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Abstract 

Investigations into Synthesis and Reactions of Black and Red Phosphorus Nanomaterials 

Samuel Andrew Lascio IV 

Hai-Feng (Frank) Ji, Ph.D. and Aaron T. Fafarman, Ph.D. 

 

 

 

 

Research discoveries in carbon nanostructures have encouraged scientists to look 

for the next generation of versatile nanomaterials with novel electronic and optical 

properties to generate new scientific knowledge and discover materials with unanticipated 

or enhanced functionality. One element that has become of great interest in the last few 

years is phosphorus. Although studies investigating phosphorus nanostructures and 

properties are still in their infancy, unique properties of various phosphorus nanostructures 

are expected. First, in a literature review, this work will summarize some optical and 

optoelectronic applications of both black and red phosphorus. The role of phosphorus as a 

photocatalyst is also discussed. Next, this work will explore liquid exfoliation techniques 

applied to 2D black phosphorus with several exotic and common laboratory solvents, both 

with and without the use of potentially damaging ultrasonication. Lastly, investigations 

into reactions of black phosphorus and boron trifluoride under ambient conditions will be 

undergone to study the formation of boron phosphate. 
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Chapter 1: Optical, Optoelectronic, and Photocatalytic Applications of Phosphorus 

Nanomaterials 

 

 

1.1 Introduction to Phosphorus Allotropes 

Research into nanomaterials has opened the door to new possibilities in engineering 

and nanotechnology. As more applications are found, it has pushed scientists to look for 

the next generation of versatile materials. One element that has become of great interest in 

the last few years is phosphorus. With its different stable and semi-stable allotropes, 

phosphorus provides unique potential for an array of applications due to its electronic and, 

specifically, optical properties.  

There are three common allotropes of phosphorus: white phosphorus, red 

phosphorus, and black phosphorus.1-2 White phosphorus exists as molecular P4, with 

strained P-P bonds. This causes white phosphorus to be extremely reactive and will ignite 

upon contact with air to form phosphorus oxides.2 Red phosphorus is a semi-stable 

polymeric solid produced by heating white phosphorus between 200°C and 260°C in a 

vacuum.1-2 Red phosphorus exists in a number of different forms, both crystalline and 

amorphous, with Type IV being called fibrous red phosphorus and Type V being known 

as Hittorf’s phosphorus or violet phosphorus.2-3 Black phosphorus is the most 

thermodynamically stable allotrope (by approximately 21 kJ/mol compared to P4) and is 

widely studied for its semiconducting properties.2,4 The transition from white to red 

phosphorus at -17.6 kJ/mol demonstrates that the red allotrope is slightly more stable than 

white and less stable than black, as it will spontaneously produce phosphoric acid upon 

contact with oxygen and water, although the reaction rate is slow.2,5 2D sheets of black 

phosphorus have been termed ‘phosphorene’, which are most commonly produced by 
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exfoliation from bulk. Structures for the solid phosphorus allotropes are detailed in Figure 

1.1 below. 

 

 

 
Figure 1.1 – Molecular structures of common allotropes of phosphorus. (a) White 

phosphorus, P4. (b) Type IV and V red phosphorus. (c)  Black or 2D Phosphorus 

(phosphorene). 

 

 

 

Other common phosphorus allotropes are known to exist, such as P2 gas (diphosphorus), 

however it will be the red and black allotropes on which this work will focus.  

While a comprehensive theoretical study into possible phosphorus nanostructures 

was published in 1995,6 research investigating phosphorus nanostructures and their 

properties is still in its infancy, with the bulk of publications happening within the last 3-4 

years. Thus, research into these materials is ripe for discovery.  

 

1.1.1 Red Phosphorus 

Red phosphorus (RP) exists as five distinct types, with each type varying in 

crystallinity. These types were first reported in 1947 by Roth et al and were obtained via 

thermal analysis by heating red phosphorus as a sample bulb against alundum as a reference 

bulb from room temperature to 550°C.7 Roth et al determined that the differences between 

the sample and reference bulbs, observed by the peaks in Figure 1.2, corresponded to an 
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exothermic process, although these transitions did not hold any thermodynamic 

significance, because heating was performed far from equilibrium.7 The areas between 

peaks were considered polymorphs of red phosphorus and were labeled Types I-IV in order 

of appearance. 

 

 

 
Figure 1.2 – Thermal analysis of red phosphorus: 1.5 grams of RP; heating rate, 1°C per 

min.; Curves (a) and (b) represent two separate runs of the analysis.7 

 

 

 

The last type, Type V, was determined via X-ray analysis, as it did not show up under 

thermal analysis. The samples prepared for X-ray analysis displayed unique patterns when 

heated beyond 550°C.7 While not addressed in the Roth paper, Type V red phosphorus has 

since been identified as Hittorf’s violet phosphorus, first identified in 1865.  
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Figure 1.3 – Linkage of the tubes in fibrous phosphorus (left; i: -x, 1-y, -z) vs. Hittorf’s 

phosphorus (right; i: -x, y, 0.5-z). Bonding lengths and angles in the structures of fibrous 

and Hittorf’s phosphorus that differ by more than 3 SD: P(21)-P(21i) 222.4(8)/217.3(1) 

pm; P(17)-P(21)-P(18) 111.9(3)/115.98(3)°, P(17)-P(21)-P(21i) 94.7(3)/96.71(4)°, P(18)-

P(21)-P(21i) 93.6(3)/108.23(2)°.3 

 

 

 

It is worth noting that while both Types IV and V have the same backbone structure (see 

Figure 1.1), they differ in crystallinity by how the chains connect to one another (see Figure 

1.3). In Type IV fibrous red phosphorus, the phosphorus cage polymer chains run parallel 

(║) to one another. In Type V violet phosphorus, the phosphorus cage polymer chains run 

perpendicular (┴) to one another. Table 1.1 provides a side-by-side comparison of the five 

red phosphorus types. 

 

 

Table 1.1 – A Comparison of Red Phosphorus Types.2-3,7-9 
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1.1.2 Black Phosphorus and Phosphorene 

Black phosphorus is the thermodynamically stable allotrope of phosphorus, with 

bulk crystals composed of corrugated sheets of covalently bonded phosphorus atoms 

stacked by van der Waals forces (Figure 1.4).10 Black phosphorus can be produced with a 

thickness-dependent band gap of approximately 0.35 eV for bulk crystalline BP, and 

calculations suggest a 2-2.5 eV estimated band gap for monolayered 2D BP.10-13 These 

band gap values for black phosphorus thin films have also been shown to be sensitive to 

applied strain.14 

 

 

 
Figure 1.4 – Crystal structure and band structure of few-layer phosphorene. (a) 

Perspective side view of few-layer phosphorene. (b,c) Side and top views of few-layer 

phosphorene.15 

 

 

 

In 2014, Liu et al produced a phosphorus analog to graphene that they dubbed 

‘phosphorene’. A technique first utilized for graphene, the team used mechanical 

exfoliation via Scotch tape to isolate 1-4 layers of phosphorene.15 While the paper does not 

specify how large the sample is (only its thickness), the Scotch-tape method typically only 

creates flakes that are suitable for laboratory research, but are insufficient for large-scale 

production. Atomic force microscopy (AFM) determined that a single layer of phosphorene 

has a thickness of about 0.85 nm.15 An important note from this paper is that phosphorene 
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thickness in excess of 2 nm has environmental sensitivity not seen in other 2D materials 

such as graphene or MoS2. This sensitivity to ambient conditions limits the potential 

applications of the material and applies constraints to how it can be studied in the lab, 

however a thin layer of PMMA can protect the material.15 

 Two of the most promising methods for large phosphorene sheet production are 

CVD and liquid exfoliation. In a paper from our laboratory’s researchers Joshua Smith and 

Daniel Hagaman, it has been confirmed that phosphorene sheets of 4 layers or more can be 

synthesized using CVD.4 RP powder or one piece of bulk BP (approximately 0.5 mg each) 

was placed in a tube furnace at 600°C in the presence of a silicon substrate for 30 minutes 

under vacuum.4 Once cooled, the substrates contained a thin green (40 nm thick determined 

by AFM) or blue (< 10 nm thick determined by AFM) film of red phosphorus.4 These were 

heated in the presence of Sn/SnI4 (10 mg) mineralizing agents in a 27.2 atm Ar atmosphere, 

producing a wide range of BP flake thicknesses (3.4-600 nm) grown directly on the 

substrate with flake areas as large as 9000 μm2. However, it should be noted that the flakes 

determined to be about 4 layers thick were only around 0.35 μm2. Liquid exfoliation 

techniques will be discussed later in this work. 

 

1.2 Anisotropic and Nonlinear Optical Properties of Black Phosphorus 

 Both the linear and nonlinear optical properties of BP are strongly spatially 

anisotropic and can be tuned by the BP film thickness.16 In a 2015 paper by Li et al, the 

anisotropic properties of black phosphorus were investigated, with the results of the 

transmittance of BP thin films versus thickness of the films shown in Figure 1.5.16 
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Figure 1.5 – Linear and nonlinear optical properties of BP films: Transmittance of BP 

films as a function of thickness at the wavelengths of (a) 642 nm and (b) 520 nm. (c) 

Polarization dependent transmittance for 25 nm and 1100 nm thick BP films. (d) 

Transmittance of BP films as a function of film thickness at the wavelength of 1550 nm 

with two orthogonal polarized light directions. (e) Fluence dependent transmittance of the 

1100 nm thick BP film measured with ultrafast pulses at two orthogonal polarized light 

directions. (f) Relative transmittance change measured from 25nm, 350 nm and 1100 nm 

thick BP films as a function of input pulse fluence. The input polarization direction is 

along the armchair direction of the BP films.16 

  

 

 

The polarization directions that correspond to the maximum and minimum of the 

transmittance curves in Figure 1.5c are linked with the zigzag and armchair axes of the 

black phosphorus thin films.16 Specifically, Figures 1.5e and 1.5f correspond to the 
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nonlinear properties of black phosphorus thin films. Li et al utilized the nonlinear 

properties for an ultrafast high energy pulse study, with the pulse duration reported at 

approximately 786 fs in mode-locking and the pulse energy’s maximum output at about 

18.6 nJ in Q-switching.16. Their work demonstrates that the nonlinear optical properties of 

black phosphorus are useful for lasing and other applications, such as ultrafast optical 

switches/modulators and frequency converters.16 

 

1.3 Optical Reflectance of Phosphorus 

 

In 2015, Tao Hu, Arqum Hashmi, and Jisang Hong conducted a theoretical study 

on the geometry, electronic structures, and optical properties of phosphorus nanotubes 

(PNTs).17 The basis for their work came from a paper published only a year prior to theirs 

in which Zhen Zhu and David Tománek conducted a computational study on a currently 

unrecognized allotrope of phosphorus, which they dubbed ‘blue phosphorus’.18 Structural 

differences between black phosphorus and blue phosphorus can be seen in Figure 1.6. 
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Figure 1.6 – The layered structure of (a) black and (b) blue phosphorus in top and side 

views. Atoms at the top and bottom of the non-planar layers are distinguished by color 

and shading, and the Wigner-Seitz cells are shown by the shaded region. (c) Schematic of 

the conversion of black to blue phosphorus by dislocations, highlighted by the shaded 

regions and arrows. (d) Equilibrium structure of AB stacked blue phosphorus as viewed 

from the side.18 

 

 

 

Hu et al investigated two distinct types of phosphorus nanotubes, which they named 

α-PNTs, for the nanotubes made from blue phosphorus monolayers, and β-PNTs, for the 

nanotubes made from black phosphorus monolayers. The team predicts that both armchair 

and zigzag geometries (analogous to carbon nanotubes) are possible for α-PNTs, but only 

the armchair geometry is feasible with β-PNTs because the zigzag conformation induces 

too much strain from conformational energies.17 The band structures revealed that the band 

gap is larger for the blue phosphorus α-PNTs than the band gap for the black phosphorus 

β-PNTs. The researchers found that the band gap for α-PNTs did not depend on the 

configuration (armchair or zigzag) of the phosphorus tubule, nor the inner diameter of the 
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(1.1b) 

(1.1c) 

tubule when the inner diameter exceeds 13 Å, but the β-PNTs do in fact show configuration 

and diameter dependence.17  

 This all led to the researchers discussing the optical properties, and presented the 

frequency-dependent dielectric function for the armchair and zigzag α-PNTs and the 

armchair configuration for the β-PNTs and considered parallel electric fields (E||) and 

perpendicular electric fields (E⊥) with respect to the nanotube axis.17 The frequency-

dependent dielectric function comes from the Kramers-Kronig relation:  

                                                    𝜖(𝜔) = 𝜖1(𝜔) + 𝑖𝜖2(𝜔)                                                 (1.1a) 

𝜖1(𝜔) =
1

𝜋
𝑃 ∫

𝜖2(𝜔′)𝑑𝜔′

𝜔′ − 𝜔

∞

−∞

 

