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ABSTRACT: The photocatalytic (PC) splitting of water into oxygen and hydrogen has attracted considerable attention in the
last decade. Despite the promise of hydrogen gas as a new energy resource, the environmentally-friendly design of viable
catalysts with good morphological and size control remains a continual challenge. Of the many classes of available catalysts,
metal phosphides are a low-cost and potentially accessible option as catalysts for this reaction, compared to the traditionally
used precious metal catalysts. However, the synthesis of metal phosphide nanomaterials currently involves the use of highly
reactive phosphorus sources at high temperatures in organic solvents. Herein, we demonstrate the application of sodium
phosphide as an excellent solid-state phosphorus source for the synthesis of nickel phosphide nanoparticles below 3 nm in
diameter, a size range previously unheard of for mechanochemical synthesis of metal phosphides. These nanoparticles in turn
showed success for the hydrogen evolution reaction, using graphitic carbon nitride as a photocatalytic support, generating
233.9 umol g1 h'! of hydrogen, using broad spectrum light at room temperature after only 3 hours, as well as being readily
recyclable and reusable, without any decrease in reactivity. This mechanochemical method shows a mass intensity (MI) value
over 2.5 times lower than traditionally used solution-based methods, even after workup and washing of the product. Upon
scaling up the reaction to a 2.5 gram scale, we were able to further improve the MI to 3 times lower than traditional solvent
based methods, while reducing the energy demand over 18-fold.

The research and use of metal-based quantum dots has shown
great potential in applications ranging from medical imag-
ing,12 as optical materials3 and catalysts, including water-split-
ting,* for the production of hydrogen as an alternative fuel
source.> Various environmentally and energy conscious meth-
ods have been employed to produce single atom or transition
metal sulfide® catalysts to reduce overall cost compared to the
traditionally employed supported platinum catalysts. In par-
ticular, transition metal phosphide nanoparticles (TMP NPs)

have attracted attention as recoverable, cost effective catalysts
for hydrogen evolution reaction (HER),7-10 hydrodesulfuriza-
tion,11-13 hydrodenitrogenation,1415> hydrodeoxygenation16-19
along with a recent example of photocatalytic C-C bond form-
ing reactions.2® Among these, the most promising have been
metal phosphide nanoparticles based on earth-abundant met-
als such as iron, cobalt and nickel.® Two main synthetic ap-
proaches have been investigated for the synthesis of metal
phosphide nanoparticles, specifically those based on nickel.
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First are methods involving the thermal decomposition of pre-
made transition metal phosphine or phosphite complexes,?! af-
fording well defined metal phosphide NPs, as shown by the
Brock!3 or Hul0 groups. Second, ready-made zero valent metal
nanoparticles are reacted with zero-valent phosphorus
sources, such as white phosphorus (P4), as seen in the work of
Mézailles and coworkers (Scheme 1).22 However, both types of
approaches employ phosphorus-containing compounds that
are either hazardous, such as P4,2123 or require a large amount
of energy input to activate them, such as trioctylphosphine
(TOP).7.21.2324 While red phosphorus can also be employed as a
precursor, its use requires significantly longer runtimes (20-
40 hours),2526 often in a large excess of solvent.
Mechanochemistry has been increasingly researched
as an effective synthetic method to access a wide range of ma-
terials,2? including polymers,28-31 Perovskites32 and metal or-
ganic frameworks (MOFs).33-35 Mechanochemistry is associ-
ated with sustainability benefits such as the reduced use of
bulk solvent and lower input energy, being listed by IUPAC as
one of the Top 10 chemical innovations towards a sustainable
future.36 The application of mechanochemistry to the area of
main-group and phosphorus chemistry has been gaining grad-
ual traction.37 This includes the synthesis of regiospecific
phosphazanes,38 or sterically encumbered phosphazanes
whose synthesis was only achieved using ball-milling tech-
niques.3? This background work gave a strong precedent for
the application of mechanochemistry towards the activation of
a simple, metastable phosphide source, namely NasP, which
was both easy to synthesize and handle under air-free condi-
tions and yet, could be activated at room temperature. Alkali
phosphides like sodium phosphide have long been known,
both their fundamental study in main-group structure and
bonding, as well as solid forms of phosphine gas by hydroly-
sis.#0 Early solid-state metathesis work indicated that light
grinding of early transition metal halides (TaCls, NbCls and
MoCls) with sodium phosphide can lead to the formation of
transition metal phosphides, but in these cases, only the bulk
material was observed.4! This early work, as well as the mech-
anosynthesis of bulk metal phosphides using elemental pre-
cursors, in which metal powders are milled together with red
phosphorus over longer timescales (3-40 hours),42-44 are ap-
pealing approaches to access these important materials. Yet
the control over the structure of such materials at the na-
noscale is absolutely essential, in particular for applications to-
wards catalysis in which high surface area for better reactivity
is crucial or applications relying on tuneable optical proper-
ties.4s
Mechanochemistry has been proven a powerful means to ac-
cess heterogeneous catalysts through more benign path-
ways,*647 including nanoparticles (NPs) of precious metals*8
or binary metal sulfide quantum dots.49-53 Mechanochemical
methods of metal sulfide synthesis were shown to allow access
to a variety of NP shapes, such as nanorods of cupper sulfide54
and has even been shown to be a viable synthetic method to-
wards the semi-industrial synthesis of quaternary metal sul-
fides for photovoltaic applications.55 It has also been used to
make bioinspired nanoparticle composites for both oxidation
and water-splitting, employing titania supported proteins>é
and pre-made silver nanoparticles on a carbon nitride support
with hemoglobin proteins respectively.5” Good size and shape
control is often obtained through the use of a bottom-up
method, in which the NP precursors are milled with a suitable
ligand, typically containing long alkyl chains.58

