
 1 

Covalent Functionalization of Nickel Phosphide Nanocrystals with 

Aryl-Diazonium Salts 
 

Ian A. Murphy,a Peter S. Rice,b Madison Monahan,a Leo P. Zasada,a Elisa M. Miller,c Simone 

Raugei,b Brandi M. Cossairta* 

 
aDepartment of Chemistry, University of Washington, Seattle, WA, 98195-1700 
bCenter for Molecular Electrocatalysis, Pacific Northwest National Laboratory, Richland, WA, 

99352 
cNational Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO, 80401 

*cossairt@uw.edu 

 

Abstract 

Covalent functionalization of Ni2P nanocrystals was demonstrated using aryl-diazonium salts. 

Spontaneous adsorption of aryl functional groups was observed, with surface coverages ranging 

from 20-96% depending on the native reactivity of the salt as determined by the aryl substitution 

pattern. Increased coverage was possible for low reactivity species using a sacrificial reductant. 

Functionalization was confirmed using thermogravimetric analysis, FTIR and X-ray photoelectron 

spectroscopy. The structure and energetics of this nanocrystal electrocatalyst system, as a function 

of ligand coverage, was explored with density functional theory calculations. The Hammett 

parameter of the surface functional group was found to linearly correlate with the change in Ni 

and P core-electron binding energies and the nanocrystal’s work-function. The electrocatalytic 

activity and stability of the functionalized nanocrystals for hydrogen evolution were also improved 

when compared to the unfunctionalized material, but a simple trend based on electrostatics was 

not evident.  
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Introduction 

Great progress has been made over the past few decades in the development and deployment 

of renewable energy technologies. This global effort has positioned sustainably generated 

electricity to, in some cases, be cheaper than carbon-based competitors.1 While renewably-sourced 

electricity will be a key factor in decarbonizing the power and light passenger transportation 

sectors, there is still significant work to be done in decarbonizing other carbon intensive sectors 

such as industrial transportation and chemical commodities.2–4 To achieve the same emissions 

reductions in these sectors, we must fundamentally alter the way we produce and recycle small 

molecule chemical feedstocks such as H2, O2, N2, and CO2. The key component to enabling this 
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kind of sustainable circular economy is the development of efficient, selective, and economically 

viable (photo)electrocatalysts.5 

Today, the most active catalytic materials are scarce noble metals such as platinum, palladium, 

and iridium. Specifically in the case of the hydrogen evolution reaction (HER), the high activity 

of these materials has been ascribed to their ideal metal-hydride (M-H) bond dissociation free 

energies (BDFEs), their diffuse frontier orbitals that span the Fermi level, and their stability in 

highly acidic and basic media.6–8 The relationship between these types of “descriptors” and the 

intrinsic activity of a catalyst is still being investigated and qualified by many computational and 

electroanalytical groups.5,9–15 Descriptor-based models for understanding catalytic activity have 

led to the discovery of earth-abundant catalytic materials with relatively high intrinsic activity.5 

Initial efforts in this space were focused, in some instances, on the investigation of molybdenum 

disulfide due to its solution processability, low toxicity, and long history of use as a 

hydrodesulfurization catalyst.16–19 This same line of theory driven inquiry led to the investigation 

of transition metal phosphides as a new class of materials with excellent catalytic activity for HER 

and high stability in acidic media. Research efforts over the past decade have explored many 

aspects of these materials including synthetic methodology and mechanisms20,21,30,22–29, the effects 

of varying atomic composition31–34, nano-structuring35–37, and computational modeling of their 

catalytically active surface sites.31,38–44 

Despite great progress in developing this class of materials, earth abundant alternatives still 

present orders of magnitude lower activity than their precious metal counterparts. This begs the 

question many researchers are now investigating, “what are we missing in the current descriptor-

based models?” If we can already achieve thermoneutral surface binding sites, maybe the answer 

lies just beyond the surface in the secondary and outer substrate coordination spheres? 

More than a century of metal-based molecular (homogeneous) catalyst development 

highlighted the pivotal role of ligands in determining the chemical properties of a metal center, 

such as redox potential and metal-substrate BDFE.9,45–48 It is also clear that the way ligands interact 

with substrate and solvent, through secondary and outer-coordination sphere effects, have a 

dramatic influence on the rate of catalytic turnover and product selectivity.49–52 We propose hybrid 

inorganic nanomaterials with tailor-made organic surface ligands could offer a strategy to translate 

the lessons learned in molecular systems to nanoparticles and represent a vast and underexplored 

parameter space in heterogeneous electrocatalysis.53–55 

Previous studies from our laboratory have demonstrated the importance of the interface 

between heterogeneous nanoparticle surfaces and the bulk solvent.56,57 Through this work, for 

instance, we found that the predominant reason long chain aliphatic ligands hinder catalytic 

activity in aqueous media is because of the poor interface formed between the non-polar surface 

and the polar electrolyte. Just as aliphatic ligands make a poor interface with polar solvents, it has 

been shown that polar ligands that are able to hydrogen bond with a polar solvent can induce some 

degree of local order near the surface of a nanoparticle.58 We also know that surface ligands are 

able to shift the Fermi level of a nanomaterial based on their electron withdrawing/donating ability 

by inducing or enhancing the surface dipole.59–61 These isolated studies provide, in concert, a road 

map to tune a variety of catalytically relevant parameters in heterogenous nanoparticle catalysts.  

In colloidal nanoparticle systems, ligand chemistry is most commonly explored using dative 

Lewis acid/base interactions between surface metal cation sites and electron rich binding groups 

such as amines, carboxylates, and phosphonates.62,63 Well understood mechanisms for ligand 

exchange have been developed based on concentration gradients, salt metathesis, and displacement 

by higher binding affinity head groups.64–70 Unfortunately, the same chemical principles that make 
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these ligand exchange reactions viable also make them unstable in catalytically relevant 

conditions. Especially the strong acid conditions, typically 0.5 M sulfuric acid, required for HER 

lead to the protonation and desorption of such ligands. 

Thus, to explore the influence that ligand surface chemistry can have in altering the catalytic 

activity and stability of colloidal nanoparticles, we must first establish synthetic methods to create 

more robust nanoparticle-ligand bonds. One such method that has been explored in the literature 

is the covalent functionalization of surfaces by substituted aryldiazonium salts. Diazonium salts 

are a diverse class of organic reagents that have been shown to form covalent bonds with electron-

rich surfaces.71–76 Specifically, Saveant showed decades ago that these reagents could functionalize 

the surface of glassy carbon electrodes and that these functional groups were stable to physical 

abrasion and electrochemical cycling.77 More recently, diazonium reactivity has been explored 

with two-dimensional materials, namely MoS2 nanosheets.78,79 Miller and co-workers explored the 

effects of covalent surface functionalization on the catalytic activity of MoS2 for HER and found 

strong correlations between the functional group Hammett parameter, MoS2 electronic structure, 

and overpotential for HER.61 Though this chemistry has never been explored on colloidal 

heteroatomic nanoparticles, specifically transition metal phosphides, there is precedent for the 

approach being viable for P-functionalization based on studies on phosphorene.78,80 

Herein, we explore the synthetic conditions required to make a well-defined covalent ligand 

shell on the surface of colloidally synthesized Ni2P nanocrystals. The effects of substituted aryl 

ligands on electronic structure, catalytic activity, and stability are presented using a combination 

of spectroscopic, electrochemical measurements, and density functional theory (DFT) 

calculations. Finally, synthetic challenges and design principles for future development of 

colloidal nanocrystal electrocatalysts are presented.  