𝜖2(𝜔) = −
1

𝜋
𝑃 ∫

𝜖1(𝜔′)𝑑𝜔′

𝜔′ − 𝜔

∞

−∞

 

where P denotes the Cauchy principle value and implies that the principle part is to be 

taken at the point ωʹ = ω.17,19 They noted no significant disparity in the frequency-

dependent dielectric functions among armchair nanotubes with different indices in α-PNTs, 

and the zigzag α-PNTs show the same trend. They also discovered that the magnitude of 

the dielectric function for parallel polarization is generally larger than that for 

perpendicular polarization, which the authors hypothesize will result in asymmetric optical 

properties.17 For the blue phosphorus α-PNT armchair nanotubes, ε1(0) was 2.7 for parallel 

polarization and 2 for perpendicular polarization. For the α-PNT zigzag nanotubes, ε1(0) 

was 1.7 for parallel polarization and 1.4 for perpendicular polarization. This demonstrates 

a directional dependence with the α-PNTs on the angle of incoming polarized light. 
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Interestingly, the β-PNTs were shown to be independent of the polarization direction, with 

a value of 2.9 for parallel polarization and 2.8 for perpendicular polarization.17  

 

 

 
Figure 1.7 – Calculated optical quantities: (a) reflectivity (b) absorption coefficients of α-

PNTs (12, 12), (20, 0) and β-PNTs (0, 12).17 

 

 

 

The researchers graphed the reflectivity (see Figure 1.7a) of different phosphorus 

nanotubes using the following equation: 

                                              𝑅(𝜔) = |
1−√𝜖1(𝜔)+𝑖𝜖2(𝜔)

1+√𝜖1(𝜔)+𝑖𝜖2(𝜔)
|

2

                                                           (1.2) 
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where the epsilon functions come from Equation 1.1.17 With regard to the blue phosphorus 

α-PNTs and black phosphorus β-PNT (the armchair configuration), the phosphorus 

nanotubes had greater reflectivity for the parallel polarization than for the perpendicular 

polarization, but the zigzag α-PNT form showed very weak reflectivity in the visible 

frequencies, demonstrating strong asymmetric behavior regarding the polarization 

direction. Unfortunately, this weak reflectivity value may cause issues for reflecting or 

anti-reflecting applications.17 

 While not referenced in the Hu et al paper, there was research published in 1984 

from Hideo Asahina and Akira Morita that worked with many of the same topics. Asahina 

and Morita’s paper details the optical properties of black phosphorus single crystals as 

opposed to phosphorus nanotubes. The pair also utilized the frequency-dependent 

dielectric function from Equation 1.1a some 30 years before the Hu et al paper. However, 

it is their research into the reflective properties of black phosphorus that drew the most 

interest for this review.  

Asahina and Morita cited a 1983 paper by themselves with Yusei Maruyama where 

they measured the reflectance spectra on the cleaved xy-surface of a black phosphorus 

single crystal at room temperature for linearly polarized light in the range from 400 to 2000 

nanometers (see Figure 1.8).11 
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Figure 1.8 – Reflectance spectra from visible to vacuum ultraviolet: (a) experimental 

curves obtained by Taniguchi et al (1982) and (b) theoretical ones. Full curves are for the 

polarization E || 𝑥̂ and broken curves for the polarization E || 𝑦̂.11 

 

 

 

 To keep consistent with Figure 1.7, the x-axis units in Figure 1.8 for photon energy, 

Ryd, were converted from 0, 0.5, 1.0, and 1.5 Ryd to 0, 6.8, 13.6, and 20.4 eV, respectively, 

and added to the graph.20 This demonstrates that different forms of phosphorus exhibit 

varying degrees of reflectance at different photon energies, which makes phosphorus a 

versatile material depending upon the specifications needed for optical devices. 
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1.4 Optical Compensator of Black Phosphorus 

 

 An optical compensator or waveplate is an optical device used in polarized light 

microscopy. Optical anisotropy is studied using a polarized light microscope with 

accessory plates that are divided into two primary categories: retardation plates, which have 

a fixed optical path difference, and compensators, which have variable optical path 

lengths.21 Compensators and retarders come in two standard forms: half-wave plates 

(HWPs) and quarter-wave plates (QWPs), which require a birefringent material to 

accomplish the desired phase shift.22 Traditional waveplates are composed of optically 

anisotropic quartz, mica, and gypsum minerals ground to a precise thickness and mounted 

between two optical windows having flat (plane) faces, which are designed to introduce a 

fixed amount of retardation between the orthogonal wave fronts passing through the crystal. 

Recently, manufacturers have also begun developing highly aligned and stretched linear 

organic polymers to produce anisotropic retardation plates.21  

A paper published by Mao et al in 2016 suggested that the optical properties of few-

layer black phosphorus could be a viable candidate for future waveplate applications. The 

low-energy band gap of black phosphorus had in the past limited the study of its optical 

anisotropy to the near-infrared (NIR) spectrum, however Mao et al were successful in 

direct observation of the optical anisotropy of few-layer black phosphorus in the visible 

spectrum by using polarized optical microscopy.23 The researchers tested the black 

phosphorus samples on a fused silica substrate and a 300 nm SiO2/Si substrate and found 

that the optical brightness of black phosphorus on the 300 nm SiO2/Si substrate changed 

dramatically with the rotation angle (see Figure 1.9), which is demonstrated in other 

phosphorus allotropes.11,16-17,23 
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Figure 1.9 – Simulated and measured anisotropic optical contrast and refractive indices 

for few-layer BP on 300 nm SiO2/Si and fused silica substrate. Optical reflection and 

transmission schematic for multi-thin films system: (a) BP on 300 nm SiO2/Si and (b) 

fused silica. n stands for the refractive index of different media: air (n0), BP (n1), SiO2 

(n2) and Si (n3). Angle-dependent optical contrast of (c) the 5 nm BP samples on 300 nm 

SiO2/Si and (d) fused silica under parallel polarizations. The wavelength of the incident 

light is 480 nm. Solid curves are fitted results using simulated equation. Insets are the 

corresponding optical images of the BP samples. The scale bar is 10 μm. (e) Optical 

contrast spectra along AC and ZZ crystalline direction of 5 nm thick BP on 300 nm 

SiO2/Si and fused silica substrates, respectively. (f) Measured refractive indices for 5 nm 

thick BP along AC and ZZ crystalline directions. The solid triangles and dots are the real 

and imaginary parts of the refractive indices, respectively.23 

 

 

 

1.5 Both Black and Red Phosphorus as a Photocatalyst 

 

In a time when renewable energy is becoming increasingly necessary to sustain our 

needs, one avenue that has gained a lot of attention is hydrogen generation from water and 

other sources. To be applicable, a photocatalyst with a suitable conduction band energy 
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(around 2.0 eV to utilize solar energy effectively) is necessary for transferring the photo-

generated electrons to water.24 The added challenge of being stable in water makes it 

difficult to develop new visible-light-driven photocatalysts, especially simple elemental 

ones that are economically viable.24 

One work conducted by Lee et al, published in 2015, sought to construct a hybrid 

photocatalyst using semiconducting 2D black phosphorus with titanium dioxide (TiO2). 

Black phosphorus layers (usually 1-3 phosphorene sheets), compared to graphene and 

MoS2 based alternatives, have higher carrier mobility and both p-type and n-type 

configurations in field-effect transistor (FET) sensors, however few-layer black 

phosphorus tends to be unstable due to oxygen and humidity, so a stabilizing agent is 

introduced in the form of TiO2.
25 Fabrication involved 0.025 mol of titanium isopropoxide 

dissolved in 40 mL of ethyl alcohol mixed with 0.2 grams of black phosphorus dispersed 

in 400 mL of anhydrous ethyl alcohol, then 2 mL of this solution was added drop-wise to 

DI water.25 The titanium isopropoxide hydrolyzes in water to form Ti(OH)4, which then 

forms the BP@TiO2 photocatalyst based on the following proposed equations: 

                                 𝑇𝑖 − 𝑂𝐻 + 𝐻𝑂 − 𝑇𝑖 → 𝑇𝑖 − 𝑂 − 𝑇𝑖 + 𝐻2𝑂                                            (1.3) 

              𝐵𝑃𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑃 − 𝑂𝐻 + 𝐻𝑂 − 𝑇𝑖 → 𝐵𝑃𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑃 − 𝑂 − 𝑇𝑖 + 𝐻2𝑂                 (1.4) 

Figure 1.10 shows a model of the hybrid photocatalyst, along with additional data from the 

article. The researchers found that the hybrid photocatalyst held an approximately 92% 

efficiency after 15 runs, which is a vast improvement over pure few-layer black phosphorus, 

which degrades in air after several uses.25 
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Figure 1.10 – (a) Modeled mono-, bi-layer, and tri-layered BP structures, (b) TiO2 

substitution on BP structure, and (c) line profile (top panel) and its elemental mapping 

(bottom panel) of P, Ti, and O elements in BP@TiO2 hybrid photocatalyst.25  

 

 

 

 Other work being done with phosphorus photocatalysts includes a 2015 article by 

Shen et al in which they produce a purely elemental heterostructure by ball milling black 

phosphorus with red phosphorus, creating high visible-light-driven (VLD) photocatalytic 

activity comparable to that of CdS.26 The authors used 50 wt% BP in the mixture, and 

found that varying the BP amount, both higher and lower, resulted in poorer results. 

However, they reported only 85% activity after 3 cycles,26 which is less than the TiO2 

hybrid photocatalyst produced by Lee et al.  

Red phosphorus can also be used as a photocatalyst. Wang et al measured the rate 

of hydrogen gas production by irradiating 100 mL of solution (50 mg of products in 5 mL 



18 
 

of methanol, as a hole sacrificial agent, and 95 mL of water) using a 300-watt Xe lamp, 

with H2 being produced at a rate of 0.08 µmol/hr for crystalline red phosphorus.24 

Amorphous red phosphorus was found to be only half as effective, possibly because the 

surface area of the crystalline red phosphorus (about 39 m2/g) is larger than that of 

amorphous red phosphorus (about 18 m2/g), i.e., increased surface area and a decrease in 

the number of electron–hole trapping centers.24 To confirm the water photolysis process, a 

control experiment in the absence of methanol was performed. The results confirmed that 

H2 comes from photoreduction of water, and the rate of H2 formation also decreased by 

about 4 times in the absence of methanol, reaffirming that methanol most likely functions 

as a sacrificial agent to consume the photo-generated holes and improve the efficiency of 

red phosphorus.24 Platinum metal was also added as a co-catalyst, created via the photo-

reduction of H2PtCl6.
24 The researchers found the H2 production rate increased with 

increasing Pt content, maximized around 1–3 wt% (12 times the activity without Pt), then 

decreased with additional Pt.24 The team hypothesized that small amounts of Pt act as an 

effective co-catalyst by lowing the activation potential of H2 formation and suppressing the 

recombination of photo-generated charges, but excess amounts of platinum, exceeding 

around 4 wt%, would increase the number of electron–hole recombination centers, 

resulting in a lower efficiency.24 

A 2016 paper by Hu et al shows that the rate of hydrogen gas formation using red 

phosphorus has greatly improved over time. The group tested two different approaches, the 

first being micro-fibrous red phosphorus grown on a silicon dioxide fiber and the second 

being “smashed-fibrous” red phosphorous, which was ultrasonically smashed from bulk.27 

Using methanol as a sacrificial agent and Pt as a co-catalyst, like the Wang et al paper, and 
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under visible light irradiation, the team measured a hydrogen gas production rate of 196 

µmol/(hr·g). However, the paper justifies that since silicon dioxide is photoinactive and 

phosphorus comprises 31 wt% of the red phosphorus-SiO2 fiber, the true rate of hydrogen 

production is estimated to be around 633 µmol/(hr·g).27 The group obtained a similar value 

of 684 µmol/(hr·g) for the “smashed-fibrous” red phosphorus, with these rates being the 

highest values among purely elemental photocatalysts for visible light-driven hydrogen 

evolution from water.27 Most of the authors contributed to a 2017 review paper that 

performed an extensive overview of neutral P, phosphide (P3-), phosphate (P5+), and 

phosphorus composite/doped photocatalysts, including theoretical models.28  

A composite material that has been tested as a photocatalyst is P-CdS (red 

phosphorus and cadmium sulfide). The experimental conditions for measuring the rate of 

hydrogen gas production were quite similar to the Wang (2012) paper: irradiation of a 100-

mL solution (50 mg of photocatalysts in 100 mL of 0.1 M Na2S and 0.1 M Na2SO3 aqueous 

solution) using a 300-watt Xe lamp reduced Pt in added H2PtCl6 to create a 1 wt% Pt co-

catalyst.29 While pure CdS demonstrates a hydrogen generation of 364.5 µmol/(hr·g), 10 

mol% RP added to the material (P0.1-CdS) multiplied this H2 generation by approximately 

2.53, yielding a value of 923 µmol/(hr·g).29  

Due to rising costs and availability of platinum metal, work has been done to try 

and replace it in the catalytic process without sacrificing performance. This is yet another 

avenue where red phosphorus has proven useful. While molybdenum phosphide (MoP) has 

proven effective in hydrogen evolution reactions (HERs), bulk molybdenum disulfide 

