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Abstract 1 

 2 

The chemical versatility and rich phase behavior of tin phosphides has led to interest in their use 3 

for a wide range of applications including optoelectronics, thermoelectrics, and electrocatalysis. 4 

However, researchers have identified few viable routes to high-quality, phase-pure, and phase-5 

controlled tin phosphides. An outstanding issue is the small library of phosphorus precursors 6 

available for synthesis of metal phosphides. We demonstrated that inexpensive, commercially 7 

available, and environmentally benign aminophosphines can generate various phases of colloidal 8 

tin phosphides. We manipulated solvent concentrations, precursor identities, and growth 9 

conditions to obtain Sn3P4, SnP, and Sn4P3 nanocrystals. We performed a combination of X-ray 10 

diffraction and transmission electron microscopy to determine the phase purity of our samples. X-11 

ray absorption spectroscopy provided detailed analyses of the local structures of the tin 12 

phosphides.  13 

 14 
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1. Introduction 1 

 2 

Interest in nanoscale tin-based pnictides has recently grown, owing to the rich phase chemistry 3 

available from the multiple oxidation states demonstrated by tin (0, 2+, 4+).1, 2  Tin phosphides  4 

(SnP3, Sn3P4, SnP, and Sn4P3) in particular have been investigated for thermoelectrics,3 5 

photovoltaics,4 superconductance,5 catalysis,6-8 and as anodes for Na-ion and Li-ion batteries.9-37 6 

Still, synthesis of phase-pure tin phosphides remains as a barrier for widespread use in such 7 

applications. Tin phosphides exhibit various stoichiometries, and polymorphism has been 8 

observed for fixed stoichiometries, e.g. in SnP and Sn3P4.
1 Thus, developing facile and controlled 9 

syntheses of phase-pure tin phosphide nanostructures is essential to understanding and optimizing 10 

their use.  11 

 12 

To date, few syntheses of nanoscale tin phosphides have been reported.
17, 26, 33-35, 39-41 Researchers 13 

currently have a small library of expensive and dangerous phosphorus precursors available to 14 

them. Sn3P4, SnP, and Sn4P3 nanocrystals, for example, have been synthesized from the common 15 

phosphorus precursor tris(trimethylsilyl)phosphine.39 Hexamethylphosphoramide has provided 16 

phase-pure SnP nanocrystals, but other phase-pure stoichiometries were inaccessible.40 We present 17 

a new route to tin phosphide nanocrystals via tris(diethyl)aminophosphine. Aminophosphines are 18 

a class of inexpensive, environmentally benign phosphorus precursors that are safe to use in 19 

ambient conditions.42-48 Since their introduction, aminophosphines have been used to synthesize 20 

In, Co, Ni, Fe and Cd, and Cu- phosphides.43-47 Unlike tris(trimethylsilyl)phosphine, a P(-III) 21 

source ready for reaction, aminophosphines first undergo a series of redox reactions to form an 22 

active phosphorus precursor. In previous work, combining aminophosphines with different metal 23 
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halide precursors altered reaction kinetics. We explored using a similar approach  to synthesize 1 

Sn4P3, SnP, and Sn3P4 nanocrystals.  2 

 3 

We present structural and chemical characterization of our materials using X-ray diffraction 4 

(XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and 5 

X-ray absorption spectroscopy (XAS). XRD and TEM are conventional techniques that provided 6 

the morphology and crystal structures of our samples. XPS and XAS allowed us to investigate 7 

oxidation states and corresponding local environments of tin in tin phosphides. Characterization 8 

of the oxidation states of various tin phosphides remain a current topic of interest. Results have 9 

been mixed, with multiple oxidation states observed in both SnP and Sn4P3. Even less is known 10 

about Sn3P4. Our characterization methodology aims to provide insight on the coordination 11 

environments of tin in nanostructured tin phosphides. 12 

2. Materials and Methods 13 

 14 

2.1 Materials 15 

Ethanol (anhydrous, 200 proof,  ≥ 99.5%), oleic acid (technical grade, 90%), oleylamine (technical 16 

grade, 70%), tin (II) bromide (anhydrous, 99.999% trace metal basis), tin (II) iodide (anhydrous, 17 

powder, 99.999%, trace metals basis), toluene (anhydrous, 99.8%), trioctylamine (98%), 18 

tris(diethylamino)phosphine (97%), trioctylphosphine (97%), zinc (II) bromide (anhydrous, 19 