Herein we describe a mechanochemical approach for
the synthesis of ultrasmall nickel phosphide NPs using a novel
bottom-up approach in the presence of long chain amines and
their potential use as water-splitting cocatalysts paired with
graphitic carbon nitride (g-C3Na4).
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Scheme 1. Select examples of nickel phosphide nanoparti-
cle synthesis, both in solution, as well as mechanochemi-
cally

This work 2 NasP + 3 NiCl, + 5 Alkyl amine

NioP + NaCl + P

Results and Discussion
Effect of ligand chain-length and ligand loading

The herein presented synthesis of nickel phosphide nanopar-
ticles is based on a general approach involving milling of anhy-
drous nickel chloride, sodium phosphide and a capping ligand.
In a typical experiment, the reaction components were milled
together in a zirconia milling jar with a 10 mm zirconia ball for
90 minutes at 30 Hz. The samples were then left sealed and al-
lowed to age at room temperature for 18 hours prior to wash-
ing via centrifugation and drying in vacuuo. Characterization
was conducted using Transmission Electron Microscopy
(TEM), Energy-Dispersive X-Ray (EDX) Spectroscopy, X-ray
Photoelectron Spectroscopy (XPS) and Powder X-ray diffrac-
tion (PXRD) to evaluate the size, morphology and crystallinity
of the nickel phosphide phases formed by milling.. We tested
two ligand parameters for their influence on the final size and
stability of the produced particles: 1) the chain length of the
alkyl amine ligands; 2) the binding strength of each ligand, by
testing both traditionally used amines, as well as phosphines.
The choice of amines was based on past successful experience
in our group for the mechanochemical formation of Au and
Bi2S3 NPs.4849 In these examples, it was believed that the labil-
ity of the metal-amine bond, contributed to growth control. In-
itial exploration of a shorter (C15) pentadecylamine ligands
confirmed the ability to obtain nanoparticle material, albeit
with broad particle size distributions of 3.5 + 1.2 and 4.8 + 2.1
nm when using 2 and 5 molar equivalents in the reaction re-
spectively (Table 1, Entries 1 and 2; Figures S6 and S7). In-
creasing the chain length from C15 to C16, by using 2 or 5 mo-
lar equivalents of hexadecylamine produced nanoparticles of
3.5+ 0.8nmand 5.4 + 1.3 nm diameters, respectively (Table 1,
Entries 3 and 4; Figures S8 and S9). The use of heptadecyla-
mine, a C17-substituted amine, provided more consistent out-
comes of the mechanochemical synthesis, giving particles with
an average diameter of 5.0 + 2.1 nm and 2.8 + 0.6 nm for 2 and
5 molar equivalents respectively (Table 1, Entries 5 and 6; Fig-
ures S10 and Figure 1). Traditionally used liquid ligands such
as oleylamine (Table 1, Entry 7; Figure S11) and
trioctylphosphine (TOP) (Table 1, Entries 8 and 9; Figure S12
and S13) were also tested. Milling with oleylamine produced
discrete yet aggregated particles, with average particle size of
3.0 = 0.8 nm. When using TOP, a mixture of both small aggre-
gated particles, as well as larger, more discrete particles were
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seen, indicating slower rates of nucleation compared to heter-
ogenous nucleation and particle growth. The presence of
Ni(0), was also detected by XPS (Figure S18b) suggesting TOP
was reducing the NiClz at a faster rate compared to phosphide
formation, also supported by the smaller shoulder as shown in
the phosphorus focused scan compared to the samples made
with alkyl amine ligands, for which the signal is more distinct
(Figure S18a). In all cases using alkylamine ligands, particles
showed the presence of both Ni and P, at binding energies of
7.5 and 2 keV respectively, as proven through EDX analysis
(Figure S17). Since the use of 5 molar equivalents of heptade-
cylamine consistently gave particles with diameters below 3
nm, offering more available surface area for catalytic activity,
we focused on this amine as the standard ligand in all subse-
quent tests.

