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Few-layer black phosphorus (BP) is an emerging two-dimensional (2D) material suitable for 

energy applications. However, its controllable preparation remains challenging. Herein, we 

present a highly-efficient route for the scalable production of few-layer BP nanosheets using a 

pulsed laser in low-boiling point solvents. Changing the laser irradiation time, energy, and 

solvent type leads to precise control over the layer number and lateral size of the nanosheets 

with a narrow distribution. The process is understood by a plasma quenching mechanism and 

interlayer interaction weakened by the in situ generated vapor bubbles. The excellent control of 

the BP nanosheets enables us to study the morphological effect on Li-ion battery performance 

as anode material: low layer number benefits both charge transfer and Li+ ion diffusion, while 

a high aspect ratio can improve the charge transfer but also increase the Li+ ion diffusion path. 
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This study delivers insights on the tailored fabrication of thin 2D materials using laser for 

morphology-dependent electrochemical energy conversion and storage. 

1. Introduction

Black phosphorus (BP) is the most thermodynamically stable allotrope of phosphorus, featuring 

a lamellar structure similar to graphite.[1] As a member of the flourishing two-dimensional (2D) 

materials family, breaking the weak interlayer van der Waals interaction can exfoliate bulk BP 

to its few-layer forms. By doing so, desirable physical properties can be achieved, such as 

tunable bandgap from 0.3 eV (bulk) to 2 eV (monolayer), high surface area, and excellent hole 

mobility (>800 cm2 V-1 s-1).[2-4] These attractive traits of BP have unleashed its great potential 

in optoelectronic, semiconductor-based devices, photo(electro)catalysis, and energy storage.[5-

8] Especially, as the anode material for Li-ion batteries (LIBs), BP possesses a theoretical

capacity of 2596 mAh g-1, which is seven times higher than that of commercially used graphite 

(372 mAh g-1).[9-11] Therefore, exfoliated few-layer BP with an enlarged surface area makes a 

promising candidate for high-performance LIBs. 

However, the main challenge lies in obtaining thickness-controlled few-layer BP massively and 

rapidly. Compared with the ‘bottom-up’ growth of few-layer BP under extreme conditions,[12] 

‘top-down’ strategies, mainly liquid-phase exfoliation (LPE) method,[13] are much more 

affordable and suitable for scale-up production of few-layer BP. A typical LPE process relies 

on vigorous agitation (such as thermal treatment, shear, and ultrasonication) of bulk BP in 

solution to weaken the interlayer interaction and enlarge the interlayer distance. 

Currently, ultrasonication is the most popular and convenient approach but suffers a few 

drawbacks. Firstly, it is usually time-consuming and inefficient, typically requiring 10-24 h to 

achieve low exfoliation yield up to ~20%.[14] Secondly, due to its structural instability in 

ambient O2 and water,[15] few-layer BP is mainly prepared using high-boiling-point and toxic 

organic solvents, including dimethylformamide, dimethyl sulfoxide, and ionic liquids,[16-18] to 
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avoid exposure to O2. Other ingredients, such as sodium dodecyl sulfate (SDS), [19] are often 

introduced to increase stability and efficiency, exacerbating the post-processes (separation and 

purification). Thirdly and most problematically, LPE often shows little control over the 

morphology (lateral size and thickness) of products. Further treatments, such as gradient 

centrifugation, are commonly involved after LPE to narrow the size and thickness distribution, 

which further complicates the post-treatment, lowers the efficiency, and increases the risk of 

compromising the structural integrity. 

Such difficulties motivate us to search for other strategies to exfoliate BP in a faster, 

controllable, and scalable fashion without involving high-boiling point solvents and additives. 

Laser ablation/irradiation, which has shown the ability of exfoliating graphite to high-quality 

graphene within several nanoseconds,[20-22] makes a great option. During the irradiation, 

thermal expansion of interlayer lattice occurs, leading to the production of thinner layers.[23-24] 

Moreover, laser ablation in liquid (LAL) requires no additive nor specific solvent, enabling the 

production of surfactant-free products in green solvents. Currently, despite recent attempts of 

exfoliating BP using a laser,[25] the rapid and morphology-controlled production of exfoliated 

BP at a massive scale is not yet available. 

Herein, we demonstrate the mass production of few-layer BP nanosheets by irradiating pristine 

BP crystal with a pulsed laser for a few microseconds in a series of low-boiling point solvents 

including, methanol, ethanol, propanol, and hexane. Without additional ingredients, BP 

nanosheets with narrow and solvent-dependent thickness distribution and large lateral size are 

prepared, as well as mono-dispersed nanoparticles identified as amorphous BP. The exfoliation 

yield reaches 93.7%, the highest value reported to date. The effects of the solvent type, laser 

irradiation time, and energy on the morphology of produced nanosheets and nanoparticles are 

studied to understand the mechanism of laser-assisted liquid-phase exfoliation of BP. The 

thickness-controlled few-layer BP nanosheets are further engaged as an anode in LIB to 
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investigate its morphological influence on BP-based LIB performance, where the relationship 

between layer number, lateral size, cycling stability, Li+ ion transfer kinetics, and diffusivity 

are discussed. Finally, the half/full-cell performance of BP/graphene-based anode were studied. 

2. Results and discussion

2.1. Laser-assisted exfoliation of BP 

The experimental setup for liquid-phase laser-assisted exfoliation is depicted in Figure S1, 

Supporting Information (SI). Bulk BP crystal was irradiated in deoxygenated 2-propanol by an 

Nd:YAG Q-switched pulsed laser (λ = 1,064 nm, 650 mJ) with 8 ns pulse duration and a 

repetition rate of 10 Hz (total laser duration of 80 ns per second). After irradiation, the solution 

changed from colorless to dark yellow suspension (Figure 1A and Supplementary movie 1 (2.4 

µs)), containing laser-treated BP (L-BP) as the product. After repeating the irradiation process, 

the bulk BP could be fully converted to L-BP, demonstrating the high efficiency and suitability 

of using the laser-assisted method for scale-up production. Despite using no stabilizing agent, 

no visible aggregation or restacking was evident after two days under room temperature storage. 

The morphology of the products was examined by transmission electron microscopy (TEM) 

and atomic force microscopy (AFM). A typical TEM image of L-BP (Figure 1D) features 

stacked nanosheets and the steps in the edge region (yellow circle). The high-resolution image 

of the highlighted area (black dotted rectangle) reveals both BP nanosheets and particles. The 

interplanar spacing (d spacing) of 0.252 nm of the nanosheet matches the (111) plane of BP,[26] 

and the selected area electron diffraction (SAED) pattern of the highlighted region presented in 

Figure 1E agrees with that of exfoliated BP nanosheets,[27] confirming the unaffected BP 

nanosheet structure. The inner- and inter-layer structural integrity of BP nanosheets are also 

acknowledged by the high-resolution TEM (HRTEM) images (Figures 1F and 1G), where the 

crystallographic projections of phosphorus atoms along the (110) and (201) zone axis are 
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presented. Meanwhile, a minor amorphous region at the edge (yellow arrow and lines) is 

suggested, similar to a few-layer BP prepared by LPE.[15] 

Although TEM shows visual confirmation of the layer structure, AFM can provide precise 

information on the height and size. By drop-casting the diluted L-BP suspension on a silicon 

thermal oxide (SiO2/Si) wafer substrate within a 2-propanol-saturated enclosure (Figure S2, 

SI) to slowly evaporate, a ring stain was formed. AFM analyses reveal thicker flakes (> 20 nm) 

on the ring edge (Figure 1H) and monolayer films (< 7 nm) assembled on the SiO2 surface 

inside the ring (Figure 1I) as well as smaller nanoparticles. The observation of the nanosheet 

structure confirms the successful exfoliation of bulk BP crystal to a few-layer BP. The flakes 

show lateral sizes larger than 5 µm, which is significantly larger than most of the few-layer BP 

obtained via LPE. Furthermore, the BP nanosheets assemble on the wafer in an edge-to-edge 

manner, other than overlapping or stacking. Such behavior, commonly observed for 

nanoparticles,[28-29] could be due to the interaction between few-layer BP nanosheets at the 

liquid-air interface. 

