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Cooperative adsorbate binding catalyzes
high-temperature hydrogen oxidation on palladium

Michael Schwarzer*?, Dmitriy Borodin'21, Yingqi Wang?®, Jan Fingerhut!, Theofanis N. Kitsopoulos®*,

Daniel J. Auerbach?, Hua Guo®, Alec M. Wodtke'>%*

Atomic-scale structures that account for the acceleration of reactivity by heterogeneous catalysts
often form only under reaction conditions of high temperatures and pressures, making them impossible
to observe with low-temperature, ultra-high-vacuum methods. We present velocity-resolved kinetics
measurements for catalytic hydrogen oxidation on palladium over a wide range of surface concentrations
and at high temperatures. The rates exhibit a complex dependence on oxygen coverage and step
density, which can be quantitatively explained by a density functional and transition-state theory-based
kinetic model involving a cooperatively stabilized configuration of at least three oxygen atoms at steps.
Here, two oxygen atoms recruit a third oxygen atom to a nearby binding site to produce an active
configuration that is far more reactive than isolated oxygen atoms. Thus, hydrogen oxidation on
palladium provides a clear example of how reactivity can be enhanced on a working catalyst.

ince the early 1800s, when Dobereiner

first amazed the public and fellow nat-

ural philosophers by oxidizing hydro-

gen over a platinum sponge to create

“fire without flint and tinder” (I, 2),
heterogeneous catalysis has revolutionized
chemistry. Platinum-group metal catalysts
in particular have proven to be some of the
most important materials in modern indus-
try (3). Applications include the catalytic re-
moval of pollutants from combustion (4, 5),
hydrogen production and purification (6, 7),
catalytic fuel cells (8-10), chemical catalysis
(11-13), and the production of artificial ferti-
lizers (14, 15). Despite its importance, we still
lack a mechanistic understanding of most re-
actions in heterogeneous catalysis.

To appreciate the challenges involved, con-
sider that gas-phase reactivity occurs within a
homogeneous environment and depends only
on the relative positions and velocities of the
reacting atoms. However, in heterogeneous
catalysis, reactivity also depends on the posi-
tions of the reactants with respect to a catalytic
surface. For example, even on single crystal
surfaces, the most homogeneous catalysts
one can produce in the laboratory, reactions
often occur selectively at a tiny minority of
step “defect” sites where low-valence metal
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atoms are present (16, 17). The concept of active
sites has thus become central to our thinking
about surface chemistry, and they can some-
times be identified on pristine crystalline sur-
faces using low-temperature microscopy (I8).

Unfortunately, there is no general way to
determine the nature of active sites at the high
temperatures and pressures typical of real cat-
alysis. There is also evidence that barrier heights
and the energies of reaction intermediates can
be influenced by so-called spectator adsorbates
(19, 20). Adding to the challenge, real catalytic
surfaces operating at high temperatures and
pressures are hardly pristine and may exhibit
reactive structures, what we call active config-
urations, that may not even exist under non-
reactive conditions. Therefore, determining
the properties of active configurations present
on dynamic catalysts (21-24) operating under
reacting conditions is an important challenge
in modern surface chemistry (25).

We report high-precision velocity-resolved
Kinetics (26, 27) measurements over a wide range
of coverages and temperatures, as well as re-
sults from theoretical kinetics involving den-
sity functional theory (DFT) and transition-state
theory (TST), which reveal the mechanism of
hydrogen oxidation on Pd catalysts. The reaction
involves an active configuration of cooperatively-
bound oxygen atoms that forms along a Pd
step only under conditions with elevated oxy-
gen concentrations. At reduced oxygen concen-
trations, the reaction slows dramatically and the
Kkinetic order changes. These results show how
reactivity can be enhanced on a working cat-
alyst operating under reacting conditions.

