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Methods

Materials. Synthetic manipulations to prepare transition metal phosphide (TMP) nanoparticles
(NPs) were conducted under a N, atmosphere using standard Schlenk techniques or in an N,-filled
Vacuum Atmospheres glovebox, unless otherwise noted. Caution: The metal phosphide
precursors have the potential to evolve pyrophoric and/or toxic phosphorus species under reaction
conditions. These reactions should only be performed by trained personnel under air-free
conditions. Oleylamine (OAm, 70%) and 1-octadecene (ODE) were purchased from Sigma-Alrich
and dried prior to use by heating to 120 °C and 150 °C under vacuum, respectively, and were
stored in an N,-filled glovebox. Triphenylphosphine (PPhs;, 99%) was purchased from Sigma-
Aldrich and used without further purification. The Ni(CO),(PPhs), and RhCI(CO)(PPhs;),
complexes were purchased from Strem Chemicals and used as received. The silica support
(Sipernat-22) was provided by Evonik and calcined at 600 °C in flowing air prior to use. The
Brunauer—Emmett—Teller (BET) surface area of the calcined silica support was measured as 190
m? g!, and the aqueous incipient wetness point was determined to be 3.9 mL g!. Crushed quartz
(150-250 and 300-425 micron, Powder Technologies Inc.) and silicon carbide (177-250 micron,
McMaster Carr) were used as diluent materials during reactor testing. Guaiacol and m-cresol were
obtained in high purity from Sigma-Aldrich, and acetone (HPLC grade) was obtained from Fischer
Scientific. A certified gas blend of 5% argon/95% hydrogen was obtained from Air Liquide.

Characterization.
Scanning Transmission Electron Microscopy (STEM)

The TMP NPs were suspended in chloroform and drop-cast onto carbon-coated copper
grids (Ted Pella part no. 01824). Image analysis and particle size distributions were obtained using
Image]J software.! Lattice spacings were measured from the fast-Fourier transforms (FFTs) of
high-resolution STEM (HR-STEM) images. Size distributions were determined from a manual
diameter measurement of >100 particles.

X-ray Diffraction (XRD) and simulated XRD patterns

Unsupported NPs were suspended in chloroform and drop-cast onto glass slides. The glass
slide was loaded into the instrument at a fixed z-axis height. A NIST Si standard was used to
calibrate shifts between diffraction patterns of different samples. Theoretical diffraction patterns
were simulated at room temperature using crystal information files (cif) downloaded from the
Inorganic Crystal Structure Database (ICSD) and imported to Materials Analysis Using Diffraction
(MAUD) program,”> which was used to identify the catalyst phase. A Rietveld refinement was
performed in MAUD to fit the XRD patterns with varying amounts of Rh. By modifying the cif
file of the parent binary Ni,P structure to allow the identity of the Ni atoms to vary as either Ni or
Rh, the location of the Rh atoms was determined. The lattice parameters (¢ and c¢) were also
determined.

High Energy X-ray Diffraction (HE-XRD)/Atomic Pair Distribution Function (PDF)

In situ HE-XRD experiments were performed at the 6-ID-D beamline of the Advanced
Photon Source (APS) at Argonne National Laboratory using an in-situ capillary heating cell.? The
as-synthesized SiO,-supported NPs were loaded into the capillary cell. HE-XRD patterns were
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collected at room temperature, 350 °C in 5% H,/Ar, and at 350 °C in guaiacol-saturated 5% H,/Ar.
A reciprocal space maximum, Q.. of ~28 A-! was obtained using 100 keV X-rays. HE-XRD data
were background corrected, transformed into reduced structure factors, and Fourier transformed
into PDFs using PDFGETX3.4

