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Abstract

Transition metal phosphide (TMP) nanoparticles (NPs) are versatile materials for energy
conversion/storage applications due to their robustness and many possibilities to tailor NPs’
electronic, physical, and chemical properties. One of the hurdles towards their broader
implementation is their challenging synthesis exacerbated by the limited choice of phosphorus
precursors. On the one hand, the synthesis of TMP NPs can employ various alkyl- or arylphosphines
requiring prolonged heating at high temperatures, while on the other hand, highly reactive P(SiMes)s,
white phosphorus, or PH3 pose additional obstacles associated with their hazardous nature, high cost,
and limited availability. This work introduces the use of acylphosphines as a new class of phosphorus
sources for synthesizing phosphide NPs. They were shown to react with respective metal chlorides at
moderate temperatures as low as 250 °C vyielding poorly crystalline NPs, which can later be
crystallized at 305 °C. After ligand stripping with HPFs, NPs were found to be an effective
electrocatalyst for the hydrogen evolution reaction in the acidic medium exhibiting overpotentials as
low as 50 mV at a current density of 10 mA/cm?, which is among the lowest overpotentials for these

materials and is quite competitive to commercial platinum-based catalysts.

1. Introduction

Over the last decade transition metal phosphide (TMP) nanoparticles (NPs) have emerged as
a material of interest for a variety of energy conversion/storage applications, such as electrical
capacitors,!*? thermoelectrics,® ion batteries,[ etc. To date, there have been many reports on the
synthesis of phosphides of nickel,% cobalt,®911-23 jron 14171 molybdenum,*8-2°1 copper,[2+-24
manganese,?>27] tungsten, 2%l etc.

One of the important rapidly developing research avenues for this class of materials is their
application in various catalytic processes including photocatalysis,?®3% organic catalysis,-34
electrocatalysis for CO2-conversion,5-3% hydrogen and oxygen evolution.[*-#81 Qver the years, their

catalytic performance characteristics have been steadily approaching those of state-of-the-art systems
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based on noble metals. In addition, TMPs comprise widely abundant elements, which drastically
reduces the cost of their large-scale implementation.-49-51 Moreover, many TMPs exhibit excellent
robustness and broad flexibility of their physical, chemical, and electronic properties due to a vast
number of available stoichiometries, and crystal structures, which can be further modified by
alloying, doping, as well as size- and shape-control.

One of the main obstacles hindering the development of TMP catalysts is their challenging
synthesis due to the strong metal-phosphorus and covalent phosphorus-phosphorus bonds, which
usually require harsh reaction conditions and an appropriate phosphorus source, the range of which
remains severely limited.[? Often, such NPs are prepared on various supports at high (> 500 °C)
temperatures, 354 which greatly increases the required energy input. The introduction of colloidal
syntheses in solution helped resolve this issue and opened new possibilities to manipulate the
properties of TMP NPs. The majority of works reported so far utilized either trialkyl- or
triarylphosphines (e.g. trioctylphosphine)l>711-14162L261  and  related metal complexes,
organophosphitest®% or aminophosphines®-*° as a phosphorous source in combination with metal
acetates,[>2%271 chlorides,®1°2% acetylacetonates,®” oxides,*> carbonyls,[!2141625261 [ylk or
nanosized metalst*¥ at elevated temperatures.[*l However, due to the low reactivity of these
phosphorus sources, the synthesis protocols still require keeping the reaction at high temperatures
(albeit significantly lower than previous approaches — 300-360 °C) for prolonged periods of time and
the use of large amounts of stabilizing agents such as fatty amines®83141621 or fatty acids[**22%],
On the other side of the reactivity spectrum are P(SiMes)s,1256% white phosphorus,®+¢2 and PH3
gas, 6364 but they pose significant hazards due to their high flammability and toxicity as well as high
cost.

In this work, we report the high yield and purity synthesis of acylphosphines employing
inexpensive starting materials. Using tributyrylphosphine ((PrCO)sP) and tribenzoylphosphine
(BzsP) as a case study, for the first time we demonstrate their utility as a new class of reactive
phosphorus precursors for the preparation of nickel, cobalt, iron, and molybdenum phosphides at
moderate (250-305 °C) temperatures. We demonstrate that the size and crystallinity degree of
resulting metal phosphide NPs can be controlled by the synthesis temperature and the type of acyl
substitutes of the phosphine. Finally, we studied the performance of the ligand-exchanged TMP NPs
as electrocatalysts for hydrogen evolution reaction (HER) in the acidic and basic media. We show
that among the studied TMP NPs the lowest HER overpotential of 50 mV at 10 mA/cm? and a small
Tafel slope of 46 mV/dec were achieved by Ni2P/Ni12Ps NPs in acidic media, which are among the

best values demonstrated by non-noble metal-based TMP NPs reported to date.

