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Cathode-Electrolyte Interphase Engineering toward
Fast-Charging LiFePO4 Cathodes by Flash Carbon Coating

Jinhang Chen, Obinna E. Onah, Yi Cheng, Karla J. Silva, Chi Hun (Will) Choi,
Weiyin Chen, Shichen Xu, Lucas Eddy, Yimo Han, Boris I. Yakobson, Yufeng Zhao,*
and James M. Tour*

Lithium iron phosphate (LiFePO4, LFP) batteries are widely used in electric
vehicles and energy storage systems due to their excellent cycling stability,
affordability and safety. However, the rate performance of LFP remains limited
due to its low intrinsic electronic and ionic conductivities. In this work, an ex
situ flash carbon coating method is developed to enhance the interfacial
properties for fast charging. A continuous, amorphous carbon layer is
achieved by rapidly decomposing the precursors and depositing carbon
species in a confined space within 10 s. Simultaneously, different heteroatoms
can be introduced into the surface carbon matrix, which regulates the
irregular growth of cathode-electrolyte interphase (CEI) and selectively
facilitates the inorganic region formation. The inorganic-rich, hybrid
conductive CEI not only promotes electron and ion transport but also restricts
parasitic side reactions. Consequently, LFP cathodes with fluorinated carbon
coatings exhibited the highest capacity of 151 mAh g−1 at 0.2 C and
96 mAh g−1 at 10 C, indicating their excellent rate capability over commercial
LFP (58 mAh g−1 at 10 C). This solvent-free, versatile surface modification is
shown for other electrode materials, providing an efficient platform for
electrode-electrolyte interphase engineering through a surface post-treatment.

1. Introduction

Lithium-ion batteries (LIBs), known for their high energy density
and specific energy, are the predominant technology for storing
electrochemical energy in electric vehicles. Over the past decades,
ternary layered oxides, including lithium nickel-manganese-
cobalt oxide (NMC) and Ni-rich lithium nickel-cobalt-aluminum
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oxide (NCA), have been extensively stud-
ied and mass-produced due to their high
energy density.[1,2] With the rising de-
mand for electric vehicles, LIB produc-
tion may face challenges due to a global
shortage and geographical constraints of
cobalt and nickel by 2050.[3,4] Recently,
the olivine-type lithium iron phosphate
(LFP) cathode garnered significant inter-
est for its comparable reversible capacity,
affordability, and superior thermal and
cycling stability relative to ternary layered
oxides, aligning well with future sustain-
able advancement of LIBs. However, LFP
suffers from poor rate performance as-
sociated with low electronic conductivity
(10−9–10−10 S cm−1) and low Li+ diffu-
sion coefficient (10−14 cm2 s−1).[5] Con-
siderable effort has been dedicated to en-
hancing its ionic and electronic trans-
port properties, such as downsizing LFP
particles to decrease the Li+ transport
pathway,[6] partial substitution of Fe ions,
which weakens the Li–O interactions and
lowers the charge transfer resistance,[7,8]

and conductive composite coating.[9,10] Among these approaches,
carbon coating is identified as a convenient and highly effective
alternative to improve electrical conductivity, mitigate metal ion
dissolution, and avoid direct contact between electrolytes with the
active material.[11]

In general, carbon coating on LFP is performed either in
situ, where carbon precursors are mixed and calcined with iron,
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phosphorus, and lithium sources under a reducing atmosphere
during LFP synthesis, or ex situ, in which carbon is introduced
on synthesized LFP a post-treatment. While one-step in situ solid-
state and wet chemical routes offer convenience, the particle size
of precursors, mixing method, calcination temperature, and heat-
ing rate affect the carbon layer uniformity, thickness, and qual-
ity in conventional solid-state reactions.[12,13] Similarly, the car-
bon precursors, such as citric acid, glucose, and sucrose, interact
with iron species in solution by chelation and, therefore, modu-
late the size of LFP particles in the wet chemical routes.[14–16] In
comparison, the ex situ method enables the decoupling of LFP
synthesis and the carbon coating process, which provides better
control over each step. LFP of high crystallinity and purity can be
synthesized by the molten salt method, so to take advantage of
this process, an ex situ carbon coating would be useful.[17] How-
ever, to date, uniformity of an ex situ carbon coating is hard to
achieve and it incurs substantial additional costs. Direct anneal-
ing of LFP with carbon sources in solid-state reactions has yielded
inadequate carbon coverage on the LFP surface.[16,18] While wet
chemical routes followed by calcination can produce uniform car-
bon coatings,[14,19,20] the introduction of solvent and extended cal-
cination periods under a reducing atmosphere increase the cost
of LFP production. Consequently, there is a demand for low-cost,
efficient ex situ carbon coating techniques for LFP cathodes.

