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ABSTRACT: The effects of metal catalyst identity on the
ethane hydrogenolysis rates and mechanism were examined
using density functional theory (DFT) for Group 8—11 metals
(Ru, Os, Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au). Previously
measured turnover rates on Ru, Rh, and Ir clusters show H,-
pressure dependence of [H,]™%, consistent with C—C bond
activation in *CHCH?* intermediates in reactions that require
two H* (chemisorbed H) to desorb from the H*-covered
surfaces that prevail at these hydrogenolysis conditions.
Previous DFT calculations on Ir catalysts have shown that
C—C bonds in alkanes are weakened by forming C—metal
bonds through quasi-equilibrated dehydrogenation steps

Ethane hydrogenolysis occurs via *CH-CH* activation on Group 8-10 metals...
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during ethane hydrogenolysis, and these steps form *CHCH* intermediates which undergo a kinetically relevant C—C
bond cleavage step. Here, the DFT-calculated free-energy barriers show that *CH—CH?™* bond activation is also more favorable
than all C—C bond activations in other intermediates on Group 8—10 metals by >34 k] mol™" with the exception of Pd, where
*CHCH* and CH;CH* activate with similar activation free energies (242 and 253 kJ mol™', respectively, 593 K). The relative
free-energy barriers between *CH—CH?™ bond cleavage and C—C bond cleavage in more saturated intermediates decrease as
one moves from left to right in the periodic table until *CH;—CH,* bond cleavage becomes more favorable on Group 11
coinage metals (Cu, Ag, and Au). Such predicted trends are consistent with the measured turnover rates that decrease as Ru >
Rh > Ir > Pt and show H,-pressure dependence of ~[H,]™ (4 = 3) for Ru, Rh, and Ir clusters and [H,]™>* (1 = 2.3) for Pt
clusters. The decrease in the measured A value for Pt, however, is caused by a decrease in the number of desorbed H* atoms
from the surface (y = 0—1) rather than a change in the mechanism as shown here using a H*-covered Pt,,, half-particle model.
The lower H*-coverage on Pt compared to other metals and the lateral relaxation of the adlayer in curved nanoparticle models,
as reported previously, allow *CH—CH?®* bond cleavage to occur at a lower number of vacant sites on Pt.

1. INTRODUCTION

Catalytic alkane hydrogenolysis on transition-metal surfaces is
used to decrease the chain length of acyclic alkanes and
produce branched alkanes, thus increasing the octane number
of fuel.'~” Hydrogenolysis is also an undesired side reaction in
hydrocarbon reforming and isomerization processes;’ '
therefore, understanding the mechanism and selectivity of
alkane hydrogenolysis on metal catalysts is crucial for optimal
operation. Broadly speaking, understanding the role of H,, the
degree of unsaturation, and the role of branching during C—C
bond hydrogenolysis reactions informs related chemistry in the
selective and complete hydrogenolysis of C—0,"'™"* C—
S,'57'7 and C—N bonds'®"” in various applications relevant to
biorenewable and conventional feedstock processing and
upgrading.

Previous studies have shown that weakening the C—C bond
in n-alkanes (C,—C,,),”° ° branched alkanes (C,—
Cy),”**' ™% and alkyl cyclohexanes®"** occurs through a series
of quasi-equilibrated dehydrogenation steps that form
unsaturated species bound to the metal surface which
eventually undergo C—C bond cleavage.”>¥*"?"?*** The

-4 ACS Publications  © 2019 American Chemical Society

formation of H,(g) during these dehydrogenation and H*
desorption steps also increases reaction rates by increasing the
activation entropies and, consequently, decreasing the
activation free energies. Density functional theory (DFT)
calculations have been used, in concert with high-pressure
kinetics, to determine the identity and structure of these
unsaturated species that undergo C—C bond cleavage.”*”*>*°
However, these DFT studies have focused on Ir catalysts, and
therefore, the effects of the metal catalyst identity on the alkane
hydrogenolysis mechanism remain unknown.

Scheme 1 shows a sequence of elementary steps for ethane
hydrogenolysis, which are analogous to steps for n-alkanes
(C,—Cy0),”"*° branched alkanes (C,—Cy),”**'™** and alkyl
cyclohexane.”** Dissociative H, adsorption (Step 1.1) and
ethane adsorption (1.2) are followed by a series of quasi-
equilibrated dehydrogenation steps (1.3) to form partially
dehydrogenated intermediates (C,H%*,). The observed equi-
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Scheme 1. Proposed Mechanism for Ethane Hydrogenolysis
on Metal Catalysts**>***
Ky,
H, + 2% == 2H* (1.1)
Ke,he
C2H6 + * == C2H6* (12)

K *
CHg* + (y— D)* =6= CH,_, + 05y H, (13)

* k * *
GHy, = CH + CHf (1.4)
c* * K5H4 %
CH, +xH <= CH; + (x+¢) (1.5)

“The double arrow with an overlaid circle indicates a quasi-
equilibrated reaction, * indicates a vacant site on a H¥-covered
surface, y* indicates an adsorbate occupying a ¥ vacant site, and K,
and k, are equilibrium and rate constants for individual steps,
respectively. Reprinted from ref 35.

