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ABSTRACT: We present a comprehensive, density functional theory
based analysis of the direct synthesis of hydrogen peroxide, H,O,, on 12
transition metal surfaces. We determine the full thermodynamics and
selected kinetics of the reaction network on these metals, and we analyze
these energetics with simple, microkinetically motivated rate theories to
assess the activity and selectivity of hydrogen peroxide production on the
surfaces of interest. By further exploiting Brensted—Evans—Polanyi
relationships and scaling relationships between the binding energies of
different adsorbates, we express the results in the form of a two-
dimensional contour volcano plot, with the activity and selectivity being
determined as functions of two independent descriptors: the atomic
hydrogen and oxygen adsorption free energies. We identify both a region
of maximum predicted catalytic activity, which is near Pt and Pd in
descriptor space, and a region of selective hydrogen peroxide production, which includes Au. The optimal catalysts represent a
compromise between activity and selectivity and are predicted to fall approximately between Au and Pd in descriptor space,
providing a compact explanation for the experimentally known performance of Au—Pd alloys for hydrogen peroxide synthesis,
and suggesting a target for future computational screening efforts to identify improved direct hydrogen peroxide synthesis
catalysts. Related methods of combining activity and selectivity analysis into a single volcano plot may be applicable to, and useful
for, other aqueous phase heterogeneous catalytic reactions where selectivity is a key catalytic criterion.
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1. INTRODUCTION metals and alloys is needed, and from a practical industrial
perspective, the development of lower-cost alternatives to
current precious metal catalysts is of interest.

The development of descriptor-based computational analysis,
and in particular volcano plot analysis, has recently emerged as a
powerful tool for both the elucidation of fundamental reactivity
trends across transition metal alloys and the identification of
enhanced catalytic materials via computational catalyst screen-
ing. This approach has been successful, for example, in finding
improved platinum-based alloys for the electrochemical
reduction of oxygen'>™>* (a process that is not dissimilar, in
some ways, to the heterogeneous production of hydrogen
peroxide) and in providing important insights into the ammonia
decomposition,”* hydrodesulfurization,™ and hydrogen evolu-
tion®"***” reactions, as well as methanol decomposition*® and
even biomass-related reactions,?’ among others. Few such
analyses, however, have attempted to incorporate selectivity
considerations into the volcano-based descriptions,®>*" and the
development of easy-to-interpret computational screening
strategies that explicitly account for selectivity considerations
remains an important challenge.

The direct synthesis of hydrogen peroxide, H,O,, from hydrogen
and oxygen is both an industrially relevant process for producing
this important commodity chemical and a classic example of the
need to balance activity and selectivity considerations to achieve
desired heterogeneous catalytic syntheses. Well-established
approaches to peroxide production have employed the
anthraquinone synthesis mechanism," which produces signifi-
cantly more concentrated H,0, solutions than are generally
required for most applications. Higher-efficiency direct synthesis
processes, on the other hand, have recently shown substantial
promise in overcoming these drawbacks; Pd—Au,z_é acid-
promoted Pd—Au nanoparticles,4 acidic halide-promoted
systems,” ” and even zeolite-supported catalysts'®'" have all
been investigated, and the best Pd—Au catalysts show hydrogen
peroxide selectivities approaching 100%.* These experimental
investigations have been complemented by a limited number of
computational analyses, including studies of the thermodynamics
of Au—Pd surface alloys for the adsorption of hydrogen peroxide-
related intermediates.’*”'* In spite of this progress, however,
important challenges remain in the understanding and design of
catalysts for direct hydrogen peroxide synthesis. From a
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In the present study, we present a detailed examination of how
density functional theory (DFT) calculations can be employed to
generate volcano plots that explicitly incorporate both activity
and selectivity criteria at liquid—solid interfaces in a descriptor-
based approach. Through a careful analysis of calculated reaction
free energies for a variety of transition metals, we generate
predictions of the activity of metals and alloys for direct reduction
of oxygen with H, as a function of two independent descriptors:
the atomic hydrogen and oxygen binding energies. Using simple
free energy inequalities related to branch points in the reaction
network, we further identify regions of this volcano plot where
selective production of hydrogen peroxide is likely to be favored.
We briefly describe the effect of steps and defects on these
activity and selectivity properties, and we indicate how the results
both explain the performance of catalytic alloys for direct
hydrogen peroxide synthesis that have been experimentally
identified to date and suggest important strategies for further
catalyst optimization via computational screening.