Recently, direct electrical heating has emerged as an attractive
technique for materials synthesis[21–23] and modifications,[24,25]

attributed to its time and energy efficiency and the ability to al-
ter product properties through rapid kinetics and programmable
conditions. Here, we demonstrate that the technique can be fur-
ther extended to achieve uniform carbon coatings on LFP by ad-
justing the input voltage and discharge duration. The solid-state
reaction is performed by decomposing precursors at ≈800 °C
through fast electrical heating and depositing the carbon species
onto the LFP substrate within 10 s. This method exhibited higher
conversion efficiency than the gas-phase carbon coating method
using acetylene and propylene gas.[26,27] Benefiting from the high
heating/cooling rate, the structure of the LFP particles remains
intact while the carbon sources are selectively decomposed. Het-
eroatoms can be introduced into the carbon matrix by varying the
precursors and further promoting the CEI formation. LFP with
different carbon coating layers are characterized and investigated
as the cathode materials in LIBs. LFP cathodes with F-doped car-
bon coatings showed the highest capacity of 151 mAh g−1 at 0.2
C and 96 mAh g−1 at 10 C while maintaining over 80% capacity
retention at 5 C after 500 cycles. A life cycle assessment (LCA)
revealed that the FJH method reduces energy consumption and
greenhouse gas (GHG) emissions by ≈90% compared to other ex
situ carbon coating methods.

2. Results and Discussion

2.1. Design of the Rapid Ex Situ Carbon Coating

Before the flash Joule heating (FJH) process, LFP was mixed with
carbon black (CB) and other sources (see below) in a mass ra-
tio of 85:10:5. CB serves as the conductive medium to facilitate
the electrical heating and act as the conductive additive during
the cathode slurry preparation. A typical FJH process is shown
in Figure 1a. The mixture of precursors was compressed inside

a quartz tube with two graphite electrodes on each side, which
were connected to the Cu electrodes and an external capacitor
bank (Figures S1 and S2, Supporting Information). The safety
precautions were discussed in previous work.[28] Two O-rings
were installed between the Cu electrodes and the quartz tube
to minimize gas leakage from the central reaction area and el-
evate the local pressure, which contributed to the efficient gas-
phase carbon coating.[29] The reaction temperature was mea-
sured by an infrared thermometer. Within a discharging time
of 500 ms, by adjusting the voltage input from 50 to 120 V, the
peak temperature was tuned between 550 to 1450 °C with an ul-
trafast heating rate (≈104 °C s−1) and cooling rate (≈103 °C s−1)
(Figure S3, Supporting Information). With an optimized input
voltage of 70 V, the peak current passing through the sample was
≈64 A (Figure 1b), and the corresponding temperature reached
≈800 °C (Figure 1c,d). Eight other sources with low melting
points were selected for heteroatom doping, some of these hav-
ing been studied previously in conventional furnace reactions
(Figure 1e,f). The melting points are listed for comparison since
the boiling points of some precursors are uncertain. The FJH pro-
cess was repeated three times (3 × 500 ms) over a 10-s-period to
ensure a complete decomposition of the carbon sources. The pre-
cursors decomposed under such a temperature and released gas
species within the confined quartz tube. In the FJH reaction ex-
ceeding 1200 °C (input voltage>100 V), the quartz tube is likely to
explode due to the complete breakdown of PVDF and rapid gas
release. The decomposition products of PVDF in the FJH pro-
cess were collected and analyzed by GC-MS (Figure S4, Support-
ing Information). C-F species, including CF2

+, CF3
+, C2F3

+, and
C2F4

+, were generated during the reaction and deposited on LFP
particles. -C-F-, -CH-CF-, -CH2-CF2-, 1,3,5-trifluorobenzene are
the major C-F species in the gas emissions according to previous
investigation in PVDF thermal decomposition.[30,31]

Melamine is commonly used as a precursor for N-doped
carbon and C3N4 structures through pyrolysis,[32,33] while the
volatiles derived from PP,[34] PEG,[35] and PPS[36] have been thor-
oughly studied in previous research. These findings verify that
the precursors decomposed by the FJH form volatile carbon
species. Afterward, a continuous carbon coating formed on the
LFP particles.

To demonstrate the advantages of FJH compared to conven-
tional furnace treatment for carbon coating, the thermal sta-
bility of LFP is compared under several scenarios (Figure 1e).
LFP experiences oxidation when annealed in air at ≈450 °C
(Figure S5, Supporting Information). To obtain pure LFP, calci-
nation is performed in an Ar/H2 atmosphere, and the structural
stability is maintained up to ≈800 °C, but prolonged heating re-
sults in LFP degradation. Iron phosphides, including FeP and
Fe2P, will be generated from the carbothermal reduction in the
bulk phase, which compromises the crystallinity of LFP.[37] How-
ever, in the rapid heating and cooling rate of the FJH reaction, the
structure of LFP remained unchanged while the carbon sources
were selectively decomposed and deposited. Noticeable changes
of LFP can be observed from X-ray diffraction (XRD) analysis at
>1300 °C with an input voltage of 110 V (Figure 2a; Figure S3,
Supporting Information). The results suggest that our rapid ex
situ carbon coating method exhibits a wider operation window
and better temperature modulation, which are crucial factors in
coating control.
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Figure 1. Ex situ carbon coating by FJH. a) Schematic diagram of the carbon coating process through gas-phase deposition in a confined space.
b,c) Current curve and real-time temperature curve with an input voltage of 70 V and duration of 500 ms recorded by an infrared thermometer.
d) pictures of the sample in the quartz tube i) before and ii) during the FJH reaction. Scale bar, 1 cm. e) LFP thermal stability comparison under vari-
ous heating scenarios. f) Elements and corresponding precursors for heteroatom doping (melting point in note). PP: polypropylene, PEG: polyethylene
glycol, PVDF: polyvinylidene fluoride, PPh3: triphenylphosphine, PPS: polyphenylene sulfide, PVC: polyvinyl chloride.

