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The promotion of metal catalysts with partially oxidized oxophilic MOy species, such as ReO,-promoted
Rh, has been demonstrated to produce Brgnsted acid sites that can promote hydrogenolysis of oxygenate
intermediates such as those found in biomass-derived species. A wide variety of alloy compositions and
structures are examined in this work to investigate strongly acidic promoters by using DFT-calculated
deprotonation energies (DPE) as a measure of acid strength. Sites with the highest acid strength had
DPE less than 1100 k] mol~!, similar to DPE values of heteropolyacids or acid-containing zeolites, and
were found on alloys composed of an oxophilic metal (such as Re or W) with a noble metal (such as
Rh or Pt). NH3 adsorbs more strongly to sites with increasing acid strength and the activation barriers
for acid-catalyzed ring opening of a furan ring decrease with increasing acid strength, which was also
shown to be stronger for OH acid sites bound to multiple oxophilic metal atoms in a three-fold configu-
ration rather than OH sites adsorbed in an atop configuration on one oxophilic metal, indicating that
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small MO, clusters may yield sites with the highest acid strength.
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1. Introduction

Biomass, which is comprised of carbohydrates that can be
hydrolyzed to form Cs—Cg sugars rich in oxygen, provides a sustain-
able alternative to petroleum for the production of fuels and chem-
icals but requires efficient strategies to selectively remove oxygen.
Various heterogeneous-catalyzed paths, which include decarboxyl-
ation, decarbonylation, and hydrogenolysis, have been proposed
and used to selectively produce value-added chemicals as well as
intermediates with higher H/C ratios for fuel production [1-3].
Among these paths, hydrogenolysis has the distinct advantage of
maintaining the chain length of the hydrocarbon substrate, thus
avoiding the unnecessary production of CO or CO, by-products
and providing a carbon neutral process.

Hydrogenolysis of various polyols, including glycerol, a
by-product of biodiesel production [1], has been targeted in the lit-
erature for synthesis of valuable chemical intermediates or fuel
precursors. Glycerol hydrogenolysis is active over various sup-
ported metal catalysts, including Ru [4-7], Pd [4,8], Pt [4,6,9], Rh
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[8,10], and PtRu and AuRu [6] alloys at temperatures near 473 K
under moderate pressures of hydrogen (14-100 bar). Carbon-sup-
ported Pt, Pd, and Rh catalysts predominantly convert glycerol
via C-0 hydrogenolysis to 1,2-propanediol (1,2-PrDO) with ~80%
initial selectivity [4,6,8,9], which undergoes further C-O hydrogen-
olysis to form propanol; these catalysts, however, also show
activity for C-C hydrogenolysis, leading to undesired C, products.
Chia et al. recently examined the hydrogenolysis of glycerol on
Rh/C catalysts at a lower temperature (393 K) and found that C-
C hydrogenolysis was suppressed resulting in a product distribu-
tion of 18% 1,2-PrDO, 5% 1,3-PrDO, 8% 1-propanol (1-PrOH), and
69% 2-propanol (2-PrOH) [11]. These product selectivities indicate
that the C-0 hydrogenolysis of glycerol primarily occurs at the
less-substituted (terminal) carbon center on these metal catalysts.

Cyclic ethers derived from biomass [3,12] such as 2-(hydroxy-
methyl)tetrahydrofuran (HMTHF) can also undergo C-O hydrogen-
olysis, opening their ring to form linear or branched products. The
ability to selectively activate specific C-O bonds in the ring could
result in sustainable routes to valuable chemical intermediates.
Work on Rh/SiO, has indicated that C-O hydrogenolysis occurs
more selectively at the unsubstituted carbon of the ring-ether,
forming 1,2-pentanediol (1,2-PeDO) at >60% selectivity [13].

In addition to these unpromoted catalysts, a number of studies
over supported noble metal catalysts such as Rh, Pt, and Ir pro-
moted by acidic species or substrates such as amberlyst [14-16],
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H,S04 [17,18], HoWO, [8,15], and H4SiW1,040 [19] or alloyed with
partially reduced oxides such as MoO, [10,11,20,21], WO, [10,20],
or ReO, [10,13,18,20-23] have demonstrated distinctly different
trends in selectivity as C-O hydrogenolysis predominantly pro-
ceeds at the more substituted C-O bonds. HMTHF preferentially
opens at the more substituted C-O bond to form 1,5-pentanediol
with greater than 95% selectivity in the presence of these promot-
ers, and similar results were observed for Cg cyclic ethers
[11,13,20,21]. For glycerol, these promoters result in significant
increases in the selectivity to 1,3-PrDO [9-11,18,23] which is only
observed in small quantities on the unpromoted catalysts and at
higher temperatures. ReO, on Pt, for example, was shown to signif-
icantly increase the rate of glycerol reforming compared to that on
unpromoted Pt [24,25]. Chia et al. studied hydrogenolysis of a wide
range of polyols in addition to glycerol and HMTHF over ReO-pro-
moted Rh/C and observed that hydrogenolysis selectively occurs at
secondary alcohol groups [11]. Koso et al. later reported similar
results for hydrogenolysis of many of the same polyols over ReOy
and MoO,-promoted Rh/SiO, [21]. We showed previously that
rates and selectivities for hydrogenolysis of a wide range of linear
polyols and Cs and Cg ethers could be linearly related to their gas-
phase carbenium ion reaction energies [11], thus indicating that
ReO,, WO,, and MoO, promoters result in the formation of acid
sites which are likely M-OH groups at the metal-solution interface.