99.999% trace metal basis), zinc (II) chloride (anhydrous, 99.999% trace metal basis), and zinc 20 

(II) iodide (anhydrous, 99.999% trace metal basis), were purchased from Sigma Aldrich. Tin (II) 21 

chloride (anhydrous, 98%) was purchased from Alfa Aesar. All chemicals were used without 22 

further purification after their purchase. Anhydrous chemicals were purchased and stored in the 23 

glovebox. Extra care was used when handling tin halides and zinc halides, which are hygroscopic. 24 
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 1 

Please note that quenching of the following reactions requires injection of toluene at 90 °C. We 2 

encourage caution when replicating our work, as injection of toluene above its boiling point 3 

(110 °C) can cause harm. 4 

 5 

2.2 Synthesis of Trigonal Sn3P4 Nanocrystals 6 

Tin (II) chloride (SnCl2) (256.0 mg, 1.35 mmol), zinc (II) chloride (ZnCl2) (184.0 mg,1.35 mmol), 7 

oleylamine (20 mL), and oleic acid (1 mL) were mixed in a 100 mL three-neck flask. The reaction 8 

mixture was degassed under vacuum at 120 °C, producing a clear, yellow solution that was then 9 

heated under nitrogen to 250 °C. At 250 °C, P(NEt2)3 (1.6 mL, 4 mmol) was rapidly injected into 10 

the flask, producing a black dispersion that was left for 2 min.  After 2 min, the reaction was cooled 11 

slowly to room temperature. The reaction mixture was then transferred to a nitrogen-filled 12 

glovebox for extraction and cleaning. 13 

 14 

In a typical purification process, Sn3P4 nanocrystals were precipitated from ethanol via 15 

centrifugation at 6000 rpm for 5 min. The precipitated nanocrystals, a black powder, were then 16 

washed with toluene (5 mL) by centrifugation at 2000 rpm for 5 min to precipitate out extra 17 

surfactants and unreacted precursors. The supernatant was extracted, the dispersed particles were 18 

crashed out with ethanol, and finally the nanoparticles were dried under vacuum and stored as a 19 

dry powder in the glovebox. 20 

 21 
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2.3 Synthesis of Trigonal SnP Nanocrystals 1 

SnCl2 (256.0 mg, 1.35 mmol), ZnCl2 (184.0 mg, 1.35 mmol), oleylamine (40 mL) and oleic acid 2 

(1 mL) were mixed in a 100 mL three-neck flask. The reaction mixture was degassed under 3 

vacuum at 120 °C, producing a clear, yellow solution that was then heated under nitrogen to 4 

250 °C. At 250 °C, P(NEt2)3 (1.6 mL, 4 mmol) was rapidly injected into the flask, producing a 5 

black dispersion that was left for 2 min. The reaction was then quenched in three steps. First, a 6 

heat gun on the “cool” air setting was used until the reaction temperature fell to 200 °C. Then, a 7 

room temperature water bath was introduced to further cool the reaction. Finally, toluene (20 mL) 8 

was injected at 90 °C to complete the quenching procedure.  9 

 10 

The reaction mixture was transferred to a nitrogen-filled glovebox for purification and extraction. 11 

In a typical purification process, SnP nanocrystals were precipitated from ethanol via 12 

centrifugation at 6000 rpm for 5 min. The precipitated nanocrystals, a black powder, were then 13 

washed with toluene (5 mL) by centrifugation at 2000 rpm for 5 min to precipitate out extra 14 

surfactants and unreacted precursors. The supernatant was extracted, the dispersed particles were 15 

crashed out with ethanol, and finally the nanoparticles were dried under vacuum and stored as a 16 

dry powder in the glovebox. 17 

 18 

2.4 Synthesis of Rhombohedral Sn4P3 Nanocrystals 19 

SnCl2 (256.0 mg, 1.35 mmol), ZnCl2 (184.0 mg, 1.35 mmol), oleylamine (15 mL), trioctylamine 20 

(5 mL), and oleic acid (1 mL) were mixed in a 100 mL three-neck flask. The reaction mixture was 21 

degassed under vacuum at 120 °C, producing a clear, yellow solution that was then heated under 22 

nitrogen to 250 °C. At 250 °C, P(NEt2)3 (1.6 mL, 4 mmol) was rapidly injected into the flask, 23 
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producing a black dispersion that was left for 2 min. The reaction was then quenched in three steps. 1 