2. COMPUTATIONAL METHODS AND CALCULATION
DETAILS

This work employed plane-wave density functional theory
calculations as implemented in the Vienna Ab Initio Simulation
Package (VASP).**™** The calculations used the PAW>*’
treatment of core electrons, together with the PW91-GGA®**
density functional. A minimum k -point grid sampling of 4 X 4 X
1 was used; in all cases, convergence with respect to the k-point
grid was verified. The PREC=HIGH accuracy extension in VASP
was employed with a cutoff energy of ~520 eV, FFT mesh grids
large enough to avoid wraparound errors, and a default
Methfessel—Paxton** Fermi smearing of 0.2 eV. We have
selected a broad periodic block of transition metal (TM)
elements, including Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt, and
Au, for analysis. All calculations were performed fully spin-
polarized, since it is known that magnetic considerations can be
significant for certain oxygen-based adsorbates and transition
states, even on inherently nonmagnetic surfaces.”' ™" The
fcc(111), bee(110), and hep(0001) surfaces were employed for
the close-packed surfaces (we note that the Fe bec(110) surface
is only quasi-hexagonally close packed in relation to the fcc(111)
and hcp(0001) surfaces of the other TM elements considered;
however, its structure is sufficiently similar for inclusion in our
trends analysis), while selected fcc(211) surfaces were
considered for step calculations. Generally good agreement
between calculated and experimental lattice constants of these
TM species is seen in the Supporting Information, Table SI.1 (for
the magnetic metals, we also report the net magnetic moments
per atom); a slight overestimation of the lattice constant for the
highly noble metals, as well as for Pd and Pt, is a known issue with
this approach but does not affect calculated reactivity trends.

A four-layer, 2 X 2 surface supercell was employed (the top
two layers on the adsorbate side were allowed to relax) for the
close-packed surfaces. To examine the sensitivity of this model
slab with respect to convergence and coverage effects for oxygen
and hydroxyl adsorption on selected metals, we have performed
additional tests with different k-point grids, slab thicknesses, and
surface coverages (see the Supporting Information for details).
When we increase the k-point resolution to a 6 X 6 X 1 grid and
the slab thickness to six layers, the changes in the binding
energies for these species are found to be small (less than 0.1 eV
in all cases). When increasing the surface coverage to 1/3
monolayer (ML) (fcc(lll)—(\/3 X \/3)R30° unit cell) on
Pt(111) and Au(111), we observed binding energy shifts of
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about 0.3 eV for oxygen (weaker binding) and between —0.1 and
—0.25 eV for hydroxyl (stronger binding). At higher coverages,
which might be found, for example, on metals susceptible to
poisoning, these results imply a modestly increased thermody-
namic driving force toward hydrogenation of oxygen, combined
with a decreased driving force for water formation. A 3 X 2
surface cell, with four layers perpendicular to the terrace planes,
was used for the (211) stepped surfaces. The vacuum spacing was
set to approximately 20 A to ensure no z-axis interactions
between neighboring cell images. Geometric optimization of the
near-surface atoms and adsorbates was performed with a force-
convergence criterion of <0.035 eV/A per atom, while self-
consistent iteration on the electronic wave function was
performed with a convergence criterion of 1.5 X 107". For the
adsorbates studied, initial placement prior to geometric
optimization was performed via location above the four high-
symmetry sites (fcc, hep, top, and bridge), with adsorbate
rotational symmetry considered via 30—45—60° rotation
operations (relative to the surface normal), as necessary. To
characterize activation barriers along the reaction paths, nudged
elastic band (NEB) calculations were performed with the
climbing-image implementation in the VIST extension of the
VASP code developed by Henkelman et al;**~*’ all transition
states have been verified by frequency analyses. Due to the
known problem of DFT in accounting for the O, gas phase
energy, a correction (0.41 €V) was made to reproduce the
experimental free energy of formation of liquid H,0.*®
Additionally, an average binding energy correction of —0.45 eV
per adsorbate was applied to selected surface bound species
(OH, OOH, H,0,) to reflect the effect of hydrogen bonding to
surrounding water bilayers. This value was taken from
calculations performed of the excess hydrogen bonding energy
of OH* in the water bilayer on Pd, Pt, Ag, and Au(111). The
value is similar to that found in prior work.*® Entropies are taken
from thermodynamic tables at 298 K. We assume that the degree
of hydrogen bonding is approximately constant between the
transition states and the reactant/product states, implying that
net changes in the water corrections are small for reaction
activation barriers. The free energy of H,0,(aq) is taken as the
value from the standard electroreduction equilibrium potential.*’
Volcano contour surface plots shown are made with Matlab
software with default three-dimensional plot settings and 0.01 eV
sampling resolution per descriptor.