Although the specific nature of the active acid site is unknown,
these sites are thought to be either embedded into or strongly
bound to the promoted metal as the presence of acids in solution
such as H,SO,4 or HCl is far less active and selective and cannot
maintain the sustained operational times (>120 h) demonstrated
for ReO,-Rh/SiO, [11]. NH3 TPD offers experimental evidence of
acid sites on ReO,-promoted Pt/C and that the acid site density,
but not strength, increases with Re loading [25]. The ratio of acid
to metal sites is 0.28 for a Re:Rh loading of 1:2 with an NH;3 adsorp-
tion energy on the acid site of —100 kJ/mol, indicating moderate
acid strength [11]. EXAFS has been performed on a number of these
alloys, including Rh-ReO, [10,13,21,26], Rh-MoO, [21], Pt-ReOy
[9,27], and most recently, Ir-ReO, [18] and curve-fitting results
from these studies offer insights into the nature of the alloy and
therefore the acid site, however, large uncertainties weaken the
conclusions one can draw.

First-principle density functional theory (DFT) calculations can
be used to examine and test acid strength of possible sites for a
wide range of alloy materials as previously reported [11]. The
deprotonation energy (DPE) provides a direct measure of acid site
strength [28] and was used to examine acid strength of hydroxyl-
ated Re in the surface of 201-atom cubo-octahedral Rh and Pt
nanoparticles as well as other alloys. The results indicate that
materials such as ReO,-promoted Rh have DPE values that are sim-
ilar to those for heteropolyacids (HPAs) such as H4SiW{504
[19,28]. We extend these preliminary ideas in this work by system-
atically examining a wider range of acid sites that can form in dif-
ferent alloys and evaluating the role of O-H bond strength and EA
of the resulting conjugate base. Furthermore, we seek to determine
how DPE compares with experimentally-relevant measurements
such as the NH; adsorption energy as well as ring-opening
reactivity.

2. Computational methodology

First-principle DFT calculations were carried out to determine
all of adsorption, reaction, and activation energies reported herein
over both ideal single crystal (111) surfaces and 201-atom cubo-
octahedral metal clusters using the Vienna ab initio simulation
package (VASP) [29-31]. Planewaves were constructed with an
energy cutoff of 396 eV and Vanderbilt ultrasoft pseudopotentials

with real space projection operators defining the features of the
core region. The correlation and exchange energies were obtained
using the Perdew-Wang 91 (PW91) form of the generalized gradi-
ent approximation (GGA) [32].

Vacuum-phase calculations were performed spin-polarized
using an 18 x 18 x 18 A unit cell. Ideal single crystal surfaces were
modeled as two-dimensional slabs with a 3 x 3 unit cell and 4
metal layers in the z-direction. Slabs were separated by 10 A and
the bottom two layers were held fixed in their bulk atomic posi-
tions while the top two layers were allowed to fully relax. Calcula-
tions on surfaces were carried out non-spin-polarized until the
maximum force upon any atom was less than 0.05 eV/A; forces
were obtained using a fast Fourier transform (FFT) grid with a cut-
off of twice the planewave cutoff; wavefunctions were converged
to within 107® eV with a 3 x 3 x 1 k-point mesh. Once the geome-
try was converged, a single-point calculation is performed at a
6 x 6 x 1 k-point mesh.

Transition state calculations for ring opening of HMTHF were
carried out by first determining the minimum energy path (MEP)
using the NEB method [33,34] with 8-16 images converged to
0.3 eV/A to generate initial structures for simulations that use the
Dimer method [35] and are run with the same level of accuracy
as the optimizations described above. The transition states were
verified on a selected number of systems by carrying out a full nor-
mal mode analyses. The work function of the metal surfaces was
calculated as the difference between the Fermi energy and the
maximum xy-averaged potential, which is within the vacuum
region separating the periodic slabs.

Metal particles were modeled using 201-atom cubo-octahedral
particles shown in Fig. 1. Calculations on metal particles were car-
ried non-spin-polarized in a cubic unit cell with a minimum of 12 A
of vacuum separating particles between periodic cells. All structure
optimizations reported were carried out until the maximum force
upon any atom was less than 0.05 eV/A; forces were obtained using
a fast Fourier transform (FFT) grid with a cutoff of twice the plane-
wave cutoff; wavefunctions were converged to within 106eV.
These calculations were performed using the y-point version of
VASP. Monopole and dipole moments of the cell were calculated
and used to correct the energy; for charged calculations, quadru-
pole corrections were also applied. The effect of tighter conver-
gence criteria was negligible on the quantities calculated below,
as shown in Table S1. The work function was calculated as the dif-
ference between the Fermi energy and the xy-averaged potential at
the point z = 0, which is within the vacuum region separating the
periodic clusters.

Deprotonation energy (DPE) is defined as the energy difference
between the MOH of the cluster/surface and the separated anionic
cluster/surface and the H +species (Eq. (1)). Dehydrogenation
energy (DHE) is defined as the energy difference between homolyt-
ically dissociated (MO + H') and initial MOH states (Eq. (2)). Elec-
tron affinity of the conjugate base (EA) is defined as the negative
of the change in energy upon charging the neutral MO site for an
extra electron (Eq. (3)). Egs. (1)-(3) can be rearranged in order to
show the direct relationship between DPE, DHE, and EA (Eq. (4)).
Alternatively, rather than explicitly calculating charged systems,
the work function (WF) of the MO- system can be used to compute
the DPE (DPEWF, Eq. (5)); for bulk metals, the WF is essentially
equivalent to the negative of electron affinity (EA); however, as
discussed below, this is not the case for small 201-atom particles
as a result of the small band gaps for finite-sized metal clusters.
NH;3 adsorption energies (NH; AE) were calculated as the energy
difference between the bound state and the MOH cluster plus
the energy of NHs in a vacuum cell (Eq. (6)). Binding energies
(BE) of O and OH were calculated as the energy differences
between the bound state and the metal cluster plus the energy of
the O" or OH' in a vacuum cell (Egs. (7) and (8)). Eq. (9) shows
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Fig. 1. Hydroxylated (111) terrace surface monoalloy site. Dotted atoms represent
the (100) terrace, edge11, edge10 and corner sites.

the rearrangement of Eqgs. (2), (7), and (8) to show the relationship
between the DHE and the binding energies of 0" and OH". Conven-
tions used herein define a lower DPE as a higher acid strength, a
lower DHE as a weaker O-H bond, and more negative NHs, O
and OH" binding energies as stronger adsorption strengths.

