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A novel and versatile strategy toward the amorphous-to-crystalline
transformation of boron nitride (BN) with the capability to control
the degree of crystallization was developed through an
electrochemical pathway using MgCl, at low temperature (750 °C).
This procedure can be extended to the transformation of
amorphous carbon to graphite, which significantly reduce the
energy, cost, and accelerates synthesis process and could
potentially replace the industrial graphite synthesis globally. Thus,
synthesized graphite exhibits much enhanced electrochemical
performance at high charge-discharge rates (5C) compared to
commercial synthetic graphite.

Boron nitride, in its disordered form, like carbon, can be
categorized into soft and hard forms with respect to the ease
with which they can be crystallized. As the names suggest, the
soft forms can be crystallized by heat treatment, whereas the
hard forms are resistant to crystallization and remain
disordered. Hexagonal boron nitride (h-BN) is an exciting
material that is documented to have excellent thermal and
optical properties suitable for the application in the energy
storage.'3 The properties of h-BN can vary depending on their
characteristics like size, surface area, crystal defects etc.>. 4%
h-BN is regarded as a graphene analog and commonly
referred to as ‘white graphene.” h-BN is reported to have a
layered honeycomb-like structure consisting of alternating B
and N atoms. Previously, the synthesis and transformation of
amorphous BN to h-BN nanosheets was extremely challenging,
requiring temperatures as high as 2000 °C”- 8. Fabrication of few
layered h-BN nanosheets are mostly prepared via either a solid-
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phase mechanical method, liquid-phase exfoliation or gas
exfoliation in liquid N,. However, the obtained h-BN materials
often suffer from low surface areas or
structures®12, Only recently, our group reported a strategy for

the transformation of amorphous h-BN to crystalline h-BN using

low crystalline

Mg metal.’® However, this molten metal flux approach requires
stringent transformation conditions (900 °C) and can introduce
potential impurities even with acid wash procedure after
thermal treatment. In addition, liquid Mg metal is flammable
and strict inert gas condition as well as a unique stainless-steel
autoclave is required. Additionally, the metal flux approach
does not provide the ability to control the reaction and achieve
the desired degree of crystallization. Herein, we report a
superior electrochemical approach that precludes the use of
molten Mg metal and the safety hazards associated with it. We
hypothesized whether it would be possible to generate Mg
metal in-situ using molten MgCl,, analogous to the previous
processes with molten CaCl,.14 1>

The essence of our strategy lies in the cathodic polarization
of amorphous BN in molten MgCl, at 750 °C, resulting in the
formation of highly ordered,
Furthermore, we validate the versatility of our electrochemical

crystalline flakes of h-BN.

crystallization process by demonstrating the transformation of
amorphous hard carbon to graphite with a high degree of
graphitization.

The as-prepared amorphous BN was pelletized (0.2 g) and
wrapped in Mo mesh (see ESI for details). This BN pellet-Mo
mesh assembly was attached to a Mo rod (ESPI Metals) using
Mo wires (Goodfellow USA), which served as the working
electrode. Glassy carbon rods (6 mm, HTW Germany) served as
counter electrodes for the electrochemical cell. A glassy carbon
crucible containing MgCl, was placed in a sealed quartz reactor.
The quartz reactor was heated using an electric furnace (The
Mellen Company). MgCl, was dehydrated previously (See ESI for
details). Amorphous carbon electrodes were prepared using the
same procedure. The only difference was the use of Ni mesh to
wrap the carbon pellet (0.5 g).
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After treatment in the molten salt, the corresponding pellet
was crushed and leached in a mild acid (0.1 N HCI) for 24 hours.
The product was further washed with deionized water and
filtered to remove residual acid. It was subsequently dried in an
oven at 120 °C for 24 hrs. For electrochemically generated
graphite (EGCs), their battery performance was investigated in
two-electrode coin cells with lithium metal as a
counter/reference electrode. The slurry casting method was
used to make the electrode. A slurry was prepared by mixing
EGC, hard carbon (CB45), and PVDF (poly (vinylidene fluoride))
in a weight ratio of 90:4:6 in N-methyl pyrrolidone (NMP). The
slurry was cast on the copper foil using a doctor blade. The
loading of EGC was approximately 1.84 mg cm? with the
electrode area of 1.27 cm?. 1.2 M lithium hexafluorophosphate
(LiPFg) in ethylene carbonate (EC) / diethyl carbonate (DEC) /
dimethyl carbonate (DMC) in a 1:1:1 ratio by volume was used
as electrolyte. Celguard 2325 (Celgard Inc., USA) was used as a
separator between the two electrodes. The coin cells were
assembled inside the high purity argon glove box (< 0.5 ppm O,
and £ 0.5 ppm H,0). The galvanostatic charge-discharge cycling
was performed between 0.005 V to 3.0 V at room temperature
at different current densities (0.1 C, 1C, and 5C, where 1 C =372
mAh g) to test the feasibility of EGCs as an anode for fast
charging battery applications. Cycling voltammetry (CV) was
conducted to compare the electrochemical properties of EGC
with commercially available synthetic graphite,