Reverse Monte Carlo (RMC) simulations were performed on Ni,P and Ni; ¢Rhg 4P using a
spherical supercell of 65,953 atoms in a hexagonal Ni,P lattice (~ 11.5 nm) as a starting structure,
while Rh,P was modeled starting with a 98,461 atom supercell (~12.5 nm) from the known cubic
Rh,P structure. The simulation sizes were selected based on nanpoarticle sizes observed from
TEM. The initial configuration of Ni; ¢Rh 4P was created by random distribution of Rh atoms in
substitutional sites throughout the parent Ni,P hexagonal supercell. RMC calculations were
performed using the program fullrmc® by applying non-periodic boundary conditions with random
move generator in any direction for all atom groups. The RMC models were refined by introducing
constraints such as intramolecular pair distances from the experimental atomic PDFs. In
Ni; ¢Rhg 4P, a metal atom swapping function was implemented to prevent biasing of the final fitted
structure by the original starting configuration. Further, the RMC simulated structures were
analyzed by defining distance as a proxy for bonding environment. Average bond distances and
coordination numbers were calculated from RMC-generated structures for all atoms that fall within
the first coordination sphere (~3 A).

Chemisorption. Catalyst samples (ca. 250 mg of SiO,-supported material) were diluted with 750
mg of quartz chips and loaded into a quartz u-tube. The sample was dehydrated at 100 °C in
flowing N, for 30 minutes, reduced in flowing UHP H; at 350 °C for 1 h (heating rate of 5 °C/min),
and subsequently evacuated under vacuum for 8 h. H, chemisorption isotherms were measured at
150 °C over the pressure range of 200-800 torr. The site density (units of umoly+/g., and
converted to moly«/molyy) was determined from the difference of the combined and weak isotherms
extrapolated to zero pressure.

Catalyst Evaluation.

The conversion (X) was calculated as the difference between inlet and outlet molar flow
rate of guaiacol or m-cresol, divided by the inlet molar flow rate of guaiacol or m-cresol as shown
in Equation 1.

X = FliquidFeed —inlet ~ FliquidFeed - outlet

FliquidFeed —inlet (1)

Where Fliquidreed - intet and Fiiquidreed - outtet are the molar flow rates (mol/min) of guaiacol or m-cresol
in the inlet and outlet streams, respectively.

The selectivity of product i (S;) was defined as the ratio of outlet molar flow rate of product
i (F;) divided by the total outlet molar flow rate of all products as shown in Equation 2.

2)
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The carbon selectivity of product i (SC;) was calculated as the outlet carbon molar flow
rate of product i (where C; is the number of carbon atoms in component i and F; is the outlet molar
flow rate of component i) divided by the total outlet carbon molar flow rate of all products as
shown in Equation 3.

C.XF,;

_ i 4

T T
ZCixFi
i=1

Site-time yield (STY) was calculated according to Equation 4, where Ps is the H*-site

SC

€)

F;

density (moly+/g.y), e is the catalyst mass (g.y), and i=1 is the sum of the outlet molar flow
rates of each product (mol/min).

n

L F

=1 (4)

psm,

STY =

Computational Methods

Ionic convergence was set to occur once the forces acting upon each atom fell below 0.02
eV/A. The surface Brillouin zone was sampled using a 6 x 6 x 1 Monkhorst-Pack k-point meshes
for the (1 x 1) surface models, while a 2 x 2 x 1 k-point mesh was utilized for the larger (3 % 3)
Ni,_Rh,P(0001) and (4 x 4) Rh,P(100) surface unit cells. Adsorption was limited to one side of
the slab models, with adsorbate-induced dipole corrections implemented in the z direction.®’

The interaction between surface intermediates and the studied surfaces was described
through the adsorption energy (£g), in which

Eg= Etot - Eclean - Egas

where Eio, Eciean, and E,, are the energies of the adsorbate on the surface, the clean surface, and
the adsorbate species in the gas-phase adsorbate, respectively. The electronic structures of Ni, Rh,
and P atoms in the Ni, Rh,P and Rh,P model systems were evaluated using Bader charge
analyses,3!! as well as d- and sp-band center calculations.!>13
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Supplementary Experimental Data
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Figure S1. XRD patterns of aliquots taken during Ni; (Rhg 4P synthesis at increasing temperature
and time, with reference patterns for Rh,P and Ni,P below.

Table S1. XRD reflections of unsupported Ni, ,Rh,P NPs and vol% Rh,P phase separation
determined from Rietveld refinement analysis of experimental XRD patterns.

