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ic double-layer dynamics for
robust solid-electrolyte interface layer in fast-
charging graphite anodes†

Jaeyeon Bang,a Seong-Soo Park,b Kyungjun Kim,a Hwiju Lee,a Ilyoung Choi,c

Youngugk Kim,*c JangHyuk Moon *b and Sang-Min Lee*ad

Graphite is used as an anodematerial in commercial lithium-ion batteries (LIBs) because of its stable cycling

characteristics and high reversibility. However, during fast charging, the deposition of Li metal on the

graphite electrode surface becomes problematic because the potential at which Li metal deposition

occurs would be close to 0 V (vs. Li/Li+). In this study, we demonstrated an improvement in the fast-

charging performance through the effective suppression of Li deposition on the anode surface during

fast charging. This was achieved by introducing a metal phosphide nanodot coating layer onto artificial

graphite particles. Through various analyses, including density functional theory (DFT) calculations, it was

found that the cobalt phosphide(CoP) coating layer increased the concentration of PF6
− anions in the

inner Helmholtz layer (IHL), which in turn induced the formation of an anion-derived solid-electrolyte

interface (SEI) layer. A CoP-artificial graphite (AG)/NCM 811 full cell exhibited a high capacity retention

(88%) after 300 cycles, without any Li deposition. We also verified the impact of other types of metal

phosphides on the fast-charging performance of LIBs. Our findings suggest that the rational design of

the SEI layer is feasible through simple surface modifications that induce changes in the properties of the

electric double layer. This provides a novel perspective for the design of materials suitable for the rapid

charging of LIBs.
1 Introduction

With the growth of the electric vehicle (EV) market, the need for
high-performance lithium-ion batteries (LIBs) is increasing.
The efficacy of these batteries determines the overall perfor-
mance of EVs. This has led to signicant research efforts aimed
at improving their capacity, stability, and charging time.1–4 The
charging time is a particularly crucial parameter that must be
addressed to make EVs more popular. Consumers continue to
prefer gasoline vehicles because EVs have long charging times.
To address this issue, the United States Advanced Battery
Consortium (USABC) has set the goal of charging batteries up to
80% within 15 min without a reduction in the energy density or
lifespan of the cell.5–7
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The fast-charging performance of LIBs is primarily deter-
mined by the input characteristics of the anode material during
electrochemical charging.8 Graphite, which is currently used as
an anode material in commercial LIBs, has the advantages of
stable cycling characteristics and high reversibility during
charging and discharging. However, because the potential
range of the anode at the end of charging is close to the Li
deposition voltage, rapid charging causes Li metal deposition
on the anode surface.9–11 The Li metal formed on the anode
surface exhibits less reversibility during cycling, leading to
capacity loss, and can also cause short circuits due to dendritic
formation. This Li deposition occurs because of sluggish reac-
tions at the interface between graphite and the electrolyte
relative to the required charging rate.12,13 During charging, Li
ions are inserted into graphite through a sequential process
involving Li+ desolvation, migration (in the solid-electrolyte
interface (SEI) layer), and bulk diffusion, where the rst two
stages present high energy barriers, determining the overall
reaction rate.14 Therefore, during rapid charging, the movement
of Li ions approaching the interface occurs faster than the
charge transfer, ultimately leading to Li deposition.

To solve this problem, the transport of Li ions at the anode–
electrolyte interface must be facilitated.15–18 In this regard, the
formation of a stable SEI layer with a high Li-ion conductivity on
the surface of the active material is an effective strategy for
This journal is © The Royal Society of Chemistry 2024
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enhancing the movement of Li ions at the graphite-electrolyte
interface during fast charging.12,19–21 Generally, the inorganic
components of the SEI layer have a high mechanical strength
and low electrical conductivity, which can further suppress
electrolyte decomposition.12,22–25 Among the various inorganic
components, LiF is known for its low electronic conductivity,
high Li-ion conductivity, and high mechanical strength, which
ensure the stability of the SEI layer during cell operation.26–29

Therefore, the formation of a LiF-rich SEI layer is considered an
effective strategy for creating a stable interface during rapid
charging and suppressing Li plating.

The formation of the SEI layer on graphite anodes is inu-
enced by the characteristics of the electric double layer (EDL)
formed at the electrode–electrolyte interface during initial
charging.30–34 During charging, an electrostatically charged layer
of cations and anions is formed on the negatively charged
electrode surface, creating an EDL. Subsequently, the decom-
position of the cations and anions within the EDL leads to the
formation of an SEI layer. By adjusting the distribution of the
cations and anions in the EDL, the characteristics of the SEI
layer that forms thereaer can be controlled. Generally, LiF is
formed by the decomposition of uorinated components such
as LiPF6 or FEC.24 Hence, to increase the LiF content in the SEI
layer, it is necessary to increase the concentration of the uo-
rinated components in the EDL.