First, a heat gun on the “cool” air setting was used until the reaction temperature fell to 200 °C. 2 

Then, a room temperature water bath was introduced to further cool the reaction. Finally, toluene 3 

(20 mL) was injected at 90 °C to complete the quenching procedure.   4 

 5 

The reaction mixture was transferred to a nitrogen-filled glovebox for purification and extraction. 6 

In a typical purification process, Sn4P3 nanocrystals were precipitated from ethanol via 7 

centrifugation at 6000 rpm for 5 min. The precipitated nanocrystals, a black powder, were then 8 

washed with chloroform (5 mL) by centrifugation at 2000 rpm for 5 min to precipitate out extra 9 

surfactants and unreacted precursors. The supernatant was extracted, and the dispersed particles 10 

were crashed out with ethanol. Finally, the nanoparticles were dried under vacuum and stored as a 11 

dry powder in the glovebox. 12 

 13 

2.5 Characterization 14 

TEM and XRD measurements were used to study the morphology and phase of the synthesized 15 

nanocrystals. Energy dispersive X-ray spectroscopy (EDX) determined relative stoichiometry. 16 

XPS and XAS measurements provided the chemical composition and local environment of our 17 

materials. Details of sample preparation, experimental conditions, and analysis procedures can be 18 

found in the Supporting Information (ESI). 19 

 20 

3. Results and Discussion 21 

 22 

3.1 Synthesis of Tin Phosphide Nanocrystals 23 

 24 
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Sn3P4, SnP, or Sn4P3 nanocrystals were synthesized via hot injection of P(NEt2)3 into a mixture of 1 

amine solvents, oleic acid, zinc halides, and tin halides (Table S1). We introduced zinc halides 2 

into the reaction mixture following the example of InP syntheses, where zinc halide choice 3 

influenced particle size.45 Zinc halides have been found to promote the formation and stabilization 4 

of activated precursors for growth via Zn-N-P intermediates.49 We thus began our work by 5 

investigating the role of zinc in aminophosphine-based routes to tin phosphides.  6 

 7 

We began our study with ZnCl2 and SnCl2, as dichlorides have been most used in previous 8 

aminophosphine-based routes to metal phosphides.42-48 XRD data were indexed to trigonal SnP 9 

with rhombhedral Sn4P3 as an impurity phase (Figure 1a). We note that in the bulk, SnP is a 10 

metastable phase formed only at high temperature and high pressure, while Sn4P3 is the thermally 11 

stable phase of tin phosphide.50 Nanocrystals often stabilize in metastable phases because of their 12 

large surface energies.51 While our data were insufficient to estimate the amount of each phase 13 

present, Sn4P3 impurities in SnP have been previously reported.39 14 

 15 

Bright field TEM images showed that the average diameter of the nanoparticles was 25 ± 3.9 nm 16 

(Figure 1b). Under closer inspection in HRTEM, we observed a d-spacing of 3.27 Å, indexed to 17 

the characteristic <101> peak of trigonal SnP (Figure 1c). Assignment of SnP to the structure was 18 

consistent with EDX measurements, which approximated an Sn:P ratio of 1:1 (Figure 1d). In 19 

HRTEM and EDX, we also observed an amorphous layer of oxidized tin at the surface of the 20 

nanocrystals (Figure 1c, d). We note that no XRD peaks were indexed to tin oxides or tin 21 

phosphates in samples that were freshly prepared for use in diffraction studies. Still, metal 22 

phosphides readily oxidize. While exposure to air was minimized, sample oxidation may have 23 
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occurred during transportation to the microscopy facility (from Brooklyn, NY to Berkeley, CA) or 1 

during sample loading.  2 
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 1 

Figure 1. Phase and morphology of tin phosphide nanocrystals. The nanoparticles were grown for 2 

2 min following the injection of tris(diethyl)aminophosphine ((PNEt2)3) at 250 °C. (a) X-ray 3 

diffraction (XRD) data for synthesized nanocrystals (black) were indexed to SnP (red, ICSD-4 

69026), with trace amounts of Sn4P3 present (green, ICSD-15014). (b) Bright field transmission 5 

electron microscopy (TEM) images of synthesized nanocrystals revealed that they were 25 ± 3.9 6 
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nm in diameter. (c) High resolution transmission electron microscopy (HRTEM) showed d-1 

spacings of 3.27 Å, corresponding to the characteristic <101> peak of SnP. We observed oxidation 2 

at the surface of the nanocrystals due to exposure to air prior to the HRTEM measurement. (d) 3 

