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ABSTRACT

C-0 hydrogenolysis can upgrade biomass to higher value chemicals, but often requires the selective acti-
vation of sterically hindered C-0 bonds. Previous work examining C-0 hydrogenolysis of methyltetrahy-
drofuran (MTHF), a model biomass-derived molecule, has shown that Ni,P and Ni;;P5s show higher
selectivities toward activation of the hindered (3C-0) bond over the unhindered (?*C-0) bond compared
to pure Ni catalysts. These measured selectivity differences—favoring 3C-0 activations for materials with
higher P content—were consistent with calculated free energy barriers for the 2C-0 and >C-0 activation
pathways using density functional theory (DFT). However, the role of P in causing this shift in selectivity
is still unknown. In this work we use DFT to study other transition metal phosphides (Co,P, Pd,P, Rh,P,
Fe,P, and Ru,P) and contrast them to their pure metal counterparts to determine if the role of P in Ni,P
materials is consistent across other transition metals. To do this, we constructed theoretical models of
these other transition metal phosphides that were isostructural to the Ni,P(001) surface. In comparing
the phosphide materials to their pure metal counterparts, we saw a nearly ubiquitous shift in selectivity
towards hindered C-O activation. However, the magnitudes of these shifts were significantly varied, with
only Ni,P and Pd,P predicted to show high selectivity toward 3C-0 activation. Periodic trends and charge
analysis suggest that the varied selectivity shifts (comparing metal-phosphide to pure metal) can be
rationalized based on the electronegativity of the metal and the resultant charge-transfer between P
and the nearby metal atoms, which typically results in metals with a positive partial charge showing
greater >C-0 selectivity. These results help to deconvolute the electronic and geometric impacts of P
incorporation into transition metal catalysts and identify new catalysts for selective C-O activation at
hindered C-atoms.

© 2023 Published by Elsevier Inc.

1. Introduction

genates into high-value chemicals (e.g., o,m-diols)[5,8-10]
requires the rupture of C-O bonds, whose selective cleavage is

An abundance of unused biomass materials are available for the
production of biofuels and other commodity chemicals, the latter
being mainly produced from non-renewable fossil deposits.[1-3]
Many forms of biomass are difficult to process via conventional
microbial decomposition because of their high lignin content.[4]
Pyrolysis is used to depolymerize the lignin to access the more
enzymatically digestible biomass material—typically polysaccha-
rides. This material, in turn, is deconstructed into mixtures of smal-
ler oxygenates (e.g., alcohols, ketones, furans, pyrans, and
aromatics), also called bio-oil.[ 1,4-7] The conversion of these oxy-
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desired to minimize hydrogen consumption. The selective rupture
of specific C-0 bonds with competing C-C bond cleavage, however,
is still a major challenge.[5,8,11]

A model compound for studying the selective C-O hydrogenol-
ysis in biomass derived oxygenates is 2-methyltetrahydrofuran
(MTHF), because it contains two chemically distinct C-O bonds.
MTHEF is a five-member ringed molecule that contains a hindered
(tertiary) 3C-0 bond and an unhindered (secondary) 2C-O bond
(Fig. 1). Activating >C-0 bonds in MTHF produces primary alcohol
intermediates (1-pentanol), but similar chemistry can used to
obtain higher-value chemicals, such as o,w-diols.[12-16] Other
molecules such as 2-(hydroxymethyl)tetrahydropyran or
tetrahydrofurfuryl alcohol have similar tertiary carbons with
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Fig. 1. MTHF molecule with highlighted secondary (°C, blue) and tertiary carbon
(3C, purple) atoms. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

hydroxymethyl substituents and can be formed into o,®-diols with
selective C-O hydrogenolysis.[9] Therefore, identifying catalysts
that selectively cleave the hindered 3C-O bond over the unhin-
dered 2C-0 bond can improve the process of upgrading biomass
to useful chemicals.

Metal phosphides (MPs) are promising catalysts for selective
C-O bond activation. MPs were initially studied for the
hydrodesulfurization and hydrodenitrogenation of fuels.[17-19]
Many MPs, however, have also been shown to selectively cleave
C-X (X =0, N, S) over C-C bonds in comparison to pure transition
metals,[20-22] metal sulfides,[18,23] and metal nitrides.[24] More
recently, MPs have also been shown to promote other reactions
such as methanol steam reforming[25] and hydrogen evolution,
[26] in addition to C-X hydrogenolysis. The selectivity and C-0O
activation rates on MPs are governed by the metal identity,
[7,20,22,27,28] metal to phosphorous ratio,[21,28,29] formation
of bimetallic phosphides,[30-33] and variations in the catalyst
support.[34-36] Among MP catalysts, Ni,P has been shown to be
the most reactive towards the hydrogenolysis of C-O bonds in
many oxygenates, including anisole,[30] guaiacol,[7,29,34,36,37|
MTHF,[12-15,22,31] dibenzofuran,[28] and methyl laurate[32,35]
when compared to NiMoP, MoP, Fe,P, NiFeP, Co,P, and WP
catalysts.

The proposed reaction mechanism for C-0 activation on MTHF
assumes C-H activation to be facile, reversible, and to precede C-0
activation. Experimental data suggests that the conversion
between MTHF and methyl-furan (MF) is quasi-equilibrated lead-
ing to the assumption that the C-H activations on MTHF before
C-0 activation are also quasi-equilibrated.[16] This assumption is
further supported through DFT calculations which show that C-H
activations are more enthalpically favorable than C-O activations,
C-H transition states have lower barriers than C-O barriers, at
matching reaction coordinates. Also, free energy barriers for all
possible C-0 activations indicate that C-O activation through the
fully dehydrogenated intermediate is the most favorable for both
pathways. This mechanism of dehydrogenation before C-O activa-
tion has also been observed in many other studies investigating
C-X (X =C, O, N, S) hydrogenolysis.[8,38-47].

Increasing P content on NixPy catalysts shifts selectivity toward
3C-0 activation. The underlying reasons, however, remain unclear.
One explanation is that the addition of secondary components into
metal catalysts may geometrically disrupt metal atom ensembles,
altering their chemistry. For example, the incorporation of Sn in
SnPt alloys disrupts Pt ensembles resulting in selectivity shifts dur-
ing dehydrogenation reactions.[48-50] Zn and Ga influence the
size and shape of Pd and Ni ensembles as intermetallic components
that also alter reactivity.[51-54] The addition of a second compo-
nent, however, may also modify the electronic density of the metal,
as shown in DFT studies on layered metal models.[55] Therefore,
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selectivity shifts for C-O activation due to the incorporation of P
into Ni could arise from changes in the geometry of the active sites,
the electronic structure of the underlying material, or some combi-
nation of the two.

Structural inspection of Ni and Ni,P transition states computed
by DFT suggests that P does not participate in the chemistry, sug-
gesting the role of P is to geometrically and electronically modify
metal ensembles on transition metal phosphides (TMPs).[16] This
is also suggested by the preferred adsorption of probe molecules
such as H* and CH3* to metal sites over P sites for a significant
number of M,P(001) surfaces.[56] Measurements on rate inhibi-
tion by CO, H,, and NHj3 indicate that both the 2C-0 and 3C-0 acti-
vations occur at the same active site and involve the same number
of active sites. Visual inspection of DFT optimized Ni(111),
Ni;2P5(001), and Ni;P(001) structures shows that the vast major-
ity of the active sites for all of the reaction steps are comprised of
Ni atom ensembles. Therefore, P does not directly take part in the
chemistry for these reaction pathways.| 16] However, this still does
not answer the question as to how the addition of P causes the
shifts in selectivity.