(MoS2) demonstrates little HER activity.30 However, a hybrid material of the formula 

MoS2(1-x)Px (x ranging from 0 to 1) created from annealing bulk particulate MoS2 with red 
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phosphorus has shown great promise, with x = 0.53 demonstrating maximum performance 

of the material, where an overpotential of approximately 150 mV delivers a current density 

of 10 mV/cm2, 90 mV less than is needed for pure MoP to achieve a similar current 

density.30 While this is not directly referencing red phosphorus as a photocatalyst on its 

own, it does demonstrate its versatility in generating hydrogen gas from water in the 

production of a non-precious metal replacement to platinum as a catalytic material through 

annealing with MoS2.
30 

As a counter to the Lee (2015) article, rather than using TiO2 with 2D black 

phosphorus, work done by Sajid Ali Ansari and Moo Hwan Cho in 2016 introduced red 

phosphorus into TiO2 via high energy ball milling to create a nanohybrid photocatalyst, 

which caused a shift in the light absorption ability from UV to the visible spectrum, and 

confirmed that the optimal RP loading and milling time can effectively improve the visible 

light driven-photocatalytic activity of TiO2.
31 The positives of their methods include the 

ease of creating the RP-TiO2-12 hour nanohybrids (50 wt% RP powder ball milled with 

TiO2 for 12 hours at 250 rotations per minute), the cost effectiveness of using commercially 

available red phosphorus, and utilizing TiO2, which is capable of harnessing solar energy 

for hydrogen generation via water splitting reactions.31  

 

1.6 Black Phosphorus as a Saturable Absorber and Modulator 

 A saturable absorber is an optical component with a certain optical loss, which is 

reduced at high optical intensities.32 A Polish team led by Jaroslaw Sotor generated 

ultrashort pulses with Er-doped and Tm-doped fiber lasers of 272 fs centered at 1560.5 nm 

and 739 fs centered at 1910.5 nm, respectively. These laser fibers contained approximately 
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300 nm thick layers of black phosphorus, and transmission increased by about 4.4%.33 

Pulse speeds of 805 fs and 940 fs have also been reported.34-35 Jiang et al found comparable 

results using black phosphorus as a saturable absorber, however they also used a 

thulium/holmium-doped fiber laser (THDFL). This particular laser demonstrated a 100-nm 

wavelength range could be achieved from 1832 to 1935 nm by adjusting the pump power.36 

While this work was conducted in the near-IR region, work has also been done on the mid-

IR region (between 2500 nm and 25000 nm). Qin et al worked with a 2.8 µm passively Q-

switched Er:ZBLAN fiber laser using multi-layer black phosphorus as a saturable absorber. 

They found that the laser delivered a maximum average output power of 485 mW with a 

pulse energy of 7.7 µJ, pulse width of 1.18 µs, and repetition rate of 63 kHz.37 Many of the 

team members also worked on another project investigating wavelengths of 1.03 µm, 1.93 

µm, and 2.72 µm, which yielded similar results for multilayered black phosphorus, noting 

that saturable absorption at 2.72 μm approached the material’s absorption limit.38 Similarly, 

Li et al used a passively Q-switched singly Ho3+-doped fluoride fiber laser emitting at 

2970.3 nm and mode-locked Ho3+/Pr3+ co-doped fluoride fiber laser centered at 2866.7 nm, 

both utilizing the same black phosphorus saturable absorber. Here, they generated a pulse 

duration of 8.6 ps at a repetition rate of 13.987 MHz for the holmium/praseodymium laser 

(output power and pulse energy were 87.8 mW and 6.28 nJ, respectively) and a pulse 

duration of 2.41 µs at a repetition rate of 62.5 kHz for the holmium laser (the output power 

and pulse energy were 308.7 mW and 4.93 µJ, respectively).39 Lastly, work done by Fan 

et al utilizing a passively Q-switched Er:Lu2O3 laser operation at 2.84 μm generated a 

minimum pulse duration of 359 ns with the highest average output power of 755 mW and 

a pulse energy of 7.1 μJ.40 These results are all significant because very few current 
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saturable absorbers work stably in the mid-infrared spectral regime, and several different 

experiments confirm that black phosphorus is a cheap and viable candidate.37  

 It is also worth noting that research has been done investigating the damage done 

to black phosphorus saturable absorbers. While investigating black phosphorus as a reliable 

material for a saturable absorber, Lee et al found that the material was capable of handling 

operations with a high intracavity power (greater than the power level which would damage 

BP in a blocking interaction) when involved in a non-blocking interaction scheme using a 

side-polished fiber for passively mode-locked pulsed lasers.35 They connected the black 

phosphorus-deposited side-polished fiber to the cavity set of their set-up at a high-powered 

laser setting of 23.3 dBm for 168 hours and found that the repetition rate (3.82 MHz) stayed 

constant throughout the exposure with only some fluctuation in spectral width (14.2 nm) 

centered at 1558.8 nm.35  

The major difference between a saturable absorber and an optical modulator has to 

do with the type of Q-switching involved. For passive Q-switching, which has been 

discussed, the losses are automatically modulated with a saturable absorber, where the 

pulse is formed as soon as the energy stored in the gain medium has reached a sufficiently 

high level.41 However, for active Q-switching, the losses are modulated with an active 

control element (active Q-switch) typically either an acousto-optic or electro-optic 

modulator, where the pulse is formed shortly after an electrical trigger signal arrives. There 

are also mechanical Q switches such as spinning mirrors, used as end mirrors of laser 

resonators. In any case, the achieved pulse energy and pulse duration depends on the energy 

stored in the gain medium, i.e. on the pump power and the pulse repetition rate.41 Research 

into using black phosphorus as a saturable absorber demonstrated that it could also be used 
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as an optical modulator.36,38,40 A review of 2D layered materials for use as optical 

modulators was already written in detail by Zhipei Sun, Amos Martinez, and Feng Wang.42 

Of note, Sun et al stated that black phosphorus was an attractive material for mid- and near-

IR optoelectronics due to the fact that few-layer phosphorene remains direct for all sample 

thicknesses. However, as observed by Liu et al, the major drawback to using black 

phosphorus in this application is its sensitivity to oxygen and humidity when in mono- or 

few-layers, requiring that in ambient conditions, the material be hermetically sealed.15,42  

 

1.7 Photoconductivity and Photodetection of Both Black and Red Phosphorus 

 Notable research into the study of black phosphorus as an infrared photodetector 

dates back to work done by Baba et al in 1989. Here, the team was able to determine that 

black phosphorus crystals demonstrated photoconductive properties with a linear response 

for light intensity and a selective response for polarized light in the near-IR region.43 

Repeated work in 1991 showed that photoconduction was possible up to the mid-IR region 

as well.44 However, while a paper published in 2001 showed that semiconducting black 

phosphorus could show metallic-like photoconduction at high pressure,45 it would still be 

another couple of decades until 2D materials became a major research interest that this 

property would be reinvestigated. From a paper published in 2015 by Yuan et al, they were 

able to produce photo-response rise times of linear dichroic black phosphorus 

photodetectors upwards of 40 µs, which is reported as a major improvement over 

previously reported photodetectors based on layered chalcogenides, which produce photo-

response rise times on the order of milliseconds and slower.46 They were also able to show 
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polarization sensitivity over a broad bandwidth from approximately 400 nm to 3750 nm 

(UV-Vis-to-mid IR region), affirming the near-IR results from the other work.43,46 

Graphene photodetectors can suffer from very high dark current since certain 

graphene chiralities lack a band gap, whereas layered black phosphorous is ideal for 

photodetector applications due to its narrow but finite band gap.47 Fabricated devices 

utilizing the band gap of black phosphorus have been shown to operate under bias with 

very low dark current, attaining an intrinsic responsivity up to 135 mA W−1 and 657 mA 

W−1 in 11.5-nm- and 100-nm-thick devices, respectively, at room temperature.47  

 Multilayer black phosphorus has also been used as a multispectral photodetector 

for use in imaging. Research conducted by IBM scientists Michael Engel, Mathias Steiner, 

and Phaedon Avouris demonstrated that a black phosphorus photodetector could not only 

handle imaging simple shapes, but also complex text patterns using scanning electron 

microscopy.48 Their results are shown in Figure 1.11 below. This work demonstrated not 

only the application of black phosphorus photodetectors in the visible and near-IR spectral 

regime, but the clear imaging quality taken from the novel material.48 
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Figure 1.11 – (a) Scanning electron micrographs of test patterns on glass cover slides 

with feature sizes and pitch of 2000, 1000, and 500 nm. Scale bars are 10 μm. (b) 

Measured images excited at λIR = 1550 nm (top row) and simulated images (bottom row). 

Scale bars are 10, 5, and 2 μm. (c) Experimental image excited at λIR = 532 nm (top) 

exhibiting submicron features, along with the simulated image (bottom).48 

 

 

 

An article by Penillard et al published in 2016 sought to use the photoconductive 

properties of black phosphorus to create optoelectronic devices, such as a microwave 

photoconductive switch, which allows optical control over the magnitude and phase of 

microwave signals.49 The authors note that 2D black phosphorus is a very promising 

material for optoelectronic applications, because of its tunable band gap.49 

 The paper published in 2012 by Wang et al discussed previously also demonstrated 

the photoconductive properties of red phosphorus. While the paper focused on the 

applications of these properties, the researchers went into detail about which properties of 

red phosphorus come from photoconductivity. The group put 100 mg of red phosphorus 

inside a quartz tube, sealed under vacuum, and heated to 650°C to create a roughly 10-μm-

thick phosphorus thin film.24 The photocurrent was 0.09 A/cm2 when light was applied 

from fiber optics equipped with a tungsten lamp of intensity 200 mW/cm2, and dropped to 
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0.002 A/cm2 without illumination, which verifies that electrons and holes are generated 

over red phosphorus under illumination with the proposed mechanism:24  

                                         𝑃𝑟𝑒𝑑 + ℎ𝑣 → ℎ+(𝑃) + 𝑒−(𝑃)                                                              (1.5a) 

                                    ℎ+ + 𝐶𝐻3𝑂𝐻 → 𝐻𝐶𝑂𝑂𝐻 𝑜𝑟 𝐻𝐶𝐻𝑂                                                      (1.5b) 

                                             𝑒− + 𝐻2𝑂 
𝑃𝑡
→ 𝐻2 + 𝑂𝐻−                                                                   (1.5c) 

where h+(P) and h+ designate the generated hole in the phosphorus atom and e-(P) 

designates the photo-generated electron from red phosphorus. Equation 1.5b is unbalanced 

and meant to demonstrate the sacrificial methanol agent oxidizing to either formic acid or 

formaldehyde in the presence of the red phosphorus hole left by the electron. A mobility 

of 8.05 cm2/V∙s was calculated from the sheet resistance and Hall coefficient, indicating 

that red phosphorus should be considered a p-type semiconductor.24 

 

1.8 Perspective 

 Extensive studies have been carried on the development of inexpensive, versatile 

materials. Phosphorus has gradually attracted researchers’ attention, with black phosphorus 

and red phosphorus being the two main allotropes of interest. The last few years have seen 

a dramatic increase in the study of phosphorus and its optical properties. 

The nonlinear optical properties of black phosphorus flakes are anisotropic and can 

be tuned by the black phosphorus film thickness, which is not seen in common 2D layered 

materials used today. Phosphorus nanotubes utilize a possibly new allotrope of phosphorus, 

blue phosphorus, and exhibit optical reflectance dependent upon the angle of incoming 

polarized light. Phosphorus nanotubes also seem to exhibit these reflective properties 

differently depending upon which allotrope is used for the tube frame, black phosphorus 



27 
 

or blue phosphorus. Since phosphorus displays a wide range of optical reflections 

depending upon allotrope, it makes this a desirable material for use in a variety of 

applications. Phosphorus also satisfies the needs of a visible light photoconductor, with a 

tunable band gap in the range of 0.3 eV to potentially 2.5 eV. With its semiconducting 

properties, it makes phosphorus applicable in areas where graphene (which exhibits 

metallic conduction characteristics) would be unsuitable.  

The optical properties of phosphorus give rise to many theoretical applications, but 

there are a few where phosphorus allotropes are shown to work. Whereas traditional 

waveplates are composed of optically anisotropic quartz, mica, and gypsum minerals, 

studies have shown that few-layer black phosphorus is a viable candidate for future 

waveplates due to its refractive index. Our society has developed a need for green, reusable 

technologies and fuel sources, and phosphorus has proven an effective photocatalyst in H2 

generation from water, both in the black and the crystalline red allotropes. Black 

phosphorus layers have even been shown to exhibit both n-type and p-type semiconducting 

properties in FET sensors. Mixtures of black phosphorus with TiO2, red phosphorus with 

TiO2, and even black phosphorus with red phosphorus have also proven effective as 

visible-light-driven photocatalysts.  

