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ABSTRACT: Fast charging promotes Li dendrite formation and its growth on graphite
anodes, which affects cell performance in Li-ion batteries (LIBs). This work reports the
formation of a robust SEI layer by introducing a KPF6 inorganic additive into the electrolyte.
An optimal concentration of 0.001 M KPF6 effectively inhibits the growth of Li dendrites at
2C charging rates, compared with a commercial electrolyte. Electrolytes containing a KPF6
additive are shown here to deliver dual effects to mitigate the growth of dendrites. A thin LiF-
rich SEI layer is formed on graphite, which blocks the electron leakage pathways. Additionally,
K+ resides at defect sites (such as particle boundaries) due to its faster diffusion rate and
blocks the incoming Li+ and restricts the growth of Li dendrites. The electrolyte with
optimum concentration of KPF6, i.e., 0.001 M, effectively directs Li+ transport through the
thin, durable, and low resistance LiF-rich SEI layer. This has implications for fast charging
through optimization of the electrode/electrolyte interphase by controlling additive
concentrations.
KEYWORDS: fast charging, potassium cation, lithium dendrites, solid electrolyte interphase, lithium fluoride, lithium-ion batteries

1. INTRODUCTION
The commercialization of LIBs in the past decade of the 20th
century revolutionized energy storage technology.1 Since then,
LIBs have been extensively used in a variety portable electronic
devices such as mobile phones, watches, and laptops. More
recently, with global efforts focused on decreasing the use of
nonrenewable resources and their emissions, LIBs are now
enabling the widespread use of electric vehicles (EVs). In order
to efficiently electrify the transportation sector, charging times
for vehicles needs to be reduced, which requires faster charging
capabilities for present-day LIBs.
Graphite is still used as the predominant anode material in

commercial LIBs, with lithium transition metal oxide cathodes
such as LiCoO2 (LCO), LiNixCoyAlzO2, and LiNixMnyCozO2
(NMC), where z = 1 − x − y.2,3 When the cell is charged, Li
ions from the cathode travel through the electrolyte toward the
anode. The electrolyte, which is a combination of linear and
cyclic carbonates, with a conducting Li salt, decomposes on the
graphite surface and forms an electrode/electrolyte interphase
layer called the solid−electrolyte interphase (SEI).4 This
protective film prevents further decomposition of electrolyte
solvents, thus necessitating the need for a stable and intact SEI
layer for long-range performance of a LIB cell. Unfortunately,
fast charging triggers side reactions such as electrolyte
decompositions, resulting in SEI growth on the surface of
the graphite. The thicker SEI generates resistance to the Li+
intercalation kinetics, which produces heat and leads to a rise
in temperature of the cell.5 This process further dries out the
electrolyte by decomposition, resulting in degradation of the

cell. Additionally, metallic lithium deposition on graphite is
another major obstacle in fast charging as the Li intercalation
potential of graphite is very close to the potential of metallic Li
deposition.5−7 Therefore, during fast charging, the over-
potential drives the electrodeposition process. The deposited
metallic Li, being highly active, reacts with electrolyte and
forms decomposition products that contribute to SEI growth.
This self-accelerated process is problematic as it eventually
consumes the electrolyte, as well as the available electrochemi-
cally active Li, leading to irreversible capacity loss of the cell.
Moreover, the Li plating poses extreme safety issues once it
grows in the form of dendrites, when diffusion time becomes
limiting.8 Electrolyte additive incorporation is one of the most
effective and economical approaches used to control the
growth of Li dendrites in graphite anodes, thus assisting in
enabling faster charging. Although the proposed solid-state
electrolytes (SSEs)9,10 and solid polymer electrolytes (SPEs)11

have appeared to prevent dendritic growth, the respective
higher impedance and lower ionic conductivity adversely affect
the electrochemical performance of the cell. Hence, selecting
an appropriate additive for liquid electrolytes is crucial in
constructing an efficient SEI layer in order to prevent Li
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dendrite formation and growth. The modified SEI layer
prevents the nucleation of Li metal through various
mechanisms such as (i) formation of adatoms at the hot
spot areas,12 (ii) repulsion of Li+ around the hot spot areas
resulting in uniform Li+ distribution,13 and (iii) homoge-
nization of Li+ flux by increasing Li+ ionic conductivity.14

Recently, a very small concentration of alkali cations such as
Cs+, Na+, Rb+ as electrolyte additives have proved to be
effective in restricting dendrite growth without hampering any
electrochemical properties (such as ionic conductivity and
resistance).15−25 For instance, potassium is reported to prevent
Li dendrite growth by increasing the inorganic components of
the SEI layer.26 The increased inorganic components in SEI
enhances its mechanical strength and Li+ ion diffusion, thereby
reinforcing its stability against dendritic growth.27 Similarly,
Zhuang and Zheng et al. investigated various potassium salt
additives, which were found to reduce the irreversible Li loss
due to K accumulation in the double layer.28,29 In addition, K+

improved the electrochemical performance by expanding the
graphite layers (due to larger K+ intercalation) in the very first
charge and increasing the Li2CO3 SEI compound respectively,
which reportedly favored the Li+ intercalation.30,31 Further-
more, enhanced Li+ kinetics was confirmed with a K2CO3
coating on graphite anodes, compared to the Na equivalent.32

However, Komaba et al. observed the inferior electrochemical
behavior of potassium electrolyte additives compared with
Na+.33 These above contradictory literature studies failed to
elucidate the impact of additive concentrations on graphite
anode and hence the mechanism behind the Li dendrite
growth inhibition, which is the primary focus in this work.
Therefore, a K+ electrolyte additive is systematically inves-
tigated with respect to Li dendrites, in order to have a
profound understanding of its impact on graphite anodes. This
study attempted to establish the correlation between the
concentration of the additive, charging rate, Li deposition, and
its inhibition.
In this study, the electrochemical performances of graphite|

NMC 622 cell using various concentrations of KPF6 containing
electrolytes are examined. The incorporation of KPF6 additive
salt and its impact at various charging rate are evaluated to
understand the influence of the additive on the Li deposition
and the SEI compositions on graphite anode. The electro-
chemical and post-mortem studies are performed to determine
the optimized electrolyte for graphite|NMC 622 cell upon fast
charging.