https://doi.org/10.26434/chemrxiv-2024-0fj98-v3 ORCID: https://orcid.org/0000-0001-8533-7347 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0fj98-v3
https://orcid.org/0000-0001-8533-7347
https://creativecommons.org/licenses/by-nc-nd/4.0/

2. Results and discussion

(PrCO)sP and BzsP were synthesized by the acylation of sodium dihydrogenphosphide
prepared by the protonation of sodium phosphide with t-BuOH (Scheme 1). The composition and
structure of these compounds were confirmed by elemental analysis and NMR-spectra (Figure S1 in
the Supporting Information), which were consistent with the literature data.l®>%! Both phosphines
were isolated with high (> 50 %) reaction yields and purity and were found to be soluble in THF,
DME, CHCls, and toluene. In addition, (PrCO)sP is soluble in hexane and octadecene-1 (ODE). When

exposed to air, (PrCO)sP reacts exothermically producing white fumes, while BzsP was found to be
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Scheme 1. Synthesis scheme of (PrCO)sP and BzsP.

Metal phosphide NPs were synthesized by reacting metal chlorides with either (PrCO)sP or
BzsP as a phosphorus precursor in ODE. To investigate the reactivity of the prepared phosphines we
used the heat-up approach widely applied in the synthesis of TMP NPs. During the preliminary
experiments the phosphines were found to be unreactive towards nickel and cobalt oleates in ODE
prior to their decomposition; (PrCO)sP quickly decomposed when using respective chlorides in
oleylamine, whereas BzsP was more stable but led to the low yield and irregular shaped NPs. Thus,
instead, we opted to perform the synthesis in ODE using trioctylphosphine (TOP) as a metal
complexing agent facilitating the dissolution of respective chlorides. After the dissolution of metal
precursors, the acylphosphines were injected at 90 °C into the reaction mixture, which was then
heated to the required temperature (250 — 305 °C). Upon heating the reaction mixture began darkening
at ca. 150 °C and 170 °C in the case of NiCl2 and CoClz, respectively, indicating the reaction between
acylphosphines and metal salts and kept turning black over the reaction progress.

Figure 1 shows transmission electron microscopy (TEM) images and X-ray diffraction (XRD)
patterns of nickel phosphide NPs prepared using the synthesized acylphosphines. One can see that at
250 °C both phosphorus sources yield small (5+ 1 nm and 4 £ 0.5 nm, in the case of BzsP and
(PrCO)sP, respectively) quasi-spherical NPs. Corresponding XRD patterns exhibit significantly
broadened low-intensity reflexes attributed to the hexagonal Niz2P phase consistent with small-sized
poorly crystalline NPs. When the synthesis temperature was increased to 305 °C, the size of obtained
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NPs increased to 8.5+ 1.5 nm and 7.5 £ 1.5 nm in the case of BzsP and (PrCO)sP, respectively, while
the XRD reflections became more pronounced, in line with previous reports suggesting that TMP
NPs require high temperature to crystallize.l®6768 |t is worth mentioning that higher temperatures
resulted in higher NP yields indicating that crystallization was accompanied by further monomer

conversion facilitating the size increase.
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Flgure 1. TEM images (a d) and XRD patterns (e) of nickel phosphide NPs synthesized using BzsP
at 250 °C (a) and 305 °C (b), and (PrCO)sP at 250 °C (c) and 305 °C (d). Scale bars in TEM images
are 50 nm. Dashed lines in (e) correspond to the XRD pattern of hexagonal Ni2P (# 3-0953) and serve

Normalized intensity (arb. units)

as a guide for an eye

Furthermore, nickel phosphide NPs prepared with BzsP at 305 °C exhibit additional reflections
at 38.5° and 49.0° attributable to the metal-rich tetragonal Nii2Ps phase. Its formation might be
explained by the lower reactivity of the acylphosphine as suggested by its aforementioned stability
towards air exposure and its higher thermal stability.l®® Considering the mechanistic speculations
above, lower reactivity results in a smaller yield of poorly crystalline intermediates leaving more
unreacted nickel salt in solution, creating more metal-rich conditions for later reaction stages, which
were previously reported to facilitate the formation of Ni12Ps NPs.[l This assumption is also in line
with the slightly bigger size of NPs prepared with BzsP, since slower monomer flux generally
facilitates the growth of NPs to larger sizes.