Centrifuging the L-BP suspension at 13,500 rpm (Figure 1B) led to the separation of dark 

yellow solid precipitate from light yellow supernatant (Figure 1C), which are identified as 

mainly nanosheets (denoted as L-BP-S) and nanoparticles (L-BP-P) by AFM (Figures 1J and 

1K), respectively. The thickness of ca. 93% of the nanosheets lies between 4.5 and 5.5 nm (70 

flakes counted), representing 8 to 10 layers (ca. 0.53 nm per sheet [30]). Notably, such narrow 

thickness distribution is hardly achievable by using conventional LPE methods, which shows 

the great advantage of laser-assisted exfoliation. Beside flakes, a few particles (height = 5~8 

nm) appear in the L-BP-S sample, while smaller particles (height = 2~5 nm) dominate the L-

BP-P dispersion. The production of the particles commonly accompanies the laser interaction 

with the solid target in liquid and is explained by thermal evaporation mechanism:[31] the initial 

pulsed laser shots can generate a high-temperature plasma at the liquid-target interface, which 
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is quickly quenched by the surrounding solvent molecules, producing clustered particles with 

different sizes.[32] 

2.2. Characterization of L-BP 

The surface chemical state of the L-BP sample is compared with bulk BP by X-ray 

photoelectron spectroscopy (XPS). The survey spectra (Figure S3, SI) indicate the co-existence 

of P and O in both samples. The oxidation of P is inevitable due to the adsorption of oxygen 

and moisture on the sample surface: P + O2 → PxOy+ H2O →HmPOn.[33] However, the P-to-O 

atomic ratio rises from 0.91 to 1.37 after irradiation, meaning the BP surface is reduced as a 

result of laser treatment. Such reduction is reasonable, considering that 2-propanol can serve as 

a reducing agent in the high-temperature environments induced by laser. 

In the P 2p region shown in Figure 2A, bulk BP shows two intense peaks between 129 and 132 

eV along with a broad peak between 132 and 136 eV. Deconvolution discloses four peaks in 

total at 129.8, 130.7, 133.7, and 134.8 eV, which can be assigned to the P 2p3/2 and P 2p1/2 of 

P-P bonding, O-P=O dangling bonding, and P2O5, respectively.[34] No significant change is

observed after laser-treatment regarding the peak position of P 2p3/2 and P 2p1/2 apart from a 

0.1 eV shift to the higher binding energy, suggesting that P-P bonding is retained after laser 

irradiation. The main difference is the areal ratio between unoxidized P in P-P bonding and 

oxidized P atoms, which increases from 2.3 in bulk BP to 4.6 in L-BP. Such a dramatic boost 

confirms that laser treatment can reduce the BP surface. Moreover, the slightly decreased ratio 

of P 2p3/2 over P 2p1/2 after laser-assisted exfoliation (from 1.78 of bulk BP to 1.43 of L-BP) 

suggests the creation of defects by irradiation.[34] 

The O 1s region (Figure 2B) provides deeper insights into the oxidation state of BP. For bulk 

sample, the two peaks located at 531.8 and 533.0 eV can be assigned mainly to P=O and P-O-

P bondings, respectively.[35] The P-O-P peak shifts to 532.4 eV after irradiation, which either 
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due to the change in chemical environments of bonded P or the formation of P-OH that was 

also observed by others.[34] 

The X-ray powder diffraction (XRD) patterns of bulk BP, exfoliated BP nanosheets (L-BP-S), 

and BP nanoparticles (L-BP-P) are compared in Figure 2C. Both bulk BP and exfoliated BP 

show three distinctive peaks attributed to the (020), (040), and (060) crystallographic planes.[36] 

The disappearance of (021) plane after exfoliation implies that BP nanosheets are organized 

flatly on the SiO2/Si substrate, in agreement with the AFM observation. Moreover, the declined 

peak intensity suggests the reduced crystalline size after exfoliation. Notably, the (020) 

diffraction peak shifts towards lower angle by 0.1°, an indication of enlarged d spacing, which 

can be reasoned with the variation of lattice strain due to layer number change. Compared to 

the nanosheets, the nanoparticles, L-BP-P, show minor diffraction peaks. Two aspects can 

contribute to such differences: the much smaller crystalline size of L-BP-P and possible 

amorphization caused by the laser. 

The ultraviolet-visible (UV-vis) spectra describe the optical properties of L-BP (Figure 2D). 

As a semiconductor, L-BP suspension in 2-propanol exhibits strong adsorption from 200 to 600 

nm, which agrees with the previous report.[37] Notably, the spectrum of L-BP turns out to be the 

mixed signal from nanosheets and nanoparticles. Like BP quantum dots,[38] the nanoparticle 

absorbs mainly the UV light, showing a sharp peak at 223 nm. On the contrary, BP nanosheet 

shows an extensive absorption within the visible light region up to 610 nm. The direct bandgap 

of BP nanosheet can be estimated by the Tauc analysis, shown as the inset in Figure 2D. An 

optical bandgap value of 2.7 eV is given, which is assigned to the high-energy band-to-band 

transition. For comparison, the high-energy transition energies are 1.95 eV and 3.15 eV for bulk 

and monolayer BP, respectively.[39] Such value usually is higher than the theoretical bandgap 

and often observed when using liquid suspension for UV-vis testing.[39-40] 
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Raman spectroscopy can provide a profound understanding of the BP structure, as already 

demonstrated by many researchers.[5, 41] Figure 2E compares the Raman spectra of bulk BP, L-

BP-S, and L-BP-P using the Si peak at 520 nm for calibration. Three Raman peaks 

corresponding to Ag
1, Bg

2, and Ag
2 modes are identified at 357.6, 432.1, and 459.6 cm-1, 

respectively.[42] The exfoliated BP nanosheets also show the three Raman peaks that are blue-

shifted to higher values (for example, from 459.6 to 463.8 cm-1 for Bg
2 mode). Such peak-

shifting is related to the number of BP layers and understood by the confined oscillation of P 

atoms as layer number increases.[43] The Raman spectrum of L-BP-P is quite different from 

bulk BP or L-BP-S, where a broad signal from 320 to 480 cm-1 and a distinguishable peak at 

385.6 cm-1 are observed. Similar Raman profiles were reported in the literature, but with 

dissenting peak assignments. Some attributed the peak around 386 cm-1 to the P-O bonding,[35, 

44] despite that the peak position matches neither P2O5 nor P4O10.[45] Moreover, recent studies

on the oxidation mechanism of few-layer BP flakes indicated no additional peak formation 

within the Raman shift range of 320 to 480 nm.[15, 46] On the other hand, amorphous phosphorus 

shows a very similar Raman trait.[47] It is, therefore, reasonable to describe the L-BP-P 

nanoparticles as amorphous phosphorus, rather than the oxidized BP. The generation of the 

amorphous phase can be ascribed to the laser-induced rapid heating and quenching of BP 

plasma. 

