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complicated method which involves hazardous white phosphorus, high-temperature,
and high-pressure conditions. Hence, we investigated and compared the effects of
using alumina, stainless steel, and agate media on BP's physical and structural
properties. The effects of milling time were performed afterward by using stainless-
steel media for 1 h to 5 h. The ball-milling process at 450 rpm for 5 h in stainless steel
media has transformed the coarse red powder into a dark black colour fine powder.
The XRD analysis on the as-prepared powder revealed the existence of pure and

Keywords: crystalline black phosphorus. The Raman analysis indicated the apparent existence of
Black phosphorus; ball-milling technique;  BP structure synthesized. Observation of the FESEM images showed the BP existed
milling parameters with nanosized and flaky-shaped microstructure.

1. Introduction

Black phosphorus (BP) is the most stable allotrope of phosphorus element and has been
reintroduced recently due to its energy storage capability for high-efficiency, high-capacity, and fast
charge/discharge rate of battery and supercapacitor. Like graphene and transition metal
dichalcogenides (TMDs), BP has a monoatomic heterostructure layer but with a unique puckered
single-layer geometry [1,2]. However, the difficulties to synthesize large quantities of BP is a major
concern to its advancement. Synthesis of BP mostly involves the highly reactive white phosphorus as
the raw material while the red phosphorus (RP) needs a complex method and demands high-
pressure-temperature environments to be transformed into BP [3]. Ball milling is a process that uses
mechanical energy to synthesize nanostructures [4,5]. The interaction of the milled material with the
balls and with the vessel wall results in immediate high temperatures and high pressures, which can
lead to significant phase changes [6]. The ball-milling technique can be an efficient way to synthesize
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BP because this method could generate high temperature and pressure due to collisions, friction, and
shear between milling material and medias.

In 2007, Park and Sohn [4] demonstrated the production of (BP) using a high energy mechanical
milling (HEMM) process at atmospheric pressure and temperature. The process involves the
mechanical grinding of precursor materials in the presence of a milling medium. To convert red
phosphorus into BP, the temperature and pressure must be high. The local pressures and
temperature can be about 6 GPa, and as high as 200 °C, during the process of HEMM, which is
sufficient for the conversion to take place [5]. Therefore, the milling media and time play important
roles in ensuring sufficient temperature and impact can be obtained and sustained. Wide selection
of milling media had been used include stainless steel, alumina, agate, zirconium oxide, and tungsten
carbide [7-9]. Chenje et al., [10] suggested that the selection of the milling media was varied by
different types of compounds and the required properties. Meanwhile, there were wide range of
milling time has been used starting from 1 hour up to 12 hours that resulted with various phase of
BP from semi-crystalline and highly crystalline structure of BP [11,12]. The clear detail on the most
effective milling media and time towards the BP transformation however still unspecified. Thus, this
work investigates the effects of using alumina, stainless steel, and, agate media together with the
milling time on the structural properties of synthesized BP powder.

2. Methodology

High-purity RP powder (Sigma Aldrich) has been used as the starting material to obtain BP. The
powder was weighted and transferred into the milling jar containing a determined number of milling
balls. Each RP handling process was performed in a glove box to sustain the stabilities of RP powder.
There were 3 types of milling media (jar and balls) used; alumina, agate and stainless steel as shown
in Figure 1. The jar was carefully sealed to avoid air infiltration. The ball-milling process was
performed using a PM 100 planetary ball mill machine (Retsch, Germany). The machine was
programmed to maintained a rotation speed of 450 rpm at a maximum time of 8 h. Afterwards, by
using the selected media (based on results from various media), the process was repeated at 1 h, 2h,
3 h,4 hand5 h to investigate the most efficient milling time for the BP phase transformation.

(c)

Fig. 1. Milling media (a) Agate (b) Stainless steel (c) Alumina
The resultant powders were physically observed by using a light microscope. Further structural,

bonding, and microstructural characterizations of the powder were completed by using X-ray
diffraction (XRD, Rigaku Miniflex) with Cu Ka radiation from 10-90° scanning angle, Raman
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Spectroscopy (UniRAM) with 532 nm excitation laser and FESEM (Hitachi Scottky SU5000) with
500,000 x magnification respectively.

