge density distributions about the H, molecule
from final state calculations for H, adsorption on three
different sites. The final states, which are quite similar in the
presence and absence of water, have essentially a full positive
charge on the proton, yet only a small partial negative charge
on the (formal) hydride.

To identify the distribution of the remaining negative
charge, we examined Bader charge differences (final state—
initial state) for all atoms in the system (Figure 4). A negative
value indicates the corresponding atom/atoms develop addi-
tional negative charge, while a positive value indicates positive
charge is developed (or negative charge is removed). The
positive charge resides almost exclusively on the proton, which
is always closely associated with the HO,,. Although H,

cus*
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Figure 4. Bader charges of final states (FS) of H, activation. Bader
charges are referenced with relation to those of the initial state (IS).
H™: hydride; H": proton; Au: all gold atoms; Ti: all titanium atoms;
HO,,: cus-hydroxyl abstracting the proton; H,O,,: water molecule
abstracting the proton; other O: all other oxygen atoms.

adsorption adds two electrons to the system, there is
surprisingly little negative charge on either the Au nanorod
or the hydride; rather, the compensating negative charge is
highly delocalized, distributed across the hydride, Au, Ti, and
remaining support O atoms.

Figure S shows the Au(111) side of the model with and
without water to further highlight how H, adsorption affects
the Ti—OH_,, bond. Proton transfer to the HO_, induces an
~0.4 A increase in the Ti—O bond length; essentially, the
combination of the proton transfer and negative charge
localization on the HO_, partially pulls the OH group out of
the plane of the TiO, surface. This change in the final state
geometry is consistent throughout the calculations regardless
of the presence or absence of the water layer, and did not
depend significantly on the Au atom(s) involved in stabilizing
the hydride (see the Supporting Information for further
details). This is a substantial surface restructuring and is
supported by experimental FTIR measurements.

Infrared Spectroscopy during H, Adsorption. We
previously showed H, adsorption on Au was observable in
FTIR spectra by exchanging support hydroxyl protons with
deuterons.*® Experimental evidence for surface structural
changes during CO adsorption on Au/TiO, has also been
reported.’ In that study, CO adsorption correlated with an
overall loss of light transmission through the sample, which
was observed as a “broad band IR” (BB-IR) absorption and
quantitatively correlated with the IR absorption band
associated with CO adsorbed on Au.’’ The effect was
concluded to arise from decreased light transmittance
associated with surface roughening of the titania, which was
hypothesized to arise from electron transfer to the support
from Au upon H, adsorption.”’

Experimental evidence for the structural changes induced by
H, adsorption can be found in infrared spectra collected after
deuterated Au/TiO, is exposed to H, (Figure 6). These
spectra contain various features including water bending
vibrations (1500—1800 cm™"), hydroxyl stretching vibrations
(2800—3700 cm™') and the broad band baseline shift. We
monitored the BB-IR signal by determining the area under the
IR spectral curve from 1800 to 2100 cm™, and 3800—3950
cm™, as was é)reviously reported for static CO adsorption
measurements.”’ Measuring the BB-IR signal over time at
various temperatures (50—70 °C) provided an independent
measure of the H, activation kinetic barrier.

Panayotov and Yates employed a similar approach using IR
absorbance data to determine the H, activation barrier on Au/
TiO, in their system.’> We note that this description of surface
roughening, and a general method for evaluating H, adsorption
was described by Pollock, Peterson, and Pursell using static H,
adsorption experiments.’’ Yates and Morris reported similar
findings, describing their IR spectra in terms of H atom
spillover.””~®* A proton and electron transferred to the support
can be considered as equivalent to H atom spillover,65 so Yates
and Morris’ interpretation is consistent with our findings.
Similar changes to IR spectra have also been reported during
low temperature (90 K) photoexcitation of titania, and
suggested to be caused by the injection of electrons into the
titania conduction band.®® Our observations are also broadly
consistent with this interpretation.

The extracted kinetic data are shown in panels B and C of
Figure 6; Arrhenius plots are shown in panel D. The activation
barrier measured with the BB-IR signal was 25 + 2 kJ/mol for
the 1800—2100 cm™* region and 20 + 1 kJ/mol for the 3800—
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Figure 6. (A) FTIR spectra of H, adsorption on a D,0-exchanged Au/TiO, catalyst. Reaction conditions: T: S0 °C, WHSV = 40 L/g_,/h.
Temperature dependence of the integrated area under the spectral regions: (B) 1800—2100 cm™" and (C) 3800—3950 cm™. (D) Arrhenius fit of

initial rates of different spectral regions during H, adsorption on Au/TiO,.