Figure 1 shows the results of BN crystallization in molten
MgCl, at 750 °C. The X-ray diffraction data shown in Figure 1a,
amorphous BN shows no peaks indicative of a completely
amorphous structure. After electrochemical treatment in the
molten salt, the diffraction pattern manifests a characteristic
peak observed at 29 = 26°, representing the (002) plane, which
confirms the transformation to h-BN.13 The dgy, value is
calculated to be about 3.3 A, consistent with previous
literature.!®* Another smaller peak is observed at 29 = 40°,
representing the (100) and (101) plane. Further, h-BN
synthesized at both -2.2 V and -2.6 V show a similar diffraction
pattern. However, at higher cathodic potentials, peak intensity
is observed to increase, suggesting higher crystallinity being
achieved at -2.6 V versus -2.2 V. Finally, BN could not be
crystallized in molten CaCl, even at higher temperatures (920
°C). Although a minor peak is observed near 29 = 40°, the
crystallization of BN in molten CaCl, appears to be very
unfavorable. Hence, previously reported processes using
molten CaCl, cannot be used for h-BN crystallization.'® The
reason for the inability of CaCl, to drive the crystallization is not
clear and may need additional investigations.

SEM images of h-BN (Figure 1b, 1c, and S6) show flakes of h-
BN indicative of an ordered structure compared to the
disordered structure of amorphous BN (Figure S5). Careful
analysis of the TEM images of h-BN (Figures 1d and S8) reveals
an ordered, lattice-like structure compared to the disordered,
amorphous structure of BN before treatment in the molten salt
(Figure S7).

Compared to the previously reported process for the
crystallization of h-BN, the electrochemical approach reported
here is much simpler and safer. Previously, the synthesis of
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Fig. 1 (a) X-ray diffraction spectrum of the starting material (amorphous BN) compared
to that of h-BN. (b)-(c) SEM images of h-BN showing flakes of BN (d) TEM image of h-BN
showing an ordered crystal structure.

crystalline h-BN was reported at 900 °C using Mg metal,!3 the
milder condition at 750 °C was achieved in this study. Further,
the hazards associated with the handling of molten Mg metal
are eliminated using the electrochemical approach here. Finally,
as demonstrated here, it is possible to control the degree of
crystallization by fine-tuning the applied voltage. This provides
more flexibility and reaction control, which is not possible in the
aforementioned process that simply employs Mg metal powder
to catalyze the reaction. Since the BN is cathodically polarized,
it is anticipated that Mg metal is generated in-situ at the
cathode which scavenges oxygen impurities from the BN crystal
structure which induces crystallization. This hypothesis is
supported by previously proposed mechanisms in the
analogous molten CaCl, system?16-20,

This journal is © The Royal Society of Chemistry 20xx
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The analogous structural properties of BN and carbon led us to
examine the application of molten MgCl, for graphite synthesis.
To validate the versatility of the approach reported herein,
amorphous carbon was graphitized at 810 °C. Attempts to
graphitize amorphous carbon at 750 °C were unsuccessful,
suggesting that a lower bound temperature for the synthesis of
graphite. The amorphous carbon was cathodically polarized at -
2.6 V for 2 hours. In Figure 2a, the X-ray diffraction spectrum of
amorphous carbon and EGC is shown. Prior to treatment,
amorphous carbon shows a broad peak indicating the
amorphous state. After electrochemical treatment in the
molten salt, a sharp, crystalline peak is observed at 28 = 26°,
which is characteristic of graphite. This result clearly indicates
that molten MgCl, can be used for the transformation of hard,
amorphous carbon to graphite.

TEM and SEM images of EGC shown in Figures 2b and 2c
provide additional evidence of the graphitic morphology of EGC.
TEM image clearly shows the layered structure of the carbon
that is characteristic of graphite. Compared to the TEM of hard
carbon shown in Figure S1, EGC shows a massively augmented
layered structure. SEM image shows the flakes of graphite in
comparison to the globular morphology of hard carbon shown
in Figure S3. Holistic analysis of the XRD, SEM, and TEM data
leads to the conclusion that the amorphous hard carbon was
successfully transformed into graphite via cathodic polarization
in molten MgCl, at 810 °C.