Scanning transmission electron microscopy (STEM) and high-angle annular dark field (HAADF) 4 

images for nanocrystals show elemental mapping for Sn, O, and P. The overlay of Sn and P maps 5 

provided an approximate Sn:P ratio of 1:1.  6 

Phase mixtures were previously observed in cobalt phosphides obtained from aminophosphines 7 

and cobalt dihalides.46
 Thus, to further investigate these results, we synthesized tin phosphides 8 

from several combinations of tin and zinc dihalides (Table 1). Experiments using SnCl2 and SnBr2 9 

provided phase mixtures of SnP, Sn4P3, and Sn3P4 (Figure 2a, b). Using SnI2, we obtained phase-10 

pure SnP (Figure 2c).  11 

Table 1. Phases of Tin Phosphides Obtained with Different Tin and Zinc Halides 12 

 Zinc Halide 

Tin Halide ZnCl2 ZnBr2 ZnI2 

SnCl2 SnP + Sn4P3 SnP + Sn4P3 Sn4P3 + SnP 

SnBr2 SnP + Sn4P3 SnP + Sn4P3 + Sn3P4 
No products 

obtained 

SnI2 SnP SnP 
No products 

obtained 

 13 

We attributed our results to the relative dissociation energies of the halides (M-I < M-Br < M-Cl). 14 

Based on the dissociation energies of the halides, Sn—P monomers would form most easily from 15 

iodides, followed by bromides, then chlorides. Our results obtained from reactions combining SnI2 16 

with ZnCl2 or ZnBr2 supported this reasoning. The reaction occurred as expected, reducing SnI2 17 

to produce phase-pure SnP. However, combining SnI2 with ZnI2 was unsuccessful. In this instance, 18 

we noticed a dangerous over pressurization of the reaction flask upon injection of P(NEt2)3. 19 

Attempts to reduce the pressure did not improve the result, and so these experiments were forgone. 20 
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The over pressurization may have occurred due to the formation of diethylamine made possible by 1 

the ready dissociation of M—I complexes.  2 

 3 

Still, the results obtained from SnCl2 and SnBr2 were more complicated. We obtained phase 4 

mixtures of tin phosphides, with the dominant phase changing depending on the halide used. We 5 

note that the role of zinc in these reactions is still under investigation. In all experiments, the ratio 6 

of zinc to tin halide was held constant at 1:1. Maintaining this ratio of Zn:Sn was essential to obtain 7 

identifiable products. When we altered the relative stoichiometry of zinc to tin or removed zinc 8 

from the reaction, we could not obtain any phase-pure materials (Figure S1). As mentioned 9 

previously, zinc halides form Zn-N-P intermediates that promote the formation activated 10 

precursors for growth. These intermediates can undergo competing processes that can modify 11 

reaction equilibria.49 12 
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 1 

Figure 2. X-ray diffraction (XRD) data obtained for tin phosphide nanocrystals grown with 2 

various combinations of and SnX2 and ZnX2 (X = Cl-, Br-, and I-) precursors. Nanocrystals were 3 

grown for 2 min following injection of tris(diethyl)aminophosphine (P(NEt2)3) at 250 °C. Data is 4 

plotted against reference data for SnP (red, ICSD-69026), Sn4P3 (green, ICSD-15014) and Sn3P4 5 

(blue, Huang et al.). In each experiment, a 1:1 ratio of Zn:Sn was used. (a) Holding SnCl2 constant, 6 
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phase mixtures of SnP and Sn4P3 using ZnX2. (b) Similarly, holding SnBr2 constant, phase 1 

mixtures of SnP, Sn4P3, and Sn3P4 were obtained from experiments with ZnCl2 and ZnBr2. 2 

Experiments with ZnI2 were unsuccessful. (c) Holding SnI2 constant, phase-pure SnP nanocrystals 3 

were obtained with ZnCl2 and ZnBr2. Experiments with ZnI2 were unsuccessful. 4 

Previous work has shown that reaction kinetics vary with the ratio of P(NEt2)3 to primary amine 5 

solvent. This is because the amine plays two roles in the reaction; the solvent activates P(NEt2)3 6 

and complexes the metal halide. In its first role, activation occurs via transamination (Scheme 1). 7 