librated mixtures of alkane—alkene and cyclohexane—arene
during alkane hydrogenolysis on Ir, Pt, Ru, and Rh
catalysts”*»*"** indicate that steps 1.1—1.3 are indeed
quasi-equilibrated. The kinetically relevant C—C bond cleavage
step (1.4) then occurs via these unsaturated intermediates at a
rate described by

’_y _ (Hiy=11<CH,i) KCZHG(CZHé)
L Ky (H,)

(1)

at high H,/alkane ratios where chemisorbed hydrogen (H*)
covers the metal surface. The (J][),Kcy,) term represents the
product of the equilibrium constants for the y C—H activation
steps before C—C bond cleavage, and 4 is the number of H,(g)
molecules evolved as a result of y dehydrogenation steps and y
H* atoms desorbed from the H*-covered surface (to
accommodate the transition state) such that

A=1/2@p+7y) 2)

Previously measured ethane hydrogenolysis rates (0.2 bar
ethane, 2—20 bar H,, 593 K) showed that A had values of 3.3
on 7 nm Ir** and 3.0 on 0.7 nm Ir,*> indicating a small impact
of particle size. Additional experiments on other catalysts
yielded A values of 3.1 on Rh (0.9 nm) and 3.0 on Ru (1.0
nm).”>*" Ethane hydrogenolysis on Pt gave a A value of 2.3 on
0.6 nm clusters,”” significantly lower than the values near 3 on
Ir, Rh, and Ru catalysts. These measurements give the total
amount of H, formed during the formation of the kinetically
relevant C—C activation transition state (Step 1.4 in Scheme
1); they cannot, however, determine the amount of H, formed
via quasi-equilibrated C—H activation steps of the alkane (y)
or the amount of H, formed via H* removal from H*-covered
surfaces (y) independently. DFT calculations of ethane
hydrogenolysis on bare Ir(111) surface models demonstrated
that ethane hydrogenolysis occurs predominantly via the
*CHCH?* reactive intermediate (y = 4) i assuming that the
reaction requires two sites (y = 2), C—C bond cleavage in
*CHCH?* gives a 4 value of 3 (eq 2), in agreement with the
measured values.””** More recently, we confirmed that this
reaction requires two sites (follows 2 H* desorption steps) by
modeling the reaction on a H¥*-covered Ir)y half-particle
model that accounts for coadsorbate interactions and
accurately predicts turnover rates and H,-pressure dependence

(/1).35
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The consistency of measured A values (~3) for ethane
hydrogenolysis across different metals (Ir, Rh, and Ru)
suggests that the ethane hydrogenolysis mechanism on Rh
and Ru is similar to that on Ir (cleaving the C—C bond via
*CHCH?* intermediate). The lower measured A value on 0.6
nm Pt (~2.3), however, indicates that either fewer H-atoms
are removed from the alkane reagent (i.e, C—C bonds cleave
in C,H} , species where y < 4) or that Pt also cleaves the C—C
bond via the *CHCH?* intermediate but requires fewer H*
atoms to be desorbed from the H*-covered surface (y < 2, eq
2). Previous H, chemisorption measurements and DFT studies
showed that Pt saturates at lower H* coverages than Ir; 36738
for example, a 1.0 nm Pt particle saturates at 1.75 ML
compared to 2.4 ML for an Ir particle of similar size.”® As a
result, coadsorbate interactions are weaker on Pt, allowing the
C—C bond cleavage to occur after fewer H* atoms desorb
from the surface. Here, we examine ethane hydrogenolysis on
Pt and other transition-metal surfaces using DFT to investigate
the effects of metal identity on the reaction mechanism.

2. COMPUTATIONAL METHODS

Periodic, planewave DFT calculations were performed using
the Vienna Ab initio Simulation Package.” * Planewaves
were constructed using projector augmented-wave potentials
with an energy cutoff of 396 eV.””** The revised Perdew—
Burke—Ernzerhof (RPBE) form of the generalized gradient
approximation was used to describe exchange and correlation
energies.”” " Wavefunctions were converged until electronic
energies varied less than 107 V. Forces on all atoms were
determined using a fast Fourier transform grid with a cutoff
equal to twice the planewave cutoff, and structures were
geometrically optimized until the forces on all atoms were less
than 0.05 eV A™". Gas-phase calculations of C,H and H, were
modeled within an 18 X 18 X 18 A unit cell of empty space,
and the Brillouin zone for such calculations was sampled at the
I'-point.

The metal (111) surfaces for FCC metals and (001) surfaces
for HCP metals (Ru and Os) were modeled as 3 X 3 periodic
lattices with four layers orthogonal to the surface and 10 A of
vacuum separating slabs (Figure 1a,c); the bottom two layers
were fixed in their bulk positions, and the top two layers were
relaxed. A 4 X 4 X 1 Monkhorst—Pack sampling of the first
Brillouin zone (k-point mesh)**** was used during geometric
convergence, and after geometric convergence, a single-point
calculation with an 8 X 8 X 1 k-point mesh was performed to
determine the electronic energy. Ni(111) surface calculations
were run spin-polarized because of its ferromagnetic proper-
ties. Additional calculations discussed in Section 3.3 were
carried out using a H*-covered Pt;;y hemispherical particle
(Figure 1b,d) derived from a Pty cubo-octahedral particle
(1.6 nm in diameter) as described in our previous study.” This
model has a H* coverage of 1.3 ML, consistent with the
previously reported saturation coverage for this particle size.”®
The bottom two layers of the hemispherical particle and the
H* atoms bound to them were kept fixed at their positions in
the full particle and the top two layers were relaxed. The
Brillouin zone was sampled only at the I'-point for all particle
calculations.

