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9 ABSTRACT: Metal phosphides have been identified as a
10 promising class of materials for the catalytic upgrading of bio-
11 oils, which are renewable and potentially inexpensive sources for
12 liquid fuels. Herein, we report the facile synthesis of a series of
13 solid, phase-pure metal phosphide nanoparticles (NPs) (Ni2P,
14 Rh2P, and Pd3P) utilizing commercially available, air-stable
15 metal−phosphine complexes in a one-pot reaction. This single-
16 source molecular precursor route provides an alternative method
17 to access metal phosphide NPs with controlled phases and
18 without the formation of metal NP intermediates that can lead
19 to hollow particles. The formation of the Ni2P NPs was shown
20 to proceed through an amorphous Ni−P intermediate, leading
21 to the desired NP morphology and metal-rich phase. This low-
22 temperature, rapid route to well-defined metal NPs is expected to have broad applicability to a variety of readily available or easily
23 synthesized metal phosphorus complexes with high decomposition temperatures. Hydrodeoxygenation of acetic acid, an
24 abundant bio-oil component, was performed to investigate H2 activation and deoxygenation pathways under conditions that are
25 relevant to ex situ catalytic fast pyrolysis (high temperatures, low pressures, and near-stoichiometric H2 concentrations). The
26 catalytic performance of the silica-supported metal phosphide NPs was compared to the analogous incipient wetness (IW) metal
27 and metal phosphide catalysts over the range 200−500 °C. Decarbonylation was the primary pathway for H2 incorporation in the
28 presence of all of the catalysts except NP-Pd3P, which exhibited minimal productive activity, and IW-Ni, which evolved H2. The
29 highly controlled NP-Ni2P and NP-Rh2P catalysts, which were stable under these conditions, behaved comparably to the IW-
30 metal phosphides, with a slight shift to higher product onset temperatures, likely due to the presence of surface ligands. Most
31 importantly, the NP-Ni2P catalyst exhibited H2 activation and incorporation, in contrast to IW-Ni, indicating that the behavior of
32 the metal phosphide is significantly different from that of the parent metal, and more closely resembles that of noble metal
33 catalysts.

34 ■ INTRODUCTION

35 Bio-oils produced by fast pyrolysis of biomass offer a potentially
36 inexpensive and renewable source for liquid fuels. Raw bio-oils,
37 however, are unsuitable as fuels due to a high oxygen content,
38 typically near 40 wt %, and high acidity.1 Carboxylic acids
39 comprise up to 25 wt % of bio-oils, with acetic and formic acids
40 making up the majority of this fraction.2 The acidity of these
41 compounds contributes to the degradation and instability of
42 bio-oils, and thus reducing the acid content is important for
43 improving both fuel properties and stability.3 Consequently,
44 catalytic upgrading of bio-oils is a critical requirement to reduce
45 oxygen content and generate a liquid with “drop-in” ready fuel
46 properties. Catalytic upgrading of bio-oil vapors directly after
47 pyrolysis, a process known as ex situ catalytic fast pyrolysis
48 (CFP), offers the additional advantage of yielding a stabilized
49 product upon condensation. This process requires higher

50temperatures, lower pressures, and lower H2 concentrations

51than typical deoxygenation via hydrotreating.4 Therefore,

52effective deoxygenation under these conditions requires

53catalysts that can readily activate H2, are active in low

54hydrogen-to-carbon environments, and are stable under acidic

55conditions.3 Traditional hydrotreating catalysts such as sulfided-

56Mo/Al2O3 promoted with Co or Ni typically require high H2

57pressures and undergo deactivation during the deoxygenation

58of bio-oils or bio-oil model compounds.5 In contrast, transition

59metal phosphides have exhibited hydrotreating activities similar
60to, or better than, transition metal sulfide-based materials and
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61 noble metals,6,7 and have the capability to activate hydrogen at
62 low pressures.5

63 Metal phosphide materials are typically prepared by incipient
64 wetness (IW) impregnation of a support with a metal salt(s)
65 and a phosphite or phosphate salt, followed by calcination and
66 reduction in flowing H2.

7−9 These methods often require high
67 reaction temperatures, and in some cases, the finished catalysts
68 are passivated by surface oxidation. Incomplete reduction of
69 this surface oxide layer prior to catalytic testing can negatively
70 impact catalytic performance.7 Additionally, these methods
71 generally yield polydisperse particles of the active phase on a
72 support, because the nature of the support material itself has a
73 strong influence on the final attributes of the particles.
74 Significant advances in the solution phase synthesis of
75 nanoparticles (NPs) have enabled a high level of control over
76 the size, shape, and composition of the NP active phase,10,11

77 and postsynthetic dispersion on a support minimizes the
78 influence of the support material on the final catalyst attributes.
79 Furthermore, the organic ligands, added during synthesis to
80 tailor NP features and stabilize the NPs prior to the supporting
81 process, can act as surface passivating agents prior to catalytic
82 testing, eliminating the need for oxidative passivation.
83 Metal phosphide NPs have most commonly been prepared
84 by the solution phase decomposition of a metal precursor in the
85 presence of trioctylphosphine or a similar organophosphine
86 reagent.12,13 It has been shown that this combination of
87 precursors results in the formation of a metal−trioctylphos-
88 phine complex that, at intermediate temperatures (200−250
89 °C), decomposes to yield trioctylphosphine stabilized metal
90 NPs. At higher temperatures (≥300 °C), these metal NPs
91 catalyze the decomposition of the organophosphines and
92 undergo phosphidation to create metal phosphide NPs. This
93 mechanism of formation often leads to hollow particles as a
94 result of the Kirkendall effect.14−17 In some cases, an
95 amorphous metal phosphide intermediate,18−23 or amorphous
96 product,24−26 can be accessed by careful control of the reaction
97 conditions. An amorphous intermediate can then undergo
98 crystallization and further phosphidation to form solid metal
99 phosphide NPs. However, the resulting metal phosphide
100 materials can adopt a number of thermodynamically accessible
101 stoichiometric phases with the corresponding electronic
102 properties due to the variable oxidation states of the constituent
103 metals.27,28

104 Single-source molecular precursors provide an alternative
105 route to (1) access metal phosphide NPs with controlled
106 phases and (2) bypass the formation of a metal NP
107 intermediate that can lead to hollow NPs. Single-source
108 precursor approaches have been utilized to produce III−V
109 semiconducting metal phosphide NPs by the decomposition of
110 metal tert-butylphosphine complexes,29−31 or metal trimethyl-
111 silylphosphine complexes,32 in solution without an additional
112 phosphorus source. Nanorods of Fe2P and NPs of FeP have
113 been prepared from the precursors Fe4(CO)12(P

tBu)2
33 and

114 (CO)4Fe(PH3),
34 respectively, while iron-rich Fe2−xMnxP NPs

115 were produced from the bimetallic precursor FeMn(CO)8(μ-
116 PH2).