The 31P magic angle spinning (MAS) solid-state nuclear magnetic resonance (ssNMR) is 

another powerful tool that can distinguish P-containing species within different chemical 

environments, including the crystalline and amorphous phases as well as its oxidized forms.[48] 

Figure 2F compares the ssNMR spectra of bulk BP, L-BP-S, and L-BP-P. For bulk BP, a 

dominating peak at the chemical shift of 15.1 ppm can be assigned to the P atoms in P-P 

environment of BP crystal, and the minor peaks at 2.3 and -6.9 ppm are owing to the HmPOn 

and PxOy, respectively, consistent with the literature.[33] After laser-assisted exfoliation, the 
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main peak of the nanosheet sample persists at 14.5 ppm, suggesting the structural stability of 

BP during laser-assisted exfoliation. Moreover, the linewidth of the peak shows no significant 

difference between exfoliated nanosheets and bulk crystals. Since the smaller linewidth 

indicates a more homogeneous 31P chemical environment (thus higher crystallinity),[48] we can 

conclude that the laser treatment has a negligible effect on the atomic arrangement within BP 

nanosheets. Notably, the main peak shows a 0.6 ppm shift compared to that of bulk BP. This 

unexpected right-shifting representing the addition of P atom electron density in BP nanosheets 

after exfoliation is yet to be understood. Similarly, the oxidation of P to PxOy and further to 

HmPOn is minor compared to the primary P signal. The particle sample, on the other hand, 

shows a broad NMR signal from 20 to -10 ppm, an indication of dominating 

inhomogeneous/amorphous structure as well as partial oxidation. The possible formation of red 

phosphorus (RP) is ruled out since RP shows a broad signal between 100-0 ppm.[48] Thus, the 

particles should be amorphous BP, while the nanosheets are crystalline BP.  

Also, it is worth mentioning that the nanoparticles, unlike the nanosheets, are highly unstable 

even under the protection of a deoxygenated liquid environment (color changes from yellow to 

colorless within two days). During the separation of its solid powder from the suspension in a 

glove box filled with Ar (O2 level lower than 5 ppm), a small amount of white smoke (possibly 

P2O5 particles) was observed, demonstrating it is susceptible to oxidation. 

2.3. Mechanism of laser-assisted exfoliation 

Based on the characterizations and previous report[49] on laser-solid interaction, we propose a 

simplified mechanism for the laser-assisted exfoliation of bulk BP in Figure 3 to better 

understand the processes. When a laser pulse interacts with the BP crystal in liquid (Figure 3A), 

a plasma is generated on the surface, together with minor clusters and fragments due to the 

impact. Featuring both ultra-high temperature and high pressure, the plasma has a typical 

duration in the range of a few ns to µs.[24] As the plasma decays, the energy is transferred to the 
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solvent molecules, which accelerates their movements and creates vapor bubbles around the 

plasma, as illustrated in Figure 3B. The severe expansion of the bubbles near the impact 

vacancies can enlarge the interlayer distance of BP. Meanwhile, the expansion-related 

shockwave travels in both parallel and perpendicular directions, further breaking the BP surface 

into small fragments (Figure 3C) while weakening the interlayer interaction. Finally, the 

generated few-layer BP flakes are rapidly quenched by the surrounding solvent (and reduced 

by the solvent in our experiment) and diffuse to the solution. Note that the production of 

nanoparticles accompanies the whole process since they are generated by the fast plasma 

quenching of ablated species. 

However, the actual laser-solid interaction in the liquid is somewhat complicated, and the 

properties of the induced plasma (including volume, temperature, and lifetime, etc.) depend on 

several factors, such as laser duration, liquid environment, laser fluence, and wavelength.[50-52] 

Eventually, the morphology and structure of products are determined by these factors. For 

demonstration, we studied the effects of laser duration, energy, and solvent on the morphology 

and structure of BP exfoliated by the laser-assisted method. 

2.4. Effect of laser duration 

To analyze the duration effect, we shortened the irradiation time from previously used 4.8 µs 

(600 laser pulses) to 0.4 µs (50 pulses), 0.8 µs (100 pulses), and 2.4 µs (300 pulses). Figures 

4A and 4B show the typical TEM images of L-BP-S and L-BP-P after 2.4 µs of irradiation. In 

general, after irradiation, all L-BP samples contain both nanosheets (L-BP-S) and nanoparticles 

(L-BP-P), which can be separated after centrifuge. Notably, TEM images of the nanoparticles 

reveal a clear conversion from partially crystalline (Figure 4C) to a fully amorphous structure 

(Figure 4D) with prolonged irradiation time (from 0.4 to 2.4 µs), while no significant changes 

can be observed on the nanosheets. These findings agree with the previous characterization. 
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The concentration of the L-BP, including L-BP-S and L-BP-P, is determined by inductively 

coupled plasma optical emission spectroscopy (ICP-OES),[53] and illustrated in Figure 4E. As 

expected, the longer laser duration results in the higher L-BP concentration, showing a linear 

correlation from 0.22 mg mL-1 (0.4 µs) to 0.35 mg mL-1 (0.8 µs) and 0.74 mg mL-1 (2.4 µs) 

with a production rate of 0.25 mg mL-1 µs-1. However, the L-BP concentration with 4.8 µs 

irradiation is lower (0.89 mg mL-1) than expected. The individual contributions of nanosheets 

and nanoparticle to the total concentration can provide insights into the duration effect (right 

panel of Figure 4E). From 0.4 to 2.4 µs, the nanosheets are produced proportionally with a 

steady rate of 0.21 mg mL-1 µs-1, while further irradiation cannot increase the concentration 

significantly. Conversely, the nanoparticles show a much lower but stable production rate of 

0.04 mg mL-1 µs-1 within the studied duration. 

Since the concentration information only provides the total P amount, the structure of the 

resulted nanosheets is studied to uncover the effect of laser duration. Figure 4F shows the AFM 

images of produced BP nanosheets with various laser durations. Height analysis reveals that 

the laser durations of 0.4 and 0.8 µs produce mainly BP flakes of 14 to 20 layers, while the 

prolonged irradiation of 2.4 and 4.8 µs generates the BP flakes with a layer number between 7 

and 11 (reliability >80% from 70 counted flakes). With longer laser irradiation, the large 

unexfoliated chips disappear, indicating the exfoliation occurs gradually: thick flakes are 

formed initially and further exfoliated to thinner nanosheets. This mechanism can be explained 

by the secondary irradiation (Figure 4K) observed in Supplementary Movie 1: the initially 

created flakes diffuse to the solvent, and eventually into the path of the laser, causing secondary 

irradiation and further exfoliation of the flakes. 

Such a correlation between the ablation duration and 2D material thickness is similar to that of 

sonication-assisted exfoliation, where a first-order kinetic process is proposed and the layer 

number decreases with a longer period.[54-55] However, the first-order relationship only applies 
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when the duration is shorter than 3 µs, as implied by Figure 4E. This is due to the difference 

between sonication ablation and laser ablation, where sonication can access the bulk materials 

from all directions while a laser can only access from one. Also, sonication energy is not 

affected by the presence of thinner chips in the suspension, but any particles can block laser 

energy on its path. 

Figure 4G shows the Raman spectra of L-BP-S obtained at different duration. All samples 

show the three characteristic vibration modes. However, the Raman peaks shift to higher values 

with longer laser duration (middle panel of Figure 4G). As previously discussed, the shift of 

Raman peaks is closely related to the layer number of few-layer BP, and thinner nanosheets 

give greater peak shifts to high Raman shift, agreeing with the AFM observation. 

Moreover, the Ag
1/Ag

2 ratio is an indicator of the oxidation levels of few-layer BP, and a value 

larger than 0.2 suggests low oxidation.[15] As shown in the right panel of Figure 4G, the Ag
1/Ag

2 

ratio drops with laser irradiation time, from 0.90 (bulk BP) to ca. 0.74 (0.4~0.8 µs) and ca. 0.54 

(2.4~4.8 µs), much higher than the 0.2 thresholds, suggesting the produced L-BP-S nanosheets 

are in low oxidation state. The decreasing correlation is caused by the laser treatment method 

since Martel et al. observed the opposite trend from the BP samples exfoliated by LPE.[15] 

However, the detailed mechanism is unclear and requires further work. 

Figure 4H compares the Raman spectra of the nanoparticles obtained after different laser 

duration. At shorter irradiation times (0.4 and 0.8 µs), in addition to three vibrational modes of 

BP (with slight shifts, similar to the observation from BP quantum dots[38, 53]), the Raman peaks 

corresponding to amorphous phosphorus are evident at 385.6 and 352.1 cm-1 as well as broad 

signals between 400 and 480 cm-1.[47] This indicates a mixed crystalline and amorphous phases 

in the nanoparticles produced in shorter durations, which echoes the mixed crystalline and 

amorphous atomic structure shown in Figure 4C. With longer irradiation, the three Raman 

modes of BP disappear, and the signals from the amorphous phase dominate the spectra (2.4 
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and 4.8 µs), a sign of full conversion of crystalline to amorphous phosphorus (Figure 4D). 

