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ABSTRACT: Lithium-ion sulfur batteries use nonlithium materials
as the anode for extended cycle life. However, polysulfide shuttle reac-
tions still occur on the nonmetal anodes (such as graphite and Si), and
result in undesirable low Coulombic efficiency. In this work, we used
Al2O3 layers coated by atomic layer deposition (ALD) technique to
suppress the shuttle reactions. With the optimal thickness of 2 nm
Al2O3 coated on graphite anode, the Coulombic efficiency of the
sulfur cathode was improved from 84% to 96% in the first cycle, and
from 94% to 97% in the subsequent cycles. As a result, the discharge
capacity of the sulfur cathode was increased to 550 mAh g−1 in the
100th cycle, as compared with 440 mAh g−1 when the pristine graphite anode was used. The Al2O3 passivation layer minimizes
the formation of insoluble sulfide (Li2S2, Li2S) on the surface of graphite anode and improves the efficiency and capacity
retention of the graphite-sulfur batteries. The surface passivation strategy could also be used in other sulfur based battery
systems (with Li, Si, and Sn anodes), to minimize side reactions and enable high-performance sulfur batteries.
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1. INTRODUCTION

Lithium−sulfur (Li−S) batteries have gained significant atten-
tion as a competitive power supply system for electric vehicles
because of their high theoretical energy density (1675mAh g−1),
natural abundance, and low cost of elemental sulfur.1−4 Li−S
batteries operate based on Li metal plating/stripping on
the anode and sulfur conversion reactions on the cathode and
exhibit a specific theoretical capacity five times greater than
that of state-of-the-art Li-ion batteries.5 Despite of these
attractive advantages, the present Li−S batteries are still limited
in the cycling life, efficiency, and energy density because of
several formidable challenges, such as polysulfide shuttle
effect, poor conductivity of sulfur and solid discharge products,
and instability of Li metal.5−7 During the past few years,
encouraging progresses have been made to develop novel
cathode structure to address the polysulfide shuttle effect and
poor conductivity of sulfur.1,2,8,9 However, the problems
associated with Li metal remain unresolved. Li metal anode
suffers from dendrite growth and serious polysulfide corrosion,
which could accelerate the depletion of electrolytes and cause
low Coulombic efficiency (CE) of Li−S batteries because of
the absence of a stable solid electrolyte interphase (SEI).10,11

These problems become even more detrimental in Li−S batte-
ries in which thick sulfur cathodes (sulfur loading >3 mg cm−2)
are used.5,12,13

Several approaches have been developed to circumvent the
problems in Li metal for sulfur batteries, such as electrolyte
additives,14 physical protection,15 hybrid anode,16 and solid-
state electrolytes.17 Another alternative route is to pair a non-Li
anode (such as Si, hard carbon, and graphite), instead of Li
metal, with the sulfur cathode to develop Li-ion sulfur
batteries.18−22 The advantages of non-Li anodes are that they
are free of Li dendrite growth and showmuch less reactivity with
liquid electrolytes than Li metal. For example, Cui and
co-workers demonstrated the feasibility of replacing Li metal
with Si nanowires. In combination with a Li2S/mesoporous
carbon cathode, the cell delivered a discharge capacity of
500 mAh gsulfur

−1 in the first cycle.18 Aurbach showed a full
silicon−sulfur battery prototype by using a prelithiated
amorphous Si anode and a sulfur cathode. The reversible
capacity was 600 mAh gsulfur

−1 at the first 10 cycles, and gradually
faded to ∼380 mAh gsulfur

−1 after 60 cycles.19 Besides alloy-type
anodes, hard carbon has also been used as the anode with sulfur
cathodes, and the full cell exhibited a capacity of 753 mAh gsulfur

−1

in the 550th cycle without cell failure.20 Although graphite was
reported to be unstable in ether-based electrolytes due to Li-ion
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solvent cointercalation, recent work has demonstrated that it
could be stabilized and used as the anode in sulfur batteries, by
using a poly(acrylic acid) binder21 or a concentrated electro-
lyte.22 These works suggested that using non-Li anode is a
promising approach to develop safe and practical sulfur batteries
before successfully addressing all those issues associated with
Li metal. Nevertheless, polysulfide shuttle reactions still occur
when using non-Li anodes, leading to limited cycling life and low
CE in Li-ion sulfur batteries.18,19,22 For example, a thick SEI
layer was found to form in the Si anode upon cycling, due to
polysulfide shuttle reactions and large volume change of Si.19