 

Experimental Section 

2-propanol (anhydrous, 99.5%), triethyloxonium tetrafluoroborate (≥97.0%, Meerwein’s reagent), 

acetonitrile (anhydrous, 99.8%,), chloroform (anhydrous, ≥99), 4-nitrobenzenediazonium tetra 

fluoroborate (97%), 4-methoxybenezenediazonium tetrafluoroborate (98%), 3,5-

dichlorobenzenediazonium tetrafluoroborate, and bi(cyclopentyldienyl)cobalt(II) were all 

purchase from Millipore-Sigma, stored in a nitrogen atmosphere glovebox, and used without 

further purification. Diazonium salts and Meerwein’s reagent were stored at -20 °C in a glovebox 

freezer. Tris-diethylaminophosphine (97%, Millipore-Sigma) was stored in ambient conditions 

and used as received. Nickel (II) chloride (98%, Millipore-Sigma) was dried at 100 °C under 

vacuum overnight before being stored in a nitrogen glovebox until use. Oleylamine (technical 

grade, 90%), was dried over CaH2, distilled, and stored over 4 Å sieves in a nitrogen glovebox. 

 

Synthetic Details. 

Ni2P nanocrystals were synthesized using air-free Schlenk techniques under an N2 atmosphere. 

Glassware, including a 100 mL three neck round bottom flask (RBF), two condensing columns 

(used without flowing water), a hose adapter, glass thermal well, Teflon magnetic stir bar, 100 mL 

Schlenk flash, canula needle, and 14/20 ground glass stopper were all dried in the oven at 160 °C 

overnight prior to use. The next day, the reaction vessel was assembled on top of a heating mantle 

and connected to the Schlenk line, evacuated, and refilled with dry N2. In an N2 glovebox, 944 mg 

(7.2 mmol) of NiCl2 was measured. NiCl2 was quickly transferred out of the glovebox and added 

to the reaction vessel. The vessel was purged with high vacuum/N2 flushes three times. 48 mL 

(146 mmol or 20 mol eq. relative to Ni) of oleylamine was added to the reaction vessel under an 
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N2 atmosphere through a rubber stopper. The mixture of NiCl2 and oleylamine was heated to 120 

°C and vigorously stirred under vacuum for 60 min to remove trace O2/H2O and volatile organic 

contaminants. The vessel was wrapped in glass wool to promote uniform heating. The reaction 

temperature was measured by an internal probe, submerged in the reaction vessel through contact 

with a glass thermal well. After 60 min, the reaction mixture was cooled to ~50 °C. 8 mL (28.8 

mmol or 4 mol eq. relative to Ni) tris-diethylaminophosphine was injected through the rubber 

stopper. The reaction vessel was then heated to 250 °C at a ramp rate of roughly 10 °C min-1 and 

held for 60 min. After about 12 min, at 178 °C, a red hue was observed. The solution quickly 

became black as the temperature climbed above 200 °C. At this point vapors were observed in the 

vessel. After 1 hour at 250 °C the vessel was lifted from the heating mantle and the glass wool was 

removed, allowing the solution to cool. 

As the solution cooled, an oven dried Schlenk flask was attached to the Schlenk line and purged 

with three flushes of vacuum/N2 and finally held under N2 flow. Once the reaction mixture reached 

~80 °C it was transferred to the Schlenk flash via canula. The Schlenk flask was then sealed with 

a greased ground glass stopper which was fastened with electrical tape and brought into the 

glovebox. The reaction mixture was separated into 6 individual 45 mL Falcon tubes, diluted with 

2x volume of 2-propanol, and centrifuged at 7.83 kRPM for 15 min. This was repeated until the 

supernatant for all tubes was clear. The nanocrystals were redispersed in minimal pentane and 

diluted with 10x volume of 2-propanol before centrifugation at 7.83 kRPM for 15min. This process 

was repeated three times, and then another three times using a toluene solvent/acetonitrile 

antisolvent (1:10) mixture. Finally, the cleaned product was dissolved in minimal chloroform and 

transferred to a tared 20 mL scintillation vial. Once the solvent was removed by vacuum the 

product appeared as a free-flowing black powder. 842 mg of Ni2P was recovered. 

The treatment of Ni2P with Meerwein’s salt was carried out in a 250 mL round bottom flask 

that was dried a 160 °C overnight before use. 100 mg of Ni2P was dissolved in 40 mL of toluene 

and 1.425 g of Meerwein’s salt was dissolved in 50 mL of acetonitrile (0.1 M and 50 mol eq. 

relative to oleylamine, assuming it accounts for 20% of the Ni2P sample mass). These solutions 

were mixed and stirred vigorously for a few minutes to make a homogeneous dark black solution, 

then left still overnight. The next day a black precipitate was observed at the bottom of the flask. 

The clear solution was poured off, and the black powder was collected by addition of minimal 

fresh acetonitrile. Stripped particles, Ni2Ps, were then moved to a 45 mL Falcon tube where another 

10 mL of acetonitrile was added. The sample was centrifuged at 7.83 kRPM for 15 min, resulting 

in a clear supernatant that was decanted. This process was repeated twice more. Washed Ni2Ps was 

then transferred to a tared 20 mL scintillation vial as a solution in toluene, and then dried by 

vacuum.  

Surface functionalization reactions were carried out in an N2 glovebox in 20 mL scintillation 

vials that were oven dried overnight at 160 °C before use. 40 mg of Ni2Ps (when corrected for 15 

mass% oleylamine, this translates to 34 mg Ni2P or 0.229 mmol P) was dissolved in 10 mL of 

chloroform and added to a 20 mL scintillation vial with a Teflon stir bar and set to stir at 700 RPM. 

While stirring, in the cases that a chemical reductant was added, 0.115 mmol (2 mol eq. to surface 

P, SI. S3) of the reducing agent (bi(cyclopentyldienyl)cobalt(II) or cobaltocene) was measured and 

added to the chloroform solution. Then, 0.115 mmol (2 mol eq. to surface P, SI. S3) of the 

respective diazonium salt was weighed out and dissolved in 10 mL of acetonitrile. The diazonium 

solution was added to the vial of stirring Ni2Ps in a slow, dropwise manner. The effervescence of 

N2 in the form of small bubbles was observed after addition of the diazonium, signaling the 

initiation of radical formation. Solutions were allowed to stir while lightly capped for 48 hours. 
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For purifying the functionalized nanocrystals, the solvent was first removed under vacuum. Once 

dried, 5 mL of clean acetonitrile was added to the residue and shaken to disperse. This solution 

was transferred to a 45 mL Falcon tube and centrifuged at 5 kRPM for 10 min. The supernatant, 

which had a faint yellow color, was either discarded or collected for analysis. Washing and 

centrifugation using fresh acetonitrile was repeated 3 more times. Samples were then dissolved in 

minimal chloroform, transferred to tared 20 mL scintillation vials, and pumped down to a fine, 

free flowing, black powder. 