2. EXPERIMENTAL PROCEDURES
2.1. Materials. Single side coated artificial graphite (Hitachi

MagE3) and LiNi0.6Mn0.2Co0.2O2 (Targray NMC 622) electrodes
were provided by Argonne’s Cell Analysis, Modeling, and Prototyping
(CAMP) Facility, Argonne National Laboratory (ANL), USA. The
details of the electrodes are stated in Table S1. A commercial
electrolyte consisting of EC (ethylene carbonate):EMC (ethyl methyl
carbonate) (3:7 v/v), 1 M LiPF6 (lithium hexafluorophosphate), 1 wt

% VC (vinylene carbonate) (PuriEL, Soulbrain) was used as a
reference electrolyte in this work. In order to investigate the impact of
potassium additive, various concentrations of KPF6 (potassium
hexafluorophosphate) ranging from 0.001 to 0.2 M were used while
maintaining the compositions of solvents, Li salt, and VC additive
(consistent with that of commercial electrolytes). Battery grade EC,
EMC, VC, LiPF6 salt, and KPF6 salt were purchased from Sigma-
Aldrich. Both Li and K salts were dried under vacuum at 60 °C in a
Buchi oven to remove the excess moisture before electrolyte
formulation. Electrolyte preparation was carried out inside an Mbraun
glovebox (O2 and H2O < 0.5 ppm), and the formulations are
tabulated in Table 1. The nomenclature emphasizes the presence of
KPF6 additive concentration in the electrolyte. It should be noted that
E-0M nomenclature is assigned to the commercial electrolyte.
2.2. Electrochemical Testing. Graphite and NMC 622 electrode

sheets were cut into disks of 15 mm ⌀ and 14.8 mm ⌀, respectively,
and vacuum-dried in a Buchi oven at 120 °C, to remove excess
moisture prior to assembly. The separator used for the coin cell
assembly was PP−PE−PP microporous trilayer membrane (Celgard
2325) and was cut into a larger size, i.e., 19 mm ⌀, to avoid physical
contact between the electrodes. The volume of electrolyte used for
graphite|NMC 622 full cell was 100 μL. The graphite|NMC 622 full
cells were assembled into Hohsen 2032-type coin cells inside the
argon-filled Mbraun glovebox (O2 and H2O < 0.5 ppm). Electro-
chemical testing was performed on a BCS BT-Lab potentiostat at
ambient temperature. All the coin cells were initially cycled twice at
C/20 rate (∼0.14 mA) for formation, followed by C/5 (∼0.55 mA)
and C/2 (∼1.38 mA) slow charging to establish the baseline for the
full cell. Similar to slow charging, the cells were formed twice at C/20
rate followed by cycling at various C-rates ranging from 1C to 3C, up
to 100 cycles at ambient temperature. The full cell charging was
carried out in constant current−current voltage (CCCV) mode,
whereas the discharge was performed in CC mode. The voltage range
for charging was 4.2−3 V.

An ECC-PAT-core EL-cell with three-electrode setup was used to
investigate the electrochemical behavior of each electrode distinc-
tively, which was not possible with a two-electrode coin cell setup.
The electrodes were cut into 18 mm ⌀ disks and assembled into EL-
cell inside the Mbraun glovebox (O2 and H2O < 0.5 ppm). The
expanded view of EL-cell components and its assembly is presented in
Figure S1. An insulation sleeve of Whatman borosilicate glass fiber of
260 μm thickness in-built separator and a Li ring as reference
electrode were used for three-electrode experiments. The EL-cells
were cycled at various C-rates in galvanostatic mode ranging from C/
5 to 3C to examine the electrochemical performance of both graphite
and NMC 622 electrodes with respect to a Li reference electrode.

Electrochemical impedance spectroscopy (EIS) was performed
with three-electrode EL-cell using a Biologic VMP3 potentiostat. The
EIS spectra were recorded to investigate the effect of additive
concentrations on the impedance in a full cell (graphite|NMC 622)
along with the half cells (graphite|Li and NMC 622|Li). EIS
experiments were conducted in the frequency range of 500 kHz to
10 mHz with a voltage amplitude of 10 mV. All EIS spectra were
obtained at 50% state-of-charge (SoC) after the first cycle and at each
10 cycle intervals until 100 cycles. A relaxation time of 30 min was
maintained to achieve the equilibrium state prior to EIS measurement.
Following this, the EIS spectra were fitted with a simplified Randles
circuit using ZView software.

Table 1. A List Showing the Formulated Electrolytes Used in This Study

electrolyte nomenclature formulation

E-0M 1 M LiPF6 in EC:EMC (3:7 v/v), 1 wt % VC (commercial electrolyte)
E-0.001M 1 M LiPF6 in EC:EMC (3:7 v/v), 1 wt % VC, 0.001 M KPF6

E-0.01M 1 M LiPF6 in EC:EMC (3:7 v/v), 1 wt % VC, 0.01 M KPF6

E-0.1M 1 M LiPF6 in EC:EMC (3:7 v/v), 1 wt % VC, 0.1 M KPF6

E-0.15M 1 M LiPF6 in EC:EMC (3:7 v/v), 1 wt % VC, 0.15 M KPF6

E-0.2M 1 M LiPF6 in EC:EMC (3:7 v/v), 1 wt % VC, 0.2 M KPF6
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2.3. Post-Mortem Characterization. The coin cells were
disassembled after 100 cycles in a fully discharged condition (3 V)
in an Mbraun glovebox to reduce moisture and oxygen contami-
nation. Afterward, the cycled graphite electrodes were carefully
extracted and dried inside the glovebox for electrolyte evaporation.
SEM was performed with a field-emission scanning electron
microscope (FE-SEM) (Sigma, Zeiss) equipped with an energy
dispersive X-ray spectrometer (XmaxN 80, Oxford Instruments). This
was used to investigate the morphological evolution of cycled graphite
electrodes upon additive incorporation as well as fast charging. In
order to preserve the microstructure, the cycled electrodes were
transferred to the SEM chamber with a specially designed airless
transfer device (Kammrath & Weiss). The SEM images were collected
using an in-lens detector with an accelerating voltage of 10 kV and

aperture size of 60 μm. EDX was performed on cycled graphite anode
for elemental study.