Future work will need to address a few key issues, such as improving efficiency 

over dozens of runs, finding lasting solutions to the air and humidity sensitivity of 

phosphorene, and being effective enough to replace toxic heavy metals currently used in 

devices. On the topic of toxicity, working with phosphorus creates inherent risk, as white 

phosphorus production is a real and dangerous issue in the field. Caution must always be 

taken when working with phosphorus allotropes. However, even with the drawbacks and 
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hazards, phosphorus is proving to be the latest in a series of wonder materials as technology 

shifts to the nanoscale. It is also worth noting that while a lot of research has been done on 

black phosphorus nanomaterials, there are far fewer papers on the properties of red 

phosphorus. From the works that were covered in this review, it seems that red phosphorus 

could be the next material investigated for its optical properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 
 

Chapter 2: Liquid Exfoliation of 2D Black Phosphorus 

 

 

2.1 Introduction 

Modern research into nanotechnology was arguably inspired by the discovery of 

buckminsterfullerene (C60) in 1985.50 Carbon has proven to be an incredibly versatile 

element, forming a wide array of new allotropes and new nanostructures that can be used 

in a variety of applications. While the structure of graphite was identified in 1924, the 

material that would come to be known as graphene was first theorized in 1947.51-53 In a 

2004 paper by Novoselov et al, mechanical exfoliation via adhesive tape was employed to 

bulk graphite in a process that would come to be known as the Scotch-tape Method.54 

However, it would still be another 10 years before Liu et al applied this method to bulk 

black phosphorus.15 Another dry transfer method that has been developed uses a 

viscoelastic material (Gel-Film®) adhered to a glass slide as a stamp by using mechanical 

exfoliation from bulk material.55 Since no wet chemicals are used in this process, 

possibility for contamination is reduced and materials are saved. The paper claims that this 

process can be done in 15 minutes with practically 100% yield.55 The paper also states that 

this process can be utilized for fabricating heterostructures, nanomaterials composed of 

different 2D layered materials, which have been reported for graphene, hexagonal boron 

nitride, and TMDs.56-58 

Liquid exfoliation of layered materials is not a new technique in the development 

of 2D nanosheets, with research going back decades.59 While there are four main types of 

liquid exfoliation (oxidation, intercalation, ion exchange, and sonication-assisted), 

oxidation will not be discussed for the sake of this work, as it appears unique to graphene.60 
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Liquid exfoliation techniques were first introduced as a solution to the large-scale 

production problem associated with mechanical exfoliation.61-63  

 

 

 
Figure 2.1 – Schematic description of the main liquid exfoliation mechanisms. (a) Ion 

intercalation. (b) Ion exchange. (c) Sonication-assisted exfoliation.60 

 

 

 

Figure 2.1 illustrates the three main types of liquid exfoliation. In ion intercalation 

(Figure 2.1a), ions in yellow are intercalated between the layers of bulk solid in a liquid 

medium, swelling the crystal and weakening the van der Waals attractive forces, then 

agitation (shear forces, ultrasonication, or thermal) can separate the layers, resulting in an 

exfoliated dispersion.60 Many transition metal dichalcogenides contain counterions 

between layers to balance surface charges.64-65 The counterions, in red (Figure 2.1b), can 

be exchanged in a liquid environment for other, often larger ions, shown in yellow. As with 

intercalation, agitation results in an exfoliated dispersion.60  

Sonication-assisted exfoliation does not require a solute to intercalate, but rather 

relies on a specialized solvent. However, there are cases in which an added compound can 
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act as a mechanical wedge, such as a surfactant, NaOH, or naphthalene.66-68 First described 

in 2014 with black phosphorus, bulk BP was exfoliated in N-methyl-2-pyrrolidone (NMP) 

at a concentration of 5 mg/mL using sonication (820 W at 37 kHz and 30% power) for 24 

hours at a constant temperature below 30°C.63 Purification occurred by centrifugation to 

remove larger solids, then spin-coating the solution onto a SiO2/Si substrate at 6000 rpm 

to avoid restacking of the phosphorene sheets.63 The various shapes and sizes of 

phosphorene obtained, with the largest in size being about 200 nm x 200 nm and a thickness 

of 3.5–5 nm, suggests that the flakes were 3-5 layers thick. While 1-2-layer thick 

phosphorene was also made according to the AFM data, these flakes were only 20 nm x 20 

nm in size. The paper hypothesizes that increasing the sonication time to 48 hours will 

break down the thicker flakes into these 1-2-layer sheets.63  

Using a similar process, Woomer et al performed a test of 18 different compounds 

to study the solvent effects on the concentration of phosphorene in solution (see Table 2.1). 

Approximately 10 mg of black phosphorus was added to 20 mL of each solvent and 

sonicated for 13 hours under anhydrous and air-free conditions.69 The suspensions were 

centrifuged at 3000g for 30 minutes to remove unexfoliated BP, which was further purified 

via dialysis to remove small (< 2.5 nm) phosphorus fragments.69 Woomer et al determined 

that benzonitrile was the best candidate for sonication-assisted exfoliation of phosphorene 

among their tested solvents.  

 

 

 

 

 

 

 

 



32 
 

Table 2.1 – Organic Solvents Used in Liquid Exfoliation of Black Phosphorus.69 

 
 

 

 

It should be noted that a comprehensive review on the fabrication of phosphorene was 

recently published by Dhanabalan et al, and many of these publications are expanded upon 

in this work.70 

 

2.2 The Drawbacks of Sonication 

The use of sonication suffers from several drawbacks. The acoustic pressure created 

by sonication forms small bubbles between the layers in the bulk material. After reaching a 

critical size, the bubbles collapse with a gas-phase reaction zone effective temperature of 5200 

± 650 K, and the liquid-phase effective temperature is approximately 1900 K.71 The ensuing 

shockwaves then break bulk flakes into thin layers by adding mechanical energy in the form of 

tensile stress to circumvent the attractive interactions between the layers.72 However, 
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fragmentation can occur in the vicinity of the bubbles, decreasing the overall surface area and 

creating many smaller flakes as opposed to one large flake, complicating large-scale synthesis 

of few-layer nanomaterials. Edge defects are consequently induced after prolonged ultrasonic 

irradiation, causing an increase in surface polarity.72 For example, dangling carbon atoms 

situated at the edge of graphene sheets, when exposed to an ultrasonic bath at temperatures 

above 40°C, tend to react with radicals or ions resulting from the decomposition of water or air 

upon cavitation, leading to the formation of hydroxyl, carboxyl, or epoxy groups in graphene.72  

This phenomenon is not unique to graphene sheets. Intensive ultrasonication of 

molybdenum disulfide, MoS2, in isopropyl alcohol (IPA) (20 kHz, 500 W, probe diameter d = 

3 mm, 30% amplitude) not only favored exfoliation, but also induced fragmentation of layers, 

leading to rupture of Mo–S–Mo bonds and exposure of coordinatively unsaturated Mo and S 

species, which can then react with IPA and/or atmospheric oxygen, generating surface hydroxyl, 

alkyl, and, to a lesser extent, oxidized species such as sulfate, carbonylic, and carboxylate groups 

(see Figure 2.2).72-73  
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Figure 2.2 – (a) Breaking of the Mo–S–Mo bonds in MoS2 due to energetic ultrasonication. 

(b) Reactions of fragmented MoS2 with alcohol solvent, with predominant formation of 

hydroxy and alkoxy groups.73 

 

 

 

According to the Tao et al review, despite recent advances achieved by optimization of 

ultrasonic parameters for exfoliation, several issues remain.72 The exact output power levels on 

flakes during the process are unclear, in most cases, and the links of ultrasonic parameters and 

exfoliation dynamics that relate to the yield, quality, lateral size, and thickness of nanosheets 

need to be further explored.72  

Liquid exfoliation techniques require agitation after diffusion of the target 

molecules or ions between layers. In this work, sonication-assisted exfoliation with 

surfactant will be tested and research into sonication-less exfoliation will be investigated 

using thermal agitation and applied solely to black phosphorus. 
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2.3 Sonication-Assisted Exfoliation of 2D BP with Surfactant 

Synthesis of phosphorene flakes from bulk black phosphorus on the order of 1-5 

sheets thick is well understood in the literature. Current deficiencies lie in the synthesis of 

large surface area sheets for mass production. Loosely following a liquid exfoliation 

procedure from Kang et al,66 a black phosphorus crystal was placed in a 2% wt/vol solution 

of sodium dodecyl sulfate (SDS) in water (0.41 ± 0.001 g of SDS in 20 mL H2O). Upon 

sonication, the SDS acts as a surfactant, wedging itself between the phosphorene sheets 

within the bulk black phosphorus, allowing for the sheets to be separated without the use 

of organic solvents. Rather than running this sonicated solution through a centrifuge to 

separate out the thick flakes, a clean SiO2/Si substrate was placed in a Büchner funnel and 

the solution was vacuum filtrated. This was done to perform a quick test of a trivial transfer 

method applied to black phosphorus that was developed by the American Chemical Society 

(ACS) for graphene.74 DI water was used to wash away the large chunks of bulk black 

phosphorus during vacuum filtration. The substrate contained a visible transparent film 

across the surface.  
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Figure 2.3 – SEM images of black phosphorus flakes at various magnifications on an 

SiO2/Si substrate. 

 

 

 

Background images appear to be the rough silicon surface. The obtained flake sizes 

were insufficient to perform the transfer method. This method demonstrates that black 

phosphorus can be successfully exfoliated using a surfactant, however due to 

ultrasonication of the solution, flake sizes do not exceed 100 microns in length. While the 

flakes in Figure 2.3 are tens-to-hundreds of layers thick, thinner flakes were not observed. 

For larger black phosphorus thin films, a technique must be developed without the 

damaging effects of sonicating the material. 
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2.4 Exotic Solvent Exfoliation 

2.4.1 Experimental Procedure 

A series of both common and exotic laboratory solvents (see Table 2.2) were used 

to exfoliate 2D BP without the use of sonication. The 0.88M BF3 solution was prepared 

from boron trifluoride etherate and hexanes for this experiment, however this sample will 

be expanded upon in Chapter 3. 

 

 

Table 2.2 – Common and Exotic Solvents Used in Liquid Exfoliation. 

Solvent Type  Solvent Type 

Ethylbenzene/Cyclohexanol 1:1 Mix  CCU in EtOH DES 

6M HCl Acid  CCTU in EtOH DES 

20 wt% t-Butanol Alcohol  Chlorobenzene Halogenated 

Cyclohexanol Alcohol  Chloroform Halogenated 

Benzene Aromatic  Saturated NaCl Ionic 

Ethylbenzene Aromatic  Saturated NH4Cl Ionic 

Nitrobenzene Aromatic  [BMIM]PF6 Ionic Liquid 

Pyridine Aromatic  Acetone Ketone 

Toluene Aromatic  MEK Ketone 

Xylenes Aromatic  0.88M BF3 Lewis Acid 

10 wt% KOH Base  Aqua Regia Oxidant 

Glacial Acetic Acid Carboxylic Acid  Piranha Solution Oxidant 

 

 

 

 The ethylbenzene and cyclohexanol mixture was prepared in a 1:1 mole ratio. Aqua 

regia was prepared using concentrated HCl, then adding concentrated HNO3 until a yellow 

color appeared, which results from an approximate 1:3 ratio of HNO3 to HCl.75 A variation 

on piranha solution was prepared using equal parts concentrated H2SO4, water, and a 30% 

H2O2 solution.  

 A deep eutectic solvent (DES) generally consists of two different solid compounds 

that when mixed together form a liquid at room temperature, and can come in four 
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variations or ‘types’76 (see Table 2.3), with choline chloride, a quaternary-ammonium salt, 

being a common choice for one part of the mixture.77-78  

 

 

Table 2.3 – Classification of Deep Eutectic Solvents (DESs).76,78 

Type I Quaternary ammonium salt + metal chloride 

Type II Quaternary ammonium salt + metal chloride hydrate 

Type III Quaternary ammonium salt + hydrogen bond donor 

Type IV Metal chloride hydrate + hydrogen bond donor 

 

 

 

Choline chloride (Alfa Aesar, 98+%), urea (J. T. Baker, certified), and thiourea (Fisher 

Scientific, certified) were weighed out in several different molar ratios to prepare two type 

III DESs for the exfoliation process (see Table 2.4).79-81 

 

 

Table 2.4 – Weighed Masses of Choline Chloride (CC), Urea (U), and Thiourea (TU) and 

Molar Ratios of CCU and CCTU DESs. 