Transition-state structures for each elementary reaction were
obtained by combining the nudged elastic band (NEB)>*"'
and dimer™* methods. The NEB method was carried out using
16 images, and the wavefunctions were converged to within
107* eV. The maximum force on each atom was converged to
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Figure 1. Top and side views of the metal 3 X 3 (111) surface (a,c)
and the H*-covered Pt;;, hemispherical particle (b,d). The bottom
two layers of the M(111) surface were fixed at their bulk positions
during geometric convergence. The bottom two layers of the Pt;y
hemispherical particle and all H* bound to them were fixed in their
Pt,,, positions during geometric convergence. All atoms except the
adsorbed species and H* on the top (111) terrace were constrained
during frequency calculations.

<0.5 eV A", These convergence criteria provided an estimate
of the reaction path and initial transition-state structures and
reaction modes. The dimer algorithm was then used with
wavefunctions converged to within 107% eV, and the maximum
force on each atom was converged to <0.05 eV A™', consistent
with all minima optimizations. Frequency calculations were
performed on gas-phase molecules and all optimized adsorbed
species to determine zero-point vibrational energies and
vibrational, translational, and rotational enthalpy and free
energy. These terms were then used, together with electronic
energies (E,, provided by VASP), to estimate enthalpies (H)
and free energies (G) for reactants, products, and transition
states at 593 K (the temperature at which ethane hydro-
genolysis rates were measured””>?).

The formalism of transition-state theory’® and the quasi-
equilibrated nature of steps 1.1—1.3 in Scheme 1 dictate that
gas-phase ethane and y H* atoms are quasi-equilibrated with
the C—C bond cleavage transition state ([CZH?_‘},F) and the
product H,

CHg +y H =6=[CH,_ |#+ A H, 3)

where K¥ is the equilibrium constant for the formation of the
transition state from gas-phase ethane and a H¥-covered
surface. The ethane hydrogenolysis turnover rate is related to
the activation free energy (AG*) by

r_y = kB_T ex [‘AGi](Csz)
Lk RT ] (H,)' %)

here, AG¥ is defined as the free energy of forming the

transition state from a H*-covered surface
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AGH

GIC,HL_!1 + A G[H,(g)] — GIyH*]

— GIC,Hy(g)] (%)
which can be rewritten as the sum of two free-energy
differences

AG* = AG, + AG, (6)

where AG, is the free energy to form the transition state on a
bare metal surface

AG, = GIC,HLI] + 05y G[H,(g)] — GI*]
~ GIC,Hy(g)] (7)

and AG, is the free energy required to desorb y H* atoms from
a H*-covered surface

AG, = G[*] + 05y G[H,(g)] — GlyH*]

(8)

Analogous eguations for AH¥ and AS¥ exist through their
relation to AG

AGH = AH¥ — TAS* )

The DFT-predicted entropies of adsorbed H* (S[H*])
using the traditional harmonic oscillator are significantly
underestimated, as previously reported,”* >’ and thus, the
S[H*] values were adjusted to give AG, values consistent with
high H* coverages at typical hydrogenolysis conditions
(Tables S1—S3, Supporting Information). These adjustments
are discussed in detail in the Supporting Information (Section
S$2) and in Section 3.4. Further details of the computational
methods can be found in the Supporting Information (Section
S1).

3. RESULTS AND DISCUSSION

3.1. C—C Bond Cleavage on Bare Metal Surfaces.
Calculated activation and reaction enthalpies (593 K) for
elementary steps described in Scheme 1 are shown in Figure 2
for ethane hydrogenolysis on a Pt(111) surface. Desorbing two
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Figure 2. DFT-predicted reaction enthalpy diagram for ethane
hydrogenolysis on a Pt(111) surface at 593 K. The red dashed lines
show unfavorable C—C and C—H bond activation barriers. Energies
relative to the H*-covered surface are shown in bold. Italicized energy
values in parentheses represent intrinsic barriers. Similar diagrams for
Ru, Os, Rh, Ir, Ni, Pd, Cu, Ag, and Au are shown in the Supporting
Information (Figures S1—S9).
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H* atoms to create two vacant sites (y = 2) requires 21 kJ
mol™" on a H*-covered surface, typical at practical hydro-
genolysis conditions (2—20 bar H,, 0.1—0.8 bar C,Hy, 593 K).
Physisorbed C,Hg reacts with these two vacant sites and
undergoes C—H bond activation with an enthalpic barrier of
121 kJ mol™ to form CH,CH,* and H*. This H* atom then
desorbs to maintain two vacant sites on the catalyst surface, as
required for subsequent C—C or C—H bond cleavage
reactions. The C—C bond in CH;CH,* can then cleave (to
form CH;* and CH,*) with a barrier of 250 kJ mol™, but the
C—H bond activation of CH,;CH,* (to form *CH,CH,*)
requires a significantly lower barrier (150 kJ mol™"), as does
the hydrogenation to re-form CH,CH; (30 kJ mol™"),
confirming the quasi-equilibrated nature of these C—H
activation steps. Subsequent C—H bond activations in
*CH,CH,* and *CH,CH¥* intermediates are also more
favorable than C—C bond ruptures by at least 74 kJ mol ™.
After each C—H bond activation, the formed H* is desorbed
to maintain two vacant sites on the surface and a constant H*-
coverage during the reaction as dissociative H, adsorption is
quasi-equilibrated (Scheme 1). The activation of the C—C
bond in *CHCH?* has a much lower intrinsic barrier (90 kJ
mol™") than its dehydrogenation to form *CHC* (161 kJ
mol™"), indicating that ethane hydrogenolysis occurs predom-
inantly via the *CHCH?* intermediate (Figure 3a) on Pt. The
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Pt  *CH-CH*

