RESEARCH ARTICLE

W) Check for updates

small

methods

www.small-methods.com

A Mechanochemically-Triggered, Self-Powered Flash
Heating Synthesis of Phosphorous/Caron Composites for

Li-lon Batteries

Yating Yuan, Juntian Fan, Zhenzhen Yang, Shannon Mark Mahurin, Huimin Luo,

Tao Wang,* and Sheng Dai*

“Flash heating” that transiently generates high temperatures above 1000 °C
has great potential in synthesizing new materials with unprecedently
properties. Up to now, the realization of “flash heating” still relies on the
external power, which requires sophisticated setups for vast energy input. In
this study, a mechanochemically triggered, self-powered flash heating
approach is proposed by harnessing the enthalpy from chemical reactions
themselves. Through a model reaction between Mg;N, /carbon and P,0O;, it is
demonstrated that this self-powered flash heating is controllable and
compatible with conventional devices. Benefit from the self-powered flash
heating, the resulting product has a nanoporous structure with a uniform
distribution of phosphorus (P) nanoparticles in carbon (C) nanobowls with
strong P—C bonds. Consequently, the P/C composite demonstrates
remarkable energy storage performance in lithium-ion batteries, including
high capacity (1417 mAh g~ at 0.2 A g"), robust cyclic stability (935 mAh g~!
at 2 A g after 800 cycles, 91.6% retention), high-rate capability (739 mAh g~!
at 20 A g7 '), high loading performance (3.6 mAh cm=2 after 100 cycles), and
full cell cyclic stability (90% retention after 100 cycles). This work broadens
the flash heating concept and can potentially find application in various fields.

limitations. Conventional heating de-
vices have a limited temperature change
rate (typically lower than ~20 °C s7!)
due to the slow heat conduction through
gas, liquid, and solid mediums. The re-
cent realization of the “flash Joule heat-
ing” technique overcomes this heating
rate limitation.® This technique in-
volves placing chemical precursors on a
carbon substrate, generating rapid heat-
ing through current flow. It achieves
ultra-fast heating and cooling speeds (up
to 10°°C s7'), creating intensive ther-
mal shock and a thermal nonequilib-
rium environment. By using this tech-
nique, several studies have reported the
synthesis of nanomaterials and uncov-
ered the crucial role of ultra-high tem-
perature change rate in synthesis.[161%]
For example, Hu reported that the size
and phase of high-entropy-alloy nanopar-

1. Introduction

The development of novel materials with unprecedently prop-
erties relies on skilled synthetic techniques, with temperature
playing a crucial role in directing reaction pathways and in-
fluencing product properties.'>] The influence of temperature
on materials synthesis has been routinely investigated and is
becoming predictable. For example, higher temperatures dur-
ing nanomaterial synthesis typically result in larger particle
sizes.l%’] However, understanding the influence of temperature
change rate (heating and cooling speed), especially ultra-high
change rates (%1000 °C s7!), remains lacking due to instrumental
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ticles can be well controlled by varying
heating and cooling speeds.[?] Yan syn-
thesized lattice-strained spinel ferrites
as a high-performance oxygen evolution
reaction (OER) catalyst by manipulating the thermal mismatch
between NiFe,O, and the carbon substrate under thermal shock
to over 1000 °C.1'% James found that various carbon precursors
can be converted to turbostratic graphene by Joule flash heating.
Additionally, the conversion of the 2H phase of transition metal
dichalcogenides to the thermodynamically metastable 1T phase
was reported by the same group using Joule flash heating. These
studies have demonstrated the huge potential of the flash heating
effect.l'718]

Despite the excellent performance of products, the heat-
ing source of “flash Joule heating” still relies on the external
power, which requires sophisticated setups for vast energy
input. Besides, Joule heating primarily heats the surface of the
material, and the heat generated may not penetrate deeply into
the material. This can be a limitation for applications requiring
uniform heating throughout the bulk of the material. Herein, we
propose a mechanochemical triggered process that can achieve
a self-powered flash heating by utilizing the enthalpy from the
chemical reaction itself. It is well known that enthalpy change in
chemical reactions, which is caused by bond rearrangement, de-
scribes the endothermic or exothermic nature of reactions.!?%1]
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Depending on the chemical state of reactants, and the number
and type of bonds involved, an exothermic reaction can be very
intense.[?223] In an exothermic reaction, heat is generated at the
interface between reactants, which inherently come into close
contact with precursors, facilitating efficient heat conduction
throughout the bulk of the material. If a reaction is fast enough,
meaning a large amount of heat is released within a short time
frame, flash heating is achievable. Therefore, it is possible to
utilize the energy from the reaction itself to realize a flash
heating effect.