In a similar manner to nickel phosphide, we also synthesized cobalt phosphide NPs using
cobalt dichloride as a metal source. Cobalt precursor was found to be slightly less reactive towards
acylphosphines, thus low-temperature cobalt phosphide was prepared at 275 °C. TEM images and
corresponding XRD patterns of the prepared cobalt phosphide NPs are displayed in Figure 2.
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Figure 2. TEM images (a-d) and XRD patterns (e) of cobalt phosphide NPs synthesized using BzsP
at 275 °C (a) and 305 °C (b), and (PrCO)sP at 275 °C (c) and 305 °C (d). Scale bars in TEM images
are 50 nm. Dashed lines in (e) correspond to the XRD pattern of hexagonal CozP (# 54-0413) and

serve as a guide for an eye.

As in the case of Ni phosphides, cobalt phosphide NPs synthesized using BzsP at the lower
temperature are quasi-spherical albeit having rougher surfaces with average sizes of 9 + 1.5 nm. At
the same time, in the case of (PrCO)sP) a mixture of rod-like (length 19.0 + 2.5 and width 7.5 +
1.0 nm) and quasi-spherical NPs (7.5 £ 2 nm) was observed (Figure 2c and Figure S2 in the
Supporting Information). In both cases, respective XRD patterns exhibit low-intensity reflections of
orthorhombic CozP. The syntheses at the higher temperature resulted in cobalt phosphide NPs with
markedly different shapes of nanorods with dimensions of 18 + 3 nm x5+ 1 nm and 29 + 4.5 nm x
6.5 = 1 nm when using (PrCO)sP and BzsP, respectively. Notably, the diameter of cobalt phosphide
nanorods is smaller than the diameter of quasi-spherical NPs prepared at lower temperatures,
indicating that some recrystallization of smaller NPs takes place at higher temperatures, which is
consistent with the NP growth mechanistic speculations above. Similarly to Ni phosphides, the
increase of the synthesis temperature also higher NP crystallinity as evidenced by a higher intensity
of XRD reflections and the appearance of additional reflection at ~52.4°.

It is worth mentioning that TMP NPs prepared with alkyl- or arylphosphines in metal-rich
conditions often exhibit hollow structures due to the two-step reaction mechanism involving
phosphidation of intermediate metallic NPs leading to the appearance of voids due to the Kirkendall
effect.1267-7%1 The formation of holes in NPs can be suppressed by significantly increasing the ratio
of alkylphosphines above ca. 9-fold excess of phosphorus precursor, which pushes the reaction
towards the formation of amorphous metal phosphide NPs.[7¢81 In our case, particles appear solid

and homogeneous and we observed no signs of the formation of metallic NPs at any point of the
5
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reaction via XRD or TEM analysis. This suggests that even in metal-rich conditions acylphosphines
with a molecular structure similar to the abovementioned alkyl- or arylphosphines react with metal
salts, first forming molecular metal-acylphosphine complexest™ (as suggested by the color change
of the reaction mixture), which then undergo the intermolecular rearrangement similar to the reaction
mechanism reported for organophosphites.' Considering that alkylphosphines are known to
efficiently catalyze acylation reactions, aside from being a co-solvent and a ligand TOP can also
facilitate complex decomposition through the nucleophilic attack of the carbonyl group.l’>7 This
reaction results in the formation of respective poorly crystalline or amorphous phosphide NPs, which
later recrystallize and provide the flux of monomers for further NP growth, explaining the larger sizes
and the shape change of NPs prepared at higher temperatures. Together with somewhat lower reaction
temperatures, this suggests that the introduction of the carbonyl group in the vicinity of the central
phosphorus atom significantly improves the reactivity of phosphines.

Furthermore, we also examined the reactivity of the prepared phosphines towards copper (1),
iron (11), and molybdenum (V) chlorides. In the case of copper and iron, TEM imaging reveals the
formation of very large crystalline NPs of the respective phosphides with sizes on the scale of
hundreds of nm (see Figure S3 in the Supporting Information). Such drastic size difference can be
most likely attributed to the poor ability of chloride and TOP to passivate the surface of the formed
metal phosphide NPs, resulting in their uncontrolled growth. Conversely, the reaction with
molybdenum (V) chloride yielded very small (~2 nm) amorphous NPs with poorly defined shapes
(see Figure S3 d,h in the Supporting Information). It is worth mentioning that crystalline
molybdenum phosphide is notoriously hard to prepare via the synthesis in solution since its
crystallization requires temperatures well above 305 °C and is usually conducted as an additional
annealing step.[®18l

Since both acylphosphines and TOP can potentially act as a phosphorus source for TMP NPs,
to verify whether (PrCO)sP and BzsP are indeed playing the major role in the reaction, we performed
additional syntheses in the same manner, except for the injection of the acylphosphines. In the case
of cobalt and nickel chlorides, the reaction resulted in respective phosphide NPs with poor chemical
yield, however, their TEM images are markedly different from the ones shown above, demonstrating
particles with significantly larger sizes of tens of nm (Figure S4 in the Supporting Information). In
the case of copper, iron, and molybdenum chlorides, no reaction was observed even after the
prolonged heating at 305 °C.