Targeted Composition  Major XRD reflections (°) vol% cubic Rh,P crystal structure
Ni,P 40.8,44.7,47.4,54.4 0

Ni; gRhg,P 40.6,44.6,47.2,54.4 0

Ni; ¢Rhg 4P 40.3, 44.6,47.0, 53.6 0

Ni; 4Rhy¢P 40.1, 44.5, 46.8,53.3 0

Ni; ,RhggP 40.0, 44.5,46.7,53.2 3

Ni; oRh; oP 32.7,39.8,47.3,53.2,59.1, 68.5 50

Rh,P 32.2,46.4, 55.3, 58.0, 68.1 100
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Figure S2. Lattice parameters a (red) and ¢ (black) derived from experiment (solid) and DFT
calculations (open) for the Ni, ,Rh,P NPs as a function of measured Rh mol%.

Table S2. Measured (d;,) and reference (d.s, 27162-ICSD) interplanar spacings, Bravais-Miller
indices of the associated family of lattice planes (4k4il), and measured and reference angles between
designated reflections notated on the FFT of the high resolution HAADF-STEM image of
Ni; sRho 4P NPs in Figure 2.

dn Q) drr (D) hkil,.o Angle,, (°) Angle, (°)
A 2.350 22143 1211 AB 43.54 44.40
B 2.342 22143 1121 BC 68.13 67.80
C 3.156 29295 2110 CD 68.34 67.80
D 2.350 22143 1211 DE 43.53 44.40
E 2.342 22143 1121 EF 68.13 67.80
F 3.156 29295 2110 FA 68.34 67.80
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B=[102] or B = [1012]

Figure S3. a) Bright field (BF)-STEM image of Ni; gRhy,P NPs, b) high resolution HAADF-

STEM image with the ¢) FFT oriented along [1012] direction. d) HAADF-STEM image for
EDS analysis and associated EDS elemental maps for ) Ni f) Rh g) P, and h) Ni and Rh overlaid.

Table S3. Measured (d,;,) and reference (d..f, 27162-ICSD) interplanar spacings, Bravais-Miller
indices of the associated family of lattice planes (/kil), and measured and reference angles between
designated reflections notated on the FFT of the high resolution HAADF-STEM image of
Ni; gRhy,P NPs in Figure S3.

d, (A) d.s (A) hkil o Angle, (°)  Angle, (°)
A 2.825 2.8142 1031 AB 4331 43.85
B 2.060 2.0295 0221 BC 46.73 46.15
C 2.988 29290 1210 CD 46.30 46.15
D 2.051 20295 2241 DE 43.66 43.84
E 2.825 28142 1031 EF 43.69 43.85
F 2.060 2.0295 0221 FG 46.30 43.15
G 2.988 2.9290 1210 GH 46.50 43.15
H 2.051 2.0295 2221 HA 4351 43.84
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B=[1233]

Figure S4. a) Bright field (BF)-STEM image of Ni; 4Rh;¢P NPs, b) high resolution HAADF-

STEM image with the ¢) FFT oriented along [1233] direction. d) HAADF-STEM image for
EDS analysis and associated EDS elemental maps for ) Ni f) Rh g) P, and h) Ni and Rh overlaid.

Table S4. Measured (d,;,) and reference (d.s, 27162-ICSD) interplanar spacings, Bravais-Miller
indices of the associated family of lattice planes (4kil), and measured and reference angles between
designated reflections notated on the FFT of the high resolution HAADF-STEM image of
Ni; 4Rho 6P NPs in Figure S4.

dn(A) Dy (A)  hikilyys Angle, (°)  Angley (°)
A 2281 2214 1211  AB 42.68 44.41
B 2308 2214 1121 BC 69.15 67.74
C 3139 299 2110 CD 68.17 67.74
D 2281 2214 1211 DE 42.68 44.41
E 2308 2214 1121  EF 69.15 67.74
F_ 3139 2929 2110 FA 68.17 67.74
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B=[3123]

Figure SS. a) Bright field (BF)-STEM image of Ni; ,RhygP NPs, b) high resolution HAADF-

STEM image with the ¢) FFT oriented along [3 123] direction. d) HAADF-STEM image for
EDS analysis and associated EDS elemental maps for e) Ni f) Rh g) P, and h) Ni and Rh overlaid.