Unlike the nanosheets, different duration shows no significant influence on the height of the 

nanoparticles (2~6 nm for >90% particles from 150 counts of each sample). It is previously 

understood that the nanoparticles are generated via the rapid quenching of the laser-induced 

plasma by the solvent. Therefore, the laser duration (pulse counts) can affect the total population 

of nanoparticles, other than their size. 

The effect of laser duration is proposed: the initial laser pulses can generate both few-layer BP 

nanosheets and nanoparticles. The concentrations of two products increase linearly with the 

laser duration (<2.4 µs). As the L-BP concentration rises to a certain level, secondary irradiation 

occurs (Figure 4K), which decreases laser fluence on the bulk BP target, thus fewer nanosheets 

can be produced, while still producing nanoparticles from the new target. The secondary 

irradiation also determines the structure and morphology of the products. For nanosheets, it 

causes further exfoliation of thicker flakes to thinner ones. While for nanoparticles, the 

irradiation results in the conversion from crystalline to the amorphous phase. 

2.5. Effect of laser energy 

The laser energy is limited by the total population of the photons (1.165 eV per photon), and 

low laser energy is expected to generate fewer L-BP products within the same duration. Since 

the production of both nanosheets and nanoparticles can be regarded as a first-order reaction 

within a period of 3 µs, we can compare the production rate of L-BP and L-BP-S at different 

laser energy, as shown in Figure 4I. A linear correlation between laser energy and the 

production rate is observed for both L-BP and L-BP-S. Such a trend shows a proportional 

relationship between the population of photons and the concentration of P atoms. The proposed 

mechanism is that a higher photon population leads to a higher impact probability of photons 

with BP targets, consequently more laser-induced shockwaves throughout the BP surface and 

more L-BP production. 
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Another significant impact of the laser energy caused to nanosheet product is the layer number, 

where higher power produces thinner flakes (7 ~ 14 layers with energy between 617 ~ 650 mJ 

while 18 ~ 25 layers with energy between 87 ~ 353 mJ). The dependence of layer number with 

laser energy is supported by the liquid state UV-vis spectra of L-BP-S suspension shown in 

Figure 4J. The peak intensity climbs with increasing laser energy and is consistent with the 

rising L-BP-S concentration. Meanwhile, the absorption edge shifts to a lower wavelength (red 

arrow), indicating a higher bandgap. Since thinner BP nanosheet shows higher bandgap,[39] 

higher laser energy can benefit thinner nanosheet production. This phenomenon can also be 

explained by the secondary irradiation illustrated in Figure 4K: the increased population of 

photons can increase the chance of an exfoliated nanosheet encountering other photons to spark 

further exfoliation. 

2.6. Effect of solvent 

The liquid environment is known to show significant impacts on the plasma lifetime and 

quenching process, and some solvent could react with the ablated species to reduce or oxidize 

the products.[24] We performed the laser-assisted exfoliation of BP in four solvents (hexane, 

methanol, ethanol, and 1-propanol), in addition to 2-propanol used in previous studies, to study 

the influence, using the same parameter set (laser duration = 4.8 µs, laser fluence = 2.59 J cm-

2). The produced L-BP was collected and redispersed in 2-propanol for AFM sample 

preparation to avoid different aggregation behaviors caused by solvents. Similar to the case of 

2-propanol, the laser treatments in all four solvents produce both nanosheets and nanoparticles

(AFM images of L-BP-S and L-BP-P shown in Figures S4 and S5, SI). The nanosheets 

produced in 1-propanol and 2- propanol show the largest lateral size (> 5 µm), whereas the ones 

obtained in methanol (< 2 µm) and hexane (2~4 µm) are smaller in lateral size. 

The significant difference lies in the thickness/height of the produced nanosheets and 

nanoparticles, as summarized in Figure 5. The nanosheets produced in alcohol solvents (Figure 
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5A, flake count > 70) show a narrow thickness distribution in the range of 8 to 13 layers, for 

example, 8~10 layers in 2-propanol and 11~12 layers in ethanol. The nanosheets exfoliated in 

hexane, however, are much thinner (3~5 layers). The surface roughness is another critical 

parameter when evaluating an exfoliation method, and it can affect the electronic properties of 

the nanosheets.[56] The arithmetic average of the absolute surface height (Ra) is measured on the 

surface of the nanosheets, and a higher Ra indicates the rougher surface (data in Figure 5B, 

examples in Figure S6, SI). The step regions between the BP nanosheets and SiO2/Si substrate 

are avoided to reveal the information of only the nanosheet (inset of Figure 5B). Showing Ra 

< 3.0 nm, the surface of all nanosheets are quite smooth. Remarkably, hexane produces the 

nanosheets with the smallest height variation. Since the surface roughness is much lower after 

separating the L-BP-P nanoparticles from the L-BP-S nanosheets (Figure S6, SI), we believe 

the roughness originates mainly from the nanoparticles sitting on the top of nanosheets during 

AFM sample preparation. Figure 5C summarizes the aspect ratio (length/height, L/H) of 

nanosheets obtained in the five solvents, counting 20 flakes each. The length is defined as the 

diameter, shown in the inset of Figure 5C. Despite the high variation, the nanosheets prepared 

in 1-/2-propanol hold the highest aspect ratio >2000, while L-BP-Smethanol shows the smallest 

value. 

The mechanism of how liquid environment affects the lateral size and thickness (aspect ratio) 

of exfoliated BP nanosheets is not studied so far. A similar example of exfoliating graphite in 

different solvents reasoned that the H atoms generated by the plasma play a key role in 

stabilizing the exfoliated graphene, and the polar solvent molecules could provide electrical 

double layers protecting the products from restacking.[57] Such explanations were, however, 

commonly adopted to understand the laser-assisted production of nanoparticles with different 

sizes, not the production of layered materials.[31] Moreover, the XPS results show no sign of BP 

nanosheet functionalization by H atoms or solvent molecules. (Figure S7, SI) 
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To justify the solvent effect, we need to revisit the proposed mechanism in Figure 3, where the 

plasma causes both mechanical shockwaves across the BP crystal and high temperature in the 

localized region, inducing heat transfer from plasma to the solvent. The generation of solvent 

vapor bubbles is essential to overcome the van der Waals interaction. The thermal conductivity 

of the solvents follows the trend of hexane (0.120 W m-1 K-1) < 2-propanol (0.135 W m-1 K-1) 

< 1-propanol (0.154 W m-1 K-1) < ethanol (0.169 W m-1 K-1) < methanol (0.200 W m-1 K-1),[58] 

making it easier to generate the localized hexane bubbles upon the heat transfers from BP. 

Besides, the non-polar nature of hexane may also contribute to the production of thinner 

nanosheets than in other polar solvents. Because the P-P bonding in BP crystal is also non-polar, 

such a difference in solvent polarity can affect the BP-solvent interaction. However, the precise 

interpretation of the solvent effect requires more controlled experiments and advanced in situ 

instrumental characterizations, as well as theoretical simulations. 

The nanoparticles, on the other hand, can be found in the precipitate as well as the supernatant 

after centrifugation. Shown in Figure 5D, the height of the nanoparticles in the supernatant 

ranges from 2 to 20 nm. Since they are not crystalline BP anymore, it is meaningless to calculate 

the layer number based on BP structure. The nanoparticles generated in 1-propanol, 2-propanol, 

and hexane show a similar height between 2 and 5 nm, while average heights of 5.6 and 15.3 

nm are suggested for those fabricated in ethanol and methanol, respectively. 