c) 5% n =318
30%

225%
$ 20%
=]
Z 15%
L 10% I
5%
o | | | | [
001 2 3 4 5 6

Particle Diameter (nm)

7

Figure 1. TEM images (a) and b)) and histogram of particle
size distribution (c) of nickel phosphide nanoparticles made
using 5 equivalents of heptadecylamine ligand, using a 3:2 ra-
tio of NiClz and NasP (NixPy-5-C17)

Table 1. Effect of alkyl amine chain length as well as ligand
equivalency on final metal phosphide particle sizes

sample ] Ligand Particle
Entry Ligand equiva- i
name size (nm)
lents
L NiPy-2- | Pentadecyla- 2 35+1.2
C15 mine
5 NixP)-5- Pentafiecyla- 5 4.8 +2.1a
C15 mine
NixP,-2- Hexadecyla-
3 P adec 2 3.5+08

4 NiPy-5- | Hexadecyla- 5 54+13
Cl6 mine
s NixP,-2- | Heptadecyla- 2 5.0+2.1
C17 mine
P NiPy-5- | Heptadecyla- 5 2.8+0.6
C17 mine
NixP)-10- ;
7 OAm Oleylamine 10 3.0£0.8
Mix of small
_— particle ag-
8 Ni.Py-2 TOP 2 gregates
TOP
and larger
particles
Mix of small
_— particle ag-
9 NixPy-5 TOP 5 gregates
TOP
and larger
particles

a: A mixture of free and aggregated particles were noted by
bright field TEM microscopy

The surface composition of NixPy-5-C17 was validated through
XPS analysis. The survey scans showed the presence of oxygen,
nickel and phosphorus throughout the materials surface,
which supports the formation of nickel phosphate, alongside
residual sodium and chlorine peaks, stemming from sodium
chloride by-product still on the surface (Figure S19). The XPS
analysis indicated a nickel phosphide phase with Ni-P covalent
bonds. Notably, the observed binding energy of Ni2p (852.88
eV, Figure 2a) is higher than that of Ni metal (852.6 eV) while
the observed binding energy of P2p (129.98 eV, Figure 2b) is
red-shifted compared to that of the elemental P (around
130eV), revealing a Nié*Pé electronic state.>® The nickel-fo-
cused scan also showed two additional signals at 856.28 and
873.88 eV, matching closely with previously reported peaks of
Ni-O bonds, due to partial surface oxidation (Figure 2a).60 This
surface oxidation was also validated by the phosphorus-fo-
cused scan of the 2p orbital with a second maximum at 133.28
eV (Figure 2b).61 Looking also to the oxygen 1s scan, two major
peaks can be seen, the first at 531.38 eV has been well docu-
mented as the -OH signal for both hydroxyl and P-OH groups
on the surface (Figure 2c).6263 The carbon focused 1s scan (Fig-
ure 2d) showed 3 distinct peaks, the first at 284.88 and 286.28
eV corresponding to the C-C and C-N bonds found in the sur-
face capping alkyl amine ligands. The last peak at 288.88 eV is
indicative of a C=0 bond, most likely due to surface absorbed
COz: for their storage under ambient conditionsé2
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Figure 2. XPS focused scans of a) nickel 2p, b) phosphorus 2p, ¢) oxygen 1s and d) carbon 1s orbitals of freshly made of nickel phos-
phide nanoparticles made using 3 equivalents of nickel chloride, 2 equivalents of sodium phosphide and 5 equivalents of heptade-

cylamine ligand (NixPy-5-C17)

The surface functionalization of the nickel phosphide nano-
particles made by milling was also confirmed using ATR-
FTIR. Specifically, analysis of the dried powder catalyst re-
vealed a pair of bands at 2360 cm-! and 2340 cm™ indicative
of C-H stretches found in the surface alkyl amine ligands, as
well as a large distinct signal at 1057 cm, indicative of the
P=0 double bond vibration due to partial oxidation®* (Fig-
ure S24).