35 In contrast, conversion of the μ-diphenylphosphide
117 analogue, FeMn(CO)8(μ-PPh2), yielded FeO NPs,35 and the
118 diselenodiphenylphosphinate complexes Ni(Se2PPh2)2 or Co-
119 (Se2PPh2)2 gave the metal phosphides only in the presence of
120 trioctylphosphine.36,37 Considering these approaches, triphe-
121 nylphosphine (PPh3) complexes represent attractive alterna-
122 tives to other highly reactive (i.e., potentially pyrophoric)
123 alkylphosphine complexes due to their commercial availability

124or ease of synthesis. However, the formation of metal
125phosphides from these types of precursors has not been
126extensively studied,38 and routes to catalytically relevant metal
127phosphide NPs with highly controlled size, shape, and
128composition, and without a hollow core, are important for
129targeting selective catalytic transformations. Therefore, it was
130the goal of this research to develop versatile synthetic
131approaches utilizing metal−PPh3 complexes as precursors to
132well-defined metal phosphide NPs.
133In this article, we present a facile approach utilizing
134commercially available, air-stable metal−PPh3 precursors to
135form solid, phase-pure Ni2P, Rh2P, and Pd3P NPs in a single-
136pot reaction. Acetic acid, an abundant component of bio-oil,
137was chosen as a model compound to study hydrodeoxygenation
138(HDO) over metal phosphide NP catalysts under ex situ CFP
139conditions. The HDO of acetic acid from 200 to 500 °C was
140compared over silica-supported metal phosphide NPs and the
141analogous supported metal and metal phosphide catalysts
142prepared by standard IW techniques. Additionally, the stability
143of the NP-metal phosphide catalysts under these conditions was
144investigated.

145■ EXPERIMENTAL SECTION
146General. Synthetic manipulations to prepare the NPs were
147conducted under a N2 atmosphere using standard Schlenk techniques
148or in an Ar-filled Vacuum Atmospheres glovebox, unless otherwise
149noted.
150Caution! The metal phosphide precursors have the potential to evolve
151pyrophoric and/or toxic phosphorus species under reaction conditions.
152These reactions should only be performed by trained personnel under air-
153f ree conditions.
154Oleylamine (70%) and 1-octadecene were purchased from Sigma-
155Aldrich and dried prior to use by heating to 120 and 150 °C under
156vacuum, respectively, and were stored in an argon-filled glovebox.
157Triphenylphosphine (PPh3, 99%), trioctylphosphine (97%), Ni(acac)2,
158Ni(NO3)2·6H2O, RhCl3·xH2O, Pd(PPh3)4, and Pd(NO3)3·2H2O were
159purchased from Sigma-Aldrich and used without further purification.
160The Ni(PPh3)2(CO)2 and Rh(PPh3)2(CO)Cl complexes were
161purchased from Strem Chemicals, the Ni(PPh3)4 was purchased
162from Acros Organics, and the phosphate reagents (NH4)H2PO4 and
163(NH4)2HPO4 were purchased from JT Baker. The silica support
164(Sipernat-22) was provided by Evonik and calcined at 600 °C in
165flowing air prior to use. The BET surface area of the calcined material
166was measured to be 190 m2 g−1, and the aqueous IW point was
167determined to be 3.9 mL g−1. Crushed quartz (30−40 mesh, Powder
168Technologies Inc.) was used as a catalyst diluent material.
169Synthesis of Nickel Phosphide NPs. In a three-neck round-
170bottom flask fitted with a condenser and two septa, Ni(PPh3)2(CO)2
171(0.639 g, 1.0 mmol) and PPh3 (1.049 g, 4.0 mmol) were combined
172with dried oleylamine (OAm) (6.6 mL, 20.0 mmol) and dried 1-
173octadecene (ODE) (6 mL), and the mixture was heated rapidly to 320
174°C (ca. 10 °C/min). The temperature was maintained at 320 °C for 2
175h, followed by removal of the heat source and ambient cooling. A 5 mL
176portion of CHCl3 was added to the reaction mixture in air followed by
177sonication of the mixture for 5 min. Approximately 15 mL of 2-
178propanol was added to the mixture to flocculate the particles, which
179were then separated by centrifugation at 8000 rpm for 10 min. For
180experiments investigating the growth of these NPs during the course of
181the reaction, aliquots (0.5 mL) of the reaction mixture were extracted
182via syringe and each aliquot was purified by sonicating with 2 mL of 2-
183propanol followed by centrifugation to separate the particles.
184Synthesis of Rhodium Phosphide NPs. In a three-neck round-
185bottom flask fitted with a condenser and two septa, Rh(PPh3)2(CO)Cl
186(0.69 g, 1.0 mmol) was mixed with OAm (4.9 mL, 15.0 mmol) and
187ODE (8.0 mL) and heated to 300 °C rapidly under N2. The mixture
188was maintained at 300 °C for 1 h, after which point the heat source
189was removed and the flask was allowed to naturally cool to ambient
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190 temperature. Approximately 5 mL of CHCl3 was added to the mixture
191 in air followed by about 15 mL of 2-propanol to precipitate the
192 particles. The NPs were separated by centrifugation, as described
193 above.
194 Synthesis of Palladium Phosphide NPs. In a three-neck round-
195 bottom flask fitted with a condenser and two septa, Pd(PPh3)4 (1.16 g,
196 1.00 mmol) was combined with dried oleylamine (4.9 mL, 14.9 mmol)
197 and dried 1-octadecene (8.0 mL), and the mixture was heated rapidly
198 to 300 °C. The temperature was maintained at 300 °C for 1 h,
199 followed by removal of the heat source and ambient cooling. The
200 mixture was then transferred to a centrifuge tube in air and the
201 particles flocculated upon addition of approximately 15 mL of 2-
202 propanol. The particles were separated by centrifugation, as described
203 above.
204 Synthesis of Nickel NPs. The Ni NPs were prepared as described
205 by Carenco et al.39 Briefly, Ni(acac)2 (2.0 g, 7.8 mmol), OAm (25.6
206 mL), and 1-octadecene (2 mL) were heated at 100 °C under vacuum
207 for 1 h. After refilling with a N2 atmosphere, trioctylphosphine (1.74
208 mL, 3.92 mmol) was added and the solution was heated rapidly to 220
209 °C and then held at temperature for 2 h. The resulting NP suspension
210 was cooled and 40 mL of acetone was added in air, followed by
211 recovery of the NPs by centrifugation.
212 Synthesis of Silica-Supported NPs. The recovered NPs were
213 redispersed in 10 mL of CHCl3 and added dropwise to a suspension of
214 a silica support in CHCl3 (1 g/mL), in order to yield a catalyst with 5
215 wt % metal or metal phosphide loading. The mixture was sonicated for
216 5 min, and stirred overnight. The resulting catalyst was separated via
217 centrifugation, dried in vacuo, and stored under an Ar atmosphere.
218 The silica-supported NP catalysts were not reduced prior to reaction
219 testing.
220 Synthesis of Incipient Wetness (IW) Catalysts. Silica-supported
221 Ni, Rh, and Pd were prepared from their respective metal precursors
222 via standard methods. Briefly, 18 mL of an aqueous solution of
223 Ni(NO3)2·6H2O, RhCl3·xH2O, or Pd(NO3)3·2H2O corresponding to
224 a 5.0 wt % metal loading was added dropwise to 4.75 g of silica
225 support. The impregnated materials were dried at 50 °C overnight in
226 an oven. The catalysts were reduced in situ at 450 °C in flowing H2
227 prior to catalytic testing. Silica-supported Ni2P and Rh2P were
228 prepared according to literature procedures.5,40 Briefly, 18 mL of an
229 aqueous solution of Ni(NO3)2·6H2O and (NH4)2HPO4 in a 1:2 molar
230 ratio, or RhCl3·xH2O and NH4H2PO4 in a 4:3 molar ratio, were added
231 to 4.75 g of silica support to yield a catalyst with 5 wt % metal
232 phosphide loading. The materials were dried at 50 °C in an oven,
233 followed by calcination at 500 °C in flowing air for 6 h. The resulting
234 materials were reduced in situ at 570 and 650 °C prior to catalytic
235 testing to form Ni2P and Rh2P, respectively.
236 Characterization. Thermogravimetric analyses (TGA) were
237 performed using a TA Instruments SDT Q600 integrated TGA/
238 DSC analyzer with a heating rate of 10 °C/min under flowing N2.
239 Powder X-ray diffraction (XRD) data were collected using a Rigaku
240 Ultima IV diffractometer with a Cu Kα source (40 kV, 44 mA).
241 Diffraction patterns were collected in the 2θ range of 20−80° at a scan
242 rate of 4°/min. Unsupported NPs were drop-cast onto glass slides
243 from chloroform suspensions. Powder samples (10−20 mg) were
244 supported on a glass sample holder with a 0.5 mm recessed sample
245 area and were pressed into the recession with a glass slide to obtain a
246 uniform z-axis height. Samples recovered for postreaction character-
247 ization were manually separated from the quartz diluent, prepared in a
248 glovebox, and fitted with an airtight Kapton film before exposing the
249 sample holder to air for analysis. Patterns were compared to powder
250 diffraction files (PDFs) from the International Centre for Diffraction
251 Data (ICDD). The crystallite sizes were calculated from XRD peak
252 broadening of the unsupported catalysts using the Scherrer equation.
253 Samples for transmission electron microscopy (TEM) were drop-cast
254 onto carbon-coated copper grids (Ted Pella part no. 01824) from
255 chloroform suspensions. Samples recovered for postreaction character-
256 ization were prepared in a glovebox and exposed to air for less than 30
257 s before loading into the TEM. Imaging was performed using a FEI
258 Tecnai G2 ST20 TEM operating at 200 kV, and all image analysis was
259 conducted with ImageJ software.41 Lattice spacings were measured