Background

We outline what was known about the
kinetics of this reaction before this study.
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where activated forms of Hygy and Oy are
first produced by dissociative adsorption. Sub-
sequently, the adsorbates (indicated by an
asterisk) recombine to form thermodynamically
stable water (28—30). Only a few elementary
reactions are possible.

Oag + 2+ 207 (1)
ko
Hg(g) +2%= 2 H* (2)
ko
ks
H* + 0" = OH" +x (3)
k3
N
H* + OH" = Hy0" + * (4)
k_y
ks
20H" = H,0" + O (5)
ks
H,0" 5 Hy0 () + * (6)

All prior studies suggest that reaction (3) is
rate-limiting. However, the derived activation
energies differ widely from one another (0.3 to
0.8 eV) (31-33). A comparison with electronic
structure calculations, which predict a barrier
to OH* formation of ~1 €V and that reaction
(5) is barrierless on a defect-free Pd(111) sur-
face (34, 35), suggests that the rate of reaction
may depend strongly on details of the exper-
imental conditions, such as the step density of
the catalyst. Beyond this, the relative impor-
tance of reactions (4) and (5) has remained
unknown (31, 33, 36).

Experimental results

Figure 1 shows representative water forma-
tion rates (left panels) obtained with velocity-
resolved Kinetics; here, two pulsed molecular
beams and a leak valve were available for pulsed
and continuous reactant deposition, and a high-
power, short-pulsed laser was used for non-
resonant multiphoton ionization of desorbed
products. Ion-imaging provided velocity-resolved
product detection (26, 27). See the supplemen-
tary materials, section S1, for additional experi-
mental details. Results are presented under
oxygen-rich (Fig. 1, A to C) and oxygen-lean
(Fig. 1, D to F) conditions and for low- and
high-Pd step densities. The reaction was un-
expectedly complex. For oxygen-rich conditions,
it proceeded much faster on a surface with high
step density (Fig. 1A), whereas for oxygen-lean
conditions (Fig. 1D), the reaction was much
slower and depended only weakly on step
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TIK] Fig. 1. The kinetics of catalytic hydrogen oxida-
700 600 500 400 350 tion on Pd: Dependence on oxygen coverage,

" ' ' ' step density, and temperature. (A) Experimentally
AE: 3 20 ‘3251\4 1  observed water formation rates for Pd (332)
ML™1s71 (black dots) and (111) (gray dots) at 473 K for
[Oean] = 0.03 ML. We define 1 ML as the coverage
corresponding to a one-to-one ratio of adsorbate
molecules to Pd surface atoms. The H-atom
coverage [H*] is limited by the dose (0.002 ML)
of the reaction-initiating H, pulsed beam.

(B) Second-order linearization of the rate data (see
) ) also fig. S3). (C) Arrhenius plots of the rate

1.4 1.8 2.2 2.6 3.0 constants obtained from data as shown in (A).

' ' (D) Same as (A) but [H*] = 0.008 ML and the
[Orean] is limited by the dose (0.001 ML) of the
reaction-initiating O, pulsed beam. (E) First-order

2 =0.80 eV ] linearization of the rate data. (F) Arrhenius plots
A=18x10?ML™'s™! of the rate constants obtained from data of (D).
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Fig. 2. Theoretical predictions of cooperative
binding of 0" on the stepped Pd(332) surface.
(A) In the isolated-atom limit, Of, ., is bound most
strongly. (B) At higher oxygen coverage, the ij_step
occupation rises, increasing the probability to find
Opp_step Neighbors, which stabilize the binding of
Ofoun_step (C) The cooperative stabilization energy is
reduced as the steps become saturated. The black
AAAN AN AN lines show the unit cell defining the periodic
boundary conditions used in the DFT calculations.
(D) Equilibrium populations of 07, e, and Ofoun_step
versus mean [0%] for Pd (332) and (111) at 473 K.

A Low coverage

(o) I
down-step |[[J

- -~ bl
R 8 8

- - )
| Oferrace [SFT
D)
Y, Y.
DEC A T
Yooy

himisinl

d
.

