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ABSTRACT: We investigated the influence of P incorporation into a Ni catalyst on
ethane dehydrogenation (EDH). Density functional theory calculations on model
Ni(111) and Ni,P(001) surfaces reveal that surface P generally decreases adsorption
energies of fragments relevant to EDH at surface Ni sites but that P itself participates in e
binding some of these intermediates. These nonlinear influences of P cause CH;CH,—H CHC:“/ \C:Hiy: o,
activation to occur with similar facility on metal and phosphide surfaces, while CH,CH— e T e
H activation, an indicator of coking tendency, has much greater barriers on the phosphide.

We prepared Ni and Ni—P catalysts on an SBA-1S support to test these predictions. A
Ni—P catalyst with a 2:1 ratio (Ni,P(2)/SBA-15), corresponding to the Ni,P phase,
showed >80% ethylene selectivity during EDH at 873 K, compared to <1% ethylene
selectivity on Ni/SBA-15, and maintained this selectivity up to 4 h time-on-stream. Diffuse
reflectance infrared Fourier transform spectroscopy observations following ethylene
exposure and heating under an inert flow indicate the appearance of carbon deposits on
Ni/SBA-15 compared to ethylene desorption from Ni,P(2)/SBA-15, consistent with
predicted adsorption energy trends. Thermogravimetric analysis of spent EDH catalysts indicates significantly less carbon deposition
on Ni,P(2)/SBA-1S relative to Ni/SBA-1S. The results highlight the potential of metal phosphides as selective and robust alkane
dehydrogenation catalysts.

CH;CH;(g)
Dehydro l l
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1. INTRODUCTION

Shale gas is emerging as an abundant source of light alkanes in
the United States." This abundance has created new
opportunities in the petroleum and natural gas industry to
produce transportation fuels and chemicals directly from shale
gas.””’ Light hydrocarbons, like ethane, present a potentially
tractable option for catalytic upgrading, and dehydrogenation
to olefins is an attractive first step in that upgrading.” Steam
cracking of ethane to ethylene requires high temperatures
(1023—1223 K), is energy- and capital-intensive, and requires
regular maintenance to remove coke from furnace tubes.*”"’
Catalytic ethane dehydrogenation (EDH) is an attractive,
potentially less energy intensive, and more selective alternative
to steam cracking:

C,H, —» C,H, + H, (1)

EDH is endothermic (AHggyx = 137 k] mol™!), so
temperatures approaching 1000 K are necessary to achieve
useful conversions at atmospheric pressure.”'' At these
temperatures, thermal cracking to undesired side products
and deactivating coking compete with the desired ethylene
product. The main challenges in catalytic dehydrogenation are
thus (1) to increase ethylene selectivity and (2) to mitigate
coke formation.
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Pt catalysts are well known to be active for alkane
dehydrogenation, but Pt suffers from poor selectivity and
rapid catalyst deactivation arising from aggressive reaction with
dehydrogenation intermediates.' > Alloying of Pt with a
second metal (including Sn,"”"* Zn,"> and In'®) has been
observed to suppress side reactions caused by this over-
reactivity.” The increase in selectivity and stability over Pt-only
catalysts is attributed to the creation of a smaller ensemble of
Pt atoms on the surface and modifications of the electronic
structure of surface Pt."”~">'"7* For example, Galvita et al."”
observed an increase in ethylene selectivity and decrease in
coke production with increasing Sn content (0—30%) in Pt-
based, mixed Mg—Al oxide (Mg(Al)O)-supported catalysts
based on EDH experiments performed at 873 K. Isotopic
labeling experiments further identify ethylene itself as an
intermediate in the production of methane and coke. Similarly,
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Cybulskis et al."> observed an increase in the EDH selectivity
to ethylene at 873 K with the addition of Zn to Pt/SiO,
catalysts. Density functional theory (DFT) calculations relate
this improvement to a downshift of the Pt d-band and
associated decrease in adsorbate-surface binding, in particular,
of ethylene. Several DFT studies also reported that the d-band
shift in Pt- and Pd-based alloy surfaces leads to weaker alkene-
surface binding compared to that on pure Pd and Pt
surfaces.”' ~>* The energies of alkene desorption and alkene
dehydrogenation (and/or C—C bond scission) as computed
using DFT have been widely used to predict trends in alkene
selectivity across metal alloy catalysts.'>'”**~*” For example,
Hook et al.">** used supercell DFT models to compare C—H
and C—C bond scission pathways over Pt(111) and Pt,Sn/
Pt(111) (x = 1, 3) model-ordered surfaces and found that
absolute adsorption energies decrease and bond activation
energies increase with increasing Sn content. These trends are
attributed to a decrease in Pt ensemble size, which suppresses
C—C bond scission pathways while maintaining C—H
pathways, and modifications of the Pt electronic structure
that facilitates ethylene desorption. This prediction is in
agreement with the improved ethylene selectivity with
increasing Sn content in Pt/Mg(Al)O catalysts from Galvita
et al.’s experiments.