Next, we evaluated the electrocatalytic performance of the synthesized NPs deposited onto the
glassy carbon electrode in both acidic (0.5 M H2S04) and alkaline (1 M KOH) aqueous solutions.
Since NPs synthesized in the organic medium are sterically stabilized in solution by bulky organic
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ligands, which can block access to active catalytic sites and severely hinder the charge transfer
between/from NPs in solid films,"*7"1 we first assessed the effect of ligand removal from NPs’
surface on their electrocatalytic performance. Often the ligand removal from the surface of TMPs is
conducted by annealing at high temperatures in a vacuum or hydrogen atmosphere,® which aside
from being energy-intensive can also contaminate the film with carbonaceous residues as well as
cause unwanted phase changes and particle fusion, thus severely reducing the surface area and hence
the activity of the catalyst.[*®787 Since one of our aims was also to compare HER performance of
poorly vs well-crystallized NPs, instead, we conducted an NPs’ phase transfer from hexane to NMF
using HPFs, which, albeit being much milder, was shown to be effective at the removal of the native
ligands from NPs leaving behind positively charged metal sites.[%778% Ag illustrated in Figure S5 in
the Supporting Information, the ligand stripping from the surface of nickel phosphide NPs results in
a marked overpotential drop, indicating a notable enhancement of the catalytic performance. This
improvement underscores the significance of ligand choice in optimizing electron transfer and,
consequently, enhancing the overall catalytic efficiency, hence, we utilized the same protocol for
other TMP NP samples.

The efficiency of the ligand-exchange process was monitored with Fourier-transform infrared
spectroscopy (FTIR) (Figure 3). One can see that prior to ligand exchange, all samples exhibit a
group of intensive bands around 2800 — 3000 cm™ corresponding to symmetric and asymmetric
vibrations of methyl and methylene units of long alkyl chains.[®!l At the same time, we observed no
sharp and intensive features at 1500 — 1700 cm™ of carboxylate or carbonyl vibrations,®?! which
might have appeared due to the presence of unreacted acylphosphines or by-products of their
decomposition, thus suggesting that TOP acts as a sole organic surface ligand. After adding HPFs
into the biphasic mixture and vigorously shaking it for 10 min the NPs quickly migrated to the NMF
layer indicating the removal of organic species from the NPs’ surface. Successful ligand stripping is
also confirmed by FTIR data, where we observe the complete or nearly complete disappearance of
alkyl chain vibration signals (Figure 3). Notably, during and after the phase transfer some of the
amorphous samples exhibited lower colloidal stability than their crystalline counterparts thus
complicating complete ligand stripping even after adding another HPFe aliquot, which in turn
explains weak residual signals of organic ligands. This can be explained by the less defined surface
of amorphous NPs potentially exposing more sites, which poorly adsorb protons or neutralize their
charge, thus negating their contribution to colloidal stability. In addition, we further characterized the
elemental composition of ligand-stripped NCs using inductively coupled plasma optical emission
spectroscopy (ICP-OES). All NCs were found to have a substoichiometric M/P (M = Ni, Co) ratio,
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making them relatively phosphorus-rich, most likely due to the removal of metal chloride complexes,

which can act as loosely bound Z-type ligands.
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Figure 3. FTIR spectra of nickel and cobalt phosphide NPs synthesized using BzsP (a) and (PrCO)sP
(b) before (light lines) and after (darker lines) ligand exchange with HPFe.

Figure 4 a,b presents the linear sweep voltammetry (LSV) curves of cobalt and nickel
phosphide NPs recorded in 0.5 M H2SO4 aqueous solution, which exhibit two clear trends. First, the
overpotentials of nickel phosphide NPs are lower than those of cobalt phosphide NPs, which can be
explained by the lower Gibbs free energy of the adsorbed atomic hydrogen AGn~= indicating the ability
of the catalyst to release hydrogen and unblock the reactive catalytic sites.[®! Second, the samples with
lower crystallinity prepared at lower temperatures demonstrate markedly higher overpotentials than
their counterparts prepared at 305 °C with more pronounced crystalline features in XRD patterns,
which can be explained by the much higher conductivity of well-crystallized NPs.[ In the case of
high-temperature nickel phosphide NPs synthesized using BzsP and (PrCQO)sP, overpotentials of only