Mass of CC (g) Mass of U (g) Mass of TU (g) CCU (mol:mol) CCTU (mol:mol) 

1.22 1.15 - 1:2.19 - 

1.24 0.80 - 1:1.50 - 

1.36 0.62 - 1:0.94 - 

2.35 0.49 - 2.06:1 - 

2.02 - 0.55 - 1:2.00 

 

 

 

Upon heating the vials in a water bath, the vial of 1:2.19 CCU melted first, followed by 

1:1.50, and lastly the 1:0.94 ratio; the 2.06:1 CCU was the only sample not to completely 

liquify. All four ratios were kept in a vacuum oven for 2.5 hours to remove any excess 

water exposure from the original heating, where once again all samples liquified except the 

ratio with choline chloride in excess. Forty minutes after the samples were removed from 

the vacuum oven, the 2.06:1 CCU was completely solid, the 1:0.94 had mostly solidified, 
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the 1:1.50 had large visible crystals throughout, but the 1:2.19 CCU only had small crystals 

on the bottom of the vial.  After many hours, the 1:2.19 CCU DES showed no further signs 

of crystallization, thus this ratio was selected for experimentation. Ethanol (EtOH) was 

added to the vial to make a 50:50 volumetric mix of CCU to EtOH, based on previous 

work.82 Light heating was applied to dissolve the rest of the CCU crystals. A pressure build-

up was noted, as the lid popped off multiple times upon standing in ambient conditions due 

to the vapor pressure of warm unmixed ethanol.  

The CCTU mixture was heated in a vacuum oven for 43 minutes. The mixture had 

mostly liquified, but there was still a large solid mass in the center of the liquid that would 

not melt. Twice the volume of EtOH was added to produce a 1:2 ratio of CCTU:EtOH, 

however the CCTU had solidified completely prior to the addition of EtOH. The ethanol 

did not appear to be mixing with the CCTU as a second liquid phase was evident, and light 

warming of the vial had little-to-no effect on the solution. The solution was heated at low 

power and stirred with a magnetic stir bar for about 10 minutes, with the stir bar providing 

strong mechanical mixing against the glass vial, breaking up the solid chunks as the heating 

dissolved the CCTU into the EtOH.  

Black phosphorus crystals were synthesized using methods previously reported in 

the literature.4,83-84 In brief, two previously run sealed ampules containing tin powder, 

tin(IV) iodide, unreacted RP, and small synthesized BP crystals were supplied by colleague 

Pedro E. Martins Amaral. While the exact amounts of each compound were unspecified, 

they were measured out according to previous literature reports.4,83-84 It was hypothesized 

that running this reaction a second time would increase the yield of black phosphorus 

crystals. The heating and cooling ramp for the sealed ampules can be found in Figure 2.4, 
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with reported temperatures being the temperatures set on the oven and not necessarily the 

temperature of the ampules themselves. The starting temperature of 300°C was raised 

straight from room temperature and left there for over a day to ensure an even temperature 

distribution. The ampules were kept at 600°C for 20 hours. After the ampules were kept at 

500°C upon cooling for 3.5 hours, the oven was then turned off, and the ampules were left 

to cool in ambient conditions. 

 

 

 
Figure 2.4 – Heating (25°C/10 min) and cooling (10°C/10 min) ramp for black 

phosphorus synthesis. 

 

 

 

The two sealed ampules were cracked open, revealing dozens of large BP crystals. The 

glass shards were soaked for 20 minutes in hot toluene (Baker, certified) and the solution 

turned a deep yellow color. After waiting the 20 minutes, the shards were filtered using a 

Büchner funnel and Kitasato flask under vacuum. After scraping the black phosphorus 

from the shards and collecting the crystals, they were put in a vial with acetone, but still 

demonstrated a deep yellow color, suggesting high impurities. After rewashing in room 
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temperature toluene and acetone, the crystals showed a faint hue of yellow under a new 

volume of acetone. After a third soaking of the BP crystals in hot toluene for 10-15 minutes, 

the crystals were vacuum filtered and washed with acetone. On this wash, a white 

precipitate with a spot of light green came out of the solution. This will be expanded upon 

in the next section. The BP crystals under acetone continued to show a yellow color in the 

solvent. After a fourth wash for 20 minutes in about 75 mL of boiling acetone, the crystals 

were vacuum filtrated again with additional room temperature acetone. The crystals were 

placed in a small capped vial of acetone and showed only a faint hue of yellow within the 

solvent. The BP crystals were washed for a fifth and final time with room temperature 

acetone using a Büchner funnel and Kitasato flask. 

Approximately 1-2 mL of each solvent was placed in a screw-cap vial with small 

crystals of black phosphorus. These samples were then capped and wrapped with Parafilm, 

labeled, and dated to test whether exfoliation from bulk would occur with time. 

 

2.4.2 Results and Discussion 

The solvents sat undisturbed and were observed over the course of a month. Many 

of the solvents had no effect on the exfoliation of 2D black phosphorus, however, a notable 

few had positive results. 

The ethylbenzene sample developed yellow bubbles/droplets at the bottom of the 

vial about a month after it was prepared (Figure 2.5a). The sample also developed a yellow 

bubble around the black phosphorus crystal (Figure 2.5b). A second sample of 

ethylbenzene and black phosphorus was prepared to reproduce these results. This is 
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potentially significant, as few-layer phosphorene dispersions demonstrate a yellow color 

in solution.66  

 

 

 
Figure 2.5 – BP in ethylbenzene sample. (a) Yellow droplets formed in solution. (b) 

Yellow bubble formed around BP crystal. 

 

 

 

These droplets appear to be immiscible in the ethylbenzene solvent, leading to the liquid 

beading up rather than mixing into a solution. This could mean that the yellow solution is 

not 2D BP exfoliated by ethylbenzene, but impurities extracted from the BP crystals. A 

syringe and needle were used to extract the yellow solution. The solution was dried out and 

resulted in a white solid, which was then submitted for mass spectrometry (MS) analysis. 

The spectrum demonstrated the solid was phosphorus-rich, with phosphorus oxides 

potentially existing in the spectrum (see Figure 2.6). This shows that the yellow solution 

(a) (b) 
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does in fact contain phosphorus, and the solution was oxidized when exposed to air, as 2D 

BP has been shown to do.15,42 

 

 

 
Figure 2.6 – Hi. res. (exact mass) chemical ionization (CI) MS analysis of yellow droplets 

from ethylbenzene solvent in methanol. 

 

 

 

The lone pairs on the phosphorus atoms lead to its reactivity upon air exposure, 

leading to the degradation of the material’s desirable properties over time.85 Research has 

been done to form a protective, stable oxide layer at the surface of 2D black phosphorus.86 

Exfoliation experiments have been done with graphene oxide, however exfoliation 

techniques have not been attempted with oxidized, layered black phosphorus.87 Aqua regia 

and piranha solution were used to test if oxidizing acids would rapidly or slowly oxidize 

black phosphorus, and if they could potentially yield pristine flakes protected by layers of 
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oxidized phosphorus. Upon adding the black phosphorus crystal to aqua regia, the crystal 

immediately reacted with the oxidant, producing a small amount of smoke until the crystal 

was gone. While the sample in piranha solution did not immediately vanish like with aqua 

regia, it was gone within the course of a day, although no smoke was observed. Since testing 

could not be conducted on these samples, other common laboratory acids were used instead. 

Interestingly, acid alone (6M HCl and glacial acetic acid) had seemingly no effect on the BP 

crystals; nor did base (10 wt% KOH).  

Only days after adding the BP crystal to the ionic liquid [BMIM]PF6 (1-butyl-3-

methylimidazolium hexafluorophosphate), small pieces of black phosphorus appeared to 

break away from the bulk material, demonstrating that the solvent was exfoliating the sample 

(Figure 2.7). It is worth noting that the low quality of the optical microscope images is due 

to the fact that the microscope does not operate well with liquid samples. These are included 

only to demonstrate that the very small flakes existed in the sample. 

 

 

 
Figure 2.7 – Optical microscope images of black phosphorus flakes in [BMIM]PF6 at 15x 

magnification. 
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A 200-nm pore-sized alumina filter was used for vacuum filtration of the [BMIM]PF6 in 

the hopes that it would remove the solvent, however the ionic liquid was too viscous for 

filtration. The Büchner funnel and Kitasato flask were left on the vacuum line for several 

days to see if filtration would occur at a slower rate, but this had no effect. An ethanol-DI 

water (Milli-Q®) mixture was added, as ethanol-water mixtures have been shown to 

dissolve [BMIM]PF6 in previous studies.88 However, while this dissolved the ionic liquid, 

it also broke apart the alumina where the ionic liquid sat, allowing the suction to break 

holes in the remaining plastic layer underneath. It is uncertain what caused this result. 

Several large chunks of the white precipitate from the BP crystal purification were 

kept for analysis. A mass spectrometry analysis could not be performed, as the solid did 

not dissolve in toluene, dichloromethane, xylene, or dimethylformamide (DMF). SEM 

images of the precipitate can be seen in Figure 2.8.  
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Figure 2.8 – SEM images of unknown precipitate at various magnifications on Si/SiO2 

substrate. 

 

 

 

A UV-Vis absorption spectrum of the yellow solution from the BP-in-acetone vial was 

obtained using acetone in a quartz cuvette as a blank (see Figure 2.9).  
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Figure 2.9 – Absorption spectrum for the yellow acetone solution. 

 

 

 

The spectrum shows an interesting response similar to the absorption spectra for tin(IV) 

oxide, SnO2, and the triiodide ion, I3
-.89-91 Tin(IV) oxide can be produced when the SnI4 

catalyst reacts with water and then undergoes thermal decomposition:92-93 

                                          𝑆𝑛𝐼4 + 4 𝐻2𝑂 → 𝑆𝑛(𝑂𝐻)4 + 4 𝐻𝐼                                                  (2.1a) 

                                              𝑆𝑛(𝑂𝐻)4

∆
→  𝑆𝑛𝑂2 + 2 𝐻2𝑂                                                          (2.1b) 

These reaction conditions are met with ambient water and exposure to the hot toluene 

solvent during purification of the BP crystals. Elemental iodine can be formed from the 

decomposition of tin(IV) iodide, and while stoichiometric amounts of tin powder are added 

to avoid this, it is still possible for small amounts of I2 to form.84 This can further react with 

iodide ions from the SnI4 catalyst, forming the triiodide ion: 

𝐼2 + 𝐼− ⇌ 𝐼3
−                                                     (2.2) 
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Another notable I3
- peak is missing from the spectrum at 300 nm.90 However, low 

concentration iodine can turn an organic solution yellow, further leading to the hypothesis 

that this reaction had occurred. It is still unknown what the solid impurity was, but SnO2 is 

a potential candidate.  

 

2.4.3 Conclusion 

Liquid exfoliation of black phosphorus from bulk without sonication has shown 

promise. While 2D flakes of black phosphorus were not confirmed, the ionic liquid 

[BMIM]PF6 showed the solvent can break off smaller pieces of BP from bulk with no 

additional assistance (heat, sonication, etc.). Ethylbenzene demonstrated yellow liquid 

droplets in solution, which when exposed to air dried into a white solid. Mass spectrometry 

analysis demonstrated this solid contained phosphorus-rich compounds, proving that 

phosphorus was pulled from the bulk crystal. Aqua regia and piranha solution reacted with 

the black phosphorus crystals. The nitric acid in aqua regia acts as a powerful oxidizing 

agent to form phosphoric acid. Piranha solution is also a powerful oxidizer; therefore, a 

similar result is expected. 

 

2.4.4 Future Work 

Due to the success of the ionic liquid [BMIM]PF6 in breaking off pieces of BP from 

bulk, an ionic liquid study can be conducted to test different anionic species, cationic 

species, or both. While sonication-assisted studies have already been conducted using ionic 

liquids,94-95 studies of solvent effects without the damaging effects of sonication have not, 

although theoretical studies have suggested that an external stimulus is necessary due to 
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unfavorable exfoliation thermodynamics.96 A potential replacement for sonication will be 

explored in the next section. 

 

2.5 The Freeze-Thaw Method 

2.5.1 Background 

The freeze-thaw method of liquid exfoliation was first introduced in 2014 as an 

alternative to damaging sonication-assisted exfoliation techniques, as well as costly 

surfactants.97 The solvent, water, is flash frozen using liquid nitrogen with the bulk material, 

then warmed to melt the solution, and repeated a number of times (2-6, ideally) to produce 

thin flakes (see Figure 2.10).  

 

 

 
Figure 2.10 – Exfoliation of graphite oxide via rapid freezing of hydrated graphite oxide 

flakes in water and subsequent thawing of the resultant solid.97 

 

 

 

This method was used for the exfoliation of graphene oxide (GO) layers. Recent work on  

GO exfoliation notes that water is an optimal solvent for this method, due to its uncommon 

freezing behavior; its volume contracts when cooled down to 4°C, slightly expands 

between 4°C to 0°C, and at 0°C it significantly expands up to 9% upon freezing and is 

converted into ice.87 Another benefit of this method actually lies with the choice of bulk 
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material. The distance between graphene oxide planes increases with ambient water, 

causing the material to swell, because the material contains bulk liquid water molecules 

intercalated between layers.98 Thus, as the water between the GO layers freezes, the volume 

of water increases, which further pushes apart the GO layers. As the ice begins to thaw 

upon heating, more water fills in the increased space created by the increased volume of 

ice between layers. Repeated cycles of freezing and thawing will separate the graphitic 

layers from each other considerably.87 

Currently, there appears to be nothing in the literature about this method’s 

application to black phosphorus. This opens the door to exploring the freeze-thaw method 

as an inexpensive alternative to the production of 2D black phosphorus.  