2.7. Morphologic effect of BP nanosheets as the anode of LIBs 

BP is one of the most promising anode materials for LIBs. During the charge/discharge process, 

thanks to the stacking structure of BP, Li+ ions can transfer throughout the interlayer space 

(Figure 6A). Full discharge produces Li3P, showing a theoretical capacity of 2596 mAh g-1.[11] 

However, bulk BP has poor stability (83% capacity loss from 1279 to 220 mAh g-1 after 30 

charge/discharge cycles), slow Li+ ion diffusion (long diffusion path), as well as low electronic 

conductivity due to its characteristics as a semiconductor.[9] The instability is attributed mainly 
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to the structural deformation (277% volume expansion from BP to Li3P)[59] caused by lithiation. 

One common strategy to reduce the impact of volume expansion is to use the 2D analog, as 

demonstrated in other 2D materials,[54, 60-61] which can also significantly shorten the diffusion 

path for ions and enlarge the surface area. Recently, both theoretical and experimental results 

demonstrated that exfoliating BP to its few-layer form could improve the anode stability.[10, 62-

63] Still, the influence of the BP thickness and lateral size on the LIBs performance remains

unknown, mainly owing to the lack of scalable and thickness-controlled exfoliation methods. 

Laser-assisted exfoliation, as previously demonstrated, enables the production of BP 

nanosheets with narrow thickness distribution. To highlight the effects of thickness/lateral size 

on the LIB performances, we tested the as-prepared few-layer BP nanosheet samples (4.8 µs 

irradiation) obtained in three different solvents (hexane, 2-propanol, and methanol) against a Li 

foil in a CR2032 half-cell configuration (Figure 6A, see the experimental section for details), 

denoted as L-BP-Shexane, L-BP-S2-propanol, and L-BP-Smethanol, respectively. As shown by Figures 

5 and S5, the layer number follows a trend of L-BP-Shexane(3~5) < L-BP-S2-propanol(8~10) ≈ L-

BP-Smethanol(8~10), while the lateral size showing L-BP-Smethanol(< 2 µm) < L-BP-Shexane(2~4 

µm) < L-BP-S2-propanol(> 5 µm). However, BP nanosheet has a larger bandgap than its bulk form, 

meaning even more reduced conductivity. The current solution for addressing this drawback is 

to involve conductive additives such as graphite and carbon paper to form C-O-P bonding.[10, 

59] Therefore, to study the morphological effect of BP nanosheets without significant structural

changes, we physically mixed the L-BP-S nanosheets suspension with conductive carbon 

(commercial Super P) powder (mass ratio 2:1) to increase the conductivity. As a result, the 

theoretical capacity of the few-layer BP/C composite is 1854 mAh g-1 (66.7% × theoretical 

capacity of BP + 33.3% × theoretical capacity of carbon). The specific capacity data of BP is 

normalized to the weight of BP in the following discussion. 
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Figure 6B compares the first cyclic voltammograms (CVs) of the three LIBs at a rate of 0.03 

mV s-1 to highlight the Li+ ion transfer process. All L-BP-S anodes show minor current signal 

when discharging from 3.0 to 1.5 V, which is the reduction current of the oxidized P species. 

During the discharge process from 1.5 to 0.5 V (vs. Li+/Li), a broad signal evolves for both L-

BP-Shexane and L-BP-Smethanol, while multiple peaks emerge for L-BP-S2-propanol. The peaks in 

this potential window are assigned to the lithiation: BP → Li2P.[9] Further discharging the half-

cell from 0.5 to 0.001 V reveals a stabling current signal known as the formation of Li3P. The 

main difference between the L-BP-S samples lies in the LixP formation region, as highlighted 

in Figure 6B. The broad peak of both L-BP-Shexane and L-BP-Smethanol suggests one-step Li2P 

formation (the peak at 0.80 V) without involving distinctive multiple lithiation processes (BP 

→ LixP (0 < x <1) → LiP → Li2P). However, L-BP-S2-propanol anode shows the well-defined

peaks at 1.18 and 0.76 V. The difference can be addressed by the structure: the Li+ diffusion 

distance in L-BP-Shexane (lowest layer number) and L-BP-Smethanol (smallest lateral size) are 

reasonably shorter than that in L-BP-S2-propanol (similar thickness to L-BP-Smethanol but larger 

lateral size). Unlike the discharge signal, the charging current response of the electrodes is 

similar. The sharp peak at ca. 0.15 V and the broad peak between 0.62 and 1.50 V are related 

to the Li3P → Li2P and Li2P → BP processes, respectively. 

We further analyzed the charge/discharge voltage profiles of the L-BP-S electrodes during the 

first (Figure S8, SI), 50th, 100th, 150th, and 200th (Figure 6C) galvanostatic cycle in the 

potential range of 0.001 to 3.0 V at a current density of 1.0 A g-1, separately. The initial 

charge/discharge capacities of L-BP-Shexane, L-BP-Smethanol, and L-BP-S2-propanol electrodes are 

441.1/1111.0, 495.6/1263.0, and 535.0/1161.4 mAh g-1, representing a Coulombic efficiency 

of 40.2 %, 39.2 %, and 46.1 %, respectively, for the first cycle. These results display large 

irreversible capacities, which are commonly observed during the first cycle using BP as the 
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anode material.[9, 11, 64] Such initial loss is caused mainly by the formation of solid-electrolyte 

interphase (SEI) film from the decomposition of electrolyte solvents at the electrode/electrolyte 

interface.[65] Further charge/discharge profiles at higher cycle numbers (Figure 6C) show much 

higher Coulombic efficiencies (>99% for all), indicating a stable interface has formed. During 

the charge (delithiation) and discharge (lithiation), two voltage plateaus are evident at ca.0.75 

and 0.30 V for all L-BP-S samples, which are ascribed to the BP → LixP and LixP → Li3P (0 < 

x ≤ 2). Notably, L-BP-Shexane shows the fastest potential drop from 3.0 to 1.2 V, followed by L-

BP-S2-propanol and L-BP-Smethanol. Since the potential can be understood as the driving force to 

push/pull Li+ ion out/in the BP structure during delithiation and lithiation, the faster potential 

drop suggests more homogeneous Li+ distribution in L-BP-Shexane than in L-BP-S2-propanol and 

L-BP-Smethanol where high voltage activations are required to remove/gain some Li+ ions.

Figure 6D shows the rate capability of each electrode at the variety of current densities ranging 

from 0.2 to 5.0 A g-1 to demonstrate the electrochemical properties of each electrode during a 

considerably fast redox reaction.[60] At a relatively low current density of 0.2 A g-1 where the 

complete delithiation/lithiation are allowed regardless the diffusion rate of Li+ ions, the three 

electrodes show the similar specific capacity of ca. 510 mAh g-1 after the formation of stable 

SEI layer, which is also comparable with other reported BP anodes (a comparison table is shown 

as Table S1, SI).[64, 66-67] Higher current density reveals the kinetic difference of 

delithiation/lithiation in L-BP-S electrodes. Among the samples investigated, L-BP-Shexane 

electrode shows the highest specific capacity of 305.7 mAh g-1 at 3.0 A g-1 and 273.6 mAh g-1 

at a high current density of 5 A g-1, while those values are 254.0 (3.0 A g-1)/232.6 mAh g-1(5.0 

A g-1) for L-BP-S2-propanol and 181.1 (3.0 A g-1)/161.6 mAh g-1(5.0 A g-1) for L-BP-Smethanol. The 

capacity at high current density suggests the delithiation/lithiation rate follows the trend of L-

BP-Shexane > L-BP-S2-propanol > L-BP-Smethanol. After the rate capability test at 5.0 A g-1, the cells 

were tested again at 0.2 A g-1. L-BP-Shexane electrode shows a well-recovered capacity of 529.9 
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mAh g-1 (3.9 % increase), comparing to 432.0 mAh g-1 (15.3 % loss) of L-BP-S2-propanol and 

305.7 mAh g-1 (40.1 % loss) of L-BP-Smethanol. The capacity fade is generally believed to be 

related to the loss of Li+ and/or SEI formation at high current density.[68] Therefore, based on 

the voltage profiles and rate capability test, the L-BP-Shexane electrode demonstrates the fastest 

and more complete delithiation/lithiation among the three electrodes. To confirm the long-term 

cycling stability, the cycle performances of L-BP-S electrodes are tested for 200 cycles at the 

current density of 1.0 A g-1 (Figure 6E). The L-BP-Shexane, L-BP-Smethanol, and L-BP-S2-propanol 

electrodes show very stable cyclability and high specific capacities of 404.4, 340.4, and 307.4 

mAh g-1 after 200 cycles, respectively, which indicates the structural stability of laser-assisted 

exfoliated BP nanosheets. 