Yang et al. introduced potassium methoxide (CH3OK) as an
electrolyte additive to form a LiF-rich SEI layer on the surface of
Li metal anodes.25 The addition of CH3OK not only promoted
the adsorption of anions in the EDL but also inuenced the Li+

solvation structure. Consequently, CH3O
− diminishes the

cation–solvent interaction and enhances the cation–anion
interaction, leading to an anion-rich Li+ solvation structure,
which in turn induces the formation of a LiF-rich SEI layer on
the Li surface. Sun et al. utilized 1.8 M of LiFSI in 1,3-dioxolane
as an electrolyte to form a LiF-rich SEI layer on a graphite anode
surface.20 Owing to the high LiFSI concentration, the anion
distribution in the EDL increased, resulting in the formation of
a LiF-rich SEI layer on the graphite surface. When this electro-
lyte was used in a graphite half-cell, it demonstrated high
capacities of 315 and 180 mA h g−1 at 20C and 50C, respectively.

Although the introduction of electrolytes or electrolyte
additives to control the formation behavior of the SEI layer is
effective, there are limitations in terms of cost and practicality.

For example, when introducing special-purpose electrolyte
additives into industry-level full cells, the chemical and elec-
trochemical stabilities of both the anode and cathode must be
simultaneously considered. This is because the addition of extra
electrolyte additives can lead to increased costs. Moreover,
using electrolyte compositions with high salt concentrations
can present practical issues in processing, such as low electro-
lyte impregnation rates, particularly when directly applied to
high-loading electrodes; this is a recent major design factor.
These issues can also contribute to higher battery costs,
hindering practical applications.

In this study, we examined a case in which the composition
of the EDL was controlled, and a LiF-rich SEI layer was formed
through the surface modication of the active material. The
This journal is © The Royal Society of Chemistry 2024
introduction of a cobalt phosphide (CoP) nanodot coating on
the surface of articial graphite (AG) increased the PF6

− content
in the EDL, consequently inducing the formation of a LiF-rich
SEI layer. CoP@AG with a LiF-rich SEI layer demonstrated
a stable performance without Li plating even aer charging at
6C. NCM 811 and CoP@AG full cells exhibited a capacity
retention of 85% aer 300 cycles under 6C charging/1C dis-
charging conditions and an excellent fast-charging perfor-
mance, achieving a charge of 80% within 10 min. To elucidate
the working mechanism of CoP during SEI layer formation, we
analyzed the surface characteristics of the active material with
respect to the charging voltage. Through zeta potential and X-
ray photoelectron spectroscopy (XPS) analyses, we discovered
that the LiCoP phase, formed by the conversion reaction of CoP
during charging, altered the charge on the surface of the active
material, thereby controlling the EDL behavior. To investigate
whether a similar change in the EDL behavior occurs with other
types of metal phosphide coatings, we coated iron phosphide
(FeP) on the AG surface. We employed various analyses,
including density functional theory (DFT) calculations, and
discovered that not all metal phosphides facilitate the forma-
tion of a LiF-rich SEI layer on particle surfaces. Our study
suggests that SEI layer tuning is possible through simple
surface modication of the active material, altering the relative
ionic distribution within the EDL. Thus, we provide a new
perspective in the design of materials suitable for the rapid
charging of LIBs.
2 Experimental
2.1 Synthesis of CoP@AG

To synthesize CoP@AG, 0.05 g of Co3O4 nanoparticles (Sigma-
Aldrich) were initially dispersed in H2O2 (30 ml, 35 wt%, Sam-
chun). Once Co3O4 was completely dispersed in the solution,
1.25 g of AG (Samsung SDI) was added, and the mixture was
stirred for 24 h. The temperature was subsequently increased to
120 °C to fully evaporate the solvent. The resulting Co3O4@AG
powder was then mixed with NaH2PO2 powder (99.9%, Sigma-
Aldrich) at a weight ratio of 2 : 1. This mixture was heat-
treated at 800 °C in a tube furnace in an Ar gas atmosphere
for 2 h at a ramping rate of 5 °C min−1. Finally, the powder was
washed in H2O to remove any residual NaH2PO2 and then
ltered and vacuum-dried to yield the CoP@AG powder. To
synthesize FeP@AG, 0.05 g of Fe3O4 nanoparticles (Sigma-
Aldrich) were initially dissolved in a mixed solution of H2O2