Metal-rich phosphides are a potential alternative to Pt alloys
as ethane dehydrogenation catalysts. In the high-metal-content
regime, phosphides have metallic character, suggesting
activities similar to bulk metals. Metal-rich phosphides can
also present ensembles similar to those of metal alloys,
potentially offering similar selectivity and coke resistance
advantages, and tend to be strongly ordering, thus resisting loss
of those ensembles at high temperatures.”®™>® Metal
phosphide catalysts have outstanding hydrogenation activ-
ity"”~*" and have been explored for hydroprocessing, including
hydrodesulfurization (HDS), hydrodenitrogenation (HDN),
and hydrodeoxygenation (HDO).>***73¢ Ni,P is known to be
the most active and selective phosphide-based hydroprocessing
catalyst.””~** This hydrogenation performance has stimulated
some interest in exploring the performance of Ni,P for the
reverse alkane dehydrogenation reaction.”'~** Wang et al.*!
reported that Ni,P relative to Ni supported on activated
carbon (AC) had increased isobutane dehydrogenation
conversion and selectivity to isobutene. The authors speculate
that the charge transfer from Ni to P weakens Ni—C bonding
and improves selectivity. Yao et al.** similarly reported that a
Ni,P/y-Al,Oj; catalyst is both more selective to propylene and
produces less coke than a Pt/y-Al,O; catalyst when used for
propane dehydrogenation at 893 K. Zhu et al.” found that a
maximum in selectivity to isobutene occurred at a Ni/P ratio
of 1, and they associated the high selectivity with the formation
of a Ni,P phase, as identified by X-ray diffraction (XRD). The
authors found that when insufficient P was added during
synthesis, phases other than Ni,P formed, while addition of P
above this ratio increased the acidity, resulting in reduced
selectivity. They further found using Fourier transform infrared
spectroscopy (FTIR) analysis that the (CH;),C=CH,
stretching band exhibits a larger red-shift when adsorbed on
a Ni/SiO, catalyst than on a Ni,P/SiO, one, consistent with
weaker olefin adsorption on the latter and better resistance to
coking.*

Herein, we expand upon the existing literature by using DFT
calculations and spectroscopic and reaction measurements to
interrogate the effects of P incorporation on the activity,

selectivity, and durability of Ni-based catalysts toward EDH.
We use DFT to compare analogous steps in ethane activation,
ethylene production, and deactivation, focusing on Ni(111)
and Ni,P(001) surfaces that share the same threefold Ni
ensembles. We find that P both weakens the binding of carbon-
containing species to the surface and, when isolating Ni
ensembles, limits reactions, leading to deactivation, as has been
proposed in the literature.”""** For experimental validation, we
prepare, characterize, and evaluate Ni and a series of Ni—P
materials with Ni/P ratios between 1 and 3 supported on SBA-
15. We observe that P has beneficial impacts similar to those
reported for metal alloys. Selectivity to ethylene is higher on
the Ni—P/SBA-15 materials than on Ni/SBA-15. The 2:1 ratio
material having the highest ethylene selectivity, denoted
Ni,P(2)/SBA-1S. This improved selectivity is consistent with
the greater resistance of Ni,P(2)/SBA-1S than Ni/SBA-1S to
coking when exposed to ethylene. The results highlight the
underlying origins of the performance advantages induced by
alloying a metal with phosphorus, in particular, the importance
of surface electronic and ensemble effects in controlling metal
phosphide reactivity.

2. METHODS

2.1. DFT Calculations. Density functional theory (DFT)
calculations were performed with the Vienna Ab Initio
Simulation Package (VASP).*™% Exchange-correlation en-
ergies were treated within the generalized gradient approx-
imation (GGA)* using the Perdew—Burke—Ernzerhof (PBE)
functional. Bulk lattice parameters were computed at a plane-
wave cutoff of 520 eV and slab calculations with a wave cutoft
of 400 eV. Ni calculations were performed spin-polarized; in
test calculations, we found Ni,P to have a negligible magnetic
moment.

Bulk Ni is face-centered cubic, and the GGA-optimized
lattice constant matches the experimental value of a = 3.52 A.*
Bulk Ni,P is hexagonal (space group P62m) and consists of
alternating Ni;P, and Ni;P planes stacked along the [001]
direction. GGA-computed lattice parameters of a = b = 5.88 A
and ¢ = 3.37 A are close to the experimental values of a = b =
5.86 A and ¢ = 3.37 A°° The Ni(111) and Ni,P(001) surfaces
were modeled with five- and six-layer slabs, respectively, with a
vacuum spacing of 15 A. The bottom three layers were fixed at
their bulk positions, and the remaining layers and adsorbates
fully relaxed. The (3 X 3) and (1 X 1) surface unit cells were
employed for Ni(111) and Ni,P(001). Supercell structures of
Ni(111) and Ni,P(001) are shown in Figures S1 and S2,
respectively. Monkhorst-Pack grids®" of 3 X 3 X 1 and 7 X 7 X
1 k-points were selected for Ni(111) and Ni,P(001) from k-
point convergence test calculations (Figure S3).