In this work, as a proof of concept, we report the first
realization of a self-powered flash heating effect through a
mechanochemically-triggered, instantaneous exothermic reac-
tion between a Mg; N, /carbon composite and P, O;. Readily avail-
able mechanical ball milling was introduced to create activation
energy to initiate the self-propagating reaction, resulting in re-
leasing tremendous heat within only 2.4 s and achieving a re-
markable internal temperature over 1000 °C, leading to a flash
heating effect. Characterizations of mechanochemical flash heat-
ing synthesized P/C composite (denoted as MFH-P/C) revealed
a uniform dispersion of 60 wt % P within porous carbon ma-
trix with the presence of a strong P—C bond which could be
facilitated by high temperature flash heating. These features
enable MFH-P/C to overcome the long-standing cyclic failure
of P based materials, which is caused by the pulverization of
the electrode during the electrochemical alloying and dealloying
reactions.[?*28] Ag a result, MFH-P/C delivered outstanding elec-
trochemical lithium storage properties including high capacity
(1417mAh g™ at 0.2A g™), long term stability (935 mAh g™! af-
ter 800 cycles at 2 A g7!), high-rate performance (730 mAh g™! at
20 A g™'), high loading performance (3.6 mAh cm™ after 100 cy-
cles), and full cell cyclic stability (90% retention after 100 cycles)
which outperforms a majority of reported P based materials.

2. Results and Discussion

The mechanochemical-driven flash heating synthesis was
schematically illustrated in Figure 1a. Ball milling of an Mg;N, /C
composite with P, was conducted using a commercially avail-
able ball miller, with the synthesis of Mg;N,/C previously
published.”! The X-ray diffraction (XRD) analysis of the syn-
thesized Mg;N,/C composite is displayed in Figure Sla (Sup-
porting Information), showing a good match with the standard
peaks of Mg;N,. The complete removal of nitrogen is verified by
X-ray photoelectron spectroscopy (XPS) measurements of the N
1s peak in the g-C;N, precursor and the resulting carbon from
the Mg;N,/C composite, as shown in Figure S1b (Supporting
Information). The reaction of Mg;N, with P,Os was proposed
through equation 5/3 Mg;N, + P,O; =5 MgO + 2P + 5/3 N,
(gas), which exhibits a significant decrease in Gibbs free energy
(AG = — 814 k] mol™! at 20 °C) and a substantial release of en-
thalpy (AH = - 733 kJ mol™! at 20 °C), originating from the
formation of thermodynamically stable Mg—O bonds and N-N
triple bonds in the products. Evidence of the flash heating effect
was acquired by in situ monitoring of the reaction temperature
inside a custom-modified ball milling jar (Figure S2, Supporting
Information) and is shown in Figure 1b,c. It was observed that
the ball milling activation process lasted for #10 s and caused the
internal temperature to slightly increase by 2 °C before spiking
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up to an astonishing 1030 °C within merely 2.5 s, indicating that
this is an instantaneous reaction rather than a gradual one. Such
a phenomenon was enabled by the extremely fast propagation of
the reaction interface, suggesting that fast reaction kinetics is the
key factor in achieving the flash heating effect. The fast reaction
kinetics were confirmed by the XRD pattern (figure S2b, Support-
ing Information) of the product from ball milling Mg, N, /C com-
posite with P,O for 3 min, which shows a complete conversion
of the reactants to MgO and P. The rapid decrease in tempera-
ture from 1030 °C to below 200 °C within &3 min, followed by a
gradual cooling down to 46 °C, suggests that no continuous heat
release occurs during the subsequent 2 h of ball milling, con-
firming that the reaction is completed within a short period of
time. XRD patterns (Figure 1d) of the as-synthesized and washed
product after 2 h of ball milling indicate the complete elimina-
tion of the byproduct MgO after washing with acid. The P con-
tent in MFH-P/C was investigated by thermogravimetric analysis
(in Figure S3, Supporting Information), suggesting that P load-
ing reaches 60%, which is close to the stoichiometric ratio based
on the reaction. Attempts to regulate the peak temperature were
also made by simply adjusting the mass of reactants, with the
resulting temperature trend shown in Figure le. A strong cor-
relation between reactants’ mass and peak temperature was ob-
served, which is understandable considering that enthalpy is pro-
portional to mass. These experiments verified that the proposed
mechanochemical-triggered flash heating process is feasible in a
controllable manner.