 

Characterization. 

Powder X-ray diffraction (XRD) data was collected on a Bruker Microfocus instrument. Powder 

XRD samples were prepared by drop-casting a solution of Ni2P onto silicon single crystal wafers. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was collected on a Bruker 

Alpha IR instrument. Samples were prepared by grinding the Ni2P together with FT-IR grade 

potassium bromide (KBr, >99%; Alfa Aesar) using an agate mortar and pestle. Background 

measurements were taken with a golden puck. 1H and 31P spectra were recorded on Bruker AV300 

and Bruker AV500 spectrometers, respectively. Deuterated chloroform (CDCl3) and acetonitrile 

(CD3CN) were purchased from Cambridge isotope labs and dried over calcium hydride, vacuum-

transferred, and stored over 4 Å sieves in a N2 glovebox. CDCl3 contained a 1% internal standard 

of tetramethyl silane. 31P spectra were corrected to an 85% phosphoric acid standard in water. X-

ray photoelectron spectroscopy (XPS) was conducted on a Kratos AXIS Ultra DLD. Pass energy 

for survey spectra (to calculate composition) was 150 eV. Data point spacing was 1.0 eV per step 

for survey spectra, and 0.4 eV per step for detailed spectra. Pass energy for high-resolution spectra 

was 50 eV, with a data point spacing of 0.065 eV. All spectra were calibrated to align carbon peak 

intensities at 284.8 eV. Ultraviolet photoelectron spectroscopy (UPS) was also conducted on a 

Kratos AXIS Ultra DLD. The UV source was a He(I) lamp with photon energy of 21.2 eV. Pass 

energy was 5 eV with a step size of 0.01 eV. Aperture (spot) size was 100 m. Take off angle was 

0 degrees, and the stage was biased by a 9V battery while collecting data. All spectra were 

corrected to a sputter cleaned gold sample’s fermi edge at 0 eV. Transmission electron microscopy 

(TEM) images were collected on an FEI Tecnai G2 F20 microscope. Samples were drop cast from 

toluene onto lacey carbon grids and vacuum dried overnight. Scanning electron microscopy (SEM) 

images were collected on a ThermoFisher Scientific Apreo Variable Pressure SEM with integrated 

energy dispersive x-ray spectrometer (EDS) from Oxford. Elemental quantification was carried 

out using a Perkin Elmer Optima 8300 Inductively Coupled Plasma-Optical Emission 

Spectrophotometer (ICP-OES). Thermogravimetric Analysis (TGA) measurements experiments 

were carried out using a TA Instruments TGA Q5000. ~10 mg of material was loaded onto an 

aluminum pan at ambient conditions, then raised to 500 °C at a ramp rate of 10 °C/min under N2 

with a flow rate of 25 mL/min. All electrochemical measurements were performed with a Gamry 

Interface 1000. Measurements were conducted under Ar flow in 0.5M H2SO4 with 18 MΩ 

Millipore water in a custom four-neck cell fitted with a graphite rod counter electrode separated in 

a fritted compartment, a Ag/Ag2SO4 reference electrode separated by a Vycor frit, and a glassy 

carbon working electrode. A desired volume of a known mass% solution was drop cast onto the 

glassy carbon electrode to disperse the catalyst. Glassy carbon electrodes were consecutively 

polished with 5, 1, and 0.05 m alumina paste and sonicated/washed with 18 MΩ Millipore water 

prior to use. 

 

DFT Calculations. 
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Spin-polarized DFT calculations were carried out using the Quantum ESPRESSO81 package 

(v6.5). Exchange-correlation effects are described using the Perdew−Burke−Ernzerhof (PBE) 

functional82 along with the semi-empirical Grimme’s D2 van der Waals (vdW) corrections.83 The 

bonding environment of each system is described under the projector augmented wave method 

(PAW)84. The expansion of valence wave functions has been accounted for with a plane wave cut-

off energy of 680 eV. All simulations used a 3x3x1 -centered Monkhorst-Pack85 k-point 

integration of the Brillouin zone. Surface reactions are modelled using an 8-layer periodically 

repeated hexagonal supercell (11.8 Å x 11.8 Å x 41.6 Å) belonging to the P6̅2m space group to 

model the coverage effect of surface adsorbates. A 25 Å vacuum space was employed to prevent 

spurious interactions between the periodically repeated images. Atomic coordinates were relaxed 

using the Broyden–Fletcher–Goldfarb–Shanno86 (BFGS) algorithm until the Hellmann-Feynman 

forces on all relaxed atoms fell below 0.05 eV/Å.  For geometry optimization the electron 

occupancies were determined by the Gaussian smearing method with a smearing value of 0.07 eV, 

while for accurate total energy and partial density of states analysis we adopt the optimized 

tetrahedron method.87 Due to the relatively large system sizes in this study (144-204 atoms), only 

the top two layers are relaxed, with the bottom 6 layers remaining fixed to that of the bulk values. 

Preliminary analysis indicated that C6H4NO2 preferentially binds to the P top site with high 

coordination Ni and P sites being disfavored in terms of total energy (See SI for more details). The 

Ni2P(0001) slab with the Ni3P2 surface termination was chosen for three main reasons: (i) it closely 

resembles the experimental synthesis which has an observed stoichiometry of (Ni1.78P), (ii) it is 

known to be stable under the electrochemical conditions relevant in this study41 and (iii) it provides 

a point of reference with the current published literature.  

 

Results and Discussion 

Nickel phosphide synthesis and ligand stripping. 

Nickel phosphide nanocrystals were prepared using a modified literature procedure.20 Briefly, 

nickel(II) chloride was mixed with tris(diethylamino)phosphine in neat oleylamine. After heating 

to 250 °C for 60 min, phase pure Ni2P nanocrystals with an average diameter of 5 nm (Fig. 1A) 

were recovered from a viscous black reaction mixture after successive rounds of precipitation, 

centrifugation at 7830 RPM, and redissolution with isopropanol/pentane followed by 

toluene/acetonitrile. TEM images reveal an approximately spherical morphology with an average 

diameter of 5 nm ± 0.9 nm (Fig. 1A). The powder XRD pattern is in agreement with the reported 

reference powder pattern (PDF 01-074-1385). (Fig. 1B). Scherrer analysis reflects an average 

crystalline domain size of 5.18 nm, consistent with the TEM analysis. ICP-OES reveals a 

composition that is phosphorous rich, with an average stoichiometry of Ni1.78P. This is a notable 

departure from the cation rich nature of more ionic nanomaterials synthesized with 

aminophosphine precursors, namely InP.88,89 We believe this composition is reflective of the 

inorganic nanocrystal core composition since there was no trace of excess molecular precursor or 

phosphonium salt byproduct found by NMR or FTIR spectroscopy of the purified end material (SI 

Fig. S1 and S4a). 