The organic/inorganic ratio in the mechanochem-
ically synthesized nickel phosphide NPs was investigated
using TGA (see ESI, Figure S26), revealing that 67% was
composed of inorganic matter while the rest was consti-
tuted of the ligand shell, shown in three distinct regions.
The first from 25 to 225°C can be attributed to the loss of
surface water (13.5% loss), the second from 225-375°C
which we hypothesize to be the thermal decomposition of
the heptadecylamine ligand on the surface (8.5% loss), thus
coating the surface in a thin carbon layer. The final loss be-
yond 375°C is the thermal decomposition of that subse-
quent carbon layer (10.9% loss).

Effect of varying the aging time on particle formation

Following our group's previous work on the mechano-
chemical synthesis of both gold and bismuth sulfide NPs,
4849 it was noted that the impact and shear forces imposed by
milling only worked to activate the precursors, while aging the
samples allowed for the self-assembly of discrete NPs. We

set out to investigate this effect for the synthesis of ul-
trasmall nickel phosphide NPs by following the same mill-
ing procedure, this time only aging for 1, 3 or 6 hours.

Visual analysis of the samples following milling
and aging showed black powders formed in all three cases,
with no visual difference seen when varying the aging time.
While further analysis by TEM showed the generation of
some ultrasmall particles in each case, samples were
largely made of bulk material, with the ultrasmall particles
being a rarer exception (Figures S14-S16). This supports
the hypothesis that aging under air-free conditions for 18
hours ensures the consistent formation of ultrasmall, mon-
odisperse particles.

Phase control and crystal structure

Analysis of mechanochemically prepared samples by PXRD did
not reveal any Bragg reflections matching NizP patterns de-
scribed in the literature (Figure S22).65 The lack of crystallinity
or X-ray reflections for a specific phase can be attributed to the
minute size of particles overall, which can lead to significant
broadening of diffraction signals, to the point where they be-
come non-distinguishable from the background noise.4®

Next, we explored how the stoichiometry of precur-
sors would influence the final phase of NPs. Initially, our reac-
tions focused on using a 3:2 molar ratio of NiClz to sodium
phosphide, typically in the presence of 5 molar equivalents of
our alkylamine capping ligand. However, other stoichiometric
ratios were tested to investigate if specific, potentially more ki-
netically favoured phases of nickel phosphide NPs could be iso-
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lated. This investigation began with the testing of Ni:P stoichi-
ometric ratios of 2:1 and 5:4, in the attempt to make the ther-
modynamically favored NizP as well as the catalytically rele-
vant NisP4 phases.t6 Upon milling together anhydrous NiClz
and NasP in a 2:1 stoichiometry, a black powder was produced.
The PXRD pattern for these samples was featureless, indicating
the formation of an amorphous product (Figure S23). Apart
from the samples originally tested with a 3:2 stoichiometric ra-
tio of Ni:P, we also investigated how changes to the initial ratio
of nickel and phosphide sources would affect the reaction.
However, all subsequently tested samples showed no distinct
Bragg reflections for either NizP, NisP4, or NiP3 phases, indicat-
ing that changes to the initial reaction stoichiometry lead to
amorphous samples (Figure S23).

Information on the composition of the produced NPs
was subsequently obtained via XPS, enabled by their diameters
being below 3 nm. The survey scans of the nickel phosphide
nanoparticles, both the small scale and gram scale mechano-
chemical syntheses, were used to determine the stoichi-
ometries (see Table S1 in ESI for details). For the nickel phos-
phide made in the shaker mill, the determined stoichiometry
was shown to be Niz23PO0e.3. This supports our hypothesis that
the formed cores have a NizP stoichiometry, with a partially ox-
idized phosphate surface, while excess oxygen is seen as a re-
sult of surface adsorbed COz and H:z0.

