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Abstract

There is wide interest in developing accurate theories for predicting rates of chemical reactions
occurring at metal surfaces, especially for applications in industrial catalysis. Conventional meth-
ods contain many approximations that lack experimental validation. In practice, there are few re-
actions where sufficiently accurate experimental data exist to even allow meaningful comparisons
to theory. Here, we present experimentally derived thermal rate constants for H atom recombina-
tion on Pt single crystal surfaces, accurate enough to test established theoretical approximations.
A quantum rate model is also presented, making possible a direct evaluation of the accuracy of
commonly used approximations to adsorbate entropy. We find that neglecting the wave nature of
adsorbed H atoms and their electronic spin-degeneracy led to 10 — 1000 X overestimation of the
rate constant for temperatures relevant to heterogeneous catalysis. These quantum effects are also

found to be important for nanoparticle catalysts.



Main Text:

Enormous effort has gone into developing predictive theories of thermal reaction rates (/) with
one goal being accurate kinetic models of heterogeneous catalysis, an industrial corner-stone of
modern society (2). Modeling real catalytic reactors presents technical problems as they often in-
volve networks of reactions (3, 4), complicating meaningful comparisons to experiment that could
test a theory’s assumptions. A possible solution is to compare experiment and theory using sim-
plified model systems involving only a single elementary reaction. Unfortunately, even this com-
parison is seldom achieved as accurate measurements of elementary reaction rates are rare in sur-
face chemistry (3).

[lustrative of these problems is the thermal recombination of H atoms on transition metals,
leading to H2 formation. Perhaps the simplest reaction for theoretical modeling and omnipresent
as an elementary step in industrial catalysis (e.g. hydrogenation of unsaturated fats (6), ammonia
synthesis (7) and electrochemical hydrogen production (8)), it is an obvious starting point for de-
velopment of accurate rate theories in surface chemistry. Unfortunately, large uncertainties in the
experimentally derived 2"-order rate constants arise due to difficulties in obtaining accurate initial
concentrations (9). If these and other experimental problems could be overcome, this reaction
would provide an ideal system for benchmarking rate theory, especially for testing approximate
treatments of quantum effects.

From the study of gas-phase reactions, exact treatments of nuclear quantum effects are often
considered to be unnecessary above ~500 K (10) and because most catalytic reactors operate at
elevated temperatures, one might conclude that a classical approximation (//) or approximate ad
hoc quantum treatments like harmonic transition-state theory (hTST) (/2, 13), would be sufficient
to model surface chemistry. But the need to go beyond hTST has been pointed out recently (/4)
and new methods were reported, although they also lack validation from experiment. Electron
spin is another important quantum effect on surface reactions — for example, in H atom recombi-
nation, only one out of four electron spin combinations yields a stable H, molecule. However, the
spin-degeneracy of reactants and products has — to our knowledge — never been included in calcu-
lations of reaction rates at metal surfaces.

This paper reports kinetic data for H atom recombination on both the Pt(111) and (332) surfaces
obtained with Velocity Resolved Kinetics (VRK), previously used only to study 1% and pseudo-1*



order reactions on model catalysts (15, 16). For this work, we have extended VRK to the measure-
ment of rate constants for 2™-order reactions by measuring the absolute reactant flux, which when
combined with known sticking probabilities (/7, 18), provides accurate initial concentrations [H],
and eliminates the main source of error found in previous work.

To understand the kinetics more deeply, we also constructed a quantum rate model (QRM) that
accurately reproduced experimental rate constants over twelve orders of magnitude for tempera-
tures between 250 and 1000 K with no adjustable parameters. Comparison to a corresponding
classical rate model (CRM) revealed how large and crucially important quantum effects are; the
classical reaction rate constants were ~20 times larger than quantum rate constants even at 1000 K
with an increasing deviation at lower temperatures. For reaction at stepped surfaces, the errors
were even higher. This dramatic quantum reduction of the reaction rate resulted from both the
delocalization of the adsorbed H* nuclei and as well as the influence of electron spin-degeneracy.