3. Results and Discussions
3.1 Effects of The Milling Media

The physical observation of the as-prepared powders revealed color changes due to the
existence of BP. Figure 2 shows the red color of RP has been obviously changed into various tones of
black powder after the ball-milling process. The as-prepared powder in agate media appeared greyish
black compared to the other dark black samples. The dark black color of the powder may indicate a
complete and uniform transformation from RP into BP as discussed by Bao et al., [11]. The high
pressure and temperature during the milling process promote the changes of color of RP in all the
media as demonstrated by previous research [12,13]. Further, the powder produced in stainless steel
and alumina media existed in finer sizes. Stainless steel and aluminum media's high hardness leads
to more effective breakage of larger particles into smaller ones, leading to a finer powder size
distribution [14,15]. As for agate, due to its lower hardness compared to stainless steel and alumina,
it is less effective in breaking down larger particles.

Fig. 2. Physical appearance of RP powder and as-prepared BP powders after the ball-milling process at 450
rpm for 8 h using various media; (a) RP, (b) agate, (c) stainless-steel, and (d) alumina

Figure 3 shows the XRD patterns spectra of the RP and the as-prepared powders. The most
significant XRD peak attributed to BP by (040) plane diffraction has occurred in each milled powder
suggesting the existence of crystalline BP. The (040) plane is a subset of the crystallographic planes
in the BP lattice which indicates that milled powder has crystallinity [16-18]. Further analysis revealed
a complete transformation of RP into BP occurred in the samples from alumina and stainless-steel
media signified by peaks from (060), and (020) planes. However, there were impurity peaks detected
on alumina XRD patterns that maybe due to incomplete transformation of RP into BP. The
transformation happens when pressure or temperature is applied to the RP sample causing the
atoms in the crystal lattice to rearrange. The alumina and the stainless-steel media put enough
pressure on the red phosphorus sample to cause the transformation. The complete formation of
crystalline BP structure by stainless-steel media corresponds well with the previous XRD study [19].

Figure 4 shows the Raman spectra for the RP and BP powders. The expected BP vibrational modes
around 340, 430, and 460 cm™ respectively [20] were observed for samples milled using alumina and
stainless-steel media. The slightly raised background between 500 to 550 cm™ is likely attributed to
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residual Al for the sample synthesized in the alumina media. The aluminum species in the sample
that's been synthesized in the alumina media can give off an extra signal in this part of the spectrum.
Aluminum has its own Raman peaks that are usually seen in the range of 400 - 500 cm™, and these
peaks can overlap or add to the background in the range of 500 - 550 cm™, giving off a slightly higher
background in the spectrum [21,22].
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Fig. 3. XRD patterns of RP powder and as-prepared BP powders after ball-
milling process at 450 rpm for 8 h using various milling media. Bars at bottom
indicated Bragg diffraction pattern for BP
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Fig. 4. Raman Spectra of RP powder and as-prepared BP powders after
the ball-milling process at 450 rpm for 8 h using various milling media
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Complete structural transformation of RP into BP was reported to occur at temperature >800 °C
and =25 mJ impact energy [8]. It can be suggested that the capability of the alumina and stainless-
steel media to achieve both conditions have resulted in the complete transformation of BP. When
the media particles collide with red phosphorus, they heat up the areas they encounter. This heating
causes the temperature to rise in those areas, which is what sets the stage for the transformation.
The friction between the particles and the red phosphorus also creates mechanical pressure that
helps break up the bonds in the red phosphorous structure and allows the atoms to be rearranged
into the black phosphorous lattice.

Microstructures of RP and BP powders are shown in the Figure 5. RP existed as particulate
microstructure (~ 0.1um) which agglomerated into bulky grains as depicted in Figure 5(a) while the
BP in Figure 5(b), (c) and (d) shown flaky microstructures (0.05-0.1 um) respectively.

Fig. 5. FESEM images at 50,000 x magnifications of RP powder and as-prepared BP powders after the ball-
milling process using various milling media; (a) RP, (b) agate, (c) stainless-steel, and (d) alumina

As the bulk RP powder undergoes the milling process, the RP receives high impact and shear force
between media collisions where the particle size is reduced and the specific surface area. The flaky
structure of BP is the evidence of BP occurrence as suggested by Kou et al., [23]. BP appeared with
flaky microstructure as the result of stacks of multilayers of 2D phosphorene [24,25]. The flaky
microscopic structure of BP is derived from the layered crystal structure of BP. Each layer of BP is
composed of a 2D sheet of phosphorous atoms, arranged in a lattice structure analogous to the
honeycomb structure of graphene. The sheets of BP are deposited on top of one another by weak
Van der Waals force, resulting in the bulk structure.
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3.2 Effects of The Milling Time

Figure 6 shows the physical appearance of the RP and BP powders after being milled at various
times. It can be seen that the colour appearance of the red powder was significantly changes with
milling times. After 1 h of milling, the powder colour appears to exhibit a brownish-red colour with
some black powder mix as it indicates the formation of BP crystal. From 2 h onward the colour
appears to turn completely black and gets darker as the milling time increases. At 5 h, the RP turned
completely into a dark black colour. This indicates, as the BP crystal formation content rises, the RP
powder's colour visually shifts from a burned umber red to a dark black with various shades of red,
brown, and black.