(30 ml, 35 wt%, Samchun) and HNO3. Subsequently, phosphi-
dation of Fe3O4@AG was conducted using the same method as
that used for CoP@AG.
2.2 Electrochemical measurement

To evaluate the electrochemical performance, an anode slurry
was prepared bymixing an active material (97.5 wt%) with CMC-
SBR binder (2.5 wt%) using a Thinky mixer and then coated on
a Cu foil (10 mm). The electrodes were vacuum-dried at 100 °C
for 10 h. The loading level of the electrode was 6.5 mg cm−2, and
the electrode density was set to 1.55 g cm−3. Coin-type half-cells
J. Mater. Chem. A, 2024, 12, 25254–25263 | 25255
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were assembled in a glove box using graphite electrodes and Li
metal. The electrolyte used was 1.15 M LiPF6 in EC/EMC/DMC
(3 : 5 : 2 v/v) with 5 wt% FEC. A polypropylene membrane was
used as the separator.

To evaluate the characteristics of the SEI layer, 1 M of LiPF6
in EC/DMC of 3 : 7 (v/v) was used to exclude the inuence of
FEC. An electrochemical evaluation of the fabricated half -cells
was conducted using a battery cycler. The formation cycle was
repeated twice in the voltage range of 0.01–1.5 V at a rate of
0.1C. Coin-type full cells were fabricated using graphite and
NCM811 electrodes. The NCM electrode was prepared by
coating a slurry mixed with an active material (95 wt%), Super P
(2.5 wt%), and PVDF (2.5 wt%) onto an Al foil. The full cell was
designed with an N/P ratio of 1.1. The Gr/NCM full cell under-
went three formation cycles at 0.1C, followed by a fast-charging
performance evaluation under 6C charging/1C discharging
conditions. During the fast-charging capability evaluation, the
voltage cut-off for the full cell was set to 4.2 V (charge) and 3 V
(discharge).

2.3 Characterization

Themorphology, microstructure, and elemental composition of
the SEI layer were analyzed using eld-emission scanning
electron microscopy (FE-SEM, JEOL, JSM-7100F) and eld-
emission transmission electron microscopy (FE-TEM, JEOL,
JEM-2200FS) accompanied by electron energy-loss spectroscopy
(EELS). The crystal structures were examined using X-ray
diffraction (XRD, D8-Advance Davinci, Bruker). XPS (Nexsa G2,
Thermo Fisher) was used to investigate the chemical bonding
changes and chemical composition of the SEI layer. To avoid
atmospheric exposure, the SEI layer was analyzed in a non-
atmospheric open environment. The zeta potential was
measured using a Zetasizer (Nano ZS, Malvern Instruments)
aer dispersing the powder in the electrolyte. The roughness
and mechanical strength of the SEI layer were measured using
atomic force microscopy (AFM, XE-100, Park Systems).

2.4 Density functional theory calculation

All the DFT calculations were performed using a projector-
augmented wave implemented in the Vienna ab initio simula-
tion package. The generalized gradient approximation with the
Perdew–Burke–Ernzerhof method was used for exchange–
correlation functional parameterization. CoP and FeP share the
same Pnma space group but have different lattice constants.
CoP has a = 5.02 Å, b = 3.25 Å, and c = 5.50 Å, whereas FeP has
a = 5.15 Å, b = 3.05 Å, and c = 5.77 Å (Fig. S1†).

The LiCoP and LiFeP structures were lithiated by inserting
up to 1 mole of Li with the P4/nmm space group. The LiCoP has
a= 3.64 Å, b= 3.64 Å, and c= 5.88 Å, whereas LiFeP has a= 3.69
Å b = 3.69 Å, and c = 5.85 Å (Fig. S2†). The metal-phosphorous
surface of CoP and FeP was selected as (200), which is the most
energetically favorable surface (Fig. S3†). The graphite (001)
surface was selected as a reference to study the adsorption
effects of the PF6

− salt. The cleavage of metal-phosphorus and
graphite was modeled using the geometry tool in BIOVIA
Material Studio 2021. The PF6

− salt was relaxed on the cleavage
25256 | J. Mater. Chem. A, 2024, 12, 25254–25263
surfaces. The adsorption energies of PF6
− and various solvents

were calculated as follows:

Ead = ECoP+PF6
− − EPF6

− − ECoP

where ECoP+PF6
−, EPF6

− and ECoP represent the total free energies
of adsorbed PF6

− on the CoP, PF6
−, and CoP substrates,

respectively. The LiF formation energy was calculated using the
following equation:

ELiF = ECoP+F+LiPF5
− ELiPF5

− ECoP − EF

where ECoP+F+LiPF5
, ELiPF5

and EFrepresent the total free energies
of adsorbed LiPF6

− on the CoP, LiPF5, and uorine atom
respectively. The dissociation of LiPF6 was simulated as
a sequential reaction involving the adsorption of PF6, separa-
tion of PF5 and F, and formation of LiF.
3 Results and discussion

The EDL comprises an inner Helmholtz layer (IHL), an outer
Helmholtz layer (OHL), and a diffusion layer. Among these
components, the IHL and OHL remain stationary on the particle
surface and are unaffected by the ow of the electrolyte.35

Therefore, the ion distribution in the IHL and OHL during SEI
layer formation is crucial because it signicantly inuences the
properties of the SEI layer. Although many studies have
demonstrated a correlation between the ion distribution in the
EDL and the behavior of the SEI layer formation, most have
focused on modifying the EDL components through electrolyte
design.31,36 In this study, we investigated changes in the surface
characteristics of articial graphite through the coating of
functional materials, thereby affecting surface potential
changes within the EDL. To enhance anion adsorption on
articial graphite surfaces, we modied the surface character-
istics of graphite through surface coating. Metal phosphides,
known for their excellent catalytic activity, are also promising as
anode materials for lithium-ion batteries.37 Among the various
metal phosphides, CoP has been reported to exhibit a high
capacity and stable cycling performance when used as an anode
material in LIBs.38 However, its application as a coatingmaterial
on graphite surfaces remains unexplored. Interestingly, our
DFT calculations showed that the anions were adsorbed more
strongly on the CoP surface than on the EC solvent (Fig. 1a and
S4†). This indicates that CoP facilitates the adsorption of
anions, consequently increasing their distribution within the
EDL. Conversely, anion adsorption was weaker on the graphite
particle surface than on CoP, and the adsorption of the EC
solvent was stronger than that of CoP. These results suggest that
coating the graphite surface with CoP can signicantly enhance
anion adsorption within the EDL, potentially altering the SEI
layer formation behavior (Fig. 1b and c).

CoP particles were coated on the surface of AG through a two-
step reaction process (Fig. 2a). First, crystalline Co3O4 particles
were coated onto the AG surface using a wet-coating process.
Subsequently, the obtained powder was mixed with Na2H2PO2

powder, followed by heat treatment at 800 °C to transform the
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Adsorption energies of PF6
− for Bare AG and CoP@AG. Illustration of abundant species in the EDL of (b) Bare AG, (c) CoP@AG.
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Co3O4 particles into CoP through phosphidation. To verify the
crystalline CoP coating, the morphology of AG was observed
using FE-SEM and energy dispersive X-ray spectroscopy (EDS)
(Fig. 2b–d). Compared with bare articial graphite (Bare AG),
Fig. 2 Material preparation and characterization of CoP@AG: (a) schema
AG, Co3O4@AG, and CoP@AG. (e) HRTEM images and FFT pattern of C
Powder XRD patterns of Bare AG and CoP@AG. (h) XPS spectra of CoP@

This journal is © The Royal Society of Chemistry 2024
CoP@articial graphite (CoP@AG) exhibited uniformly
distributed nanometer-sized particles on its surface. Through
EDS elemental mapping, Co and P signals were detected on the
AG surface (Fig. S5†). The amounts of Co and P coated on the
tic of the CoP@AG preparation process. (b–d) FE-SEM images of Bare
oP@AG. (f) TEM image and EDS elemental mappings of CoP@AG. (g)
AG in the Co 2p (left) and P 2p (right) bands.

J. Mater. Chem. A, 2024, 12, 25254–25263 | 25257
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surface of articial graphite were quantied through ICP-OES
analysis (Fig. S6†). Through SEM-EDS and ICP analysis, we
have conrmed that 0.5 to 0.75 wt% of CoP has been coated on
the surface of articial graphite. A TEM analysis was conducted
to ascertain the crystalline state of the coating layer (Fig. 2e and
f). High-resolution TEM and fast Fourier transform (FFT)
pattern (inset image) analyses conrmed that the particles
coated on the graphite surface were crystalline, and an EELS
spectrum analysis veried the presence of Co and P in crystal-
line states. The presence of CoP coated on the surface of arti-
cial graphite was also conrmed through SAED pattern
analysis. (Fig. S7†).