X-ray photoelectron spectroscopy (XPS), secondary ion mass
spectroscopy (SIMS), and Raman spectroscopy were performed to
study the chemical composition of solid electrolyte interphase (SEI)
present on cycled graphite with respect to additive concentration in
the electrolyte. XPS was carried out using an Axis Ultra DLD
spectrometer (Kratos Analytical Ltd.) with a monochromatic Al Kα
X-ray (1486.7 eV) source for excitation. The core level XPS spectra
were recorded at room temperature at a takeoff angle of 90° with
respect to surface parallel and with a pass energy of 20 eV (resolution
∼0.4 eV). The work function and the binding energy scale of the
spectrometer were calibrated using Fermi edge and 3d5/2 peak,
recorded from a polycrystalline Ag sample prior to the experiments.
The cycled graphite electrodes were mounted on a 15 mm diameter

Figure 1. Voltage vs capacity profile of different electrolytes of (a) formation cycles at C/20, (c) 1st cycle, (e) 100th cycle at C/2 slow charging and
corresponding dQ/dV vs V plots (b, d, f).
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Cu stub and transferred to the XPS chamber through an airless
transfer device. In order to prevent surface charging effects, the
sample surface was flooded with a beam of low energy electrons
throughout the experiments, which generates the need for
recalibration of the binding energy scale. Therefore, the recorded
XPS spectra were modeled by referencing the C 1s spectrum at a
binding energy of 285.0 eV. The core level spectra were modeled
using the CasaXPS software package, employing Shirley backgrounds
and mixed Gaussian−Lorentzian (Vigot) line shapes.

SIMS measurements were carried out in FEI Scios dual beam
scanning electron/focused ion beam microscope equipped with a
quadrupole mass analyzer (EQS, Hiden Analytical). The cycled
electrode samples were placed in the airless transfer device and was
guided to the microscope stage by interfacing it with the microscope
chamber through an opening gate valve. The sample loaded
microscope stage was then set to the eucentric height of 7 mm.
Afterward, the sample stage was tilted to 52° for operation in order to
make the sample surface normal to the ion beam direction. SIMS
measurements were carried out under high vacuum conditions to
avoid the collision of background gas molecules with secondary ions
ejected from the sample. The mass spectra were obtained by
sputtering Ga+ ions to the sample at an accelerating voltage of 30 kV
and beam current of 0.5 nA. An in-built software named MASsoft
Professional 7 was used for recording and analyzing the data. Both
positive and negative profiles were recorded on the surface of the
cycled graphite electrode.

Raman spectroscopy was performed in a Renishaw Invia micro-
Raman spectrometer, using a DXR microscope and a diode-pumped
solid-state laser (RL523C50), with a laser excitation wavelength of
532 nm at a laser power of 5 mW. The Raman spectrum was obtained
by single point scanning using OMNICxi software.

3. RESULTS AND DISCUSSION
3.1. Electrochemical Characterization. Figure 1 shows

the charge/discharge voltage profile and the corresponding
incremental capacity plot (dQ/dV vs V) of MagE3 graphite|
NMC 622 full cell comprising different modified electrolytes.
Figure 1a shows the voltage vs capacity plot where the
maximum specific discharged capacities are relatively close to
each other i.e., ∼166 mAh/g, ∼162 mAh/g, ∼161 mAh/g,
∼161 mAh/g, and ∼156 mAh/g, respectively. However, a
decreasing trend is observed with increase in KPF6
concentration from 0.001 M to 0.2 M. The full cell was
formed at a slow current rate of C/20 (∼0.14 mA) to produce
a stable and protective SEI layer on graphite surface through
electrolyte decomposition, shown as broad and small peaks at
∼2.6−2.95 V 34 in Figure 1b. In addition, four sharp and
distinct peaks, i.e., two oxidation peaks at ∼3.6 V and 3.7 V
and two corresponding reduction peaks at ∼3.45 V and 3.6 V,
are observed. The oxidation peak at ∼3.6 V is attributed to Li-
intercalation into graphite layers upon charging of the full
cell.34 Another oxidation peak detected at ∼3.7 V is attributed
to the phase transition of NMC from hexagonal-1 (H1) to
monoclinic (M).34 Furthermore, a small and broad oxidation
peak observed at ∼4.1 V (Figure 1b) corresponds to the phase
transition of NMC from monoclinic (M) to hexagonal (H2)
phase. The hexagonal H2 phase has different lattice parameters
compared to the hexagonal H1 phase.35

Following formation, graphite|NMC 622 full cells with
modified electrolytes were cycled at slow C-rate of C/2
(∼1.38 mA) up to 100 cycles. The slow cycling performance at
C/2 is presented in order to establish the baseline for

Figure 2. Cycling performance of graphite|NMC 622 full cell at (a) C/2 (∼1.38 mA), (b) 2C (∼5.6 mA), and (c) 3C (∼8.4 mA), (d) Initial
Coulombic efficiency comparison at 2C and 3C rate with different modified electrolytes.
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comparison with faster-cycling conditions. Figure 1c shows the
first cycle voltage vs capacity profile at C/2, where the
discharge capacities obtained by electrolytes E-0M and E-
0.001M are almost identical i.e., ∼156 mAh/g. However, the
incremental amount of KPF6 additive is detrimental to the
cell’s performance, as a consequence of increased polarization.
The shifting of peak positions (oxidation peaks toward right
and reduction peaks toward left) in Figure 1d denotes the
internal resistance rise with additive amount, especially for 0.2
M concentration of KPF6. In Figure 1e, superior discharge
capacities are achieved by both E-0M and E-0.001M electrolyte
(∼146 mAh/g) even after the 100th cycle compared to ∼108
mAh/g capacity obtained by E-0.2M electrolyte. This is due to
the internal resistance build-up due to the obstruction in Li+
ions by larger sized K+ ions36,37 as the amount of additive
increases. It should be noted that the full cell cycled with E-
0.2M electrolyte shows only one oxidation peak at ∼3.6 V in
contrast to the two peaks recorded for the rest of the
electrolytes in Figure 1f. Li+ intercalation into the graphite
layers is suspected to be associated with this single oxidation
peak of E-0.2M electrolyte.
For fast cycling, the full cells were cycled at various C-rates