DPE = E[MO | + E[H'] — E[MOH] (1)
DHE = E]MO] + E[H'] — E[MOH] 2)
EA = —(E]MO] — E]MO")) (3)
DPE = DHE + EA + (E[H*] — E[H]) (4)
DPE"F — DHE — WF + (E[H+] — E[H]) (5)
NH;AE = E[MOH — NH;] — E[MOH] — E[NHs] (6)
OBE = E[MO] — E[M] — E[O] (7)
OH BE = E[MOH]| — E[M] — E[OH'] (8)
DHE = O BE — OH BE — (E[OH:] — E[0-] — E[H']) (9)

3. Results and discussion

A series of calculations were performed on alloys of different
compositions, varying the location of the MOH site on the nanopar-
ticle. The energies required to determine DPE values and the NH;
adsorption energies outlined in Eqs. (1)-(8) and shown in the Born
Haber cylces in Fig. S1 in the Supporting Information (SI) were cal-
culated on each of the alloy structures examined. These data are
used to establish trends between these features, such as the NH3
AE and the DPE. Ring-opening reactions of HUTHF were then stud-
ied on a (111) surface of each alloy composition to determine the
relationship between activation barriers for this acid-catalyzed
reaction on acid site characteristics. For ReO,-promoted Rh, an
additional set of calculations is presented, which demonstrates
the effect of the structure of the alloy site on the DPE, NH3 AE,
and other characteristics.

3.1. Effect of alloy composition and site on DPE

0" and OH" BE, NH3 AE, DHE, and DPE were calculated on the
Ptyo1, Rhagq, Auygq, Iragq, and Ruygq clusters alloyed with single
metal atom promoters (Pt, Mo, Ru, W, and Re) within the surface
layer (in-surface monoalloy sites). The results reported in Table 1
examine in detail five different metal atom sites for the substitu-
tion of the promoter in the 201 atom cubo-octahedral cluster
including a (111) terrace, a (100) terrace, an edge between two
(111) surfaces (edge 11), an edge between a (111) and (100)
surface (edge 10), and a corner site for Pt-Re and Rh-Re clusters;
these sites are highlighted in Fig. 1. For the other alloys, only the
sites with the lowest DPE values (highest acid strength) are shown
in Table 1. All of the other sites were calculated and are pre-
sented in Tables S2-S6 and their values are included in subsequent
Figs. 2-4. DPE values for all of particles examined range from
1065 k] mol~! for ReO,-promoted Pt to 1345 k] mol~! for monome-
tallic Au as can be seen in Table 1 which cover the range of highly
acidic to non-acidic sites.

The DPE of a particular site can be deconstructed using a Born-
Haber cycle (Eq. (4)) and written as the summation of energies for
the elementary thermochemical steps that comprise the deproto-
nation process: dehydrogenation energy (DHE) of the M-OH
(MOH —» MO + H), ionization energy of the hydrogen atom
(H — H" + e™) which is constant, and electron affinity (EA) of the
metal cluster (MO + e~ — MO™). The results presented in Table 1
indicate that EA depends only upon the “bulk” metal and does
not vary appreciably with site or composition of the alloyed ele-
ment since EA is a bulk property and these models only have one
alloyed site within the entire 201-atom cluster. Rather than explic-
itly calculating the EA, it can be inferred instead from the WF of the
metal particle, leading to a different DPE values (DPEF). Fig. S2
shows the linear relationship between EA and WF resulting in
DPEVF being lower than DPE by a nearly constant value of
74 k] mol~!, which relates to the difference between EA and WF
of these 201-atom particles which decreases with increasing
particle size (Fig. S3). Ultimately, this indicates that the choice of
computing DPE from the WF or the EA only shifts the absolute val-
ues of DPE and does not change any of trends discussed. Since EA is
constant for each “bulk” metal and the value for (E[H*] - E[H]) is
independent of the catalyst (Eq. (4)), there is a direct linear rela-
tionship between DPE and DHE, as shown in Fig. 2a, where the
slope for each line is equal to 1 and the y-intercept depends upon
EA which follows the following trend: Ru > Rh > Au > Ir > Pt. DHE
depends on both the site and the alloy composition and a site with
a low DHE is desired to generate a stronger acid site (lower DPE)
and requires a weakly bound hydroxyl and a strongly bound oxy-
gen atom at the promoter site as shown in Eq. (8); sites such as
these are shown in the upper-left-hand portion of Fig. 2b.

Bond-order conservation would indicate that increasing the
strength of the M-O bond will decrease the strength of the O-H
bond as the result of a competition between the two bonds over
the valence electrons of the oxygen atom. In order to increase
the M-0 bond strength, either the strength or number of M-M
bonds must change at the OH" site. In this work, we analyze the
effects of decreasing the number of M-M bonds by examining sites
with different metal coordination numbers. A weak trend exists
between the strength of the O-H bond and the CN of the MOH site,
as further discussed in the SI (Figs. S4-S6).