8

https://doi.org/10.26434/chemrxiv-2024-0fj98-v3 ORCID: https://orcid.org/0000-0001-8533-7347 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0fj98-v3
https://orcid.org/0000-0001-8533-7347
https://creativecommons.org/licenses/by-nc-nd/4.0/

50 mV and 68 mV, respectively, are required to reach a current density of 10 mA/cm?, which
favorably compares against the reported nickel and cobalt phosphides (see Table S1 and Figure S6
in the Supporting Information) and are quite competitive values compared to Pt/C (28 mV) employed

as a commercial catalyst.
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Figure 4. HER-performance of NPs in 0.5 M H2SOa4: LSV curves (a, b) and Tafel plots (c, d) of the
metal phosphide NPs synthesized with BzsP (a, ¢) and (PrCO)sP (b, d).

Currently, there is limited information in the literature, directly comparing the catalytic
performance of amorphous and crystalline nickel and cobalt phosphide NPs, since they can usually
be accessed via different synthetic routes, which results in dissimilar compositions, sizes, and
structures further complicating proper comparison. In this regard, our work enables the examination
of the effect of crystallinity degree on the electrocatalytic performance of TMPs prepared via similar
routes and possessing comparable parameters. Although more sophisticated studies, which go beyond
the scope of this paper, are needed to properly examine the underlying processes involved in
electrocatalysis, we are still able to draw some qualitative conclusions.

In general, amorphous materials are expected to be beneficial for catalysis because they can

offer a more flexible composition and structure as well as owing to disorder introducing more defects
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and vacancies often presumed to be electrocatalytically active sites.[*%7984851 On the other hand,
crystalline NPs might exhibit better performance since they possess well-defined facets and some
specific crystallographic planes were shown to be particularly active in the reduction of
hydrogen.[>88871 Furthermore, films of crystalline NPs have higher electrical conductivity, which
appears to be the major factor contributing to the better catalytic performance of crystalline NPs
compared to amorphous ones. !

To further assess the catalytic efficiency, Tafel slope analysis was conducted, serving as an
indicator of the reaction kinetics. As illustrated in Figure 4 c,d, crystalline nickel phosphide NPs
exhibit the smallest Tafel slopes (46 and 48 mV/dec in the case of BzsP and (PrCO)sP, respectively)
compared to amorphous/poorly crystalline nickel phosphide (112 and 110 mV/dec), crystalline (102
and 64 mV/dec) and amorphous/poorly crystalline (145 and 118 mV/dec) cobalt phosphide NPs.
These values do not match the Tafel slope values of 29, 38, and 116 mV/dec expected for particular
rate-limiting steps of the Volmer-Heyrovsky-Tafel HER mechanism, which is quite common for non-
metal materials.®® In some publications, values lower than ca. 60 mV/dec are interpreted as a
probable signature of a barrierless electron transfer mechanism!® or a mechanism involving a fast
Volmer step followed by the Heyrovsky step determining the overall reaction rate.[*>1 However,
more recently it was suggested that such Tafel analysis does not accurately describe electrocatalysis
and does not allow conclusive identification of the rate-determining steps possibly due to more
complex reaction mechanisms and altered parameter values used in theoretical calculations.[®%4
Nevertheless, a conclusion can be made that smaller Tafel slopes indicate a less hindered HER process
with superior charge transfer efficiency and faster reaction kinetics. !

Figure 5 presents the LSV curves along with corresponding Tafel plots of cobalt and nickel
phosphide NPs recorded in 1 M KOH. In general, HER overpotentials for a variety of electrocatalysts
of different nature are significantly higher than those observed in the acidic solutions, most likely due
to the overall change of the HER mechanism resulting in more complicated kinetics involving
additional water dissociation step.®?l As one can notice, in our case we observe the same trend both
in LSV curves and respective Tafel slopes across all studied electrodes pointing to slower reaction

rates.
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Figure 5. HER-performance of NPs in 1.0 M KOH: LSV curves (a, b) and Tafel plots (c, d) of the
metal phosphide NPs synthesized with BzsP (a, ¢) and (PrCO)sP (b, d).

