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Abstract 

Few-layer phosphorene (FLP) has attracted strong research interest due to its 

extraordinary physical and chemical properties. However, an efficient and rapid 

fabrication of high-quality FLP is still unavailable. Herein, a simple and efficient low 

melting media-assisted ball milling (LMMBM) approach is developed to prepare FLP 

in large quantities. The phase change of the LMM at higher temperatures leads to FLP 

with larger lateral dimensions compared to the ones obtained via dry solid state ball 

milling. Transmission electron microscope (TEM) studies indicated that liquid 

facilitates the slipping/curling of black phosphorus (BP) layers under the shearing force 

generated during ball milling. When used as an anode in Lithium-ion batteries, the FLP-

C composite exhibits high initial Coulombic efficiency, stable cycling and rate capacity. 

This LMMBM approach can be adopted for mass production of other two-dimensional 

materials from their bulk counterparts.  

Keywords: few-layer black phosphorus, phosphorene, ball milling, low melting media, 

Lithium-ion battery. 

 

  



1. Introduction 

Phosphorene has become the focus of research as a key member of the two-

dimensional (2D) materials family, and its potential applications cover electronics, 

sensors, thermoelectric devices, energy conversion and storage, and biomedical devices 

[1-10]. Despite all the promising applications, it is still challenging to fabricate few-

layer phosphorene (FLP) with high quality and in large quantities. 

Nearly all the fabrication for 2D materials can be classified into two types: Top-

down exfoliation and bottom-up growth. Compared with the “bottom-up” growth 

which typically requires special conditions such as high vacuum and high temperature, 

“top-down” method is more affordable and suitable for scale-up production of FLP 

from bulk black phosphorous (BP) [11-17]. Liquid ultrasonication has been employed 

to obtain FLP, but it is unsuitable for large-scale production since it takes a long time 

and the yield is low. Besides, the organic solvents (e.g. N-methyl-2-pyrrolidone, N,N-

dimethylformamide) commonly used to exfoliate BP are high-boiling and toxic, which 

are difficult to remove and therefore affect the properties of FLP.  

For practical applications, fabrication method featuring high yield, high efficiency, 

low cost, and good scalability, are needed. Ball milling is an established method for 

obtaining fine powders in different industries and has been used for preparing various 

2D materials [18-22]. Milling agents (solvents or solid particles) have been introduced 

to improve the exfoliation efficiency by preventing the reaggregation of 2D materials, 

and sometimes to functionalize the obtained 2D materials as well. Lei et al. utilized 

urea-assisted mechanical exfoliation to fabricate functionalized few-layer h-BN with 



an average thickness of 2.5 nm and lateral dimensions mostly below 100 nm [19]. By 

ball milling sucrose with h-BN, Chen et al. obtained sucrose-grafted h-BN nanosheets 

with a thickness of 4.4 nm and lateral size of 98 nm [20]. Assisted by urea, 18 kinds of 

MX2 (M = Mo, W, V, Nb, Ta, Ti, and X = Te, Se, S) nanosheets were obtained via ball 

milling [21]. Although these ball milling processes with additives led to high yields, 

the average size of the obtained 2D materials is still far from satisfactory (less than 100 

nm). Compared with dry milling, wet milling with the presence of solvents can produce 

nanosheets with larger sizes but the yield decreases due to the reduction in collision 

energy [22, 23]. Up to now, research on producing FLP by ball milling is still in its 

infancy. 

Herein, for the first time, we report a simple and efficient approach to prepare FLP 

with a low melting media (urea-glocuse-NH4Cl)-assisted ball milling (LMMBM). The 

urea-glocuse-NH4Cl mixture melts at temperatures below 80 °C and produces a 

transparent solution due to hydrogen-bond interactions [24]. During ball milling, the 

collision energy prompts the melting of the urea-glocuse-NH4Cl mixture, and the 

resultant solution alleviates the mechanical impact on the FLP basal area (preventing 

damaging the thin sheets) and also prevents 2D materials from reaggregation. To avoid 

toxic and high-boiling organic solvents, an ethanol (EtOH)-H2O mixture (2:3 in volume) 

was chosen to disperse the FLP. The obtained FLP was tested as an anode material for 

Lithium-ion batteries and found to have excellent potential in energy storage 

application. 