 

2.5.2 Experimental Procedure 

A UV-Vis study was conducted to confirm the exfoliation of 2D black phosphorus 

based on the 2014 work by Ogino et al.97 Several previously prepared large crystals of 

black phosphorus were placed in a test tube filled with deionized water and deoxygenated 

under a Schlenk line of N2 gas for 30 minutes. Previous work has shown that oxygen 

concentrations using this method can be reduced to 0.2-0.4 ppm.99 A large test tube was 

obtained and washed with DI water and acetone to remove impurities. After 20 minutes in 

a vacuum oven, the tube was filled with separately degassed DI water to serve as a reserve 

for the quartz cuvette. Tests were not conducted to determine which was the more 

important method between degassing or deoxygenating, however and examination of the 

two methods will be discussed briefly in the next section. To save solution, only 0.5-1 mL 

of the sample was used and then diluted by a factor of 100 with the degassed DI water. 
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Degassing of the reserve DI water occurred by putting a glass stopper in a Kitasato flask 

with the DI water and a stir bar. A vacuum was applied as the stir bar spun, releasing any 

dissolved gases from the water. This sat for 20 minutes to ensure optimal removal of 

dissolved oxygen. 

Using the degassed DI water as a blank, “Trial 0” was the deoxygenated DI water 

with the black phosphorus at the bottom prior to the start of the freeze-thaw process, diluted 

with the degassed water. Rather than using liquid nitrogen for the freezing process, a 

standard freezer will be utilized to hopefully increase the simplicity of the process, as well 

as make the method more cost-effective. The temperature of the freezer used is 

approximately -15°C, as confirmed by a standard mercury thermometer. The sample was 

left in the freezer for 30 minutes to allow complete freezing of the solution to occur. Only 

when complete freezing had occurred was the solution thawed in a warm water bath for 

each trial (see Figure 2.11). The solution was thawed each time in a water bath at 

approximately 40°C.  

 

 

 
Figure 2.11 – Black phosphorus in Milli-Q® water. (a) Before freezing, (b) after first 

freezing session, and (c) after first thawing session. 

(a) (b) (c) 
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It should be noted that before Trial 3 was taken in the UV-Vis spectrometer, over 3 mL of 

DI water was added to the solution, which will cause a decrease in the exfoliated black 

phosphorus concentration, and thus a decrease in the absorbance peak intensities. After 

Trial 4, the sample was placed in the freezer over the weekend. It is not believed that 

staying frozen over this time will affect the results.  

 

2.5.3 Results and Discussion  

The UV-Vis absorption spectrum for the BP samples increased with each 

successive freeze-thaw trial (see Figures 2.12-2.14). The spectrum in Trial 3 was decreased 

in intensity by the addition of 3 mL of Milli-Q® water, so the figures are broken down in 

sections to demonstrate that the peak intensities increased with each trial except in trials 3 

and 4, because the solution was diluted and reduced future trial peak intensities. Spectra 

were obtained using an Agilent 8453 UV-Vis instrument. 

 

 

 
Figure 2.12 – UV-Vis absorption spectra of BP in Milli-Q® water utilizing the freeze-

thaw method, Trials 0-2. 
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Figure 2.13 – UV-Vis absorption spectra of BP in Milli-Q® water utilizing the freeze-

thaw method, Trials 2-4. 

 

 

 

 
Figure 2.14 – UV-Vis absorption spectra of BP in Milli-Q® water utilizing the freeze-

thaw method, Trials 4-7. 

 

 

 

The most intense peak corresponded to a wavelength of 227 nm for each trial except for 

Trial 2, which peaked at 226 nm. There also appears to be a weaker shoulder peak around 

270 nm. Spikes in the spectra also appear around 485 nm and 655 nm. However, the most 
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interesting peak during the eight freeze-thaw trials came about between 960-965 nm in the 

near-IR region. Some of the absorption spectra contain this peak while some do not. It was 

observed that the reason for this was due to the variation in time in which each spectrum 

was taken; the peak decreased with time to the point of flatlining if the spectrum was not 

taken fast enough. These peaks were not due to lamp or filter changes from the instrument, 

and a blank was run 10-15 minutes after turning the instrument on, then waiting 20 minutes, 

and running the blank a second time to confirm that this peak was not a baseline glitch. If 

this peak is due 2D black phosphorus, it could be that any oxygen gas that is still present 

in the solution, or newly dissolved upon contact with the atmosphere, degraded the thinnest 

flakes, causing the peak to disappear with time. Table 2.5 compares the peak intensities for 

227 nm (Peak 1) and between 960 nm and 965 nm (Peak 2), if present. It is worth noting 

that after reviewing the data, there appear to be increases in absorbance around 960-965 

nm in every trial, but some trials are too small to confidently claim that these are in fact 

peaks, and their time-sensitivity makes confirming these increases impossible. 

 

 

Table 2.5 – UV-Vis Peak Maxima for the Freeze-Thaw Trials of BP in DI Water. 

Trial Peak 1 (nm) Absorbance 1 (AU) Peak 2 (nm) Absorbance 2 (AU) 

0 227 0.031 960 0.004 

1 227 0.048 - - 

2 226 0.064 - - 

3 227 0.056 - - 

4 227 0.051 964 0.005 

5 227 0.055 965 0.006 

6 227 0.063 963 0.007 

7 227 0.075 964 0.004 
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The values at 227 nm correspond to peaks that have been hypothesized for phosphorene.100 

A 2014 theoretical study by Sa et al plotted absorbance spectra for phosphorene under 

different tensile stresses (see Figure 2.15). Notable in its absence is the peak between 960-

965 nm. 

 

 

 
Figure 2.15 – (a) Crystal structure of phosphorene. R1 and R2 indicate the intraplanar and 

interplanar P−P bond length, θ1 and θ2 show the intraplanar and interplanar bond angle. 

(b) Optical spectra for phosphorene at ambient condition, under 7% tensile strain along 

the a axis, and under 5% tensile strain along the b axis, where the solid vertical lines 

show the wavelength range of visible light.100 

 

 

 

The Woomer et al paper obtained absorption spectra for 2D black phosphorus under a 

variety of centrifugal speeds.69 Their results can be seen in Figure 2.16, and while their 

absorbance data only extends to approximately 250 nm and is far broader in width than the 
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peaks obtained in Figures 2.12-2.14, it demonstrates peak maxima that correspond to the 

peaks obtained in this work. Again, the peak around 965 nm is absent. 

 

 

 
Figure 2.16 – Absorbance of 2D phosphorus suspensions that were prepared by 

fractionation at relative centrifugal forces (RCFs) near 3.0, 5.9, 9.7, 14.5, and 20.2 

thousand g’s (red to blue).69 

 

 

 

To test degradation over time, an aliquot of the deoxygenated BP in DI water 

sample was added straight to a quartz cuvette with no dilution from the degassed DI water, 

and several spectra were taken at various times. The results showed only a slow decreasing 

of the peak around 965 nm. It is worth noting that at the diluted concentrations, the 965-

nm peak rapidly decreased with time, whereas the same peak without dilution degraded far 

more slowly. This could be due to the addition of the degassed DI water, which underwent 

a different process for removing dissolved oxygen. If more dissolved oxygen existed in the 

degassed sample, which is likely, then adding it to the deoxygenated sample could have 

caused faster degradation of the thinner 2D BP flakes. 
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2.5.4 Conclusion 

A UV-Vis absorption experiment has been conducted to demonstrate exfoliation of 

2D black phosphorus. With each undisturbed freeze-thaw session, the absorption peak at 

227 nm increased. This peak has been demonstrated in previous works to correspond to 

few-layer phosphorene. A new peak between 960 nm and 965 nm rapidly disappears with 

time when diluted with degassed DI water, but decreases in intensity far more slowly when 

not diluted. This could be due to dissolved oxygen reacting with and degrading few-layer 

phosphorene flakes. With no degradation of the 227-nm peak, it is possible that this peak 

relates to thicker flakes while the smaller peak corresponds to thinner flakes. Future studies 

will need to be done to confirm this. 

 

2.5.5 Future Work 

Water has been identified as an optimal solvent for this method, due to its 

uncommon freezing behavior. Future studies can be conducted with other water-based 

solvents, such as the 20 wt% t-butyl alcohol used in the sonication-less liquid exfoliation 

study. Other water-based solvents worth testing include SDS and other surfactants, 

saturated salt solutions at varying saline concentrations, and water-ammonia mixtures for 

its success in exfoliating hydrophobic materials, such as graphite.101  

The challenge with this method is determining a solvent that will expand in volume 

upon freezing. While water is a simple solvent and easily accessible, expanding the method 

to other solvents could demonstrate superior results. The most common substances that 

share water’s freezing property are actually elements: gallium, silicon, germanium, and 

bismuth.5 Remarkably, while most of these elements have melting points in the hundreds-
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to-thousands of degrees Celsius, the melting point of gallium is only 29.7646°C (see Table 

2.6).102 This makes pure gallium a candidate for the freeze-thaw method, with only light 

heating necessary to melt the metal.  

 

 

Table 2.6 – Densities of Select Elements and Water at Standard Temperature and 

Pressure (STP) and their Melting Points (MPs).102-104 

Substance Formula Melting Point (°C) ρSTP (g/cm3) ρMP (g/cm3) 

Bismuth Bi 271.402 9.79 10.05 

Gallium Ga 29.7646 5.91 6.08 

Germanium Ge 938.25 5.3234 5.60 

Silicon Si 1414 2.3296 2.57 

Water H2O 0 0.9970470 0.9167 

 

 

 

The density value used for water at the melting point is for hexagonal ice, the most common 

form of ice at ambient pressure (101.325 kPa); supercooled water values were not 

considered.103 Certain alloys, such as Wood’s metal (about 50% Bi, 25% Pb, 12.5% Cd, 

and 12.5% Sn by weight, m.p. 70°C), while possessing relatively low melting points, do 

not have easily accessible data concerning their density changes with temperature, so it is 

unclear if these alloys would be sufficient for the freeze-thaw method.105-106 This is 

possibly due to the numerous variations in amounts of each metal that can occur in simply 

one alloy, which could lead to future studies on desirable ratios in eutectic alloys that 

expand in volume upon freezing, should any exist.  

While there appears to be nothing in the literature concerning liquid metal as a 

solvent, liquid gallium has been used as a catalyst/substrate for CVD growth of graphene. 

A 2014 paper by Zeng et al takes advantage of a liquid’s quasi-atomically smooth surface 

to avoid defects or grain boundaries found with solid metals, removing the need for various 
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complex pretreatments as often required with solid catalysts and reducing restrictions on 

the need to finely control the growth conditions.107 

The [BMIM]PF6 ionic liquid could also be a potential candidate for the freeze-thaw 

method. With a freezing point of 10°C, a standard freezer is sufficient to solidify the 

solution.108 While the volume of [BMIM]PF6 does not increase upon freezing like with 

water, as is true of most compounds, the solvent was successful in breaking apart bulk 

black phosphorus on its own, as discussed previously in this work. Thus, added temperature 

fluctuations and physical transitions could prove beneficial to the exfoliation process.  
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Chapter 3: Synthesis of BPO4 from Black and Red Phosphorus 

 

3.1 Statement of Purpose 

In Chapter 2, various common and exotic laboratory solvents were used for the 

liquid exfoliation of 2D black phosphorus. The 0.88 M BF3 in hexanes was intended for 

this experiment, however the solution produced an unexpected result when exposed to air. 

This work provides evidence that boron phosphate, BPO4, was produced from the reaction 

of boron trifluoride, bulk black phosphorus, and exposure to ambient conditions, which 

would mark the first time BPO4 has been produced using this method. Reactivity of the 

starting materials, relevant chemical reactions for the reactants, as well as an infrared 

spectroscopy study of the product are detailed and investigated in this chapter. The uses 

and importance of boron phosphate will also be discussed. 

 

3.2 Introduction 

3.2.1 Boron Trifluoride 

Boron trifluoride (BF3) is a volatile non-polar molecule of trigonal planar geometry. 

BF3 forms a range of complexes with ethers, nitriles, and amines, and is commercially 

available as the sp3-hybridized adduct (CH3CH2)2O·BF3 (boron trifluoride etherate).109 

Being a liquid at room temperature, it is a convenient means of handling BF3, which has 

many applications as a catalyst in organic reactions such as Friedel–Crafts alkylations and 

acylations.109 

Unlike other common boron trihalides, which react with water to form boric acid 

and hydrogen halides, boron trifluoride creates a side product, fluoroboric acid:109 
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                                       𝐵𝑋3 + 3 𝐻2𝑂 → 𝐵(𝑂𝐻)3 + 3 𝐻𝑋              𝑋 = 𝐶𝑙, 𝐵𝑟, 𝐼           (3.1a) 

                        4 𝐵𝐹3 + 6 𝐻2𝑂 → 3 [𝐻3𝑂]+ + 3 [𝐵𝐹4]− + 𝐵(𝑂𝐻)3                                    (3.1b) 

This is because the ions [BCl4]
-, [BBr4]

-, and [BI4]
- are stabilized only in the presence of 

large cations, such as [nBu4N]+.109 This means 75% of the boron available to create boric 

acid is lost in the creation of the tetrafluoroborate ion. Fortunately, tetrafluoroborate can 

further hydrolyze under the following reaction:110 

                                    𝐵𝐹4
− + 3 𝐻2𝑂 ⇌ 𝐻3𝐵𝑂3 + 3 𝐻+ + 4 𝐹−                                                (3.2) 

This means that under very dilute conditions, fluoroboric acid (HBF4) will produce H3BO3.  