260from the fast-Fourier transforms of high-resolution TEM (HRTEM)
261images. Size distributions were determined from an automated area
262analysis of >100 particles. The measured areas were converted to
263diameters by assuming a circular NP cross section for Ni, Ni2P, and
264Pd3P, and a square cross section for Rh2P. The metal and phosphorus
265loading of the supported catalysts was determined by inductively
266coupled plasma optical emission spectroscopy (ICP-OES) and the
267CHN content was determined by combustion analysis, both
268performed by Galbraith Laboratories (Knoxville, TN).
269Catalytic Reaction Testing. Temperature-programmed-reaction
270(TPRxn) experiments were carried out in a U-shaped quartz tube at
271atmospheric pressure. The reactor was equipped with an inline mass
272spectrometer (MS) (RGA 100, Stanford Research Systems) to
273monitor reactants and products in real time. The observed products
274included CO, CH4, H2O, CO2, acetaldehyde, acetone, ethylene, and
275ketene. The detailed data analysis method is described in the
276Supporting Information. For each experiment, the catalyst (50 mg)
277was mixed with quartz chips (50 mg, 30−40 mesh) and loosely packed
278into the reactor with quartz wool. The reactor was purged with He
279(UHP) at 40 mL/min until no MS signal for O2 was observed. Acetic
280acid vapor was then delivered in a stream of He via an inline bubbler
281maintained at room temperature, and hydrogen (UHP) was delivered
282separately to give a gas mixture having 2.3 vol % acetic acid and 5.9 vol
283% H2 (H2/acetic acid molar ratio of 2.5) at a total flow rate of ca. 43.5
284mL/min. After stabilization of the H2 and acetic acid signals, the
285reactor was heated from room temperature to 600 °C at 10 °C/min,
286and then allowed to cool to room temperature. Postreaction
287characterization was performed on catalysts that were subjected to
288the TPRxn conditions described above, but heated to 400 °C at 10
289°C/min. After holding for 30 min at 400 °C under these conditions,
290the samples were cooled to room temperature and unloaded into a
291glovebox with minimal exposure to air. Temperature-programmed-
292reduction (TPR) experiments were performed similarly to the TPRxn
293experiments, but in the absence of acetic acid vapor. The reduction gas
294was a mixture of 2% H2 in He, delivered at a flow rate of 20.4 mL/min.