In this study, we explore C-O activation of MTHF on a broader
set of isostructural transition metal (Fe, Co, Ru, Rh, Pd, Os, Ir, and
Pt) phosphides to elucidate if the role of P on Ni,Py is ubiquitous
and therefore present across other transition metal phosphides.
Decoupling the geometric and electronic effects of adding P to Ni
and other transition metals is crucial for tuning catalysts for the
conversion of biomass-derived molecules into useful chemicals.
We find that there is a nearly ubiquitous shift in selectivity
towards the hindered (3C-0) bond activation with the addition of
P to the various transition metals investigated in this work. How-
ever, these shifts in selectivity do not always lead to an outright
preference for >C-0 activation. Given that the two materials that
showed a preference for the hindered activation, Ni,P and Pd,P,
both contain Group 10 metals, this shift in selectivity is likely
caused by some combination of geometric and electronic effects.
Also, periodic trends show that the Group 10 metals (Ni, Pd, Pt),
have the highest activation barriers for C-O activation, but at the
same time show the biggest shift in selectivity with the addition
of P.

2. Computational methods

Periodic density functional theory (DFT) calculations were per-
formed using the Vienna ab initio simulation package (VASP).[57-
60] All calculations were implemented in the Computational Catal-
ysis Interface (CCI).[61] The wavefunctions were constructed using
plane waves with an energy cutoff of 400 eV, while the projector
augmented wave (PAW) method was used to describe the wave-
functions in the core region.[62,63] The Perdew-Burke-Ernzerhof
(PBE) form of the generalized gradient approximation (GGA) was
used to determine exchange and correlation energies for bulk
and surface formation.[64-66] The revised Perdew-Burke-
Ernzerhof (RPBE) functional exhibits better performance in pre-
dicting adsorption energies on metal surfaces;[64-66] therefore,
it was used for calculating adsorption, reaction, and activation
energies on M(0001), M(111),and M,P(001) catalyst surface mod-
els used herein. In addition, the fast Fourier transforms (FFTs) were
performed on either an untruncated FFT grid with twice the
momentum cutoff used for expanding the wavefunctions or a trun-
cated FFT grid with 1.5 x the momentum cutoff. Spin polarization
was used for all pure Ni, Fe, and Co structures because they are fer-
romagnetic. Previous DFT studies showed that the energy differ-
ence between spin- and non-spin-polarized calculations for
Ni;5P5(001) and Ni,P(001) structures was < 10~* eV.[67] There-
fore, all MyP calculations were done without spin polarization.
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Gaseous species were modeled within 16 x 16 x 16 A unit cells of
vacuum.

2.1. Bulk and surface formations

We extend our prior work on Ni(111) and Ni,P(001) by exam-
ining M(111) or (0001) pure metal surfaces (depending on
whether they are FCC or HCP, respectively) and comparing their
selectivities to their respective M,P structure that is iso-
structural to NiP(001). The unit cells of bulk Ni (space group

Fm 3 m)[68] and Ni,P (space group P 6 2 m)[69] were built from
crystallographic data and then both the atomic coordinates and
lattice parameters were optimized using DFT. The optimized bulk
lattice parameters for Ni (a b c 3.52 A) and Ni,P
(a=b=5.87 A and c = 3.37 A) were in close agreement with the
measured values (a = b = c =3.52 A for Ni[68] and a = b = 5.86 A,
c = 3.38 A for Ni,P)[70] and were consistent with previous DFT
studies.[67] The M,P bulk structures were constructed by substi-
tuting Ni for the metal of interest in the optimized Ni,P bulk struc-
ture (further details are in Section S1.1 of the SI), and the atomic
coordinates and lattice parameters were optimized. Geometries
of these bulk structures were optimized until the maximum force
on each atom was < 0.01 eV A~! and the wavefunctions were con-
verged to within 1078 eV. K-point meshes of 12 x 12 x 12 and
20 x 20 x 35 were used for the pure metals and metal phosphides,
respectively, during bulk structure optimization. The energies at
these K-point meshes changed by less than 1 x 1072 eV at larger
k-points, as further detailed in the SI (Section $1.2).[16] The lattice
parameters for these bulk structures were allowed to optimize.
Bulk formation energies (Efm,») were then calculated using these
optimized energies along with the balanced chemical formula with
the pure metal, phosphine (PHs), and gaseous hydrogen (H,). If a
material significatly restructured during the bulk optimization cal-
culations, it was excluded from any subsequent parts of this study
as was the case with Os,P, Ir,P and Pt,P. The structures were
cleaved to form slab-models from the highest k-point mesh from
the bulk material calculations.

Surfaces were cut from the corresponding optimized bulk
structures and further optimized while fixing the bottom two lay-
ers to their bulk positions. Pure metal surfaces were modeled as
3 x 3 close-packed periodic lattices with four layers in the
orthogonal direction and a 10 A vacuum between slabs. For FCC
metals, the (111) surfaces were used, while for HCP metals, the
(0001) surface was used as these are most isostructural to Ni
(111). In the case of Fe, which is typically a BCC metal, an HCP
(0001) structure was used to maintain the iso-structural compo-
nent of this investigation, because BCC metals lack a surface
isostructural to Ni(111). So, for the context of this study we
put Fe in the HCP (0001) (with optimized lattice parameters) to
maintain that structure.

For Ni,P surfaces, there is an alternation of planes in the z direc-
tion that have different Ni and P compositions; scanning tunneling
microscope (STM) images show the existence of two different ter-
minations on Ni,P(001) single crystals.[71] DFT calculations sug-
gest that the Ni-rich termination in Ni,P (001) has the lowest
surface formation energy by approximately 1.04 eV nm~2 and
about 0.52 eV nm 2 in comparison to the next lowest Miller index
for Ni,P.[16] Therefore, the Ni-rich Ni,P(001) surface was used. In
the interest of this iso-structural investigation, M,P surfaces were
constructed to match this Ni-rich Ni,P(001) surface. The M,P
(001) surfaces were modeled with 10 A vacuum in the z direction
and two repeating units. The layers in the bottom half of each slab
were fixed at their bulk positions during geometry optimization.
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Using these DFT calculated energies, surface formation energies
for each of the phosphides were determined.

Surfaces were optimized in three steps, the first step for this
process had wavefunctions converge to within 10~ eV and forces
were calculated using a truncated FFT grid. The second step had
wavefunctions converge to within 10° eV and forces were calcu-
lated using an untruncated FFT grid. Both steps converged after
the maximum force on each atom was < 0.05 eV A~'.[61] Lastly,
for the pure metals, a single point calculation was performed using
an enlarged mesh (8 x 8 x 1) with the same wavefunction criteria
as the first step. These settings, including the PBE exchange-corre-
lation functional, were used to calculate bulk and surface forma-
tion energies.

2.2. Energy barrier calculations

Adsorption, reaction, and activation energies were calculated
using the RPBE functional. These structures were optimized using
a multi-step process (two-step for M,P surfaces, three-step for M
surfaces) which has been demonstrated to be ~ 7 x faster than a
single step calculation for surfaces.[61] Wavefunctions were con-
verged to within 10* eV using a truncated FFT grid for Step 1
and 1076 eV using an untruncated FFT grid for Step 2. Structures
were relaxed until all forces on unconstrained atoms were
<0.1eVA'in Step 1 and < 0.05 eV A~! in Step 2. For both steps,
k-points meshes of 4 x 4 x 1and 5 x 5 x 1 were used for the metal
and M,P surfaces, respectively. After geometric convergence, the
electronic energy was determined by using a single-point calcula-
tion with an 8 x 8 x 1 k-point mesh and a wavefunction conver-
gence of 1074 eV.

The nudged elastic band (NEB) method[72,73] and the Dimer
method|[74] were used to obtain transition-state structures. The
NEB method was carried out using 16 images. Wavefunctions were
converged to within 1074 eV and the maximum force was con-
verged to < 0.5 eV A~ on each atom. This provides a rough esti-
mate of the minimum energy pathway and provides initial
guesses of transition state structures and reaction modes used in
the Dimer method. Then the Dimer algorithm was used with wave-
functions converged to within 107 eV and the maximum force
converged to < 0.05 eV A~! on each atom.