 While boron trifluoride etherate is a clear liquid, as the solution is kept, the adduct 

will slowly oxidize due to air exposure, darkening the liquid from clear to yellow and 

eventually brown.111 This is true of other BF3 adducts as well.112 

 

3.2.2 Degradation of Few-Layer Black Phosphorus 

Briefly discussed in Chapter 1, few-layer black phosphorus and phosphorene 

degrade under ambient conditions.15,42 While it has been understood that ambient 

conditions are responsible, there is debate in the literature as to whether oxygen or water 

is to blame.85,113 Figure 3.1 demonstrates the proposed breakdown of black phosphorus in 

water with reaction energy ΔE = -1.2 eV.114 
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Figure 3.1 –  Edge selective degradation model for BP exposed to pure neutral water. 

Green, red and white spheres represent P, O, and H atoms, respectively. (a) Reactants 

(BP edge + three water molecules). (b) Reaction products (BP defective edge + 

phosphine gas (PH3) + phosphorous acid (H3PO3)).
114 

 

 

 

Recent research suggests that black phosphorus is in fact mostly stable in deoxygenated 

water, however oxygen gas in conjunction with ambient water is to blame for the 

degradation of few-layer black phosphorus (see Figure 3.2).113-115 

 

 

 
Figure 3.2 – Relative energy for reactions of black (solid curve) and blue (dashed curve) 

phosphorene with O2 and H2O. Pdiv(O) represents defective phosphorene with one 

divacancy (two removed P atoms) and one O atom.115 

 

 

(a) (b) 
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Therefore, when oxygen is present, the few-layer black phosphorus or phosphorene surface 

becomes oxidized, and the newly oxidized surface further reacts with ambient water to 

form phosphoric acid. This greatly reduces the likelihood of side products, such as H3PO3 

and PH3. 

 

3.2.3 Stability of Red Phosphorus 

Briefly discussed in Chapter 1, red phosphorus is a semi-stable polymeric allotrope 

of phosphorus of five known types, whose stability lies between the highly reactive white 

and the most thermodynamically stable black allotrope, with black sharing many stability 

and reactivity traits with violet phosphorus (red phosphorus Type V).1-2,5,7 While red 

phosphorus does not ignite upon contact with air at room temperature as with the white 

allotrope, red phosphorus has been known to slowly oxidize in damp, moist air at room 

temperature, forming orthophosphoric acid, H3PO4.
1,5 However, a relatively uncommon 

oxygen acid of phosphorus is also produced via the oxidation of red phosphorus: 

hypodiphosphoric acid:5 

                                           
2

𝑛
 𝑃𝑛 + 2 𝑂2 + 2 𝐻2𝑂 → 𝐻4𝑃2𝑂6                                        (3.3) 

where Pn is the polymer chain of red phosphorus of n number of atoms. Phosphine gas has 

also been noted as a product of red phosphorus oxidation in air.116 It appears the relative 

stability of the red phosphorus allotrope, as well as side products such as hypodiphosphoric 

acid and PH3, diminishes its oxidative yield into H3PO4 compared to that of BP. 

 In studies of the flame-retardant effects of boron compounds on red phosphorus-

containing epoxy resins, Dogan and Unlu noted that the experimental char yields were 

higher than anticipated using calculations.117 The team determined that rather than 
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completely vaporizing, some amount of red phosphorus reacted with the B2O3 and stayed 

in the condensed phase, resulting in the formation of boron phosphate.117 While red 

phosphorus was not explored in this work, future studies will be discussed concerning the 

formation of boron phosphate from RP. 

 

3.2.4 Boron Phosphate 

Boron phosphate (BPO4) is a useful dehydration catalyst for organic synthesis 

reactions and an important phosphating agent, with research into the synthesis of BPO4 

dating back over a century.118-121 The crystal structure of boron phosphate is analogous to 

the silica mineral high-cristobalite, also called β-cristobalite (see Figure 3.3), while other 

crystal structures have been created under high pressure conditions.119-120,122 Boron 

phosphate of various phosphorus/boron ratios can be obtained.123 

 

 

 
Figure 3.3 – Structure of boron phosphate.120 

 

 

 

Several different synthetic routes have been taken to create BPO4. In 1904, Mylius and 

Meusser were able to create boron phosphate with a relatively straightforward process 
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using boric acid and phosphoric acid at high temperature.121 However, in 1999, Kmecl and 

Bukovec determined that this reaction occurs at room temperature and depends on the 

diffusion rate of water:119 

                                        𝐻3𝑃𝑂4 + 𝐻3𝐵𝑂3 → 𝐵𝑃𝑂4 + 3 𝐻2𝑂                                                  (3.4) 

Synthesis of BPO4 involving boric acid and phosphoric acid created from the degradation 

of ammonium polyphosphate has also been reported.124 Research conducted by Baykal et 

al in 2001 showed that boron phosphate can also be produced from the reactions of boron 

trioxide (B2O3) and diammonium hydrogen phosphate or phosphorus pentoxide (P2O5):
120 

                        𝐵2𝑂3 + 2 (𝑁𝐻4)2𝐻𝑃𝑂4 → 2 𝐵𝑃𝑂4 + 4 𝑁𝐻3 + 3 𝐻2𝑂                                (3.5a) 

                                               𝐵2𝑂3 + 𝑃2𝑂5 → 2 𝐵𝑃𝑂4                                                                 (3.5b) 

Investigations into the flame-retardant behavior of bisphenol A bis(diphenyl phosphate) 

with zinc and other metal borates have yielded boron phosphate as a side product.125-127 

While other boron-based compounds have been used in the synthesis of BPO4, such as the 

mineral borax (Na2B4O7·10H2O),120 research into the compound’s development has slowed 

dramatically in the last few decades, with new research utilizing BPO4 either sticking to 

applications or retreading previously determined synthetic routes with only slight 

variations on reactants (e.g., using tripropylborate versus triethylborate).128-133  

 

3.3 Experimental Procedure 

Boron trifluoride etherate (Acros, 48% BF3) was obtained for use as a solvent in 

2D black phosphorus liquid exfoliation (see Chapter 2). Several milliliters of hexanes 

(Fisher, HPLC Grade) were distilled with a distillation chip and 2 chips of sodium (Na) 

metal. The sodium metal will react with any water in the hexanes, leaving solid sodium 
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hydroxide (NaOH) and unreacted sodium metal behind in the distillation. The dry hexanes 

were capped with a rubber septum and 2.0 mL were dry transferred under nitrogen gas to 

a vial containing a small crystal of BP that was previously evacuated. Approximately 0.25 

mL of the boron trifluoride etherate was transferred to the dry hexanes under nitrogen. The 

reported density for the BF3 etherate solution from the Fisher Scientific website (makers 

of the Acros product) is 1.1200 g/cm3. This means that the 0.25 mL aliquot has a mass of 

0.28 grams of BF3·O(CH2CH3)2. 48% of this is 0.134 grams (pure BF3), and using the 

molar mass (67.806 g/mol),134 this is approximately 1.98 mmol of BF3. Therefore, 1.98 

mmol of BF3 divided by 2.25 mL of combined solution (diethyl ether and dry hexanes) 

results in [BF3] = 0.88 M. However, two separate colorless layers initially formed. 

While the lone-pair electrons from the oxygen atom in the ether interact with the 

boron due to the empty p-orbital in boron, no method was implemented to directly remove 

the diethyl ether and purify BF3. This is because of the equilibrium that exists between the 

boron trifluoride, diethyl ether, and the adduct: 

                                       𝐵𝐹3 · 𝑂(𝐶𝐻2𝐶𝐻3)2 ⇌ 𝐵𝐹3 + (𝐶𝐻3𝐶𝐻2)2𝑂                                 (3.6) 

The energy of this reaction is ΔE = +9.5 kcal/mol with ΔG = 10.5 kcal/mol.135-136 Although 

these values indicate this reaction will not occur spontaneously, the hexanes and diethyl 

ether are miscible, and as some lone diethyl ether exists, the ether will mix with the 

hexanes, and the non-polar BF3 molecule will dissolve into the non-polar hexanes. This 

will allow for the two separate layers to mix over time and allow for free BF3 to interact 

with the black phosphorus. The equilibrium will shift to the right of Equation 3.6, creating 

additional free BF3 and diethyl ether, allowing for interaction with black phosphorus. Like 
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the black phosphorus crystals in exotic solvents (see Chapter 2), this vial sat undisturbed 

until a color change was observed. 

 

3.4 Results and Discussion 

The BF3 in hexanes, still with an obvious second layer, turned from clear to a yellow 

color after five days. Seven days later (12 days after the experiment began), a deeper yellow 

color occurred, indicating that the reaction was persisting, and the product concentration 

was increasing. To test if this color was due to few-layer black phosphorus, several drops 

of the boron trifluoride-BP solution were placed on a glass slide. The specimen slide was 

placed in the vacuum oven to remove the hexanes/diethyl ether solvent and to remove 

smoke from the lab that formed from the sample upon contact with air.  

After another day, the boron sample was removed from the vacuum oven. Upon 

closer inspection, the BF3-treated black phosphorus (BF3-BP) residue appeared white. The 

specimen plate was placed under the optical microscope and crystals were observed (see 

Figure 3.4).  
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Figure 3.4 – Optical images of BF3-BP solid at (a) 10x magnification and (b) 15x 

magnification. 

 

 

 

An Si/SiO2 substrate was cleaned by washing with acetone and sonicating. The substrate 

was mounted inside a Hitachi TM-1000 Scanning Electron Microscope (SEM) stage using 

conductive tape, and a couple of small pieces of the BF3-BP residue were scraped onto it. 

Figure 3.5 shows some of these images. The substrate was removed from the SEM and 

transferred to a vial, however, the substrate was not held level for the duration and it is 

likely some of the flakes fell off. Additional images collected can be found in Appendix B. 

 

 

 

 

 

(a) (b) 
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Figure 3.5 – SEM images of BF3-BP solid at various magnifications. 

 

 

 

Most of the images taken appear to be flakes (Figures 3.5a-b), wafers or rods (Figure 3.5c), 

and other solid products (Figure 3.5d). This confirms that not only has exfoliation occurred, 

but a chemical reaction has also taken place. To gain a better understanding as to what 

occurred, an ATR-IR spectrum was obtained from the white solid (see Figure 3.6). Infrared 

measurements were obtained with a Smiths IlluminatIR II Standard optical microscope 

attachment. 

 

 

(b) 

(c) (d) 

(a) 
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Figure 3.6 – ATR-IR spectrum of the unknown BF3-BP solid. 

 

 

 

The broad weak peak centered around 3403 cm-1 is characteristic of O-H stretching 

modes, most likely due to adsorbed water on the sample, although O-H bonds attached to 

P and B atoms cannot be ruled out.119 The peak around 1643 cm-1 can also be explained by 

the deformation mode of adsorbed water.119 The strong peak below 1100 cm-1 appears to 

be an amalgam of several different peaks, due to its many bulges and shoulders. Figure 3.7 

shows an expansion of this region for better clarity. 
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Figure 3.7 – ATR-IR spectrum of the unknown BF3-BP solid, expanded. (a) 1150 cm-1, 

(b) 1091 cm-1, (c) 1053 cm-1, (d) 1046 cm-1 (e) 1027 cm-1, (f) 990 cm-1, and (g) 672 cm-1. 

 

 

A potential peak or collection of peaks around 672 cm-1 correspond to bending vibrations 

of various borate segments, while the bands between 950-1150 cm-1 have characteristics 

of P-O stretches and B-O stretches for tetrahedrally-coordinated phosphorus and boron 

compounds, with these two stretching modes having very similar and almost equivalent 

frequencies, compiled in Table 3.1 below.119,137-146  

 

 

Table 3.1 – Infrared Spectra Wavenumbers with Peak Assignments.119,137-146 

Wavenumber (cm-1) Peak Assignment 

600-800 Bending vibrations of various borate segments 

966-1082 Normal frequencies of isolated PO4
3- ion 

907-1014 Stretching vibrations of B-O bonds in [BO4] units 

917-1200 B-O stretching vibrations of [BO4] tetrahedra 

962-1100 Fundamental frequencies of the [PO4] group 

1012-1022 Stretching vibration modes of [BO4] units 

1150 [BO4] vibrations in hydrated boralites 
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The very weak band of sharp peaks between 1900-2300 cm-1 were not assigned to any 

known stretching or bending modes. In the study of borophosphate glasses, it was found 

that B-O-P bonds can slightly shift peaks in the IR spectrum, as well as broaden them, and 

the B:P ratio can vary.147-148 However, the peaks centered around 2350 cm-1 do not seem 

to reflect known stretching or bending modes for B-O or P-O (see Figure 3.8). 