3. RESULTS AND DISCUSSION

3.1. Reaction Network Free Energy Analysis and the
Direct H,0, Synthesis Pathway. The reaction network
considered for heterogeneous oxygen reduction and hydrogen
peroxide synthesis is shown schematically in Figure 1. A pathway
leading to direct formation of H,0, through sequential
hydrogenation of molecular oxygen, followed by desorption
prior to dissociation, is seen on the left side of the diagram; we
refer to this pathway as the direct hydrogen peroxide synthesis
pathway (DHPSP). Pathways which result in the formation of
water, or possibly even surface oxides, on the other hand, are
found toward the right, and reaction steps by which the H,O,-
selective pathway may be diverted to water formation, including
oxygen—oxygen bond cleavage in H,O, or its precursors, are
indicated by horizontal arrows. Additionally, for each hydro-
genation step, we have considered a parallel pathway (not
explicitly shown in Figure 1) whereby hydrogenation can occur
via a water-mediated surface step with simultaneous creation of a
new surface OH* (for example, instead of considering only O* +
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Figure 1. Schematic diagram of selected elementary steps in the reaction
network for direct oxygen reduction from H, + O, to H,0, or H,O in
the aqueous phase. In some cases, for clarity, gaseous and liquid phase
reactants and products, together with vacant surface sites, are not
explicitly shown. An asterisk indicates surface-adsorbed species. For all
hydrogenation steps we have also considered water-mediated hydro-
genation events (O, * + * + H,O — HOx* + OH*) which are not
explicitly depicted in the figure (see the text for more details).

H* — OH* + x*, we also consider O* + % + H,O() — 20H*,
where the “*” notation indicates either a vacant surface site or a
surface-adsorbed species). However, we find that these water-
mediated hydrogenations are only thermodynamically favorable
when Gy o > G+ + Gops, where the free energy of H,O is in the

liquid phase; this criterion is only fulfilled in a region of
descriptor space (see discussion below) that is not of interest for
direct peroxide synthesis, and so we do not consider these events
further in this analysis. In Figure 2, we present the predicted rate
constants for the following elementary steps:

Hy) + 2% — 2H*

Oy + 2% — 20%

OOH* 4+ % — O* + OH*
H,0,* + % — 20H*

H* + O* — OH* + *

H* + Oy, —» OOH*

H* + OOH* — H,0,* + *

H* + OH* — H,0, + 2%

H,0,* = H,0y, ) + *

Figure 2 shows the data for all considered transition metals;
the results are given as logjo[rate/(kzT/h)], where kg is
Boltzmann’s constant, /i is Planck’s constant, and kzT/h (~6 X
10" 57" at 298 K) is taken as the elementary prefactor and is used
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to scale all rates (in the Supporting Information, we show results
for a few prefactors computed directly from vibrational frequency
analysis; these more detailed calculations reveal a maximum
divergence of '/, order of magnitude from the assumed
prefactors); the elementary rates are assumed to be irreversible
unless otherwise stated (see additional discussion below). The
metals in Figure 2a are the most oxophilic, with increasing
strength of oxygen binding from the top to the bottom; the
metals in Figure 2b are the six least oxophilic—with the same
oxygen binding trend from top to bottom. In our rate theory and
energetic analyses, we use Bronsted—Evans—Polanyi and scaling
relationships to estimate energetic quantities, as described
further in the Supporting Information. For elementary steps
involving dissociative adsorption of a molecule from the gas or
liquid phase, it is assumed that the dissociating transition state
has no entropy, and for elementary steps involving only surface-
bound species, entropy changes are assumed to be zero. We also
assume that H,0, desorption has a prefactor of kT/h, the same
prefactor that is used for the other free energy-based elementary
step rates, and is irreversible. Desorption of water product, on the
other hand, is assumed to be in quasi-equilibrium. These
assumptions are motivated by the fact that, in a liquid
environment, the bulk concentration of water will be high, thus
promoting water readsorption. Unless significant hydrogen
peroxide accumulates in solution, however, a driving force for
readsorption will not be present. This effective irreversibility for
peroxide desorption will be valid for practical catalysts where
there has not been significant peroxide accumulation in solution.
We note that, for the other elementary steps in the reaction
network, the assumption of irreversibility may lead to modest
quantitative (although likely not qualitative) inaccuracies in our
kinetic model; such effects are likely to be most significant far
from the volcano maximum, where surface coverages may deviate
substantially from order unity (poisoning, for example, may
occur in the strong-binding regions of the volcano). Finally, for
the elementary hydrogenation steps, we have assumed that the
overall reaction barriers are equivalent to the thermodynamic
barriers (with appropriate entropy corrections), when those
barriers are positive, and are essentially zero when the elementary
reaction free energies are exothermic. This approach implicitly
assumes that water and hydrogen bonding in an aqueous
environment facilitate hydrogen transfer and significantly
decrease kinetic overbarriers for hydrogenation; similar water-
or OH-assisted hydrogen transfer phenomena have been
described in the literature.'>°~>> Additional details on our
energy and rate analyses can be found in the Supporting
Information, and raw adsorption free energy values are given in
Table 1.