AHy 243
AGy 197
Rate ~107°

Pd *CH-CH*

AHy 296
AGy 242
Rate ~107"3

Figure 3. Transition-state structure for C—C bond cleavage in
*CHCH?* and the next most reactive intermediate on Pt (a,b) and Pd
(c,d). Shown beneath images are AH and AG, values (k] mol™, eq
7, 593 K) and turnover rates (s, eq 4, 593 K, 0.2 bar C,Hy, 10 bar
H,). Important bond distances are shown in pm.

two CH* fragments then form two CH, molecules through
kinetically irrelevant hydrogenation steps (Step 1.5 in Scheme
1). This mechanism of C—C cleavage in *CHCH*
intermediates (y = 4) at two sites (y = 2) is consistent with
previous studies on Ir(111) surfaces and Irj;, half-particle
models at low and high H* coverage.””>> The degree of H,-
inhibition (1 = 3, eqs 1 and 2) predicted from such a
mechanism, however, is inconsistent with the measured A value
on 0.6 nm Pt clusters (1 = 2.3).”> Measured A values <3 on 0.6

5424

nm Pt clusters indicate that either (i) C—C bonds activate in
more hydrogenated intermediates instead of *CHCH?* or that
(ii) fewer than two H* must be removed from the H*-covered
surfaces to accommodate the *CHCH® activation reaction.
These possibilities will be further examined here.

Next, we examine the enthalpy (AH,) and free-energy
(AG,) barriers to cleave the C—C bond (eq 7), excluding the
energy required to desorb 2 H* from the surface, in all ethane-
derived intermediates on Pt(111) and other transition metals
(Figure 4). The transition-state formation enthalpy (AH,) is
229 kJ mol™" for C—C bond cleavage in CH;CH¥*, 14 kJ mol ™
lower than *CHCH* (243 kJ mol™) on Pt(111). These
enthalpic barriers, however, do not reflect the increase in
entropy associated with the formation of H,(g) via C—H bond
activations and H* atom desorption. This increase in entropy
results in a decrease in free energy (eq 9), favoring C—C bond
cleavage in more deeply dehydrogenated intermediates as
those routes produce more H,(g). Thus, *CH—CH* bond
cleavage has the lowest free-energy barrier (197 kJ mol™")
compared to 254 and 279 kJ mol ™" for *CH,;—CH* and CH;—
CH,* bonds (Figure 4b), respectively. These entropic effects
cannot offset the large increase in enthalpic barriers for *CH—
C* and *C—C* activations; CH;C* is the next most reactive
intermediate (Figure 3b) after *CHCH* with a AG value of
231 kJ mol™". Figures 5 and 6 show the enthalpy and free-
energy barriers for C—C bond cleavage in all intermediates
relative to the transition state for *CHCH* (AAH, and
AAG,) for all examined metals. Similar to Pt and Ir, the free-
energy barriers for *CH—CH™ bond activation on Rh, Ru, and
Os are far more favorable (by >51 kJ mol™") than the next
most reactive intermediates. Cleaving the C—C bond in more
saturated intermediates, however, start to compete with *CH—
CH* activation as one moves to the right of the periodic table.
On Ni and Pd, for example, CH;CH* activation is only 39 and
12 kJ mol™! less favorable than *CH—CH* activation,
respectively (Figures Sb and 6). These data (Figures 4b, Sb,
and 6) suggest that ethane hydrogenolysis on Group 8 and 9
metals (Ru, Os, Rh, and Ir in this work) occurs via C—C
cleavage in *CHCH?* intermediates; for Group 10 metals (Nj,
Pd, and Pt in this work), the most favorable mechanism is also
via C—C cleavage in *CHCH* intermediates, but other
intermediates have activation free energies within 40 kJ mol™’,
indicating some uncertainty and that multiple routes may
coexist on Group 10 metals at relevant conditions. Group 11
(coinage) metals (Cu, Ag, and Au) behave very differently than
Groups 8—10. These coinage metals prefer to cleave the C—C
bond in the most saturated intermediate CH;CH,* (Figure
4a) even after the inclusion of entropic effects associated with
the formation of more H,(g) molecules in more deeply
dehydrogenated intermediates (Figure 4b); AG increases as
intermediates dehydrogenate, and C—C activation of CH;—
CH,* is more favorable than that of *CH—CH* by > 70 kJ
mol™" on coinage metals (Figures Sb and 6).