295■ RESULTS AND DISCUSSION

296Metal Phosphide Nanoparticle Synthesis. The com-
297plexes Ni(PPh3)2(CO)2, Rh(PPh3)2(CO)Cl, and Pd(PPh3)4
298were identified as attractive precursors for metal phosphide
299NPs based on their low valence states, the presence of
300preexisting M−P bonds, and their thermal decomposition
301properties. Thermogravimetric analysis under inert atmosphere
302demonstrated high-temperature-decomposition events with
303precipitous weight losses beginning at 204, 274, and 212 °C
304for the Ni, Rh, and Pd complexes, respectively (Figure S1). In
305each case, the resulting ceramic yield at 500 °C was greater than
306that expected for the common metal or metal oxide product,
307and could be attributed to a P-rich composition. This TGA data
308demonstrates that the complexes do not require an additional
309reductant for decomposition, and suggests that they are suitable
310as precursors within typical working temperatures for solution-
311phase NP syntheses. During thermal decomposition in the
312presence of OAm, the precursors remain insoluble until 120 °C
313(200 °C for Rh(PPh3)2(CO)Cl), at which time they undergo
314dissolution without any significant color change or gas
315evolution. Furthermore, precursor decomposition was not
316observed until around 250 °C, which is in the regime where
317a M−P intermediate phase may form directly.18,19,22−24

318The rapid (1−2 h) solution-based thermal decomposition of
319Ni(PPh3)2(CO)2, Rh(PPh3)2(CO)Cl, or Pd(PPh3)4 at low
320temperatures (300−320 °C) in the presence of OAm gave
321Ni2P, Rh2P, and Pd3P NPs, respectively, as shown in the TEM
322 f1images in Figure 1.
323All of the metal phosphide NPs are single crystalline and
324solid, without a visible hollow center. The Ni2P (10.7 ± 1.3
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325 nm) and Pd3P (4.0 ± 0.8 nm) NPs exhibit a spherical
326 morphology. The HRTEM images, inset, show a lattice spacing
327 of 0.31 nm for the Ni2P NPs (Figure 1a) and 0.23 nm for the
328 Pd3P (Figure 1c), which correspond to the (001) and (220)
329 crystal planes of Ni2P and Pd3P, respectively. In contrast to the
330 other materials, the Rh2P NPs (10.3 ± 2.8 nm) adopt a cubic
331 shape with a characteristic lattice spacing of 0.28 nm
332 corresponding to the (200) planes of Rh2P.

f2 333 Analysis by XRD (Figure 2) demonstrates that the materials
334 are of the metal-rich crystalline phases Ni2P (PDF 01-089-
335 2742), Rh2P (PDF 03-065-0350), and Pd3P (PDF 03-065-
336 2415) without any observed crystalline phosphide, oxide, or
337 metallic impurities. Additional sharp peaks in the pattern for
338 Rh2P (Figure 2b) at 23° 2θ and overlapping with the major
339 reflections may be due to residual crystalline Rh complex and/
340 or a fraction of larger particles in the sample. These peaks are
341 no longer present after supporting the NPs for catalytic testing
342 (Figure S2), suggesting that they arise from a soluble complex.
343 Line broadening analysis of the XRD patterns gave average

344crystallite sizes of 8.2 nm for Ni2P and 10.4 for Rh2P, which are
345consistent with the particle sizes observed in the TEM images
346indicating that the NPs are single crystalline. Analysis of the
347Pd3P NPs gave a larger size of 15.4 nm due to the elevated
348background signal and/or a fraction of larger particles in the
349sample.
350The Ni2P and Pd3P NPs can be indexed to hexagonal crystal
351phases, whereas the cubic crystal phase of the Rh2P NPs likely
352leads to the predominantly cubic particle morphology observed
353by TEM in Figure 1b. Elemental analyses of the silica-

Figure 1. TEM images of (a) Ni2P, (b) Rh2P, and (c) Pd3P NPs, with
high-resolution images inset.

Figure 2. XRD patterns of (a) Ni2P, (b) Rh2P, and (c) Pd3P NPs, with
corresponding reference patterns below.
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354 supported metal phosphide NPs indicate a slightly P-rich
355 composition relative to the expected bulk stoichiometry. The
356 Ni2P and Rh2P NPs contain 36.7 and 48.8 mol % P (33.3 mol
357 % expected), respectively, and the Pd3P NPs contain 34.7 mol
358 % P (25.0 mol % expected). The greater P content is attributed
359 to residual PPh3 from the P-rich precursors.
360 The Rh2P and Pd3P NPs were prepared from the single-
361 source Rh(PPh3)2(CO)Cl and Pd(PPh3)4 precursors, without
362 the addition of any excess organophosphine reagent such as
363 PPh3 or trioctylphosphine. In contrast, the synthesis of Ni2P
364 NPs from Ni(PPh3)2(CO)2 requires an additional 4 equiv of
365 PPh3 to prevent the formation of mixed-phase Ni2P/Ni12P5
366 NPs. Previous researchers have reported that, for Ni−P NPs
367 prepared from Ni(acac)2 and trioctylphosphine, P:Ni ratios less
368 than 1.12 gave highly crystalline Ni NPs as an intermediate,
369 leading to hollow Ni−P NPs upon phosphidation (300−350

370°C).18,19 Ratios of P:Ni greater than 2.8, on the other hand,
371yielded amorphous intermediate NPs at 230 °C and then solid
372Ni−P NPs at higher temperatures. Similarly, a P:Ni ratio of 6.0,
373used here, promotes the formation of amorphous Ni−P NPs
374that crystallize at higher temperatures. The formation temper-
375ature for the amorphous NPs is dependent upon the
376stoichiometric excess of PPh3. Aliquots of reaction mixtures
377prepared with and without excess PPh3 were removed at
378various temperatures and purified for analysis by TEM and
379XRD. With the addition of 4 equiv of PPh3, the onset of
380amorphous NP formation occurs at approximately 250 °C. At
381this temperature, the reaction mixture begins to darken, and the
382TEM image of an aliquot from this mixture reveals that solid
383NPs (5.5 ± 1.0 nm) with a spherical morphology have formed
384 f3(Figure 3a). Analysis of a sample taken at 250 °C by XRD
385 f4(Figure 4a), however, does not show any diffraction patterns