(a)

Fig. 6. Physical appearance of RP powder and as-prepared BP powders after the ball-milling process using
stainless-steel media at 450 rpm varied by milling time; (a) 0 min, (b) 1 h, (c) 2 h, (d)3 h,(e)4hand (f)5h

Figure 7 shows the XRD patterns for RP and BP after different milling times. Comparing the RP
pattern to the BP patterns, the results demonstrated that the crystalline structure of BP has been
transformed successfully through the milling process. The amorphous structure of RP shown by a
broad XRD curve in Figure 6 was slowly transformed into BP crystalline structure by the existence of
XRD sharp peaks on the curve. The most significant BP diffraction peak (020), (040) and (060) start
appearing at 1 h and became apparent at 3 h. These peaks getting intense as the milling time was
increase to 4 h. Full transformation of RP into BP only occurred after 5 h of milling process indicated
by highly intense of BP diffraction pattern and elimination of the impurity peaks. The pattern for 5 h
sample is similar to the 8 h sample discussed in part 3.1 which is in agreement with the other studies
[26,27]. The lattice constants which indicate the geometry of the crystal cell obtained from the (040)
peak is shown in Table 1 and confirmed the orthorhombic structure of BP.

Table 1

Lattice constants change with milling times

Milling Time (h) a (A) b(A) c(A) Orthorhombicity
1 3.283 10.415 4.389 0.521

2 3.267 10.520 4.389 0.526

3 3.374 10.707 4.313 0.521

4 3.375 10.389 4.313 0.510

5 3.379 10.389 4.313 0.509

As shown in the Figure 7, the BP shows 3 significant peaks starting from 2 h to 5 h milling times.
The XRD results matched well with the standard pattern of BP crystal structure. Wang et al., 2018

118



Journal of Advanced Research in Micro and Nano Engineering
Volume 18, Issue 1 (2024) 113-122

state that the milling time plays a very important role in the phase transformation from RP to
crystalline BP in the ball milling process [28]. Increase in milling times result in a longer collision
frequency rate between the powder, balls and jar resulting in higher BP crystal formation. In the
other hand, further increase of milling time would consume more energy. Based on the XRD results,
transformation of highly pure and crystalline BP can be obtained after 5 h of milling.
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Fig. 7. XRD patterns of RP powder and as-prepared BP powders after the ball-
milling process using stainless-steel media at 450 rpm at various milling time.
Bars at bottom indicated Bragg diffraction pattern for BP
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Fig. 8. Raman Spectra of RP powder and as-prepared BP powders after the ball-
milling process using stainless-steel media at 450 rpm at various milling time
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Raman spectroscopy pattern for RP and BP powders sample varied by different milling times. are
shown in Figure 8 Based on the results, starting from 4 h and get intense after 5 h of milling times,
three Raman peaks that can be observed at =361.0 cm™, =432.0 cm™?, and =465.0 cm™ corresponding
to the A, B%, and A%; modes, respectively. The peaks were assigned to BP and match well with other
reports [26,29]. The Raman pattern in Figure 8 revealed fully transformation of RP into BP after 5 h
of milling which aligned to XRD results.

Figure 9 shows the FESEM images of RP and BP powder. It can be observed the RP starting powder
has an irregular faceted microstructure. It can be observed that fine BP particles were existed along
the RP microstructure in Figure 9 (b), (c) and (d) after the milling process went through 1h, 2 h, and
3 h respectively. Further increase of milling time resulted to replacement of RP microstructure by BP
particles as shown in Figure 9 (e) and (f). Close observations revealed that the BP particles existed as
aggregates flakes of crystalline domains. As revealed in section 3.1, The flaky microscopic structure
of BP is derived from the layered crystal structure of BP.
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Fig. 9. FESEM images of RP powder and as-prepared BP powders after the ball-milling process using
stainless-steel media at 450 rpm varied by milling time; (a) 0 min, (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 hand
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4. Conclusions

The complete transformation of RP into pure BP powder can be obtained via the high energy ball-
milling method using stainless steel media and 5 h milling time. Combination of these parameters
produced crystalline and orthorhombic structure of BP with aggregated layers microstructure.
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