This thick SEI was believed to be responsible for the permeant Li
loss, increased cell resistance, and rapid capacity fading in
Si−sulfur batteries.19 Furthermore, CE and cycling stability of
graphite−sulfur batteries could be greatly reduced, when a sulfur
cathode with 2 mg cm−2 sulfur loading was used.22 Therefore, it
is imperative to develop an effective strategy to minimize
polysulfide shuttle effect on those alternative anodes to enable
high-performance practical Li-ion sulfur batteries.
Polysulfide shuttle reactions on the non-Li anodes mainly

occur in the following steps (as illustrated in Figure 1a). First,

long-chain polysulfides (Li2S8, Li2S6) mitigate from the cathode
to the anode. Then electrons and Li ions from the anode diffuse
to the surface, where long-chain polysulfide undergoes an
electrochemical reduction described as follows:5,23

− + + →+ −
−n n( 1)Li S 2Li 2e Li Sn n2 2 1 (1)

The produced short-chain polysulfide will either diffuse back
to the cathode causing shuttle reactions or deposit on the surface
of anode leading to increased charge transfer resistance.
A prerequisite for the polysulfide shuttle reaction is the
accessible electron and Li-ion transport from the anode to poly-
sulfide (Figure 1a). Therefore, it is hypothesized that blocking
electron or Li-ion transfer from anode to polysulfide would
disable chemical/electrochemical reduction of polysulfide, there-
fore mitigating polysulfide shuttle and improving the battery
efficiency.
Herein, we propose to use an ultrathin coating layer (Al2O3)

to passivate the surface of the non-Li anodes, with the aim of
slowing down the electron or Li-ion transfer from anode bulk to
anode surface and alleviating polysulfide shuttle (as illustrated in
Figure 1b). Graphite is selected as the example in this case for
two main reasons. First, graphite has much less volume change
during lithiation/delithiation process than other non-Li anodes,
such as Si or Sn.18,19 Large volume change in Si could generate
fresh surface that would readily react with polysulfide, thus
complicating situation for validating the proposed passivation
concept. Second, graphite is commercially available at large scale

and lower cost compared to other non-Li anode, and could be
potentially adopted in Li-ion sulfur batteries for practical
application. Atomic layer deposition (ALD) technique was
employed to deposit the Al2O3 surface passivation layer on
the graphite anode, because ALD possesses an exclusive
capability of coating uniform and conformal thin films with
thickness controlled at an atomic level24,25 and have been suc-
cessfully used to improve the performance of graphite in Li-ion
batteries.26,27

ALD has been widely adopted to coat surface protection
layers on the anode and cathode of Li-ion batteries, thereby
reducing unwanted side reactions and improving their energy
density, lifetime, and efficiency.24−34 In this work, Al2O3
passivation layers with different thicknesses (1, 2, and 4 nm)
were deposited directly on the graphite anode by ALD. Both
pristine and Al2O3-coated graphite were paired with sulfur
cathodes to investigate the effects of anode surface passivation
on the CE and capacity retention of graphite-sulfur batteries.
Underlying mechanism of anode surface passivation on sup-
pressing polysulfide shuttle reactions was elucidated.