Figure 3. TEM images of purified samples of the reaction mixture taken at various temperatures during the decomposition of Ni(PPh3)2(CO)2 in
OAm/ODE under standard conditions with 4 equiv of PPh3 at (a) 250, (b) 275, (c) 300, and (d) 320 °C, and (e) after 2 h at 320 °C. TEM images
of the same reaction mixture in the absence of excess PPh3 at (f) 150, (g) 200, (h) 225, (i) 275, (j) 300, and (k) 320 °C, and (l) after 2 h at 320 °C.
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386 associated with Ni, Ni2P, or Ni12P5, indicating that the observed
387 NPs are likely amorphous or poorly crystalline. Synthetic
388 preparations for Ni NPs under similar conditions yield
389 crystalline Ni below 250 °C, suggesting that the NPs formed
390 at 250 °C here are not pure Ni.39 As the temperature of the
391 reaction is raised to 275, 300, and 320 °C, the NPs increase in
392 size to 10.1 ± 1.4, 13.5 ± 1.6, and 15.6 ± 2.0 nm, respectively
393 (Figure 3b−d). During the 2 h aging process at 320 °C, the size
394 of the NPs decreases to 14.1 ± 2.0 nm, as shown in Figure 3e.
395 The sizes of the NPs in this experiment are larger than that for
396 the stardard preparation, likely due to withdrawal of aliquots
397 during the reaction. Analysis of these reaction aliquots by XRD
398 (Figure 4a) indicates that the NPs remain amorphous until the
399 temperature reaches 320 °C. Upon initially reaching this
400 temperature, the primary crystalline phase is Ni2P with a minor
401 fraction of Ni12P5, indicated by a shoulder at 49.0° 2θ. After 2 h
402 at 320 °C, all of the Ni12P5 has converted to Ni2P. Although
403 conversion from mixed-phase Ni2P/Ni12P5 to lower density,
404 phase-pure Ni2P would be expected to lead to larger particles,

405densification via crystallization is also occurring during this
406conversion and may be responsible for the observed decrease in
407particle size.42

408Without the addition of PPh3, rapid darkening of the reaction
409mixture begins as early as 150 °C due to the formation of a
410polydisperse mixture of NPs (Figure 3f) that forms a
411combination of faceted NPs and hexagonal and triangular
412plates as the temperature is increased to 200 and then 225 °C
413(Figure 3g,h). These morphologies are characteristic of Ni NPs
414produced in the presence of an amine,43,44 although some
415incorporation of P cannot be ruled out.45 The XRD patterns
416undergo a sharp transition from a crystalline nickel complex at
417200 °C (XRD pattern not shown) to crystalline Ni (PDF 00-
418004-0850) at 225 °C (Figure 4b). The sharp peaks at 40 and
41948° 2θ are attributed to a residual crystalline Ni complex that is
420not an identical match for Ni(PPh3)2(CO)2. As the temper-
421ature is increased to 275 °C, the Ni plates begin to lose density
422at their centers (Figure 3i), concurrent with phosphidation.
423The XRD pattern at this temperature (Figure 4b) exhibits a
424slight shoulder at 47.5° 2θ, which resolves into the pattern for
425Ni12P5 (PDF 01-074-6017) at 300 °C, with no significant
426contribution from Ni2P. As the temperature is increased to 320
427°C, continued phosphidation leads to a mixture of Ni12P5 and
428Ni2P that persists with increased crystallinity after 2 h at 320
429°C. During phosphidation, the NPs take on a more spherical
430morphology with void spaces at the core, characteristic of
431phosphidation of metal NPs, as seen in Figure 3j,k. The final
432mixed-phase NPs are polydisperse with mostly solid cores
433(Figure 3l).
434We hypothesize that the addition of excess PPh3 stabilizes
435 s1the molecular precursor, as shown in Scheme 1, shifting the
436equilibrium toward pathway a and enabling decomposition to
437take place at a higher temperature (ca. 250 °C). At this
438temperature, the formation of amorphous Ni−P precursor NPs
439is favored over Ni NPs, and the amorphous Ni−P NPs are
440more readily converted to Ni2P in the presence of excess PPh3.
441The exact identity of the Ni−P precursor is unknown; however,
442it is worth noting that similar reactions employing the complex
443Ni(PPh3)4 with and without additional PPh3 did not result in
444any isolable nanomaterial. Therefore, simple ligand exchange to
445yield a tetrakisphosphine complex is not responsible for the
446observed difference in decomposition. Analysis of the reaction
447mixture containing excess PPh3 by XRD as a function of time
448suggests that Ni2P and Ni12P5 form simultaneously at
449temperatures greater than 300 °C, and over time the small
450fraction of Ni12P5 is converted into Ni2P by further
451phosphidation. In the absence of additional PPh3, loss of
452PPh3 from the precursor leads to decomposition at a lower
453temperature (150 °C). At this temperature, faceted metallic Ni
454NPs are formed via pathway b (Scheme 1), and above 275 °C,
455phosphidation begins to occur to give hollow Ni12P5 NPs and
456then hollow mixed-phase Ni12P5/Ni2P NPs. In the absence of
457additional PPh3, full conversion to Ni2P is not achieved within
4582 h, and the P-deficient Ni12P5 phase remains the major
459component of the final NPs. The diffraction peaks associated
460with Ni2P arise slowly over time suggesting that, in the absence
461of additional PPh3, the formation of Ni12P5 is more favorable
462and only at extended reaction times is the formation of any
463Ni2P observed.
464Acetic Acid Hydrodeoxygenation. Catalytic Testing.
465The use of an inert silica support for catalytic testing allows for
466a direct comparison between the reactivity of the metal
467phosphide catalysts and the corresponding metals (Ni, Rh, and

Figure 4. XRD patterns of purified samples of the reaction mixture
taken at various temperatures during the decomposition of Ni-
(PPh3)2(CO)2 in OAm/ODE under standard conditions with (a) 4
equiv of PPh3 and (b) in the absence of excess PPh3. The first aliquot
was taken when significant precursor decomposition began to occur,
and the final aliquot was taken 2 h after the reaction mixture reached
320 °C. Reference patterns are shown below, and dotted lines on the
experimental patterns indicate the highest intensity peak for Ni2P,
Ni12P5, and Ni.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.5b02140
Chem. Mater. XXXX, XXX, XXX−XXX

F

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

http://dx.doi.org/10.1021/acs.chemmater.5b02140


468 Pd) prepared by standard IW impregnation techniques.46,47

469 Prior to reaction testing, the metal phosphide NPs were
470 supported on silica by adsorption of the NPs on the support
471 from a chloroform suspension. Although extensive washing of
472 the NPs was not performed before the supporting procedure,
473 the supporting process itself may have led to a degree of ligand
474 removal or transfer of some of the ligands to the support.22 To
475 investigate the potential role of the ligands on the observed
476 catalysis, a ligand-capped NP Ni catalyst was prepared in
477 addition to ligand-free IW-Ni2P and IW-Rh2P catalysts. The