There is a clear trend between the metal group and the
degree of saturation required for C—C bond cleavage (Figure
6); more noble metals, located on the right of the periodic
table, prefer to cleave the C—C bond in the more
hydrogenated intermediates than less noble metals. For
Group 8 and 9 metals, activation via *CHCHY is preferred
over other routes by an average of 69 kJ mol™" and the second-
most active routes involve similarly dehydrogenated inter-
mediates (*CH,CH* and *CHC*). On Group 10 metals, the
average preference is 28 kJ mol™' and the second-most active
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Figure 4. (a) Enthalpy AH and (b) free-energy AG, barriers (eq 7) for C—C bond cleavage in ethane-derived intermediates on bare metal
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Figure 6. Ethane-derived intermediates with the lowest activation
free-energy barrier relative to *CH—CH* bond activation (AAG;) on
examined metal surfaces. AAGy values are shown in kJ mol™" (593 K,
1 bar H,).

routes are in less-dehydrogenated species (*CH,CH¥,
*CH,CH*, and *CH,C*). Finally, on Group 11 metals,
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activation via *CHCH?Y is no longer preferred and, instead,
activation via CH3;CH,* is preferred by an average of 142 kJ
mol ™.,

Notably, the range of activation barriers among examined
metals decreases with increasing H-content in the reactive
intermediate (Figure 4). For example, the free-energy barrier
to cleave the C—C bond (AG, Figure 4b) in *CC* varies
from 843 kJ mol™" on Ag to 216 kJ mol™" on Ru (a range of
627 k] mol™), while AG, values for CH;—CH,* bond
activation varies from 425 to 240 kJ mol™' on Ag and Ru (a
range of 185 kJ mol™"), respectively. Thus, the influence of the
metal varies from 627 kJ mol™" for C—C bond cleavage in the
completely dehydrogenated *CC* species to only 185 KkJ
mol™" for CH;CH,*. This follows from bond-order con-
servation principles”® as C—H bonds are broken and C—M
bonds are formed and/or strengthened, thus resulting in
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stronger effects of catalyst composition. These findings indicate
that increasing the H-content in the reactive intermediate
decreases the sensitivity of bond activation to the type of metal
catalyst.

3.2. Brgnsted—Evans—Polanyi Relation. Brensted—
Evans—Polanyi (BEP) or linear free-energy relationships®”~®*
have been used in DFT studies®>™"" to correlate the activation
energy of a reaction with the reactants, products, or atomic
binding energies (descriptors) based on bond-order con-
servation principles.”® Such correlations are developed by
examining the relationship between activation barriers and
various descriptors for a set of catalytic materials. These
correlations can then be used to estimate activation barriers for
many theoretical catalyst structures (typically alloys) using less
computationally expensive calculations (optimizations of
adsorbed species) in screening studies.”’ One of the most
common applications for these bond-order conservation
principles to heterogenous catalysis is the scaling relationships
between N, dissociation barriers and N* binding energies for
ammonia synthesis on metal surfaces proposed by Nerskov et
al.”>™7® Here, we examine similar correlations for ethane
hydrogenolysis on metal surfaces.

Figure 7 shows the transition-state formation free energies
(AGy) for *CH—CH* and *CH,—CH,* bond cleavage as a
function of *CHCH?® and CH* adsorption free energies. The
adsorption free energy of *CHCH* more accurately predicts
*CH—CH®* bond activation barriers and the sequence of
reactivity among examined metals (Figure 7a) compared to the
CH* binding energy (Figure 7b) because the structure and
atomic composition of *CHCH* more closely resemble the
*CH—CH* transition state than CH*. The trend in *CHCH*
adsorption free energy, however, does not accurately predict
differences in activation barriers in other ethane-derived
intermediates (e.g, *CH,CH,*, Figure 7a). Moreover, the
slope decreases from 2.03 for *CH—CH?* activation to 1.14 for
*CH,—CH,* activation because increasing the H-content
reduces the sensitivity to the catalyst identity, and coinage
metals favor C—C bond activation in more saturated
intermediates (CH;—CH,*). Although such linear correlations
are useful for rapid screening analysis, their apparent accuracy
is bolstered by the inclusion of nonreactive coinage metals;
trends across Group 8—10 metals offer a significantly less
predictive value. Ultimately, these relationships may be useful
in the screening of thousands of potential catalysts but
otherwise they should be avoided for smaller studies (g~100
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catalyst surfaces) given the current availability of computa-
tional resources and the robust nature of transition-state search
algorithms.