Scheme 1. Transamination of tris(aminophosphines) with primary amines 

P(NEt2)3 + RNH2 ↔ P(NEt2)2 (NHR) + Et2NH                                                                             (1) 

P(NEt2)2(NHR) + RNH2 ↔ P(NEt2)(NHR)2 + Et2NH                                                                   (2) 

P(NEt2)2(NHR)2 + RNH2 ↔ P(NHR)3 + Et2NH                                                                             (3) 

The reaction is driven by the evaporation of diethylamine (Et2NH, with a boiling point of 7 °C) at 8 

reaction temperature. As the dialkylamine evaporates, the equilibrium shifts the reaction towards 9 

production of the final transamination product, P(NHR)3. Buffard et al. found that ratio of P(NEt2)3 10 

to oleylamine changed the transamination products present.44 They identified a minimum amount 11 

of oleylamine required to produce quality nanocrystals, as we have observed in our work (Table 12 

2). 13 

We thus investigated the kinetics of this reaction first by tuning solvent volume (Table 2). We 14 

hypothesized that changing the ratio of oleylamine to P(NEt2)3 would drive the reaction towards 15 

phase-pure SnP or Sn4P3. With more oleylamine present to activate P(NEt2)3, we expected to form 16 

of phase-pure SnP; with less, we expected to form of Sn-rich Sn4P3. In our work, doubling the 17 

amount of oleylamine from a 15:1 ratio of oleylamine to P(NEt2)3 to a 30:1 ratio provided phase-18 

pure, trigonal SnP nanocrystals (Figure 3a). The particles were 40 ± 7.0 nm in size, with the 19 

observed d-spacing consistent with that of the <101> peak of SnP (Figures 3b, c). STEM-EDX 20 
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measurements confirmed a stoichiometry of 1:1 Sn:P (Figure 3d). Halving the ratio, however, 1 

provided a complicated phase mixture inseparable from remaining reactants in the solution 2 

(Figure S2). The role of Zn-N-P intermediates in our reaction may have become more influential 3 

at this scale, changing disproportionation reactions. Buffard et al. and Mundy et al. saw similar in 4 

their work with other phosphide systems.44, 46 
   5 

To confirm the validity of this trend, we performed a control experiment where transamination and 6 

nucleation were separated. The “two-pot” protocol was adapted from work by Rachkov et al.47 7 

Oleylamine and P(NEt2)3 were reacted under vacuum for 3 hours, and the resulting transamination 8 

product was then injected into the mixture of zinc and tin halides, oleylamine, and oleic acid at 9 

250 °C. In the two-pot case, the results followed the trend observed in the one-pot experiment; 10 

increasing the amount of oleylamine present drove the reaction pathway towards SnP, and away 11 

from a phase mixture of SnP and Sn4P3 (Figure S3).  12 

Table 2. Phases of Tin Phosphides Obtained with Varying Amounts of Oleylamine 13 

Volume (ml) Oleylamine:P(NEt2)3 Phase 

10 7.5:1 
Unidentified phase 

mixture 

20 15:1 SnP + Sn4P3 

40 30:1 SnP 

 14 
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 1 

Figure 3. Phase and morphology data for phase-pure SnP nanocrystals grown for 2 min at 250 °C 2 

following injection of tris(diethyl)aminophosphine (PNEt2)3 into 40 mL of oleylamine and 3 

equimolar amounts of SnCl2 and ZnCl2. (a) X-ray diffraction data (XRD) obtained for synthesized 4 

trigonal SnP nanocrystals plotted against reference data for trigonal SnP (ICSD-69026). (b) Bright 5 

field transmission electron microscopy (TEM) revealed that the SnP nanocrystals were 40 ± 7.0 6 

nm in diameter. (c) High resolution TEM (HRTEM) images showed crystalline particles with an 7 

amorphous layer on its surface. (d) Scanning transmission electron microscopy High-angle annular 8 

dark-field (STEM-HAADF) image and corresponding elemental mapping for Sn, O, and P. The 9 

overlay approximated an Sn:P ratio of 1:1.  10 

 11 



17 

 

The SnP tin phosphide nanocrystals exhibited poor stability (Figure 3b). While the particles were 1 

visibly colloidally stable, aggregation still occurred (Figure S4). We attempted to stabilize the 2 

particles using the co-solvents trioctylphosphine (TOP) and trioctylamine (Table 3). 3 