Geometries were relaxed to minima using the conjugate
gradient algorithm until forces on unconstrained atoms were
less than 0.02 eV/A. The climbing image-nudged elastic band
(CI-NEB) method was employed to determine the minimum
energy paths and calculate the activation energies for surface
reactions.”” The vibrational spectra were obtained by
calculating the Hessian matrix with finite differences of 0.015
A. Each transition state was verified to have a single imaginary
frequency along the reaction coordinate. Frequency calculation
results are summarized in Tables S2 and S3. All atomic
positions after geometry optimizations as well as full images of
CI-NEB calculations with corresponding energy profiles are
provided in the Supporting Information.
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2.2. Catalyst Preparation. SBA-15 was used as the high-
surface-area support and was synthesized using literature
methods.”>** First, 18 g of a triblock copolymer (P-123,
Aldrich) was dissolved overnight in an aqueous HCI solution
consisting of S60 g of deionized (DI) H,O and 100 g of HCI
(Merck, 37% Fuming). Approximately 40 g of tetraethyl
orthosilicate (Acros Organics, 98%) was added, and the
solution was stirred at 308 K for 20 h followed by thermal
treatment at 353 K for 24 h to swell the pores. The resulting
product was filtered, washed with DI water until the filtrate was
pH-neutral (approximately 750 mL), dried at least 12 h at 333
K, and calcined at 823 K for 6 h. Before use, the SBA-15 was
vacuum-dried for 3 h at 473 K and stored in a N, glove box.

Ni—P/SBA-15 samples were prepared by first making an
aqueous solution of citric acid (Alfa Aesar, 99%), Ni(NO,),-
6H,0 (Alfa Aesar, 99%), and (NH;),HPO, (Amresco, 98%)
at a citric acid-to-Ni molar ratio of 2 and the desired ratio of Ni
to P. The resulting solution was added to SBA-15 using
incipient wetness impregnation. The material was dried at 393
K for approximately 24 h and then calcined at 823 K for 3 h.
The material was reduced with flowing hydrogen (Airgas,
>99.995%) at 973 K for 2 h, cooled to room temperature
under H,, and then passivated with 1% O, in He mixture
(Airgas, >99.995%) for 1 h. The nominal Ni loading of the
catalyst was 10 wt %, and the nominal Ni-to-P ratio was varied
from 3 to 1. Ni/SBA-15 was synthesized using the same
process excluding the (NH;),HPO, in the precursor solution
and was reduced at 873 K. Ni reduces at a lower temperature
than do the Ni—P materials. Therefore, we chose to reduce the
Ni materials at reduction temperatures similar to those
experienced under EDH conditions.*"***°

2.3. Catalyst Characterization. In situ XRD measure-
ments were performed at the 11-ID-C beamline at the
Advanced Photon Source (APS) at the Argonne National
Laboratory using X-rays of 4 = 0.1173 A (105.715 keV).
Diffraction data were acquired using a PerkinElmer large-area
detector. The high-energy and high-flux X-rays are necessary
for collecting diffraction patterns on nanoparticles less than 10
nm in size to increase the signal-to-noise ratio and reduce the
background from the support. The high energy of the
synchrotron XRD results in patterns at lower 26 than
laboratory-scale XRD (e.g,, less than about 10°). Samples
were pressed into a self-supported pellet and loaded into a
thermal stage. The cell was initially purged with He to remove
any air prior to introducing a stream of 3.5% H,/He at 100
mL/min. The temperature was subsequently increased to 823
K for analysis. After the diffraction measurements were
completed at the reduction temperature, the cell was cooled
to 308 K and a second diffraction measurement was obtained.
The background scattering of the empty cell and SBA-15 was
obtained under the same conditions and subtracted from the
XRD patterns. The collected Debye—Scherrer ring diffraction
patterns were integrated using Fit2D software to obtain
intensity vs 20 diffraction patterns. Theoretical diffraction
patterns for possible structures were simulated at room
temperature using crystal information files imported to
Materials Analysis Using Diffraction (MAUD)>” and used to
identify the catalyst phase.

In situ X-ray absorption spectroscopy (XAS) experiments
were performed at the 10-BM beamline at the APS.
Measurements were performed at the Ni K (8.333 keV)
edge for each sample. Samples were pressed into a stainless-
steel sample holder and placed in a quartz tube sample cell.

The cell was sealed and treated at 823 K in 3.5% H,, cooled to
room temperature in He, and then transferred to the beamline.
The measurements were performed in transmission mode in
fast scan from 8132 to 9000 eV. The data were interpreted
using WinXAS 3.1 software to find the coordination number
(CN) and bond distance (R) using standard procedures.’®"’
FEFF6 software was used to simulate Ni—Ni (CN = 12, BD =
249 A) and Ni—P (CN = 1, BD = 2.25 A) scattering pairs.

High-resolution transmission electron microscopy (HR-
TEM) images were collected using a Titan 80-300 microscope.
Samples for TEM were suspended in acetone using sonication,
then drop-casted onto a carbon-coated copper grid, and dried
in a desiccator. Thermogravimetric analysis (TGA) of spent
catalysts was done using a Mettler Toledo Star 1 unit. The
method was performed at a 5 K/min ramp rate from room
temperature to 523 K and held for 10 h to remove any
physisorbed species, such as water, from the sample. Then, the
sample was further ramped at 5 K/min to 1073 K all in dry air
at 20 mL/min. The mass loss between 548 and 1048 K was
attributed to carbon species on the catalyst and support.