 



2. Experimental Section 

2.1 Materials Preparation 

The BP crystal was synthesized via chemical vapor transport (CVT) [25]. In brief, 

red phosphorus (0.5 g), Sn (20 mg), and SnI4 (10 mg) were loaded in a silica tube with 

a length of 10 cm, inner diameter of 1.0 cm, and wall thickness of 0.2 cm. The tube was 

evacuated, sealed, and placed horizontally in a muffle furnace with one end closer to 

the heating elements. The temperature was increased to 650 °C and then dwelled for 2 

h, and then slowly cooled to 480 °C over 10 h followed by natural cooling. 

For a typical LMM-assisted ball milling exfoliation process, BP crystal (0.2 g) and 

LMM (urea-glocuse-NH4Cl with 7:3:1 wt%, 1.1g) were added into a stainless steel jar 

filled with stainless steel balls (diameter of 6 mm, 50 g). The materials were ball milled 

for different times at 1000 rpm on a high-energy shaking mill (QM-3C, Nanjing Nada 

Instrument Co. Ltd.). The milled mixture was washed with deionized water and filtered 

through a nylon membrane (pore size=0.45 µm) to remove LMM, followed by 

dispersing into a EtOH-H2O mixture (2:3 in volume) by bath sonication (400W, KQ-

400KDE, Kunshan Ultrasonic Instruments, 40% power) for 1 h. The mixture was 

centrifuged at 3000 rpm for 30 min to remove the thick BP sheets. The supernatant was 

then filtered through a nylon membrane (pore size=0.2 µm) to collect powders, which 

were dried under vacuum to obtain the few-layer BP, noted as FLP-xh (x=milling time). 

The FLP-C and BP-C composites were also prepared by ball-milling. Specifically, 

FLP-7h or BP bulk was mixed with expanded graphite with a 7:3 weight ratio and the 

ball to powder weight ratio was 50:1. 



 

2.2 Materials characterization 

X-ray diffraction (XRD) data were collected on a PANalytical Empyrean 

diffractometer with Cu Kα radiation. Fourier-transform infrared spectroscopy (FTIR) 

data were obtained on Thermo Scientific Nicolet iS 50. Renishaw RM2000 confocal 

Raman microscope (with a laser of 532 nm) was used to obtain the Raman spectra. X-

ray photoelectron spectroscopy (XPS) spectra were collected on Thermo Scientific 

ESCALAB 250. The morphologies were analyzed by scanning electron microscopy 

(SEM, Carl Zeiss Supra 40), transmission electron microscopy (TEM, JEOL JEM-

2100), and atomic force microscopy (AFM, Bruker Dimension Icon). 

 

2.3 Electrochemical measurements 

The electrodes were fabricated by mixing active material (70 wt%), 

carboxymethyl cellulose (15 wt%) and Super P (15 wt%) in DI water to obtain a slurry, 

which was then coated on copper foils and dried overnight at 100 °C under vacuum. 

The test cells were assembled with lithium foils as the counter electrode in an argon-

filled glove box. Electrolyte was a mixture of 1 M LiPF6 in EC/ DEC/DMC (1/1/1, 

v/v/v) with the addition of 10 wt% FEC. The charge/discharge tests were conducted on 

battery test systems (LAND CT2001A) with 0.01–2.00 V (vs. Li+/Li) voltage window. 

The specific capacities were calculated according to the weight of active materials. 

Electrochemistry workstation (Gamry Interface 1000) was used for electrochemical 



impedance spectroscopy (EIS, frequency between 100 kHz and 0.01 Hz) studies and 

cyclic voltammetry (CV, voltage window between 0.01-2.00 V) analysis. 