The morphology and structural properties of MFH-P/C were
characterized. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images in Figure 2 reveal
the stacked porous structure of MFH-P/C, which is composed
of bowl-like carbon flakes with a diameter of 100-300 nm and a
thickness of 30 nm. The thickness of carbon flakes in MFH-P/C
is similar to that of nano-graphite derived from Mg;N,/C com-
posite (Figure S4, Supporting Information). The formation of the
bowl-like structure is likely induced by the mechanical shearing
force during the ball milling. The porous structure could result
from the simultaneous release of N, and flash heating during
the reaction, wherein gas evolution generates void channels, and
the short-time heating prevents sintering. This unique mecha-
nism distinguishes the mechanochemical-driven flash heating
process from the traditional ball milling process, in which the lat-
ter usually results in densely packed morphology.**-*% To study
the elemental distribution in MFH-P/C, Energy Dispersive Spec-
trometer (EDS) elemental mapping images under different scales
were acquired and displayed in the Figure 2 e,f and Figure S5
(Supporting Information), revealing the highly uniform distribu-
tion of P within C throughout micrometer and nanometer scales.
TEM images in Figure 2c,d further reveal the porous structure of
MFH-P/C, with amorphous phosphorus particles encapsulated
by crumpled and curved carbon layers. The porosity of MFH-
P/C was further characterized by nitrogen adsorption, with the
isotherm displayed in Figure S6 (Supporting Information). The
MFH-P/C composite has a Brunauer-Emmett-Teller (BET) sur-
face area of 30 m? g~!, and the adsorption mainly occurs at a high
relative pressure (P/P, > 0.8, Figure S6, Supporting Informa-
tion), suggesting a stacked pore structure. An appropriate poros-
ity could enhance the electrochemical performance of alloy type
anode not only by providing free space to mitigate the volume
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Figure 1. a) Schematic illustration of the synthesis of MFH-P/C; b) insitu measurement of temperature during the mechanochemical synthesis for 2 h,
inset: the initial stage of the reaction; c)temperature profile of the first 40 s during the synthesis; d)XRD pattern of as synthesized MFH-P/C and washed

MFH-P/C. e) Peak temperature recorded from different reactant mass.

change during the charging and discharging, also by the path-
ways for Li* ions transportation.?3-¢] With this optimized struc-
tural features, MFH-P/C is expected to deliver superior electro-
chemical performance in cyclic stability and fast charging capa-
bility.

The chemical states of the samples were first investigated
by Raman spectroscopy. The Raman spectrum of MFH-P/C in
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Figure 3a shows major peaks at 1348 cm™! and 1610 cm™?, corre-
sponding to the D and G bands of carbon, respectively, and a weak
signal ~400 cm™' from P. The 1,/1, value, which represents the
graphitization degree of carbon, was evaluated to be 1.2, much
lower than the value (x0.3 in Figure S7, Supporting Information)
of the Mg;N, /C-derived nano-graphite, indicating a low graphi-
tization degree of the carbon in MFH-P/C. The weakening of the
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Figure 2. a, b) SEM images of MFH-P/C; ¢, d) TEM images of MFH-P/C; e-g) SEM-EDS element mapping of MFH-P/C.