The results, which provide a generalization of existing
treatments on more limited sets of metals,"> demonstrate several
key features which point toward trends in predicted activity and
selectivity of catalysts for the aqueous phase heterogeneous
reduction of O, by H,. For example, highly oxophilic metals such
as Fe and Ru are likely to experience surface poisoning by O* and
OH* because the OH* removal step (to produce H,0) has a
very low predicted rate, with logo[rate/(ksT/h)] < —20.
Similarly, metals such as Cu, and in particular Pd and Pt, are
seen to show a balance of several rate constants of intermediate
magnitude for most of the possible elementary steps considered.
This implies that, regardless of pathway, overall activity will likely
be high, while selectivity may be complex to interpret. Highly
noble metals such as Au show difficulty in breaking O,, O—OH,
and HO—OH bonds, while the opposite trend is found on metals
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Figure 2. Predicted rate constants for various reaction steps on the closest-packed surfaces of 12 transition metals. In (a), the six most oxophilic metals
are given (stronger oxygen binding from the top to the bottom). Similarly, in (b), the six least oxophilic metals are given. For each metal and reaction
mechanistic step, the predicted rate constant is scaled relative to kzT/h, and given in log(10) units; thus rates of “0” in this plot correspond to reaction
mechanism steps with essentially no barrier. Rates that are less than —235 in this scale not shown. Data are determined from derived scaling relations and

BEP equations.

Table 1. DFT-Computed Free Energies of the Various Surface
Species on the Transition Metal Surfaces Examined”

adsorbate species free energy

transition metal surface H* O* OH* OOH* H,0,*
Fe(110) —-0.72 —0.80 —-1.32 2.66 N/A
Ru(0001) -0.62 —0.24 —0.62 2.97 N/A
Co(0001) —061 —013 —081 N/A  N/A
0s(0001) —0.52  —010  —043 323 N/A
Ni(111) ~0.70 018  —062 343 295
Rh(111) —0.75 041  —046 310 285
Cu(111) —-0.31 0.84 —-0.49 3.23 3.10
1r(111) —0.44 0.88 003 341 293
Pd(111) -0.59 1.3§ 023 385 3.08
Pt(111) —0.49 146 037 385 320
Ag(111) 0.06 204  —006 386 331
Au(111) 0.00 234 072 430 324

“Units of free energy are given are in eV relative to the free energy of
stoichiometrically appropriate amounts of H,O() and Hygy. For
reference, the energy of 2H,(,) + O, relative to 2H,Oy) is 4.92 eV.
Where listed as “N/A”, a stable low energy state of the adsorbate could
not be found in the calculations. An asterisk indicates a surface-
adsorbed species. Additional information on entropies and zero point
energies is given in the Supporting Information.

like Fe and Ru. In fact, we can see that, around Au and Ag, there is
an inversion in the activity of the elementary steps involving
H,0,*: the predicted rates for dissociation (to 20H*) become
less than the predicted rates for desorption to the solution phase.
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While the above observations are initially useful in helping to
predict activity and selectivity of single-element transition metal
catalysts, a more detailed analysis is required to fully understand
the relevant activity and selectivity trends. Below, we present
such an analysis by further characterizing the reaction network
using a technique known as Sabatier analysis, determining
descriptors for activity and selectivity, commenting on the effect
of surface structural inhomogeneities on the predicted catalytic
properties, and relating our results to state-of-the-art exper-
imental analyses of direct hydrogen peroxide production.