+0.12 eV -0.13 eV
— —_—

=)
m
1]
<
m
3
®
o
(@]
]
<
o
=
Q
o
[0}
(=]

Pd(111) Pd(332)

0.5

[
CIAE A A\ AT v v v v il g i
\ LA LA R 0L [ ) 1T u
A ACA AL The step densities of the (111) and (332) surfaces
9'9‘.‘.‘ = & 5 are 0.2 and 16.7%, respectively. (E and F) Transition
YA Y o 7 .
UM A KD o isev < NCA state of OH* formation at O, ., (E) and at
NS N X X > o) ) NG . p—step ]
”?.,. . .," — Z 0.3 &8/ Ogown-—step(F)- Terrace Pd atoms are shown in gray,
> - > v / i ;
XN XX = i y - I §tep Pd atoms in blue, O atoms |nAred, and H atoms
o v v v e vl o H / in pink. Calculations were done using RPBE.
LR IR K [ L AN K [ J v ! ;/ !
A VA VA VN 7 VY O ! Y ’,’
O 01 ," 001 ,” ,"
. / 000 / 0000 +=2
C High coverage ] 000 001 000 ool
00 01 02 00 01 02 03

CIAC AT A ST
L 00 00 0 | )

e
eTwey)
W\ 52 N N
" o’.o?o T
K
CAC A A AST
nF e
Y Y YT

[Ofhean] [ML]
E F

-0.06 eV

AT AT
L e I [
T Y Y Y T

Ey, =0.93eV Ey = 0.64 eV

density. Even the order of the reaction Kinetics | vations, second-order reaction rate constants | molecules from the molecular beam undergo
changed. Second-order reactions were seen un- | were derived from basic kinetics assump- | an A+A type second-order reaction to yield the
der oxygen-rich conditions (Fig. 1B), whereas | tions (Fig. 1, C and F). For oxygen-rich condi- | observed transient shape (see the supplemen-
pseudo-first-order Kinetics were seen for oxygen- | tions, in which a pulse of H, impinges onto | tary materials, section S2 for more details). For
lean conditions (Fig. 1E). Based on these obser- | an O-covered surface, we assumed that all H, | oxygen-lean conditions, in which a pulse of O,
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Fig. 3. Reaction paths involved in the Pd-catalyzed conversion of hydrogen and oxygen to water.
The dominant reaction flux on Pd(332) at elevated O coverages (red) involves OH" formation at the ogown,step

site, diffusion of OH" to terraces and subsequent trapping at steps, followed by disproportionation to

form water. At low O* coverages, OH" is formed at the O

up—step Site. The energy of an additional OH{, e,

adsorbate molecule has been added to all energies along the OH" formation pathway to ensure mass
balance in the subsequent disproportionation reaction. See fig. S9 for more details. For comparison, the
transition-state energies for the OH* + H* reaction are also shown. All structures used to construct this
diagram can be found in tables S5 to S7. These results were obtained with the RPBE functional; similar
results for the PBE functional can be found in the supplementary materials. The zero of energy refers

to gas phase reactants and all energies are ZPE corrected. Note that down-step, up-step, and terrace are

abbreviated ds, us, and t, respectively.

impinges on an H-covered surface, we applied
pseudo-first-order conditions for the H-atom
coverage to obtain reaction rate constants. See
section S3 of the supplementary materials for
additional details.

Comparison with DFT results

These observations suggested that the rate-
limiting reaction changed with oxygen cover-
age. For oxygen-rich conditions (Fig. 1C), the
experimentally derived activation energies of
044+ 0.02 eV on Pd(111) and 0.50 + 0.01 eV on
Pd(332) compared well with our DFT-computed
barrier heights using two functionals (RPBE:
0.43 eV, PBE: 0.40 €eV) for the OH*dispropor-
tionation, reaction (5), occurring at steps (table
S8). This result also explained the second-order
Kinetics.