The experiments are described in detail in the Supplementary Materials (SM). Briefly, a pulsed
molecular beam, with a controlled mixture of H, and D, illuminated either a Pt(111) or (332)
crystal facet, with step densities of 0.1 — 0.6% and 16.7%, respectively. The transient rates of HD
formation were then recorded using VRK, where pulsed laser-ionization, time-of-flight mass spec-
trometry reports the product’s mass-to-charge ratio (m/Z) and its density as a function of delay
between the pulsed molecular and laser beams. Because the ions were detected with slice imaging
(19, 20) yielding product velocity, we could accurately compute the transient product flux as a
function of reaction time at the surface. Initial reactant concentrations are needed to obtain 2"
order rate constants (Sec. S2 (a), SM). These values were obtained from the absolute flux profiles
of the incident molecular beams—Section S2(b), SM—and known sticking coefficients (/7, /8)—
Section S3, SM. Finally, VRK data obtained at m/Z = 2,3 & 4 led to isotopic branching frac-
tions—Section S4, SM—from which we obtained isotope-specific rate constants.

The QRM developed in this work is an exact formulation of a thermal rate constant. It yields

accurate isotope-specific thermal rates as long as one has accurate isotope-specific thermal sticking
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The QRM rate constant for H, desorption by the recombination of two adsorbed H atoms,
ky,(T), given by Eq. (1), is derived from the principle of detailed balance in Section S5 (a) of the

SM. Expressions for kyp(T) and kp, (T) were easily obtained by analogy. Accurate values for

E(I){ 2HDDz and (SéI 2‘HD’DZ)(T) can be obtained from prior experiments (Section S3 and S6, SM).

These measured quantities allowed us to avoid errors associated with the theoretical determination
of the thermal dissociative adsorption rates and Density Functional Theory (DFT) calculations of
adsorption energies, which can be highly dependent on the choice of exchange-correlation func-
tional (27). In addition, the partition function for the hydrogen molecule in the gas phase Qy, is
well known.

The adsorbate partition functions Q- p~ are crucial inputs to the QRM and were computed with
a Quantum Potential Energy Sampling (QPES) method, where the nuclear part of the partition
function is obtained by a direct state count. States and energies were obtained by solving the nu-
clear Schrodinger equation with DFT interaction potentials computed with two different function-
als and assuming a static Pt surface (Section S1 (b), SM). This procedure was performed for H
interacting with both Pt(111) and (332). We found that Qy+ is weakly dependent on the choice of
DFT functional (Section S5 (e), SM). The electronic contribution to Qg+, which accounts for the

two-fold spin-degeneracy of H-Pt system, was explicitly included.
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Figure 1: Velocity resolved kinetics (VRK) of hydrogen atom recombination on Pt(111) and Pt(332). (a) Meas-
ured HD formation rates for Pt(111)(e) and Pt(332) (+) are compared to the results of the QRM (dashed and solid

lines). The temperature dependence and the transient rate of the measurements is quantitatively captured by the model
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for both facets. The shaded regions of the top three panels indicate 2o-uncertainty, mainly associated with the absolute
reactant flux measurement (~30%) and the dissociative adsorption energies. The excellent agreement between VRK
and QRM is achieved without adjustable parameters.

Figure 1 presents the experimentally obtained HD formation rates for reaction on Pt(111) and
Pt(332) and compares them to a simulation of the experiment. The simulations used rate constants
from the QRM for all three isotopologues (Fig. S9, SM) and accounted for the temporal profile of
the dosing pulse and its spatial inhomogeneity, f(t,r) (Fig. 2 (a)) as well as reactant diffusion.
This aspect of the data analysis goes beyond past work and is essential, because the rates of 27-
order reactions are sensitive to surface concentration distributions and gradients. The full diffu-
sion-reaction model is described in Section S7 (SM) and accounts for well-known diffusion effects
on surface reaction rates discussed in previous work (22). Figure 2 (b) shows that the isotope effect
at these temperatures is small and well described by the QRM. Inspection of Fig.’s 1 and 2 (b)
clearly shows that the QRM, which has no adjustable parameters, reproduces experiment for reac-

tions on both Pt(111) and (332).
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Figure 2: Calibration of the molecular beam and isotopic branching (a) The time and space dependent H, and D>
dosing profiles used to determine the absolute initial concentration of H* and D*. These results were obtained from
laser based calibration of the molecular beam flux and are required to accurately determine the recombination rate
constants. (b) Isotopic branching fraction from Velocity Resolved Kinetics (VRK) experiments (symbols) and QRM
(lines). The error bars and the grey shaded region reflect 2¢ uncertainty in the experiment and model, respectively.
Note that some symbols have been shifted by +5 K for clarity.