Table SS. Measured (d,;,) and reference (d..s, 27162-1CSD) interplanar spacings, Bravais-Miller
indices of the associated family of lattice planes (4ki/), and measured and reference angles between
designated reflections notated on the FFT of the high resolution HAADF-STEM image of
Ni; ,RhygP NPs in Figure S5.

dm (A) dref (A) hkilref Anglem (O) Angleref (O)
A 2.509 2219 1540 AB 53.40 53.02
B 3.024 2.370 4260 BC 72.93 73.49
C 2.978 2.693 5321 CD 53.67 53.47
D 2.509 2.219 1540 DE 53.40 53.02
E 3.024 2370 4261 EF 72.93 73.49
F 2.978 2693 5321 FA 53.67 53.47
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Figure S6. a) Bright field (BF)-STEM image of Ni; ¢Rh; P NPs, b) high resolution HAADF-
STEM image with the ¢) FFT oriented along [1122] direction. d) HAADF-STEM image for EDS
analysis and associated EDS elemental maps for e) Ni f) Rh g) P, and h) Ni and Rh overlaid.

Table S6. Measured (d,;,) and reference (d..s, 27162-1CSD) interplanar spacings, Bravais-Miller
indices of the associated family of lattice planes (4k4il), and measured and reference angles between
designated reflections notated on the FFT of the high resolution HAADF-STEM image of
NiL()Rh]‘()P NPs in Figure S6.

dn Q) dis (D) hkil, Angle,, (°)  Angle,.s (°)
A 2.304 2.029 0221 AB 21.12 23.57
B 2.481 2.214 1121 BC 21.35 23.57
C 2.324 2.029 2021 CD 69.33 66.42
D 6.364 5.074 1100 DE 68.20 66.42
E 2.304 2.029 0221 EF 21.12 23.57
F 2.481 2.214 1121 FG 21.35 23.57
G 2.324 2.029 2021 GH 69.33 66.42
H 6.364 5.074 1100 HA 68.20 66.42
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Figure S7. Particle size distributions measured from STEM images of a) Ni; gRhg,P b) Ni, ¢Rhg 4P
C) Ni1.4Rh0.6P d) Nil.thO.SP and e) Nil.oRhl.()P NPs.
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Figure S8. XRD patterns of unsupported and silica-supported a) Ni,P, b) Rh,P, ¢) Ni; sRh,,P, d)
Ni; ¢Rhg 4P, €) Ni; 4Rh( P, and f) Ni; ,Rh, P NPs with associated reference patterns. Each material
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Table S7. Summary of properties of SiO,-supported TMP catalysts including particle size
determined by XRD, and weight loadings and and molar ratios determined by inductively coupled
plasma-optical emission spectroscopy.

Sample XRD size (nm) wt% Ni wt% Rh  wt% P wt% active Rh/Ni Molar M/P Molar
phase Ratio Ratio
Ni,P 9.8 3.47 - 1.15 44 - 1.59
Ni; gRhy,P 8.8 3.15 0.67 1.18 4.7 0.12 1.59
Ni, ¢Rhy 4P 9.1 2.34 1.25 0.90 4.2 0.31 1.78
Ni; 4JRhy P 9.0 2.33 1.67 0.99 4.6 0.41 1.76
Ni; ,RhygP 9.6 1.84 2.26 0.90 4.6 0.70 1.83
Rh,P 11.6 - 3.66 0.70 4.2 - 1.58
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Figure S9. In-situ HE-XRD reciprocal space raw data at ambient temperature, 350 °C in H,, and
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Figure S10. Long range PDFs at ambient temperature, 350 °C in H,, and 350 °C in guaiacol and
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Figure S12. RMC fits for a) Ni,P/SiO, at room temperature, b) Ni,P/SiO, at 350 °C in Hj, ¢)
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Table S8. Summary of structural parameters including average coordination number, average
bond length, and ratio of M-M to M-P coordination numbers at ambient temperature, 350 °C in
H,, and 350 °C in guaiacol and H, from RMC simulations, shown in Figures S13, S14, and S15,