2. EXPERIMENTAL SECTION
2.1. Electrode Preparation. The graphite electrode was prepared

from graphite, super-P, and polyvinylidene fluoride (PVDF) (weight
ratio = 91:1:8) at the pouch cell line in Advanced Battery Facility
at Pacific Northwest National Laboratory. The graphite loading was
∼5.6 mg cm−2. Then Al2O3 passivation layers was deposited on the
graphite electrode at 100 °C in a Savannah 100 ALD system using
trimethylaluminum (TMA) and water as precursors. Al2O3 passivation
layers with 1 nm, 2 and 4 nm thicknesses were deposited by using
10, 20, and 40 ALD cycles, respectively (with Al2O3 growth rate of
∼0.1 nm/cycle). The sulfur cathode was prepared from Integrated
Ketjen Black/sulfur (IKB/S, 80 wt % sulfur loading), carbon nanofibers
(CNF), and CMC/SBR (weight ratio = 80:10:6/4).13 To prepare the
sulfur cathode, IKB/S composite was first mixed with CNF and CMC
in a Thinky mixer at a speed of 1900 r min−1 (15 min, mix mode) and
subsequently 2000 r min−1 (15 min, deform mode) using water as a
solvent and n-butanol as an additive. Then SBR was added into the
above slurry, which was mixed again following the same procedure.
The obtained slurry was coated onto an aluminum foil and the sulfur
electrode was dried under vacuum at 60 °C overnight. Mass loading
of sulfur on the sulfur cathode was ∼1.6 mg cm−2. Both the graphite
and sulfur electrodes were cut into round electrodes with a diameter of
9/16 in. for battery assembly.

2.2. Electrochemical Measurement. The electrolyte used was
5 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) dissolved in
a 1,3-dioxolane (DOL) solvent.17 The graphite anode was prelithiated
by pressing it directly on a Li metal foil with several drops of 5 M
LiTFSI/DOL electrolyte added in between. The color of graphite
anode changed from black to yellow after full prelithiation. Then, the
prelithiated graphite was coupled with the sulfur electrode in CR2032
coin-type cells, with a Celgard 2500 separator and 5 M LiTFSI/DOL
electrolyte (100 μL). The cycling stability was measured at 0.1 C (1 C =
1000 mAh g−1) in a voltage range of 1.7−2.8 V on a LAND battery
tester at 30 °C. Electrochemical impedance testing was performed in a
frequency range of 0.001−106 Hz on a Solartron SI 1260. The specific
capacity of the IKB/S cathode was calculated based on the mass of
sulfur on the cathode.

2.3. Physical Characterization. Morphology and structure of
graphite electrodes were characterized using scanning electron
microscopy (SEM, Environmental Field Emission, Inc., Quanta)
equipped with Energy Dispersive Spectroscopy (EDS), high resolution
transmission electron microscopy (Titan 80−300), and X-ray
diffraction (XRD). X-ray photoelectron spectroscopy (XPS) analysis
was carried out using an America thermos ESCALAB250 instrument.

Figure 1. Schematic diagram of (a) polysulfide reduction reactions on
the graphite anode surface. (b) Surface passivation layer on the graphite
anode blocks the transport pathway for electrons or Li ions, therefore,
suppressing polysulfide reduction reactions.
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3. RESULTS AND DISCUSSIONS

The morphologies of graphite electrodes before and after Al2O3
coatings were presented in Figure 2a−2c. The pristine graphite
particles are about 20−50 μm in size and have smooth surface
(Figure 2a and 2b). The surface of graphite particles becomes
uniform textile structure after coating with 40-ALD cycle Al2O3,
and turns out to be brighter than the pristine graphite under
SEM observation (Figure 2b, 2c), due to the charging effect
arising from the nonconductive Al2O3 layer. High-resolution
transmission electron microscopy (HRTEM) analysis reveals a
disordered structure of the Al2O3 passivation layer (Figure 2d).
The thickness of Al2O3 layer coated with 20 ALD cycles is
measured to be ∼2 nm, which corresponds well to the growth
rate of Al2O3.

25 Furthermore, EDS spectrum confirms the
existence of Al element in 20-ALD cycle Al2O3 coated on
graphite (Figure S1). The above results indicate the successful
deposition of Al2O3 passivation layers on the graphite electrode.
Graphite anodes with/without Al2O3 passivation layers are

paired with IKB/S sulfur cathodes (∼1.6 mg cm−2) to
investigate the influence of Al2O3 passivation layers on
polysulfide shuttle reactions. Prior to the battery assembly, the
graphite anodes are prelithiated by directly contacting with Li
metal foils, with a few drops of 5 M LiTFSI/DOL electrolyte
added in between. After prelithiation, the color of graphite
electrodes changes from black to yellow, and the (002) XRD
peak of graphite shifts from 26.4° to 24.2° (Figure S2), both
indicating full lithiation of the graphite electrode. 5 M LiTFSI/
DOL, instead of 1 M LiTFSI/DOL:DME electrolyte, is used in
this work, because the concentrated one was found to help form
a stable SEI on the graphite surface and alleviate Li-ion solvent
cointercalation into the graphite layers in our previous
studies.22,35 In the LiTFSI/DOL:DME electrolyte, Li-ion
solvent would intercalate into the graphite lattices, resulting in
exfoliated and amorphous structure and rapid performance