To gain a deeper understanding of the kinetic difference of delithiation/lithiation in L-BP-S 

electrodes and to identify the Li+ ion diffusion effect and charge transfer resistance effect, we 

employed the galvanostatic electrochemical impedance spectroscopy (GEIS). The LIBs were 

cycled 10 times at 0.2 A g-1 to stabilize the SEI layer before acquiring GEIS at the open-circuit 

voltage (OCV). Figure 6F shows the corresponding Nyquist plots. All spectra reveal a 

depressed semicircle at the high/medium-frequency domain and an inclined line at the low-

frequency domain. The data can be fitted with the equivalent circuit shown in the inset of Figure 

6F, featuring an uncompensated resistance (Rs), a surface and interfacial charge transfer 

resistance (Rc), a constant phase element (CPE), and a Warburg impedance (W, due to the 

depressed shape).[69]  

All cells show Rs of ca. 1.2 Ω, ensuring the proper cell assembly. The significant difference lies 

in the Rc (Figure 6G), an indicator of electronic conductivity at the electrolyte-electrode 

interface. The L-BP-Shexane electrode owns the smallest resistance of 253 Ω, followed by L-BP-

S2-propanol (297 Ω) and L-BP-Smethanol (426 Ω). The resistance difference can be reasoned with 

the electron transfer path in the BP/C composite, as illustrated in Figure 6H. Since L-BP-Shexane 
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has the lowest layer number, the electron transfer path to cover the whole nanosheet is the 

shortest, thus gives the smallest charge transfer resistance. L-BP-S2-propanol and L-BP-Smethanol 

have a similar layer number but L-BP-S2-propanol shows a more significant aspect ratio (Figure 

5C). As a result, the electron transfer along the 2D layer is much improved by the higher 

crystallinity in larger BP flakes, compared with the multiple interfaces of BP-carbon-BP in the 

L-BP-Smethanol electrode. Moreover, the highest surface roughness of the L-BP-Smethanol can

contribute to the reduced electron transfer between BP flakes and carbon particles. 

The Li+ ion diffusion coefficient D is inversely proportional to σ2, where σ is the Warburg 

coefficient (shown in Figure 6G) calculated by plotting Zre against the reciprocal root square 

of the lower angular frequencies (ω-0.5, Figure S9, SI). Therefore, the Li+ ion diffusion 

coefficient in L-BP-Shexane is 1.3 and 2.0 times higher than in L-BP-Smethanol and L-BP-S2-propanol, 

respectively. Such results are reasonable as L-BP-Shexane nanosheets are the thinnest while 

having a reasonably low aspect ratio to shorten the diffusion path. As to nanosheets of similar 

thickness, the low aspect ratio allows more edge regions, facilitating the Li+ diffusion. 

Based on the above analysis, it is suggested that a low layer number is beneficial to both charge 

transfer and Li+ ion diffusion, while a high aspect ratio can improve the charge transfer but may 

increase the Li+ ion diffusion path and hinder the delithiation/lithiation processes. 

The morphology of the anode surface before and after 200 cycles are compared in Figure S10 

by their scanning electron microscopic (SEM) images and the corresponding elementary 

mapping of carbon and phosphorus. Before cycling, the even distributions of C and P indicate 

the complete and uniform mixture of carbon black and BP flakes. Notably, L-BP-Shexane 

electrode shows the roughest surface (porous structure), followed by L-BP-Smethanol and L-BP-

S2-propanol electrodes. After 200 cycles, the L-BP-Shexane electrode shows little morphological 

difference, while a polymer-like SEI layer is observed from the others. These visible formation 

of SEI layer on both L-BP-Smethanol and L-BP-S2-propanol electrodes matches the previous rate 
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capability results that thinner BP nanosheets can benefit the Li+ ion transfer and prevent the SEI 

layer formation at high current density. 

2.8. L-BP/graphene composite as the anode of LIBs 

In order to prevent interference, no optimization of the material was made in the above study. 

Considering that L-BP-Shexane has the best performance, we tried to further unleash the potential 

of the L-BP-Shexane nanosheets by involving graphene as an ingredient, a common method that 

has been proved beneficial for increasing the stability of few-layer BP.[10, 70] Both half-cell and 

full-cell configurations were studied. 

Figure 7A shows the half-cell voltage profiles of L-BP-Shexane/graphene anode with a specific 

capacity of 2217 mAh g-1 in the first cycle, and 970 mAh g-1 after 75 cycles, which are much 

higher than bare L-BP-Shexane. The capacity boost can be attributed to the stability improvement 

of few-layer BP by the introduction of graphene, which has been discussed in detail 

elsewhere.[10, 70] 

The pre-lithiated BP half-cells were opened and re-assembled into full-cell configuration using 

lithium iron phosphate (LFP) as the cathode (L-BP-Shexane/graphene||LFP). The performance 

was shown in Figures 7B and 7C. The contribution from graphene to the cell capacity is 

negligible (< 10 mAh g-1), as shown in Figure S11. The first cycle of the full-cell shows a 

discharge capacity of 1084 mAh g-1, and the 100th cycle indicates 247 mAh g-1, with a 

coulombic efficiency of 92%. After the initial undulation caused by structural perturbation to 

BP-based anode after cell opening and assembly, the full-cell reaches stable charge/discharge 

cycles after 20 cycles, demonstrating the possibility of using BP-based anode in the full-cells. 

The post-test cross-sectional SEM image of the L-BP-Shexane/graphene anode was compared to 

its pristine form in Figure 7D, where the thickness has grown from 11.6 to 13.5 µm, a sign of 

the SEI layer formation (related elemental mappings of the SEM images in Figure S12). No 

other deformation of the anode layer were observed, suggesting its high stability. 
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Finally, the volumetric energy density of the full-cell was shown by Figure 7E (calculation is 

shown in supporting information).[71] Despite the low BP amount we applied in the full-cell, a 

comparable high energy density of 432 Wh L-1 was demonstrated in the initial cycles, and stable 

value of 119 Wh L-1 was established after 50 cycles. By increasing the BP loading, we believe 

that the energy density of BP-based full-cell can be further lifted. 

Comparing the half-cell and full-cell (Figures 7A and 7B), we expect the capacity loss is mainly 

caused by the oxidation of BP-based anodes during the assembly as well as the structural 

evolution after cycling as half-cells. Therefore, more work is required to establish a procedure 

for BP-based anode treatment. 

3. Conclusion

To conclude, we demonstrated a pulsed laser-assisted exfoliation method to produce few-layer 

BP nanosheets in a swift and controllable manner. By changing the irradiation time, energy, 

and solvent type, the morphology (thickness and lateral size) and structure of as-prepared BP 

nanosheets can be altered. Longer laser irradiation and higher energy promote the exfoliation 

to thinner BP flakes (7~11 layers after 4.8 µs) at a higher yield, but at the cost of structural 

change from crystalline to amorphous. Phosphorus nanoparticles (diameter = 2 ~ 8 nm) are also 

produced as a byproduct, which can be separated easily from the nanosheets via centrifuge. 