Multigram-scale synthesis of NixP,-5-C17

We were successful in scaling up our synthesis using a plan-
etary mill, up to a 2.5 gram scale. XPS analysis of the scaled-
up product also showed the presence of Ni, P, O and C as
seen before as well as Na and Cl, similar to the small-scale
survey scan (Figure S20). The focused P 2p showed peak
energies at 128.88 eV and 132.68 eV closely matching the
energies seen for the small-scale synthesis (Figure S21a).
This story was also true for the Ni 2p focused scan, with key
peak energies at 855.08 eV, 861.28 eV, 872.68 eV and
881.28 eV (Figure S21b), with a very good agreement with
our small scale XPS data. The stoichiometry was deter-
mined to be Ni1.9POs, based on XPS survey data. The series
of results we obtained from XPS on the NP phase strongly
suggest that we have a NizP core, covered with a thin shell
of partially oxidized material. For simplicity, from now on,
we will call NixPy-5-C17 samples NizP.

Deposition of mechanochemically synthesized NizP onto
g-C3Ns and characterization

An initial series of catalysts were synthesized through a direct
mixing of NizP powder with g-C3Ns, by combining 1 gram of
bulk g-C3N4, with 0.03 grams of NizP powder in anhydrous eth-
anol for 30 minutes, followed by drying and annealing at either
300°C (samples CN-NiP-300) or 400°C (samples CN-NiP-400,
see ESI Figures S1 for details). A second series of hybrid cata-
lysts was made by first conducting a ligand exchange on the
NizP cocatalyst to make them more water soluble. This was
done by first sonicating 300 mg of Ni:P powder in a tetrae-
thylammonium hydroxide solution (1 g in 1:1 ethanol : water
mixture, v/v) for 30 minutes before stirring for 24 hours. The
particles were then precipitated using 200 mL of acetone sev-
eral times before resuspending in water Figure S3). This sus-
pension was then added to a solution of g-C3N4, which has been
protonated with 1 M HC], (see Figure S2) and stirred for 12
hours before annealing the final product at 400°C for 4 hours
(Figure S4). Two varieties of composite catalyst were made
using this method, the first, which was washed by centrifuga-
tion prior to annealing, with each annealing temperature listed
at the end (for example, a sample centrifuged and then an-
nealed at 300°C is denoted CN-NiP-Ex-300, see Figure S4 in
ESI) with the second series being annealed directly after dry-
ing at 60°C, without any centrifugation (denoted CN-NiP-Im-
300 if annealed at 300°C, see Figure S4 in ESI). Once the NizP
nanoparticles had undergone ligand exchange and were
mounted on the g-C3Ns support, their morphology, surface
chemistry and thermal stability were further investigated by
TEM, XPS, ATR-FTIR and TGA. Analysis of the NizP onto g-C3Ns
composite photocatalyst by XPS revealed partial oxidation of
the NizP NPs (Figure 3a, 3b and 3c), showing the presence of
phosphorus in the form of surface phosphates as shown by the
signal in the focused scan of the phosphorus 2p orbital at
133.38 eV (Figure 3b), similar to the as-made particles. The
surface oxidation is likely due to exposure to air. The carbon
focused scan also showed predominantly peaks which corre-
spond to the g-C3N4 photocatalyst support (Figure 3d).
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Figure 3. XPS focused scans of a) nickel 2p, b) phosphorus 2p. c) oxygen 1s and d) carbon 1s orbitals of sample CN-NiP-Im-300

The incorporation of the NizP NP cocatalyst was also
evident in ATR-FTIR, although largely overshadowed by the
stretches of the g-CsNs support (Figure S25). The resulting
composite showed no significant thermal loss until 500°C un-
der a nitrogen atmosphere (Figure S27) with a final calculated
residue after exposure up to 800°C of 2.9%, correlating well
with the initial loading of 3 wt% NizP cocatalyst.

To confirm the proximity of nickel, phosphorus and
oxygen in the cocatalyst, elemental mapping of the as-made

and supported nickel phosphide was conducted using high-an-
gle annular dark-field imaging (HADDF). Firstly, the freshly
made NizP NP showed a good intermixing of nickel, phospho-
rus and oxygen (Figure 4a). This data, paired with XPS data,
supports the hypothesis that the nascent cocatalyst consists of
a NizP core, partially coated with a nickel phosphate hydroxide
shell, which has been previously shown to occur upon expo-
sure of NizP to air®l.




Figure 4. HAADF images of a) as made NizP (NixPy-5-C17) showing colour mix image over bright field image as well as element fo-
cused scans for nickel, phosphorus and oxygen and b) as made CN-NiP-Im-300 showing colour mix image over bright field image
as well as element focused scans for nickel, phosphorus and nitrogen

Similar analysis was also conducted on CN-NiP-Im-300 to
confirm the thorough incorporation of Ni;P NPs within the
photoactive g-C3Ns support. Localized domains of Ni;P are
visible throughout the support (Figure 4b).