P peaks in the Raman spectrum could result from the interaction
of P with the hosts, as observed in other studies.>*37-]

The chemical interaction between P and C was further char-
acterized by XPS, with the deconvoluted high-resolution P
2p spectrum of MFH-P/C comprising five peaks located at
129.6, 130.1, and 134.0 eV, assigned to 2p3/2, 2p1/2 of P—P
bond and P-C, P—O bond, respectively. The P—C bond was
also confirmed by deconvoluted high-resolution C 1s spec-
trum, displaying C=C, C—C, and P—C at 284.7, 286.2, and
288.9 eV, respectively.3%324041The presence of P—C bonds has
been reported in other P/C materials prepared through high-
temperature vapor condensation or long-time ball milling.3*-#1]
The strong P—C bond in MFH-P/C suggests that the flash heat-
ing effect in our process may facilitate the formation of P—C
bonds. The chemical bond between P and C plays a crucial role
in enhancing the electrochemical performance, improving struc-
tural stability, and reducing interfacial ohmic contact in P-based
materials.[**# The presence of oxygen in a survey in Figure 3d
could originate from the exposure of the sample to air during the
washing and drying process. The high-resolution O 1s spectrum
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in the inset of figure 3d can be deconvoluted into C—O or P—O
at 533.7 eV, C=0 or P=0 at 532.3 eV.

The electrochemical performance was evaluated in a half coin
cell configuration. Figure 4a shows the cyclic voltammetry (CV)
curves of the MFH-P/C anode at a voltage range between 0.01 V
and 3 V with a scan rate of 0.1 mV/s. A reduction wave centered
at 0.5 V in the cathodic branch of the first scan can be assigned to
the lithiation of P to Li, P through multiple intermediate phases,
accompanied by the formation of a solid electrolyte interface
membrane.[*>*] An oxidation wave in the anodic branch cen-
tered at 1.15 V corresponds to the delithiation of Li,P to P.[2#3]
From the second to the fourth scan, the cathodic peak and an-
odic peak shift closer together, indicating enhanced electrochem-
ical reversibility and implying that the MFH-P/C material under-
goes an activation process during the initial cycles. Under gal-
vanostatic charging and discharging at 0.5 A g~!, the MFH-P/C
electrode exhibited a charging capacity of 1296 mAh g=! and a
discharging capacity of 1662 mAh g~ in the first cycle, result-
ing in a Coulombic efficiency of 78%. The irreversible capacity
in the first cycle is attributed to the decomposition of electrolytes

© 2024 Wiley-VCH GmbH
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Figure 3. a) Raman spectrum of MFH-P/C; b) High resolution XPS spectrum of P 2p; c) High resolution XPS spectrum of C Ts; d) XPS survey; inset:

High resolution XPS spectrum of O 1s of MFH-P/C.

and the formation of a solid electrolyte interface (SEI) layer on
the electrode. After 100 cycles, the capacity of the MFH-P/C elec-
trode was retained at 1051 mAh g~!, demonstrating excellent sta-
bility. Figure 4c shows the voltage profile of the MFH-P/C anode
at 0.5 A g7, with a lithiation plateau at ~0.7 V and a delithia-
tion plateau at ~1.1 V, which agrees well with the CV results. The
voltage profiles of the 50th cycle and 100th cycle are highly over-
lapped, further confirming the robust stability of the MFH-P/C
electrode.

The rate performance was tested under various current densi-
ties ranging from 0.2 to 20 A g~!. As shown in Figure 4e, at the
current densities of 0.2, 0.5, 1, 2, 5, 8, and 10 A g~!, MFH-P/C
can deliver 1417, 1269, 1160, 1088, 1027, 907, and 841 mAh g,
respectively, demonstrating excellent rate performance. Even at a
high current density of 20 A g=!, MFH-P/C can still deliver 51.5%
of the capacity at 0.2 A g~!, demonstrating excellent fast charg-
ing capability. Moreover, when the current was switched back to
0.2 A g™', the capacity could recover to 1214 mAh g™', indicating
a superior ability to adapt to large current variations. The voltage
profiles of the MFH-P/C anode at different current densities in
Figure S8 (Supporting Information) show that well-defined volt-
age plateaus were preserved, suggesting the alleviated polariza-
tion of the MFH-P/C anode under the high-rate test.