Trioctylamine was previously used to stabilize InP nanocrystals synthesized from 4 

aminophosphines.44 TOP was previously used to stabilize tin phosphide nanocrystals.39 5 

Table 3. Phases of Tin Phosphides Obtained with Addition of Cosolvents 6 

Cosolvent Volume (mL) Phase 

Trioctylamine 

5 

10 

15 

Sn4P3 

SnP + Sn4P3 + Sn3P4 

SnP + Sn4P3 + Sn3P4 

Trioctylphosphine 

0.15  

0.6 

3 

Sn3P4 + SnP 

Sn3P4 + SnP 

Sn3P4 + SnP 

 7 

We found that a mixture of trioctylamine to oleylamine shifted the reaction pathway away from 8 

SnP to other tin phosphide phases. With 25 vol% of oleylamine replaced with trioctylamine, the 9 

effective ratio of amine to P(NEt2)3 was reduced, producing less P(NHR)3 and shifting the direction 10 

of the reaction towards Sn-rich Sn4P3 (Figure 4). An unidentified minor impurity phase was also 11 

observed. Scherrer analysis approximated that the Sn4P3 nanoparticles were approximately 20.2 12 

nm in diameter (ESI, Section 1.1.2); size could not be confirmed via TEM as the particles could 13 

not be completely isolated. With increased amounts of trioctylamine, we obtained phase mixtures 14 

of Sn3P4, SnP, and Sn4P3 (Figure S5). We attributed the change in reaction pathway to shifts in 15 

the equilibrium of transamination depending on the concentration of the amine consumed. If only 16 

oleylamine participates in transamination, the reaction occurs between P(NEt2)3 and RNH2 to form 17 

P(NHR)3 (R = methyl or ethyl group), which forms a dative bond with SnX2.  18 
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 1 

Figure 4. X-ray diffraction data obtained for synthesized Sn4P3 nanocrystals plotted against 2 

reference data for rhombohedral Sn4P3 (ICSD-15014). Nanocrystals were grown for 2 min at 3 

250 °C following injection of tris(diethyl)aminophosphine (P(NEt2)3) into a 25/75 (v/v) mixture 4 

of trioctylamine to oleylamine.  5 

 6 

When we performed reactions with TOP, we obtained Sn3P4 nanocrystals with an SnP impurity 7 

phase (Figure 5). We obtained this mixture across the range of temperatures of experiments 8 

performed (Figures S6). The successful synthesis of bulk Sn3P4 has required a high vapor pressure 9 

of phosphorus to provide phase-pure crystals.52 We suspect that the presence of phosphorus 10 

byproducts formed during transamination may have analogously elevated the phosphorus activity. 11 

Furthermore, colloidal synthesis provides routes to phases unattainable in the bulk.53 The XRD 12 
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pattern was comparable to a structure predicted by Huang et al.38 Nanocrystals were 8.3 ± 2.8 nm 1 

in diameter. EDX measurements demonstrated an Sn:P ratio of 0.8 ± 0.2, approximately Sn3P4 2 

(Figure S7).  To the best of our knowledge, this is the first report of crystalline Sn3P4 nanoparticles. 3 

 4 

Figure 5. X-ray diffraction (XRD) data for Sn3P4 nanocrystals grown for 2 min at 250 °C following 5 

injection of tris(diethyl)aminophosphine ((PNEt2)3) in the presence of 0.15 mL, 0.6 mL, and 3 mL 6 

TOP. The data was compared to trigonal SnP (ICSD-69026), rhombohedral Sn4P3 (ICSD-15014), 7 

and trigonal Sn3P4 (Huang et al.56) 8 

 9 

 10 

 11 

3.2 Chemical Characterization of Tin Phosphide Nanocrystals 12 

 13 
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Understanding the local environment of tin is necessary to understand its use in various 1 

applications. The presence of several tin oxidation states (Sn0
, Sn2+

, and Sn4+) within the same 2 

crystal structure has hindered studies to date.1 We use XPS and XAS to provide insight into the 3 

chemical environment of tin in SnP, Sn3P4, and Sn4P3.  4 

 5 

Through XPS, we measured binding energies of Sn(3d3/2) and P(2p3/2) in our nanocrystals (Figure 6 

6, Figure S8-S10). The experimental Sn(3d5/2) binding energies were consistent with reported 7 

results for tin phosphide nanocrystals.34 For Sn3P4, we observed two peaks, at 484.6 eV and 486.2 8 

eV. We attributed the peak at 484.6 eV to metallic Sn and the peak at 486.2 eV to Sn2+.39,54 For 9 