Figure 3 shows the VRK derived H* recombination rate constants (black circles) compared with
previous work (red trapezoids) for reaction on Pt(111). Previous studies used Temperature Pro-
grammed Desorption (TPD) for T < 400 K (23-26) and molecular beam relaxation spectrometry
(MBRS) for T > 400 K (27, 28). The uncertainty in the previously reported rate constants spans
three orders of magnitude. We note that previous work studied different isotopic recombination
reactions (Fig. S8); however, given the small isotope effect found in the present study (Fig. 2 (b)
and Fig. S9), these differences between experiment cannot explain the large range of reported
values. The VRK measurements clearly distinguish the accuracy of two previous MBRS measure-
ments falling within the uncertainty range of Ref. (27), but differing by two orders of magnitude

from rate constants reported in Ref. (28).
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Figure 3: Rate constants for H atom recombination on Pt(111). (a) Red trapezoids show the temperature range
and rate constant uncertainties of previous work (23-28) — see text. Experimental results from this work (o) with 20-
error bars compared to the results of: the QRM (black solid line), hTST (green dotted line), CRM (blue dash-dotted
line) and QRM neglecting electron spin (black dashed line). Lower inset shows an expanded view. The upper inset
compares TPD spectra (broad grey lines) from Ref. (29) to the predictions of the QRM model, QRM neglecting spin,
the CPES model and the hTST model for three initial H* coverages of 0.1, 0.2 and 0.3 ML. The grey shaded region
and the horizontal error bar on one of the modeled TPD spectra reflects the uncertainty of the experimental H, chem-
isorption energy. The ability of the QRM rate-constants to quantitatively reproduce experiment demonstrates the im-
portance of both nuclear and electronic quantum effects. (b) Comparison of three approximate rate models’ predic-
tions to QRM rate constants. Neglecting spin-degeneracy, employing a fully classical approximation or using a com-
monly adopted approximate quantum model all introduce large errors even at high temperatures. Similar errors are
seen for recombination rates on the stepped Pt(332) surface — see Fig. S14. See Fig. S12 in the SM for detailed de-
composition of the errors observed from hTST and adsorbate entropy approximations.

A hallmark of a fundamentally correct model is its ability to reproduce accurate experimental
data over a broad temperature range. The QRM employs a fundamentally correct ab initio adsorb-

ate partition function leading to excellent agreement with experiment over a large temperature



range. The performance of the QRM for Pt(111) at temperatures between 650 and 950 K is demon-
strated by comparison to VRK-derived rate constants, whereas low temperature comparisons rely
on TPD. Uncertainties in the TPD-derived rate constants arise from: questionable approximations
used to derive rate constants from the data, neglect of the coverage dependence of adsorption en-
ergies (26), dubious estimations of pre-factors (25) and neglect of the influence of steps (23). To
make the most meaningful comparison, we have used the QRM to directly simulate TPD spectra
from Ref. (29), where the influence of steps was carefully identified and removed (Sec. S8, SM).
Here, we also accounted for the previously reported coverage dependence of the adsorption energy
(24, 30) (Sec. S6 and Fig. S11, SM). The comparison is shown in the upper inset of Fig. 3 (a). The
solid black lines of the QRM are in excellent agreement with the TPD spectra (broad gray lines,
from Ref. (29)) for three initial coverages.

The aforementioned comparisons to kinetics experiments carried out between 250 and 950 K,
demonstrated the validity of the QRM rate constants over twelve orders of magnitude and for
hydrogen atom coverages up to 0.3 ML. Within the context of the principle of detailed balance as
implemented in the QRM, this coherent picture demonstrates the quantitative consistency of pre-
viously reported sticking coefficients and binding energies with the kinetics measurements of this
work. The agreement over such a wide range of rates provides confidence in the QRM rate con-
stants, making hydrogen recombination on Pt(111) a reliable benchmark for approximate rate the-
ories in surface chemistry.

It is worth noting that the QRM as implemented in this work is semi-empirical as it relies on
experimental values of thermal sticking coefficients and adsorption energies. However, it also pro-
vides a path to an ab initio theory of thermal reaction rates, if these quantities can be accurately
calculated from first principles.