To evaluate the long-term cyclic performance of MFH-P/C un-
der high current density, the electrode was tested at 2 A g~! after
activation at 0.5 A g~! for 5 cycles. It is presented in Figure 4e that
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MFH-P/C exhibited remarkable cyclic stability, with a capacity of
935 mAh g after 800 cycles, which is 91.6% of the first cycle at
2 A g7! (equivalent to a capacity fading rate of 0.0011% per cycle).
Itis worth mentioning that the MFH-P/C electrode also exhibited
a high Coulombic efficiency upon cycling. As shown in Figure S9
(Supporting Information), at 0.5 A g~! the Coulombic efficiency
of the MFH-P/C electrode jumped to 98.5% at the second cycle
and 99.4% at the fifth cycle and maintained ~99.6% for the rest
of the cycles at 2A g~'. The excellent cyclic performance and high
Coulombic efficiency suggest that the drastic volume change of
P particles is properly alleviated by the carbon framework, pre-
venting the pulverization of the electrode and maintaining the
integrity of the SEI layer.

To further demonstrate the potentially practical application of
MFH-P/C, high loading and full cell performance were investi-
gated. A high loading (3.125 mg cm™?) electrode was tested in
a half cell under the current density of 0.625 mA cm~2, which
shows in Figure 5a that an industrial level area-specific capacity
of 3.6 mAh cm™2 can be retained after 100 cycles. The voltage pro-
files of the high loading electrode for the first 6, the 50th, and the
100th cycle are shown in the Figure 5b, demonstrating MFH-P/C
’s capability of delivering stable and high areal capacity without
producing large polarization. The increase in charge capacity
during the first 5 cycles is likely due to insufficient penetration of
electrolyte in the high loading electrode, which can be mitigated
by a few cycles of activation. The full coin cell was assembled by

© 2024 Wiley-VCH GmbH
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Figure 4. a) CVs of MFH-P/C anode at a scan rate of 0.1 mV s~'; b) Cyclic performance of MFH-P/C anode at 0.5 A g™'; ) Voltage profile of MFH-P/C
anode at 0.5 A g~'; d) rate performance of MFH-P/C anode; e) cyclic performance of MFH-P/C anode at 2 A g~! after activation at 0.5 A g~ for 5 cycles.

pairing the MFH-P/C anode with a LiFePO, cathode. The voltage
profile and cyclic performance of the full cell under a high cur-
rent density of 2 A g=! (based on anode) are displayed in Figure 5¢
and Figure 5d. The full cell exhibits a well-defined discharging
plateau at ~2.3 V with a capacity of 700 mAh g=! (based on
anode) and a capacity retention of 90% after 100 cycles, demon-
strating the potential application. The detailed comparison of
the electrochemical performance of MFH-P/C with previously
reported P-based materials is listed in Table S1 (Supporting
Information), which further confirms the advantage of our
process.

Small Methods 2024, 2400460 2400460

3. Conclusion

In conclusion, we have demonstrated a mechanochemical-driven
self-powered flash heating process using a model reaction be-
tween an Mg, N, /C composite and P,Os as proof of concept. By
harnessing enthalpy from this instantaneous exothermic reac-
tion, a flash heating effect can be controllably realized in a com-
mercially available ball miller without needing a sophisticated
setup. The unique features of this process result in MFH-P/C ex-
hibiting a highly uniform distribution of chemically bonded P
in a hierarchical carbon matrix with a P concentration of 60%.
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Figure 5. a) high loading performance of MFH-P/C anode under current density of 0.625 mA cm™2, mass loading:3.2 mg cm~2; b) Voltage profile of
high loading MFH-P/C anode under current density of 0.625 mA cm~2; c)cyclic performance of LiFePO4|| MFH-P/C full cell at 2 A g~'; d) Voltage profile

of LiFePO,||[MFH-P/C full cell cycled at 2 A g

Benefiting from the advanced structure, MFH-P/C exhibits re-
markable electrochemical lithium storage properties, including
high capacity (1417 mAh g! at 0.2 A g~!), robust cyclic stability
(935 mAh g! at 2 A g~! after 800 cycles, 91.6% retention), high-
rate capability (739 mAh g=! at 20 A g!), high loading perfor-
mance (3.6 mAh cm~2 after 100 cycles), and full cell cyclic stabil-
ity (90% retention after 100 cycles). This work broadens the flash
heating concept and could potentially find application in various

fields.
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