For oxygen-lean conditions, the experimental-
ly derived activation energies of 0.80 + 0.01 eV
on Pd(111) and 0.80+0.01 eV on Pd(332) were
similar to DFT predicted barrier heights (RPBE:
0.93 eV, PBE: 0.93eV) for OH* formation at
steps, a reaction that we expected to exhibit
pseudo-first-order kinetics under our exper-
imental conditions. We concluded that the
rate-limiting step for water formation under
oxygen-lean conditions was OH* formation
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occurring at steps, whereas OH* dispropor-
tionation occurring at steps was rate-limiting
under oxygen-rich conditions.

The fact that the rate-limiting step changed
suggested that the barrier to OH* formation
dropped with increasing oxygen coverage, an
effect that is inconsistent with the behavior of
isolated O atoms. Figure 2 shows results of DFT
calculations performed on a 4x1 unit cell with
periodic boundary conditions (computational
details are presented in the supplementary
materials, section S4), which provided insights
into how the rate-limiting reaction could change
with O coverage. Figure 2A depicts O* structures
on a Pd (332) surface in the isolated-atom limit.
Here, O* binds most favorably above a face-
centered cubic (fcc) hollow site next to a mona-
tomic step, hereafter referred to as O,*lpfs,ep, and
somewhat less stably at the fcc hollow sites of the
(111) terrace, hereafter referred to as Og,,.
Binding at the fcc face of the (111) step, hereafter
referred t0 as O oy eps Was unstable with re-
spect to Of,, or Oy, ... However, as can be
seen in Fig. 2B, ogmfstep became stable in the
presence of two neighboring Oflpfstep atoms.

These cooperative interactions suggested
that at increased oxygen coverage, a “zigzag”
O-decorated Pd step structure (Fig. 2C) could
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form, similar to one that has been previously
studied (37, 38). Of great consequence to the
reactivity, the barrier for OH* formation was
substantially lower for reaction at Ojyun_step
(RPBE: 0.64 eV, PBE: 0.60 eV) compared with
the reaction at Oy, ., (RPBE: 0.93 eV, PBE:
0.93 eV). We hypothesize that the OH dispro-
portionation reaction became rate limiting
under oxygen-rich conditions because the bar-
rier to OH formation was reduced by the pres-
ence 0f O, e formed through cooperative
O-atom binding at Pd steps.

We next computed equilibrium populations
Of Ogoyn_step a0A Oy e, as @ function of
[O}ean] and T using the kinetic model intro-
duced below. Figure 2D shows that the pop-
ulation of Oy, gep Was important at all but
the lowest mean coverages. It grew as [0, can |
atlow [0} ,, |, because two O, ., in close
proximity to one another were needed to
stabilize Ofoyn _step- These results showed that
Ofown_step €xhibited higher reactivity toward
OH* formation and was present in sufficient
abundance, which made it a candidate for the
cooperatively formed active configuration hy-
pothesized above.

Mechanism and kinetic modeling

‘We next present a reaction mechanism involv-
ing cooperative O-atom binding to obtain TST
rate constants based on DFT energies and vi-
brational frequencies (see the supplementary
materials, sections S4 to S8 for details). Figure 3
shows the potential energy diagram for water
formation. The lowest-energy pathway from re-
actants to products for oxygen-lean conditions
formed OH* through reaction of H* with Oflpfmp,
whereas under oxygen-rich conditions, H* re-
acted with O, _gep- In both cases, newly formed
OH"* was strongly bound at Pd steps and could
undergo disproportionation to produce H,0.
Figure 4A (oxygen-rich) and Figure 4B (oxygen-
lean) show that the TST model’s predictions
based on both RPBE and PBE input data were
similar to experiment (for a comparison with
all experimental data, see the supplementary
materials, section S9). Figure 4A also shows
that neglect of OH" formation at Oj,u, _sep
resulted in unrealistically slow water forma-
tion rates under oxygen-rich conditions. Figure
4B shows that OH" formation at O, e, Was
unimportant under oxygen-lean conditions. A
systematic degree-of-rate-control (DRC) analysis
(39, 40) of the DFT- and TST-based mechanism
(see the supplementary materials, section S10)
showed that under oxygen-rich conditions,
water production rates were sensitive to the
OH" formation rate at O,y epand the OH
disproportionation rate at step sites. Under
oxygen-lean conditions, the water production rate
was sensitive only to OH" formation at Oy, g,
This DRC analysis of the kinetic model in-
formed us which energies in Fig. 3 most in-
fluenced the experimental Kinetic traces. As
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A Oxygen Rich B