Analysis by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and 1H 

NMR spectroscopy supports a ligand shell composed of oleylamine (SI Fig. S1). The IR spectra 

showed signatures of long-chain aliphatic hydrocarbons at 1,450, 2,850, and 2,920 cm-1, as well 

as the expected alkene resonances at 1,600 and 3,000 cm-1.90,91 1H NMR spectra show resonances 

associated with aliphatic protons in the range of 1-2 ppm and the alkene protons at 5.3 ppm.92 

Further, the broadness of these peaks is indicative of the long relaxation times expected for 
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molecules bound to a nanoparticle surface.65,93 Though previous reports of nanocrystals prepared 

using combinations of metal halide salts and aminophosphine precursors show evidence of a mixed 

ligand shell comprised of both amine and chloride ions, no evidence of Cl atoms are observed in 

the XPS survey spectrum (SI Fig. S2a).89 Further, thermogravimetric analysis suggests that the 

surface ligands compose 19% of the sample by mass (SI Fig. S3). The first derivative of mass loss 

for this sample shows a peak at ~350 °C, matching closely with the boiling point of neat oleylamine 

(365 °C). 

 

 
Figure 1. A) General reaction scheme for the synthesis of Ni2P nanocrystals with 

aminophosphines. B) XRD of Ni2P nanocrystals references against powder pattern (PDF 01-074-

1385). C) TEM of Ni2P product, showing 5 ± 0.9 nm spherical nanocrystals. Inset shows a single 

nanocrystal with a 5 nm scale bar for reference. Full image reflects a larger sample set of 

nanocrystals all reflecting similar sizes and morphologies with a 50 nm scale bar for reference. 

 

High resolution XPS analysis of the Ni and P 2p electron binding energies are consistent with 

a covalent metal-phosphide material.38,28 The P 2p spectrum (SI Fig S2c) shows a spin-orbit 

doublet with the center of the parent peak located at 129 eV consistent with P in the 0 oxidation 

state and representing 72% of the total P in the sample. A higher energy shoulder centered at 131.5 

eV was fit to a broad doublet peak, representing what is likely multiple ill-defined higher oxidation 

state P components within the material. This species comes at a slightly lower binding energy than 

is expected of phosphate salts (132.5 eV), which leads us to believe it is likely a partially oxidized 

surface site.94 Similarly, the Ni 2p spectrum shows an unusual Ni binding energy of 853 eV, which 

lies in-between that of Ni0 and Ni2+ (852 eV and 854 eV, respectively).95 This result is indicative 

of the relatively high amount of electron density that remains on the Ni sites within the phosphide 

lattice. The 2p3/2 environment can be deconvoluted into two contributions. The first being the 

metal-phosphide species centered at 853 eV which represents 72% of the sample. The second, 

centered at 853.5 eV, accounts for 28% of the sample and is likely the slightly reduced surface 

oxide, similar to that observed in the P 2p spectrum. 

Prior to covalent functionalization of Ni2P, the concentration of native oleylamine ligands was 

reduced via alkylation using Meerwein’s salt. Alkylation is a widely used method for the removal 
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of common ligands including oleylamine, oleate, and phosphate species.96,97 Typically, ligand 

stripping procedures for colloidally dispersed nanoparticles consist of preparing a biphasic solution 

where the non-polar phase contains the native nanocrystals dissolved in hexanes and the polar 

phase is a solution of Meerwein’s salt in acetonitrile or DMF. Vortex mixing leads to rapid 

precipitation of the nanocrystals from solution. The recovered nanocrystals can be washed to 

remove residual aliphatic ligands before the particles are able to be resuspended by solvents with 

weak binding affinities such as DMF. In the most successful examples, complete loss of aliphatic 

C-H vibrations in FTIR spectra coupled with elemental analysis showing a lower concentration of 

C atoms are observed.96,98 Interestingly, this method of ligand stripping was not as efficient in the 

case of the oleylamine-ligated Ni2P nanocrystals studied here. Following synthesis and 

purification, the Ni2P nanocrystals showed only sparing solubility in hexanes, limiting our ability 

to directly use the procedure as previously reported. Additionally, vortex mixing the biphasic 

solution resulted in formation of a highly viscous gel. Ultimately, the ligand exchange was 

accomplished using a homogenous solution of the nanocrystals (5 mg/mL) in toluene with a large 

excess of Meerwein’s salt (50 mol equiv. vs oleylamine) in acetonitrile. This solution was mixed 

vigorously for several minutes in a round bottom flask and left to sit overnight, resulting in the 

formation of a black precipitate. The supernatant was decanted, and the resulting nanocrystal 

powder was dissolved in toluene and subjected to repeated rounds of precipitation and 

redissolution from acetonitrile. 

The Meerwein’s salt-treated nanocrystals were characterized by TGA, IR, and NMR 

spectroscopy (SI Fig. S3-4). These data suggest that roughly 30% of the initial oleylamine surface 

ligands were removed. However, oleylamine still accounted for 15% of the sample by mass, and 

signature spectroscopic features were still observed in the DRIFTS and 1H NMR spectra. We do 

note that changes in the 31P NMR spectra suggest that alkylation is an effective method to remove 

the surface phosphate species that formed from ambient oxidation. Successive alkylation 

treatments had limited added effect and we have not managed to realize complete ligand removal 

in this system (SI Fig. S3), suggesting that the starting nanocrystals have a range of amine binding 

energies and that only the weakest bound subset can be removed using this method. This result 

stands in contrast to earlier examples of Meerwein’s salt treatment of nanocrystals for ligand 

stripping, a fact that may be attributable to differences in the covalent bonding character of the 

Ni2P. Early examples from Helms and co-workers showcased the method’s efficacy on highly 

ionic materials such as CdSe, TiO2, and ITO.96 Later studies, however, have shown less consistent 

results. In a study from Suntivich et al. TGA suggested that alkylation did not remove all oleate 

ligands from the surface of Mn3O4 particles, despite the ionic nature of that lattice.97 In contrast, a 

recent paper from Buonsanti et al. showed complete removal of native phosphate and tri-

alkylamine ligands from the surface of Cu0 nanospheres.98 

 

Covalent functionalization. 