Experimental results [11,20] have shown that ReO,-promoted
Rh catalysts are more active than MoO,-promoted Rh catalysts,
consistent with DFT-calculated DPE values for ReOx-promoted
Rh (1150kJmol™!) being lower than MoOx-promoted Rh
(1177 k mol~!) as shown in Fig. 3, indicating an increase in
activity with increasing acid strength. Experimental results suggest
that promoted Rh is more active than promoted Pt, followed by
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Table 1
Selected results from in-surface monoalloy sites.

MOH-NH; bond

lengths
Bulk  Alloy Site CN OBE OH BE NHs; AE DHE EA WF DPE DPEWF M-O O-H H-N
(kjmol™")  (kJmol™") (kJmol™!) (Kmol™') (Kmol!') (Kmol!') (Kmol!') (kKmol') (A) (A) (A)

Pt Pt corner 6 —338 —258 —40 364 454 529 1227 1152 1.92 1.02 1.67
Mo 111 terrace 9 —-537 -326 -95 233 451 525 1099 1025 1.76 1.49 1.10

Ru corner 6 —529 —345 -59 260 452 526 1124 1050 1.84 1.06 155

w 111 terrace 9 -577 —-360 -104 228 451 525 1093 1019 1.75 1.50 1.09

Re 111 terrace 9 —549 -329 —88 224 450 524 1091 1017 1.76 1.50 1.09

100 terrace 8 —560 —356 —87 240 451 524 1106 1033 1.78 1.52 1.09

edgell 7 —-630 —400 -95 215 452 526 1079 1033 1.77 1.44 1.11

edgel0 7 —642 —416 -107 219 451 525 1084 1068 1.76 1.50 1.09

corner 6 —702 —458 -102 201 452 526 1065 991 1.76 1.45 1.11

Rh Rh corner 6 —414 —-297 -36 327 392 467 1251 1176 1.90 1.02 1.72
Mo 111 terrace 9 -536 —-325 -71 233 389 464 1161 1086 1.79 1.44 1.12

Ru corner 6 -531 —355 —45 269 391 466 1194 1119 1.86 1.03 1.63

w 111 terrace 9 -576 —-356 -82 224 389 465 1152 1076 1.77 1.47 1.11

Re 111 terrace 9 —-542 -314 -71 216 388 463 1145 1070 1.85 1.13 1.40

100 terrace 8 —556 —349 —48 238 388 462 1166 1092 1.88 1.05 1.61

edgell 7 —-611 —386 -69 219 390 465 1146 1071 1.78 1.54 1.09

edgel0 7 —630 —405 -69 220 389 464 1147 1072 1.83 1.12 1.42

corner 6 —676 —451 -70 220 391 466 1145 1070 1.81 1.11 1.40

Au Au 100 terrace 8 -195 -188 -28 437 409 483 1345 1284 2.05 1.00 191
Mo corner 6 -732 —473 —86 186 407 478 1096 1025 1.77 1.40 1.13

Ru corner 6 -529 -341 —47 257 407 478 1167 1096 1.84 1.05 1.59

w edgel0 7 -715 —434 -105 164 407 479 1073 1002 1.74 1.48 1.11

Re corner 6 —744 —461 -95 162 406 477 1072 1001 1.74 147 1.10

Ir Ir corner 6 —492 —-332 -53 285 432 506 1169 1095 1.88 1.04 1.60
Mo 111 terrace 9 —524 -319 -89 239 431 505 1125 1051 1.77 1.42 1.12

Ru corner 6 -519 —349 -55 274 432 506 1159 1085 1.84 1.06 1.52

w 111 terrace 9 -570 —354 -102 229 431 506 1114 1040 1.75 1.49 1.10

Re 111 terrace 9 -527 —-300 -93 217 430 504 1103 1030 1.74 1.54 1.08

Ru Ru corner 6 -526 —356 —42 275 371 446 1220 1146 1.88 1.01 1.79
Mo 111 terrace 9 —552 —348 —64 240 369 444 1188 1113 1.83 1.09 1.46

w 111 terrace 9 —-597 —378 -76 225 369 444 1173 1098 1.77 1.46 1.11

Re 111 terrace 9 —552 -319 -73 211 369 443 1159 1085 1.76 1.49 1.10

Full set of calculated results are given in the Supplemental Information, Table S2-S6.
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promoted Ir [9-11]. These differences in activity of the bulk metals, ever, have not been normalized by the number of acid sites present
however, are not consistent with the calculated differences in DPE on the promoted catalyst. The number of acid sites has been esti-
of these bulk metals reported herein. The experimental rates, how- mated through NH3 TPD for ReO,-promoted Rh [11], but no such
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characterization exists for ReO,-promoted Pt or Ir. Thus, the
observed increase in activity could be due to a change in the num-
ber of acid sites rather than a change in the acid strength of those
sites.

In addition to ReO,, M0O,, and WO, promoters that have been
studied experimentally, RuO, was also examined. Polyol hydrogen-
olysis over supported Ru has been shown to be highly active,
although it is unselective due to Ru’s affinity to break C-C bonds
[4-6]. While this behavior is undesired for selective processes
meant to maintain the skeletal carbon backbone in the production
of chemical intermediates, other processes, such as reforming or
hydrocracking, could potentially take advantage and benefit from
ruthenium’s ability to activate C-C bonds. An alloy that can utilize
the hydrogenation abilities of Rh or Pt, coupled with the C-C
hydrogenolysis abilities of Ru, could be improved if some of those
Ru sites remained partially oxidized thus providing acid sites, sim-
ilar to the other Re, W, and Mo promoters studied. The RuOH sites
calculated here, however, were not as acidic as sites composed of
other promoters, only decreasing the DPE of the base metal by
an average of 63 kJmol~! for Ir, Pt, and Rh alloys, resulting in

DPE values of 1120-1227 (average: 1176 k] mol~'), which may
not be acidic enough to catalyze these reactions. Another approach
would be to promote metallic Ru catalysts with ReO,, MoO,, or
WO,. This would utilize the ability of metallic Ru sites to break
the C-C bonds, C-0 bonds, and hydrogenate fragments while pro-
viding acid sites to aid in C-O hydrogenolysis.