2.2. Decomposition of Added Sources and Formation of Carbon
Coating

To assess any structural change of LFP, while studying the de-
composition of carbon sources in the FJH process, XRD pat-
terns of the products were compared at different input voltages
(Figure 2a). The bulk structure of LFP did not show a change
between 50 and 100 V due to the short electrical heating time.
However, Fe2P formation was detected at 110 V, corresponding
to a temperature of ≈1300 °C. This side reaction happens be-
tween LFP and carbon under relatively high temperatures, which
is seen with reactions in conventional furnace sintering.[37] When
the reaction temperature further increases to ≈1450 °C, Fe was
also identified, indicating that intense reduction starts to take
place. Due to the low content (5%) and low crystallinity of PVDF
precursors, their diffraction peak at ≈20° is not clear. The XRD
patterns of other precursors are also characterized (Figures S6
and S7, Supporting Information). The melamine and boric acid
peaks disappeared after the FJH reaction at 70 V, suggesting the
successful decomposition of the precursors.

The molecular vibration of the precursors can be analyzed by
Fourier-transform infrared spectroscopy (FTIR). The character-
istic vibrational bands of 𝛼-phase PVDF at 854, 1209, and 1423
cm−1 decreased after the flash at 70 V, while the intensity fur-
ther diminished after the third flash (Figure 2b).[38] This intensity
reduction of characteristic peaks was observed in other precur-
sors (Figures S8–S10, Supporting Information). Thermogravi-
metric analysis (TGA) was conducted to further investigate the
precursors decompositions. The mixture comprised 85% LFP,
10% CB, and 5% other sources (Figure 1f). LFP experienced ox-

idation in the air (Figure S11, Supporting Information), which
caused the weight to increase at ≈430 °C. The oxidation pro-
cess was not observed when annealed in an N2 atmosphere
(Figure S12, Supporting Information). CB and the other sources
decompose at 500—650 °C and 200—500 °C in air, respectively,
and the decomposition is complete at 800 °C with a heating rate
of 10 °C/min. The TGA curves of the raw LFP-PVDF sample,
after one flash at 70 V and after three flashes, are compared in
Figure 2c. Since LFP and CB do not show noticeable weight loss
during the rapid FJH treatment process, the difference in weight
loss at 800 °C can be attributed to the content of decomposed
PVDF. The PVDF content decreased from 5% to 2.8% in the first
flash and 0.8% after the third flash, suggesting that most of the
PVDF decomposed. High conversion ratios were also calculated
from the weight loss of samples with melamine and polypheny-
lene sulfide (PPS) (Figures S13 and 14, Supporting Informa-
tion). The surface area of the sample calculated from Brunauer-
Emmett-Teller (BET) analysis decreased from 121 to 86 m2 g−1

(Figure S15, Supporting Information). This is possibly due to the
amorphous carbon coating deposited on the higher-surface-area
carbon black, which blocks their mesoporous structure.

To characterize the oxidation state and binding environment of
the heteroatom-doped LFP/C, X-ray photoelectron spectroscopy
(XPS) measurements were conducted (Figure 2d–f). Semi-ionic
F (≈687.6 eV) was identified in both LFP-PVDF mixtures be-
fore and after the reaction in the F 1s core-level spectra, cor-
responding to the C-F species in PVDF and F-doped carbon
layer.[39,40] Noticeably, ionic F (≈685 eV) was present in the sam-
ple after FJH at 70 V, suggesting the possible interaction be-
tween F and Fe or Li atoms. Previous researchers have detected
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Figure 2. Characterization of precursor decomposition and carbon coating. a) XRD patterns of LFP-PVDF samples were treated under different input
voltages. The PDF reference cards for each are 00-065-0257 (LFP), 04-002-3692 (Fe), and 04-006-6444 (Fe2P). b) FTIR spectrum of LFP-PVDF samples
before (red) and after FJH treatment (blue and purple). c) TGA curves of LFP-PVDF samples before (black) and after FJH treatment (red and blue) in
air at the heating rate of 10 °C per min. d,e) F 1s and C 1s core-level XPS spectrum of LFP-PVDF samples before (bottom) and after FJH treatment at
70 V three times (top). f) Elemental ratios before (black) and after FJH treatment at 70 V three times (red) with different precursors. g) HRTEM image
of F-LFP/C. h,i) HAADF-STEM image of F-LFP/C and corresponding elemental mapping. Scale bars, 200 nm.

the M-F species when annealing LFP with PVDF.[41] No obvi-
ous shift in peak position was observed in the O 1s and Fe
2p spectrum before and after FJH (Figure S16, Supporting In-
formation), indicating the stability of LFP crystals during the
process.[42] The two peaks at 284.8 and 285.7 eV in C 1s core-
level spectra correspond to C-C and C-O bonds, respectively.[43]