To a chloroform solution of Meerwein’s salt-treated Ni2P nanocrystals (Ni2Ps) a solution of 

diazonium salt in acetonitrile was added dropwise (Fig. 2A). A spontaneous reaction was indicated 

by effervescence as N2 gas was released. In some instances, a toluene solution of cobaltocene was 

added dropwise prior to addition of diazonium. In either case, the solution was capped loosely and 

left to stir for 48 hours. The functionalized nanocrystals were purified by first removing the solvent 

from the crude mixture under vacuum. Once the sample was dry, the powder was dispersed in 

acetonitrile by vigorous shaking or sonication, followed by multiple rounds of precipitation via 

centrifugation, removal of supernatant, and redissolution in acetonitrile to remove excess 
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diazonium salt. Subsequent washes with isopropanol and/or pentane were performed to remove 

any aliphatic reaction co-products. After multiple washes, the particles remained highly soluble in 

chloroform and/or toluene. Solvent removal under vacuum resulted in a free-flowing black 

powder. 

We note that during initial washing steps the supernatant was observed to have a slightly 

yellow hue. Upon further investigation, we determined this side product was likely the result of 

reactivity between the diazonium ions and oleylamine. In fact, diazonium salts have been 

previously documented to act as ligand stripping reagents for colloidal quantum dots.99 Though 

the authors did not speak much to the mechanism, they showed the loss of prominent aliphatic 

vibrations after treatment and the growth of a BF4
 signal – suggesting some sort of ion exchange 

reaction. We propose that the mechanism is likely much more complicated due to the complex 

reactivity of highly electrophilic diazonium ions and nucleophilic primary amines.100 1H NMR 

spectra of oleylamine, 4-nitrobenezene diazonium tetrafluoroborate, and an equimolar mixture of 

the two can be found in the supporting information (Fig. S6). Here we can observe the degradation 

of the clean aryl doublets (8.8 and 8.6 ppm) found in the parent diazonium into a convolution of 

multiple aryl species that are more electron rich, as suggested by their downfield shift (spanning 

from 7.6 to 8.3 ppm). We also observe that the reaction continues to evolve over the course of 2 

days, by which point the original aryl resonances are no longer observed. We compare this control 

sample to the supernatant from our Ni2P-C6H4NO2 sample and observe many similar features, 

including the convoluted aryl signals and overwhelming aliphatic protons from the oleylamine. 

A survey of early work studying the reactivity of diazonium ions lays out multiple paths of 

reactivity between these species, including nucleophilic attack at the beta-N, substitution at the C-

2 and C-4 positions, heterolytic dediazoniations, and homomolecular coupling.100 This wide array 

of possible products is even further muddied by the influence of catalytic nanoparticles that 

provide competing bonding affinities, reducing equivalents, and catalytically active surfaces that 

can alter the reaction landscape. Further, the comparison of reaction supernatant and control 

sample suggest the reaction products are different, or at least are formed in very different ratios. 

However, none of these spectral features are observed in the purified products (Fig. S7) suggesting 

that these species can be completely removed from the system by thorough washing and do not 

result in persistent contamination. 
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Figure 2. A) General reaction scheme for spontaneous functionalization of Meerwein’s treated 

Ni2P nanocrystals with substituted aryldiazonium salts. B) DRIFTS spectrum of nanocrystals 

dispersed in KBr matrix. Diagnostic peaks are discussed in the main text. C) TGA trace of 

nanocrystals heated to 500 °C at 10 °C/min. Solid lines represent percent mass loss relative to the 

initial sample mass. Dotted lines show the first derivative of the mass loss curve, describing 

temperature ranges with sharper mass losses. D) DFT calculated aryl radical binding energy as a 

function of surface coverage; the insert depicts the bare Ni3P2(0001) surface.  

 Evidence of spontaneous functionalization of the Ni2P nanocrystals was provided by TGA 

and DRIFTS of the purified and dried nanocrystal powders. The DRIFTS spectra reflected a mixed 

ligand shell, composed of remnant oleylamine and substituted aryl groups. Importantly, when 

comparing the spectra of functionalized nanocrystals to the parent diazonium salt (Fig. 2C and 

S8-10) we observed the absence of the N-N triple bond at ~2200 cm-1. This is evidence that the 

nanocrystals were able to reduce the parent diazonium, cleaving the N2-Ar bond. Further, this 

implies that the new spectral features observed in the fingerprint region are from surface bound 

functional groups rather than remnant/physiosorbed diazonium salt. Closer analysis of the features 

found in the fingerprint region show key vibrational modes associated with the specific functional 

groups expected in each sample, despite overlapping signal from oleylamine at ~1450 cm-1.90 In 

the Ni2P-C6H4OMe sample, the Ar-O stretch at 1291 cm-1 as well as the O-CH3 rocking mode at 

1180 cm-1 were observed. An additional peak at 1493 cm-1 was attributed to aryl ring deformations 

induced by electron donating groups, thus only being observed in this sample. The peak observed 

from 1586-1590 cm-1 in each sample is another characteristic aryl ring deformation attributed to 

C=C−C stretches.101 Characteristic symmetric and asymmetric N-O stretches were observed in the 

Ni2P-C6H4NO2 sample at 1513 and 1346 cm-1, respectively. The in and out of plane NO scissor 

modes were difficult to resolve but could be observed at 856 and 724 cm-1, respectively. 

Interestingly these values were shifted to slightly lower frequencies than those of the parent 

diazonium salt, implying that the nanoparticle surface is acting as an electron donor, weakening 

the N-O bond.102 We note that all of the observed vibrational frequencies in our sample are in 

agreement with those previously reported in the functionalization of MoS2 by aryl diazonium salts, 

implying the distortion of bond energies via electronic effects from the underlying material is a 

common theme.61,103  

 TGA data (Fig. 2B) confirm a higher degree of functionalization with increasing Hammett 

parameter of the aryl substituent (NO2>Cl2>OMe), and hence increasing reactivity of the 

diazonium salt. This is consistent with previous observations in the literature, with the note that 

many papers use different methods of reporting the degree of functionalization depending on the 

system under investigation. For example, in studies of electrografting diazoniums onto glassy 

carbon surfaces authors report the magnitude of reductive current as a measure of functionalization 

yield.72,77,104,105 Another common method is reporting atomic ratios determined by XPS or S-Mo:S-

C ratios in the case of MoS2 functionalization.61,79,106 Though many of these studies supplement 

their findings with TGA and find the same result. We note, however, that the TGA data collected 

here is convoluted by the persistence of oleylamine in our sample, precluding direct correlation of 

the absolute mass loss values to covalently bound functional groups. In any case, we estimate the 

surface coverage of each sample with the assumption that 15% mass loss from oleylamine is 

constant across all samples, and that any further mass loss is from covalently bound surface 

functional groups. With these assumptions, we observed an upper bound for functionalization of 

14% by mass for the nitrophenyl group. Assuming a 100 mg sample, this translates to 14 mg, or 
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114 mol of nitrobenzene equivalents. In the same sample, 71 mg of Ni2P would translate to 119 

mol of surface P sites, translating to 96% surface P sites being functionalized. Following this 

logic, methoxybenzene and 3,5-dichlorobenzene samples translate to 27 and 68 mol, or 20% and 

54% surface P-Ar sites, respectively (example calculation in SI). All functionalization densities 

were below 100% saturation and were less than the molar equivalents of parent diazonium added 

to the reaction mixture.  