ranging from 1C to 3C rate. It is observed that the cells with E-
0M and E-0.001M electrolytes demonstrate superior discharge
capacities compared with the other modified electrolytes
(Figures 2a−c and S2). Furthermore, the specific discharge
capacities decrease with increasing amounts of KPF6
irrespective of the C-rates. For instance, the capacities achieved
by graphite|NMC 622 cells using E-0.001M and E-0.2M
electrolytes at C/2 are ∼157 mAh/g and ∼135 mAh/g

respectively to begin with, decreasing to ∼146 mAh/g and
∼102 mAh/g by the 100th cycle. The reason behind this could
be the hindrance of Li+ movement due to the presence of K+

with increasing KPF6 concentration, affecting the cycling
performance adversely. The superior first cycle Coulombic
efficiencies (CEs) for E-0.001M electrolyte at 2C and 3C,
presented in Figure 2d, suggest the reduced electrolyte
decomposition during SEI formation, indicating the decreased
irreversible capacity loss. It is noticed that the first cycle CEs at
2C rate are higher for all the modified electrolytes, which have
KPF6 as electrolyte additive, compared to E-0M commercial
electrolyte. The increased CEs for modified electrolytes could
be due to the formation of stabilized SEI layer by K additive
incorporation that suppresses the parasitic reaction rates
(Figure S3) and the corresponding irreversible capacity loss.
Among all, E-0.001M electrolyte denotes highest CEs,
indicating decreased electrolyte decomposition, parasitic
reaction rate, and therefore irreversible capacity loss, for
graphite|NMC 622 full cell upon fast charging of 2C. However,
the parasitic reaction rates for 3C rate are not significantly
improved in additive-based electrolytes with increased KPF6
concentrations (0.1−0.2 M). This is suspected due to the
deposition of Li or/and K metal, which is investigated and
elaborately discussed in a later section.
In order to better understand the impact of KPF6 on

graphite anodes, three-electrode EL-cells are assembled using
NMC 622 as the working electrode (WE), graphite as the
counter electrode (CE), and Li ring as the reference electrode
(RE). The anode potential (graphite|Li) using E-0M
commercial electrolyte at various charging rate is presented

Figure 3. Three-electrode EL-cell (graphite|Li∥NMC 622 | Li) at slow and fast cycling: Anode potential vs specific discharge capacity (a) using E-
0M at various charging rate, (b) at C/2 1st cycle (c) at 2C 1st cycle, and (d) at 2C 100th cycle.
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in Figure 3a for reference. It is observed that the anode voltage
profile exhibits distinct stages at very slow rate of C/10 (∼0.28
mA). Upon lithiation of graphite, a phase transition from
liquid-like phase (stage 1L) to a dense phase called stage 1
(LiC6) occurs, giving rise to theoretical capacity of 372 mAh/
g.38,39 The stages start to disappear as the C-rate increases to
3C. The reason behind this is the relatively lower solid-state
diffusion coefficient of Li into graphite in the dense phases
compared to the liquid-like phases.40 In addition to that, the
lack of time available at higher current densities controls the
diffusion of Li inside the graphite layers, causing the stages to
disappear. It should be noted that the anode potential drops
below 0 V vs Li/Li+ at 2C rate, indicating metallic Li formation
and deposition on the graphite surface. The anode potential
drops more quickly to 0 V vs Li/Li+ as the current density
increases to 3C, demonstrating the earlier deposition and
growth of Li metal. Figure 3b shows the anode potential using
the modified electrolytes. Three modified electrolytes, i.e., E-
0.001M, E-0.1M, and E-0.2M showing superior, intermediate,
and inferior performances, were deliberately selected for the
three-electrode study. In Figure 3b, there is no visible change
observed in the voltage profile at the C/2 rate. In Figure 3c, as
the C-rate changes to 2C, the anode potentials drop to 0 V vs
Li/Li+ for E-0.1M, E-0.2M, and E-0M and remain negative
even at the 100th cycle (Figure 3d). However, the profile is
slightly different in the case of the E-0.001M electrolyte. The
anode potential obtained from the E-0.001M in the first cycle
is −0.002 V in contrast to −0.01 V of E-0M. This reveals that
the graphite anode potential is influenced by KPF6 additive
incorporation, henceforth Li metal deposition on graphite
surface. This shifting of anode potential toward a less negative
value, i.e., from −0.01 V to −0.002 V, occurs by incorporation
of only 0.001 M KPF6 into the electrolyte. The potential shift
signifies the extent the Li deposition is declined in the case of
E-0.001 M electrolyte, as the graphite potential moves closer to
0 V vs Li/Li+. This proves to be the beneficial effect of KPF6
electrolyte additive with regards to Li deposition. The potential
profile of E-0.001M at 100th cycle is also examined and found
to be 0.01 V (positive) unlike the rest of the electrolytes used
(including commercial E-0M electrolyte). This positive
graphite potential at 100th cycle implies that Li deposition is
restricted in the case of the E-0.001M electrolyte. Further
detailed investigations were carried out to interpret this
observed behavior.
According to the Nernst equation, the deposition potential

for potassium with respect to Li/Li+ is as follows:

= ++ +E a0.121 0.059 logK /K K (1)