Similarly to HER in an acidic medium, lower overpotentials were achieved in the case of well-
crystallized NPs further supporting our assumption that film conductivity plays an important role in
the catalyst activity. Interestingly, in an alkaline medium both types of cobalt phosphide NPs exhibit
lower overpotentials, which is in line with previous reports and might be attributed to the different
absorbed species involved in the initial reaction steps, their binding affinity to the surface, as well as

phase/compositional transformation during the electrocatalysis.[394

3. Conclusion

In this work, we report the application of triacylphosphines as the new type of phosphorus
precursors for the synthesis of nickel and cobalt phosphide NPs. We demonstrate that in comparison
to alkyl- or arylphosphines with similar structures commonly used for the preparation of TMP NPs,
acylphosphines react with metal chlorides at lower temperatures and directly yield metal phosphide
NPs without the intermediate metal reduction step, minimizing the contamination of the final product.
At the same time, in contrast to other highly reactive phosphorus sources, such as white phosphorus,

PHs, or P(SiMezs)s, they are relatively safe for use and can be prepared on a large scale using cheap
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and widely available starting materials. Acylphosphines react with nickel and cobalt chlorides in the
presence of TOP at temperatures as low as 250 °C yielding NPs with sizes < 10 nm, which can later
be transformed into crystalline NPs by heating up to 305 °C. Furthermore, under similar synthesis
conditions, BzsP and (PrCO)sP react with iron and copper chlorides forming large crystalline
particles, while reaction with molybdenum chloride yields small poorly crystalline NPs,
demonstrating a great potential of these P-precursors in the synthesis of various metal phosphide
nanomaterials. Our method provides access to TMP NPs with different crystallinity expanding the
possibility to control physical and electrical properties, which, as demonstrated in this work,
determine their performance in electrocatalysis. We examined the HER performance of the
synthesized Ni and Co phosphide NPs after ligand stripping using HPFs and showed that both types
of crystalline NPs demonstrate lower overpotential than their amorphous counterparts. At the same
time, in an acidic medium nickel phosphide NPs exhibit significantly better HER performance than
cobalt phosphides, reaching overpotentials as low as 50 mV at a current density of 10 mA/cm?, which
is among the lowest overpotentials for this type of materials and can be considered as a competitive
value compared with Pt/C (28 mV).

4. Experimental Section/Methods
Materials. Benzoyl chloride (99.5+ %), 1,2-dimethoxyethane (DME, 99+ %, stabilized with
butylated hydroxytoluene), hexane (97 %, extra dry), N-methylformamide (NMF, 99 %), sodium
(> 99.8 %), tert-butanol (t-BuOH, 99.5 %), tetrahydrofuran (THF, 99.5 %, stabilized, extra dry), and
sulfuric acid (95 %) were purchased from Acros. Butyryl chloride (= 99 %), cobalt (II) chloride
(> 98 %), copper (I) chloride (> 99.995 %), ethyl butyrate (99 %), hexafluorophosphoric acid (HPFs,
~55 wt. % in H20), hydrogen peroxide (30 %, trace metal grade), iron (II) chloride (98 %), methyl
benzoate (99 %), molybdenum (V) chloride (99.6 %), naphthalene (> 99 %), nickel (II) chloride
(98 %), 1-octadecene (ODE, technical grade, 90 %), red phosphorus (powder, 99 %), and toluene
(anhydrous, 99.8 %) were purchased from Sigma-Aldrich. Tri-n-octylphosphine (TOP, 97 %) was
purchased from abcr. Methanol (99.8 %), n-hexane (> 97 %), 2-propanol (99.8 %), acetonitrile
(>99.95 %), ethanol (>99.8 %), and nitric acid (> 68 %, trace metal grade) were purchased from
Fisher Chemical. Deuterochloroform (99.8 at. % D, stabilized with Ag) was purchased from Carl
Roth. Potassium hydroxide (KOH, 90 %) was purchased from Merck. DME was dried by refluxing
over sodium/benzophenone for 2 h under argon followed by distillation under argon.® ODE was
dried and degassed under vacuum (0.1 mbar) at 90 °C for 3 h. Both solvents were stored in the
nitrogen-filled glovebox over 3 A molecular sieves.
Synthesis of (PrCO)sP and BzzP. Caution! Synthesis of sodium phosphide involves heating
highly reactive compounds in a flammable solvent, which can constitute a fire hazard. In addition,
12
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sodium phosphide readily reacts with water (including air moisture) and protic solvents (such as
alcohols) releasing toxic and explosive phosphine gas.

Prior to use, all glassware was dried at 150 °C for 24 h. All synthesis operations were
performed either in a nitrogen-filled glovebox or on a Schlenk line under an argon atmosphere. The
acylphosphine synthesis procedure was adapted from ref. [66].