degradation due to the lack of SEI layers.22 Figure 3a and 3b
compare the cycling stability and CE of the sulfur cathodes with
pristine graphite and graphite coated with 1, 2, and 4 nm Al2O3
layers (hereafter denoted as 1, 2, and 4 nm Al2O3/graphite,
respectively). As seen in Figure 3a, the sulfur cathode with pris-
tine graphite delivers a specific discharge capacity of 900 mAh g−1

in the first cycle, and the capacity gradually decreases to
440 mAh g−1 after 100 cycles. The quick capacity fading is
accompanied by low CE. The first cycle CE is only 84%, and the
average CE is about 94% from second to 100th cycle, for the
sulfur cathode paired with pristine graphite (Figure 3b). Of note,
no LiNO3 additive was used in the electrolyte. For 1 nm Al2O3/
graphite, the sulfur cathode exhibits slightly higher capacities
and much enhanced CE (90% in the first cycle and ∼96%
afterward), compared to the baseline. The optimal performance
of the sulfur cathode is achieved when 2 nm Al2O3/graphite
is employed. In this case, the sulfur cathode maintains a specific
discharge capacity of 550 mAh g−1 at the 100th cycle (Figure 3a),
and an average CE of 96% from the very first cycle to 100th cycle
(Figure 3b). When a thicker Al2O3 passivation layer (4 nm) is
coated on the graphite anode, the CE of sulfur cathode is kept as
similar as in the case of 2 nm Al2O3/graphite, but the discharge
capacity drops dramatically. The reason for the reduced capacity
can be attributed to the thick insulating Al2O3 layer, which
greatly impedes the lithium ion diffusion and/or electron
transfer across the SEI layer. Figure 3c and 3d illustrates the
charge/discharge curves of sulfur cathodes with pristine graphite
and 2 nm Al2O3/graphite anode, respectively. In the first cycle,
the sulfur cathode with pristine graphite exhibits a flat second
discharge plateau at 1.9 V, corresponding to the transition from
long-chain polysulfide to short-chain ones.6 In comparison, the
sulfur cathode with 2 nm Al2O3/graphite shows a sloped second
discharge plateau until the end of discharge, indicating the poor
kinetics of Li−S redox reactions. This abnormal discharge

Figure 2. SEM images of (a, b) pristine graphite and (c) 4 nm Al2O3/graphite. (d) HRTEM image of 2 nm Al2O3/graphite.
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behavior is only observed in the first cycle, and suggests an
“activation” process for the Al2O3 passivation layer.

32,33 Another
obvious difference in Figure 3c and 3d is the discharge capacity
contributed from the first plateau (sulfur to long-chain
polysulfide). For the pristine graphite cell, the first-plateau
discharge capacity of sulfur cathode gradually reduces from
215 mAh g−1 in the second cycle to 122 mAh g−1 in the 100th
cycle. While for 2 nm Al2O3/graphite cell, the first-plateau
discharge capacity is maintained at 200 mAh g−1 from the
second to 100th cycle. Results in Figure 3 indicate that a thin
Al2O3 passivation layer on the graphite anode could effectively
improve the CE and discharge capacity of the sulfur cathode in
graphite-sulfur batteries.
To identify the reasons behind the improved performance by

Al2O3 anode passivation, electrochemical impedance spectros-
copy (EIS) analysis is performed on graphite−sulfur batteries

before/after cycling, and the results are compared in Figure 4.
Before cycling, all graphite−sulfur batteries exhibit similar EIS
responses with one semicircle in high and medium frequency
ranges (Figure 4a). The semicircle diameter gradually enlarges
with the increase of Al2O3 coating thickness, suggesting the
elevated charge transfer resistance on the graphite anode
because of the nonconductive nature of Al2O3 layer for Li ions
at the deposited state.26,27,31 Similar trend is also observed in the
overall resistance of graphite−sulfur batteries at the charge
condition after 100 cycles (Figure 4b). Notably, two semicircles
can be clearly identified in the EIS plots for pristine graphite,
1 and 2 nm Al2O3/graphite cells. With increasing thickness of
Al2O3 layers, there is a gradual increase in the semicircle at the
medium frequency which might be attributed to the charge
transfer resistance from the graphite anode due to the insulating
Al2O3 coating. A significant increase in the overall resistance is