3.3. Effective Free-Energy Barriers and DFT-Predicted
Rates. Next, we examine DFT-predicted turnover rates for C—
C bond cleavage through each intermediate (eq 4, 593 K, 0.2
bar C,Hg, 10 bar H,). Previous studies have shown that H*
covers the surfaces of Group 8—10 metals at ambient
conditions (1 bar H, 300 K)***7777%! and at Eractlcal
hydrogenolysis conditions (2—20 bar H,, 593 K).2#23303% gy
however, is not expected to saturate coinage metals at
chemisorption or C—C hydrogenolysis conditions.*™"’
Measured turnover rates at high H,/alkane pressure ratios
on Pt, Ir, Rh, and Ru show that chemisorbed H* is the most
abundant surface intermediate (MASI),”>***"** and thus,
turnover rates here are calculated using the effective free-
energy barriers (AGH, eq 5); these AGF values include the free
energy to desorb y H* atoms from a H*-covered surface to
create vacant sites (AG,, eq 8) in addition to the free energy to
form the C—C bond cleavage transition state (AGy, eq 7).
Usmg a H*-covered Ir half-particle model in our recent DFT
study,”® we showed that C—C bond cleavage in ethane requires
the desorption of two terrace H* atoms (y = 2) to minimize
coadsorbate interactions. Therefore, we assume that two H*
desorb (y = 2) prior to ethane hydrogenolysis on Group 8—10
metals, and thus, AG, values at y = 2 (Table S1, Supporting
Information) were used to calculate AG¥ and predlct turnover
rates for C—C bond cleavage in each C,Hs_,* intermediate
(Figure 8). We will revisit this assumption for Pt in Section 3.4
as measurements have indicated that it is less inhibited by H,
than other metals and this may be caused by fewer H*
desorbing during the formation of the *CH—CH* activation
transition state.

Activation of *CH—CH* intermediates occurs with the
highest turnover rates on Group 8 and 9 metals (1 = 3) by
several orders of magnitude than turnover rates for C—C
activation in other intermediates, indicating that C—C bond
cleavage turnover rates reflect the reaction of a single
dehydrogenated intermediate. For example, Ru cleaves the
*CH—CH?* bond with a rate of 8.9 X 107> s™' compared to a
turnover rate of 9.8 X 1076 s™* for C—C cleavage in all other
ethane-derived intermediates combined (Figure 8). C—C
cleavage in more saturated intermediates, however, becomes
competitive with *CH—CH* bond activation for Group 10
metals; the *CH—CH* activation turnover rate is only 3
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orders of magnitude higher than *CH;—CH* and *CH,;—C*
activations on Ni and Pt, respectively, and the rates of these
two reactions are nearly identical to the *CH—CH* bond
activation rate on Pd (~107'* s7!). These data indicate that for
Group 10 metals, multiple reaction pathways are within the
margin of error expected from DFT calculations, particularly
for Pd catalysts, indicating that Pd catalysts may be less

inhibited by H, than Group 8 and 9 metals. Unfortunately, no
n-alkane hydrogenolysis reaction kinetics have been measured
on Pd catalysts at high H,/alkane ratios, where surfaces would
be H*-covered and thus comparable to other kinetic data
described in this work on Ru, Rh, and Ir.

The total DFT-predicted ethane hydrogenolysis rates (sum
of individual turnover rates for C—C bond cleavage in each
intermediate) as a function of H, pressure are shown in Figure
9. DFT-predicted H,-pressure dependencies were [H,]™> (4 =
3) for metals except Pd, indicating that all ethane hydro-
genolysis occurs via *CHCH?* bond cleavage. For Pd, both
*CH—CH* (4 = 3) and *CH,;CH* (4 = 2) intermediates
(Figure 3c,d) contribute equally to the total rate giving an
average A value of 2.5. Total rates on Ru(001) and Rh(111)
show a H,-pressure dependence of [H,]™ (4 = 3) and in
quantitative agreement with the measured rates on 1.0 nm Ru
and 0.9 nm Rh clusters that show a A value of 3 and 3.1,
respectively. Predicted rates on Ir(111) surfaces are ~2 orders
of magnitude higher than measured rates on 0.7 nm Ir particles
but are in good agreement with measured rates on large 7 nm
Ir clusters (Figure 9b), suggesting that C—C bond cleavage in
ethane occurs preferentially on the (111) terrace sites on Ir;
the (111) terrace sites dominate the surfaces of large metal
clusters (>99% for 7 nm particles) and thus large particles
closely resemble the Ir(111) periodic surface model. Measured
turnover rates on 0.6 nm Pt, in contrast, are 2—3 orders of
magnitude higher than predicted rates on Pt(111) surface and,
critically, the measured A value of 2.3 is inconsistent with the
DFT-predicted value of 3.

These discrepancies between measured and DFT-predicted
rates can be attributed to errors in DFT-predicted activation
barriers calculated by the RPBE functional, which is expected
to underestimate binding energies of adsorbed species”® and
thus underestimate overall free-energy barriers. Moreover,
coadsorbate interactions between the transition state and
coadsorbed H* atoms are neglected in these bare periodic
surface models which may affect the stability of the transition
state.” Although measured rates on small and large Ir clusters
suggest that C—C bond cleavage occurs preferentially on
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terrace sites on Ir,”**® low-coordinated sites (corners and
edges) may have different effects on Pt and other metals and
can cleave the C—C bond or alter the reactivity of terrace sites.
Even if particle size effects on other metals are similar to those
in Ir where low-coordinated sites are less reactive (i.e., blocked
by H* or CH,_,* species), the size of small metal particles is
inaccurately estimated by H, chemisorption measurements as
reported previously,” leading to inaccurate measured turnover
rates because the fraction of terrace sites changes dramatically
on small particles (<2 nm). Despite these discrepancies in
measured and DFT-predicted turnover rates, the relative
predicted rates among these metals and H,-pressure depend-
encies (4) are qualitatively consistent with the measured data
(Figure 9).