2.4. Ethane Dehydrogenation Experiments. Ethane
dehydrogenation experiments were conducted in a 5 mm ID
quartz reactor. Catalysts used for reaction were pelletized and
sieved to 150—250 um after calcination and then reduced as
described in Section 2.2. The catalyst mass was varied between
S and 50 mg and diluted with silica gel (Davisil, 150—250 ym,
Sigma Aldrich). The reaction conditions were 50% ethane
(Airgas, 99.9%), balance H,, and 873 K. The reactor effluent
was analyzed using an Agilent 7820A gas chromatograph with
a thermal conductivity detector. Before each reaction, the
catalyst was pretreated at 873 K for 1 h under a flow of 30 mL/
min H,. Ni,P(2)/SBA-1S and Ni/SBA-15 were compared at
3% conversion. This conversion was chosen to remain below
the equilibrium conversion for dehydrogenation (which is
approximately 5.7% to ethylene). Additionally, this conversion
was selected such that the products were in sufficient
concentrations to accurately quantify.

2.5. FTIR Experiments. Diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) was used to
examine ethylene (Airgas, 99.9%) adsorption on the catalyst
surface using a Bruker Vertex 70 with a Harrick praying mantis
high-temperature cell with ZnSe windows. The spectra were
collected at a 4 cm™" resolution with a 6 mm aperture, and a
liquid N,-cooled mercury—cadmium—telluride (MCT) detec-
tor. KBr (~80 mg) was placed into the sample cup, followed
by ~15 mg of sample on top of KBr. The sample was pressed
into a relatively flat surface before it was pretreated with H, at
30 mL/min for 2 h at 588 K. After pretreatment, 45 mL/min
He was introduced into the cell, and the background spectra
were taken at 588, 423, and 298 K. Ethylene gas (12 mL/min)
was then flowed into the cell at 298 K until the signal did not
change in intensity. The cell was purged with 45 mL/min He,
and the spectra were collected until the intensity was constant
at the same temperatures where the background spectra were
taken. For the controlled oxidation experiments, 1% O, in He
stream was introduced to the cell at 588 K. The spectra were
then taken after 30 and 130 min of exposure to 1% O, in He.

3. RESULTS AND DISCUSSION

3.1. DFT Comparison of Ni(111) and Ni,P(001)
Surface Chemistries. We first turn to DFT to highlight the
potential influences of P incorporation into Ni on EDH
reactivity using Ni,P as a model phosphide. To minimize

https://dx.doi.org/10.1021/acs.iecr.0c00908
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effects arising from gross structural differences between the
two model substrates, we focus on the close-packed Ni(111)
surface termination and the geometrically similar NiyP, (“A”)
termination along the (001) direction of Ni,P(001) (Figure
1). Both models contain Ni; ensembles, contiguous on Ni and

(a) Ni(111)

AR A AN

S -

L NI

(b) Ni,P(001)

LR N RN
L

)'..‘.."
AT AT AT A

bridge M3P2

Figure 1. Top views of (a) the Ni(111) and (b) A-termination of
Ni,P(001). Computational supercells are indicated with light lines, Ni
atoms shown in gray, P shown in lavender, and adsorption sites
labeled on each surface.

isolated by P atoms on Ni,P(001). The Ni,P (“B”) termination
along the (001) direction presents similar ensembles (Figure
$2), and both terminations are identified in scanning tunneling
microscopy (STM) and photoemission electron spectroscopy
(PEEM) observations of Ni,P single c1’ystals.60’61 DFT
calculations show that the A termination is lower in energy
than B over a wide range of P chemical potentials.’”
Calculations on the A and B terminations lead to similar

conclusions, and we focus the discussion here on the A results.
Figures S4—S7 compare computational results on the two
terminations.

We compared the site preferences and binding energies of
hydrogen and relevant C1 and C2 hydrocarbon species (C,
CH, CH,, CH,;, CHCH,, CH,CH,, CH,CH,, and CH;CH,;)
on Ni(111) and Ni,P(001). We identified four unique
adsorption sites on Ni(111) and five on Ni,P(001) (Figure
1), placed each adsorbate at each adsorption site, and relaxed
the systems. Adsorption energies E_ 4 and site preferences are
summarized in Table S1. To highlight the influence of P on
adsorption characteristics, we compared the structures and
energies of adsorbates constrained to the Ni; ensembles
(Figure 2a) and at the lowest-energy sites on both surfaces. For
this comparison, adsorbates at the Ni; ensembles were
initialized in configurations corresponding with the lowest-
energy configurations on Ni(111). Resultant optimized
structures are summarized in Figures S9—S12. We define the
relative adsorption energy E.. = E,qsnip(001) — Eadsnici11) such
that E,; > 0 implies weaker binding on the Ni,P(001). Figure
2b shows DFT-computed E, of H, C1, and C2 hydrocarbon
species constrained to Niy ensemble sites (black bars) and in
the lowest-energy configuration (red bars). Binding of C-
containing species is diminished by up to 0.75 eV at the metal
phosphide Nij; sites, despite similar adsorption geometries. As
shown in Figure S13, the Ni d-electron densities of states (d-
DOS) and d-band center (&4) are shifted to approximately 0.4
eV lower energy on Ni,P(001) relative to Ni(111), consistent

(a) (b)