SnP, we observed a peak at 485 eV, suggesting metallic Sn bonding as previously described.55 For 10 

Sn4P3, we observed a broad peak at 486.2 eV, suggesting the presence of multiple oxidation states. 11 

To date, formal charges for Sn in rhombohedral Sn4P3 have not been assigned. Evidence of metallic 12 

bonding like that of 𝛽-Sn has been observed, while XAS data have suggested Sn-P and Sn-P-Sn 13 

bonding structure.10, 56, 57 Mixed oxidation states may have also been present due to surface 14 

oxidation, as observed in TEM. Evidence of oxidation was also observed in experimental P(2p3/2) 15 

binding energies, which showed a peak at 133 eV, typical of metal phosphates. Binding energies 16 

below 130 eV, characteristic to metal phosphides, were dominant; the binding energy slightly 17 

decreased with increasing phosphorus content. While this trend has been observed in other metal 18 

phosphides, the exact nature of these shifts has not been determined.58  19 
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 1 

Figure 6. X-ray photoelectron spectroscopy (XPS) spectra observed at the (a) Sn(3d5/2) and (b) 2 

P(2p3/2) regions for Sn3P4 (bottom, black), SnP (middle, red), Sn4P3 (top, blue) nanocrystals. 3 

Sn(3d5/2) binding energies revealed the presence of mixed oxidation states in all tin phosphides, 4 

which displayed binding energies from 484.6 eV to 486.2 eV. 5 

Formal charge(s) of tin in tin phosphides remain under investigation, however Sn2+
 and Sn4+

 6 

species present in Sn3P4 and Sn3P4 may have also appeared due to surface oxidation; P(2p3/2) 7 

binding energies of 133 eV are characteristic of metal phosphates. Still, metal phosphide bonding, 8 

characteristic of binding energies below 130 eV, were observed. XAS measurements at the Sn K-9 

edge further showed the complexity of the local environment around Sn (Figure 7a). SnP showed 10 

metallic behavior as expected; the very small electronegativity difference between tin and 11 

phosphorus causes delocalization of the electrons and allows for the layered structure of SnP.55 12 

Closer inspection of the X-ray absorption near edge structure (XANES) region in derivative plot 13 

further showed this small shift in ionization energy for Sn4P3 and Sn3P4, unexpectedly to binding 14 

energies below that of metallic tin, represented by a reference foil (Figure 7b). Back bonding from 15 
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phosphorus to metals could be a possible explanation for this behavior.58 The Sn K-edge XANES 1 

spectra reflects the transition energy from the 1s state to the 5p state. If back donation occurred, it 2 

could result in an increased shielding effect that would support our observed red shift. However, 3 

our XPS data contradict this hypothesis, as back donation implies a positive charge on phosphorus. 4 

Further investigation is ongoing. 5 

Despite unusual XANES behavior, the Fourier Transform of the k2-weighted Extended X-ray 6 

absorption fine structure (EXAFS) data (Figure 7c) were consistent with Sn-P bonding expected 7 

for tin phosphides. The position of the first shell peaks at approximately 2.1 Å for Sn4P3, SnP, and 8 

Sn3P4 were attributed to the Sn-P photoelectron path. Note that peak positions in Figure 7c and 9 

the actual bond lengths differ by ca. 0.5 Å because of the photoelectron phase shift. The actual 10 

observed bond lengths for our materials were therefore approximately 2.6 Å, consisted with 11 

reported Sn-P bond lengths.5 A small feature around 1.4 Å that was observed in SnP and Sn3P4 12 

was attributed to the Sn-O photoelectron path.  13 

 14 
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Figure 7. (a) X-ray absorption near edge structure (XANES) spectra taken at the Sn K- edge for 1 

Sn3P4 (red), Sn4P3 (blue), and SnP (black) nanocrystals. The inset shows the normalized absorption 2 

spectrum. Data is plotted against Sn foil (Sn0
, green). (b) The first derivative of the XANES spectra 3 

with relative shifts (𝛿) from the first derivative point of Sn0 and (c) Fourier transform magnitude 4 

k2-weighted EXAFS spectra (FT-EXAFS). Two first-shell pathways were identified in tin 5 

phosphides: Sn—O (1.4 Å) and Sn—P (2.1 Å). Note that peak positions in and the actual bond 6 

lengths differ by ca. 0.5 Å because of the photoelectron phase shift. The bond lengths for tin 7 

phosphide materials are approximately 2.6 Å, consistent with previous reports.  8 