DFT calculations support the idea that adsorption of C6H4-NO2, C6H3-Cl2 and C6H4-OCH3 is 

spontaneous (Fig. 2D). Here, adsorbate-adsorbate and adsorbate-substrate interactions dictate the 

binding energy trends, with the electron donating/withdrawing character playing a key role. For 

instance, the adsorption energy of the electron withdrawing radicals (C6H3-Cl2 and C6H4-NO2) 

become less favorable as we increase the surface coverage. While the electron donating propensity 

of C6H4-OMe counteracts the effects of adsorbate-adsorbate interaction, highlighted by the near 

constant binding energy as a function of surface coverage. Similar trends in binding energy have 

been observed in the literature for black phosphorous107 and molybdenum disulfide108. It should 

be noted that these calculations do not include thermal effects, which could significantly 

destabilize the adsorption of diazonium salts under reaction conditions. Other factors, such as, the 

presence of excess oleylamine capping ligands is shown to further destabilize the adsorption 

energetics (Fig. S23). That said, the low coverage trend of these species is consistent with the 

observed experimental coverages: 96% (C6H4-NO2), 54% (C6H3-Cl2) and 20% (C6H4-OMe).   
To address the issue of unsaturated surface coverage, presumably due to the insufficient 

reducing potential or equivalents in the reaction mixture, the effect of adding a molecular reductant 

was investigated. This concept was recently validated by the Lewis group who showed that the 

functionalization density of MoS2 by alkyl iodide species could be increased by adding sacrificial 

reductants to the reaction mixture.109 This study demonstrated a strong correlation between the 

strength of the reductant and the coverage of functional groups, supporting our hypothesis that 

each surface functional group equivalent becomes increasingly difficult to generate and is strongly 

dependent on the thermodynamic driving force for both generating the radical species and 

facilitating surface-C bond formation.  

We experimentally validated this hypothesis in our own system by adding equimolar 

concentrations of cobaltocene (relative to diazonium) to our reaction mixtures. The resulting 

differences between batches of Ni2P-C6H4NO2 is shown in Fig. 3. The TGA data show a clear 

increase in mass loss and suggest that the organic content has increased to roughly 40% of the total 

sample mass. Following our earlier estimate of surface coverage, this would reflect a large excess 

(225% of surface P sites) of nitrobenzene groups. This super saturation can be rationalized by the 

formation of hyperbranched nitrophenyl oligomers on the nanocrystal surface, as shown in Fig. 

3D. Uncontrolled reactivity, or hyperbranching, is a common phenomenon observed in diazonium 

chemistry. It is well known that aryl radicals react readily with sp2 carbons, hence their usefulness 

in functionalizing graphitic carbons. As such, they are also able to react with the sp2 carbons 

present in surface arenes. This can lead to the formation of large polymeric films, sometimes on 

the order of tens of nanometers thick.110 
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Figure 3. A) Reaction scheme showing functionalization of Ni2P using [N2-C6H4NO2][BF4] with 

the addition of cobaltocene as a sacrificial reductant. B) TGA of both samples, showing an increase 

in mass loss percent for samples made with added cobaltocene. Dotted lines show the first 

derivative of the mass loss percent line. C) TEM of Ni2P-C6H4NO2 nanocrystals synthesized with 

no added reductant. Particles are still uniform and maintain their morphological integrity. Scale 

bar is 10 nm. D) TEM of Ni2P-C6H4NO2 synthesized with added cobaltocene. Particles show 

aggregation induced by the extensive aryl-multilayer film formation caused by aryl radical 

hyperbranching. Scale bar is 10 nm.  

 

Effect of Functionalization on the Electronic Structure. 

The higher concentration of functional groups in the samples, derived from reactions in which 

a reductant was added, makes observation of functional groups with XPS easier. Spectra showing 

the presence of Cl and NO2 functional groups can be found in the supporting information (Fig. 

S13). What’s more interesting, is the comparison of the Ni and P 2p high resolution scans between 

Ni2P-C6H4NO2 samples made with and without added reductant (Fig. 4A and 4B). Rather than 

distinct peaks indicating the formation of a P-Ar or Ni-Ar bonds, we observe systematic shifts of 

the entire ‘metal phosphide’ signal. Although this result is surprising, it can be interpreted as the 

functionalization perturbing core-level electron density throughout the entire nanoparticle, which 

is reflected in the electronic density of states (DOS) inferred from the DFT calculations (Fig. S25). 

For the bare surface, the partial DOS plot shows that Ni2P exhibits metallic type conductivity with 

the states around the Fermi level consisting largely of Ni 3d-states with only a minor contribution 

from the overlapping P 3p-states. On adsorption of nitrobenzene groups, we observe a clear 

perturbation of these states and redistribution of electrons due to the electron withdrawing 

properties of the adsorbate. Despite our model only considering diazonium species adsorbed on 

the P-top sites, the change in total DOS can be attributed to a shift of both the P 3p-states and Ni 

3d-states as-well-as a local increase in the P 3p-states. While we would typically expect this shift 
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in electron density to be localized and correlated with the functionalized surface sites, we propose 

the high level of covalency, and the metallic character of these metal phosphide nanocrystals allow 

localized perturbations to be compensated for by the ‘bulk’ material. Further, the same trend is 

reflected in the work function of these materials. The work function is made more positive with 

higher degrees of functionalization, which can be interpreted as the highly polar nitrophenyl 

functional groups inducing a stronger surface dipole moment away from the crystal’s core, in-turn 

requiring more energy to remove an electron from valence orbitals to vacuum. 

 

 
Figure 4. A) High resolution XPS spectra showing the gradual progression of the Ni 2p3/2 signal 

shifting to higher binding energies as the coverage of nitrobenzene groups increases (blue > red). 

B) P 2p spectra of the same sample set, showing a similar systematic shift. C) UPS spectra of the 

same samples, showing the increased binding energy of the secondary electron cut off point, or 

work function.  This illustrates increasing difficulty to eject an electron from the surface of the 

material as the coverage of nitrobenzene groups increases.  

 

Although this phenomenon is unexpected when compared to studies of exfoliated MoS2 and 

black phosphorous nanosheets, it is reminiscent of the effects observed when doping metal 

phosphides with metals of varying electronegativity.111 In this study, Mar and coworkers observed 

a systematic shift in the P and Ni 2p3/2 binding energy over the range of ~500 meV. The authors 

find that as more electropositive ions (Co<Fe<Mn<Cr) are doped into the lattice the P 2p3/2 binding 

energy systematically decreases. They rationalize this finding by considering a charge potential 

model to balance the inter and intraatomic effects of dopants on the P atoms in the lattice.112 Based 

on this model, intraatomic effects would lead to a decrease in binding energy due to increased 

nuclear screening and greater negative charge of P core electrons induced by their more 

electropositive environment. In contrast, interatomic effects would lead to a positive shift in 

binding energy due to the general increase in Madelung potential felt by each atom in the more 

electropositive lattice. We believe this rationale supports our interpretation of highly coupled 

covalent surface functional groups being able to perturb the ‘bulk’ electronic structure of the 

nanocrystal by inducing strong interatomic screening effects. The result of which is a systematic 

perturbation of the core-level binding energies in both Ni and P based on the degree of electron 

density that is donated or withdrawn by the surface functional group.   