ReO,-promoted Ir shows the highest selectivity to 1,3-PDO
(>60% at low conversion) during glycerol hydrogenolysis [23],
while the selectivity over ReO,-promoted Pt is significantly lower
(25-35%) [9]. The significant decrease in selectivity over the Pt
alloy can be attributed to fact that the ReO,-promoted Pt is pre-
dicted to be a stronger acid than ReO,-promoted Ir, thus opening
up additional reaction paths that will ultimately reduce its selec-
tivity. It is also possible that metal sites in the alloy carry out
hydrogenolysis chemistry along with the solid acid alloy sites. This
would significantly lower the selectivity as unpromoted Pt is active
in the hydrogenolysis of glycerol to the unselective 1,2-PDO and
propanol products and produces very little 1,3-PDO [4,6,9]. Unpro-
moted Ir catalysts, however, are inactive for glycerol hydrogenoly-
sis [18], indicating that hydrogenolysis on ReO,-promoted Ir likely
occurs only on the acid sites which are highly selective to 1,3-PDO
formation.

Thus, if metal and acid sites of these promoted catalysts are
active in carrying out hydrogenolysis, and metal-catalyzed hydrog-
enolysis is unselective compared to acid-catalyzed hydrogenolysis;
then, suppression of metal-catalyzed hydrogenolysis should
improve the selectivity. One method of suppression would be to
choose a metal which is inactive for C-C or C-O bond hydrogenol-
ysis. Au, which has a filled d-band, is a relatively inert metal which
should only weakly interact with the alloyed metal promoter, thus
allowing the alloyed promoter to interact more strongly with the
oxygen of the hydroxide species and increase its acid strength. Pro-
moted Au has the weakest O-H bonds (lowest DHE) of any of the
alloys studied. The EA of Au systems is in between that of Rh and
Ir consistent with experimentally reported WF measurements
[36], which leads to DPE values on promoted Au surfaces that lie
between 1072 and 1100 k] mol~! for the alloys with strong pro-
moters (ReOH, MoOH, and WOH). The weak interaction of Au with
the alloying metals, however, makes it unclear whether the syn-
thesis of such alloys is feasible. In addition, it is not clear whether
Au can effectively carry out the hydrogenation of the intermediates
to complete the catalytic cycle, although this may present an
advantage as it would result in the formation of unsaturated inter-
mediates that could offer mechanistic insight into the process.

3.2. Adsorption of NH; to MOH' Sites

NH;3 adsorption energies (AEs) reported in Table 1 range from
107 k] mol~! for PtReOH to 22 k] mol~! for monometallic AuOH.
Fig. 4 shows the correlation between NH3; AE and DPE and demon-
strates that alloys of all four “bulk” metals follow a similar nonlin-
ear relationship between the NH3; AE and DPE over the wide range
of DPE studied in this work. NH; AE increases rapidly with increas-
ing DPE at first, indicating a nearly-linear relationship between
DPE and NHj; AE for strong acid sites which deprotonate, forming
NH} (as further described in the SI, Figs. S7 and S8). At higher
DPE values, the slope is lower, indicating a weaker trend for these
systems, which do not deprotonate upon interaction with NH3. For
each “bulk” metal studied, this shift appears to occur at a different
DPE and this inflection point correlates with the EA and WF of the
bulk metal alloys (Pt>Ir>Au>Rh>Ru). Since DPE takes into
account the EA, the shift in this inflection point may be coinciden-
tal. It appears that altering the base metal has a significant impact
on the relationship between NH; adsorption and acid strength
which prevents a direct 1:1 relationship between the NH3 AE and
the DPE of the system. NH; AE for phosphotungstic acid
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(H3PW13049, HPW) and phosphomolybdic acid (H3PMo;2040,
HPMo) reported by Janik et al. [37] are included for comparison
and their DPE values are close to those calculated for the Pt- and
Ir-based alloys, while their NH; AE are significantly stronger.

3.3. Ring-opening hydrogenolysis of HMTHF

Acid-catalyzed ring-opening hydrogenolysis of HMTHF on peri-
odic (111) metal surfaces with a single MOH site was studied as
shown in Fig. 5 for ReO,-promoted Rh. Previous work [11] suggests
the mechanism for this reaction proceeds via the combination of
acid-catalyzed ring opening followed by subsequent hydrogenation
of resulting unsaturated intermediates. Results show that HMTHF
adsorbs to the acid site of the catalyst through the oxygen atom of
the ring-ether which interacts with the bulk metal (Rh in Fig. 5) as
well as with the hydroxide of the promoter (Re in Fig. 5). Upon
adsorption, no proton transfer occurs between the ReOH and
HMTHEF due to its low proton affinity. The reaction proceeds by pro-
tonation of the ether group together with the ring opening of HMTHF
and concomitant H-transfer from the carbon of the neighboring
CH,OH group to the activated carbon of the C-0 bond as can be seen
in comparing the reaction and transition states in Fig. 5 [11]. The
concerted C-0 activation and hydride transfer steps stabilize the
carbenium ion transition state as we reported previously [11].

When the active site is ReOH embedded ina 4 x 4 Rh(111) sur-
face, this mechanism results in an intrinsic activation barrier
(Eactine) Of 83 k] mol~! and an overall apparent activation barrier
(Eactover) Of 30 k] mol~! when the TS is referenced to HMTHF in
the gas phase as shown in Fig. 5. On the (111) terrace site of a
Rh,o; particle, the intrinsic barrier is 88 k] mol~! and the overall
barrier is 35 k] mol~!, which suggests that the much simpler sur-
face model provides a reasonably good representation of (111) ter-
race sites on the 201 atom particle. We therefore used the ideal
(111) surfaces to model the ring-opening reaction of HMTHF on
a (111) terraces of ReOy-, WO,-, and MoO,-promoted Ru, Rh, Ir,
Pt, and Au catalysts as well as RuO,-promoted Au and Pt surfaces.