below.
Room Temperature 350 °C H, 350 °C Guaiacol
Scattering M-M/ M-M/ M-M/
Sample Pair CN R@A) MLP CN R@A) M.P CN R@A) M.P
o Ni-P 235 230 215 230 200 227
NP/SI0> i Ni 340 263 Y 345 260 'O 34 26 L7
Ni-P 215 235 200 235 200 232
Ni-Ni 3.07  2.65 335 265 340 261
Nij ¢Rho Rp-P 230 242 0 212 245 o 212 240 166
P/SiO, Ni-Rh 038  2.69 039  2.69 035 2.67
Rh-Ni 145  2.69 147  2.69 133 2.67
Rh-Rh 208  2.69 200 2.69 21 268
) Rh-P 270 240 213 241 205 240
RhoP/Si0, Rh-Rh 300 270 2% 300 272 M0 300 27s 151
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Figure S13. RMC models for Ni,P/SiO, at a) ambient temperature, b) 350 °C in H,, and ¢) 350
°C in guaiacol and H,.
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Figure S14. RMC models for Rh,P/SiO, at a) ambient temperature, b) 350 °C in H,, and ¢) 350
°C in guaiacol and H,.
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Figure S15. RMC models for Ni; ¢Rh( 4P/SiO,; at a) ambient temperature, b) 350 °C in H,, and ¢)
350 °C in guaiacol and H,.
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Figure S16. Bond angle distributions (Metal-P-Metal) for a) ideal Ni,P hexagonal structure, b)
Ni,P at ambient temperature, ¢) Ni,P at 350 °C in H,, d) Ni,P at 350 °C in guaiacol, e) ideal Rh,P
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Table S9. Peak fitting analysis of bond angle distributions for Ni,P and Ni; (Rhy4P shown in
Figure S16, where x, indicates the peak position and deviation from ideal structure.

| FWHM (Ni-P-Nj) X
Ni,P/SiO,
Ambient Temperature 7.76 £0.69 74.64 +0.29
350 °Cin H, 13.22 +1.29 79.06 £+ 0.53
350 °C in Guaiacol 23.08 £2.65 80.42 +1.06
Ni; ¢Rhy 4P/SiO,
Ambient Temperature 18.46 £1.32 80.76 + 0.53
350 °Cin H, 23.26 +1.70 83.01 +0.68
350 °C in Guaiacol 45.08 + 2.81 88.91 £0.99

Table S10. Catalytic performance data from the guaiacol HDO reaction at 350 °C, 0.5 MPa, 12:1
H,:guaiacol molar ratio, WHSV = 5 h-!, presented as an average between 290 and 460 min time-

on-stream for SiO,-supported Ni,P, Ni; sRhg 4P, and Rh,P catalysts.

Ni,P Ni; ¢Rhg 4P Rh,P
Conversion (%) 14.0 17.7 13.7
STY (1/s) 13.7 x 107 16.6 x 10~ 6.4x 102

Total Carbon Product Selectivity (%)

2-Methoxycyclohexanone 3.92 3.8 0.92
1,2-Dimethoxy Benzene - 1.46 3.41
Catechol - 7.24 2.94
Cyclohexanol 1.99 2.96 0.73
Cyclohexanone 791 7.30 2.51
Anisole 9.33 7.47 12.3
Phenol 41.9 47.6 64.2
Methanol 4.67 4.93 34
Benzene 1.39 0.84 0.67
Cyclohexane 11.0 5.77 2.82
Cyclohexene 5.82 2.22 0.81
1-Methoxy 3-Hexene 1.89 0.86 0.12
Methoxy Cyclohexane 1.43 1.68 0.11
Toluene 0.22 - 0.14
Pentane 0.38 0.18 -
Methyl Cyclopentane 0.18 0.08 0.01
Methane 7.93 5.64 4.93

S24



Table S11. Catalytic performance data from the m-cresol HDO reaction at 350 °C, 0.5 MPa, 8:1
H,:m-cresol molar ratio, WHSV = 5 h-l, presented as an average between 290 and 460 min time-
on-stream for the series of Si0,-supported Ni,P, Ni,_,Rh,P, and Rh,P catalysts.