 

 

 
Figure 3.8 – ATR-IR spectrum of unknown BF3-BP solid, expanded (2300-2400 cm-1).  

 

 

 

A stretching mode for P-OH is reported around 2361 cm-1, which does line up perfectly 

with the obtained IR spectrum, however, the peak in the IR appears far sharper than is 

expected for the broader P-OH stretch, and the P-OH bending mode around 1731 cm-1 is 

missing from Figure 3.6.149 While these peaks are not explicitly assigned, similar peaks 

exist in the spectrum for calcium phosphate from Granados-Correa et al, however they are 

missing from other calcium phosphate IR spectra.143,150 Also, while similar peaks appear 

in some capacity for the IR spectra of BF3 and H3BO3, other characteristic peaks for these 
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two compounds are missing, indicating that the peaks in Figure 3.8 are not due to unreacted 

boron trifluoride or boric acid.151-152 Although the SEM images taken of the solid in Figure 

3.5 showed what appears to be black phosphorus flakes with only minor visible reaction 

product, the obtained IR spectrum does not clearly demonstrate that the majority of the 

product obtained is unreacted BP (see Figure 3.9). Also, the peaks centered around 2350 

cm-1 do not appear to be indicative of bulk black phosphorus. 

 

 

 
Figure 3.9 – Infrared spectra of black phosphorus, red phosphorus, and BP-RP 

heterostructure.153 

 

 

 

The most probable explanation of these peaks comes from external carbon dioxide 

(CO2), either ambient or adsorbed onto the surface of the solid. Carbon dioxide has a known 

IR-active asymmetric stretching mode between 2340-2360 cm-1, as well as bending 

deformations around 667 cm-1, which also fits the obtained spectrum in Figure 3.6.109,154  
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The peaks in the IR spectrum are significant in not just what is present, but also 

what is absent. While many characteristic phosphate and P-O stretches exist in the IR 

spectrum, a key mode that is not present is the strong P=O stretching mode for phosphoric 

acid, which appears between 1200-1410 cm-1.155-156 Also, P-O-P modes do not appear to 

be present between 700-820 cm-1, as also noted by Baykal et al.120,157-158 In the same range, 

B-O-B modes appear to be missing, although a broad shoulder in this region makes 

confirming these difficult.148 There are also no bands around 1470 cm-1 and 790 cm-1, 

which are indicative of boric acid, meaning no free acid exists in the sample.119 Other B-O 

stretching modes for trigonal boron (BO3 units) between 1200-1600 cm-1 are also 

absent.137-139,142,159 IR-active peaks expected for B-F stretches from the tetrafluoroborate 

ion due to Equation 3.1b are also not seen in the spectrum, either because there is no 

tetrafluoroborate in the sample, the peaks are too weak to be visible, or they are hidden by 

other peaks of similar frequencies overlapping the bands.160-161 Impurities from unreacted 

BF3 etherate are not seen in the IR spectrum.162 

Based on the IR spectrum analysis, the white solid material produced from the BF3-

treatment of bulk black phosphorus and air exposure is boron phosphate (BPO4), which is 

further corroborated by independent IR studies of BPO4.
119-120 Hi-res CI MS analysis 

performed on the material was inconclusive, which can be attributed to the low mass-to-

charge ratio (m/z) of the phosphate (PO4
3-) and boron (B3+) species and the material’s 

involatile nature, although a Knudsen Effusion Mass Spectrometry (KEMS) study has been 

done on BPO4.
163 Exfoliation of black phosphorus of unknown flake thickness from bulk 

was successful using BF3 etherate and hexanes, but upon contact with ambient water and 
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oxygen, a reaction occurred to create boron phosphate under the proposed reaction scheme, 

following Equations 3.1b, 3.2, 3.4, 3.6, and Figure 3.2: 

8 𝐵𝐹3 + 𝑃𝑏𝑙𝑘 + 12 𝑂2 + 24 𝐻2𝑂 → 6 𝐻3𝑂𝐵𝐹4 + 2 𝐻3𝐵𝑂3 + 4 𝑃𝑑𝑖𝑣(𝑂) + 8 𝐻3𝑃𝑂4(3.7a) 

  6 𝐻3𝑂𝐵𝐹4 + 2 𝐻3𝐵𝑂3 + 8 𝐻3𝑃𝑂4 → 6 𝐻3𝑃𝑂4 + 2 𝐵𝑃𝑂4 + 6 𝐻2𝑂 + 6 𝐻3𝑂𝐵𝐹4   (3.7b) 

  6 𝐻2𝑂 + 6 𝐻3𝑂𝐵𝐹4 → 12 𝐻2𝑂 + 6 𝐻𝐵𝐹4                                (3.7c) 

      12 𝐻2𝑂 + 6 𝐻𝐵𝐹4 → 2 𝐻𝐵𝐹4 + 4 𝐻3𝐵𝑂3 + 16 𝐻𝐹                         (3.7d) 

              6 𝐻3𝑃𝑂4 + 2 𝐵𝑃𝑂4 + 4 𝐻3𝐵𝑂3 → 2 𝐻3𝑃𝑂4 + 6 𝐵𝑃𝑂4 + 12 𝐻2𝑂               (3.7e) 

                   12 𝐻2𝑂 + 2 𝐻𝐵𝐹4 + 16 𝐻𝐹 → 6 𝐻2𝑂 + 2 𝐻3𝐵𝑂3 + 24 𝐻𝐹                   (3.7f) 

                2 𝐻3𝑃𝑂4 + 6 𝐵𝑃𝑂4 + 6 𝐻2𝑂 + 2 𝐻3𝐵𝑂3 → 8 𝐵𝑃𝑂4 + 12 𝐻2𝑂                (3.7g) 

When Equations 3.7a-g are added together into a net equation, the overall reaction of BF3 

with black phosphorus, Pblk, in air is obtained: 

8 𝐵𝐹3 + 𝑃𝑏𝑙𝑘 + 12 𝑂2 + 12 𝐻2𝑂 → 8 𝐵𝑃𝑂4 + 4 𝑃𝑑𝑖𝑣(𝑂) + 24 𝐻𝐹              (3.8) 

As with Figure 3.2, the 4 Pdiv(O) in Equations 3.7a and 3.8 indicates four divacancies (8 

overall P atoms removed from the Pblk flakes) with four O atoms bonded to the flakes. This 

chemical equation is the ideal scenario, with boron and phosphorus in a 1:1 ratio in 

anhydrous BPO4, HF gas removed by the vacuum oven, and if black phosphorus is the 

limiting reagent, minute quantities of the Pdiv(O) remaining as phosphorus oxides. Again, 

it is hypothesized that this was possible \using the BF3 in etherate liquid adduct by adding 

dry hexanes to the mixture for separation, as the adduct is safer and easier to handle than 

pure BF3 gas. 
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3.5 Conclusion 

Based on SEM images, analysis of the IR spectrum, and understanding of 

previously known chemical equations and reactions, the white solid material produced 

from the BF3-treatment of bulk black phosphorus and air exposure is boron phosphate. 

Initial exfoliation of BP flakes from bulk material appears successful, with BPO4 created 

after oxidation and reaction of the starting materials from solution. Infrared analysis 

confirms the presence of phosphate and tetra-coordinated boron species, with little 

evidence of boric acid, B2O3, phosphoric acid, or phosphorus oxides remaining. 

 

3.6 Future Work 

Exfoliation of black phosphorus using boron trifluoride can be proven by limiting 

the exposure to ambient conditions. Due to the Lewis acidity of BF3, transfer of the BF3-BP 

solution to a basic solution under an inert atmosphere (N2, Ar, etc.) could remove any BF3 

attached to the BP flakes, allowing for isolation of few-layer black phosphorus, or even 

single-layer phosphorene. Exfoliation experiments should be investigated using other boron 

trihalides (BCl3, BBr3, BI3) and other boron compounds (triphenylborane or 

tris(pentafluorophenyl)borane) by comparing steric interactions and Lewis acid strength to 

determine the best compound for phosphorene yield. 

A 31P-NMR and 11B-NMR can be run as additional verification of the boron 

phosphate product, which has precedent in the literature.124-127,164 Investigations into the 

formation of boron phosphate from red phosphorus can be undertaken to determine product 

yields of different allotropes and the various red phosphorus types. Characterization of the 

numerous solid structures noted by SEM can also be undertaken. 
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Appendix A: Abbreviations 

 

 

 

AFM Atomic Force Microscopy 

 

ATR Attenuated Total Reflectance 

 

[BMIM]PF6 1-Butyl-3-methylimidazolium Hexafluorophosphate 

 

BP Black Phosphorus 

 

CCTU Choline Chloride Thiourea 

 

CCU Choline Chloride Urea 

 

CI Chemical Ionization 

 

CVD Chemical Vapor Deposition 

 

DES Deep Eutectic Solvent 

 

Er:ZBLAN Erbium-doped ZrF4-BaF2-LaF3-AlF3-NaF 

 

FET Field-Effect Transistor 

 

GO Graphene Oxide 

 

HWP Half-Wave Plate 

 

IPA Isopropyl Alcohol 

 

KEMS Knudsen Effusion Mass Spectrometry 

 

MS Mass Spectrometry 

 

NMP N-Methyl-2-Pyrrolidone 

 

PMMA Poly(Methyl Methacrylate) 
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PNT Phosphorus Nanotube 

 

QWP Quarter-Wave Plate 

 

RP Red Phosphorus 

 

SDS Sodium Dodecyl Sulfate 

 

SEM Scanning Electron Microscopy 

 

TMD Transition Metal Dichalcogenide 

 

UV-Vis Ultraviolet-Visible 
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Appendix B: Additional Images of BPO4 

 

 

 

 
Figure B.1 – Optical image of BPO4 product at 10x magnification with backlight. 

 

 

 

 

 
Figure B.2 – SEM image of BPO4 product. 
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Figure B.3 – SEM image of BPO4 product. 

 

 

 

 
Figure B.4 – SEM image of BPO4 product. 
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Figure B.5 – SEM image of BPO4 product. 

 

 

 

 
Figure B.6 – SEM image of BPO4 product. 
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Figure B.7 – SEM image of BPO4 product. 

 

 

 

 
Figure B.8 – SEM image of BPO4 product. 
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Figure B.9 – SEM image of BPO4 product. 

 

 

 

 
Figure B.10 – SEM image of BPO4 product. 
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Figure B.11 – SEM image of BPO4 product. 

 

 

 

 
Figure B.12 – SEM image of BPO4 product. 
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Figure B.13 – SEM image of BPO4 product. 

 

 

 

 
Figure B.14 – SEM image of BPO4 product. 
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Figure B.15 – SEM image of BPO4 product. 

 

 

 

 
Figure B.16 – SEM image of BPO4 product with thin edge. 
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Figure B.17 – SEM image of small BPO4 fragments with thin background. 

 

 

 

 
Figure B.18 – SEM image of BPO4 product. 
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Figure B.19 – SEM image of BPO4 product. 

 

 

 

 
Figure B.20 – SEM image of BPO4 product. 
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Figure B.21 – SEM image of BPO4 product. 

 

 

 

 
Figure B.22 – SEM image of BPO4 product. 
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Figure B.23 – SEM image of BPO4 product. 

 

 

 

 
Figure B.24 – SEM image of BPO4 product. 
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Figure B.25 – SEM image of BPO4 product. 

 

 

 

 
Figure B.26 – SEM image of BPO4 product. 
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Figure B.27 – SEM image of BPO4 product. 

 

 

 

 
Figure B.28 – SEM image of BPO4 product. 

 

 

 

 



106 
 

 
Figure B.29 – SEM image of BPO4 product. 

 

 

 

 
Figure B.30 – SEM image of BPO4 product. 
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Figure B.31 – SEM image of BPO4 product. 

 

 

 

 
Figure B.32 – SEM image of BPO4 product. 
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Figure B.33 – SEM image of BPO4 product. 

 

 

 

 
Figure B.34 – SEM image of BPO4 product. 
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Figure B.35 – SEM image of BPO4 product. 

 

 

 

 
Figure B.36 – SEM image of BPO4 product. 
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Figure B.37 – SEM image of BPO4 product. 

 

 

 

 
Figure B.38 – SEM image of BPO4 product. 
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Figure B.39 – SEM image of BPO4 product. 

 

 

 

 
Figure B.40 – SEM image of BPO4 product. 
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Figure B.41 – SEM image of BPO4 product. 

 

 

 

 
Figure B.42 – SEM image of BPO4 product. 
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Figure B.43 – SEM image of BPO4 product. 



 
 

 