 

3. Results and Discussion 

 

Fig. 1 (a) Schematic illustration of the exfoliation of FLP with LMMBM. (b) Digital 

photographs of FLP dispersed in different solvents: fresh (left), after one week standing 

(middle), and 20 mg mL-1 in EtOH-H2O mixture (right). 

 

Fig. 1a illustrates the LMMBM process schematically for preparing FLP with a 

low melting media (LMM, urea-glocuse-NH4Cl) as the milling agent. Typically, 0.2 g 

bulk BP crystal (Fig. S1) and 1.1 g urea-glocuse-NH4Cl (7:3:1, in weight ratio) were 

mixed and ball milled at 1000 rpm for different times. During ball milling, the collisions 

between the balls exfoliate the bulk BP to thin nanosheets. The low melting urea-

glocuse-NH4Cl solid mixture transforms into a liquid because of the local high 

temperature caused by collisions. The liquid would coat on the surface of FLP, which 

not only prevents the agglomeration of FLP, but also prevents it from being crushed 



into smaller fragments since the liquid can buffer the mechanic impact. The milled 

products were dispersed in various solvents aided by sonication and then centrifuged to 

remove large BP particles. After filtering the supernatant and then washing the solid 

with water to remove the urea-glocuse-NH4Cl agent, a gray product was obtained and 

denoted as FLP-x where x is the milling time in hour. The resultant FLP can be well 

dispersed in a wide range of solvents, such as a EtOH-H2O mixture (2:3, in volume) 

and N-methyl-2-pyrrolidone (NMP), and the concentration can reach 20 mg mL-1 in the 

EtOH-H2O mixture (Fig. 1b). The dispersion in certain solvents is stable up to one week 

without visible precipitation. 

The produced FLP was characterized by scanning electron microscope (SEM), 

Raman spectroscopy, transmission electron microscope (TEM), and atomic force 

microscope (AFM). Taking FLP-7h as an example, FLP is smaller and thinner in 

comparison with the origin BP bulk powders. All the other FLP-x samples share similar 

morphology but with different lateral sizes and low yields (discussed in later section). 

To understand the role of LMM, two control experiments with/without the low melting 

media were carried out. One is ball milling BP without LMM followed by sonication 

and centrifugation using the same parameters. The obtained suspension (Fig. S2) after 

centrifugation appears almost translucent, which demonstrates an extremely low 

exfoliation efficiency. The other is ball milling BP with solid urea as the milling agent 

followed by sonication and centrifugation. Thin nanosheet structure was obtained but 

with smaller lateral sizes compared with LMM assisted exfoliation (as shown in Fig. 

S3). This demonstrates that the urea-glocuse-NH4Cl mixture can facilitate the 



exfoliation of BP flakes during ball milling, and the urea-glocuse-NH4Cl solution can 

reduce the mechanic impact on the FLP and consequently leads to nanosheets with large 

lateral sizes. TEM image (Fig. 2b) shows the typical nanosheet structure. The lateral 

sizes vary from 110 to 250 nm and the average lateral size is 180 nm based on the 

statistics over a large amount of TEM images (Fig. 2c). HRTEM image (Fig. 2d) reveals 

a few atomic layers on the edges, and a well-ordered structure with a lattice spacing of 

0.256 nm corresponding to the (111) planes of the BP crystal. The thickness of the FLP 

was further examined by AFM. As shown in Fig. 2e, the thickness of FLP-7h is between 

4.51-7.67 nm corresponding to 7-15 layers, which is consistent with the HRTEM results. 

Raman spectra were collected to gather information on the structure and thickness of 

bulk BP and FLP (Fig. 2f). The Ag
1 , B2g and Ag

2  bands at 357.4, 431.7, 460 cm-1 

correspond to out-of-plane mode, in-plane mode and vibration modes of BP crystal, 

respectively [26]. A clear blue-shift of Ag
2 peak indicates the reduction of the layer 

numbers of BP [15, 27]. All the results confirm the success in fabricating FLP using a 

low melting media as the milling agent. 