Vibrational frequency calculations were done for all catalytic
intermediates and transition states using a finite difference
method where atoms in all adsorbate structures were displaced
by 0.015 A in each direction to calculate the Hessian matrix. Vibra-
tional frequencies are used to estimate zero-point vibrational
energy (ZPVE) and temperature corrected enthalpies (H) and free
energies (G) (More details provided in Section S1 of the SI).

2.3. Charge analysis calculations

Partial charges were computed using the quasiatomic orbital
(QO) method developed by Qian et al.[75] and implemented into
the VASP code by Plaisance et al.[76] The quasiatomic orbitals gen-
erated by this method resemble valence atomic orbitals of free
atoms, but are slightly distorted so that they are able to exactly
reproduce all occupied bands in the ground state. This yields a con-
venient tight binding basis for constructing the population matrix.
Once the population matrix is constructed in the QO basis, a
Lowdin population analysis is performed to compute the partial
atomic charges. In contrast to Bader charge analysis, the QO
charges are associated with specific orbitals and thus have a more
fundamental chemical interpretation, as described further in prior
work.[76].
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3. Results and discussion
3.1. Ni and Ni,P overview

Our previous work has shown that both secondary and tertiary
C-0 activations in MTHF occur after complete dehydrogenation of
the C-atom and that C-H activations on MTHF are facile and rever-
sible over Ni and NiP, catalysts.[16,38] Kinetic measurements
during MTHF hydrogenolysis show equilibrated amounts of
methylfuran formed across a wide range of space velocities on
4 nm Ni, 5 and 19 nm Ni;»Ps, and 12 nm Ni,P catalysts. This sug-
gests that C-H readily activates on MTHF over Ni and Ni,Py cata-
lysts, irrespective of P content.[16] A reaction scheme that
assumes 2C-O and 3C-O activation are preceded by quasi-
equilibrated dehydrogenation steps was proposed,[16] starting
with the quasi-equilibrated dissociative adsorption of H, and the
adsorption of MTHF (Egs. (1), and 2 respectively):

Hy(g) = 2H (1)

(2)

After MTHF adsorption, two dehydrogenation steps (Egs. (3)
and (4)) precede the 2C-0 activation step (Eq. (5)),

“R-0"-CH, —+ % = -R-0°—CH — + H’

C5H100(g) = CsH]()O*

3)
(4)

(5)

where R represents the portion of the ring (-CH,CH,CH(CH3)-) that
does not directly participate in any of the steps related to 2C-0O acti-
vation. Only one dehydrogenation step (Eq. (6)) precedes the >C-0
activation (Eq. (7)),

RO -CH-++=R-0C-+H

RO -C—++=C-R-0

—R —0"—CH(CH3) — + * = —R'—~0"— C*(CH3) — +H" (6)

7)

where R’ represents the portion of the molecule (-CH,CH,CH,-)
that does not directly participate in any of the steps related to
3C-0 activation. The C-0 activations for each pathway are the rate
limiting (kinetically relevant) steps following complete dehydro-
genation. The recombinative desorption of H* (to form H,) is
assumed to be quasi-equilibrated and therefore kinetically irrele-
vant in this study.

Turnover rates (rates per site, L) for both 2C-0 and 3C-0 activa-
tion are proportional to the concentration of the MTHF-derived
reactive intermediates for their respective pathways (Eqgs. (5) and

(7))

'mc-0 _ kinc_0[C5He1mO"]
(L] (L]

—R -0"—C’(CHs) — + % = H3C—C"-R -O'

(8)

where m is either 2 or 3 for 2C-0 and 3C-0 activation, respectively.
Treating adsorption and dehydrogenation steps as quasi-
equilibrated, these rate equations can be rewritten in terms of the
concentrations of MTHF and H, reactants:

1200 KKK IMTHE - (K ] (%) (9a)
'sco B [*]
2050 oK MTHE - (K1 ) (m) (9b)

where rate (k) and equilibrium (K) constants are defined by their
corresponding reaction step equation in Equations (1)-(7). The
lumped rate and equilibrium constants in Equations 9 can be
defined for 2C-0 and 3C-0 activation:
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Ker2 = ksKaK3KoK ! (10a)

kg3 = ksKKo K, (10b)

and these effective rate constants are related to the free energies to
form the 2C-0 and 3C-0 activation transition states relative to a
bare catalyst surface:

_koT o

h
These effective barriers (AH# and AG#) are defined as the
enthalpy or free energy of forming the transition state
[CsH(10-42)0#] and a stoichiometric amount of gas-phase H, from
gas-phase MTHF (CsH00) and a bare surface:

keg (11)

C5H100(g) + *x — [C5H(10,Z/2)0*]f + }Hz(g) (12)
AH# = Hf + 1Hyy, — Hywe — H (13)
AGF = G# + AGHZ — Gumrur — G, (14)

These effective barriers are distinct from DFT-derived intrinsic
enthalpy and free energy barriers (AH, and AG,, respectively)
and reaction energies (AHx, and AG.y,) which denote differences
between a transition state or the product and the respective cat-
alytic intermediate preceding each elementary step. Critically, this
work focuses on selectivity, described here as y = gg,g and this
ratio can be written in terms of effective rate constants and reac-
tant concentrations:

,,

_Tsco _ Kegr 3 Hz}”z

15
keff.z ( )

© Tc-oo

The corresponding rate expressions for 2C-0 (Eq. (9a)) and >C-0
(Eq. (9b)) activation in MTHF differ by a half-order dependence in
H, pressure, reflecting differences in the number of C-H activa-
tions that precede each C-0 activation. Kinetic measurements on
the ratio of 2C-0 and 3C-0 activation rates as a function of hydro-
gen pressure showed that the ratio varies with (H,)"? across all
NixPy catalysts,[16] consistent with the proposed mechanism (Eq.
(15)). Furthermore, rate measurements show that the rates for
2C-0 and 3C-0 activations are equally inhibited by site-blocking
due to co-fed CO and NHs;[16] this suggests that secondary and
tertiary C-0 activations occur on the same active sites and require
the same number of those active sites on the catalyst surface. This
rate-ratio () can be related to a difference in effective free energy
barriers (AG#), described here as AAG:

y=er (16)

AAG = AGtyc_o — AGhsc_o (17)

Here, we summarize our past work on Ni(111) and Ni,P(001)
surfaces to contextualize the present study of other metals and
metal phosphides. Activation of C-H on MTHF occurs with lower
barriers than C-O activation in intermediates in which the C in
the activated C-O bond is not fully dehydrogenated, consistent
with the proposed mechanism. Enthalpic barriers for C-O activa-
tion (AH,¢) in MTHF and partially dehydrogenated intermediates
were estimated by DFT to be larger than the corresponding C-H
activations (Fig. 2). For example, AH, is 70 k] mol~! for the first
dehydrogenation step of 2C-O activation on Ni(111) versus
155 k] mol~! to activate the C-0 bond directly (Fig. 2). This differ-
ence in preference is observed for both 2C-0 and 3C-0 activations
on both Ni(111) and Ni,P(001) surfaces.