3.2. Descriptor Analysis and Sabatier Volcano. The
general concept of the Sabatier analysis provides simple
descriptions of the kinetics of certain heterogeneous catalytic
reactions, including the electrochemical oxygen reduction
reaction (ORR).*"**°** This approach, in which idealized
coverages are assumed for reactive intermediates,*® gives upper
bounds for reaction rates and has successfully described trends in
electrochemical ORR activity in terms of a single descriptor,
AE, ; (the binding energy of oxygen). Platinum lies at or nearly
at the peak of this electrochemical Sabatier volcano (in
agreement with known experimental findings),”* even when
the volcano analysis is studied with respect to sensitivity to
coverage assumptions," and as we describe further below, there
are some analogies between the electrochemical oxygen
reduction analysis and our heterogeneous oxygen reduction
analysis. However, we note that, because our reaction network is
heterogeneous, not electrochemical, it also involves the explicit
adsorption of atomic hydrogen, whose binding energy does not
correlate well with the corresponding energy of atomic oxygen
on the metal surfaces, our analysis, described below, will yield a

dx.doi.org/10.1021/cs3003337 | ACS Catal. 2012, 2, 2664—2672
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multidimensional volcano with two descriptors, AGg« and
AGH*.

For each considered reaction mechanism (Figure 1) on each
metal, we identify the elementary step with the least favorable
free energy, which we interpret as the rate-limiting step for that
reaction mechanism on that transition metal. We then determine
the mechanism with the most favorable rate-limiting step for
each transition metal, and we take the negative of the free energy
barrier to be a measure of the effective activity. Having performed
this analysis, it is possible to quickly generate a spline fit to the
calculated activities and to interpolate a Sabatier volcano based
on the chosen descriptors (AGg: and AGys). This method gives
an approximate tool to derive a Sabatier volcano, but it is subject
to the particular choice of spline-fitting method and to statistical
factors arising from sparsity in the data set. We therefore choose
to focus on a linearized volcano derived from scaling correlations
between adsorbate energies and from Brensted—Evans—Polanyi
(BEP) relationships,®>> which correlate the transition state
(kinetic) and final state (thermodynamic) reaction energies of
given elementary steps on different transition metals. As
described below, this approach relies only on well-justified
approximations from fundamental physical and chemical
principles and provides simple yet powerful insights into the
key catalytic properties of the considered systems.

For each of the surface-bound adsorbates, a correlation of the
binding energy to the appropriate descriptor is determined;
generally, the adsorbate binding energy will correlate with the
binding energy of the atomic species through which the
adsorbate binds to the metal surface’” (see Supporting
Information for full details on the correlations). Additionally,
BEP relations for the following elementary dissociation reactions
are determined via explicit DFT calculations on the surfaces of
Ag, Au, Cu, Pd, Pt, and Ru. These metals are chosen so that the
BEP relationship will include metals spanning a reasonable range
of the total descriptor space:

H2(g) + 2% — 2H*
OZ(g) + 2% — 20%*

OOH* + % — O* 4+ OH*
H,0,* + * — 20H*

Once these elementary energetic analyses are in place, the
energies of all mechanistic steps at each value of AGo+« and AGy«
can be rapidly evaluated via the thermodynamic correlations or
BEP relations, and the corresponding Sabatier activity can be
determined. The results of this analysis are shown in Figure 3. We
note that, near the very peak of the volcano, we do not allow for
negative implied barriers in the rate-limiting step. This produces
a small region of essentially zero barrier near the top of the
volcano; in a full microkinetic analysis, coverage effects, together
with small hydrogenation overbarriers, would modestly decrease
the rate near the top of the volcano.*® Similar to the
electrochemical oxygen reduction volcano,*** Pt and Pd are
seen to have very high predicted activities, while Au/Ag and Ru/
Co lie on opposite sides of the volcano and have significantly
lower activities.

In Figure 4, we show the predicted rate-controlling step for
each region of descriptor space. Four such regions are identified.
Where hydrogen binds very weakly, H, dissociation is the rate-
limiting step for a range of oxygen adsorption free energies; Au

and Ag fall into this region. Where both oxygen and hydrogen
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Figure 3. Linearized activity volcano for direct oxygen reduction. AGg+
and AGy- are the free energies of oxygen and hydrogen adsorption,
respectively, referenced to liquid water and gaseous H,. Dark red
indicates maximum predicted activity. The activity, in eV, is normalized
by ksT/h in a style similar to Norskov et al.**

AG, (eV)

0.5 1
AGy (eV)

1.5 2

Figure 4. Rate-controlling steps in heterogeneous catalytic oxygen
reduction. AGp« and AGy: are the free energies of oxygen and hydrogen
adsorption, respectively, referenced to liquid water and gaseous H,. In
the above regions, the predicted rate-limiting steps (RLS) in each region
of descriptor space are shown. The width (or existence) of the O,
dissociation region is highly sensitive to the BEP equation employed.
The color scale of the underlying volcano is the same as in Figure 3,
while each region is given an arbitrary overlay of half-transparent color to
increase visual contrast.