The framework of the QRM allows us to critically test the quality of predictions based on ap-
proximations commonly used in kinetic modeling of heterogeneous catalysis. The results of this
analysis are shown in Fig. 3. The most widely used model for rate constants (hTST) introduces
quantum effects in an approximate way, where nuclear partition functions are computed assuming
separable motion into contributing degrees of freedom that can each be approximated as harmonic
oscillators. By definition, re-crossing corrections are not included in hTST (/2, 13). The hTST rate
constant, calculated by placing the dividing surface far above the surface, are shown as a green

dotted line in Fig. 3. This approximation overestimates the experimental reaction rate constant by



two to three orders of magnitude at all temperatures between 200 and 1200 K. The major source
of errors in hTST arise from the harmonic simplifications made to the H-Pt interaction potential
(resulting in errors of a factor 5-25) and the neglect of re-crossing corrections to TST (with errors
of a factor 5-10)—see Fig. S12 (a) in the SM for details.

The next more sophisticated level of rate theory uses the Complete Potential Energy Sampling
(CPES) method to characterize entropy associated with H*’s in-plane degrees of freedom. CPES
is considered by many to provide the most accurate adsorbate partition function (37) and it has
been applied to characterize H interaction at metals (/7). It accounts for anharmonicity by using a
semi-classical partition function computed from the adsorbate potential energy surface, which may
be obtained with DFT (11, 14, 31). To evaluate this approach, we modified the QRM, replacing
the QPES by the CPES adsorbate partition function, but retaining the other parameters in Eq. (1).
This substitution serves to illustrate the classical counterpart of the QRM, which we hereafter de-
note as the CRM. The rate constants predicted by the CRM are shown as blue dash-dotted lines in
Fig. 3. The CRM performed better than hTST, but nevertheless overestimated the rate constant by
a factor of 20, even at temperatures as high as 1000 K. The error is more than 100-fold at 300 K,
a temperature typical for electrochemical applications. Although our detailed analysis is focused
on Pt(111), the errors introduced by hTST and the CRM are similar for reactions on Pt(332) (Fig.
S14, SM).

A major source of error in the CPES method arises from classical description of the adsorbate’s
in-plane motion. This can be understood by considering that the in-plane zero-point energy (ZPE)
of H* on Pt(111) (58 meV) is almost equal to the classical diffusion barrier (60 meV)—see Fig.
S13, SM. Thus, classical and quantum description of H* motion on the surface lead to very differ-
ent results. CPES excludes H* from classically forbidden regions of space, whereas quantum me-
chanically there is a significant probability to populate these regions. Furthermore, CPES does not
account for the uncertainty principle, which prevents localization of H* at the classical energy
minimum at low temperature. The surface area explored by the H-atom is underestimated by CPES
and thus, so too is the adsorbate entropy. This results in an overestimate of the corresponding rate
constant. Our results underscore the importance of quantum delocalization and help explain why
the deviations of CRM become more severe at low temperatures. Quantum delocalization is also
the reason why hTST fails. All quantum states above the ground state exhibit probability maxima

at positions far from the potential energy minimum—~Fig. S13, SM.



We may investigate other sources of error in the CRM by using the QPES partition function,
but neglecting electron spin. Figure 3 (a) shows rate constants predicted on this basis and in Figure
3 (b), one can see that neglect of electron spin-degeneracy led to a 4X overestimate of the rate
constant at all temperatures. This result can be understood intuitively if we that when two H* atoms
attempt to react, they must approach one another in one of four degenerate states with either par-
allel (triplet) or antiparallel (singlet) spins. Only the singlet state correlates with the formation of
gas-phase singlet H2 products; hence including spin-degeneracy reduces the reaction rate by a fac-
tor of four. This result should not come as a surprise to those familiar with rate calculations for
gas-phase reactions where spin-degeneracy is routinely included (/). Nonetheless, to the best of
our knowledge, this is the first demonstration that the rates of thermal reactions at metal surfaces
depend on adsorbate spin.