The WF was calculated for the MO structure for these surfaces to
calculate the DPEWF (Eq. (5)) due to the periodic nature of the crystal
and the relatively small number of metal atoms in the calculation

MOH + HMTHF (ads)

80—

Y
o
1

+30 kJ mol”

EC ver
/ VErao

Enctint = +83 kymol”

HMTHF E g

Relative Energy, kJ mol™
{ ]

-40]
B3kmor
-804 MOH + MOH + Transition
HMTHF(g) HMTHF(ads) State

Reaction Sequence

Fig. 5. Reaction profile for the activation of HMTHF at a ReOH site in a Rh (111)
surface. Inset pictures show the top-down view of reactant and transition states.
The reaction proceeds via a proton transfer from the hydroxide of the promoter to
the oxygen in the ether together with the activation of the C-O bond at the more
substituted tertiary carbon and concomitant hydride transfer from the o-CH,OH
group to the active carbon center [11].

(64). This WF for the periodic (11 1) surface is somewhat different
than the WF calculated for the finite 201-atom particles, likely
due to the differences in the electronic structure of the nm size
and polycrystalline nature of the particles which have small band
gaps verses the continuum of states for the periodic metal surface.

HMTHF adsorption energy has a weak relationship with the
DPEWF of the acid site, as shown in Fig. 6a, with a slope near 0.2
and an R? value near 0.75. In comparing the intrinsic or overall
apparent activation barriers to the DPE of the acid site, stronger cor-
relations are observed with slopes near 0.5 and 0.7, respectively and
R? values near 0.9. These same values plotted against the NH5 AE,
shown in Fig. 6b, have similar correlations with slopes near 0.3,
0.7 and 1.0 and R? values above 0.8 for the HMTHF Epgs, Eactint,
and Eaccover, Tespectively. If we compare the processes of NHj
adsorption and HMTHF activation (referenced to the gas phase),
we can see that these results indicate that the interaction energy
between NHZ; and the MO~ conjugate base is very similar to the
interaction energy between the positively charged TS and the
MO~ conjugate base that results during the activation of HMTHF,
as both measure the ion pair interaction strengths. It is important
to note that such correlations between NHs AE and activation bar-
riers or rates for acid-catalyzed reactions in zeolites have typically
failed [28,38,39]. One issue for this correlation is the difficulties in
measuring NHz AE through such methods as temperature-pro-
grammed desorption due to the presence of strong non-protonic
binding sites on some materials and other issues outlined else-
where [38,39]. Furthermore, accurate rate constants require an
accurate accounting of Bransted acid sites in the zeolite framework,
which is non-trivial [38,39]. Similar issues arise even in comparing
calculated adsorption energies and activation barriers as there very
weak changes in the adsorption energies and other potential factors
such as changes in the number of hydrogen bonds in examining the
interaction with ammonia or basic probe molecule. The correlation
is only present if the interaction between the NH} ion and the con-
jugate base is similar to the interaction between the positively
charged transition state and the conjugate base. In zeolites, this is
often not the case because of strong solvation effects between the
positively charged transition state and the surrounding zeolite
framework which may not be as prevalent in calculating the
adsorption energies of the much smaller NH} cation that may not
be as efficiently solvated [40]. If, as in the case of HPAs, NH} inter-
acts through a bidentate mode with neighboring O atoms, an inter-
action that is not present in the transition state, then once again the
changes in AE are unlikely to correlate with the changes in the acti-
vation barrier [37]. For the binfunctional MOx/M systems examined
here, there are no strong solvation effects between the catalyst and
the positively charged transition state or ammonium cation and the
interactions between the conjugate base and the positively charged
transition state and ammonium cation appear to be similar, thus
resulting in the strong correlation observed.

If we examine the alloy compositions along with their overall
activation barriers (Fig. 7), we note that promoted Pt alloys
(neglecting PtRuOH) have the lowest overall apparent activation
barriers with an average of 0 k] mol~!. WO,-promoted Au has the
lowest overall apparent barrier (-7 kJ mol~!) of all of the systems,
thus giving the promoted Au alloys the second lowest average
value (8 k] mol~") followed closely by promoted Ir (10 k] mol™).
Promoted Ru and Rh have significantly higher average barriers
with 24 and 26 k] mol ™!, respectively. Lastly, RuO,-promoted Pt
and Au have much higher activation barriers at 56 and 75 k] mol ",
respectively.

3.4. Effect of alloy structure

A range of other in-surface alloy compositions (Fig. 8) and atop-
surface promoted systems (Fig. 9) were examined in addition to
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the in-surface monoalloy sites shown in Fig. 8a. Adding a neighbor-
ing in-surface ReO group to the monoalloy (Fig. 8b) decreases the
acid strength of the Rh-ReOH site. The increase in the DPE relates
to the decreased stabilization of the O product state with the
ReO neighbor and corresponding increase in DHE. If the neighbor-
ing site that is added is hydroxylated, as shown in Fig. 8c, a hydro-
gen bond can form between the vicinal OH" groups. This hydrogen
bond is weakened following deprotonation at the highlighted posi-
tion (Fig. 8c) due to ROH-ROH hydrogen bonds being stronger than
OH—RO hydrogen bonds, thus increasing the DHE (and as a result,
the DPE) of the acid site. This trend of increasing DPE continues as
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Fig. 7. The overall activation barrier of HMTHF at MOH sites (M = Ru, Mo, Re, W)
embedded in Ru (4), Rh (@), Pt (W) and Au (a) (111) metal surfaces plotted against
the NHs AE at that MOH site.

more neighboring Rh atoms are replaced with ReO or ReOH groups
(Fig. 10a).