Equation 1 shows the potassium deposition potential at room
temperature.33 The detailed derivation is provided in
Supporting Information. The calculated potassium deposition
potentials for all the modified electrolytes are presented in
Table 2.
Table 2 denotes the potential at which potassium deposition

starts on the graphite surface. Potassium is deposited in the
form of metal whenever the graphite anode reaches these
potentials. The graphite anode reaches a maximum potential of
−0.002 V, −0.04 V, and −0.06 V in the very first cycle for E-
0.001M, E-0.1M, and E-0.2M, respectively, already shown in
Figure 3c. This signifies metallic potassium deposition for all
the modified electrolytes except E-0.001M. It should be noted
that the E-0M commercial electrolyte does not contain KPF6
additive; thus no potassium deposition is seen. Similarly, the

graphite potential is negative for E-0.1M and E-0.2M at the
100th cycle, indicating continuous potassium as well as lithium
deposition on the graphite surface. The formation of metallic
potassium and its growth implies that the effectiveness of KPF6
additive is reduced upon successive cycles. However, the
potassium deposition potential is not reached for E-0.001M
electrolyte, meaning it continues to restrict Li deposition with
further cycling, as shown in Figure 3d.
3.2. Post-Mortem Characterization. 3.2.1. Morphology

Evolution of Graphite after Cycling. Following the cycling of
graphite|NMC 622 full cells, the cycled graphite anodes were
collected for post-mortem characterization. Figure 4 shows
SEM micrographs of the surface morphology of the graphite
anodes with different C-rates using the E-0M electrolyte. The
morphologies of graphite cycled at C/2 and 1C rate (Figure
4b,c) are similar to that of the pristine graphite anode (Figure
4a) but then changes significantly as the C-rates increase
further. In Figure 4d, dendrite-like Li deposition starts at the
edge of the graphite flakes at a rate of 2C. This supports the
electrochemical result shown in Figure 3a. Defect sites such as
edges of the particles and cracks have high energies and hence
are prone to Li deposition primarily.41 Once the deposition
starts, Li attracts other incoming Li atoms to deposit and grow
upon further cycling.42 As the C-rate rises to 3C, the thickness
along with the length of Li dendrites increases. Sometimes the
cluster of Li dendrites entirely covers the surface of the
graphite anode, shown in the Figure 4e. It is observed that Li
dendrites change their direction through kink formation, which
depends on the crystallographic plane, direction, and nature of
graphite material. The chemical composition of the deposits is
examined by SIMS and Raman spectroscopy, which demon-
strates that the deposits are of Li metal (Figure 4f,g). SIMS
spectra identifies the elemental Li, i.e., 7Li, along with its
isotope 6Li on dendritic deposit. In Figure 4g, the sharp peak at
330 cm−1 is caused by Raman shift of OH stretching in LiOH
compounds,43 which is an SEI component. Additionally, Li
dendrites could react with the moisture (eq 2) while
transferring the sample into the chamber without any airless
device and giving rise to LiOH as a reaction product.
Furthermore, a broad peak at 2800−3000 cm−1 is observed,
which corresponds to Li3N.43 Li3N is formed only when
atmospheric nitrogen reacts with lithium in metallic form (eq
3) and confirms the presence of metallic Li on the graphite
surface. Moreover, symmetric stretching vibration of
Li2CO3

43,44 and vibrational peaks of EC,45 EMC,46 LiPF6
45

are also detected. G band (1580 cm−1) and D band (1360
cm−1) of graphite44 having smaller intensities are also
identified as graphite becomes fully covered with Li dendrites.

+ +2Li 2H O 2LiOH H2 2 (2)

+6Li N 2Li N2 3 (3)

Table 2. Potassium Deposition Potential with Respect to
Additive Concentrations in the Electrolyte

concentration of KPF6
additive (M)

potassium deposition potential on graphite
anode (V)

0.001 −0.056
0.01 0.003
0.1 0.062
0.15 0.072
0.2 0.08
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In Figure 5, graphite anodes cycled with E-0.15M and E-
0.2M electrolytes experience deposits with morphology
different from that of Figure 4. Figure 5a demonstrates the
deposits are almost everywhere on the graphite surface (∼300
deposits per mm2, calculated using ImageJ software). Further
examination by EDX mapping shows three major components,
e.g., K, F, and P. The presence of K and absence of C (clearly
evident in Figure 5b) ensure that the deposits are of
potassium-containing compounds. Although the intensity of
F and P appears to be higher on the deposits, the ratio of F/P
is almost identical on both deposited and nondeposited areas.
This confirms that the deposits are K metal. The presence of
potassium dendrites with respect to additive concentration and
C-rate is presented in Figure S4. Thus, KPF6 additive in E-
0.15M and E-0.2M electrolytes fails to control the growth of Li
dendrites by producing its own K dendrite, leading to the
inferior performance of the cell. It is observed that K dendrites
have multiple branches coming out the principle arm in all
possible directions (Figure S4d), resembling classical dendritic
morphology during the solidification of metals.47 Moreover,
the different microstructure of K dendrites compared to Li
dendrites is due to inherent material properties such as
crystallographic planes and directions of individual metals.48,49

Figure 6 illustrates SEM images arranged in X−Y planes,
where the X axis represents the charging rate and the Y axis is
allocated to KPF6 additive concentration in the electrolyte. Li
dendrites are present on the cycled graphite anodes at 3C rate

irrespective of the concentration of the additive, shown in
Figure 6b,d,f. However, dendritic portion appears to be
reduced with regard to the decrease in KPF6 amount in
electrolyte at 2C charging rate (Figure 6a,c,e). Ultimately, Li
dendrites are seemingly inhibited with 0.001 M KPF6
concentration at 2C rate, as demonstrated in Figure 6e. This
post-mortem study aligns with the electrochemical result in
Figure 3d, where an anode potential of 0.01 V (positive) was
obtained at the 100th cycle. Large area imaging was produced
at different locations of the sample, presented in Figure S5.
Moreover, the effectiveness of the KPF6 additive is

diminished at higher concentrations and charging rates.
3.2.2. Mechanism of Li Dendrite Control by Optimized

Electrolyte Composition. The chemical evolution of SEI layers
formed on the graphite anodes using modified electrolytes was
observed by XPS. Figure 7 shows the XPS spectra of graphite
cycled with E-0.001M electrolyte at 2C. Deconvolution of the
C 1s spectrum (Figure 7a) features one principal peak
corresponding to sp3 carbon. Along with that, C−O (∼286.4
eV), C�O (∼287.6 eV), O�C−O (∼288.6 eV), CO3
(∼289.7 eV) peaks are observed, which are the result of the
decomposition of the solvents, i.e., EC ([CH2O)2CO] and
EMC [C2H5OCOOCH3] present in the electrolyte.34 In
addition, a CH2−CF2 peak (∼290.2 eV) originates from PVDF
binder present in graphite electrode coating34 (Figure 7a).
Furthermore, another prominent peak, due to sp2 C−C
bonding, is observed at a binding energy of ∼284.3 eV, along