478metal and metal phosphide catalysts were prepared with a
479nominal active phase loading of 5 wt %, and the actual loadings,
480as determined by ICP-OES elemental analysis, are provided in
481Table S1. The metal phosphide NPs maintained their
482respective crystal structures after the supporting process
483(Figure S2). The metal phosphide NPs were also well dispersed
484on the silica support with no change in morphology observed
485by TEM (Figure S3a−c). Similarly, the Ni NPs retained their
486original size and shape throughout the supporting procedure
487(Figure S4). No additional pretreatment procedures were
488performed on any of the NP catalysts prior to catalytic testing.
489The IW-metal catalysts were prepared on the same silica
490support and reduced before catalytic testing. In general, the IW
491catalysts exhibited a larger variation in particle diameters than
492the NP catalysts (Figure S3d−f).
493TPRxn testing was performed on the NP and corresponding
494IW-metal and metal phosphide catalysts at atmospheric
495pressure from 200 to 500 °C with an H2/acetic acid molar
496ratio of 2.5, in order to investigate H2 activation and
497deoxygenation pathways under conditions that are relevant to
498ex situ CFP.3,4 It should be noted that these TPRxn
499experiments do not measure steady-state rates; thus reaction
500rates and product selectivities include the effects of
501deactivation/catalyst stabilization. In addition to its prevalence
502in bio-oils, acetic acid is a useful probe molecule because it can
503undergo a variety of transformations that can provide insight
504into differences in reactivity between metal and metal
505phosphide catalysts. A list of possible primary and secondary
506reactions of acetic acid is included in Table S4.
507 f5Acetic Acid and Hydrogen Conversion. Figure 5
508presents acetic acid and H2 conversion for the NP-metal
509phosphide catalysts and the corresponding IW-metal catalysts.
510All of the catalysts demonstrate significant conversion of acetic
511acid beginning at or below 350 °C. The IW-Rh catalyst exhibits
512the lowest onset temperature for acetic acid conversion,
513beginning around 300 °C, and the highest activity for acetic
514acid conversion, reaching a maximum of 90% by 500 °C. The
515IW-Pd catalyst also exhibits a high rate of conversion beginning
516at 350 °C. Overall, the IW-metal catalysts demonstrate the
517highest rates of conversion relative to the NP-metal phosphide
518catalysts. The rates of acetic acid and H2 conversion per mass of
519active phase are provided in Figure S5a, and the trends agree
520well with those in Figure 5, with the exception of the NP-Pd3P

Scheme 1. Proposed Decomposition and NP Formation
Pathways for the Single-Source Precursor Ni(PPh3)2(CO)2
(a) with and (b) without the Addition of Excess PPh3

Figure 5. Temperature-dependent conversion of (a) acetic acid and (b) hydrogen over the supported NP-metal phosphide catalysts and
corresponding IW-metal catalysts.
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521 acetic acid conversion rate, which increases due to the lower
522 active phase loading (3.74 wt %, Table S1).
523 Activation of H2 is a critical function for catalysts that operate
524 under ex situ CFP conditions, and the incorporation of
525 hydrogen into reaction products is necessary for most desired
526 deoxygenation processes. In control experiments, none of the
527 supported NP catalysts exhibit any H2 consumption and, in
528 fact, exhibit minor H2 production in the absence of acetic acid
529 (Figure S6). Therefore, H2 consumed in the presence of acetic
530 acid is incorporated into conversion products, rather than
531 facilitating reduction of the NPs or surface ligands. For the NP-
532 Ni2P and NP-Rh2P catalysts, the onset of H2 consumption is
533 concurrent with the onset of acetic acid conversion, and begins
534 around 350 °C. In agreement with the acetic acid conversion
535 data, the IW-Rh catalyst exhibits a sharp rise in consumption of
536 H2 above 300 °C, and the IW-Pd catalyst exhibits a sharp rise in
537 conversion after 350 °C. In contrast, minimal H2 consumption
538 is observed over NP-Pd3P and IW-Ni. Further, the IW-Ni
539 catalyst evolves H2 above 400 °C. The generation of H2 is
540 attributed to acetic acid gasification (CH3COOH → 2CO +
541 2H2), a reaction for which Ni is a known catalyst.48 In all cases,
542 the conversion of acetic acid continues to increase with
543 temperature while H2 consumption reaches a maximum around
544 400 °C for NP-Ni2P, NP-Rh2P, and IW-Rh and above 450 °C
545 for IW-Pd. At these higher temperatures, thermodynamic
546 considerations suggest that reactions that proceed without H2
547 (or that evolve H2) may begin to compete with hydrogenation

t1 548 reactions.3 Table 1 provides conversion ratios for H2/acetic

549 acid at various temperatures. A H2/acetic acid ratio of 1 implies
550 that much of acetic acid conversion involves hydrogen
551 incorporation, and a ratio of 0 or a negative value indicates
552 minimal hydrogen incorporation or evolution of H2,
553 respectively. These ratios may be convoluted by simultaneous
554 H2 consumption and evolution, and/or reactions that consume
555 or evolve more than one molecule of H2, such as gasification.
556 However, general trends suggest that NP-Ni2P and NP-Rh2P
557 (and to a lesser extent IW-Ni2P and IW-Rh2P, vide infra)
558 effectively incorporate H2 at 350 and 400 °C, while the NP-
559 Pd3P and IW-Ni are ineffective at these temperatures, with the
560 IW-Ni starting to produce H2 at 450 and 500 °C. The IW-Rh
561 catalyst is most effective at 300 and 350 °C, and the IW-Pd is
562 most effective at 350 and 400 °C, although IW-Pd retains the
563 most H2 incorporation at 450 and 500 °C.
564 Product Selectivities. Decomposition reactions, such as
565 decarbonylation (CH3COOH + H2 → CO + CH4 + H2O) and
566 decarboxylation (CH3COOH → CO2 + CH4), that proceed
567 through C−C bond scission are thermodynamically favored

568(ΔG°rxn = −33.4 and −62.0 kJ/mol, respectively) over the
569production of ethanol (−13.6 kJ/mol) via hydrogenation−
570dehydration (CH3COOH + 2H2 → CH3CH2OH + H2O).