The QRM developed in this work also describes the reaction rate on stepped surfaces. In Fig. 4
(a), we compared the predicted rate constants of the QRM for Pt(111) and (332) surfaces to those
derived from VRK experiments. For details of the QRM treatment of the reaction on Pt(332), see
Section S1(b) and S6 (SM). Experiment shows that near 700 K, the rate constants for reaction on
the (332) facet is larger than that on the (111) facet, an effect that is quantitatively captured by the
QRM. This result may appear surprising, because the H atom’s binding energy is larger at steps
than at terraces (30, 32). A naive view of Eq. (1) suggests this leads to a lower rate constant.
However, careful analysis of the thermally populated quantum states used in the QPES partition
functions showed that at these temperatures, H atoms on the (332) facet tend to remain localized
near step sites (Fig. S15, SM). This fact reduces their in-plane translational entropy and leads to
an increase in the rate constant as the effect of entropy is larger than that produced by a larger step
binding energy.

This observation reflects how changing temperature alters the relative influence of energy and
entropy on the rate constant. In past work, similarities in TPD spectra of H2 desorbing from Pt(111)
and a B-type stepped Pt surface at T~350 K were taken as evidence for a lack of preferential step
binding (26). Inspection of QRM rate constants in Fig. 4 (a) reveals that at 350 K, the similarity in
desorption rate constants arises from compensation between energetic and entropic contributions
see Sec. S8 (SM) for details. Our work supports conclusions derived from helium atom and ion

scattering experiments that H binds more strongly to B-type steps (30, 32). Only at much lower



temperatures does the energetic preference for H binding at steps cause the rate constant on the

stepped surface to drop below that on (111) terraces.
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Figure 4: The influence of steps on H atom recombination on Platinum. (a) Rate constants derived from VRK
experiments (symbols) for hydrogen atom recombination on Pt(111) and Pt(332) are compared to QRM predictions
(solid lines). The 20 uncertainty of Pt(332) QRM’s rate constants is shown as a red shaded region. (b) Entropies
obtained experimentally at 598 K (symbols with 2¢-errorbars) and from CPES (dash-dotted blue line) for H* bound
to Pt nanoparticles from Ref. (/7). QPES entropies for H* bound to Pt(111) (solid black line) and Pt(332) (solid red
line) obtained in this work — see Sec. S9 (SM). The nuclear quantum effect contribution is 12 ] mol~* K~ and that of
electron spin is 6 ] mol™* K™%, The comparison suggests that the nanoparticle-size dependence of the H* entropy is
determined by the concentration of steps.

Because the QRM approach developed in this work provides an accurate determination of rate
constants on stepped surfaces, we expect that QPES entropies used in the QRM would help us
understand experiments performed on size-selected Pt nanoparticles (/7), because smaller nano-
particles exhibit higher step-concentrations. Figure 4(b) shows measured H* entropies for Pt na-
noparticles of various sizes reproduced from Ref. (/) — the entropy increases with the nanoparticle
size, consistent with observations presented above that Pt steps reduce H* entropy. Also shown are
CPES entropies reported in Ref. (/7), which fail to describe entropies derived from experiment.
Remarkably, the entropies found using the QPES method for H* bound to Pt(111) (see Fig. 4(b))
are in good agreement with entropies for the largest particle sizes. Note that surfaces of large na-
noparticles are primarily composed of the (111) facets (/7). Figure 4(b) also shows QPES entropies
for H" on the (332) facet, which compare well to experimentally obtained entropies on small na-
noparticles. This comparison further supported our hypothesis that the H* entropy decreases as
nanoparticle size decreases and the relative importance of step defects increases. This result points
out the importance of quantum effects even for the description of thermodynamic state functions

in advanced catalytic materials.
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In conclusion, this work has shown, H* recombination on Pt surfaces exhibits large quantum
effects even at elevated temperatures relevant to catalysis. These quantum effects in the reactions
rates and in thermodynamic properties of the adsorbed H atoms arise in part from the H atom’s
light mass, where a careful treatment of its wave properties is required to obtain accurate results.
Such nuclear quantum effects will diminish in importance for heavier systems. However, the effect
of spin-degeneracy demonstrated here will remain of general importance for a host of reactions of
heavier species involved in real-world catalysis. It is currently not easily possible to determine the
lowest energy spin-state for metal surfaces with DFT. Developing theoretical and experimental
methods able to probe the general influence of spin on reaction rates presents the next challenge

on the way towards fully predictive surface chemistry at metal catalysts.
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