Figure 4.Nyquist plots of graphite−sulfur batteries with/without Al2O3 passivation on graphite anode (a) before cycling and (b) after 100 cycles at the
charge state.

Figure 3. (a) Cycling stability and (b) CE of graphite-sulfur batteries using pristine graphite and 1, 2, and 4 nm Al2O3/graphite as the anode; charge−
discharge profiles at the 1st, 5th, 50th, and 100th cycles of graphite−sulfur batteries using (c) pristine graphite and (d) 2 nm Al2O3/graphite.
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found in graphite−sulfur batteries with 4 nm Al2O3/graphite
(Figure 4b). The EIS results explain the CE and cycling
performance of graphite−sulfur batteries shown in Figure 3.
A thin Al2O3 layer (2 nm) on the graphite particles can reduce
electron or Li-ion transfer to the graphite surface and slightly
increase the electrode charge transfer resistance, which in turn
suppresses polysulfide shuttle reactions and improves the
efficiency of graphite−sulfur batteries. While a thick Al2O3
layer (4 nm) seriously impedes the diffusion of electrons and
lithium ions across the SEI layer, resulting inmuch higher charge
transfer resistance and reduced overall battery performance. The
function of Al2O3 passivation layers is further confirmed by
testing this group of graphite electrodes with Li metal anode
using 5M LiTFSI/DOL electrolyte. The results showed that the
capacity of graphite anode is significantly reduced with a 4 nm
Al2O3 passivation layer, but remains almost the same for 1
and 2 nm Al2O3 coatings (Figure S3). The results in Figures 3
and 4 suggest that the thickness of Al2O3 passivation layer is
critical for achieving the optimal performance of graphite−sulfur
batteries. As Al2O3 passivation layer increases the charge transfer
resistance at graphite anode, we performed electrochemical
analysis to have better understanding on the rate capability
of different graphite-sulfur batteries. Figure S4 compares
the discharge profiles of pristine graphite, 2 nm, and 4 nm
Al2O3/graphite coupled with sulfur electrodes at current
densities of 0.1, 0.5, and 1 C. 2 nm Al2O3/graphite shows
similar discharge capacity but slightly lower discharge plateau
compared with pristine graphite at various current densities,
proving that the rate capability of graphite−sulfur batteries is not
affected by 2 nm Al2O3 layer. However, we observe obvious
capacity decrease and polarization in 4 nm Al2O3/graphite,
suggesting that 4 nm Al2O3 layer significantly hinders electro-
chemical reactions as also reflected in high charge transfer
resistance (Figure 4b). On the basis of the above electrochemical

results, we believe that Al2O3 passivation layer on one hand
could suppress polysulfide reactions by blocking electron trans-
fer (pro) and, on the other hand, could also impede Li ion
diffusion (con) if the Al2O3 layer is too thick (more than 2 nm).
For example, in 4 nm Al2O3/graphite case, the CE is the highest
one in the first 30 cycles (Figure 3b), because thick Al2O3 layer
can greatly reduce electron transfer, resulting in least shuttle
reaction and highest efficiency. At the same time, thick Al2O3
layer slows down Li ion diffusion from electrolyte to graphite,
leading to low utilization of graphite material and thus low
reversible capacity. In pristine graphite case, quick electron
transfer at graphite surface allows most shuttle reaction and
lowest efficiency (Figure 3b). Meanwhile, fast Li ion diffusion
through SEI layer results in highest usage of graphite material
and high capacity at beginning, which rapidly decreases due to
the deposition of solid Li sulfide on graphite surface. The 2 nm
Al2O3/graphite reaches a good balance between blocking electron
transfer (low shuttle reaction and high efficiency) andmaintaining
good Li ion diffusion (high capacity).
The morphology and chemical composition of SEI layers on