The feasibility of the EGC as an anode for fast charging battery
applications  was investigated. @ The  electrochemical
performance of EGC is shown in Figures 3a and 3b. The coin cells
were galvanostatically cycled at three different rates (0.1 C, 1 C,
and 5 C) to investigate the electrochemical performance at the
high current rate and compare the result with state-of-the-art
graphite. The EGC exhibits a first cycle discharge capacity of 685
mAh g1, well above the theoretical capacity (372 mAh g1) and
first discharge capacity (348 mAh g) of graphite (see Figure S9)
and the first discharge capacity (418 mAh g) of hard carbon
(see Figure S10). The first-cycle coulombic efficiency for EGC is
observed to be 40% comparable to hard carbon (46 %);
however, lower than traditional graphite (81 %). The low first-
cycle coulombic efficiency is likely due to the formation of the
solid electrolyte interphase (SEIl). Since the starting material has
a high surface area (particle size 50 nm), more of the electrolyte
is reacted to the surface leading to SEI formation.?% 22 This
phenomenon has been well documented in the literature
previously.?32> Further, in the first cycle charge-discharge curves,
an extended plateau is observed at around 0.8 V vs. Li/Li* and
disappears after subsequent cycles, indicating that the formation
of SEl takes place only during the first discharge cycle.?62° A
comparison of the first discharge profile of EGCs with hard carbon
and synthetic graphite reveals that EGC has a similar but extended
plateau than hard carbon (see Figure S10), indicating that the
porous nature of EGCs, which is beneficial for fast lithium
diffusion kinetics. The first-discharge profile of synthetic graphite
reveals a similar voltage plateau around 0.8 V, indicating the SEI
formation, but much smaller than EGCs (see Figure S9). From the
second cycle onwards, charge-discharge profiles of EGC
resembles more like a graphitic behavior rather than to the hard

This journal is © The Royal Society of Chemistry 20xx
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that of EGC. (b) TEM images of EGC showing a layered structure characteristic of graphite.
(c) SEM image of EGC showing flakes of graphite.

carbon. These results were corroborated by the cyclic
voltammetry experiment (see Figure S11). These results indicate
that amorphous carbon was successfully graphitized. However,
EGCs are not wholly graphitized as it still preserves the properties
of the amorphous carbon, such as higher surface area and
porosity verified by electrochemical data. The incomplete
graphitization was carried out intentionally to tap the benefit of
amorphous carbon such as higher surface area and porosity which
led to fast lithium diffusion kinetics and graphitic backbone, which
led to high energy density and stable cycling performances.

At 1 Cand 5 C, a very stable capacity of about 200 mAh g and
70 mAh g1 at 99.9 % coulombic efficiency is observed for EGCs.
This is much higher than the capacity of traditional graphite (25
mAh g1) (see Figure S9), which is consistent with previous
literature.3® 31 This much enhanced electrochemical
performances of EGCs at higher charge-discharge rates signify the
importance of the electrochemically driven graphitization
comparing to the traditional graphite prepared from the thermal
process. The stable higher capacity at fast charging indicates that
EGCs could be used as an anode for the fast-charging battery.
While the improvements in synthesis of graphite in molten
MgCl, is only incremental in nature compared to previous
research,® the synthesis of h-BN in molten MgCl, represents a
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significant reduction in temperature and increased operational
flexibility and process control.

In conclusion, herein, we report a novel process for the
electrochemical transformation of amorphous BN to highly
crystalline h-BN in molten MgCl, at 750 °C. This represents a
significant reduction in temperature from previously reported
literature. Additionally, the electrochemical approach reported
here provides better operational control over the degree of
graphitization. Further, the use of molten MgCl, for the
synthesis of graphite has also been reported. The advances
reported here are more modest. However, the electrochemical
performances of EGC at high charge-discharge rates is much
superior to the conventional battery grade anode graphite,
indicating the economic importance of the process and
possibility of EGCs being used as an anode for fast-charging
energy storage devices.
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Fig. 3 (a) Battery performance of EGC at 0.1C, 1C, and 5C. EGC shows a capacity of about
70 mAh g, (b) The charge-discharge profile for EGC shows a plateau at about 0.8 V vs.
Li.
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