 



 

Fig. 2. Morphology, microstructure, and size distribution of the FLP-7h. (a) SEM image, 

(b) TEM image, (c) lateral size distribution, (d) HRTEM images of the edge and the 

center area, (e) AFM image and line scan profile of relative area, and (f) Raman spectra 

of bulk BP and FLP-7h. 

 

Spectroscopic techniques confirm that the LMMBM-produced FLP has high 

purity without functional groups associated with glucose, urea and ammonium chloride. 

For example, Fourier-transform infrared (FTIR) analysis shows that the IR spectrum of 

the FLP-7h is similar to that of bulk BP (Fig. S4). Only P, O and C are observed in the 

full X-ray photoelectron spectroscopy (XPS) spectrum (Fig. S4), indicating the success 

in removing LMM from the product. XPS spectrum of P2p shows a pair of peaks at 

129.8 and 130.6 eV corresponding to 2p3/2 and 2p1/2. Another broad peak at 134.2 eV 

is assigned to oxidized P [28, 29]. These results indicate that FLP is free of chemicals 



used in the fabrication, which can be critical for certain applications such as electronics 

and biomedical devices. 

To understand the exfoliation process, TEM images of the BP powders ball milled 

for 7 h were collected (Fig. 3). Fig. 3a shows few-layer BP (region i) slipping from bulk 

BP (region iii), similar to TEM observation of exfoliated h-BN [30]. Fig. 3b shows a 

few-layer BP bending away from each other, similar to an in-situ TEM study revealing 

the bending of few-layer MoS2 sheets from mother MoS2 under shear forces [31]. Fig. 

3c shows several two-layer BP nanosheets sliding off each other. The upper right inset 

shows the schematic illustration of the structure, and the bottom left inset is a HRTEM 

image with the (020) and (111) fringes. Fig. 3d shows the schematic illustration of two 

exfoliating processes: sliding and bending. At the start of ball milling, the shear force 

causes the top layers of bulk BP to slide. With the ball milling process continuing, solid 

urea-glucose-NH4Cl melts as the internal and local temperatures increase due to 

mechanic collisions. The small liquid molecules can play three roles in the formation 

of few-layer BP nanosheets. First, they can enter into the cracks between the layers and 

weaken interactions between them and facilitate exfoliation. Second, liquid coating on 

FLP buffers the mechanic impact and therefore alleviates otherwise continuous 

fragmentation of FLP. Third, the LMM solution on the surface of FLP prevents the 

agglomeration of FLP. Noted that once melted the LMM maintains its liquid state even 

at room temperature, and therefore the ball milled product appears viscous (Fig. 3e). 

Milling time apparently affects the morphology of the product. With a ball milling of 

5h, the product exhibits nanosheet structure with thickness smaller than 10 nm and 



average lateral size around 220 nm (Fig.S5 a-d). When increasing to 10 h, the thickness 

is similar, but the average lateral size decreases dramatically to only around 110 nm. 

Therefore, to obtain FLP with large lateral size, the milling time of 7h was chosen to 

produce FLP for further analysis. The yield of LMMBM method for 7 h is 35.3%, which 

is higher than those of liquid ultrasonication method as reported in Chen’s work (30% 

for 20 h) and Sun’s work (17% for 10 h) [32, 33]. To verify the LMMBM strategy, a 

planet ball-mill (with a ball to sample weight ratio of 50:1 at 500 rpm) was also 

employed to synthesized FLP. From the results as shown Fig. S6, FLP can be obtained 

but its yield needs to be optimized. 

 

 

Fig.3 (a) SEM image showing one region sliding from another, (b) splitting and bending 

of FLP, (c) two-layer BP nanosheets sliding off each other, (d) Illustration of the sliding 



and bending during the ball milling, and (e) digital images of the powders before and 

after ball milling (without any treatment). 