C-0 activations in MTHF and partially dehydrogenated inter-
mediates differ in the number of the stoichiometrically formed
H,(g), and hence they differ significantly in their activation entro-
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Fig. 2. Reaction coordinate diagrams showing enthalpies (AH) in k] mol~" relative to the bare surface and gas phase MTHF at 543 K for (a,c) the 2C-O bond activation and (b,d)
the 3C-0 bond activation. Enthalpies are shown for reactions on (a-b) Ni(111) and (c-d) Ni,P(001). The solid black lines indicate the preferred reaction pathway through the
fully dehydrogenated intermediate. The dashed red lines indicate alternate pathways where a C-0 bond is activated before full dehydrogenation. Each state is labeled with its
enthalpy and transition states are labeled with their overall free energies of activation (AG#) in k] mol~'. The intrinsic activation barriers (AH,) are provided in parentheses
for each reaction step. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

pies. As such, enthalpy becomes an inadequate descriptor to com-
pare these various C-O activations. Therefore, we compare these
pathways by using the overall activation free energies (AG#,
Fig. 2), which include these entropic contributions. The free energy
barriers for the fully dehydrogenated pathway are lower than
those for the other C-O activations, with the exception of 3C-0
activation on Ni(111), indicating that the fully dehydrogenated
C-0 activation pathway is the most favorable. These data suggest
that the mechanism occurs as described in Equations (1)-(7).
Hence, we will use a similar DFT analysis in this work to examine
additional pure metal and M,P surfaces isostructural to Ni and
Ni,P.

The ratio of rates (7 ) of product formation for Equations (5) and
(7) (Eq. (15)), as measured experimentally, serves to describe the
selectivity of secondary to tertiary C-O activation. Kinetic mea-
surements of C-O activation in MTHF (473-575 K, 5 kPa MTHF,
1 MPa H,) show that values of  increase with increasing P content
(~0.1 for Ni, ~0.5 for Ni;,Ps, and ~ 3 Ni,P), suggesting that incor-
poration of P systematically shifts selectivity towards 3C-O activa-
tion.[16] This is supported by DFT estimates of the enthalpic
barriers for fully dehydrogenated secondary and tertiary C-O bond
activation. On Ni(11 1) surfaces, activation of the 2C-0 bond (AH# =
133 and AG# = 163 k] mol~!) occurs with lower barriers than acti-
vation of the >C-0 bond (AH# = 181 and AG# = 237 k] mol~'). On
Ni,P in contrast, activation of the 3C-0 bond (AH# = 148 and AG#
=221 k] mol~ 1) occurs with a lower AH# barrier and equal AG# bar-
rier than activation of the 2C-O bond (AH# = 182 and AG# =
221 k] mol™'). The preference for the cleavage of the 2C-O bond
over the 3C-0 bond can be described by differences in activation
energies,
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AAH = AH#yc_o — AH#3c_o (18)
where a positive AAH or AAG (Eq. (17)) value indicates a prefer-
ence toward 3C-0 bond activation. Ni and Ni,P have AAH values
of —48 and 34 k] mol~! and AAG of —70 and 0 k] mol~! respectively,
suggesting that Ni,P more selectively activates the 3C-O bond over
the 2C-0, in agreement with experimental observations.[16] Fur-
ther, the Ni;,Ps surface studied in our previous work had a AAH
value (543 K) of 11 k] mol~! and AAG value of —13 k] mol~', indi-
cating selectivity falling between that of Ni and Ni,P, as observed
experimentally.[16] These AAH and AAG values for NiP, accurately
predict the trend of increasing >C-O activation selectivity with
increasing P content and will be used here to predict selectivities
in materials that have not yet been synthesized or tested to deter-
mine whether the effect of P incorporation is ubiquitous across a
series of transition metals.

3.2. Selection of other transition metal phosphides

The underlying reasons for the observed trends in selectivity
toward >C-0 bond activation with P incorporation in NiP, remains
undetermined. In most cases, the P atoms do not directly partici-
pate in the chemistry in either C-H or C-O activation reactions
in reactions on Ni,P, rather most adsorption and reaction steps
take place over P-modified metal ensembles.[16] Shifts in selectiv-
ity could be caused by either P altering the electronic nature of
these metal ensembles (e.g., creating positively charged Ni atoms),
or by altering their geometric arrangement or distribution (e.g.,
breaking up extended M domains). Here, we extend our under-
standing of Ni and Ni,P catalysts by investigating the MPs of other
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transition metals and comparing them to their respective pure
metal surfaces.

There are many transition metal phosphide materials that have
been synthesized, but few that match the structure and composi-
tion of NiP. We considered the Material Project[77] database
and Crystallography Open Database (COD)[78-83] for all of the
Groups 8-10 transition metals in rows 4-6 on the periodic table
(Fe, Ni, Co, Ru, Rh, Pd, Os, Ir, and Pt). These metals all have known
phosphide crystal structures, ranging from high P content in FeP,
and RuP4 (80 mol% P) to low P content in Pd{sP, (11 mol% P). While
most metals have been synthesized in the M,P stoichiometry, no
M,P material has been synthesized for Pd, Os, or Pt (Table 1).
[84-89] Furthermore, even for metals that have been reported
with M,P stoichiometry, they often exhibit different bulk struc-
tures from Ni,P. Indeed, only Fe,P exists in the same space group

(P 62 m) as NiyP (Table 1, Fig. 3a,c);[90-92] Co,P[93-97] and
Ru,P[98] exist in the Pnma space group (Fig. 3e,g), while Rh,P

[99] and Ir,P[100] are in the Fm 3 m space group (Fig. 3i,k). These
structural differences render it challenging to decouple geometric
from electronic effects within these materials.

We circumvent this challenge by constructing theoretical
models for bulk M,P structures that are initially isostructural to

Ni,P (P 6 2 m space group), followed by optimization of the atom
positions and lattice parameters. Bulk models for Os,P, Ir,P, and
Pt,P significantly restructured during optimization. In Ni,P, the
metal atoms coordinated with each P atom tend to form a triangu-
lar shape around the P atom from a top-down view (Fig. 3b). How-
ever, a hexagonal shape was formed around the P atoms for Os;P,
Ir,P, and Pt,P (Fig. 31,0,p). Therefore, these three M,P structures of
row 6 metals were excluded from further investigation, while
those composed of metals in rows 4-5 were examined for C-O
hydrogenolysis reactivity. Another option would have been to con-
strain the Os, Ir, and Pt-based structures to match that of Ni,P, but
we believe that modeling constrained surfaces can give misleading
results for the chemistry.

The stability of the theoretical structures was examined using
bulk and surface formation energies. The bulk formation energy
(AEform b) Was calculated across all theoretical structures with
respect to the corresponding pure bulk metals along with gas-
phase phosphine (PH3) and H,,

AEform, b = UHZEHZ + UM5P3EM5P3 - UPH3EPH3 - DMbquEMbulk (19)

where v, are stoichiometric coefficients. The AEgy, , values for
Co,P, Fe,P, Pd,P, RhyP, and Ru,P are relatively close to NiyP
(within ~ 40 k] mol~'P~") (Table 2). Meanwhile, Pt,P, Ir,P, and
Os,P (the bulk systems that restructured) have significantly less
negative AEg,m , Values than Ni,P, rationalizing their restructuring
and exclusion from further investigation.

Table 1
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Bulk structures were cleaved to form M,P(001) surfaces,
matching the low energy surface for Ni,P. From these, surface for-
mation energies (AE¢,m s) were calculated using,

AEform‘s = (Esurf - UEbulk)/(ZAsurf) (20)

where Egrand Epy are the surface and bulk optimized energies of
each, v (Nsuf/Npuiw, N being number of atoms) is a stoichiometric
factor, Aqy,f is the surface cross-sectional area of the top of the slab,
and the factor of 2 corresponds to the formation of both a bottom
and top surface in the slab models. Values for AE¢m s across the
examined M,P surfaces, are within + 8 eV nm 2 of that for Ni,P
(Table 2). This suggests that these M,P surfaces are not unrealistic
or under significant strain and can be further examined to deconvo-
lute electronic from geometric effects that arise from adding P to
transition metal surfaces during C-O hydrogenolysis. In this study,
because we are looking at these isostructural materials, the geomet-
ric effects of adding P to each of the transition metals will be quite
similar. As such, the results from this study will emphasize elec-
tronic factors that may result in shifting the selectivity of C-0O
hydrogenolysis with the addition of P.