The flashed LFP-PVDF sample showed a higher intensity of F-C-
F peak (≈290.8 eV) in the C 1s spectra. This is due to the surface
enrichment effect of heteroatoms, which we also observed with
other precursors (Figure 2f). Since the detection depth of XPS is
≈5–10 nm,[44] the elemental ratio determined by XPS largely re-
flects the surface-element distribution, hence the increases seen
in Figure 1f after FJH. At elevated temperatures, carbon sources
decomposed and deposited on the surface to form the carbon
coating layer, together with the heteroatoms. The thickness of
the carbon layer is ≈10 nm, determined by high-resolution trans-
mission electron microscopy (HRTEM) (Figure 2g; Figure S17,
Supporting Information). Only a thin amorphous layer (<2 nm)
can be observed on the bare LFP surface before the FJH reac-
tion (Figure S18, Supporting Information). High-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) images of F-doped LFP/C particles and the corresponding
elemental mapping are shown in Figure 2h–i. The overlapping of
Fe, O, C, and F signals confirmed the uniform coating of the en-

tire particle. Additional elemental mappings by HAADF-STEM
and scanning electron microscopy (SEM) images are provided
in Figures S19 and S20 (Supporting Information). Furthermore,
the carbon coating method has also been tested on other sub-
strates, including LiCoO2 (LCO), graphite, Li4Ti5O12 (LTO), and
Li1.3Al0.3Ti1.7(PO4)3 (LATP). ≈10 nm carbon coating layers were
observed in HRTEM images (Figure S21, Supporting Informa-
tion), indicating that this flash carbon coating method has poten-
tial for testing with other electrode materials. Our ex situ post-
treatment method avoids the complex interactions of precursors
inherent in in situ carbon coating methods. This rapid gas-phase
deposition approach exhibits low substrate dependence due to
the largely reduced time scale compared to conventional furnace
calcination processes. The side reactions of the electrode materi-
als are effectively limited in the short duration while the decom-
posable precursors are fractured.

2.3. Battery Performance and Electrochemical Properties of
Carbon Coated LFP Cathode

The electrochemical behavior of LFP cathodes is related to the in-
put voltage. With an input voltage higher than 110 V (>1300 °C),
the treated LFP cannot be charged to 3.8 V due to structure
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Figure 3. Electrochemical performance of F-LFP/C cathode. a,b) Cycling stability of LFP (blue) and F-LFP/C (red) at 0.5 C and 5 C, respectively. c) Charge-
discharge profiles of LFP (blue) and F-LFP/C (red) at different cycles (tested at 5 C). d) Capacity of LFP (blue) and F-LFP/C (red) at different scan rates.
e) Comparison of rate performance by using different carbon sources. f) Cycling stability of the full-cell LIB with F-graphite anode and F-LFP/C cathode
2 C. g) Nyquist plots of LFP (blue) and F-LFP/C (red) before and after 200 cycles. h,i) CV curves of LFP and F-LFP/C at different scan rates from 0.1 to
1 mV s−1.

degradation (Figure S22, Supporting Information), which is con-
sistent with the Fe2P side products shown in XRD patterns
(Figure 2a). The optimized condition is at 70 V (≈800 °C) three
times. The F-doped carbon-coated LFP derived from PVDF (de-
noted as F-LFP/C) was selected as an example to investigate the
electrochemical properties of LFP/C. The battery performance
was analyzed in half cells where Li foil served as the counter elec-
trode. In the galvanostatic cycling test at 0.5 C (1 C= 150 mA g−1),
both LFP and F-LFP/C can be reversibly charged-discharged for
500 cycles, while F-LFP/C shows slightly higher capacity reten-
tion of 92%, compared to that of 86% for pristine LFP (Figure 3a).
The difference is more pronounced when the cathodes are tested
at 5 C (Figure 3b). F-LFP/C exhibits a capacity of 118 mAh·g−1

and maintains 84% of the initial capacity after 500 cycles, which
is higher than that of LFP (92 mAh g−1 and 24% retention, respec-
tively, Figure 3c). The charging/discharging overpotentials at 5 C

are higher than those at 0.5 C (Figure S23, Supporting Informa-
tion). The average specific capacity of F-LFP/C is 151, 143, 137,
128, 117, and 97 mAh g−1 at the rate of 0.2, 0.5, C, 2, 5, and 10
C, respectively. All the values exhibit enhanced rate performance
compared to bare LFP, especially a capacity increase of 67% at 10
C. By varying the PVDF content in the precursor from 2.5% to
10%, an amorphous carbon layer of 5–30 nm can be deposited
with the doping of F atoms (Figures S24–S26, Supporting Infor-
mation). When the PVDF content exceeds 5%, the F content only
increases slightly, indicating the saturation of F atoms in the sur-
face carbon layer during the deposition process. The highest ca-
pacity retention was observed in the 5% PVDF sample, likely due
to the optimal thickness of the carbon layer (Figure S27, Support-
ing Information). While the carbon coating enhances the conduc-
tivity of LFP, a thick carbon layer may impede Li+ transport. The
carbon coatings derived from the various precursors are further
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compared in Figure 3e (detailed in the Experimental Section). In-
troducing F, N, and O atoms in the carbon layers enhanced the
rate performances, while S and P atoms led to a decline. In the
case of B, the carbon coating, coming only from CB, was not uni-
form. The possible mechanism will be further discussed below.