Ni3 ensemble

0.90
I Ni3 ensemble
S 0.75 [ Lowest energy
L
Ni(111) ®= 060
o =2
e
S 0451
L !
=
28 0.30
22
® ¥ 0154
oW
,‘2_' ]
Ni,P(001) 5 000y
«

-0.15 4

(c)

Ni3

- B 5 8
0 S B
e B8 PR

Figure 2. (a) Ni; ensembles on Ni(111) and Ni,P(001). (b) Adsorption energies on Ni,P(001) relative to Ni(111). Black and red bars correspond
to adsorption confined to the Ni; ensemble and to lowest-energy sites, respectively. (c) Binding configurations of sp> and sp® hydrocarbons at the
Ni; ensemble (first and second rows) and their lowest-energy sites (third and fourth rows).
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with a general decrease in adsorbate binding.“’64 DET
calculations similarly show that alloying of Pt with Sn results
in a decrease in adsorbate binding from Pt(111) to
Pt3Sn(111).12’17’22’65_67

While H, C, and CH prefer to adsorb on the Ni; ensemble
sites (Figure S9), sp* CH, and CHCH, preferentially adsorb at
Ni—P bridge sites, and sp* CH; and CH,CHj prefer to adsorb
atop P (Figure 2c). The energy difference is greatest for
CH,CHj;, which goes from a positive to negative E,, when P
sites are considered. This participation of P itself in the surface
chemistry stands in contrast to P‘c3Sn(l11),12’17’22’65_67 where
similar calculations show that all species relevant to
dehydrogenation prefer Pt; ensemble sites.

3.2. Comparison of Initial Ethane Dehydrogenation
on Ni with Ni,P. To compare relative activities toward ethane
C—H bond activation, we computed reaction pathways for the
initial ethane C—H activation (CH;CH,(g) + * - CH,CH;*
+ H*) on Ni(111) and Ni,P(001). Within the DFT model
here, ethane weakly physisorbs with no site specificity on both
surfaces. As reported in Figure 3, we computed reaction

surfaces is the substantially greater lateral repulsion energy on
Ni,P(001) than on Ni(111).

Thus, these computational results suggest that P incorpo-
ration will have at most a modest influence on C—H activation
activity based on nearly identical C—H bond activation
energies. As we describe more fully below, ethane is converted
to hydrocarbon-based products over both Ni/SBA-1S and Ni—
P/SBA-15, consistent with the activity predictions. Absolute
activity comparisons are complicated by deactivation of the
catalyst at reaction conditions.

3.3. Comparison of Ethylene Selectivity on Ni and
Ni,P. Selectivity is of paramount importance in EDH. We
adopt a com(?utational approach inspired by previous
works'>! 72995 and use the difference between ethylene
desorption (CH,CH,* — CH,CH,(g) + *) and ethylene
dehydrogenation (CH,CH,* + * — CHCH,* + H*) energies
as a selectivity indicator. Again, we chose energy-minimizing
initial and final states. As shown in Figure 2b, CHCH,*
energies at the Ni; ensemble and the MIPI sites are
comparable. We compared H-CHCH, activations leading to
either site on Ni,P(001); both pathways lead to similar

1S (CHiCHy*) 751 " T2 FS(CHiCHy" +HY) conclusions and are compared in Figure S8.
@) Ni(111) 1 . . .1 . .
i NAN QX As reported in Figure 2 and indicated in Figure 4b, ethylene
adsorption/desorption energies are computed to be nearly
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Figure 3. (a) Geometric structures of initial state (IS), intermediate < 06 LCHe) —_—
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ethane dehydrogenation on Ni(111) and Ni,P(001). (b) Energy S 04+ \
profiles of ethane dehydrogenation to ethyl on Ni(111) and 02
Ni,P(001). Black and red curves indicate the energy profiles on N -
Ni(111) and Ni,P(001), respectively. 0.01
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pathways from arbitrary initial states to the lowest-energy
product configuration, including ethyl and H adsorbed at
second nearest-neighbor fcc sites on Ni(111) and ethyl at a P1
site and H at the neighboring M3 site on Ni,P(001). Both
pathways exhibit two transition states, corresponding to C—H
bond breaking (TS1) and diffusion of intermediate species
(TS2). C—H bond breaking (TS1) occurs across Ni sites on
both surfaces with similar activation energies (TSI in Figure
3). After C—H bond breaking, intermediates diffuse away from
each other to minimize adsorbate—adsorbate repulsive
interactions and to adopt preferred binding sites. In this step
on Ni(111), ethyl diffuses from the top site to the fcc hollow
site with a negligible energy barrier (0.03 eV). On Ni,P(001),
adsorbed ethyl and H diffuse simultaneously (TS2 in Figure 3)
to their preferred P1 and M3 sites, respectively, with a barrier
of 0.16 eV. The only notable difference between the two

Figure 4. (a) Initial state (IS), transition state (TS), and final state
(FS) structures for ethylene dehydrogenation on Ni(111) and
Ni,P(001). (b) Relative energies for dehydrogenation vs ethylene
desorption on Ni(111) (black) and Ni,P(001) (red).