49 It
571has also been demonstrated that silica-supported noble metals
572favor decarbonylation almost exclusively at low H2 pres-
573sures.46,47,50 Here, the acetic acid decomposition product CO is
574 f6a dominant product in all cases, as shown in Figure 6a. This can
575be attributed to gasification over IW-Ni, where H2 and CO are
576formed concurrently above 400 °C. In the other cases, with the
577exception of NP-Pd3P, consumption of H2 is concomitant with
578CO production suggesting a hydrogen-assisted decarbonylation
579pathway. This reaction proceeds with maximum production
580rates of CH4 (Figure 6b) around 400 and 415 °C for NP-Ni2P
581and NP-Rh2P, respectively, at 380 °C for IW-Rh, and at 400
582and 465 °C for IW-Pd, lending further support to the
583prevalence of hydrogen-assisted decarbonylation. The NP-
584Rh2P produces the highest yield of CH4 (16%) along with a
585nearly stoichiometric CO yield at this temperature, giving a
586CO/CH4 molar ratio of 1.2. Similarly, the NP-Ni2P exhibits a
587CO/CH4 ratio of 1.6 at 400 °C, although the maximum yield of
588CO occurs at 420 °C, above the highest yield of CH4. In
589contrast, IW-Rh exhibits a CO/CH4 ratio of 2.5, indicating that
590competing reactions are occurring simultaneously. IW-Pd
591exhibits a CO/CH4 ratio of 1.7 at 400 °C and a ratio of 2.5
592at 465 °C, suggesting that competing reactions occur more
593readily over the IW-metal catalysts relative to the NP-metal
594phosphide catalysts. The bare silica support performs similarly
595to the NP-Pd3P, with conversion of acetic acid beginning
596around 350 °C, minimal consumption of H2 (Figure S7a), and
597production of CO and H2O in less than 10% yields (Figure
598S7b). These results indicate that NP-Pd3P has minimal catalytic
599impact on productive reactions of acetic acid under these
600conditions, and behaves similarly to the bare silica support.
601Acetic acid conversion over both NP-Pd3P and the silica
602support, without significant product yields, suggest that coke
603formation via dehydration of acetic acid and/or methane
604decomposition (Table S4) may play a primary role in these
605cases.
606The nonstoichiometric yields of CO and CH4, along with
607lower than expected production of H2O (Figure 6c) required
608for decarbonylation, suggest that gasification to produce CO
609and H2 is proceeding concurrently with decarbonylation at
610higher temperatures. Gasification is favored by the IW-metal
611catalysts over the NP-Ni2P and NP-Rh2P catalysts. Additionally,
612secondary reactions that consume CH4 and H2O such as
613methane decomposition and methane steam reforming are
614likely to occur at higher temperatures (Table S4).
615As shown in Figure 6d, CO2 yields are negligible, with a
616maximum yield of less than 5% for IW-Ni at 430 °C. Low yields
617of CO2 have also been observed for acetic acid hydrogenation
618over Pt/SiO2 at temperatures greater than 400 °C.46,47,50

619However, the most striking differences in the performances of
620the NP-metal phosphide and IW-metal catalysts are between
621the NP-Ni2P and IW-Ni catalysts. Under the low H2 pressure
622conditions investigated here, NP-Ni2P performs H2 activation,
623in contrast to the H2 evolution exhibited by the IW-Ni catalyst.
624Thus, the behavior of the metal phosphide is significantly
625different from that of the parent metal, and more closely
626resembles that of the noble metal catalysts in terms of H2
627activation capability and reactivity toward acetic acid.51

628In contrast to the decomposition species that dominate the
629product slate, coupling (to form acetone), dehydration (to form
630ketene), and hydrogenation−dehydration (to form acetalde-

Table 1. Conversion Ratios for H2/Acetic Acid at Specified
Temperatures

H2/acetic acid conversion ratio at specified T (°C)

catalyst 300 350 400 450 500

NP-Ni2P 0.4 0.8 0.9 0.2 0.1
NP-Rh2P 0.5 1.1 1.1 0.3 0.1
NP-Pd3P 0.1 0.1 0.1 0.1 0.1
IW-Ni 0.2 0.3 0.0 −0.3 −0.2
IW-Rh 1.3 0.9 0.4 0.1 0.1
IW-Pd 0.5 0.7 0.7 0.5 0.3
NP-Ni 0.0 0.0 −0.3 −0.4 −0.2
IW-Ni2P 0.5 0.9 0.6 0.3 0.0
IW-Rh2P 0.8 1.0 0.8 0.4 0.2
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631 hyde and ethylene) species generally represented a minor
632 fraction of the products, and thus are provided in Figure S8.
633 These minor products were largely comprised of acetone and
634 ketene that do not rely on activation of H2, and acetaldehyde
635 that does require hydrogenation. However, these products were
636 also observed in similar yields over the silica support, as shown
637 in Figure S7c. Minimal yields of ethylene were produced over
638 each catalyst, and no ethanol was observed.
639 Comparison of IW and NP Materials. A comparison of
640 acetic acid and H2 conversion over the ligand-coated NP-Ni
641 and ligand-free IW-Ni catalysts reveals nearly identical

f7 642 behaviors for the two materials (Figure 7a). The H2/acetic
643 acid ratios for these catalysts (Table 1) are also similar to
644 negative values for NP-Ni starting at 400 °C and at 450 °C for
645 IW-Ni. The IW-metal phosphide catalysts (Figure 7b,c) exhibit
646 greater acetic acid and H2 conversions and significantly lower
647 onset temperatures; however, the trends are similar to those for
648 the NP-metal phosphide catalysts. The H2/acetic acid ratios
649 (Table 1) compare well between the NP- and IW-metal
650 phosphide catalysts, with values close to unity at 350 and 400
651 °C. These results demonstrate that the controlled, phase-pure,
652 solid phosphide NPs, described here, behave similarly to
653 standard IW-metal phosphide materials. Although the decom-
654 position products formed over IW-Ni agree well with those for
655 the NP-Ni catalyst (Figure 7d), the products formed over the
656 IW-Ni2P and IW-Rh2P (Figure 7e,f) exhibit slightly higher
657 yields and lower onset and peak production temperatures than