An XRD analysis was performed to determine the crystalline
structure of the synthesized CoP@AG powder (Fig. 2g). The XRD
results indicated that compared with Bare AG, CoP peaks were
observed at 32° and 48° in the CoP@AG powder. An XPS anal-
ysis was conducted to investigate the surface chemical state of
CoP@AG (Fig. 2h). The XPS proles were deconvoluted based
on the C 1s peak at 284.5 eV. In the Co 2p spectrum, Co3+ peaks
corresponding to CoP were observed at 778 and 794 eV, and in
the P 2p spectrum, P3− peaks corresponding to CoP appeared at
129 and 131 eV. From these analytical results, we conrmed the
formation of crystalline CoP on the AG surface.
Fig. 3 SEI properties of Bare graphite and CoP@graphite. XPS spectra o
Young's modulus mapping for Bare AG and CoP@AG electrodes. (d) Bar

25258 | J. Mater. Chem. A, 2024, 12, 25254–25263
3.1 Structure and formation mechanism of the SEI

To investigate the chemical composition of the SEI, Bare AG and
CoP@AG electrodes were analyzed using XPS aer the rst
charge (Fig. 3a and b). An XPS analysis was performed aer
etching the 2 nm of surface contamination layer with Ar+ ions.
The XPS results for Bare AG, which showed a higher intensity in
the C 1s spectrum than CoP@AG, indicated a greater distribu-
tion of organic species in the SEI layer of Bare AG. In contrast,
the F 1s and Li 1s spectra of CoP@AG exhibited higher LiF
intensities, suggesting a prevalent presence of inorganic LiF
components in the SEI layer of CoP@AG. In addition, CoP@AG
exhibited a lower Li2CO3 content. Li2CO3 can decompose in
a reaction with HF, potentially deteriorating the stability of the
SEI layer.39 These XPS results conrm that the introduction of
CoP onto the graphite surface led to the formation of a stable
SEI layer.

From the previous analysis of the SEI layer components, we
can infer that variations in the inorganic LiF content may
inuence the mechanical strength of the particle surface.40

Therefore, to evaluate the effect of the composition of the SEI
layer formed aer charging on the mechanical properties, we
measured the Young's moduli of the Bare AG and CoP@AG
electrodes using AFM (Fig. 3c and d). CoP@AG showed
f Bare graphite (a) and CoP@graphite (b) in the F 1s and Li 1s bands. (c)
graph of Young's modulus of Bare AG and CoP@AG.

This journal is © The Royal Society of Chemistry 2024
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a uniform Young's modulus mapping and a higher modulus of
18.5 GPa, compared with the uneven mapping and a lower
modulus value of 12 GPa for Bare AG, suggesting that the
mechanical properties of the SEI layer are enhanced by the
increased formation of LiF in the CoP@AG SEI. Moreover,
a reduction in the SEI layer resistance was observed aer the
rst charge via electrochemical impedance spectroscopy (EIS)
(Fig. S8†). These analyses conrm the formation of a LiF-rich
SEI layer in CoP@AG.

To explain the formation of LiF predominantly in the SEI
layer of CoP@AG aer the rst charge, we compared the dQ/dV
plots from the rst cycle charging curves of Bare AG and
CoP@AG. We used an electrolyte without the FEC additive for
the formation cycle so as to focus solely on the decomposition
behavior of the solvent and salt during SEI layer formation
(Fig. S9†). During the rst charge, Bare AG exhibited a sharp
current peak at approximately 0.5 V, which indicates a signi-
cant reduction reaction (Fig. 4a).

Typically, in this voltage range, the solvent molecules are
reduced and decomposed on the surface of the graphite parti-
cles, contributing to the formation of the SEI layer.41 Thus, for
Bare AG, solvent molecules predominantly underwent reduc-
tion and decomposition at approximately 0.5 V, resulting in the
formation of an organic SEI layer. In contrast, CoP@AG
exhibited a smaller and broader reduction current peak at the
Fig. 4 (a) dQ/dV plots of Bare AG and CoP@AG at 1st lithiation; (b and
compositions of Bare AG and CoP@AG during 1st lithiation.

This journal is © The Royal Society of Chemistry 2024
same voltage. This suggests that the decomposition of the
solvent on the surface of the CoP@AG particles was less
pronounced than that on Bare AG.