Photocatalytic water-splitting using Ni>P onto g-CsN4

Next we conducted hydrogen evolution tests by suspending 50
mg of the hybrid nanocatalyst and 5 g of triethanolamine in
100 mL of pure water in an oxygen-free closed reactor. The re-
actor was irradiated using 100 mW.cm-2 of simulated sunlight
using a broad-spectrum xenon lamp and collecting the evolved
hydrogen gas using a gas chromatograph (GC) equipped with a
thermal conductivity detector (TCD) to evaluate the hydrogen
evolution efficacy of the catalyst (Figure S5). As seen in Figure
6, CN-bulk and CN-NiP-300 exhibited negligible rates of hydro-
gen evolution. As the temperature of the Ar treatment in-
creased to 400°C (CN-NiP-400), a significant evolution rate of
Hz was obtained, reaching 34.7 pmol g-th-L. This result reveals
the Ar treatment temperature and, especially, the introduction
of NizP NPs as cocatalyst are essential to activity. A possible
mechanism of the photocatalytic Hz production on NizP
supported g-C3Ns photocatalyst is proposed in Figure 5a.
Under the light illumination, electrons and holes separate and
accumulate respectively in the conduction band (CB) and the
valence band (VB) of g-C3N4. Electrons transfer to NizP NP to
initiate the H20 reduction and form Hz, while the holes are
consumed by TEOA. Due to an electronic structure similar to
noble metals (e.g. Pt),67 NizP NPs can act as sinks to effectively
trap photogenerated electrons from g-CsNa, leading to en-
hanced charge separation. Moreover, the distinctive surface al-
lows these NPs to be efficiently active sites for catalytic reduc-
tion of H20 into Hz. As previously noted, XPS analysis revealed
the nickel phosphide phase with Nié+P3- electronic state.5? This
is favorable for the formation of dual-interaction adsorption of
H20 molecules onto the NizP NP surface, in which O and H at-
oms of the H20 molecule interact with Ni and P sites, respec-
tively.68 This dual-interaction adsorption weakens the H-O
bonds, thereby facilitating their dissociation during the reduc-
tion.68 The XPS analysis also indicated the formation of PO43-
groups, which can advance the transfer and coupling of pro-
tons.? Consequently, the photocatalytic H2 production was
significantly promoted in the introduction of partially oxidized
NizP NPs. Interestingly, low temperature of the Ar treatment
(300°C) afforded poor results. We hypothesized that the oxy-
gen-free decomposition of heptadecylamine (capping agent
used for the initial synthesis) produced at this temperature an
amorphous carbon layer with a low degree of graphitization
covering the NizP NP surface.”’0 The low graphitization degree
of this carbon layer made the electron transfer ineffective, as
schematically shown in Figure 5b. When the temperature of
treatment in Ar increased to 400°C, the graphitization degree
of the carbon layer was slightly improved, allowing few elec-
trons to transfer through this layer to NizP NPs for the H20 re-
duction. As a result, CN-NiP-400 exhibited a small photoactiv-
ity. Thus, both CN-NiP-300 and CN-NiP-400 samples’ activity
was limited by the presence of heptadecylamine at the NizP
surface which led to hard-to-control carbon layering.

We thus explored ligand exchange prior to g-C3N4
deposition as a means to avoid this problem. With ligand ex-
changed samples, annealing at 300°C was sufficient to obtain
good acitivity.

Carbon layer
Ni,P
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Figure 5. Schematic representation of the electron transfer
behaviour between the g-C3N4 support and the NizP catalyst.
Effect of electron transfer a) with and b) without ligand
exchange, preventing formation of hindering carbon layer