The measured 4 value (2.3) on Pt can only be attributed to a
lower y value (fewer than 2 H* atoms must be desorbed from
the Pt surface) because C—C bond cleavage via the *CHCH*
intermediate is by far (a factor of 10% Figure 8) the most
favorable pathway on the Pt(111) surface. Next, we use a H*-
covered Pt;;o half-particle model to investigate the number of
H* atoms that must be desorbed from Pt (y) to cleave the
*CH—CH?* bond. The value of y can be determined using
DFT by modeling the reaction on H*-covered catalyst models
to account for coadsorbate interactions, and the lateral
relaxation of the adlayer allows curved nanoparticle models
to more accurately predict these interactions than periodic
surface models as shown in our previous study for the Ir
catalyst.”

3.4. *CH-CH* Bond Cleavage on the H*-Covered
Pt,;o Half-Particle. Site requirements for high-coverage
surface reactions can be determined using DFT by varying
the coverage of the MASI and analyzing this effect on the
transition-state stability. In our recent study, however, we
showed that periodic surface models fail in accurately
accounting for coadsorbate interactions and predicting site
requirements because of significant artifacts associated with
their periodicity at high coverages.”> The ability of curved
nanoparticle models to relax the adlayer laterally leads to DFT-
predicted turnover rates and site requirements consistent with
measured data as shown for ethane hydrogenolysis on a H*-
covered Ir;, half-particle model (Figure 9b). This treatment,
however, requires proper adjustments to DFT-predicted
enthalpy and entropy of adsorbed species because the RPBE
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functional and the harmonic oscillator approximations used
here underestimate the enthalpy and entropy of adsorbed H*
atoms, respectively.”*~"*® Without any adjustments, the free
energy required to desorb H* from Pt;, terraces (AG,, eq 8)
is negative (—28 kJ mol™', at 593 K and 1 bar H,) and
decreases by —22 kJ mol™' H*™' (Table S2, Supporting
Information), indicating that H* desorption from Pt is
favorable at these conditions. At 300 K, AG, is also negative
(=11 kJ mol™") and decreases by —4 kJ mol™" H*™" (Table S3,
Supporting Information), despite compelling experimental
evidence in the literature demonstrating that hydrogen
saturates Pt surfaces in H, chemisorption measurements at
ambient conditions.’”*"*~"" The DFT-estimated entropy of
adsorbed H* (S[H*]) is near 15 J mol™ K™' at 593 K, far
below reported values during high-temperature chemisorption
experiments (~60 J mol™' K™')** and values predicted by
quantum and semi-classical treatments of a DFT-generated
potential energy surface (PES) on Pt(100).”” Moreover,
previous studies have shown that the RPBE functional
underestimates the adsorption enthalpy of H* by ~10 kJ
mol ™" because it neglects attractive dispersive interactions.*’
Therefore, S[H*] values were adjusted to give an average
S[H*] of ~60 J mol™ K" at 593 K and the RPBE-estimated
enthalpies were increased by 10 kJ mol™' per H* atom,
consistent with prior treatments.”” These adjustments lead to
positive AG, values that increase by 18 k] mol ™' H*™" at 593 K
and 21 kJ mol™ H*™! at 300 K (Tables S2 and S3, Supporting
Information), consistent with experimental observations.

We first analyze the free energy to form the *CH—-CH*
bond cleavage transition state at y vacant sites (multiple
configurations of vacancies have been examined) on the Pt
terrace excluding the free energy to form these vacancies
(AGy), to examine the effects of coadsorbate interactions
between the transition state and coadsorbed H* atoms (Figure
10a). Here, we only consider *CH—CH* bond cleavage on the
(111) terrace to exclude the direct effects of undercoordinated
sites (corners and edges) and to make a comparison with the
periodic Pt(111) surface. AG; decreases rapidly from 280 kJ
mol ™! at y = 0 to 220 k] mol™" at y = 4 with a slope of —15 kJ
mol ™" y ! before it starts to decrease weakly to 204 kJ mol " at
¥ = 19 with a slope of —1 kJ mol™" y ~'. The dramatic change
in slope at y = 4 indicates strong repulsive interactions between
the transition state and the vicinal 4 H* atoms because the
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*CH—CH* transition state interacts with four metal atoms
(Figure 3a). The slight decrease in slope at y = 0—4 in Pt;j,
(=15 KJ mol™ y7') compared to Ir;;q (—17 kJ mol™" y7'),
however, suggests that coadsorbate interactions are weaker on
Pt. The reason for these weaker coadsorbate interactions on
Pt)4 is likely because Pt saturates at lower H* coverages than
Ir. The Ir);, model has a H* coverage of 1.69 ML (3 H* on
corner atoms, 2 H* on edge atoms, and 1 H* on terrace
atoms), whereas Pt;;, has a coverage of 1.30 ML (1 H* on
corner atoms, 1 bridging H* between corner and edge atoms,
and 1 H* on terrace atoms); thus, terrace H* atoms on Pt;;o
are more able to relax laterally and decrease repulsive
interactions with the transition state.