Based on the excellent reversible capacities under a high
charge/discharge rate, the F-LFP/C cathode was further tested
as the cathode when paired with an F-graphite anode. The F-
graphite anode was prepared by the same carbon coating process
as was used in the F-LFP/C cathode. The full cell F-graphite || F-
LFP/C maintained a capacity of 1.2 mAh with a retention of 85%
in the initial 200 cycles (Figure 3f). The result suggests that this
carbon coating process can be used on both cathodes and anodes
to produce higher-rate performance systems.

The electrochemical behaviors of F-LFP/C were character-
ized by electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV). The equivalent circuit used for fitting the ex-
perimental data is shown in Figures S28 and S29 (Supporting
Information). The horizontal intercept in the high-frequency re-
gion is the ohmic resistance (Ro) of the electrochemical system,
including the contact resistance and the resistance of active ma-
terial, electrolyte, and current collectors. Rohm is ≈6 ohms and
remains almost unchanged during the charging and discharg-
ing process. The semicircle in the high-to-medium frequencies
results from the resistance of interfacial charge transfer (Rct).
The sloping line at low frequency corresponds to the Warburg
impedance (Zw) related to the Li+ diffusion.[45,46] The fitting re-
sults showed a lower Rct in F-LFP/C (78 Ω) compared to LFP
(108 Ω) before cycling. After 200 cycles, there is a clear enhance-
ment of the charge transfer kinetics with the modified interphase
(Figure 3g). A smaller Rct decrease was observed in F-LFP/C
(from 78 to 62 Ω) compared to LFP (from 108 to 77 Ω), suggest-
ing the improved stability of the cathode electrolyte interphase
(CEI).[47] CV curves of LFP and F-LFP/C were scanned at sweep
rates from 0.1 – 1.0 mV s−1(Figure 3h,i). The reduction peaks
at 3.2 and 3.7 V are assigned to Fe3+ to Fe2+ (Li+ insertion) and
Fe2+ to Fe3+ (Li+ extraction), respectively. The voltage gaps be-
tween the two redox peaks are ≈550 mV at 1 mV s−1 for LFP
and F-LFP/C. Generally, Li+ storage on electrodes includes the
diffusion-controlled Faradic reaction process (typical battery ma-
terials) and surface-induced capacitive process (typically capaci-
tor materials). The reaction kinetics through CV are examined
by the following equation: ip = avb, where peak current (ip) and
the scan rates (v) obey a power law. Both a and b are adjustable
parameters.[48] b values are derived from the slope of the curve
of log(ip) versus log(v) (fitting from the cathodic peak at ≈3.2 V,
Figure S30, Supporting Information). The b values are close to
0.5, indicating that Li+ diffusion is the dominant process for the
LFP cathode. Furthermore, the Li+ diffusion coefficient (DLi+) is
proportional to the slope of ip versus v1/2 according to the Randles-
Sevcik equation. LFP/C cathodes, especially F-LFP/C, exhibited
larger slopes than LFP (Figure S31, Supporting Information),
suggesting the favorable Li+ diffusion kinetics in LFP/C. DLi+
of LFP and F-LFP/C were measured by the galvanostatic inter-
mittent titration technique (GITT) (Figure S32 and Text S1, Sup-
porting Information). The F-LFP/C cathode showed a higher Li+

diffusion coefficient than the LFP cathode under different volt-
ages, with an average increase of ≈150% (Figure S33, Supporting
Information).

2.4. Formation of Inorganic-Rich Cathode-Electrolyte Interphase

The Li+ diffusion kinetics is related to the composition of CEI,
which is generally considered a heterogeneous multicomponent
film formed due to electrolyte decomposition at the cathode
surface.[49] The thermodynamic properties, transport kinetics,
and stabilization of CEI remain less studied compared to solid-
electrolyte interphase (SEI). This is due to the complex structural
composition of CEI. Introducing electrolyte additives,[50,51] for-
mation of inorganic artificial CEI,[52] and heteroatom doping of
the cathode,[53] are the common strategies to tune the CEI com-
position. In our work, we found that introducing a heteroatom-
doped carbon layer can facilitate the formation of CEI. The char-
acterization of cycled LFP and F-LFP/C are compared in Figure 4.
A uniform and smooth interphase morphology was observed un-
der SEM images on F-LFP/C after cycling at 5 C rate (Figure 4d,e),
while more cracks and particles were exposed at the inhomo-
geneous surface from LFP cathode under the same conditions
(Figure 4a,b). Some large particles formed on LFP are possibly
Li2CO3 and Li2O (Figure S34, Supporting Information).