Figure 4. (a−e) SEM images of graphite anode morphologies cycled at different C-rates after 100 cycles using E-0M commercial electrolyte. (f)
Positive ion SIMS spectra and (g) Raman spectra of dendrites present on the graphite anode.
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with the π−π* shakeup feature at a binding energy of ∼290.7
eV.50 The presence of CH2−CF2 peak indicates that the SEI
film is thin enough to allow the photoelectrons ejected from
the binder to travel through the SEI layer into the vacuum in
order to reach the detector. The presence of CH2−CF2 and its
fluorinated CF2−CF2 peak34 are demonstrated in the F 1s
spectrum, shown in Figure 7b. The prominent peak in the F 1s
spectrum is at ∼685.0 eV, assigned to metal fluoride (LiF)
present in the SEI film. Three components such as Li (∼54
eV), Li2O (∼55.6 eV), and LiF (∼57.5 eV) contribute to Li 1s
spectrum,51 in Figure 7c. The product of electrolyte
decomposition such as C�O (∼531.6 eV), C−O/CO3
(∼533.2 eV), O*−(C�O) (∼534.3 eV) together with a
small peak of Li2O (∼530.8 eV) is observed in O 1s spectrum,
shown in Figure 7d. In Figure 7e, the P 2p spectrum gives rise
to a doublet peak due to spin−orbit split coupling. The
deconvolution of the P 2p spectrum was performed by
considering 2p1/2 and 2p3/2 spin orbital components with
constrained specific area ratio and a peak separation value of
0.84 eV.52,53 The lower binding energy doublet is attributed to
phosphate, i.e., LixPOyFx from LiPF6 degradation, whereas the
higher binding energy doublet is assigned to P−F bonding of
LiPF6 or LixPFy.

54,55 XPS spectra of the graphite anode cycled
with E-0.1M at 2C rate is displayed in Figure S6, in which the
deconvolution of F 1s, Li 1s, and P 2p spectra depicts the
components similar to Figure 7. Comparing the XPS spectra of
E-0.1M (Figure S6) with E-0.001M (Figure 7), a small C 1s
component is detected at lower binding energy of ∼282.5 eV,
which signifies the reaction of C with a metal. The component
is unlikely to be lithium carbide (Li2C2), which is implausible
to form in LIBs under any condition.56 Therefore, carbide-like
lithium acetylide (Li−C�C−X) is highly likely to form upon
fast charging of carbon materials.57−59 Acetylide species have

been reported to be formed when metallic Li reacts with
organic and inorganic compounds of the SEI layer.56,59,60 The
presence of a lithium acetylide (Li−C�C−X) component in
C 1s XPS spectra in E-0.1M electrolyte signifies the presence
of metallic Li on the graphite anode. Similarly, its absence
signifies the inhibition of metallic Li deposition in E-0.001M
electrolyte. This supports the positive anode potential
monitored at the 100th cycle in Figure 3d. Additionally, K
2p3/2 and K 2p1/2 peaks are also identified toward the end of
the C 1s spectrum (Figure S6a), which was not observed in E-
0.001M’s XPS spectra (Figure 7). The reason for this is the low
concentration of additive (0.001 M KPF6) present in the
electrolyte, which is above the detection limit of XPS.61 XRF
detects ∼200 ppm potassium present on the graphite anode
cycled with E-0.001M electrolyte, which is shown in Table S2
in Supporting Information.
In order to fully understand the mechanism behind Li

dendrite inhibition, deconvoluted XPS spectra are analyzed
further. Figure 8a designates the percentage concentration of
different elements obtained through the deconvolution of XPS
spectra. The increased C 1s and decreased F 1s concentration
of modified electrolytes signify thinner SEI film on the graphite
surface compared to E-0M electrolyte due to the following
reasons: (i) higher C 1s counts that imply reduced attenuation
of the photoelectron yield from the graphite anode and (ii) the
lower concentration percentages of F 1s (LiF at ∼685 eV), O
1s (Li2O at ∼530.8 eV, C�O at ∼531.6 eV, C−O/CO3 at
∼533.2 eV, O*−(C�O) at ∼534.3 eV). These are mainly
ejected from SEI, and are lower for modified electrolytes,
indicating thinner SEI film. Another point to note here is that
the SEI compounds such as alcohols (C−O), carbonyls (C�
O), esters (O−C�O), and carbonate (CO3) groups also
contribute to the C 1s spectrum. Therefore, a detailed picture

Figure 5. SEM and its corresponding EDX mapping of cycled graphite with E-0.15M and E-0.2M electrolytes presenting K dendrites.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c11175
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11175/suppl_file/am2c11175_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11175/suppl_file/am2c11175_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11175/suppl_file/am2c11175_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11175/suppl_file/am2c11175_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11175/suppl_file/am2c11175_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11175?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11175?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11175?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11175?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c11175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of the C 1s spectrum is presented to separate out the signals
collected from graphite active material only and the above-
mentioned SEI components. In Figure 8b, the combined
percentage concentration of SEI components such as C−O,
C�O, O�C−O, CO3 bonds are significantly lower for E-

0.001M electrolyte (at 2C rate), suggesting thinner SEI film on
the graphite surface. A similar trend is also followed at the 3C
rate, shown in Figure 8c. The higher percentage concentration
of sp3 C (and lower concentration of signals associate with SEI
components, in Figure 8c) supports the notion of a thinner SEI

Figure 6. SEM images of cycled graphite anode morphologies using E-0.1M, E-0.01M, and E-0.001M electrolytes at (a, c, e) 2C and (b, d, f) 3C
rates.