Rather than O" and OH’ species binding atop to Re atoms, they
can also bind three-fold to Res sites. These sites can be three-fold
fcc or hep sites and can involve one or more uncoordinated edge
or corner atoms, leading to 6 different possible configurations for
the three Re atoms in the surface of the 201-atom nanoparticle.
When the ensemble is made up three Re atoms (all with coordina-
tion numbers of 9) that form a three-fold fcc site within the (111)
terrace (Fig. 8d), the DPE is 1125 k] mol~!, which is 20 k] mol™!
more acidic than an atop OH" on a single Re atom (Fig. 8a). This
is due to the decrease in DHE of 21 k] mol~! that results upon mov-
ing the OH from an atop single Re site to a three-fold Re fcc site.

In addition to the three-fold Re fcc site, OH can also form at the
three-fold hcp site (Fig. 8e). The binding of O” at the three-fold Re
hep site (—613 k] mol~') is more than 57 k] mol~! stronger than at
the three-fold fcc site (—556 k] mol~"). The OH" BE, however, is
weakened by 6 k] mol~! in moving from the three-fold fcc site
(—306 k] mol™!) to the three-fold hcp site (—298 k] mol~!). The
increase in the 0" BE dominates over the weak changes in the OH
BE, resulting in a very weak O-H bond with a DHE value of
130 k] mol~! and a DPE of 1060 kj/mol, thus making this the site
with the highest acid strength calculated on a ReO,-promoted Rh
particle.

The effects of coordination number are examined in Fig. 8f-i.
Fig. 8f and g examine the binding energies, DHE and DPE for
three-fold Re sites at less coordinatively saturated sites which con-
tain two Re (111) terrace atoms and one edge atom for an average
coordination number, CN, of 8.33. The DPE of OH" bound in these
sites are higher (lower acid strength) than the fully saturated fcc
sites with CN = 9. Fig 8h and i continue this trend, with three-fold
sites consisting of one (11 1) terrace atom, one edge atom and one
corner atom (CN = 7.33) having lower acid strength as well.
Decreasing the coordination number of the metal atoms involved
in the three-fold site increases the O" BE, but this is offset by the
greater increase in the OH™ BE thus resulting in increases in the
DHE and DPE. Therefore, the most active three-fold sites on a nano-
particle surface appear to be on coordinatively saturated (111) ter-
races of the Rh particles. Adding neighboring ReQ" three-fold sites
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Fig. 8. The influence of Re surface composition on the DPE, DHE, EA, O" and OH" BE and NH; AE of in-surface Re-promoted Rh,o; particles and their optimized structures.

has little effect on the DPE of the ReOH site as shown in Fig. 10b;
however, the DPE does seem to decrease when neighboring Re;OH
sites are added (from 1125 to 1109 and 1103 k] mol~!, respec-
tively). The final in-surface alloy site that was examined consists
of OH" bound to a four-fold hollow site on a (100) terrace shown
in Fig. 9j. This site has similar characteristics to OH" bound to a
three-fold hcp site, in that it has a very strong O" BE and a relatively
weak OH’ BE, leading to a weak O-H bond with a DHE of 171 and a
DPE of 1101 k] mol~".

EXAFS has been performed on a number of these alloys, includ-
ing Rh-ReOy [10,13,21,26], Rh-MoO, [21], Pt-ReOy [9,27], and more
recently, Ir-ReO, [18]. Unfortunately, due to their proximity in the
periodic table, the backscatter signals between the Rh-Mo, Pt-Re,
and Ir-Re alloys cannot be fully resolved, limiting the amount of
information one can draw from the EXAFS results. For Rh-ReO,,
however, it is possible to determine the Re-0O, Re-Rh, Re-Re, Rh-
Re, and Rh-Rh interactions and coordination numbers. While most
of these coordination numbers vary with the Re:Rh loading, the
Re-Rh CN remains constant, near 3.6 + 0.8 [21]. This is not consis-
tent with in-surface alloys, which would likely have Re-Rh CNs
above 6. This is more consistent with Re atoms bound atop of
the Rh surface, where they would interact with 3-4 Rh atoms,
depending on whether it was above a (111) or (100) terrace of a
Rh nanoparticle. The simplest such site is shown in Fig. 9k, in
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DHE = 130

0" BE =-581
OH* BE = -321
DHE = 185
eAff = -386
DPE = 1115
NH, AE = -75

which a single Re atom sits in a three-fold fcc site of a Rh terrace.
This Re atom has a CN=3, as such the O" BE is very strong
(=655 k] mol~1), the strongest of any alloy calculated in this study
and >100 k] mol~" stronger than when O" is bound atop to a single
Re atom in the Rh surface which has a CN = 9 (Fig. 15a). The OH BE
is also very strong (—462 k] mol~'), however, which results in a
fairly strong O-H bond with a DHE of 252 and a DPE of
1177 k mol~!, higher than the DPE of the in-surface ReOH site
(1145 k] mol~!, Fig. 15a).