3.3. Reaction mechanism on other metal and metal phosphide surfaces

MTHF hydrogenolysis pathways were examined on the other
Pt-group metals (Fe, Co, Ru, Rh, Pd, Os, Ir, Pt) and metal phosphides
(FeyP, CosP, RuyP, RhyP, Pd,P). The phosphides of Pt, Ir, and Os
phosphides were excluded from this study after the bulk material
calculations showed significant restructuring compared to Ni,P
(Section 3.1), although the pure metals are still included in the
analysis of periodic trends (Section 3.6). For this isostructural
study, HCP Fe was used rather than the more stable BCC crystal
structure since the latter does not have a close-packed surface that
matches the Ni (11 1) surface; hence the Fe HCP(0001) surface was
used instead.

The general mechanism on all surfaces (metals and metal phos-
phides) for C-0O hydrogenolysis is analogous to the mechanism
found on Ni and Ni,P. As seen in Fig. 4 for Co and Co,P, in Fig. 6
for Pd and Pd,P, and Figures S3-S7 in the Supporting Information
for the other surfaces, the relative activation enthalpies of all
C-H activation steps are lower than the corresponding C-O
activation steps from the same intermediate. In other words, the
activation barrier is always lower to dehydrogenate the carbon
atom than to cleave the C-O bond until the carbon atom is fully
dehydrogenated. Furthermore, the transition state for C-O activa-
tion from the fully dehydrogenated intermediate has a lower free
energy than C-O activation transition states from intermediates
earlier along the reaction pathway. Therefore, it can be concluded
that hydrogenolysis generally occurs by full dehydrogenation of
the carbon atom followed by kinetically relevant C-O cleavage.

In addition, it is found that the reaction intermediates of both
the 2C-0 and 3C-0 hydrogenolysis pathways bind to the M,P sur-

Summary of all the metal phosphides investigated in this study and whether similar materials have been studied in terms of composition and preferred crystalline structure

(space group).

Metal Row Column Synthesized Phosphide Stoichiometries M,P Space Group
Fe 4 8 FeP,, FeP,, FeP, Fe,P, FesP, Fe,P P62m

Co 4 9 CoPs3, CoP,, CoP, Coq,P7, CozP, CosP Pnma

Ni 4 10 NiPy, NiPs, NiP,, NiP, NisP4, NioP, Ni;»Ps, NigPs, NisP P62m

Ru 5 8 RuP4, RuP3, RuP,, RuP, Ru,P Pnma

Rh 5 9 Rh4P3, Rh,P Fm3m

Pd 5 10 PdPs, PdP,, Pd,Ps, PdsP, Pd4P, PdgP, Pd;sP2 -

Os 6 8 OsPy4, OsP, -

Ir 6 9 IrP3, IrP,, Ir,P Fm3m

Pt 6 10 PtP,, PtsP,, PtsP -
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) ) ™
& & &\\ -\‘ W\
T\
4\ oty 4
L \ -
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a=393 b=393 =393 a=6.10 b=610 ¢=379 a=396 b=396 =396 a=6.51 b =6.51 c=261

No M,P Structure Pd,P Opt. P62m Pt,P Opt. P62m Os,P Opt. P62m

CPRC

PdP PtP Os,P @=645 =645 c=364 a=682 b=682 =351 a=611 b=611 c=387

Fig. 3. The known bulk M,P structures for Pt-group metals (a,c,e,g,i,k,m,0) and the theoretical bulk structures created for the purposes of this study (b,d,f,h,j,1,n,p). No M,P
structure has been synthesized, in any space group, for Pd, Os, or Pt phosphides. Above the known structures the space group for each structure is given.

Table 2
Bulk (k] mol~') and surface (eV nm~2) formation energies for all of the transition metal phosphides calculated using Equations (19) and (20) respectively.
Fe,P Co,P Ni,P Ru,P Rh,P Pd,P Os,P Ir,P Pt,P
Bulk -261 -313 —284 -230 —292 —246 —100 —-169 -191
Surface 16 13 9 14 9 5 N/A? N/A? N/A*

2 These surfaces do not have surface formation energies because their bulk models restructured during optimization.
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Fig. 4. Reaction coordinate diagrams relative to the bare surface and gas phase MTHF at 523 K for Co(0001) for the 2C-0 bond activation (a) and the >C-0 bond activation (b)
along with the reaction coordinate diagrams for Co,P(001) for the 2C-0 bond activation (c) and the 3C-0 bond activation (d). The solid black lines indicate the main (fully
dehydrogenated) reaction pathway. The dashed red lines indicate alternate pathways where a C-O bond is activated before full dehydrogenation. The red and black numbers
correspond to the relative enthalpies of their respective reactant, product, or transition state. The intrinsic activation barriers (AH,) are provided in parentheses for each
reaction step. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

face in a similar configuration as on Ni,P (Fig. 5). A similar config-
uration is also found for the pure metal surfaces compared to Ni
(Fig. S22). Therefore, the active sites on all additional surfaces
should resemble, at least geometrically, those on Ni and Ni,P.
These similarities among surfaces suggest that there are no arti-
facts associated with differences in mechanisms or active sites
between the models; therefore, DFT models can elucidate the role
of P in Ni,P and other transition metal phosphides through the
decoupling of electronic and geometric effects.

3.4. Selectivity shift between Co and Co,P

The DFT-calculated transition state formation enthalpies (AH#)
and free energies (AG#) on Co(0001) are similar to the correspond-
ing values on Ni(111) surfaces (Figs. 2 and 4). In contrast, the AH¥
and AG# values are much lower on Co,P(001) than on Ni,P(001)
for both 2C-0 and 3C-0 activation. While one could surmise that
Co,P(001) surfaces would be more reactive than Ni,P(001) sur-
faces, should the former be investigated experimentally, it is
important to remember that these AH# and AG# values reflect bar-
riers to form 2C-0 and 3C-0O activation transition states from bare
catalyst surfaces. In reality, both Co,P(001) and Ni,P(001) surfaces
are expected to be covered (in part or fully) by strongly bound site-
blocking intermediates, such as CO* formed from decarbonylation
of ring-opened products.[16] Accurate prediction of turnover rates
among both metal and metal-phosphide surfaces would first
require determination of the most abundant surface intermediates
(MASI) under reaction conditions along with calculation of the
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energies required to desorb such species to make room for C-O
activation transition states. Such predictions are most useful along-
side measured kinetic data that can give insights into the identity
of MASI, as done in prior work on NiP,, but is outside our immedi-
ate attention.[16] Instead, this work is focused on how P incorpo-
ration impacts the selectivity, or relative rates, of 2C-0 and 3C-0
activation. These relative rates are, fortunately, independent of
the MASI as shown by CO cofeeds at different pressures (thus vary-
ing CO*, MTHF*, and H* coverages). The presence of such MASI
equally inhibited 2C-0 and 3C-0 rates without impacting the ratio
() between them. These selectivities (%) on Ni and NiP, surfaces
were shown to correlate with calculated AAH and AAG values
(Egs. (11) and (12)), which accurately predict shifts in selectivity
with P incorporation in NiP, materials, as described in Section 3.1.
[16].