bind strongly, on the other hand, hydrogenation of OH* to water
is the predicted rate-limiting step; Ru, Rh, and Nj, for example, lie
in this region (we note that, due to coverage effects that are not
explicitly accounted for in our Sabatier analysis, these metals may
in reality be oxide covered under realistic reaction conditions).
Cu and Ir are predicted to lie near the intersection of the regions
in Figure 4 where H, dissociation and OH* hydrogenation are
predicted to be rate limiting. In regions of the volcano where
hydrogen binds strongly but oxygen binds weakly, two different
rate-limiting regions are found. Both rate-limiting steps involve
the formation of product species from O,y but proceed through
different mechanistic processes. In the more strongly oxygen
binding (leftmost) portion of this region of the volcano, a small
area is predicted where dissociation of O,y to 20* is limiting,

dx.doi.org/10.1021/cs3003337 | ACS Catal. 2012, 2, 2664—2672
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while OOH™ formation from H* + O, becomes the relevant
rate-limiting step as the oxygen binding free energy becomes
weaker.

3.3. Descriptor Analysis and Sabatier Volcano:
Selectivity Considerations. The Sabatier-based activity
analysis presented above provides guidance as to what catalysts
are likely to be active for heterogeneous oxygen reduction in
nonelectrochemical aqueous environments, but additional
considerations are required to determine what metals and alloys
will selectively form hydrogen peroxide compared to water.
Several of the rate-limiting regions in Figure 4 (H, dissociation
and OOH formation) are consistent with the possibility of H,0,
formation, but our activity analysis alone is not sufficient to
determine selectivity between reaction pathways that diverge
after the rate-determining steps. From Figure 1, for example, it
can be seen that, even if OOH formation is favored, subsequent
dissociation to O* + OH* (ultimately leading to water
formation), or further hydrogenation to H,0,*, followed by
dissociation, may occur.

To incorporate selectivity considerations into our analysis, we
identify a set of free energy inequalities associated with certain of
the reactive intermediates in Figure 1. These inequalities
correspond to reactions involving O—O bond cleavage that
will divert the catalyst in question away from the DHPSP. In
order for the system to be fully selective toward H,O,, all of the
selectivity free energy inequalities (constraints) must be
satisfied—that is, the selective hydrogen peroxide region of the
Sabatier volcano toward H,0, is the minimally intersecting
region (convex hull) of the following selectivity free energy
inequalities:

AGoz(g)+H*—>00H* < AGOZ(3)+H*+2*—>ZO*+H* (1)
AGoon*+H# 44— H,0,%+5 < AGOOH* +H* 41— 0*+OH*+H*

(2)
AGH202*+*—>H202(1)+2* < AGy 0, #44—20m* (3)
AGoons 41+ 1,0, 445 < AGoOH* 41~ H,0,+0%* +x (4)

These selectivity criteria can be thought of qualitatively in the
following manner. Inequality constraint 1 represents the
competition between O, dissociation and hydrogenation that is
relevant early in the DHPSP. Constraint 2 represents the
tendency of OOH* to hydrogenate to H,O,* as compared to its
tendency to dissociate to OH* + O*. Constraint 3 represents the
competition between desorption of H,O,* into the solution
phase as H,0,(; and dissociation into 20H* (which is rather
facile on most metals). Finally, constraint 4 describes the
competition of hydrogenating OOH* into either H,0,* or O* +
H, 0. Since H, dissociation is an elementary step in all possible
reaction pathways, we do not explicitly include this step in the
selectivity criteria. As can be seen in Figure S, the actual window
in the Sabatier volcano where H,O,;) can be selectively formed is
relatively small. It turns out that in our analysis only egs 1, 3, and
4 are relevant in the descriptor range of interest; eq 1 is inclusive
of eq 2 for all relevant values of AGg+ and AGy+. The intersecting
space of eqs 1, 3, and 4, where the governing chemistry and rate-
limiting steps dictate the formation of peroxide by effectively
preventing O,, OOH*, and H,0,* dissociation, is found to the
right, lower right, and upper right of the activity maximum; this
region is delineated by thick black lines in Figure 5. All possible
pathways involving water-mediated hydrogenation were also
explicitly investigated. These additional selectivity constraints do
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Figure S. Selectivity boundaries for H,0O, formation on transition metal
surfaces. The vertical line represents the competition between H,O,
desorption and dissociation, corresponding to selectivity eq 3 in the text.
The other selectivity criteria, corresponding to eqs 1 and 4 in the text,
represent the competition between O, hydrogenation and dissociation
and between OOH hydrogenation and dissociation, respectively. The
use of the black to gray gradient reflects estimated uncertainties in the
location of the selectivity boundary. Other symbols have the same
meaning as in Figures 3 and 4. The color scale of the underlying volcano
is the same as in Figure 3.