Peak Normalized Water Flux

Oxygen Lean C

Oxygen Rich

D Oxygen Lean

Fig. 4. Comparison of experimental and theoretical kinetic traces for water
formation in hydrogen oxidation on Pd (332). Velocity-resolved kinetics
results (black dots), TST microkinetic model based on RPBE (red line), PBE (blue
line), and the optimized model (purple line). For PBE and the optimized model,
results are also shown neglecting reactivity at the down-step O atom (dashed
line). (A) [Oean] = 0.09 ML. (B) [H*] = 0.003 ML. (C) [O}¢,n] = 0.09 ML.

shown in Fig. 4, C and D, adjusting these en-
ergies by not more than 0.15 eV led to quan-
titative agreement between the kinetic model
and experiment under both oxygen-rich and
oxygen-lean conditions. Section S11 of the
supplementary materials explains the fitting
procedure and shows comparisons of experi-
mental and simulated Kkinetic traces of the
optimized model over a wide range of cover-
ages (10* ML < [0*] < 0.2 ML) and tem-
peratures (353 K < Ts < 873 K). Different
adjustments were made for oxygen-lean (table
S14) and oxygen-rich (table S15) conditions to
account for repulsive interactions between
OH* and O* that are neglected in the DFT en-
ergies of the kinetic model. Such interactions
can be important under oxygen-rich conditions
and are assumed to be absent under oxygen-lean
conditions. These effects are discussed at length
in the supplementary materials, section S12.

A comprehensive comparison of the opti-
mized model to experiment over all experi-
mental conditions is possible using effective
rate constants (as explained in the supple-
mentary materials, sections S2 and S3, and
shown in Fig. 5). Under oxygen-lean condi-
tions, the model reproduces the pseudo-first
order kinetics and the linear dependence of k.
on hydrogen coverage. Under oxygen-rich con-
ditions, the peculiar dependence of the second
order k¢ on O-atom coverage is captured by the
optimized model. The maximum rate constant
on Pd(332) appears at somewhat higher O cov-
erages in the model than in the experiment.
Despite these modest differences, the optimized
model captures the peculiar step and O coverage
dependence seen in experiment.

Schwarzer et al., Science 386, 511-516 (2024)
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to Pd surface atoms.

Discussion
This work answers basic questions concerning
the elementary reactions responsible for the
catalytic conversion of hydrogen and oxygen
to water on Pd. It shows that at O coverages of
~10"2 monolayers (ML), OH* formation was the
rate-limiting step to water formation, whereas
at higher coverages, the barrier to this reaction
dropped and made OH* disproportionation
the rate-limiting reaction. This peculiar change
in kinetic mechanism resulted from the forma-
tion of an active configuration by cooperative
binding of multiple O-atoms at Pd steps. This
active configuration dominated the reaction
under nearly all conditions; indeed, it is re-
markable that conditions where it was unim-
portant arose only at very low O coverages on
the order of 0.001 ML.