We further validate this hypothesis by showing systematic variation of core-level binding 

energies and NC work function across our Hammett series (Fig. 5). There is a clear linear trend 

observed in both Ni and P 2p high-resolution spectra where a larger Hammett parameter increases 

the core-level binding energy. This effect is most pronounced in the comparison of work functions 
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across the Hammett series shown in Fig. 5C. To ensure this wasn’t purely an electrostatic 

screening effect, we validated our hypothesis against a computational model where the same trend 

is observed (Fig. S24E). 

 

 
Figure 5. A) High resolution XPS spectra showing the shift of Ni 2p3/2 signal in response to the 

Hammett parameter of the surface functional group. B) P 2p spectra of the same sample set, 

showing a similar systematic shift. C) UPS spectra of the same samples, showing the response of 

material work function to the Hammett parameter of surface functional group. Inlet shows the 

linear correlation between these descriptors.  

 

Electrocatalytic HER Activity. 

To test the effect that surface functionalization has on the electrocatalytic activity for HER of 

the Ni2P nanocrystals, 20 L of a 10 mg/mL solution of Ni2P nanocrystals in toluene were drop 

casted onto a 1.5 mm diameter glassy carbon electrode. Samples were prepared in a glovebox and 

transferred to a vessel of 0.5 M H2SO4 that was sparged with argon and held under a constant argon 

flow. Here we report the current density normalized by the geometric surface area of the glassy 

carbon electrode due to inconsistencies in estimating the electrochemically active surface area of 

the nanocrystal films (Figs. S14-S18).113 Metal phosphides are known to have exceptionally high 

specific capacitance values due to pseudocapacitive effects, which typically leads to over 

estimation of electrochemically active area.31,114,115 These pseudocapacitive properties would be 

affected by alteration of surface charge induced by the surface functional groups. This added 

complication makes it difficult to uniformly attribute “capacitive” current to strictly ion adsorption 

on a metallic surface, which is the base assumption in the estimation of electrochemically active 

surface area.116 This is reflected in our inability to find a potential region that reflects a purely 

capacitive response characterized by a square-wave with equal anodic and cathodic current. 

Instead, we observe variable cathodic current around the open-circuit potential with added resistive 

losses, potentially due to mass-transport limitation though the nanocrystal film (Figs. S15-S18). 

Though this may preclude us from reporting the true intrinsic activity of our catalysts, we can still 

compare relative activity within the series. 

The catalytic activity results are summarized in Fig. 6 and reflect multiple key results. First, 

we observe over the course of 24 hours and 75 polarization cycles that the catalytic activity does 

not track the Hammett parameter, instead Ni2P-C6H4OMe is the most active catalyst followed by 

Ni2P-C6H4NO2 and then Ni2P-C6H3Cl2 being the least active. This contrasts with previous studies 

by Miller and co-workers on covalently functionalized MoS2, where they found that catalytic 

activity was correlated with the functional group’s Hammett parameter, although the nitrobenzene 
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functionalized sample was not measured in that instance.61 Comparisons between these systems 

brings us to our second key result, which is improved catalytic activity in all functionalized 

samples when compared to Ni2P in the first 20 polarization cycles. We propose these discrepancies 

reflect that the influence of covalently tethered ligands is more nuanced than simple electronic 

effects and that their impact may vary depending on the nature of the catalyst’s surface chemistry 

and the density of grafted aryl groups. For example, the documented active site for MoS2 is the 

edge atoms of the 2D sheet while the basal plane surface is relatively inert for HER. Thus, it is 

possible that functional groups that bond at the basal plane surface do not have added steric effects 

because of spatial separation from the catalytically active site. As we show below, that is not the 

case in Ni2P nanocrystals, for which the aryl functional groups bond to atoms directly adjacent to 

active sites. This could allow for the same functional group to result in different effects based on 

the intrinsic reactivity and structure of the underlying material. 

 

  
Figure 6. (a) LSV of the 10th polarization cycle for Ni2P and Hammett series electrodes collected 

at 5 mVs-1. (b) Overpotential at 10 mA/cm2 averaged across three separate electrodes for each 

sample over the course of 24 hours and 75 polarization cycles. (c) Calculated free energy profile 

at 0.00 V, pH = 0 and 300 K for the adsorption of H onto the Ni2P(0001) Ni3 hollow site, with and 

without surface functional groups.  

 

 For efficient hydrogen evolution, the hydrogen adsorption free energy should be slightly 

negative, so that there is a driving force for hydrogen to adsorb onto the catalyst surface, but the 

adsorption energy is low enough to allow for the subsequent proton coupling steps. As can be seen 

from Fig. 6C, DFT calculations predict that the free energy for hydrogen adsorption at the 

Ni2P(0001) Ni 3-fold hollow site (possible surface binding sites are shown in Fig. S21) can be 

modified substantially with surface functionalization of diazonium salts. The trend follows: Ni2P(-

0.47 eV) > Ni2P-C6H3Cl2(-0.26 eV) > Ni2P-C6H4NO2 (-0.22 eV) > Ni2P-C6H4OMe(-0.14 eV), 

which is in agreement with our experimental findings. In turn, this suggests that the adsorption 

energies of H on the nanocrystal surface do not directly follow the electrostatic trend.  
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Figure 7. Charge density difference plots highlighting the interactions of key species at the 

Ni2P(0001) interface. (a) H adsorbed at the Ni3 hollow site. (b) C6H4-NO2, (c) C6H3-Cl2 and (d) 

C6H4-OMe adsorbed on the P top sites. Red and blue shading represent electron depletion and 

electron accumulation respectively. The iso-surface level is set to 0.013 e/Å3. 

 

To further probe the origins of the observed trend, we examined the effects of electron transfer 

between the nanocrystal atoms and surface adsorbates by calculating their charge density 

difference (CDD) (Fig. 7). Fig. 7A shows, that once adsorbed on the surface, hydrogen 

accumulates electron density from nearby Ni atoms, forming a surface hydride. Interestingly, from 

Figs. 7B to 7D, adsorption of diazonium salts on P top sites exhibit non-local charge redistribution 

at the Ni3 hollow site. The net effect of functionalization is the tuning of the hydrogen adsorption 

free energy at the Ni3 hollow site via electron redistribution resulting in a weaker adsorption energy 

for H atoms, thus making the catalytic landscape more thermoneutral relative to the bare surface. 