not alter our conclusions, however, as they are only relevant
outside of the peroxide space identified above. To reflect known
uncertainties in DFT calculations and in the scaling and BEP
correlations used, we have also added sensitivity error bars, based
on +10% deviations in the respective correlations’ slopes; these
are shown in Figure S as the diffuse gradient at the selectivity
boundaries. We note that the selective mechanism in eq 4
switches from exergonic to endergonic at the boundary line;
outside of the boundary line, both it and the competing
unselective step are exergonic and cannot be differentiated in the
context of our analysis (partial, but not completely selective,
peroxide production might therefore still be observed immedi-
ately outside of this selectivity boundary). We further note that,
because we treat the oxygen—oxygen bond cleavage in criterion 4
with a purely thermodynamic analysis that has no overbarrier, it
gives a worst-case estimate for peroxide selectivity in this region
of descriptor space.

Figure § strongly suggests that only pure metals as noble as Au
meet all the free energy constraints defined above and will favor
H,0, production; Ag lies essentially on the error bars at the
selectivity boundaries. This result, in turn, can be traced to the
fact that less oxophilic metals, such as Au, are less likely to activate
various forms of oxygen—oxygen bonds, thus favoring the direct
hydrogen peroxide pathway in Figure 1. These results are
additionally in very good agreement with recent experimental
work. It is known, for example, that Au(111) is highly selective to
hydrogen peroxide in electrochemical oxygen reduction, while
Ag can form mixed product phases of H,0O/ H,0,.5%% Single-
element transition metal catalysts near the Sabatier volcano
maxima (e.g,, Cu, Pd, and even Pt*~*), on the other hand, will
either not form surface-adsorbed H, O, intermediates in the first
place or should see these intermediates rapidly dissociated into
other surface intermediates that will, in turn, lead to surface
oxidation or water formation. We note that, in industrial
heterogeneous synthesis conditions, monometallic Pd has been
used as an H,O, production catalyst; in some cases, reasonable
activities and ~50% selectivities can be obtained in the best
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cases.® 7% We further note, however, that these selectivities are
highly influenced by promoter and support effects, which are not
the focus of the present study. Additionally, we have considered
the ability of Pd(111) to uptake subsurface hydrogen from Hy
in high pressure and reducing environments, together with the
impact of this subsurface H on hydrogen peroxide chemistry. We
have performed a model calculation with a 1 ML octahedral H
sublayer in our Pd(111) slab. The corresponding shifts in the
surface H* and O* descriptor values are ~0.15 and 045 eV,
respectively, and are much closer to our predicted selectivity
boundary. This result may explain why Pt(111) is not a viable
H,O, synthesis catalyst in heterogeneous conditions, as Pt does
not uptake H to the extent Pd does.

3.4. Effects of Defects. The results presented above have
focused on the defect-free flat surfaces of transition metals.
Although such surfaces are generally the most prevalent features
on realistic catalytic nanoparticles, it is also appropriate to
consider the effect of model defects on the hydrogen peroxide
reactivity trends described above. We have calculated the
adsorption energies of the relevant adsorbates on the (211)
surfaces of the fcc transition metals (Ag, Au, Pt, Pd), as well as
approximate dissociation BEPs of the 2% + O,— 20 and 2% +
H,— 2H* reactions on these metals. The approximate shift of
the volcano activity maximum due to the lowering of these two
BEP barriers is ~+0.2 eV on the O* axis and 0.1 eV on the H*
axis; this observation is consistent with the general trend that
Miller index terminated surfaces vicinal to fcc(111), such as
fcc(211) facets, typically have lower activation barriers for many
chemical reactions due to the presence of undercoordinated step
edge atoms, and it has previously been seen in computed volcano
plots for the electrochemical ORR.**7°™7* More detailed
selectivity analysis on the step surfaces would require additional
calculations to determine the dissociation kinetics of oxygen—
oxygen bond cleavage in both H,0,* and OOH* for many
additional metals, but it is likely that the more active step edges
would also promote more facile dissociation of these species,
hence further shrinking the peroxide selectivity window
compared to the defect-free surfaces. Recent work has shown
that very small gold clusters have, in fact, evidenced significantly
reduced kinetic barriers for O—O bond and related dissociation
reactions.”* A limited set of calculations for the H,O,
dissociation barrier (on Pd, Pt, Ag, and Au; this work) indicates
that the oxygen—oxygen dissociation barrier is, in fact, lower on
the steps than on the terraces (see Supporting Information),
consistent with these intuitive analyses. Therefore, the most
selective H,O, synthesis catalysts are likely to be much larger
nanoparticles with corresponding facets that offer large surface
area fractions corresponding to the low index surfaces.