The evidence for our conclusions came from
a comparison of experimentally obtained and
theoretically derived kinetics, which were in
quantitative agreement with one another after
DFT-computed energies along the reaction
path were adjusted by up to £0.15 eV. These
adjustments are justified given uncertainties
related to the use of DFT. Specifically, computed
energies may vary by up to 0.2 eV depending on
choice of functional (4I) and the choice of unit
cell size enforces specific and high adsorbate
coverages. For example, the calculations of
this work used to compute cooperative O-atom
binding correspond to 0.125 and 0.167 ML
(Fig. 2, B and C), but were used to construct a
kinetic model for much lower coverages as
well. A discussion of these issues is provided
in the supplementary materials, section S6,
where we show that low coverage calcula-
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(D) [H*] = 0.026 (T = 473K), 0.003 (T = 573K), and 0.0007 ML (T = 673K). For
(A) and (C), the H coverage is limited by the dose (0.002 ML) of the reaction-
initiating H, pulsed beam. For (B) and (D), the O-atom coverage is limited by
the dose (0.001 ML) of the reaction-initiating O, pulsed beam. We define one
ML as the coverage corresponding to a one-to-one ratio of adsorbate molecules

tions yield similar results for the formation of
down-step O atoms. Furthermore, our model
is a simplified microkinetic model with an
equilibrium assumption to obtain the site-
specific O-atom populations and neglects OH*
interactions with O*. Future work, using the
kinetic Monte Carlo approach would allow us
to go beyond these approximations and provide
an improved treatment of adsorbate-adsorbate
interactions. It would also be desirable to go
beyond the harmonic approximation and to
include tunneling in TST calculations. Despite
these limitations, our kinetic model achieved
quantitative agreement with observation over
a wide range of conditions. Most importantly,
the Kkinetic model described the peculiar de-
pendence of the observed kinetics on oxygen
coverage, by means of a cooperatively bound
active configuration, the abundance of which
is strongly dependent on [0, |-

Our results also provided a test of DFT im-
plemented at the generalized gradient approx-
imation (GGA) level for calculating reaction
barriers in catalysis, where few direct compar-
isons between experiment and theory have been
possible. Although DFT-GGA involves intrinsic
energy errors on the order of 0.2 eV, much larger
errors can arise from an incorrect hypothesis
about the structures of active configurations.
In this work, finding the correct structures of the
transition states of the rate limiting steps was
much more important than a “correct” choice
of functional. This suggests that the field may
use DFT-GGA with guarded optimism, for exam-
ple by developing new DFT-GGA-based dis-
covery tools for active configurations formed
due to cooperative adsorbate interactions.
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Fig. 5. Behavior of effective rate constants k. as a function of coverage (see the supplementary materials, sections S2 and S3). Shown are oxygen-lean
conditions as a function of H-atom coverage (left half) and oxygen-rich conditions as a function of O-atom coverage (right half). The top row shows effective
rate constants obtained from experimental traces which compare well with effective rate constants obtained from traces of the optimized kinetic model, shown

in the bottom row.

Cooperative adsorbate binding is seldom
discussed in heterogeneous catalysis, but it
is well known in other fields such as biochem-
istry, in which the docking of one ligand en-
hances affinity for a second ligand (42, 43).
Such behavior was first recognized through
the nonlinear dependence of binding site oc-
cupation on ligand concentration in O, bind-
ing to hemoglobin (44). It should therefore not
come as a surprise that active configurations
formed by cooperative adsorbate binding such
as the zigzag O-decorated steps are present
under the reacting conditions of catalysts, and
that such effects can be recognized by their
nonlinear dependence on adsorbate concen-
tration. There is also reason to believe that
such active configurations are important in
high-pressure, high-temperature reactors. First-
principles statistical mechanics calculations
of equilibrium structures have shown that
O-decorated Pd step structures similar to those
of this work are thermodynamically stable at
high temperatures and pressures (45). We spe-
culate that such active configurations caused
by cooperative adsorbate interactions may
play an essential role in many examples of
real-world catalysis.
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