Generally, the formation behavior of the SEI layer varies with
the characteristics of the EDL at the electrode–electrolyte
interface. Therefore, we hypothesized that the suppression of
solvent decomposition on the surface of the CoP@AG particles
may have been due to the reduction in the number of solvent
molecules in the EDL compared with Bare AG. To examine the
changes in the EDL characteristics on the surface of the
graphite particles during charging and discharging, the zeta
potential was measured. As shown in Fig. 4b, the zeta potentials
of the Bare AG and CoP@AG electrodes in their pristine states
are similar. However, aer charging to 0.01 V, the surface of
CoP@AG electrode exhibited a signicant negative charge of
−7.3 mV (Fig. 4c), reecting a substantial increase in the anion
concentration per unit area in the EDL of CoP@AG aer
charging. The increase in the anion distribution in the EDL
likely facilitated the formation of an anion (PF6

−)-derived SEI
layer on the surface of the CoP@AG particles during the rst
charge. Therefore, the change in the zeta potential on the
surface of the graphite particles suggests a variation in the LiF
content of the SEI layers between Bare AG and CoP@AG.

To further investigate the behavior of LiF formation in the
SEI layer due to changes in the EDL components, we conducted
c) Zeta potential of the pristine/lithiated Bare AG and CoP@AG; (d) SEI
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an XPS analysis of the Bare AG and CoP@AG electrodes aer
charging at different voltages (Fig. 4d). Aer charging to 1.2 V
and 0.7 V, the intensities of the LiF peak in the SEI layer of both
Bare AG and CoP@AG were comparable. However, aer
charging to 0.2 V, the intensity of the LiF peak in the SEI layer of
CoP@AG showed a signicant increase compared with that of
Bare AG. This indicates a change in the behavior of the EDL on
the CoP@AG surface between 0.7 V and 0.2 V, which can be
attributed to the chemical changes in the CoP nanoparticles
coated on the surface of AG aer lithiation.

Prior research has shown that CoP undergoes an intercala-
tion reaction with Li ions at approximately 0.7 V, transforming
into LiCoP, and then undergoes a conversion reaction in the
voltage range of 0.01–0.12 V, resulting in the formation of Co
and Li3P.42 Therefore, the increase in the intensity of the LiF
peak in the SEI layer of CoP@AG between 0.7 V and 0.2 V can be
attributed to the presence of LiCoP, a product of the CoP
intercalation reaction.

To elucidate the effect of LiCoP on LiF formation, we per-
formed DFT calculations (Fig. S10†). The adsorption energy of
the PF6

− anion on LiCoP was found to be higher than that on
lithiated graphite, suggesting that LiCoP did not enhance the
distribution of the PF6

− anions within the EDL. Based on this
nding, we hypothesized that LiCoP primarily facilitates the
decomposition of adsorbed PF6

− into PF5 and F−, leading to the
subsequent formation of LiF, rather than promoting PF6

−

adsorption itself. The calculations showed that the energy
required to decompose PF6

− into PF5 and F− on the surface of
LiCoP was lower compared with that on the surface of lithiated
graphite. Moreover, the formation energy required for the
reaction between decomposed F− and Li+ to form LiF was found
to be lower on LiCoP than on lithiated graphite. These results
conrm that LiCoP enhanced the decomposition of adsorbed
PF6

− and promoted the formation of LiF on the surface, thus
predominantly forming LiF within the SEI layer.

To further substantiate the changes in the formation
behavior of the SEI layer induced by LiCoP, we compared the
SEI layer formation behavior of CoP@AG with that of Co3O4

coated on the AG surface, which did not transition through the
LiCoP intermediate phase.43 Similarly to the case of CoP@AG,
we examined the evolution behavior of the SEI layer of
Co3O4@AG through an XPS analysis aer charging to 0.7 V and
0.2 V. In the case of Co3O4@AG, there was no signicant change
in the intensity of the LiF peak between 0.7 V and 0.2 V
(Fig. S11†). This suggests that the distribution of the solvents/
anions within the EDL on the particle surface did not change
when coated with a metal oxide that did not undergo the LiCoP
phase.
3.2 Fast-charging performance of CoP@AG anode

To evaluate the effect of the LiF-rich SEI on CoP@AG during fast
charging, we assessed the electrochemical performance of
CoP@AG in a half-cell. In the rst cycle, CoP@AG exhibited
a slight decrease in the initial coulombic efficiency (ICE) of
approximately 2% compared with Bare AG. This is anticipated
to have resulted from the conversion reaction of CoP (Fig. S12†).
25260 | J. Mater. Chem. A, 2024, 12, 25254–25263
Aer completing the two-cycle process to ensure the formation
of the SEI layer, we assessed the rate capability of the CoP@AG
half-cell. Notably, CoP@AG demonstrated a higher constant
current (CC) capacity than Bare AG during high-C-rate charging
(Fig. S13†).