3.5. Prediction of New Catalysts. The results of our
Sabatier selectivity volcano provide a natural optimization target
for the computational identification of improved direct hydrogen
peroxide synthesis catalysts. The optimal compromise between
oxygen reduction activity and selectivity to hydrogen peroxide is
approximately found in the ellipsoidal region of Figure 6. The
location of this optimal region provides a simple and compelling
explanation for the known suitability of AuPd alloys for direct
hydrogen peroxide synthesis.*>"? Parts of this region lie between
pure Au and pure Pd on the Sabatier volcano, and according to
the interpolation principle,”>’® many AuPd alloys will likely fall
in this region. This intuition is confirmed by explicit DFT
calculations on Au—Pd near-surface alloys of different
compositions. Some of the most promising of these points so
far identified are shown in light purple in Figure 6. As is expected,
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Figure 6. Results of initial alloy-based screening for catalysts that are
active and selective for direct H,O, synthesis. The white line represents a
simple interpolation between Au and Pd. Purple dots represent alloys or
skin overlayers of Pd—Au {clockwise from top, Pd,/Au,Pd,/Au,Pd,/
Au,, Pd,Au,/Pd,Au,/Pd,Au,/Pd,Au,, Pd,/Au,Pd,/AuPd,/Au,}. The
green highlighted area represents the ideal target area for predicted
optimally selective and active catalysts for direct hydrogen peroxide
synthesis. The color scale of the underlying volcano is the same as in
Figure 3.

the surface alloys indeed fall approximately in a range that
balances the high activity of Pd and the high selectivity of Au,
providing strong evidence for the explanatory power of our
volcano and providing a basis for future computational screening
efforts. We note that many of these promising candidate alloys lie
near the intersection of the H, dissociation/OOH formation
rate-limiting step regions of the computed volcano plot. Since
previous work”” on near-surface alloy/surface skin alloy catalysts
involving Pt and Pd skins has shown significant reduction of
overall H, dissociation barriers for given hydrogen binding
energies relative to pure single-element constituent catalysts, it
also may be possible to increase the overall catalyst activity in this
region beyond what our volcano currently predicts. We further
note that, while this screening analysis identifies possible alloys
with appropriate descriptor-based properties, the stabilities of
these alloys would need to be tested with further calculations and
experiments. For example, while our volcano might suggest that
Pt—Au alloys would also show promising properties for selective
peroxide production, it is known that Pt—Au is more difficult to
alloy in bulk and at the nanoscale than Pd—Au.”®”® This is the
likely reason why Pd—Au is the current state-of-the-art
experimentally synthesized selective peroxide synthesis alloy
nanocatalyst.>

4. CONCLUSIONS

We have performed comprehensive DFT calculations that
characterize the reaction network involving the hydrogenation
of O, by H, at the solid—liquid interface on the surface of 12
transition metals. We interpret these results with a simple
Sabatier analysis and develop a volcano plot that expresses the
catalytic activity as a function of two independent descriptors:
the hydrogen and oxygen adsorption energies. Combining these
results with a compact set of free energy inequalities that describe
the selectivity to hydrogen peroxide production, we identify a
region of descriptor space, generally corresponding to weak
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oxygen binding energies, that is an optimal compromise between
activity and selectivity. Our results are in good agreement with
known experimental trends and prior theoretical treatments of
the electrochemical oxygen reduction reaction. The results
provide a powerful and intuitive explanation of why Pd—Au
catalysts function well for selective hydrogen peroxide
production and suggest a natural optimization target for future
computational catalyst screening efforts. We anticipate that the
approach of combining activity and selectivity in a single volcano
plot, utilized in this paper, can be generally extended to help
understand other challenging reaction networks where product
(or intermediate) metastability and selectivity are challenging
issues to predict and characterize.
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