The addition of P to Co causes a shift in selectivity towards 3C-0
activation, but less significant than the shift observed for the addi-
tion of P to Ni. The AAG value for Co(0001) is —65 kJ mol~!, sug-
gesting that the pure Co surface is selective towards the
unhindered 2C-O activation. This is consistent with trends
reported for Ni(111) (AAG value of —70 k] mol™!), indicating very
similar selectivities would be observed for Co and Ni, and their
similar AAH values indicate this would be true across a range of
temperatures. The AAG value for Co,P(001) is —54 k] mol~!, in
contrast to Ni,P(001) for which the AAG is 0 k] mol~. So, unlike
Ni,P, we expect that Co,P would preferentially cleave 2C-O bonds
in MTHF. Other studies have shown that it is not unusual for Co,P
to be less selective than Ni,P for C-O hydrogenolysis[7] and other
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Fig. 5. Transition state structures for C-O activation on Ni,P (a-b), Co,P (c-d), Fe;P (e-f), Pd,P (g-h), Rh,P (i-j), and Ru,P (k-1) for both 2C-0 (a,c,e,g,i,k) and >C-0 (b,d,f,h,j,1)
activations. Also, listed are the AH# (k] mol~"), AG# (k] mol~'), and AS# (J mol~! K~1). The differences between the 2C-0 and >C-O for these values are also provided in the form

of AAH, AAS, and AAG.

reactions such as hydrodesulfurization and hydrodenitrogenation.
[18] However, both AAH and AAG values are larger (less negative)
for Co,P than those over Co(0001) indicating that P does increase
the selectivity of Co catalysts toward 3C-0 cleavage, but to a lesser
extent than it does on Ni. This indicates that the simple presence of
P in the catalyst is not enough to shift the selectivity in such a way
that the 3C-0 activation would be the predominant reaction, but it
does make the catalyst more selective towards >C-0 activation in
the case of both Ni and Co.

3.5. Selectivity shift for Pd to Pd,P

The mechanism for C-0 activation over Pd(111) and Pd,P(001)
resembles that for Ni(111) and Ni,P(001), respectively, with one
exception. This exception is that 2C-O activation on Pd,P(001)
has a lower relative free energy barrier (307 k] mol~!) when occur-
ring directly from adsorbed MTHF prior to any dehydrogenation
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steps (C-O activation barriers of 357 and 329 k] mol~! after 1 or
2H removals, respectively, Fig. 6¢). It is unclear, absent kinetic
studies, whether such a change in the mechanism would occur
on a Pd,P surface (one that notably has never been synthesized
before). However, this data does add some uncertainty to whether
this reaction occurs on Pd,P via the same mechanism found for
Ni,P(001). MTHF does bind to Pd,P much the same way as it binds
to Ni,P(001) for both the 2C-0 and 3C-O activations (Fig. 5g-h).
The same can be seen for Pd(111) in comparison to Ni(111)
(Fig. S22).

The AAG values for Pd and Pd,P show an even greater shift than
those for Ni and NiyP. These values are calculated using the fully
dehydrogenated AG# for the 2C-0 activation (168 and 292 k] mol™!
for Pd and Pd,P) subtracted by the AG# for the >C-0 activation (216
and 214 k] mol~! for Pd and Pd,P) as described by Equation (17)
(Fig. 6). Pd has a more negative AAG value at —86 compared to
—74 k] mol~! for Ni, suggesting it (like Ni) will display high selec-



C. Waldt, H. Montalvo-Castro, A. Almithn et al.

Journal of Catalysis 421 (2023) 403-418

250- 250+ AG#= 295
*0 AG% = 291 = AG#= 292 216
T 199 4G =259 T . C-0#
2 2004a) Pa(t1t) E% Ky e 2 200{b) Pa(111) =~
2 (211) K F e 2 :
. ; = (215), )
T 150 : - 150 (158) CsHeO
| | | 0.5 Hy(g)
> 1 >
2100 h 2100
© h C:H;0* ©
w 504 (91),' w 504 (90)
4 I CsHg0" 0 ;
£ LHom | Hi(g) £ oo |
g -12) CsHiO* 0.5 H,(g) CsHg0* E 12
CsHio0* H* H* CsHio0*
504523k 0.5 Hy(g) _50d523K
AG# =329
AG¥= 357 202
300+ 02%2 A C-0# 300+
=0
T I g
L AG# =320
g 2501 C) PdP  jox=307 (199 7 250{d) PdP "5 ax=212
- 2 I 2 i3t C-0%
L |
Z 2001 / | (172) 186 = 200+ (212)1
T (197)1 1175 = 1176
< " I CsHsO* T "
é»]so_ l|746 (86): 136 Hy(g) :150_ l'
© | CH0"\720 2
= 0 | N Tk GRS s (165)]
* = -
uw (135)]]  CHOTN\ 89 05Hy(g) Hi(9) = 180 | oo 87
o ’1 H CHO* o s o i CaHy0*
= 0.5 Hy = Fi(g }
£ 50 : © 2 50 0.5 Hy(g)
© ©
o 11 o
0 X o s
CsH4o0" CsHyoO
C:H100(g) CsH100(9)
504523 K 504523 K

Fig. 6. Reaction coordinate diagrams relative to the bare surface and gas phase MTHF at 523 K for Pd(11 1) for the 2C-0 bond activation (a) and the *C-O bond activation (b)
along with the reaction coordinate diagrams for Pd,P(001) for the 2C-0 bond activation (c) and the 3C-0 bond activation (d). The solid black lines indicate the main (fully
dehydrogenated) reaction pathway. The dashed red lines indicate alternate pathways where a C-0 bond is activated before full dehydrogenation. The red and black numbers
correspond to the relative enthalpies of their respective reactant, product, or transition state. The intrinsic activation barriers (AH,) are provided in parentheses for each
reaction step. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tivity towards 2C-O activation. Furthermore, Pd,P has a much
greater AAG value at 57 compared to 0 k] mol~! for Ni,P, suggest-
ing that Pd,P would have excellent selectivity toward 3C-0 activa-
tion. Overall, this leads to a much greater shift in AAG values in
Pd/Pd,P versus Ni/Ni,P. Again, this AAG uses the activation free
energy for 2C-O cleavage in the fully dehydrogenated intermediate
(329 k] mol~', Fig. 6¢). However, even if one uses the lower value
for 2C-0 cleavage in intact MTHF (307 k] mol™!), Pd,P would still
have a AAG value of 35 k] mol~!, which is still the largest AAG
value calculated in our study across all metal-phosphides and pure
metal catalysts. Although Pd,P(001) has not been synthesized,
these large shifts in selectivity suggest that other Pd,P, (Table 1)
are worth exploring for the selective C-O activation of MTHF. Of
course, changing the stoichiometry and surface may cause changes
in the mechanism and preferred C-O cleavage route, but in our
prior work we showed that both Ni,P and Ni;,Ps, with distinct sto-
ichiometries and surface structures, led to higher selectivities
toward 3C-0 bond cleavage than Ni. Also, it may not be entirely
surprising that Pd phosphide would show high selectivity for this
reaction as other studies have shown PdP, catalysts to be highly
selective for other reactions, specifically involving dehydrogena-
tion.[56,101].
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3.6. Selectivity shifts in other transition metals

As shown in our previous work, the AAG between 2C-0 and 3C-
O activation on Ni-based catalysts increases with P-incorporation,
from —74 and —76 on Ni(111) and (001), respectively, to —13 on
Niy5P5 (001) and 0 k] mol™! on Ni,P(001), leading toward higher
3C-0 activation preferences on NiP, rather than pure Ni catalysts.
These AAG values are shown for Ni and other metal-based cata-
lysts in Fig. 7. For Co, as described in Section 3.4, this shift is much
smaller, as the AAG goes from —65 on Co to —54 k] mol~! on Co,P.
While for Pd, as described in Section 3.5, this shift is very large, as
the AAG goes from —86 on Pd to 57 k] mol™' on Pd,P. For Fe and
Rh, the AAG values were negative (favoring 2C-O cleavage) for
both the pure metal and M,P catalyst surfaces, and as observed
for Co, the addition of P to Fe and Rh to make Fe,P and Rh,P cata-
lysts cause the AAG values to become less negative, shifting the
predicted selectivity in the direction of 3C-O cleavage without
making 3C-0 cleavage the predominant route. Therefore, for 5 of
the 6 metals considered, P shifts the selectivity in the direction
of 3C-0 cleavage and in two cases (Ni and Pd), it causes >C-0 acti-
vation to become the predominant C-0 hydrogenolysis pathway. A
similar pattern can be seen for ethane dehydrogenation of M,P sur-
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Fig. 7. AAH (open circles and dashed lines) and AAG (solid circles and lines) plots
for all of the pure metal and phosphide combinations investigated at 523 K. Data
points for these plots were calculated using Equations (17) and (18). Positive values
mean a shift in selectivity such that hindered C-O bond activation is favored.