Prolonged laser irradiation results in the phase transition of crystalline nanoparticles to its 

amorphous form. The solvent environment also affects the properties of exfoliated BP in terms 

of thickness and lateral size. In alcohol solvents, the nanosheets show a narrow thickness 

distribution of 8 to 13 layers, increasing from 8~10 layers in 2-propanol to 11~12 layers in 

ethanol. A much thinner (3~5 layers) BP flakes with smaller lateral size (< 2~4 µm) is obtained 

in hexane. Moreover, when exfoliated in the alcohol solvent, such as 2-propanol, the BP 

nanosheets are reduced, compared to bulk BP crystal, which is beneficial for maintaining 

structural integrity. 
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The production of BP nanosheets and nanoparticles is understood by a simplified mechanism, 

which involves the rapid quenching of the laser-induced BP plasma on the BP crystal surface 

by surrounding solvent molecules. The generation of vapor bubbles after energy transfer 

facilitates the weakening of interlayer van der Waals interaction to produce nanosheets, which 

can be further exfoliated by secondary irradiation. Meanwhile, quenching of the clusters in the 

plasma promotes the nanoparticle production. 

Using the thickness- and lateral size-controlled BP nanosheets as the anode for LIBs provides 

insights into the morphological and structural impact on BP-based anode performance. All BP 

nanosheets exfoliated by laser show high stability without noticeable capacity fade within 200 

cycles. Specifically, a low layer number is beneficial to both charge transfer and Li+ ion 

diffusion, while the larger lateral size can improve the charge transfer but at the cost of longer 

Li+ ion diffusion path and thus slower delithiation/lithiation. 

Moreover, after forming a composite with graphene, the BP/graphene anode shows a stable 

specific capacity of 970 mAh g-1 in half-cell and 247 mAh g-1 in full-cell configurations, 

exhibiting stable energy density of 119 Wh L-1. 

The laser-assisted exfoliation method could offer an excellent alternative path towards the 

controlled exfoliation of other 2D materials, which significantly impact the performance of 

energy conversion and storage applications. 

4. Experimental Section

Materials. The BP crystal was prepared via chemical vapor transport (CVT). Hexane, methanol, 

ethanol, 1-propanol, and 2-propanol were purchased from Sigma-Aldrich with purity ≥99%. 

The solvents were bubbled with Ar for 10 min before laser treatment to remove dissolved 

oxygen. For battery assembly, copper foil, N-methyl-2-pyrrolidone (NMP), conductive carbon 

black (TIMCAL graphite & carbon Super P), and PVdF (HSV900) were purchased from MTI. 
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The electrolyte (1 M LiPF6 in the 1:1 mixed solvent of ethylene carbonate and diethyl 

carbonate) was obtained from DodoChem. 

Laser-assisted exfoliation. The Nd:YAG Q-switched pulsed laser (Nimma-600 Laser system) 

is provided by Beamtech Optronics Co.Ltd with an energy output of 650 mJ and energy stability 

(RMS) ≤1%. The beam diameter is ~8 mm. The liquid column height between the BP target 

and the liquid surface is 3 cm. Before laser treatment, the sample chamber is filled with Ar to 

remove oxygen. The energy attenuation of the laser is achieved by adjusting the laser angle. 

Due to safety concerns of laser and potential P-related compounds, a mask and a protection 

goggle are required during the whole process. 

Material characterization. The AFM images were taken on a Bruker Multimode 8 HR system 

using the PeakForce Tapping mode with SNL-10 cantilever (silicon tip on nitride lever, k = 

0.12 N m-1). The setpoint of all imaging was 0.1 to validate the thickness comparison from 

different images. The AFM samples were prepared by drop-casting the suspension onto the 

ultra-flat thermal SiO2/Si substrates (Ted Pella, Inc.) and dried within a solvent-saturated 

enclosure to slow the evaporation process while preventing O2/H2O adsorption. For L-BP 

prepared in 2-propanol, the suspension was diluted to 0.01 mg mL-1 before drop-casting. For 

L-BP obtained in other solvents, the solvents were removed by rotary evaporator at 40 °C, and

the product was dispersed in 2-propanol with the same concentration of 0.01 mg mL-1. All 

samples were tested immediately after preparation. 

The TEM imaging was performed on a JEOL system (Model JEM-2100F, 200 kV). The 

samples were prepared by drop-casting the suspension (~0.05 mg mL-1) on carbon-coated 

copper grids, and excess fluid was removed by a filter paper. The prepared samples were 

characterized immediately after drying. During the imaging process, no significant lattice 

change was observed at the operation voltage (200 kV). The SEM imaging was carried out on 

a TESCAN MAIA3 system. 
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The XPS spectra were acquired using a Thermo Fisher ESCALAB 250Xi system. 100 µL of 

the suspension (0.5 mg mL-1) was drop-cast on a thermal SiO2 substrate and allowed to dry in 

the glovebox (Mbraun) overnight. The spectrometer was calibrated using the C 1s peak at 284.6 

eV. The data were fitted with CasaXPS software, using a Spline Shirley type background and 

peak profile of Gaussian-Lorentzian GL(30). 

The total phosphorus concentration of all samples was measured using the ICP-OES (Agilent 

710 Series). All samples were dispersed in 2-propanol and diluted to its 10% concentration. 

The plasma was generated using argon and compressed air to reduce the carbon emission caused 

by the 2-propanol solvent. The flow rate of plasma was 18 L min-1 for all testing, and the 

wavelength of 214.912 nm was selected. 

The UV-vis spectroscopy was carried out using an AvaLight UV/Vis/NIR light source with an 

AvaSpex-UL S2048 Fiber-Optic spectrometer. The samples were diluted in 2-propanol and 

tested using a quartz cuvette. 

The Raman spectra were obtained from a Witec confocal Raman system (alpha300 R). The 

excitation laser (λ = 532 nm) energy was 5 mW for all tests to avoid potential heat damage of 

samples. The sampling of all flakes was carried out at a low-frequency in the central region of 

the sheets. 

The 31P magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were obtained 

from a Jeol ECZ500R 500 MHz Solid-state NMR spectrometer under room temperature. For 

sample preparation, the as-prepared L-BP-P and L-BP-S were mixed with Super P carbon with 

a mass ratio of 1:5 for sample dilution. The BP crystal was used directly for the NMR test. The 

samples were packed into a 4 mm diameter cylindrical zirconia rotor in a glove box filled with 

Ar to avoid oxidation of BP samples. The spinning speed of all experiments was 10 kHz. 

The X-ray powder diffraction (XRD) characterization was finished using a SmartLab X-ray 

diffractometer by Rigaku (voltage 45 kV, current 200 mA). The samples were prepared by 
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drop-casting the concentrated suspension onto the ultra-flat thermal SiO2/Si substrates (Ted 

Pella, Inc.), followed by drying in the glove box with Ar filling. 

Half-cell LIB assembly. The L-BP-S dispersion was dried and mixed with the conducting 

material (Super P) and the binder agent (PVdF) in NMP with a mass ratio of 6:3:1 in a glovebox 

(Mbraun, Ar atmosphere). After well-mixing with a mortar for 30 min, the as-obtained slurry 

was cast on a copper foil by using a doctor blade and dried on a hot plate under 60 °C for 24 h 

in the glovebox. The total amount of L-BP-S on each foil was ~0.20 mg cm-2. A glass fiber 

separator (Watman GF/C) and Li metal film as a counter electrode were used to assemble the 

coin-type cells (CR2032) in an Ar-filled glove box. The 50 µL of electrolyte used was 1 M 

LiPF6 in the mixed solvent of ethylene carbonate and diethyl carbonate (EC and DEC with a 

volume ratio of 1:1). For L-BP-S/graphene composite, the mass ratio between L-BP-S and 

graphene (XFNANO, China) was 2:1, and the BP per cell was ~0.20 mg cm-2. 

Full-cell LIB assembly. For a typical assembly of CR2032 full cell, the LiFePO4 (LFP) cathodes 

were prepared by coating a slurry (LiFePO4:super P carbon:PVDF = 8:1:1) on pure Al foil, 

followed by drying under vacuum at 60 °C overnight. The mass loading of the cathode was 

~2.2 mg cm-2 (1.4 times of BP based on the real capacity). The BP-based anode was first 

assembled to a half-cell with Li metal for pre-lithiation and subjected to the discharging process 

to achieve a stable Li+-BP structure at the current density of 50 mA g-1 until 50 mV. The pre-

lithiation BP-based anode was then opened and re-assembled into a full-cell with as-prepared 

LFP cathode, which was precisely pairing with anode. 