The morphology of CEI was further analyzed via HRTEM im-
ages. A loose, irregular, and amorphous CEI layer formed on
the bare LFP cathode after cycling at 5 C rate (Figure 4c; Figure
S35, Supporting Information), indicating excessive labile organic
components formation due to the degradation of organic elec-
trolyte. The loose CEI layer results in low electrical conductiv-
ity, sluggish Li+ transfer, and poor mechanical strength. The lack
of an intimate CEI layer under normal cycle conditions was re-
ported by Zhang et al. using cryogenic electron microscopy (cryo-
EM).[54] In comparison, a dense CEI layer formed in the F-LFP/C
sample after cycling (Figure 4f). The CEI layer is more uniform,
and Well-crystallized regions are identified in CEI, and its lattice
spacing of ≈2.3 Å matches with the (111) facet of LiF.[55] The in-
organic components in the CEI also constitute a much higher
ratio in LFP/C with other heteroatoms and even show contin-
uous coverage (Figure S36, Supporting Information). Based on
the characterization results, we proposed a possible conversion
mechanism of carbon coating to the inorganic-rich CEI layer. The
amorphous carbon network provides good electrical conductiv-
ity and allows the transfer of Li+. The heteroatoms are converted
to inorganic Li compounds, while the carbon matrix structure is
partially maintained, which restricts side reactions between the
cathode and liquid electrolyte and ensures uniform Li+ flux on
the cathode. The dense CEI layer likely promotes electron and
ion transfer as the mixed-conductive layer (Figure S37, Support-
ing Information). The formation of LiF was also confirmed by
XRD analysis (Figure 4g,h). The intensity of peaks at 37.5° and
44.8°, corresponding to LiF formation, increased in the F-LFP/C
sample during cycling while no obvious signal was in LFP. The
results suggest the crystalline LiF formation is favorable when
introducing additional F content. The inorganic-rich CEI layer
demonstrates superior electrochemical performance to normal
CEI composed of organic compounds, Li2O, LiF, and Li2CO3 of
low crystallinity.

The effect of carbon coating on the electrical conductivity of
LFP was investigated through total density of states (DOS) simu-
lation. Enhanced carrier density was noticed in the LFP structure
coated with 0.6 nm amorphous carbon, indicating carbon coat-
ing facilitates the electron transfer on LFP surface (Figure S38,

Small Methods 2024, 2400680 © 2024 Wiley-VCH GmbH2400680 (6 of 11)
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Figure 4. Formation of dense, inorganic-rich cathode-electrolyte interphase. a,b,d,e) SEM images of LFP surfaces and F-LFP/C after testing at 5 C.
c,f) HRTEM images of LFP and F-LFP/C surfaces after testing at 5 C. Non-uniform, loose CEI formation was noticed on LFP, while a uniform, dense,
crystallized CEI layer formed on the F-LFP/C surface. g,h) XRD patterns of LFP and F-LFP/C samples after cycling at 5 C. Figure h is an expansion of
the region from 35° to 50°. The PDF reference cards for each are 00-065-0257 (LFP), 04-012-7777 (LiF) and 00-004-0787 (Al). i) Comparison of energy
barriers of different electrode surfaces during Li+ desolvation process.

Supporting Information). To further investigate the critical fac-
tor that determines the effect of heteroatoms, we simulated the
Li+ diffusion and desolvation process in possibly formed inor-
ganic compounds in CEI. The details of the simulation method
are shown in Text S2 (Supporting Information). Among various
compounds, LiF shows the highest Li+ diffusion barrier in the
lattice (Figure S39, Supporting Information), indicating the ioni-
cally insulating character of LiF. The results suggest that the en-
hanced Li+ transport property (Figure S33, Supporting Informa-
tion) in the fluorinated carbon layer is not dominated by the Li+

diffusion in the inorganic component. The densely packed hybrid
CEI layer is important for the fast Li+ transfer. The step of ionic
desolvation, which forms an adsorbed ion at the CEI surface, also
plays a crucial role in the Li+ interfacial transfer from the bulk
electrolyte into the host lattice.[56] Due to the high oxygen con-
tent of LFP, the Li+ desolvation is favorable on the LFP surface
(Figure S40, Supporting Information) and is not regarded as the
rate-determining step in the discharge step. However, we found
that the desolvation behavior is affected by the inorganic com-
ponents on the electrode surface. LiF and Li2O surfaces showed
a similar activation barrier in the desolvation process compared

to LFP (Figure 4i; Figure S41 and S42, Supporting Informa-
tion). Li3N and Li3P are less stable during the discharge process
due to the high Li concentration on the surface. Li-ions diffuse
into the carbonate electrolyte and reduce the organic molecules
(Figure S43, Supporting Information). Another factor to be con-
sidered is the release of lattice oxygen and interfacial side reac-
tions, which degrades the stability of the cathode materials. A
dense CEI layer containing LiF has been reported to suppress the
side reactions between electrolyte and electrode, restrict oxygen
evolution, and transition metal dissolution.[57,58] Although under-
standing CEI formation mechanisms and kinetic effects remains
challenging, our method provides a convenient way to chemically
modify the composition of the CEI, thereby permitting the study
of structural changes in performance.

2.5. Life Cycle Assessment (LCA) and Techno-Economic Analysis
of Ex Situ Carbon Coating Process

A comparative LCA was conducted to contrast the environmen-
tal impact and energy demand of the FJH carbon coating process

Small Methods 2024, 2400680 © 2024 Wiley-VCH GmbH2400680 (7 of 11)
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Figure 5. LCA for the ex situ carbon coating process. a) Materials flow analysis of the solid-state, hydrothermal, and FJH processes. b) Comprehensive
comparisons of the three scenarios. c) Comparison of cumulative energy demand. d) Comparison of cumulative GHG emissions. e) Techno-economic
comparison. The mass flow is normalized to 1 kg of LFP during the carbon coating process.

with other ex situ carbon coating routes, as listed in Text S3 and
S4 and Tables S2–S8 (Supporting Information). Three scenarios
were considered in this study (Figure 5a), including solid-state
reaction (LFP was mixed and calcined with a lithium source and
carbon source), hydrothermal method (LFP was mixed with a car-
bon source in water and annealed, then calcined in a furnace),
FJH process (LFP was mixed and with a lithium source and car-
bon source and subjected to FJH).