 

BP is considered as a promising anode material for lithium ion batteries due to its 

suitable reaction potential and high theoretical specific capacity of 2596 mAh g-1 [34]. 

However, bulk BP exhibits poor cycling performance owing to its low electronic 

conductivity, slow Li+ diffusion and large volume expansion during electrochemical 

reaction [16, 35]. FLP has therefore been explored since it exhibits shorter Li+ diffusion 

path and larger active surface area compared with bulk BP [34, 35]. Accordingly, FLP-

7h with expanded graphite (noted as FLP-C composite, as shown Fig.S7) was prepared 

as anode material in Li-ion batteries. For comparison, bulk BP mixed with expanded 

graphite (noted as BP-C composite) was tested as well.  

Fig. 4a shows the initial charge-discharge curves of the FLP-C and BP-C 

electrodes at a current density of 500 mAh g-1. The initial discharge specific capacity 

of FLP-C electrode is 1900.3 mAh g-1 with a Coulombic efficiency of 89.2%, which is 

slightly lower than that of the BP-C electrode (1964.7 mAh g-1 with the initial 

Coulombic efficiency of 92.1%). The lower discharge capacity and initial Coulombic 

efficiency of the FLP-C electrode is mainly due to the oxidation of FLP (Fig. S4). The 

hysteresis of the discharge/charge voltage of FLP-C was determined to be 0.311 V, 

which is smaller than that of BP-C electrode (0.398 V). This result indicates that the 

FLP-C electrode has a smaller polarization due to the fast Li-ion transport and enhanced 

electron migration enabled by higher surface area and smaller sizes of the flakes. Fig. 



4b shows the CV curves of FLP-C electrode at a scan rate of 0.2 mV s-1 between 0.01 

and 2.0 V. During the initial cathodic scan, a peak appeared at 0.5 V which corresponds 

to the formation of LixP (x = 1-3) [36]. On the anodic scan, a peak at 1.03 V appeared 

which is associated with the delithiation process of LixP. This anodic peak split into 

two peaks, around 1.0 and 1.12 V, respectively, during the subsequent cycles, indicating 

a stepwise delithiation process from LixP to P [37, 38]. However, the integral area of 

the anodic peak remains the same during the cycling, which indicates an excellent 

reversibility of the electrochemical reaction of FLP-C electrode. 

 

Fig. 4 (a) Charge-discharge curves of the initial cycle of FLP-C and BP-C electrodes, 

(b) CV curves of FLP-C electrode at a scan rate of 0.2 mV s-1 between 0.01 and 2.0 V, 

(c) cycle performances at 500 mA g-1, (d) rate performance, (e) the charge/discharge 

curves of FLP-C electrode at different current densities, (f) cycle performances and 

coulombic efficiency at 2000 mA g-1, (g) electrochemical impedance spectra of FLP-C 



and BP-C electrodes after 50 cycles at a discharge state of 0.01V, (h) relationship 

between Zre and ω-1/2, and (i) the proposed mechanism of Li+ diffusion in FLP-C and 

BP-C electrodes. 

 

Fig. 4c shows the cycling performance and Columbic efficiency of FLP-C and BP-

C electrodes at a current density of 500 mA g-1. The FLP-C electrode exhibits a stable 

cycling performance, and a reversible specific capacity of 1440 mAh g-1 can be 

achieved at the 100th cycle, with a capacity retention of 84.9%. In contrast, the cycling 

performance of BP-C electrode shows a continuous fading, and a reversible capacity of 

1344.4 mAh g-1 was delivered at the 100th cycle with a capacity retention of 74.4%. 

The Coulombic efficiency of FLP-C can be maintained at 99.6% during cycling, which 

is also higher than that of BP-C electrode (99.2%). The low Coulombic efficiency of 

BP-C can be due to lithium trapped inside the large BP flakes. Furthermore, the large 

size of BP always faces severe volume expansion, resulting in the pulverization of 

particles and therefore poor electronic contact. The volume expansion will also expose 

more active electrolyte/electrode interfaces, accelerating the electrolyte decomposition. 