identical on Ni(111) and Ni,P(001), as are H* and CHCH,*
adsorption energies. The computed reaction pathways
connecting these initial and final states are quite different,
however. On Ni(111), C—H bond cleavage takes place from
the initial fcc-top site and the elongated H atom binds onto a
neighboring top site (TS in Figure 4). In contrast, when
starting from the lowest-energy CH,CH, site on Ni,P(001),
ethylene must rotate and move to an M1P1 site to activate its
C—H bond and the elongated H is located at the nearest Ni
atom. As a result, the activation energies for ethylene
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dehydrogenation are much greater on Ni,P(001) than on
Ni(111). After C—H bond cleavage on Ni(111), vinyl remains
at an fcc-top site, while dissociated H migrates to an hcp
hollow site. On Ni,P(001), vinyl rotates again to reach its
preferred adsorption configuration and H is located at an M2
site. Unlike Ni(111), the H atom is blocked from the preferred
M3 site by the vinyl species. The isolation of the Ni; ensemble
by P thus constrains the ethylene dehydrogenation pathway
and increases the activation energy for this. The DFT results of
Figure 4b thus suggest that P incorporation into Ni will
improve ethylene selectivity. These results highlight the
contrast between ensemble effects on Ni,P and Pt;Sn: on
the latter,'>'” H—CH,CH, and H—CHCH, activations occur
along similar pathways, while on Ni,P, the two pathways
diverge because of the strong preference of CHCH,* to
associate with P.

We measured ethylene selectivity during ethane dehydro-
genation experiments on Ni/SBA-15 and Ni—P/SBA-1S,
varying the Ni/P ratio from approximately 3:1 to 1:1. SBA-
15 was chosen as a support due to its large specific surface area,
uniform pore size distribution, and high thermal stability.”* We
found that a Ni/P ratio of 2, denoted as Ni,P(2)/SBA-1S,
showed the highest ethylene selectivity (Figure S14), as
discussed in more detail below. Thus, we selected the
Ni,P(2)/SBA-15 sample for further analysis.

The phase of the Ni,P(2)/SBA-1S material was analyzed
using synchrotron XRD. The X-ray energy was 105.715 keV,
resulting in diffraction patterns at a low 260 angle, e.g,, of less
than 10°, compared with laboratory XRD. The high flux of
synchrotron XRD gives a better signal-to-noise ratio, and the
high-energy X-ray allows for increased sensitivity from Ni
scattering. The resulting pattern is shown in Figure Sa and

— Ni,P(2)/SBA-15
— Ni,P Simulated
from MAUD

Intensity

26 ()

Figure S. (2) Synchrotron XRD pattern and (b) HR-TEM image of
Ni,P(2)/SBA-15.

contains broad peaks in the regions, consistent with the Ni,P
phase.”” Due to the broad nature of the peaks, the phase purity
of this material is inconclusive. HR-TEM analysis was also
performed, and d-spacing of 0.22 nm was observed, which was

consistent with the (111) plane of Ni,P (Figure 5b).*” The
local structure of the Ni/SBA-15 and Ni,P(2)/SBA-15
materials was probed with XANES and EXAFS analysis, and
the results are provided in Table 1. The XANES energy (8.333
keV) is consistent with metallic Ni for both samples and subtle
changes in the white line for Ni,P(2)/SBA-15 are consistent
with the addition of P. In Ni/SBA-1S5, there are 6.8 Ni—Ni
bonds at 2.47 A, whereas the addition of P leads to the
elongation of Ni—Ni bonds in Ni,P(2)/SBA-1S. In Ni,P(2)/
SBA-15, there are 2.0 Ni—Ni bonds at 2.54 A and 2.7 Ni—P
bonds at 2.25 A, consistent with the ideal Ni,P phase. The
coordination number ratio (CNy;_p/CNy;_p;) is approx-
imately 1.5, which is consistent with a Ni,P structure. The
difference in the optimum Ni/P ratio seen here relative to the
optimum Ni/P ratio reported for isobutane dehydrogenation
by Zhu et al.” could be due to differences in the catalyst
preparation and pretreatment conditions. Here, we report
experimentally determined compositions from elemental
analysis (Table S6), whereas the previous literature used
nominal values. Because P is commonly lost during the TPR
synthesis method, the optimum composition aligns with the
Ni,P phase.**”® Additional characterization of these materials
including surface area, bulk composition, and particle size
analysis is given in Table S6 and Figure S15.

As mentioned earlier, both Ni and Ni,P catalysts activate
ethane but have different product distributions. Figure 6a
shows ethylene selectivity for Ni/SBA-15 and Ni,P(2)/SBA-15
during a 4 h time-on-stream EDH experiment. The catalyst
mass and total flow rate were varied such that both Ni,P(2)/
SBA-15 and Ni/SBA-1S had similar conversion profiles with
conversions of approximately 3% after the initial deactivation
period (roughly the first hour) (Figure S16). The ethylene
selectivity over Ni/SBA-15 was <1%, while the ethylene
selectivity over Ni,P(2)/SBA-15 was >80%. The ethylene
selectivity of Ni,P(2)/SBA-1S decreased with increasing
conversion. However, it remained well above the ethylene
selectivity of Ni/SBA-1S throughout the conversion range
evaluated (up to 8% conversion). Ethylene selectivity varied
with the Ni/P ratio (Figure S14). This dependence could be
due to variations in the structure with composition, which have
been shown to affect isobutane dehydrogenation performance
of Ni—P catalysts.”’ Even with this variation, all Ni/P ratios
showed higher ethylene selectivity than Ni/SBA-15. This
improved ethylene selectivity for Ni—P/SBA-15 materials over
Ni/SBA-1S matches the trends reported in the literature for
isobutane and propane dehydrogenation with similar materi-
als."'™* These results also corroborate the computationally
predicted selectivity trend. Figure 6b shows the apparent
ethylene production rate for both Ni,P(2)/SBA-15 and Ni/
SBA-15. Both materials show the expected decrease in activity