Three sets of environmental impacts, energy demands, GHG
emissions, and water consumption, were analyzed. Benefitting
from short reaction time and high energy efficiency, the FJH pro-
cess significantly decreases five studied categories in the analy-
sis (Figure 5b). Specifically, the FJH process shows a low pro-
cess energy demand (blue bars in Figure 5c) of 1047 MJ tonne−1,
which are ≈90% and 89% lower than that of the solid-state
reaction and hydrothermal processes, respectively (Figure 5c;
Table S4, Supporting Information). FJH demonstrates a cumu-
lative GHG emission of 136 kg tonne−1, which is much lower
than the solid-state reaction (1290 kg tonne−1) and hydrother-
mal method (1199 kg tonne−1) (Figure 5d; Table S5, Support-
ing Information). FJH also shows minimal cumulative water use,
whereas solid-state and hydrothermal processes require substan-

tial amounts of water (Figure 5e; Table S6, Supporting Informa-
tion). When synthesizing 1 tonne of carbon-coated LFP, the cost
for FJH is as low as $740 tonne−1, including the materials and the
process cost, which is 54% and 74% lower than solid-state and hy-
drothermal processes, respectively (Figure 5f; Tables S7 and S8,
Supporting Information). The FJH process has been scaled to 1
tonne per day production rate for the synthesis of graphene,[59]

so the likelihood of this process being scalable is encouraging.

3. Conclusion

We developed an ex situ carbon coating method enabled by a
rapid and energy-efficient FJH process. By controlling the de-
composition of carbon sources and deposition of gas species in
a confined reaction chamber, a carbon coating of ≈10 nm thick-
ness can be uniformly achieved on LFP cathodes in 10 s. LFP
cathodes with F-doped carbon coating exhibited the highest ca-
pacity of 151 mAh g−1 at 0.2 C and 96 mAh g−1 at 10 C. The
heteroatoms from the precursors are enriched on the surface and
further converted to inorganic compounds in CEI after battery cy-
cling. The inorganic-rich, compact CEI layer effectively promotes
electron and ion transport and restricts the side reactions. Hence,

Small Methods 2024, 2400680 © 2024 Wiley-VCH GmbH2400680 (8 of 11)
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this facile, low-cost strategy provides a new route for the practical
ex situ carbon coating on LFP for LIBs with higher energy den-
sity and improved cycling stability. Finally, this FJH method can
be applied to other substrates and cathode materials as a post-
treatment, offering an ideal platform for electrode-electrolyte in-
terphase engineering and investigation.

4. Experimental Section
Materials: LiFePO4 powder was purchased from MTI Corporation.

Carbon black (CB, APS 10 nm, Black Pearls 2000) was purchased from
Cabot Corporation. Metallurgical coke was received from SunCoke Energy.
Quartz tubing (inner diameter of 8 mm, length of 5 cm) was used for the
reaction vessel (500 mg per batch). Polyvinylidene fluoride binder (PVDF,
MTI Corporation), boric acid (99.5 wt%, Millipore–Sigma), melamine (99
wt%, Millipore–Sigma), polyethylene glycol (average molecular weight
≈8000, Millipore–Sigma), triphenylphosphine (99 wt%, Millipore–Sigma),
and polyphenylene sulfide (average molecular weight ≈10 000, Millipore–
Sigma) were used as the precursors in the FJH process. 1-Methyl-2-
pyrrolidinone (NMP, 99.5 wt%, Millipore–Sigma) and polyvinylidene flu-
oride binder (PVDF, MTI Corporation) were used to prepare the battery
slurry. The electrolyte was 1 m LiPF6 (battery grade, Millipore–Sigma)
mixed with ethylene carbonate (EC) and dimethyl carbonate (DMC) (vol-
ume ratio of 3:7). Lithium chips (D = 16 mm, t = 0.6 mm, 99.9 wt%,
MTI Corporation) served as the counter electrode in the half cell. Graphite
(99.7%, MTI Corporation) was used as the anode in the full cell.

Carbon Coating Process by FJH: Heteroatoms doped carbon-coated
LFP powder was synthesized using the flash Joule heating method. LFP,
carbon black, and carbon sources are mixed at 85: 10: 5 by weight and
ground by mortar and pestle for 0.5 h. The mixture was loaded into a quartz
tube (500 mg per batch) with an inner diameter of 8 mm and outer diame-
ter of 12 mm. 200 mg metallurgical coke (12–20 mesh) was mixed with the
500 mg sample above to increase the conductivity during FJH and sieved
out after the process. Then, the tube was loaded on a homemade reaction
jig and connected to the external flash power system. Graphite rods were
used as the electrodes on both sides of the quartz tube and copper wool
was used between the graphite rods and the copper electrodes (Figure S1,
Supporting Information). The tube was sealed by two O-rings to reduce
gas leakage. The resistance can be adjusted by rotating the knob of the
FJH reaction jig to compress the sample and is controlled to a value of
≈2 Ω. The jig was put into an Ar-filled desiccator to avoid oxidation of the
samples (Figure S2, Supporting Information). The capacitor bank (60 mF
rated) was first charged by a direct current (DC) supply. The maximal volt-
age of the bank can reach 400 V. The relay with programmable delay time
with millisecond control was applied to control the discharging time. The
flash temperature was recorded by an infrared (IR) thermometer (Micro-
Epsilon CTM-3SF75H2-C3) in the range of 200–1500 °C with a detection
interval of 1 ms. After flashing, the samples rapidly cooled to room tem-
perature. The pulse sequence used above is 500 ms discharge duration for
three times. The three pulses were conducted within a 10 s duration.