In the nitrogen-filled glovebox, a 100 mL three-neck flask was loaded with 3.1 g (100 mmol)
of red phosphorus powder, 2.6 g (20 mmol) of naphthalene, and 80 mL of dry DME. The flask was
removed from the glovebox and connected to a Schlenk line with argon atmosphere. Then 8.1 g
(350 mmol) of sodium cut into small chunks were added into the flask under argon flow. Afterward,
the flask was sealed with silicone septa, heated to 80 °C, and kept stirring at this temperature
overnight. During the reaction, the suspension in the flask turned from red to dark green and then
black. After the reaction, the flask was cooled to room temperature and the reaction mixture was
transferred via a double-tipped cannula into air-tight argon-filled glass centrifuge tubes and
centrifuged at 4500 rpm for 10 min. The supernatant was removed via cannula, the precipitate was
redispersed in 30 mL of dry DME, and the mixture was centrifuged. The above redispersion-
precipitation process was repeated one more time. Finally, the precipitate was redispersed in 300 mL
of dry DME and transferred via a double-tipped cannula into a degassed 500 mL three-neck flask
under argon.

Then the reaction mixture was cooled down with an ice bath to 0 °C and the solution of
21.2 mL (210 mmol) of t-BuOH in 30 mL of DME was slowly added via a syringe pump. After that,
the ice bath was removed, and the flask was allowed to warm up to room temperature and kept under
vigorous stirring for 2 h. Then the flask was placed in an ice bath and 19.8 mL (150 mmol) of ethyl
butyrate or 18.8 mL (150 mmol) of methyl benzoate were added dropwise. The flask was kept at
room temperature for 1 h, during which the reaction mixture turned greenish-yellow (in the case of
butyrate) or dark red (in the case of benzoate). Afterward, the flask was cooled to 0 °C, and 30.9 mL
(300 mmol) of butyryl chloride or 34.9 mL (300 mmol) of benzoyl chloride were slowly added
dropwise. Note: The reaction is fairly exothermic, thus the rate of addition should be controlled to
avoid rapid temperature rise. The reaction mixture was left under vigorous stirring overnight whilst
the reaction mixture turned yellowish-grey (in the case of (PrCO)sP) or yellow (in the case of BzsP).
Note: If the reaction mixture becomes too viscous it can be further diluted with dry DME or THF.
After that, the solids were removed from the reaction mixture by centrifugation under an argon
atmosphere yielding a transparent solution. Then all volatiles were evaporated from the reaction

mixture under vacuum resulting in yellow oil ((PrCO)sP) or bright yellow powder (BzsP).
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To purify (PrCO)sP, the reaction product was diluted two times with hexane, centrifuged under
argon to remove remaining solids, and then kept under a vacuum on a Schlenk line at 30 °C for 8 h.
For the purification of BzsP, the reaction product was dissolved under an inert atmosphere in 100 mL
of dry THF and then precipitated by adding ca. 300 mL of dry hexane. The solid was isolated by
centrifugation and recrystallized one more time as described in the previous sentence. Finally, the
solid product was dried under a vacuum at room temperature for 8 h.

(PrC0)sP: 'H NMR (300 MHz, CDClgs, 8) 2.86 (td, J = 7.2, 1.7 Hz, 6H, CH2-CO), 1.64 (h,
J =7.3 Hz, 6H, CH3-CH2), 0.93 (t, J = 7.4 Hz, 9H, CHa). 13C NMR (75 MHz, CDCls, §) 215.2 (d,
1Jpc =49.3 Hz, C=0), 50.8 (d, CH2-CO, 2Jpc = 30.9 Hz), 17.2 (d, CH3-CH2 3Jpc = 3.6 Hz), 13.5 (CHs,
s). 1P NMR (121 MHz, CDCls, 8) 61.3 (s). Anal. caled for C12H2103P: C 59.00, H 8.67; found: C
58.70, H 8.86.

BzsP: *H NMR (300 MHz, CDCls, §) 8.05 — 7.95 (m, 6H, o-H), 7.65 — 7.56 (m, 3H, p-H),
7.53 — 7.45 (m, 6H, m-H). 3C NMR (75 MHz, CDCls, §) 206.0 (d, 3Jpc = 33.3 Hz, C=0), 140.2 (d,
2Jpc = 34.6 Hz, Cipso), 134.2 (d, J = 1.4 Hz, Cpara), 129.0 — 128.6 (M, Carom). 3P NMR (121 MHz,
CDCls, 6) 54.0 (s). Anal. calcd for C21H1503P: C 72.82, H 4.37; found: C 72.88; H 4.28.