The fast-charging performance of CoP@AG was subse-
quently evaluated in a full cell fabricated using NCM811 as the
cathode with an N/P ratio of 1.1. The full cell with CoP@AG was
fully charged in 22 min, which was 3.3 min faster than that of
the Bare AG full cell (Fig. S14†). To verify the suppression effect
of Li plating during charging, the cells were charged at 1, 2, 3,
and 6C, then disassembled in the lithiated state, and the elec-
trode surfaces were examined using SEM. At charging rates of
1C and 2C, neither Bare AG nor CoP@AG exhibited Li plating,
and the particle shapes were clearly visible (Fig. S15†). However,
aer charging at 3C, Li plating occurred on the Bare AG surface,
obscuring the graphite particles, whereas CoP@AG maintained
clear graphite particle shapes even aer charging at 3C (Fig. 5a).
The Li-plating suppression effect of CoP@AG was further
conrmed by the voltage proles. At charging rates of 1C and
2C, at which Li plating did not occur, there was no noticeable
difference in the charging curves between the two samples
(Fig. 5b and S16†).

However, from 3C, a signicant overpotential occurred in the
charging curve of Bare AG because of Li plating. In contrast,
CoP@AG exhibited a lower overpotential at the same rate,
indicating the suppression of Li plating on the electrode surface
during rapid charging. This difference in the Li-plating
behavior between Bare AG and CoP@AG persisted even aer
300 cycles. Aer 300 cycles of charging at 6C and discharging at
1C, SEM observations of the electrodes in the lithiated state
revealed Li dendrites on Bare AG, whereas the graphite particles
in the CoP@AG electrodes remained intact without any signs of
Li plating (Fig. S17†).

A difference in the rapid-charging performance between
Bare AG and CoP@AG was also demonstrated by comparing the
CC/CC+CV ratios at each C rate (Fig. S18†). There was no
signicant difference in the CC charging values between Bare
AG and CoP@AG at 1C and 2C. Conversely, a sharp difference in
the CC ratio became apparent from 3C, at which Li plating was
observed. The suppression of Li plating in the rst cycle of rapid
charging also inuenced the subsequent cycles. Aer 100 cycles,
upon assessing the proportions of CC and CV in the total
charging time, CoP@AG was found to have maintained a higher
CC charging ratio than did Bare AG (Fig. 5d), indicating that the
Li-plating suppression effect of CoP@AG continued to be
effective over multiple cycles.

Aer conrming the differences in the Li-plating behavior
between Bare AG and CoP@AG during the rst cycle of rapid
charging, we evaluated the long-term cycle stability of CoP@AG
in a full cell under fast-charging conditions (Fig. 5e). Aer 100
cycles, the capacity of Bare AG signicantly decreased, showing
a capacity retention of 74%. In contrast, CoP@AG demonstrated
a stable cycling behavior under rapid-charging conditions,
maintaining a capacity retention of 89% aer 100 cycles (Fig. 5d
and S19†). The lower capacity retention of Bare AG compared
with that of CoP@AG can also be explained by the differences in
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) SEM top-view images of Bare AG and CoP@AG electrode after 3C charge, (b) voltage profile of CoP@AG electrode at various C rates, (c)
relative contributions of CC and CV charging modes to the total charging time after 100 cycles, (d) voltage profiles of full cells assembled with
Bare AG and 0.5 wt% CoP@AG anodes at selected cycles, (e) capacity decay and CEs of full cells with Bare AG and CoP@AG anodes. Cycling was
performed at charge/discharge rates of 6C/1C.

Fig. 6 (a) Relative adsorption (formation) energies of PF6
− adsorption

(Stage 2), PF6
− decomposition (Stage 3), and LiF formation (Stage 3) on

LiCoP and LiFeP surfaces. (b) Capacity decay of full cells with Bare AG,
CoP@AG, and FeP@AG anodes. Cycling was performed at charge/
discharge rates of 6C/1C.
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the coulombic efficiency over the cycles (Fig. 5e). In the rst 20
cycles, the coulombic efficiency of Bare AG rapidly decreased
owing to the reduced charging capacity caused by Li plating. In
contrast, the CoP@AG full cell consistently exhibited a high
coulombic efficiency (∼99.8%) from the rst cycle. Owing to the
low coulombic efficiency resulting from Li plating, Bare AG
exhibited a capacity retention of only ∼59% aer 300 cycles,
whereas CoP@AG effectively suppressed Li plating, achieving
a high capacity retention of ∼88%. ESI Table 1† compares the
fast-charging performance of the CoP@AG anode developed in
this work with those of various anode materials reported in the
literature and clearly demonstrates a signicant improvement
in the fast-charge cyclability of LIBs achieved in this study.