GC-MS Analysis: After the FJH process, the possible PVDF degrada-
tion compounds were extracted using a mixture of methanol, acetone, and
toluene (5 mL solution for ≈500 mg sample). Then the extractant was stud-
ied by GC-MS. The injector and the transfer line temperature were set to
120 and 200 °C, respectively. The temperature program was initiated at 48
°C for 3 min, and increased to 80 °C at 8 °C min−1. The carrier gas was
helium at a flow rate of 0.5 mL min−1. Manual injection was used to in-
troduce samples. The instrument was an Agilent 8890 GC equipped with
an Agilent HP-5 ms low-bleed column (30 m, 0.25 mm internal diameter,
0.25 μm film) and using He carrier gas for liquid and headspace sampling.
A tandem Agilent 5977B mass selective detector was used for liquid and
headspace gas analysis.

Electrochemical Performance Measurements: To test the electrochem-
ical performance of LFP, the powder was mixed with CB and PVDF at a
mass ratio of 85:10:5 in NMP. For the carbon-coated LFP powder contain-
ing 10% CB after the FJH process, the powder was mixed with PVDF at a

mass ratio of 95:5 in NMP. The slurry was coated on carbon-coated Al foil
(≈7 mg cm−2 active mass loading with a diameter of 14 mm) and dried in
the oven overnight. For the full cell, the F-graphite was obtained by treating
commercial graphite using the same FJH conditions to introduce fluorine
content on its surface. The F-graphite powder was coated on Cu foil at the
mass ratio of 90: 5: 5 to carbon black and PVDF in NMP. The 2032-type
coin cell was assembled by employing Li metal foil as anode and LFP as
cathode inside an Ar-filled glovebox (O2 content <0.5 ppm, H2O content
<0.5 ppm). 50 μL 1.0 m LiPF6 electrolyte (in EC: DMC = 3:7 by volume)
and Al2O3-coated polypropylene were used as the electrolyte and separa-
tor, respectively. The coin cells were charged and discharged on a battery
working station (LANHE corporation, China) in the air at 25 °C. The test
range of the LFP cathode is 2.8 – 3.8 V versus Li/Li+. After the initial three
formation cycles at 0.1 C, the battery was tested at 0.2, 0.5, 1, 2, 5, and
10 C for rate performance. The constant current (CC) mode was used for
the test. The stability of the battery cells was tested at 0.5 C and 5.0 C.

Cyclic voltammetry (CV) voltammograms were conducted in the range
of 2.8‒3.8 V using a CHI 680D electrochemical workstation using different
scan rates. Electrochemical impedance spectroscopy (EIS) measurements
were performed on the CHI 680D electrochemical workstation by applying
an alternating voltage of 5 mV over a frequency ranging from 0.01 Hz to
2 MHz. The active mass loading in each coin cell was ≈7 mg cm−2 and the
cell was allowed to rest for 12 h before conducting the EIS measurements.
The full cell was fabricated using an F-graphite as the anode and F-LFP/C
as the cathode. The capacity ratio of F-graphite to F-LFP/C is ≈1.1.

Characterizations: XRD was performed by the Rigaku SmartLab sys-
tem with a filtered Cu K𝛼 radiation (𝜆 = 1.5406 Å). The FT-IR spectra were
obtained by a Thermo Scientific Nicolet 6700 attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectrometer (Waltham, MA, USA).
XPS spectra were taken by the PHI Quantera XPS system under a pres-
sure of 5 × 10−9 Torr. The survey spectra were collected with a step size
of 0.5 eV and a pass energy of 140 eV, and elemental spectra were col-
lected with a step size of 0.1 eV and a pass energy of 26 eV. All XPS spectra
were calibrated using the C 1s peak at 284.8 eV as the reference. The het-
eroatom ratios are calculated based on its relative ratio to C, O, P, and
Fe. The SEM images and element analysis by EDS were taken on the FEI
Quanta 400 ESEM FEG system at a voltage of 20 kV and a working dis-
tance of 10 mm. TGA was conducted on the Mettler Toledo TGA/DSC 3+
system at a heating rate of 10 °C min−1 under 100 mL·min−1 air flow or N2
flow. The HRTEM images were obtained on a JEOL 2100 field emission gun
transmission electron microscope at 200 kV. BET measurements were per-
formed on a Quantachrome Autosorb-iQ3-MP/Kr BET surface analyzer at
77 K, where N2 was used as the adsorption/desorption gas. HAADF-STEM
imaging and EDS mapping were carried out on an FEI Titan Themis S/TEM
system equipped with image and probe aberration corrections and an elec-
tron monochromator operating at 300 kV. The Cu/lacey carbon TEM grid
(Ted Pella) was prepared by drop-casting 300 μL of aliquot (1 mg of sam-
ple/1 mL ethanol).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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