3950 cm™" spectral region. These values, which we interpret as

estimates of E,,, for H, adsorption when 6,5 < 1 MLE, agree

well with the E,,, value determined in the reaction kinetics
(i.e, packed bed reactor studies). Considering that no O, or
additional H,0/D,0 was present in the feed during the IR
experiments, the IR data support the conclusion that the E,,
value measured during H, oxidation kinetics is dominated by
H, adsorption. Thus, all of the E,,, measurements are
internally consistent. They therefore provide a strong
experimental foundation for focusing the DFT calculations
on the dominant H, adsorption reaction.

Electronic Changes Associated with H, Adsorption.
The observation and characterization of this large structural
change prompted us to more carefully examine the structural
and electronic changes that result from H, adsorption. While
the Au—H species is a formal hydride for electron counting
purposes, there is relatively little charge on the H atom in the
final state. This indicates the Au—H bond is largely covalent
with significant electron donation into the Au nanorod. This is
not surprising given that Au is slightly more electronegative
than hydrogen. While many refer to this species as a “hydrogen
atom” we maintain the description of a formal hydride in order
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to scrupulously maintain electron counting and distinguish
between the proton and hydride.

We also compared the Bader charges on the water-free
structures to the calculated reaction energies. The small
variance in the negative charges were normalized to a total
charge of —1; this normalization was ~5% of the total charge
(details in the Supporting Information). In broad terms, the
distribution of negative charge is similar in all these structures:
about 1/4 of an electron remains distributed between the
hydride and the Au nanorod, about 1/2 of an electron is
localized on the HO., and about 1/4 of an electron is
distributed across the rest of the support (Ti and O atoms, see
SI Table S1 for details). The only broad correlation between
the final state energies and the distributed charges was in the
relative amounts of charge on the hydride and the Au nanorod.
This is shown in Figure 7, which includes a plot showing the
correlation between final state energy and the fraction of
negative charge on the Au nanorod.

Based on Figure 7, it is unclear if this correlation is due to
the destabilization of Au as excess negative charge builds on
the nanorod, or if the hydride works to withdraw electron
density from the system. Given the similar electronegativities

https://dx.doi.org/10.1021/jacs.9b13729
J. Am. Chem. Soc. 2020, 142, 5760—5772


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13729/suppl_file/ja9b13729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13729/suppl_file/ja9b13729_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13729?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b13729?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

0.30 - 0.20 -

Fraction of
1 —_ (Au-H) charge
E E on Au
1 |4
So020{@ "
.
>
o)) 4
£
[ J
=
w 0.10 |
2
8 J
(7]
g
& 0.00 -
-0.10 T T T "
-0.19 -0.15 -0.11 -0.07 -0.03

Normalized Bader Charge (|e"|)

Figure 7. Hydrogen adsorption final state energies plotted against the
Bader charge on the formal hydride and the Au nanorod. The inset
shows the energy as a function of the fraction of the total Au + H™
charge on the Au nanorod.

of Au and H, it may be that the system is simply most stable
when the negative charge is spread more or less evenly over
these two parts of the system. This is tied to the reactivity of
the specific surface site: less reactive surface sites (i.e., 9-
coordinate Au(111) sites) are already electronically saturated.
We note that this is also consistent with the broader chemistry
of Au. With a full d-band and half full s-band, Au is
electronically stable. This drives the propensity for heterolytic
H—H activation, which avoids the formal oxidation associated
with dissociative chemisorption. Similarly, excess electron
density overpopulates the s-band, so the system transfers the
electron density to the support. In this case, it largely localizes
on the most electronegative atom in the system (HO,,,) where
it stabilizes the generated proton. The reaction might therefore
be considered as going through a proton coupled electron
transfer-type mechanism.

As discussed above, the water layer causes negligible changes
in the overall reaction energy (<0.1 eV, Figure 1, Table S1).
However, water perturbs the final state charge distribution,
shifting ~0.1—0.2 electrons onto the Au at the expense of the
support. The charge on the proton, which resides on the
HO,,, remains very close to the +1 electron, so it is not
immediately obvious why water stabilizes greater charge on the
nanorod. One possibility is that the water layer, which extends
along the length of the nanorod, provides a weak solvation

effect that helps to stabilize greater charge density on the Au
surface.