For the ligand exchanged series of hybrid catalysts (CN-NiP-
Im-300 and CN-NiP-Ex-300), heptadecylamine was replaced
by TEA cation, making NizP NPs soluble in water. This facili-
tates a uniform deposition of NizP NPs (negative charge) onto
the protonated g-CsNa surface (positive charge). Moreover,
TEA cation with low carbon content did not produce a hinder-
ing carbon layer during the Ar treatment. Similar ligand ex-
changes have been shown to improve the hydrogen generation
capabilities of both Au’! and CoP nanocatalysts.’2 Therefore,
an intimate interface between g-C3N4 and NizP NPs was formed
that induced an effective electron transfer (Figure 5a). CN-NiP-
Ex-300 and CN-NiP-Im-300 showed enhanced H:z evolution
rates of 177.1 pmol g-th-1 and 233.9 pmol gth-}, respectively,
which are much higher than that of samples obtained without
prior ligand exchange (CN-NiP series) (Figure 6a). The higher
H2 evolution rate of CN-NiP-Im-300, as compared to CN-NiP-
Ex-300, may also be due to the higher amount of deposited
NizP NPs.
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Figure 6. a) Hz evolution rates of several prepared samples, b)
Hz evolution of CN- NiP-Im-300 for 3 cycles of 4h.

The photocatalytic activity of CN-NiP-Im-300 was tested for
three cycles of 4 hours to demonstrate the photostability. As
shown in Figure 6b, there was no significant decay in the
amount of Hz evolved after 3 cycles, signifying the photocata-
lytic stability of CN-NiP-Im-300. To investigate the charge car-
rier behavior of CN and CN-NiP-Im-300, their transient photo-
current and electrochemical impedance spectroscopy (EIS)
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Nyquist plots were measured (Figure 7b). As shown in Figure
7a, the photocurrent of CN-NiP-Im-300 is higher than that of
CN, revealing an efficient charge carrier generation and sepa-
ration”3-76, Additionally, CN-NiP-Im-300 exhibits a decrease in
the impedance, signifying its enhanced charge transferability
compared to CN76-78, The enhancement of charge carrier sepa-
ration and transfer of CN-NiP-Im-300 results from the intro-
duction of NizP NPs, which are the electron sinks and active
sites for Hz evolution, thereby improving the photoactivity.
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Figure 7. a) Transient photocurrent and b) Electrochemical im-
pedance spectroscopy (EIS) Nyquist plots of CN/FTO and CN-
NiP-Im-300/FTO. (Inset Randles circuit used for EIS character-
ization; Rs - solution resistance; Rct - polarization resistance;
Cct - double-layer capacitor).

Comparison of our catalyst system to similar systems which
use the paired cocatalysts of earth-abundant metal phosphide
nanoparticles and g-C3Ns, show competitive hydrogen produc-
tion values for the NizP cocatalysts presented herein (Table S2,
see ESI for details). While the current state of the artis a paired
0.45 wt% CoP@g-C3N4, producing up to 1074 umol g-th-1 of hy-
drogen (Table S2, Entry 2), various other earth abundant metal
phosphides, such asiron or copper (see Table S2, Entries 3 and
4 in ESI for details) have also been employed with mild success.
The effect of the support (Table S2, Entry 5) as well as the spe-
cific phase of nickel phosphide tested (Table S2, Entries 6-8)
also support the hypothesis of NizP being the active cocatalyst
phase. Interestingly, despite the presence of P-O peaks in the
XPS data found in several literature examples, to the best of our
knowledge, the influence of the specific amount of surface ox-
ygen in metal phosphides is rarely corroborated systematically
to the HER activity. Dreiss and co-workers had investigated the
surface changes of nickel phosphide to a mixture of nickel
phosphates and hydroxides under alkaline conditions, while
still maintaining their efficacy for HER.79 It is notable that Li
and co-workers, and Ye and co-workers both showed that the
external addition of K2HPO4 boosted the catalytic activity of
both Co2P@g-C3N4 (Table S2, Entry 9)80 and Pt@g-C3sN4 respec-
tively.81 They demonstrated that the H2PO4 assisted in both
the transport of protons to the active sites of the catalyst as
well as increasing the onset potential, implying H2PO4- plays an
active role in the catalysis.8! In order to further support the bi-
functional nature of the surface of our cocatalyst, we sought to
compare to other metal phosphate hydroxide systems. Work

by Neppolian and co-workers demonstrated the use of a cobalt
phosphate hydroxide catalyst with hydrogen production val-
ues very similar to our work (Table S2, Entry 10). 82 This sup-
ports the hypothesis that the surface phosphates seen in our
catalysts may also have a bifunctional role, both to provide
long term storage stability as well as reactivity of the cocata-
lyst. The ability to make nickel phosphide nanocatalysts with
particle diameter sub 3 nm on a gram scale, all while having
comparable hydrogen production values to similar systems
which employ nickel phosphide made in solution, show the po-
tential to further expand this mechanochemical methodology
to other metal phosphide catalysts. In this proof of concept
study, we also measured that our catalyst did not degrade over
exposure to air for 2 weeks.