658the corresponding NP-metal phosphide catalysts. The shifts to
659lower temperature in onset of reactant conversion and product
660evolution suggests a greater initial activity for the IW-metal and
661IW-metal phosphide catalysts, which could occur due to the
662absence of ligands. Previous results have demonstrated that
663ligand-coated catalysts may require an activation period, during
664which partial ligand removal may occur, in order to achieve full
665conversion.52 Overall, products that require activation of H2,
666including CO and CH4 from hydrogen-assisted decarbon-
667ylation, and hydrogenation−dehydration products acetaldehyde
668and ethylene, shown in Figure S9, exhibit shifts to lower onset
669and maximum production temperatures over IW-metal and IW-
670metal phosphide catalysts relative to the NP-metal and NP-
671metal phosphide materials. Therefore, it is likely that the
672presence of organic ligands on the surface of the NP catalysts
673inhibits hydrogen-assisted reactions that occur on the surfaces
674of the NPs at lower temperatures or without an activation step.
675Postreaction Catalyst Characterization. The NP-Ni2P
676and NP-Rh2P catalysts were recovered for postreaction
677characterization after heating to 400 °C under reaction
678conditions and holding at this temperature for 30 min. A
679maximum reaction temperature of 400 °C was selected due to
680the high conversion of H2 (Figure 5b) observed at this
681temperature for both catalysts. Analysis of the spent NP-Ni2P
682 f8by XRD (Figure 8a) indicated minimal changes in the
683diffraction pattern with the exception of a small shoulder at
68449° 2θ, which likely arises from the P-deficient Ni12P5 phase,

Figure 6. Temperature-dependent conversion of acetic acid to form (a) carbon monoxide, (b) methane, (c) water, and (d) carbon dioxide over the
supported NP-metal phosphide catalysts and corresponding IW-metal catalysts.
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685 and a broad peak around 36° 2θ originating from the Kapton
686 window. No metallic Ni or Ni oxide phases were observed. The
687 NP-Rh2P catalyst also exhibited minimal changes in the
688 diffraction pattern following reaction (Figure 8b), with no
689 significant conversion to Rh metal (PDF 01-087-0714).
690 Imaging of the spent catalysts by TEM did not indicate any
691 appreciable sintering or changes in morphology for the NP-
692 Ni2P (Figure 8c) or the NP-Rh2P (Figure 8d). Coking is a
693 known problem under these conditions,3 however, combustion
694 analysis of the as-prepared and spent catalysts gave a C content
695 of 3.1 wt % for the as-prepared NP-Ni2P catalyst, and 0.8 wt %
696 for the spent catalyst. Similarly, the as-prepared NP-Rh2P

697catalyst had 2.9 wt % C content that decreased to 1.0 wt % after
698reaction. The decrease in carbon content is most likely due to
699the decomposition of organic ligands under these conditions.
700Overall, the NP-metal phosphide catalysts retain their
701morphology, and to a large degree their composition, during
702the initial stages of acetic acid HDO at 400 °C.

703■ CONCLUSIONS

704A facile single-source molecular precursor route was developed
705to enable the preparation of solid, phase-pure metal phosphide
706NPs from commercially available and air-stable metal−PPh3

Figure 7. Acetic acid and hydrogen conversion for (a) Ni/SiO2, (b) Ni2P/SiO2, and (c) Rh2P/SiO2, and product yields for (d) Ni/SiO2, (e) Ni2P/
SiO2, and (f) Rh2P/SiO2. Solid lines represent NP catalysts and dotted lines the corresponding IW catalysts.
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707 complexes in a single-pot reaction. The formation of metal-rich
708 Rh2P and Pd3P NPs was found to proceed rapidly during 1 h at
709 the low temperature of 300 °C, simply via the thermolytic
710 decomposition of their respective precursors, Rh(PPh3)2(CO)
711 Cl and Pd(PPh3)4, without the addition of any external
712 phosphorus source. However, the analogous Ni precursor
713 Ni(PPh3)2(CO)2 was found to decompose at a significantly
714 lower temperature and required the addition of 4 molar equiv
715 of PPh3 to stabilize the complex and generate phase pure Ni2P
716 NPs at 320 °C over 2 h. A time-dependent analysis of reaction
717 products suggested that the formation of Ni2P NPs proceeds
718 through an amorphous Ni−P intermediate, which upon
719 crystallization at higher temperature leads to the desired NP
720 morphology and metal-rich Ni2P phase. The methodology
721 developed herein has the potential to be expanded to other

722catalytically relevant metal phosphide materials that can be
723difficult to access or control (e.g., Mo−P, Fe−P, Ru−P), given
724the availability and ease of preparation of analogous precursor
725materials.
726The well-defined metal phosphide NPs prepared using this
727single-source precursor route were supported on inert silica and
728assessed for acetic acid HDO under ex situ CFP conditions.
729Both NP-Rh2P and NP-Ni2P exhibited hydrogen-assisted
730decarbonylation to form CO, CH4, and H2O as the primary
731pathway for H2 incorporation, while NP-Pd3P exhibited only
732modest activity beyond that of the bare support material. In
733contrast, the Ni(0) catalysts demonstrated gasification of acetic
734acid to generate H2 and CO, with little or no hydrogen
735incorporation into the products. This dramatic shift in
736selectivity highlights one of the primary advantages of metal

Figure 8. XRD patterns for postreaction and as-prepared (a) NP-Ni2P/SiO2 and (b) NP-Rh2P/SiO2 with corresponding reference patterns below.
The sharp peak at 60° 2θ is from residual quartz diluent. TEM images of postreaction (c) Ni2P/SiO2 and (d) Rh2P/SiO2.
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737 phosphides over the parent metal. Furthermore, Ni2P
738 represents a lower cost alternative to noble metal based
739 catalysts, while still effectively activating and incorporating H2
740 into the reaction products. The NP-Ni2P and NP-Rh2P
741 catalysts were found to behave similarly to standard IW-metal
742 phosphide materials, with a slight shift to higher onset
743 temperatures likely due to the presence of organic ligands.
744 The development of methodologies for preparing catalyti-
745 cally active nanomaterials with highly controlled attributes is
746 important for correlating structural properties with catalytic
747 performance. Additionally, solution-synthesized NPs can be
748 dispersed on a variety of support materials without modification
749 of the synthetic method or influence of the support material on
750 the features of the active phase. For example, this route can be
751 applied for the preparation of alumina-supported metal
752 phosphide catalysts that are difficult to prepare by standard
753 methods due to interaction of the phosphorus-containing
754 precursors with the alumina.7 More importantly, the controlled
755 size, shape, and composition of the NP-metal phosphides are
756 stable during the initial stages of acetic acid HDO at 400 °C.
757 These results, and the minimal coke formation observed during
758 the first 30 min of reaction, suggest that these materials are
759 good candidates for further study in bio-oil compound
760 upgrading reactions under ex situ CFP conditions.
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