Ni,P NijgRhg,P  Nij¢Rho4P  Nij4RhogP  Ni;;RhgsP Rh,P

Conversion (%) 7.71 11.29 7.78 9.91 13.91 9.32
STY (s) 6.8x102 83x1072 6.4 x 102 9.6 x 10”2 9.7x102 38x107?
Total Carbon Product Selectivity (%)
Cyclohexane 1.35 0.87 0.47 1.00 0.82 0.37
Methylcyclohexane 3.51 2.81 1.75 1.68 1.63 0.66
Methylcyclohexene 8.77 7.99 17.9 10.6 6.38 2.95
Benzene 0.63 0.83 0.32 0.62 0.65 0.26
Toluene 352 33.7 29.1 21.2 29.7 78.0
Xylene (isomers) 0.89 0.85 0.56 1.30 1.55 0.41
Cyclohexanol 0.01 0.01 0.00 0.01 0.00 0.00
Methylcyclohexanol 0.86 4.27 2.31 6.58 7.56 0.10
Cyclohexanone 0.02 0.02 0.01 0.03 0.01 0.01
Methylcyclohexanone 30.4 33.9 37.8 40.4 374 5.14
Light hydrocarbons (C1-C5) 10.5 13.6 4.99 13.7 12.2 10.8

Table S12. Hydrogenation (HYD) and direct deoxygenation (DDO) pathway selectivities
calculated using the product selectivities tabulated in Table S10. Pathway selectivity to HYD
included methylcyclohexanone, methylcyclohexanol, methylcyclohexene, and
methylcyclohexane. Pathway selectivity to DDO included toluene, benzene, and xylene.

NizP Nil.tho_zp Nil.ﬁRhOAP/SiOZ Ni1.4Rh0.6P/SiOZ Nil.tho.SP/SiOZ haP/SiOz
HYD 54.3 58.0 66.6 71.9 62.4 10.1
DDO 45.7 42.0 334 28.1 37.6 89.9

Table S13. DFT-calculated lattice parameters (@ and c, in A) for bulk Ni,_Rh,P (x=0, 0.17, 0.33,
0.50, 0.67, 0.83, 2). Experimental lattice parameters are provided for the parent Ni,P and Rh,P
bulk materials.

a(c), A
X DFT Experimental
0 5.80(3.35)  5.86(3.38)*

0.17 5.83(3.37)
033  5.86(3.38)
0.50  5.88 (3.40)
0.67  5.90 (3.41)
0.83  5.93(3.42)
2 5.50 5.50%
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NIZP Ni1.83Rh0.1TP NI1 67Rh0 33P N i1.5RhO.5P

Par. Perp./Tilt Par. Perp./Tilt r. Perp./Tilt r. Perp./Tilt

" -
Side oY } e
1506V  -084eV  -151eV  —-095eV 137eV  -074eV  -144eV  —-073eV
138 A 1.40 A 138 A 1.40 A 135A 1.40 A 138 A 139 A
Ni1.33Rh0.67P Ni1.17Rh0.83P RhZP

Par. Perp./Tilt Par. Perp./Tilt Par. Perp./Tilt

-1.38eV  -0.85eV -1.38 eV -0.81eV -0.79 eV
1.35A 140 A 1.37 A 1.40 A 1.37 A

Figure S18. Top and side views of m-cresol* adsorption on Ni;P-terminated Ni, ,Rh,P(0001) (x =
0, 0.17, 0.33, 0.5, 0.67, 0.83) and P-terminated Rh,P(100) (x = 2.0) in both parallel (Par.) and
perpendicular/tilted (Perp./Tilt) adsorption configurations. Adsorption energies and Ph—OH bond
distances are provided below each configuration. Atom colors: orange — P, green — Ni, teal — Rh,
grey — C, white — H, red — O

Table S14. Adsorption energies (Eg, in eV) for OH* on NisP-terminated Ni,P(0001) with the
lattice constant of the corresponding Ni, ,Rh,P(0001) surface (x =0.17, 0.33, 0.50, 0.67, 0.83).

x Ex(OH) (eV)
0.17 343
0.33 342
0.50 ~3.40
0.67 ~3.39
0.83 -3.38
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