These local fluctuations in Ni charge density can facilitate H atom diffusion onto the Ni-Ni bridge 

site (Figs. S27 to S28). The Ni-Ni bridge site is expected to be a catalytically active site in 

computational studies but is generally only accessed at higher H coverages.40,117 We further note 

that the transition from a surface hollow site to lower coordination sites would be hindered by the 

Pauli repulsion exhibited by the Cl atoms of the C6H3-Cl2 functional groups and the hydride nature 

of adsorbed H (H--Cl-). Additionally, this charge redistribution depends strongly on the 

alignment of diazonium species above the P top site. Most noticeable is the repulsive interactions 

exhibited by C6H3Cl2 (Fig. 7C), which is reflected in the binding energy discussed previously. The 

Cl--Cl- repulsion results in a staggered array of C6H3Cl2 species and a disfavored alignment of 

the C pz-orbitals with P 3p-states. To compensate for this, some P atoms are pulled away from the 

surface plane, resulting in significant distortion and a weaker interaction with the surface atoms. 

The trend in P-atom distortions C6H3-Cl2(0.57 Å)> C6H4-NO2(0.31 Å) > C6H4-OMe(0.29 Å) 

suggests that para substitution minimizes adsorbate-adsorbate interactions leading to an optimal 

surface packing of diazonium salts relative to the meta substituted functional groups. Overall, we 

find that the local electronic structure and bonding interactions of the diazonium salts influence 

the charge density across the surface, which we hypothesize being the cause of our observed trend.  
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Electrocatalytic Stability. 

The next key finding is the variation of activity over multiple polarization cycles. The first and 

most important point is that the trend in activity induced by the functional groups is held over 24 

hours of exposure to catalytic conditions. We propose this is strong evidence in favor of covalent 

functional groups being a viable pathway to stable hybrid nanomaterials. Another interesting point 

is the variability, or lack thereof, in activity over time. We observed a gradual increase in activity 

after successive polarizations for the ligand stripped Ni2P sample, as shown in Fig. 6B. This is 

presumably due to the removal of remnant oleylamine from the surface, allowing for a better 

wetting of the electrolyte as previously demonstrated in our lab.56 However, we cannot count out 

the possibility of surface reconstruction, which has been theoretically predicted and experimentally 

measured to take place during catalysis.40,42,118–120 If, after prolonged cycling, the dominant surface 

facet is no longer the Ni3P2 (0001) termination it could account for the gradual disagreement with 

the predicted thermodynamic landscape that we observe in earlier cycles (Fig. 6C). Further, this 

swing in activity is quite large, showing an improvement of 150 mV over the course of our 

measurements. This contrasts with the functionalized samples which show very little variability 

under the same conditions, reflecting a maximum average deviation of only 25 mV. We note that 

although the activity of the Ni2P electrodes did improve over time, they never achieved higher 

current densities or lower overpotential than the Ni2P-C6H4OMe sample, even in the few samples 

we measured out to 100 polarization cycles (Fig. S19, S20). Another practically relevant 

observation during our analysis was the I-V response during cycling. Consistently, we observed 

wild variations in the current response from Ni2P electrodes, presumably due to the formation of 

hydrogen bubbles. This is reflected in the noisy LSV reported in Fig. 6A but becomes even more 

apparent at high current densities (Fig. S20). Finally, we were able to observe the retention of key 

atomic handles by SEM-EDS after repeated cycling, presented in Fig. 8. Critically, this illustrates 

that the chlorine atoms from the 3,5-dichlorobenzene functional group remain observable and are 

specifically observed in regions of the image where Ni and P are also detected, rather than 

randomly scattered across the sample.  

 

 
Figure 8. SEM-EDS map of Ni2P-C6H3Cl2 electrode after 100 polarization cycles showing the 

presence and spatial overlap of P (a), Ni (b), and Cl (c) on the electrode after cycling. 
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Conclusions and Outlook 

In conclusion, we have formulated synthetic conditions for generating (sub)monolayer 

coverages of substituted aryl functional groups covalently bound to the surface of Ni2P 

nanocrystals and measured the resultant effects on the nanomaterial’s electronic and 

electrocatalytic properties. 

Through our study we have highlighted the need for further investigation into soft ligand 

removal strategies for colloidal metal phosphide nanocrystals.  We have shown that native ligands 

can participate in side reactions with functionalization precursors and convolute characterization. 

Still, we show that Ni2P nanocrystals can be spontaneously functionalized by substituted 

aryldiazonium salts. Though we did not observe explicit experimental evidence, computation 

modeling suggests this functionalization occurs via formation of covalent P-C bonds. The degree 

of functionalization is dictated by the electron density in the aryl ring, where substituents that 

withdraw more electron density result in higher functionalization densities. We find that the 

electron donating/withdrawing nature of the surface functional group systematically alters core-

level electron density and the bulk Fermi-level of the materials. Interestingly, we find that the 

influence on electrocatalytic activity is improved by the addition of substituted aryl groups, but 

the trend does not clearly track the electrostatic influence of the substituent functional groups. 

Though unexpected, these findings are validated by DFT modeling of our system which identifies 

the same broken trend. Through this model we propose that the functional groups have a nuanced 

effect on activity, which go beyond simple surface dipole effects, and can alter the binding 

energetics at active sites through surface deformation and steric repulsion. Further, we find that 

this trend in altered electrocatalytic activity for the HER is maintained over the course of 24 hours 

and more than 75 polarization cycles, signaling the promise for covalently bound ligands to be 

robust to catalytic conditions. 

Though sterically rigid aryl functional groups are likely not the key ingredient for making an 

earth abundant catalyst rival the activity of platinum, the utilization of this well-studied class of 

surface functionalization agents is a promising starting point. We propose that building models 

and further refining this relatively simple system will lay the groundwork for the development of 

synthetic procedures to produce elegant systems of covalently tethered proton relay ligands that 

fully utilize secondary and outer coordination sphere effects. However, there is still much work to 

be done as a community before such a system can be conceived. For example, exploring the range 

of electro/nucleophilicities required to form bonds with surface atoms so we can move away from 

harsh and difficult-to-control radical chemistry. These ideas lead to a further question: would we 

install an already synthesized complex ligand on the surface, or build it from the bottom-up using 

post-synthetic transformations once a suitable reactive fragment is bound to the particle surface? 

Surendranath and co-workers have covalently tethered organometallic catalysts to the edges and 

defect sites of carbon materials.121,122 In those systems, the authors were able to leverage native o-

quinone moieties that irreversibly condense with diamines to form their covalent linkages. Though 

such native defects are not as well documented in nanocrystalline phosphide or other more 

complex materials, a better understanding of the chemical nature of these materials’ surface atoms 

should allow for the development of more elegant functionalization strategies. In fact, 

collaborative studies between our group and the Mayer group have taken aim at building a more 

molecular understanding of colloidal metal phosphide nanocrystals.123 This concept and line of 

study will directly bolster our on-going efforts to refine surface functionalization procedures and 

create better defined hybrid nanomaterials.  
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