Figure 10b shows the effective free-energy barrier (AGY) for
*CH—CH™ bond cleavage on Pt, o, that is, the energy to form
the transition state (AG,) in addition to the energy to desorb y
H* (AGV) as a function of y. Although AG, at y = 4 (220 kJ
mol™") is much lower than AG at y = 0 (280 kJ mol™") on
Pt,yo (Figure 10a), the penalty to desorb H* from the surface
renders AG* constant (~280 kJ mol™") at y = 0—4 before AG,
prevails at y > 5 (Figure 10b). AG¥ values for Ir, , are lower
than those for Pt;;y because Ir is more reactive than Pt and
change weakly at y = 1—4 from 170 to 161 kJ mol™". Turnover
rates, in addition to AG¥, also depend inversely on H, pressure
(eq 4) and thus increasing y decreases the turnover rate. The
total DFT-predicted turnover rates as a function of H, pressure
on Pt;;y decreases from 5.9 X 1072 s7* at 2 bar H, to 2.1 X
107" s7' at 20 bar H, (Figure 9b) with H,-pressure
dependence of [H,]™>* while Ir;;y; shows a H,-pressure
dependence of [H,] . The H,-pressure dependence indicates
that *CH—CH* bond cleavage (y = 4) on Pt requires fewer
vacant sites (y = 0—1) than on Ir (y = 2), leading to a 4 value
of 2.4 (eq 2), consistent with a measured value of 2.3 on 0.6
nm Pt clusters.”” The discrepancy between the DFT-predicted
rate on Pty and the measured rate on 0.6 nm Pt clusters,
however, may indicate that *CH—CH* bond cleavage occurs
on undercoordinated sites near the corners and edges of the
particle instead of the (111) terrace examined in this study.
These undercoordinated sites represent >85% of the surface of
0.6 nm clusters and they could be more reactive than the
terrace sites because they are less saturated with H* in Pt
compared to Ir.** The bare Pt(111) surface shows higher
turnover rate compared to the H*-covered Pt;;, (Figure 9b)
because it lacks coadsorbate interactions, leading to lower AG
values. Furthermore, H* binds more strongly on the (111)
terrace of small particles compared to the (111) periodic
surface models as reported previously,”® and thus, the free
energy to desorb H* from the Pt(111) surface (AG,) is also
lower than on Pt;;o. Despite the discrepancy between the
predicted and measured turnover rates, the Pt o half-particle
model accurately predicts the mechanism and site require-
ments for ethane hydrogenolysis.

4. CONCLUSIONS

The effect of the type of metal catalyst on ethane hydro-
genolysis mechanism was investigated using DFT. The
calculated free-energy barriers indicate that C—C bond
cleavage in ethane occurs predominantly via the *CHCH*
intermediate for Group 8—10 metals (Ru, Os, Rh, Ir, Ni, and
Pt) except for Pd, where the *CH;CH* intermediate also
contributes to the hydrogenolysis turnover rate. The
preference toward cleaving the *CH—CH* bond decreases
as one moves from left to right in the periodic table and
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cleaving the C—C bond in more hydrogenated intermediates
starts to become more favorable. Coinage metals (Group 11:
Cu, Ag, and Au) cleave the C—C bond in the most saturated
intermediate (*CH;CH,*), suggesting that the metal catalyst
becomes less effective and ethane hydrogenolysis proceeds via
near-thermal activation of CH3;CH,. Similar periodic table
trends are also observed in DFT-predicted turnover rates, that
is, less noble metals (left) are more active than more noble
metals (right), consistent with measured turnover rates that
decrease as Ru > Rh > Ir > Pt. Furthermore, the predicted
turnover rates show a H,-pressure dependence of [H,]™* (1 =
3) for Group 8—10 metals, in agreement with the measured A
of ~3 for Ru, Rh, and Ir. Pd shows a A value of 2.5 because
both *CHCH* (4 = 3) and *CH;CH* (4 = 2) intermediates
contribute equally to the total turnover rate.

We were able to confirm, using a H*-covered Pt;; half-
particle model, that Pt also cleaves the C—C bond in *CHCH*
and the lower measured 4 of 2.3 on 0.6 nm Pt clusters indicates
that fewer H* atoms desorb from the H*-covered surface to
accommodate the *CH—CH® transition state because H*
saturates Pt surfaces at lower coverages than Ir as reported
previously. Curved nanoparticle models, as shown previously,
can relax the adlayer strains laterally and more accurately
predict the number of vacant sites required for *CH—CH*
bond activation. The lower H*-coverage in Pt increases the
degree of adlayer relaxation, allowing *CH—CH* bond
activation to occur at 0—1 vacant sites (y = 0—1) and leading
to a A value of 2.4, consistent with the measured value of 2.3.
This study provides insights into the effects of metals on the
ethane hydrogenolysis mechanism and provides additional
evidence for the accuracy of curved nanoparticle models in
predicting coadsorbate interactions at high coverages.
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