Figure 7. XPS (a) C 1s, (b) F 1s, (c) Li 1s, (d) O 1s, (e) P 2p spectra of graphite anode cycled using E-0.001M electrolyte at 2C rate.
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in E-0.001M compared with all the other electrolytes. The
presence of lithium acetylide denotes that Li dendrite
formation is not completely inhibited at the 3C rate, previously
shown in Figure 6f.
It has been previously reported that the grain boundaries,

cracks, pores, and the heterogeneous interfaces present in the
SEI film are responsible for creating pathways for electron
leakage due to their lower energy barriers.62 The electrons pass
through the SEI layer via above-mentioned defect sites,
resulting in electrolyte decomposition and Li+ to Li metal
reduction. The dense inorganic SEI components (located
closer to the electrode), when present in sufficient quantity, act
as a blockage to the electron leakage pathways, restricting in
metallic Li deposition and electrolyte decomposition. Among
all, LiF is the prominent inorganic SEI component, which
provides better surface passivation and increases the stability
and robustness of SEI films. The insulating nature of LiF
compound (∼10−13 to 10−14 S/cm)63 provides high resistance
to electron transport (through SEI layer), which could have
contributed to Li+ to Li0 reduction. Furthermore, low
solubility, low Li+ diffusion barrier, and large Li+ diffusion

coefficient across the LiF surface suggest a faster Li+ diffusion
rate, implying excellent SEI stability.25,63,64 In addition, the
LiF-rich layer has reportedly improved the morphology of the
anode by homogenizing Li+ flux during Li dendrite formation
and growth process.65 Therefore, the nanocrystals of LiF
facilitate the uniform transportation of Li+ thereby restricting
Li dendrite growth.15,64,66 Hence, the F 1s spectrum is further
explored to investigate the metal fluoride present in the SEI
film. Figure 8d shows that the percentage concentration of
metal fluoride is highest in E-0.001M modified electrolyte and
lowest in E-0M commercial electrolyte. This specifies that E-
0.001M (with higher metal fluoride concentration) can
effectively block the developed electron leakage pathways in
the SEI film, thus blocking the electrons that could contribute
to the reduction process of Li+ to Li0 (metallic Li) and its
growth thereafter. Therefore, Li dendrites are not observed in
E-0.001M optimized electrolyte (Figures 3d, 6e, and S5e),
whereas commercial E-0M electrolyte experiences Li dendrites
at the edge of graphite particles (Figures 3d and 4d). A similar
observation is observed at a 3C charging rate, where the
percentage concentration of metal fluoride in E-0.001M

Figure 8. (a) Comparison of percentage concentration of elements detected. C 1s components for graphite in E-0M, E-0.001M, E-0.01M, E-0.1M
at (b) 2C and (c) 3C rates. Metal fluoride concentration percentage at (d) 2C and (e) 3C rates.

Figure 9. SIMS (a) positive ion and (b) negative ion mode mass spectra of graphite anode surface using E-0M, E-0.001M, and E-0.1M electrolyte.
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electrolyte is highest among all the electrolytes, shown in
Figure 8e. Although Li dendrite formation is not completely
inhibited at the 3C rate, its growth is clearly restricted (Figure
6f) compared to the E-0M commercial electrolyte (Figure 4e).
Moreover, 0.001 M KPF6 is shown to be the optimal
concentration for controlling the growth of Li dendrites on
graphite. It should be noted that “metal fluoride” is mentioned
instead of LiF in Figure 8d,e, as fluoride could be associated
with Li only or a combination of Li and K. To investigate this,
SIMS was carried out and the mass spectra for E-0M, E-
0.001M, and E-0.1M electrolytes are presented in Figure 9.
Figure 9 provides the information regarding the ion clusters

of organic and inorganic compounds of the SEI layer present
on the graphite surface. The collected ion fragments are listed
in Table S3 in Supporting Information. Li isotopes, i.e., 6Li+,
7Li+, and 19F− are the principal peaks in positive and negative

ion modes, respectively. The positive ion fragments, e.g.,
6Li7LiF+ (32 amu), 7Li2F+ (33 amu), 7Li3F+ (40 amu), 7Li2F2

+

(52 amu), 6Li7Li2F+ (58 amu)+, 7Li3F2
+ (59 amu) correspond

to lithium fluoride (LiF).67−72 Similarly, the negative ion
fragments e.g., 6LiF2

− (44 amu), 7LiF2
− (45 amu), 7Li2F3

− (71
amu) reveals the existence of LiF in the SEI film. These
positive and negative ion fragments are observed not only in E-
0M commercial electrolyte but also in E-0.001M and E-0.1M,
suggesting LiF presence in the SEI film in all of the
electrolytes. It should be noted that the intensities of peaks
present at 39 and 41 amu are significantly increased in E-
0.001M and E-0.1M (compared to E-0M), indicating the
presence of 39K+ and 41K+ (potassium additive incorporation
into electrolyte). In order for potassium fluoride (KF) to be
present in SEI, the ion species such as 39K2F+ (97 amu),
39K41KF+ (99 amu), 39K3F2

+ (155 amu), 39K2
41KF+ (157 amu),

Figure 10. EIS Nyquist plot of three electrode EL-cell (graphite|Li∥NMC 622|Li) showing (a) full cell (graphite|NMC 622) spectra, (b) cathode
half cell (NMC 622|Li), (c) anode half cell (graphite|Li) spectra of E-0.001M electrolyte at 2C rate with equivalent circuit modeling (ECM).
Comparison of (d, e, f) Rs, (g, h, i) Rsei, and (j, k, l) Rct in of electrolytes (E-0M, E-0.001M, and E-0.1M) upon cycles.
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and 39KF2
− (77 amu), 41KF2