Semiquantitative Structural and Electronic Analysis
of H, Activation. Calculated transition states (Figure 8) show
the influence of water on H, activation kinetics/dynamics;
structural data can be found in Figure 9A and in the
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Figure 9. Transition state charge distribution and structural changes.
(A) H, activation transition state (TS) Bader charges. Bader charges
are referenced to the initial state (IS). H™: hydride; H': proton; Au:
all gold atoms; Ti: all titanium atoms; HO,,: cus-hydroxyl abstracting
the proton; H,O,,: water molecule abstracting the proton; other O:
all other oxygen atoms. The inset shows the calculated H, activation
energies plotted against the partial charge of the developing proton.
(B) Ti—O, bond length and the sum of gold and hydride charge in
the H, activation transition state plotted against the proton partial
charge for various sites at the MSI and MWI of Au/TiO,.
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Figure 8. Charge density difference plots of transition states for H, activation across (A) Au*(111)—HO.,, (B) Au(111)-H,O, and (C)
Au(211)—H,0. Green shading (negative charge) shows electron accumulation, and blue shading (positive charge) shows electron depletion.
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Supporting Information. The calculated activation barrier
correlates closely with the degree of charge buildup on the
developing proton (Figure 9A). The total charge on the Au
and hydride also tracks with this value, as does the H—H bond
distance (see the Supporting Information). Thus, the higher
barrier is associated with greater charge separation and a later
transition state. Notably, the charge on the hydride is relatively
similar in all four structures; most of the additional charge
associated with the later transition state is distributed across
the Au nanorod. Additionally, there is surprisingly little charge
distributed to the HO_,, or the support in any of the transition
states.

The underlying phenomenon we would like to understand is
why/how the water layer shifts the reaction to a later, higher
energy transition state. A clue to this question lies in the
structural changes associated with the HO_,, group. Figure 9B
shows the negative charge buildup on the hydride and Au
nanorod plotted against the charge on the developing proton.
As suggested above, these correlate with greater negative
charge developing to compensate the positive charge.
However, the Ti—O bond shows exactly the opposite trend.
Based on the final state geometry, the Ti—O bond eventually
undergoes an ~0.4 A elongation; however, in the later
transition states, the Ti—O bond is slightly shorter than in
the initial state. As Figure 9B shows, this strong correlation
suggests an important difference in the presence of water.

It appears that H, activation proceeds through a proton-
coupled electron transfer (PCET)-like mechanism. The HO,,
carries relatively little charge in any of the transition states,
suggesting that the positive charge is required to facilitate
electron transfer to the support. Even though proton transfers
are relatively fast, the water layer imposes a transport barrier to
moving the positive charge, slowing that process. This, in turn,
forces greater negative charge buildup on the Au nanorod,
which the final state calculations show is a net destabilizing
influence on the system. Thus, water appears to slow H,
activation by slowing the proton transfer to the support OH
groups, which is a necessary precondition for fast electron
transfer from Au to the support.

We initially concluded that water poisoning of H, oxidation
resulted from simple blocking of the fastest reaction sites at the
MSI. While this is certainly true, the details of this poisoning
are more complicated and illuminating. In particular, the
poisoning appears to occur by slowing the dynamics of charge
transfer between the Au and the support; this is a far more
dynamic representation of the active site than can be
understood with a simple site blocking model. Further, it
indicates that both proton and electron transfer play important
roles in H, activation; this likely has implications for similar
systems.

Hydrogen Spillover and Reducible Supports. Hydro-
gen activation over Au can considered in the context of two
limiting descriptions of this chemistry: support reduction and
hydrogen spillover. The process involves the transfer of both a
proton and an electron to the support. Since a proton and
electron can be reasonably considered as equivalent to a
hydrogen atom,” it can also be described as “hydrogen
spillover”. Similarly, H, activation over Au involves the transfer
of charge to the support and partial localization of the charge
onto a surface hydroxyl. While this might more aptly be
described as a redistribution and localization of charge within
the system, it is still consistent with the concept of support
reduction.
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However, the transfer of negative charge to the support
described by the DFT model presents a remarkably different
picture of “support reduction” than is commonly considered.
Typically, a “reducible support” such as TiO, implies that
metal sites can be reduced and/or oxygen vacancies produced,
as in the classic Mars van Krevelen mechanism. Behm’s group
in particular has provided compelling evidence for the role of
O vacancies in CO and H, oxidation over Au/TiO, above
~100 °C.”*"=% Under the conditions of our experiments,
where monolayer equivalents of water are present at relatively
low temperatures, O vacancies cannot be reasonably invoked
as participants in the reaction mechanism. Instead, support
reducibility in this case is governed by the ability/necessity of
stabilizing protons and electrons on the support, not by the
propensity to form O vacancies.