Synthesis of nickel, cobalt, iron, copper, and molybdenum phosphide NPs. In a typical
synthesis, 0.5 mmol of metal chloride were mixed with 900 pL of TOP (2 mmol) and 5 mL of dry
degassed ODE in a three-neck 25 mL flask in a nitrogen-filled glovebox. The obtained mixture was
transferred to a Schlenk line, heated under argon flow to 170 °C, and maintained at this temperature
for 15 min to dissolve the metal precursor. After that, the solution was cooled to 90 °C, degassed
under vacuum (0.1 mbar) for 30 min, and then purged with argon. In parallel, in a nitrogen-filled
glovebox, a phosphorus precursor solution was prepared by dissolving either 67.5 pL (0.25 mmol) of
(PrCO)sP in 1 mL of dry degassed ODE or 86.5 mg of BzsP (0.25 mmol) in 1 mL of anhydrous
toluene. Next, the obtained solution was injected into the metal precursor solution, and the flask was
evacuated for 5 min to remove the solvent. Then, the mixture was quickly heated to the required
temperature (250 °C, 275 °C, or 305 °C) and kept for 25 min (in the case of molybdenum phosphide
for 2 h) for the nucleation and growth of NPs. Finally, the reaction mixture was cooled to room
temperature, and NPs were purified by multiple precipitation and redispersion steps, using a 2-
propanol/methanol mixture (2:1) and hexane.

Ligand stripping. The ligands were removed by adding 4 mL of NMF and 10 pL of ~55 wt. %
HPFs aqueous solution to a 4 mL solution of NPs in hexane. The mixture was vigorously stirred for
30 min followed by adding 10 puLL of HPFs solution and stirring for 30 min. Afterward, the hexane

layer was discarded, and NPs were purified by the multiple precipitations with a toluene/acetonitrile
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mixture (5:1) and redispersing in NMF. Finally, the NPs were redispersed in ethanol and stored prior
to the electrocatalytic tests.

Characterization. *H, $3C, and 3P NMR spectroscopy was performed using Bruker Avance
I11 600 spectrometer. For the measurements, acylphosphines (ca. 5 w/v %) were dissolved in
deuterochloroform in the nitrogen-filled glovebox and transferred into air-tight NMR tubes.
Elemental analysis (CHNS) was done with FlashSmart Elemental Analyzer. Bright-field TEM
imaging was performed on a JEOL JEM-1400 Plus microscope operated at 120 kV. Powder XRD
patterns were acquired using a Bruker D2 Phaser equipped with an X-ray tube with a Cu anode
operated at 30 kV and 10 mA. WinXPow software with references from the Inorganic Crystal
Structure Database (ICSD) was used for the phase analysis. For the measurements, concentrated
hexane solutions of metal phosphide NPs were drop-cast on a Si wafer and dried under air. FTIR
measurements were performed on a Nicolet 8700 FTIR spectrometer using the attenuated total
reflectance method.

The elemental composition of NPs was determined by ICP-OES using an iCAP 7000 Series
(Thermo Scientific). For the measurements, aliquots of ligand-exchanged NCs were transferred into
HDPE centrifugation tubes, dried, and then decomposed using 30 % hydrogen peroxide and
concentrated nitric acid according to the protocol from ref. [96] for 24 h. Shortly before the analysis
samples were diluted to 15 mL with Milli-Q water and measurements were carried out in triplicate
for each sample.

Electrochemical tests were conducted using a three-electrode setup (Metrohm Autolab) to
characterize the catalytic performance of the synthesized materials. The experimental arrangement
comprised a reference electrode, a counter electrode, and a working electrode. For the experiments
conducted in 0.5 M H2SO4, an Ag/AgCI electrode in saturated KCI was employed as the reference
electrode. For experiments in 1 M KOH, a Hg/HgO electrode served as the reference electrode. A
graphite rod was utilized as the counter electrode. A glassy carbon disk electrode, with a diameter of
3 mm and a geometric area of 0.07 cm? was used as a working electrode. The NP films were deposited
by drop-casting aliquots of the ethanol dispersions of ligand-stripped NPs onto the glassy carbon
electrode to get an average mass loading of 0.5 — 0.7 mg/cm?. After drying in ambient air, a stable
and uniform catalyst layer on the electrode surface was formed. The electrochemical measurements
were conducted through linear sweep voltage scans initiated from -0.4 to 0 V in 0.5 M H2SO4 and -
0.6t0 0V in 1 M KOH vs. the reversible hydrogen electrode (RHE) with a scan rate of 5 mVs™.

15

https://doi.org/10.26434/chemrxiv-2024-0fj98-v3 ORCID: https://orcid.org/0000-0001-8533-7347 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0fj98-v3
https://orcid.org/0000-0001-8533-7347
https://creativecommons.org/licenses/by-nc-nd/4.0/

SUPPORTING INFORMATION

1H, 13C, and *'P NMR spectra of the acylphosphines, additional TEM images, XRD, ICP-OES, and
electrochemistry data. Supporting Information is available from the Wiley Online Library or from the
authors.
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