faces where Ni,P and Pd,P are significantly more selective toward
ethylene desorption than ethylene dehydrogenation in comparison
to other M,P materials (like Fe,P).[56] However, when comparing
Ru,P (AAG of —90 k] mol~!) to Ru (AAG of —48 k] mol~!), there
is a decrease in AAG (and AAH) values, suggesting that the selec-
tivity shifts further towards activation of the 2C-O bond upon P
addition. Ru and Ru,P thus deviate from the observed shift in selec-
tivity found on all other metals. The aforementioned ethane dehy-
drogenation study also observed shifts in binding energies of
various probe molecules with the addition of P to Ni and other
transition metals. These shifts were seen to correlate with the
observed shifts in selectivity, however it was not determined
why P causes changes in these binding energies.[56,102].

The observed shifts in selectivity are most likely a result of a
combination of geometric and electronic effects. Five out of six
examined phosphides showed shifts in selectivity towards >C-0
activation, suggesting that there is a nearly ubiquitous shift in
selectivity with the addition of P to these metals. However, these
shifts do not occur with equal nor with systematic extent. Only
two (NiyP and Pd,P) showed a large enough shift such that the ter-
tiary C-O bond activation is the preferred reaction (Fig. 8). This
likely means that the structural change that comes about with
the addition of P to Ni is not the sole cause for the shift in selectiv-
ity towards the hindered C-O activation. If geometric effects were
to dominate, we might expect more systematic shifts across all the
transition metal phosphides. The varying size of the metal atoms
would inherently change the geometry slightly from surface to sur-
face, but the large disparity in the size of the selectivity shifts (and
reverse shift with Ru) likely indicate that geometric effects alone
do not govern C-0 hydrogenolysis in MTHF. Therefore, it follows
that the shifts in selectivity of these catalysts results from elec-
tronic effects—in part or in whole.

3.7. Periodic trends in C-0 activation energies

We observe correlations between the AAG between 2C-0 and
3C-0 activations and the AG# barriers through periodic trends in
these values. In general, the AAG barriers decrease from Group 8
to Group 10 as well as when moving down from the 3d to the 5d
rows for the pure metal surfaces (Fig. 8). However, the AG# barriers
generally increase from Groups 8 to 10 and down the rows. In the
case of the M,P surfaces, AAG and AG# barriers generally increase
from Group 8 to Group 10 as well as when moving down from the
3d to the 5d rows. AG# barriers are only one piece of information
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needed to adequately describe the activity of a catalyst. Coverage
effects are not within the scope of this investigation. So, in exam-
ining these periodic trends, a correlation can only be made
between selectivity (AAG) and the “nominal” activity (AG#). For
the pure metal surfaces, this correlation suggests that moving from
Group 8 to Group 10 or moving from row 3d to 5d there is a
decrease in both nominal activity and selectivity. The M,P surfaces
show a different correlation with increasing selectivity and
decreasing nominal activity moving across the groups and down
the rows. As such, Ni,P and Pd,P (Group 10) are the most selective
materials towards 2C-0 activation (AAG > 0) (Fig. 5), however
these phosphides have high activation barriers compared to the
other surfaces. On the other hand, Fe,P and Ru,P have relatively
poor selectivity for 3C-0 activation AAG but have the lowest free
energy barriers of the metal phosphides. Similar trends were
observed for AH# (Figure S23).

The trends in the AAG values for the pure metal surfaces
showed only a weak trend with Group 10 metals (i.e. Ni, Pd, and
Pt) being the least selective for 3C-0 activation (Fig. 8e). This trend
flips and is more pronounced in the phosphide materials, with Ni,P
and Pd,P (Section 3.1 and 3.3) being the most selective for 3C-0
activation. Again, similar trends in AAH (Fig. S24). These trends
suggest that the valence shells and other electronic properties of
the metals may also play a role in shifting selectivity.

3.8. Origin of the electronic effects

Having established that the increase in selectivity towards 3C-0
cleavage is at least partially due to modification of the electronic
structure of metal atoms by phosphidation, it now remains to elu-
cidate the exact nature and quantum chemical origin of this elec-
tronic effect. Additionally, we seek to understand why this
electronic effect is most pronounced on the Group 10 M,P surfaces
while being significantly diminished or reversed on the Group 8
and 9 M,P surfaces. The simplest explanation would be that phos-
phorous alters the partial charge on the transition metal atoms,
leading to changes in bonding to the C and O atoms in the transi-
tion state. To examine this, partial charges were computed on the
metal atoms of pure metal and M,P surfaces using the quasiatomic
orbital method (details in Section 2.3). In looking at the average
charge of the metal atoms in both the surface layer and the entire
surface and both with and without MTHF present, all observed
trends were the same. Therefore, the average partial charge over
all metal atoms in the top layer of each bare surface (the simplest
reference state) is presented in Fig. 9, showing that phosphidation
results in a cationic shift in metal atom charge on most M,P sur-
faces, the exceptions being Ru,P and Rh,P. Electron withdrawal is
most pronounced on Ni,P, with an average removal of 0.3 e per
surface Ni atom, and decreases upon moving both from right to left
along the periodic table and from the 3d to 4d rows (with electron
addition occurring on Ru,P and Rh,P).

The decrease in electron withdrawal from right to left mirrors
the periodic trend of AAG, suggesting that the amount of electron
withdrawal may be related to the modification of selectivity. This
relationship is explored further in Fig. 10, which shows AAG with
respect to the average charge on metal atoms in the top layer of
each surface. Indeed, a positive correlation is observed between
these quantities on all surfaces except Rh/Rh,P. For example, the
metal charge on Pd increases from —0.02 to +0.16 e, and the
AAG increases from —86 to 57 k] mol~! upon P incorporation. As
described in Section 3.6, Ru,P is less selective toward 3C-0 activa-
tion as compared to pure Ru. From this analysis we see that Ru is
the only metal that becomes more negatively charged upon P
incorporation (—0.02 to —0.08 e), suggesting that P incorporation
makes it less selective by making Ru more anionic, consistent with
the prediction that more-cationic metal atoms have higher 3C-0
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Fig. 8. Periodic table trends for the fully dehydrogenated free energy barriers (AG# k] mol~') for the 2C-O activation for pure metal (a) and M,P (c) surfaces and 3C-0
activation for pure metal (b) and M,P (d) surfaces. Also, periodic table trends for the difference in fully dehydrogenated free energy barriers (AAG, k] mol ™) relative to the
bare surface for the pure metals (e) and the M,P surfaces (f). Red indicates the most selective towards >C-0 activation and blue indicates the most selective towards 2C-O
activation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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selectivity. However, the slope of the line for each M/M,P pair var-
ies significantly with the highest slope observed for Pd/Pd,P and
the weakest (closest to zero) slope for Co. For Rh, the slope is neg-
ative, and Rh is the only M/M,P pair in which the more cationic
metal (in pure Rh in this case) is less selective towards >C-0 cleav-
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Fig. 10. The difference between the free energies for the 2C-0 and *C-O activations
(AAG) versus the average charge on the metal atoms in the surface layer for Ni/Ni,P
(navy), Co/Co,P (blue), Pd/Pd,P (pink), Fe/Fe,P (teal), Rh/Rh,P (orange), and Ru/Ru,P
(coral). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

age than the more anionic metal (in Rh,P). However, the partial
charges calculated within the surfaces of Rh,P (—0.05 e) and pure
Rh (—0.03 e) are very similar, and it’s possible that uncertainties/
errors within the partial charge analyses lead to this counter-
example more than differences in the underlying physics or chem-
istry. This discrepancy could also be because factors, other than
simple charge effects, likely dominate in causing the observed shift
in selectivity. Overall, the varying slopes indicate that while the
selectivity modification is likely related to electron withdrawal
from the metal by P, there are other effects present that a simple
charge analysis cannot uncover.