 9 

For SnP and Sn4P3, fitting was performed using their bulk structures. For Sn3P4, a survey of 10 

pathways was explored; though XRD data showed a similar structure to that predicted by Huang 11 

et al., some peaks remain unindexed. We thus investigated several models to gain insight to local 12 

structure in Sn3P4 (Table S1). Aside from Sn-P, the scattering contributions of Sn-O were also 13 

included in some cases, as oxidation was observed in TEM measurements.  14 

 15 

A summary of the fits can be found in Figure 8. For SnP, the trigonal phase provided an R-factor 16 

of 0.4% (Table S2, Figure 8a, b). The agreement with the trigonal structure was expected as the 17 

XRD data for synthesized SnP was indexed to the same phase. The calculated Sn-P coordination 18 

number and bond length, however, were larger than expected; we obtained an Sn-P bond length of 19 

2.69 ± 0.13 Å, and a coordination number N of 2.9 ± 0.7. The structure model had a total of three 20 

Sn-P bonds: two shorter bonds and one longer bond with a 0.52 Å difference (i.e., 1.96 Å and 2.52 21 

Å). The influence of k-weighting on the expected Sn-X coordination numbers, N, was investigated 22 

and the results indicate overall consistency within the obtained values for N (Table S3).  23 

 24 

Similarly, for Sn4P3 the bulk structure model was rhombohedral, as indexing of the XRD directed 25 

(Table S4, Figure 8c, d). Even though the expected bond lengths were consistent with predicted 26 

Sn-P bonds; the apparent change in coordination number from N = 3 to N = 1 could be attributed 27 
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to the decrease in cluster size, but a full understanding of structure would require modeling of 1 

higher-order shells unobserved in our nanoparticles.59 We hypothesize that these differences may 2 

come from Sn-Sn bonding from interlayers of SnP (excluded in our model) but have been 3 

previously observed in EXAFS.34  4 

 5 

For Sn3P4, we expected the structure to match most closely that of trigonal Sn3P4 provided by 6 

Huang et al.38 However, the tetragonal phase of SnP provided the best fit with an R-factor of 0.3% 7 

(Table S5, Figure 8e, f). While our XRD data was insufficient to provide a weight fraction of SnP 8 

present, the data suggest that local structure may be closer to that of SnP. Further investigation of 9 

the structure is thus needed. We note that to date, crystalline nanoparticles of Sn3P4 have not yet 10 

been reported. Even in the bulk, the structure of Sn3P4 remains unresolved; several phases have 11 

been predicted to exist in literature. 12 

 13 

While the structure of tin phosphides remains to be solved, our measurements provided insight on 14 

the effect of crystallite size and explored the distinct differences in the local coordination in the 15 

synthesized tin phosphides. Further understanding of how particle size influences the local 16 

environments of Sn in layered tin phosphides will be critical to provide understanding of how 17 

intercalation processes in electrochemical systems using these tin phosphides are affected by 18 

particle size.  19 
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 1 

Figure 8. Summary of EXAFS fitting for (a, b) SnP, (c, d) Sn4P3, and (e, f) Sn3P4 shown in both 2 

k and r space. SnP data were fit with an r range of 1.1 to 2.8 Å and k range of 2.0 to 9.0 Å-1. Sn-O 3 

and Sn-P photoelectron paths were used in the fit to SnP. Sn4P3 data were fit an r range of 1.45 to 4 

3 Å and k range of 2.3 to 11.45 Å-1 Sn-P photoelectron path was used in the fit to Sn4P3. Sn3P4 fits 5 
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were performed using a k range of 2.5 to 10.5 Å-1 and an r range of 1.1 to 2.7 Å. Sn-O and Sn-P 1 

photoelectron path were used in the fit for Sn3P4. 2 

 3 

Conclusions 4 

To the best of our knowledge, we report the first use of aminophosphines to achieve significant 5 

phase flexibility in tin phosphide nanocrystals and obtain Sn3P4, SnP, and Sn4P3. Understanding 6 

the mechanisms responsible for each phase requires further investigation. X-ray spectroscopy 7 

measurements provided insight on the local chemical environments of tin, of interest for further 8 

study of tin phosphides in applications such as electrochemical reactions.  9 
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