Adding two neighboring Re atoms to create a three-fold OH on
the above-surface Re atoms (Fig. 91) weakens the 0" BE and OH” BE
to —634 and —369 k] mol ™!, respectively, which results in a weaker
and more acidic O-H bond than in the above-surface Re monomer
(Fig. 9k), with a DHE of 180 k] mol~! and a DPE of 1112 k] mol™!
(Fig. 91). This above-surface alloy site is slightly more acidic than
the in-surface alloy in which OH" binds to a three-fold fcc site
(Fig. 8d, 1125 k] mol~'). When the three Re atoms form a three-
fold hcp site (Fig. 9m), the result is an increase in the O" BE and
OH" BE and a net strengthening of the O-H bond, with a DHE of
198 kJmol~' and a less acidic OH™ site (DPE=1129 k] mol!).
Unlike the previous case, this above-surface site is much less acidic
than the corresponding in-surface site (Fig. 8e, 1060 k] mol~!). The
acid strength increases from 1112 to 1106 kJ mol~' for an addi-
tional ReO” to 1091 kJ mol~" for two additional ReO" sites (Fig. 9n
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Fig. 9. The influence of atop-bound Re cluster size on the DPE, DHE, EA, 0" and OH’ BE and NH3 AE of atop Re-promoted Rh,; particles and their optimized structures.
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ReO,-promoted Rh particles.

and p) and from 1112 to 1094 kJ mol~" for an additional ReOH" and
to 1073 kJ mol ! for two additional ReOH" sites (Fig. 90 and q). This
trend does not continue, however, to a larger ensemble of neigh-
boring ReO" sites, as the alloy site shown in Fig. 16R has a DPE of
1123 k] mol~'. Interestingly, the NH3 AE to these sites continue
to increase through this large ensemble site as shown in Fig. 11.

In summary, OH adsorbed atop a Re atom is a weaker acid than
OH’ adsorbed three-fold to three Re atoms, regardless of whether
these Re atoms are in the surface of the Rh particle or sitting atop
of the surface. If neighboring ReO" or ReOH’ sites are present, the
acid strength of OH" decreases when it is bound atop, partially
due to the disruption of hydrogen bonds formed between vicinal
ReOH and ReO sites. The acid strength of three-fold bound OH’,
however, increases with the addition of neighboring ResO or Res_
OH sites. Small Re clusters atop of the Rh particle are more consis-
tent with previously reported EXAFS studies, which show Re-Rh
CNs between 3-4 +1 and Re-Re CNs between 2-3 + 2 depending
on the Re:Rh loading [21]. Across all of these alloy structures, the
EA remains fairly constant, even when the Re:Rh ratio becomes
as high as 1:9 and the NH3 AE continues to provide an additional
metric of acid strength, which increases with decreasing DPE
(Fig. 12).
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Fig. 12. The relationship between the NH3 AE and DPE across a range of different
ReO,-promoted Rh structures.

4. Conclusions

Oxophilic MO, promoters alloyed with noble metal catalysts
yield Brensted acid sites that enable acid-catalyzed hydrogenolysis
reactions that are highly selective in the activation of C-O bonds
with more substituted carbon centers. The ideal composition of
these alloy sites combines an oxophilic metal from the left-hand
side of the transition metal block in the periodic table (with Re
and W providing the lowest DPE values) with a noble metal from
the right side of the transition metal block, such as Rh, Ir, Pt, or
Au. For reforming applications, the ability to activate C-C bonds
may also be desired, suggesting the combination of an oxophilic
metal promoter and a supported Ru catalyst.

The relationships between DPE, NH3 AE and the ring-opening
activation barriers for HMTHF were explored in detail in order to
understand the influence of Breonsted acid strength on the adsorp-
tion properties of the OH sites on these different alloys and their
role in catalyzing the activation C-O bonds of polyols. NH3 AE at
non-acidic hydroxides on pure surfaces such as Au is rather weak
at ~25k] mol~!. These energies increase linearly with the acid
strength of the surface O-H group as measured by DPE with a slope
of approximately 0.1 until a DPE of around 1200 k] mol~!, at which
point there is an increase in the slope to ~0.4. This shift in sensitiv-
ity with DPE is related to a change between a hydrogen bonding
interaction between NH3; and the MOH site above a DPE of
1200 k] mol-1 to a coulombic interaction between NH; and MO-
which exists below a DPE of 1200 k] mol~!. More acidic sites show
a large amount of scatter between the DPE and NH3; AE which does
not appear to be random, but instead appears to be related to
changes in the EA of the bulk metal, which suggests that two
MOH sites with identical DPE values can result in significantly dif-
ferent NH3 AE due to differences in the local polarizability of the
metal cluster rather than the bulk EA which is measured during
calculation of the DPE.

Barriers for ring-opening activation of HMTHF decrease at more
acidic MOH sites, as expected and due to the similarities of the
activation of HMTHF and the adsorption of NHs, a strong correla-
tion is observed between the overall barrier and the NH; AE, indi-
cating it may be a very good predictor of overall activity of an MOH
site if it can be accurately measured from NHs; TPD on these
systems.

Calculated NH3 AE and DPE values show distinct changes in the
acid strength of alloy particles in which OH' binds at atop or three-
fold sites and whether the MOH sites are embedded in the particle



58 D. Hibbitts et al./Journal of Catalysis 315 (2014) 48-58

surface or above the surface for ReO,-promoted Rh catalysts. The
results suggest that when the OH" binds atop a single promoter
metal, adding neighboring ReO and ReOH’ intermediates result in
hydrogen bonding interactions which are disrupted upon deproto-
nation, decreasing the acid strength; however, when OH" binds
three-fold to Res sites, adding ReO” or ReOH neighbors decreases
the DPE of the system, regardless of whether the Re atoms are in
or on the surface of the Rh particle.

Overall, these systems represent unique embedded bifunctional
solid acid/metal catalysts that are stable in aqueous conditions and
capable of carrying out highly selective reactions on biomass-
derived species, where it is often preferred to operate in liquid
water. This work demonstrates how the acid strength of these sys-
tems changes with composition and structure as well as how the
NHs AE and barriers for HMTHF hydrogenolysis change with acid
strength.
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