Fig. 4d shows the rate performance of FLP-C and BP-C electrodes at different 

current densities. The FLP-C electrode exhibits an average specific capacity of 1663.9, 

1585.1, 1529.4, 1455 and 1390.5 mAh g-1 at 0.2, 0.5,1.0, 2.0 and 3.0 A g-1, respectively. 

Even at a high current density of 5.0 A g-1, an average specific capacity of 1250.7 mAh 

g-1 can be achieved, with a capacity retention of 75.2% based on the capacity at 0.2A g-

1. In contrast, although the BP-C electrode exhibits a higher capacity than FLP-C at the 



lower current density, only 777.8 mAh g-1 can be obtained at 5.0 A g-1, indicating 

inferior Li+ diffusion and lower electrochemical reaction kinetics in BP-C composite. 

Moreover, the FLP-C electrode can achieve a high capacity of 1491.2 mAh g-1 once 

returning to 0.5 A g-1 after ultrahigh rate cycling, featuring stable cycling for another 

60 cycles without obvious fading. The charge/discharge profiles of FLP-C electrode 

show a small voltage hysteresis and clear charge/discharge voltage platform with the 

increase in current density (Fig. 4e), which also demonstrate an excellent rate 

performance of FLP-C electrode. Besides, the FLP-C electrode also exhibits a high 

capacity retention of about 65.8% (based on the 4th cycle) after 300 cycles with the 

Columbic efficiency maintaining at 99.7% (Fig. 4f). In contrast, the BP-C electrode 

shows a lower capacity retention of 47.4% (based on the 4th cycle) after 300 cycles and 

the Columbic efficiency maintained at only 99.1% during the initial 50 cycles. 

Compared with reported P-based composites used for batteries (Table S1), the prepared 

FLP-C electrode in the present work shows excellent rate capability and high specific 

capacity. 

The reaction kinetics of two electrodes were evaluated by EIS analysis, as shown 

in Fig. 4g. The Nyquist plots consist of the SEI resistances (Rf), charge transfer 

resistances (Rct), and Li+ diffusion process. Based on the equivalent circuit given in the 

inset, the FLP-C electrode has a lower Rct parameter than the BP-C electrode after 50 

cycles, which favors fast reaction kinetic of FLP-C electrode. The Warburg coefficient 

σ ( Fig. 4h) was determined from the slope of the Warburg plot between Zre and ω-1/2 

[39]. The FLP-C electrode shows a smaller σ value, suggesting a superior ionic 



diffusion. The resistance and Li+ ion diffusion difference can be reasoned with the 

electron and ionic transfer pathway in the composite, as illustrated in Fig. 4i. FLP has 

a smaller layer number and lateral size which shorten the electron and ion transfer paths, 

and therefore leads to the smaller charge transfer resistance and faster Li+ ion diffusion.  

 

4. Conclusion 

We demonstrate a low melting media (urea-glocuse-NH4Cl)-assisted ball milling 

process to fabricate few-layer phosphorene (FLP) nanosheets. Ball milling generates 

shearing force on the surface of bulk BP, which helps to split and curl BP atomic layers. 

Rise in temperature due to mechanic collisions converts the solid LMM to liquid media. 

The liquid coating on the atomic layers reduces mechanic impact and thus protect FLP 

from excessive damage, and also prevents reaggregation of the FLP. The lateral 

dimension of FLP is around 180 nm with an average thickness of 4-5 nm. Used as the 

anode for LIBs, the FLP-C composites deliver high initial Coulombic efficiency of 

89.2%, stable specific capacity of 1440 mAh g-1 after 100 cycles, and excellent rate 

capacity of 1250.7 mAh g-1 at 5 A g-1. Compared with other methods to fabricate 2D 

materials, this LMM-assisted ball-milling is contamination free and conducive to large 

lateral sizes. We believe it is applicable to large-scale exfoliation of other 2D materials. 
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