Assuming that electron withdrawal from the metal by P is the
origin of the electronic effect accounting for modification of C-O
cleavage selectivity, we additionally desire to identify the quantum
chemical origin of the relationship between electron withdrawal
and AAG. One interpretation of this data is that the electron with-
drawal from the metal caused by P is the origin of the enhanced
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3C-0 selectivity. Under this assumption, the electronegativity of
the metal and the M—P ratio would be the primary variables that
control selectivity, as those influence the partial charge of the M
atoms. Secondary effects, however, may lead to the different slopes
shown in Fig. 10, but these effects will likely require further study
and more sophisticated probes of the electronic structure such as
the constrained orbital DFT.[76] This method allows one to intro-
duce constraints and modifications to the electronic structure in
a planewave DFT calculation. In this system of metals and metal
phosphides, we envision using the CO-DFT method to perform
modifications such as artificially changing the partial charge on
metal atoms or disallowing certain types of interactions between
the surface and the MTHF (such as m-bonding between M and C
or O atoms). We believe a possible explanation for the effect of
electronegativity on selectivity is that the transition state for C-0
cleavage requires stabilization of the p-orbital on the C as the
C-0 bond breaks. This occurs by m-bonding with metal d-
orbitals. In the 2C-0 transition state, the C is bound to two metal
atoms, so the C p-orbital has m interactions with both metals.
Therefore, each metal formally forms half of a n-bond with the C.
In the 3C-0 transition state, the C is bound to only one metal atom,
so the C p-orbital formally forms a full m-bond with this metal.
Withdrawal of electrons from a metal atom removes electrons
from the m* M=C states leading to strengthening of the M=C -
bond. As such, the CO-DFT method[76] may be able to help verify
our suspicions on this explanation.

4. Conclusions

The addition of phosphorous to Ni to form Ni;,P5(001) and Ni,P
(001) compared to a Ni(111) surface was previously shown to
shift the selectivity towards the breaking of the hindered (3C-0)
bond in 2-methyltetrahydrofuran (MTHF) with increasing P con-
tent. C-0 activation was shown to occur by a mechanism where
full dehydrogenation of the C atom occurs before C-O activation.
Lastly, through kinetic measurements with varying H,, MTHF,
and CO pressures along with DFT-optimized structures, we know
that secondary and tertiary C-O activations occur on the same
active sites and involve the same number of atoms. DFT calcula-
tions show that these sites are comprised of metal ensembles with
P not directly taking part in the chemistry.

Here, we investigate whether these selectivity shifts are ubiqui-
tous across a range of transition metals and their associated phos-
phides. For this study, bulk materials isostructural to NiyP (i.e., in

the P 6 2 m space group) were constructed and optimized for the
Pt-group transition metals and in many cases these were theoret-
ical materials that have not been synthesized. Pt,P, Ir,P, and Os,P
were excluded from further investigation due to restructuring
within their bulk materials. Bulk formation energies further sup-
ported the exclusion of these three materials. The remaining bulk
structures were cleaved to form M,P(001) surfaces for which sur-
face formation energies were calculated, justifying further study of
these surfaces. The thermodynamic and activation enthalpies and
free energies were calculated for each step of the secondary and
tertiary C-O activation pathways on these surfaces and corre-
sponding close-packed pure metal surfaces.

For all of the pure metal and phosphide surfaces, the predicted
mechanism is consistent with the one presented for Ni(111) and
Ni,P(001) in previous work. All C-H activations have a lower
enthalpic barrier than the corresponding C-O activation for that
step. Also, except for the 2C-0 activation on Pd,P, the C-0 activa-
tion after full dehydrogenation has the lowest AG# barrier for each
surface and pathway. To predict selectivities between 2C-0 and
3C-0 activations, AAH and AAG values were calculated for each
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pure metal and metal phosphide combination. Pd,P(001) in com-
parison to Pd(111) showed a similar trend in selectivity to Ni
(AAG of 57 and —86 k] mol~! respectively), suggesting that PdPy
materials should be tested experimentally for this reaction. Co,P,
Fe,P, and Rh,P showed slight shifts toward 3C-0 bond activation
in comparison to their pure metal counterparts. However, these
surfaces still showed a preference for the 2C-O bond activation.
Lastly, Ru,P(001) showed an opposite shift, away from 3C-0 acti-
vation, in comparison to Ru(0001). Because five of the six transi-
tion metal phosphides investigated do show shifts in selectivity
toward hindered bond activation, there is some evidence that geo-
metric effects play a role in the selectivity shift, but it does not
appear to be a dominant factor, given the variable selectivity shifts
(strongly toward 3C-0 in Pd and Ni, weakly toward 3C-0 in Co, Fe,
and Rh, and toward 2C-0 for Ru). Therefore, a combination of geo-
metric and electronic effects is likely what drives the shift in selec-
tivity seen with the addition of P to Ni.

Periodic trends were observed both for free energy barriers of
fully dehydrogenated C-O activations and for AAG values. For
the free energy barriers, across both C-O activations and across
both pure metal and phosphide surfaces a similar trend of increas-
ing AG# values going right along the periodic table is seen. For the
AAG values, there is a flip in trends when shifting from the pure
metals to the metal phosphides. The metal surfaces indicate a weak
trend of increasing selectivity for the 2C-0 activation going right
across the periodic table. Meanwhile, the phosphide surfaces indi-
cate increasing selectivity for the 3C-O activation moving right
across the periodic table. Together these trends indicate that the
most selective surfaces for the hindered C-O activation also have
the highest activation barriers to overcome possibly indicating an
inverse relationship between activity and selectivity. However,
activation barriers do not adequately predict activity. Ni and Pd
phosphides were the only two surfaces to show a preference for
hindered C-O bond activation. Because these two metals are in
the same periodic group, this suggests some form of electronic
effects influence the shift in selectivity. This analysis shows that
for five of the six M/M,P combinations in this study, the surface
with the more cationic metal adsorption site has the higher selec-
tivity suggesting that in general more cationic adsorption sites lead
to high selectivity. The lone exception, Rh, has very similar partial
charges in both the pure Rh and Rh,P surfaces, and thus secondary
factors unrelated to charge transfer may have larger effects for
those surfaces. Therefore, more sophisticated tools are needed to
fully elucidate the electronic effects of adding P to transition metal
catalysts. Other methods that may be useful include investigating
other materials that may be isostructural to NiP(001) such as
M,As, M,Si, and M;N structures to further understand geometric
and electronic effects. Other materials such as oxides could prove
useful for understanding more on electron withdrawal between
metal and nonmetal atoms, but oxides tend to lack metal ensemble
sites which make them poor candidates for this type of study. Fur-
thermore, in this manuscript, we use theoretical materials that are
isostructural to Ni,P(001) and found that Pd,P shows the greatest
selectivity for 3C-0 activation. In Section 3.2 we also list a variety
of PdP, materials that have been experimentally synthesized. Prior
work on NiP, materials shows that both Ni;»P5 and Ni,P showed
enhanced 3C-0 selectivity compared to Ni, thus indicating that
the synthesized PdPy materials, although structurally distinct from
the Pd,P examined here, are worthwhile catalyst candidates for
these materials.

Data availability

Data will be made available on request.
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