Table 1. XANES Energy and Fitted Bond Distances from EXAFS for Ni,P(2)/SBA-15 and Ni/SBA-15“

sample XANES energy (keV)

Ni,P (ideal structure) structural simulation (Ni bound to 4 P)

structural simulation (Ni in center)

Ni/SBA-15
Ni,P(2)/SBA-1S

8.333
8.333

scattering pair CN R (A) o (A%) AE, (eV)

Ni—P 4 2.24 (avg)

Ni—Ni 2 2.65 (avg)

Ni—P 3 224 (avg)

Ni—Ni 3 2.64 (avg)

Ni—Ni 6.8 247 0.005 4.1
Ni—P 2.7 2.25 0.005 5.8
Ni—Ni 2.0 2.54 0.005

“CN is the coordination number. R is the bond distance. 6> and E, are EXAFS fitting parameters.
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Figure 6. (a) Ethylene selectivity, (b) ethylene production rate, and
(c) methane production rate for Ni,P(2)/SBA-1S (red circles) and
Ni/SBA-15 (black squares) during ethane dehydrogenation. Both
materials were run at approximately 3% conversion.

with time due to deactivation. At the start of the reaction,
Ni,P(2)/SBA-15 produces ethylene over twice the rate as Ni/
SBA-1S. After 4 h, the ethylene production rate with Ni,P(2)/
SBA-15 is over 10 times the rate of Ni/SBA-1S. Figure 6¢
shows the methane production rate over both materials. Ni/
SBA-15 makes significant quantities of methane, while
Ni,P(2)/SBA-15 produces negligible quantities of methane.
Ni,P(2)/SBA-15 is, therefore, a superior EDH catalyst
compared to Ni/SBA-15.

The differences in methane productivity could be indicative
of differences in the activity for C—C bond breaking. To test
this idea, we computed activation barriers for C—C bond
cleavage on the Ni and Ni,P models. Activation barriers on the
two models are similar: 2.31 and 2.52 eV for ethane
dissociation (CH;CH,;* + * — CH,* + CH;*) on Ni(111)
and Ni,P(001), respectively, and 1.19 and 1.12 eV for ethylene
dissociation (CH,CH,* + * — CH,* + CH,*) on Ni(111)
and Ni,P(001), respectively (Tables S4 and S5). From
comparisons with Figure 3, CH;CH,-H activation is more
likely on either catalyst than is CH;-CHj activation; similarly,
from comparisons with Figure 4, ethylene desorption is much
more likely on either catalyst than is CH,=CH, activation,
supporting our choice of the quantities in Figures 3 and 4 to
differentiate the performance of the two materials. Methane
likely arises from C—C cleavage reactions of more deeply
dehydrogenated intermediates, as has been proposed on other
metals.">”" In fact, the greater affinity of Ni than Ni,P for C*
and CH* (Figure 2b) is consistent with a greater activity for
both carbon and methane (through hydrogenation of deeply
hydrogenated intermediates) production on Ni than Ni,P.

Galvita et al.'> proposed that ethylene readsorption and
subsequent reaction contributes to catalyst deactivation on Pt/
Mg(Al)O and that Sn addition promotes ethylene desorption.
Here, calculations suggest that P plays a similar role to that of
Sn such that ethylene desorbs more readily from Ni,P than
from Ni (Figure 4b). To test these differences, we compared
the products of ethylene adsorption and reaction on Ni vs Ni,P
using DRIFTS to interrogate surface intermediates.

Ethylene was adsorbed on either Ni/SBA-15 or Ni,P(2)/
SBA-15 followed by a He purge at various temperatures (298,
423, and 588 K; Figure 7). The spectra of both Ni/SBA-1S and
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T Ja
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.
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) —
: ‘f‘
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Figure 7. DRIFTS experiments after room-temperature ethylene
exposure and subsequent heating on Ni,P(2)/SBA-1S (red) and Ni/
SBA-15 (black).