Comparison of Mass Intensity (M) and energy usage met-
rics

In order to support the use of mechanochemistry for the syn-
thesis of TMP nanoparticles, we looked towards the use of
both the Mass Intensity (MI) of each synthesis methodology, as
well as the energy input required, per gram of product, to
demonstrate the viability of mechanochemical methods to-
wards future research in the design of metal phosphide nano-
materials. The Mass Intensity (MI) was calculated as previ-
ously reported,83 shown in Eqn. (1).

Mass Intensity = Total Mass of Process/Mass of Product (1)

The use of both MI sustainability metrics as well as measuring
the energy usage of each method, gave a quantitative compar-
ison of both the small and large scale mechanochemical meth-
ods presented in this paper for the bottom-up synthesis of
nickel phosphide. While similar metrics have been applied for
the synthesis of pure metal nanoparticles or titanium diox-
ide,84 to the best of our knowledge, no such analysis has been
conducted for a bottom-up mechanochemical synthesis of NPs,
however there are examples which show the cost and material
benefit of such synthesis for metal-organic framework (MOF)
synthesis.358586  Comparing first our small scale mechano-
chemical synthesis which produces roughly 100 milligrams to
either the milligram synthesis by thermal decomposition of
TOP or triphenylphosphite, there is a 2.4- to 18.6-fold decrease
of the energy demand per gram of material. At the small scale,
there is also a comparable decrease in the mass intensity from
9585 (Table 2, Entry 1) to 3593 (Table 2, Entry 4) for the de-
composition of triphenylphosphite by solution methods, while
being energetically competitive compared to the decomposi-
tion of both triphenylphosphite or TOP (Table 2, Entries 1 and
2). However, these benefits are compounded when scaled up
using a planetary mill. Upon scaling up to 2.5 grams in a plane-
tary mill the energy demand drops to 0.03 KWH/g and the MI
after washing drops to 101 (Table 2, Entry 5). This MI value is
already more than 3 times lower than gram scale synthesis in
solution (Table 2, Entry 3) as well as having an 18.7 time de-
crease in energy demand. These metrics help to further sup-
port the sustainability potential of future mechanochemical
applications towards nanoparticle synthesis and provide a
framework through which other nanoparticle syntheses can be
evaluated.

Table 2. Comparison of Mass Indices (MI) and energy demand of other synthetic methodologies to this presented work.
MI (before MI (after
Entry Method washing) washing) Energy Input (KWH/g)




Thermal decomposition of tri-
1 phenylphosphites7a 1501 9585 29.8
2 Thermal decomposition of TOP88b 95.54 1500 3.92
3 Hot injection of triphenylphosphite 76 331 0.562
(1 gram scale)8%

Mechanochemical synthesis with
4 NasP in shaker mill (This work) 1 3593 1.60

Mechanochemical synthesis with
5 NasP in planetary mill (This work) 1 101 0.03

a These values were the best approximation based on 70% mass yields as well as our energy measurements at similar tempera-

tures

b The PIB used showed a max temperature of 290°C, even after 2 hours
¢ These values were the best approximation based on 58% mass yields in ESI as well as our energy measurements at similar tem-
peratures

Conclusions

We report a simple and rapid synthesis of ultrasmall nickel
phosphide nanoparticles suitable for photocatalytic applica-
tions, using a mechanochemical methodology that uses sodium
phosphide as a readily accessible phosphorus source, while
completely avoiding high temperatures and toxic organic sol-
vents. Overall, increasing the length of the chain on the alkyl
amine ligand resulted in a decrease in nanoparticle diameter
to 2.8 nm, while preventing considerable sintering. The cocat-
alysts were then paired with a photoactive graphitic carbon ni-
tride support after a simple ligand exchange and showed initial
hydrogen production values of 233.9 pmol g1 h-! after 3 hours
using a broad-spectrum Xenon lamp at room temperature, ow-
ing to the unique bifunctional surface chemistry of nickel phos-
phate hydroxide. This preliminary investigation of the viability
of mechanochemical activation and aging for the bottom-up
synthesis of discrete nanoparticles will be further investigated
to better understand the in-situ growth kinetics of binary metal
phosphides in the solid-state.
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Synopsis: This paper presents the solvent-free mechanochem-
ical synthesis of nickel phosphide nanocatalysts for the hydro-
gen evolution reaction under mild conditions.
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