3.3 Verication of universality

We discovered that CoP formed a LiF-rich SEI layer on the
graphite surface. To investigate whether a similar change in the
EDL behavior occurs with other types of metal phosphide
coatings, we coated FeP onto the AG surface. Iron phosphide,
which has a reaction mechanism similar to CoP, has been re-
ported to undergo an intercalation reaction to form LiFeP
This journal is © The Royal Society of Chemistry 2024
phases, suggesting potential changes in the EDL due to this
reaction.44 To reveal the characteristics of the EDL when FeP is
coated on the graphite surface, we assessed the solvent/anion
adsorption preference of FeP using DFT calculations (Fig. 6a).
Similar to CoP, FeP also exhibited a lower adsorption energy for
PF6

− than for graphite. However, unlike LiCoP, LiFeP required
J. Mater. Chem. A, 2024, 12, 25254–25263 | 25261
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a high formation energy for the reaction to convert decomposed
PF5 and F− into LiF. This indicates that the formation of LiF in
the SEI layer due to FeP was less effective than that due to CoP.

To experimentally validate the DFT calculations, we exam-
ined the SEI layer formation behavior of FeP@AG using XPS
(Fig. S20†). To compare this behavior with that of CoP@AG, we
charged the cells to the same voltage, obtained the electrodes,
and analyzed the SEI layer components on the electrode surface
using XPS. In the F 1s spectrum, FeP@AG, unlike CoP@AG, did
not show a signicant change in the intensity of the LiF peak
between 0.7 V and 0.2 V. This indicates that LiFeP, formed by
the intercalation reaction between Li and FeP, does not facili-
tate the formation of a LiF-rich SEI layer. The variation in the
SEI layer components between CoP@AG and FeP@AG also
affected the fast-charging performance (Fig. 6b and S21†). In
a full cell test under 6C charge/1C discharge conditions,
FeP@AG showed a lower capacity retention compared with the
superior performance of CoP@AG. This indicates that Li plating
occurred during rapid charging as the SEI layer in FeP@AG did
not form a LiF-rich layer.

DFT calculations and XPS results revealed that not all metal
phosphides can promote the formation of a LiF-rich SEI layer on
particle surfaces. Furthermore, electrochemical evaluations
conrmed that the fast-charging performance of FeP@AG does
not improve compared with that of Bare AG. These ndings
offer insights into the design of more efficient materials for LIBs
incorporated with metal phosphides as the anode material.

4 Conclusion

We formed a LiF-rich SEI layer on the surface of graphite
particles to suppress Li plating on the graphite anode surface
during fast charging. To induce a LiF-rich SEI, we coated the
graphite surface with CoP, which increased the anion distri-
bution in the EDL, as conrmed by the DFT calculations and
zeta potential analysis. CoP@AG with a LiF-rich SEI layer
demonstrated a stable performance without Li plating, even
aer rapid charging. NCM 811 and CoP@AG full cells exhibited
a capacity retention of 88% aer 300 cycles under 6C/1C charge/
discharge conditions and an excellent fast-charging perfor-
mance, achieving a charge of 80% within 10 min. Moreover, we
analyzed the surface characteristics of the active material based
on the charging voltage to elucidate the working mechanism of
CoP during SEI layer formation. Through zeta potential and XPS
analyses, we found that the LiCoP phase formed by the inter-
calation reaction of CoP during charging altered the charge on
the surface of the active material, thereby controlling the
distribution of the anions/solvent in the EDL. To investigate
whether a similar change in the EDL behavior occurs with other
types of metal phosphide coatings, we coated FeP onto the AG
surface. Our analyses revealed that not all metal phosphides
facilitate LiF-rich SEI layer formation on particle surfaces.

Our study suggests that SEI layer tuning is possible through
a simple surface modication of the active material, altering the
ionic composition within the EDL. Thus, we provide a new
perspective in the design of materials for the fast charging of
LIBs.
25262 | J. Mater. Chem. A, 2024, 12, 25254–25263
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