Ni,P(2)/SBA-15 at 298 K show C—H stretches in the 2800—
3000 cm™! region from ethylene and ethylene-derived
hydrocarbons. The resulting spectrum from the Ni/SBA-15
sample is similar to literature reports for ethylene adsorbed at
room temperature on Ni/SiO,.”””> For Ni/SBA-15, the
features in this region are broader than for Ni,P(2)/SBA-1S,
indicating that a variety of hydrocarbon species are present on
Ni/SBA-15 relative to Ni,P(2)/SBA-15 upon ethylene
adsorption. At higher temperatures (423 and 588 K) for
Ni,P(2)/SBA-15, the C—H stretching features are absent,
indicating that the hydrocarbons have desorbed from the
surface and corroborates the computational predictions. For
Ni/SBA-1S5 at 423 K, the C—H features in the 2800—3000
cm™' region remain. At 588 K on Ni/SBA-1S, residual C—H
stretches are present at ~2925 cm™" as well as the formation of
a new, broad feature centered at ~3055 cm™'. Both olefinic
and aromatic C—H stretches appear at >3000 cm™'.”*”
However, the olefinic feature of ethylene in this region is
usually only visible at sub-ambient temperatures.”””” There-
fore, this feature is likely related to aromatic C—H stretches
from carbon growth on the catalyst and indicates that further
dehydrogenation into these aromatic species is more prevalent
on Ni/SBA-15 than Ni,P(2)/SBA-1S, consistent with
computational predictions.

3.4. Comparison of Coke Formation on Ni and Ni,P.
Coking occurs by surface decomposition of hydrocarbons and
aggregation of carbon-containing adsorbates to form carbona-
ceous species.”® The adsorption energy of atomic C has been
proposed to be a descriptor of coking tendency,””* and from
Figure 2b, the binding energies of both C* and CH* are
diminished with the incorporation of P into Ni.

To contrast the coking tendency of Ni and Ni,P, we return
to the ethylene DRIFTS experiments. In the 588 K spectrum
for Ni/SBA-15, we attributed the feature at 3055 cm™' to
aromatic carbon deposits on the surface.”*””” To further probe
this assignment, we performed an in situ-controlled oxidation
by exposing the Ni/SBA-15 sample after ethylene adsorption
and heating to 588 K to a 1% O, stream. Figure S17 shows the
spectrum of Ni/SBA-1S before and after controlled oxidation
for 30 and 130 min. With increasing exposure to 1% O, in He,
the feature at 3055 cm™" diminishes, likely due to oxidation of
the remaining surface hydrocarbon species. The feature at
3055 cm™! is not present in the 588 K spectrum for Ni,P(2)/
SBA-15 shown in Figure 7. Instead, the hydrocarbons on the
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Ni,P(2)/SBA-15 surface are able to desorb from the surface.
This is further corroborated by TGA analysis of the spent
catalysts after EDH. Ni,P(2)/SBA-15 showed over three times
less carbon formation (96 mg C/g catalyst) over the course of
the EDH reaction than Ni/SBA-15 (360 mg C/g catalyst).
This is consistent with the lack of evidence of carbon deposits
in the high-temperature Ni,P(2)/SBA-15 ethylene IR spectra
and the computationally predicted carbon deposition resist-
ance for Ni,P(2)/SBA-15 relative to Ni/SBA-18.

4. CONCLUSIONS

We have compared Ni and Ni,P to probe the effects of P
incorporation on EDH performance via computational and
experimental techniques. We find that smaller and isolated Ni
ensembles surrounded by P atoms, present on the Ni,P(001)
facet, have distinct geometric and electronic features that
promote EDH performance relative to Ni(111). The small size
of the Ni; ensembles causes some reaction steps to involve
surface P atoms, with the consequence for the relative ability to
activate sp® and sp> C—H bonds. Further, the binding energies
of C atoms, likely precursors to coke, are diminished on Ni,P
relative to Ni, an effect that can be traced back to shifts in the
d-band of surface Ni atoms. While we expect quantitative
differences on different facets of Ni,P, we expect these
distinguishing features of P incorporation to transfer across
surfaces. Computational results do transfer across two different
Ni,P terminations, and computational inferences do align with
experimental observation, lending support to these inferences.

For conventional Pt—Sn catalysts, a trade-off between
intrinsic catalytic activity and alkene selectivity should be
considered because of the increase in activation energies of the
first dehydrogenation of alkane as well as the alkene
dehydrogenation.'”'” In contrast, intrinsic catalytic activity is
likely to be maintained with enhanced alkene selectivity on
Ni,P because P atoms are selectively engaged in C—H bond
breaking. Interestingly, this feature of Ni,P seems to vary with
different reactions and adsorbates. For example, a recent
theoretical study of C—O bond rupture in 2-methyltetrahy-
drofuran (MTHF) reported that cleavage of the C—O bond of
reaction intermediates always occurs at Ni ensembles over
Ni,P(001) and Ni;,P5(001) and not at P sites.®'

Last, we note that some opportunities remain to be explored
for further improvements of metal phosphide catalysts given
that the 80% ethylene selectivity of Ni,P(2)/SBA-15S is still
lower than Pt-based alloy catalysts (>90%) at similar
experimental conditions.'”'® One possible way to improve
catalytic performance of Ni,P catalyst is the use of an alkali
promoter to reduce the acidity of catalyst. It was reported that
a Cs promoter could increase selectivity to isobutene from 85
to 93% in isobutane dehydrogenation over the Ni,P catalyst.*’
Another possibility is an exploration of different kinds of metal
phosphides. Including this work, only Ni—P catalysts have
been studied in alkane dehydrogenation,” ™" even though
other kinds of monometallic and bimetallic phosphides have
been identified as excellent catalysts in different
fields.****#5%* Thus, it is needed to explore various types
of metal phosphide catalysts and to compare those results with
this work for further improvement in metal phosphide EDH
catalysts.
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