It is also worth noting that, in the context of the formalisms
associated with oxidation states and electron counting, there is
no “formal” reduction of the support during hydrogen
activation. Both formal oxidation states and organometallic
electron counting schemes are valuable for understanding these
systems, but both are ultimately limiting descriptions of the
chemistry and should be considered in appropriate context. In
this case, H, activation is properly considered as heterolytic,
generating a proton on the support and a formal hydride on
the Au. This process is driven by the well-known disinclination
of Au to undergo oxidation. However, this description, while
valuable and necessary to maintain charge neutrality in
describing the process, is ultimately limiting. The reality, at
least as suggested by the DFT calculations, is that the negative
charge of the hydride is distributed throughout the system
through the Au. In this sense, the Au functions as a nanowire
to distribute one of the electrons in the H—H bond throughout
the system.

The oxidation states typically used to describe the support
(e.g, Ti(IV) and O*7) are similarly limiting descriptions.
While these descriptions are necessary to maintain charge
neutrality and provide categories for broad descriptive
chemistries, the reality is more complex with electrons shared
between the formal oxide and formal Ti(IV). Numerous other
models, including of course band theory, provide other more
detailed but similarly limiting descriptions of these inter-
actions. Thus, the support does not undergo a “formal”
reduction during H, activation in the sense of generating a
Ti(III) site or producing an O vacancy. Rather, the charge in
the system is partially redistributed and localized on a surface
hydroxyl group where it can stabilize (or is stabilized by) the
proton.

This description or interpretation has the appeal of
transferring/localizing charge onto the most electronegative
atom(s) in the system. Further, because it does not require
formal reduction of a support cation, it is likely to be a more
general description of this chemistry. This is important for
supported Au catalysts, where reducible and nonreducible
supports can show similar chemistries. This is particularly true
for CO and H, oxidation, which show nearly identical kinetics
over Au/TiO, and Au/Al,O;, at least under conditions where
water coverage is controlled.”®** Thus, beyond expanding our
understanding of how “support reducibility” can be considered,
this study provides a clear example of how reducible and
nonreducible supports can influence reaction rates through
subtle changes in electronics, without necessitating the
invocation of larger formal electron transfers.”
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Finally, we note the complex interplay between metal,
support, protons, and electrons evidenced in this chemistry
provide new ways to think about reactions at the metal—
support interface. As noted by a reviewer of this paper, this
study shows how adsorbates on the metal and at the metal—
support interface can modify the broader electronic structure
of the catalyst. Adsorbate-modified catalysts may similarly have
lower energy reaction pathways available that have not been
previously considered. This may be particularly useful for
similar reactions over d'® metals where the metal—support
interface is known to be important, such as alkyne partial
hydrogenation over A_u”_77 or Ag,”® CO, hydrogenation over
Cu based catalysts,”™ or methanol synthesis catalysts.’

B CONCLUSION

This study highlights the complex and multiple ways that
adsorbed water can impact catalysis over supported nano-
particles. The strong product poisoning imposes the
experimentally challenging requirement that kinetic parameters
be determined at constant water coverage in order to maintain
a consistent number of metal—support interface sites. The
mechanism of water poisoning and the insight it provides into
the reactivity of Au catalysts are particularly noteworthy. Rate
limiting hydrogen activation appears to go through a PCET-
like mechanism, whereby a proton from H, is transferred to a
support hydroxyl group. The associated negative charge is
distributed across the formal hydride, the Au, and the support,
with the largest concentration of charge on the hydroxyl group
to which the proton was transferred. Water slows this process
by providing a transport barrier to moving the proton to the
support hydroxyl group. This pushes the reaction to a later
transition state, forcing greater (and unfavorable) negative
charge buildup on the Au, thereby increasing the transition
state energy by ~0.2 eV. A similar change in apparent
activation energy was determined experimentally through
reaction kinetics and in situ infrared spectroscopic studies.
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