LIB test. The GEIS and CV results of batteries were obtained on a PARSTAT MC 

(PMC1000/DC) electrochemical system (Princeton Applied Research, USA). Before the test, 

the cells were allowed to rest for 24 hours to reach an OCV higher than 2.50 V. The frequency 

range for GEIS tests was 10 mHz to 100 kHz with an amplitude current of 0.5 mA RMS (root 

mean square). CV tests were conducted in the potential range between 0.001 and 3.0 V at a scan 
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rate of 0.03 mV s-1. The charge/discharge cycling evaluation of the half-cells was tested on a 

WonATech battery testing system (WBCS3000L) in the range of 0.001 to 3.0 V. The full-cells 

were tested at the current density of 100 mA g-1 in the potential range between 1.5 and 3.7 V. 

Supporting Information 
Supporting Information (SI) is available from the Wiley Online Library or the author. 
SI includes laser setup, video clip of laser treatment process, AFM sample preparation, XPS 
spectra, AFM images, surface roughness measurements, voltage profiles, LIB performance 
comparison, SEM images (mapping), graphene||LFP full-cell test results, and calculation 
details. 
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List of figures 

Figure 1 Preparation and morphological characterization of laser-treated BP products. (A) 

Digital images of the solution corresponding to preparation procedures and the scale-up 

product (laser treatment in 2-propanol). (B) Schematic illustration of the preparation procedure. 

The laser sequence is shown as the inset. (C) Digital images of as-prepared L-BP, L-BP-S, and 

L-BP-P suspension in 2-propanol. (D) TEM images of L-BP featuring steps (indicated by the

yellow circle), particles (indicated by the yellow arrow), and nanosheets. (E) SAED pattern of 

the black dotted rectangle region shown in D. (F, G) TEM images of L-BP-S nanosheets 

viewed in the crystallographic projection along the (F) (110) and (G) (201) zone axis (ZA). 



33 

Yellow arrow and lines indicate the amorphous region. Insets are the FFT of the areas 

highlighted with white dashes as well as the real and corresponding simulated structure models. 

(H, I) AFM images of the ring stain formed by L-BP drop-cast on a SiO2/Si wafer substrate at 

selected regions: (H) edge and (I) center. (J, K) AFM images and line profiles of (J) L-BP-S 

and (K) L-BP-P, featuring mainly nanosheets and nanoparticles, respectively. 
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Figure 2 Spectroscopic characterization of laser-treated BP products. (A, B) XPS spectra of 

bulk BP and L-BP in (A) P 2p and (B) O 1s regions. (C) XRD patterns of bulk BP, L-BP-S, 

and L-BP-P. (D) UV-vis spectra of L-BP, L-BP-P, and L-BP-S suspended in 2-propanol. Inset 

shows the direct Tauc plots of L-BP-S for the high-energy band-to-band transition 

determination. (E) Raman spectra of bulk BP, L-BP-P, and L-BP-S using a 532 nm excitation 

laser at an energy power of 650 mJ. (F) 31P MAS ssNMR spectra of bulk BP, L-BP-P, and L-

BP-S at the spinning speed of 10 kHz. 
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Figure 3 Proposed mechanism of pulsed laser-assisted few-layer BP preparation. (A) Initial 

phase producing mainly L-BP-P. (B) Exfoliation phase producing both L-BP-S and L-BP-P. 

(C) Mass production of L-BP-S.
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Figure 4 Effect of laser duration and energy on the structure of L-BP products. (A, B) TEM 

images of L-BP-S and L-BP-P with a laser duration of 2.4 µs. (C, D) TEM images of L-BP-P 

produced with a laser duration of (C) 0.4 µs and (D) 2.4 µs. (E) Correlation between laser 

duration and L-BP (L-BP-S and L-BP-P) concentration in 2-propanol. The proportion of L-

BP-S (nanosheets) and L-BP-P (nanoparticles) are shown in orange and grey, respectively. (F) 

AFM images of L-BP-S prepared with variou laser irradiation durations. (G) Raman spectra of 

L-BP-S with different laser duration from 0.4 to 4.8 µs and the correlation between laser
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duration, Ag
2 peak position and Ag

1/Ag
2 intensity ratio of L-BP-S. (H) Raman spectra of L-BP-

P with different laser duration from 0.4 to 4.8 µs. (I) Correlation between the laser energy and 

the production rate of L-BP and L-BP-S (from 0 to 3 µs). (J) UV-vis spectra of L-BP-S 

suspended in 2-propanol produced using different laser energy with a fixed laser duration of 3 

µs. (K) Illustration of thinner BP nanosheets production via secondary irradiation. 
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Figure 5 Effect of solvent on the morphology of L-BP products. (A) Height distribution of L-

BP-S produced in various solvents (laser duration = 4.8 µs): methanol, ethanol, 1-propanol, 2-

propanol, and hexane. (B) The surface height (Ra, arithmetic average of the absolute values) of 

as-prepared L-BP-S nanosheets. The step regions between SiO2 and BP nanosheets are avoided 

(illustrated as inset). (C) Aspect ratio (L/H) of as-prepared L-BP-S nanosheets. Inset shows the 

definition of L. 20 flakes were measured for Ra and L/H. (D) Height distribution of L-BP-P 

produced in various solvents (laser duration = 4.8 µs). 
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Figure 6 Performance of LIBs using L-BP-S exfoliated in different solvents (hexane, 2-

propanol, and methanol) as the anode material. (A) Illustration of the LIB structure and the 

structural representation of Li+ ion transport channels in a few-layer BP. (B) Cyclic 

voltammograms (first cycle) of LIBs within 0.05~3.0 V at a scan rate of 0.03 mV s-1. Discharge 

current peaks are labelled from BP to Li3P formation. (C) Voltage profiles of the 50th, 100th, 

150th, and 200th cycle upon the galvanostatic charge/discharge of LIBs at 1.0 A g-1 between 

0.001 and 3.0 V. (D) Specific capacity of LIBs over galvanostatic charge/discharge cycles 

between 0.001 and 3.0 V at various specific currents (0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 A g-1). (E) 

Specific capacity and Coulombic efficiency of LIBs over 200 galvanostatic charge/discharge 

cycles between 0.001 and 3.0 V at 1.0 A g-1. (F) GEIS Nyquist plots of fully charged LIBs (at 
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OCV after 10 cycles) with an amplitude current of 0.5 mA RMS. The inset is the equivalent 

circuit model. (G) Fitted charge transfer resistance and Warburg coefficient values based on 

GEIS plots. (H) Proposed mechanism of Li+ diffusion in L-BP-S nanosheets of different 

morphology. 
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Figure 7 Half-cell and full-cell performance of graphene-modified L-BP-S anode. (A, B) 

Voltage profiles upon the galvanostatic charge/discharge of (A) L-BP-Shexane/graphene anode 

half-cell at 0.2 A g-1 between 0.001 and 3.0 V (1st, 25th, 50th, 75th, and 100th cycles), and (B) 

L-BP-Shexane/graphene||LFP full-cell at 0.1 A g-1 between 1.5 and 3.7 V (1st, 2nd, 5th, 10th,

50th, and 100th cycles). (C) Specific capacity and Coulombic efficiency of full-cell over 100 

galvanostatic charge/discharge cycles between 1.5 and 3.7 V. (graphene||LFP full-cell data is 

shown for comparison). (D) Cross-sectional SEM images of L-BP-Shexane/graphene anode 

before and after 100 cycles in full-cell. The active material layer is highlighted in yellow. (E) 

Volumetric energy density of the L-BP-Shexane/graphene||LFP full-cell over 100 cycles. 
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faster Li+ ion transport. 
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