− (79 amu), 39K2F3
− (135 amu),

39K41KF3
− (137 amu) are anticipated in positive and negative

ion modes, respectively.36,73,74 There are two small peaks
recorded at 97 and 99 amu in positive ion mode for E-0M
electrolyte; however, the intensities remain the same in the
cases of E-0.001M and E-0.1M. A similar observation is
measured at 155 and 157 amu in negative ion mode. In
addition to this, the relative abundance ratio of potassium
isotopes, i.e., 39K+/41K+ = 13.8,75 does not match with the
intensity ratios of the peaks present at 99 and 97 amu in
positive ion mode and at 155 and 157 amu in negative ion
mode. This confirms that the increase in metal fluoride
concentration is due to increment in LiF content only. KF is
not present in the SEI film on the surface of the graphite
anode. The higher solubility of KF (compared to LiF) could be
the reason behind this behavior.76 For depth analysis, SIMS
was carried out at the same location, presented in Figure S7.
The ratio of the peaks in both positive and negative ion modes,
e.g., at 97 amu/99 amu and at 155 amu/157 amu, respectively,
is inspected again and found out to be unmatched with
39K+/41K+, confirming no KF present in the SEI layer.
Therefore, the peaks at 97 amu, 99 amu, 79 amu, and 137
amu correspond to C5H5O2

+, C5H7O2
+, PO3

−, and C3H6PO4
−

ion fragments in positive and negative ion modes. In Figure S8,
it is seen that potassium is deposited at certain preferential
sites such as defects, particle edges, and grain boundaries,
similar to Li+. Therefore, in E-0.001M optimized electrolyte,
K+ deposits at the defect sites due to its faster diffusion rate (in
the electrolyte) and lower desolvation energy compared to Li+
(because of smaller Stokes radius of solvated K+ ion).36,37

Additionally, K+ occupying the defect sites prevents the
incoming Li+ from participating in Li dendritic formation and
growth, thereby reducing the probability of Li+ reduction to
Li0. Furthermore, thin LiF-rich SEI layer blocks the electron
leakage pathways for possible Li+ reduction to metallic Li. K+

deposition on graphite defect sites along with highest LiF
content in SEI film blocks the respective incoming Li+ and the
electrons in E-0.001M, thereby suppressing the dendrite
growth. LiF content is decreased in all other concentrations
of additive as K+ is consumed (reduced to K metal) and
henceforth cannot effectively block all the defect sites. This
leads to the formation and growth of Li metal dendrites at
these defect sites. Moreover, Li+ is reduced to Li metal instead
of reacting with F for LiF formation and therefore is ineffective
in controlling dendrite growth with increased additive
concentration.
3.3. AC Impedance Characterization. Figure 10 presents

Nyquist plots using three-electrode EL-cells incorporating
three different electrolytes, e.g., E-0.1M, and E-0.001M
optimized electrolyte and E-0M commercial electrolyte for
reference at 2C rate. The resistance results obtained from
equivalent circuit modeling (ECM) are plotted with respect to
cycle number, also shown in Figure 10. The ohmic resistance
or series resistance (Rs) is increased over the cycles for all the
electrolytes for both full cell and half cells. The lower series
resistances (Rs) for additive based electrolytes indicate their
increased ionic conductivity compared to E-0M commercial
electrolyte. SEI resistances (Rsei) presented in Figure 10g−i
show that E-0.001M has lower SEI and CEI (cathode
electrolyte interphase) resistances compared to other electro-
lytes. This is because thinner LiF-rich SEI (Figure 8) in E-
0.001M electrolyte facilitates lower resistance to Li+ mass
transport. However, in the case of E-0M commercial

electrolyte, Li dendrites promote more electrolyte decom-
position (Figure 4d) and hence thickens the SEI layer,
resulting in higher resistance to Li+ transport. Figure 10j−l
shows the charge-transfer resistance (Rct) for all the electro-
lytes. It is noticed that the Rct value is increased with successive
cycles for E-0M due to Li dendrite formation leading to slower
electrochemical kinetics of the cell. However, the trend is
different for modified electrolytes, where the Rct value remains
almost stable with progressive cycles for full cell and cathode
half cell, shown in Figure 10j,k. This steady Rct indicates the
kinetic stability of additive based electrolytes. In the case of
anode half cell (graphite|Li) in Figure 10l), Rct of additive-
based electrolytes (E-0.001M and E-0.1M) is slightly higher
(compared to E-0M) for the initial few cycles and decreases
afterward to remain stable upon further cycling. It is observed
that the Rct value is in increasing trend in E-0M electrolyte
(zoomed in Figure 10l), meaning that the Rct value is expected
to increase even after the 100th cycle (as cycles progresses)
with the growth of Li dendrite. In additive-based electrolytes,
the SEI formation through electrolyte decomposition could
contribute to its higher Rct for the initial few cycles. Once the
SEI film becomes thermodynamically stabilized, the resistance
to charge-transfer (Rct) is decreased subsequently implying
electrochemical kinetic stability of the cell. Moreover, the
difference in Rct values between E-0M (1.3 Ω) and E-0.001M
(1.6 Ω), E-0.1M (1.1 Ω) is negligible. Finally, the difference in
Rct values is distinctively visible in a full cell, i.e., Figure 10j,
indicating higher Rct value in commercial E-0M electrolyte
compared to optimum E-0.001M. This suggests the positive
impact of KPF6 additive in controlling Li dendrite growth on
graphite anode.

4. CONCLUSION
K additives, in appropriate concentrations, can play a crucial
role toward the formation of Li dendrites and their growth.
The incorporation of a KPF6 electrolyte additive is
comprehensively investigated by systematically varying the
concentrations in full and three electrode cells. Higher
concentrations such as 0.15 and 0.2 M KPF6 are detrimental
to the cells’ performance as K+ gets reduced and forms its own
dendrites. These potassium dendrites cover the surface of the
graphite anode, which impedes the transport of Li+ through the
graphite layers. 0.001 M KPF6 concentration was concluded to
be the optimized concentration by enabling a thin LiF-rich SEI
film, facilitating faster Li+ transport. Higher LiF content blocks
the potential electron leakage pathways for Li+ reduction to Li0
metal. Additionally, the faster diffusion rate of K+ in the
electrolyte and its lower desolvation energy block the defect
sites for favorable Li dendrite nucleation. Both of these
processes act simultaneously to generate a dendritic-free faster-
charging graphite anode, which can critically influence the
development of improved high-rate cell chemistries. With
further consideration and development given to optimizing the
microstructure formulation of the anodes, it is expected that
overall performance will also become much more improved
relating to capacity retention also.
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