pristine graphite and 2 nm Al2O3/graphite anodes after cycling
are characterized by SEM and XPS. Compared to the graphite
before cycling (Figure 2a and 2b), the one after cycling is totally
covered with a thick and rough SEI layer, as seen in Figure 5a
and 5b. Flake-like structure can be easily found on the graphite
particle surface (insert of Figure 5b), and is identified as solid Li
polysulfide or sulfide by EDS analysis (Figure S5). In contrast,
2 nm Al2O3/graphite anode after cycling possesses a smooth
surface, with no obvious flake-like structure found (Figure 5c
and 5d). The observation in Figure 5 suggests that the Al2O3
passivation layer reduce the SEI formation and insoluble
polysulfide deposition on graphite anode as a result of blocked
electron and/or Li ion transfer between graphite and poly-
sulfides. XPS full survey confirms the presence of S, F, C, Li, O,

Figure 5. SEM images of (a, b) pristine graphite and (c, d) 2 nm Al2O3/graphite anodes after cycling.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b02381
ACS Appl. Mater. Interfaces 2018, 10, 21965−21972

21969

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b02381/suppl_file/am8b02381_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b02381/suppl_file/am8b02381_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b02381/suppl_file/am8b02381_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b02381


and N in SEI layers on graphite and 2 nm Al2O3/graphite, with
Al element showing up only in the latter (Figures 6 and S6).
As seen in Figure 6a, The Al2p spectrum is deconvoluted into one
peak at a binding energy of 73.7 eV, which can be assigned to
LiAlO2 ion-conductor and is clearly distinguished from that for
Al2O3 (75.3 eV).32−34 The Al2p spectrum analysis reveals that
the as-deposited Al2O3 layer on graphite changes to LiAlO2
during cycling. This change is speculated to happen mainly
during the first cycle and correspond to the “activation” process
(sloped discharge plateau) in the first discharge cycle of the
sulfur cathode with 2 nm Al2O3/graphite (Figure 3d). Figure 6b
shows that the deconvolution of S2p spectrum of graphite anode
consists of two pairs of 2p3/2 and 2p1/2 peaks at 163.8 eV/162.6 eV
and 170.6 eV/169.3 eV, which correspond well to Li2S2 and
−NSO2CF3 species (LiTFSI salt), respectively.

36−39 For 2 nm
Al2O3/graphite, besides the peaks attributable to Li2S2 and
−NSO2CF3, another doublet shows up at binding energies of
161.4 and 160.4 eV and originates from Li2S.

36,37 A distinct
difference in the S 2p peak is the relative higher intensity ratio of
insoluble polysulfide to LiTFSI in graphite (0.57) than that in
2 nm Al2O3/graphite (0.08). The atomic percentage of sulfur
from polysulfide in the SEI layer is calculated to be 2.7 at% and
0.6 at% for graphite and 2 nm Al2O3/graphite, respectively
(Table S1). This difference further proves the much less
polysulfide deposition on the 2 nm Al2O3/graphite than on
the pristine graphite, in agreement with SEM observation in
Figure 5. The occurrence of more LiTFSI salt component on
2 nm Al2O3/graphite suggests a more stable SEI on its surface
that reduce the interaction of LiTFSI salt with graphite. For the
C1s spectra in Figure 6c, one apparent difference between the
two samples is that C−C peak located at 284.2 eV appears in
2 nmAl2O3/graphite, but in graphite.

40 The C−C peak originates
from graphitic carbon of 2 nmAl2O3/graphite, suggesting the thin
SEI layer on the electrode. For 2 nm Al2O3/graphite, three
additional major peaks are fitted at 292.6, 289.7, and 285.6 eV,
which are ascribed to − CF3 (LiTFSI salt), CO3

2− (lithium
carbonate), and C-OR (DOL solvent residual or decomposition
products), respectively.40,41 While for pristine graphite, the
strong peak at 287.0 eV is assigned to CO, which is fromDOL
decomposition products, and a weak peak at 294.9 eV is ascribed
to LiCFx resulting from LiTFSI salt decomposition.40,41 LiCFx is
confirmed in the F1s spectrum of graphite (290.6 eV), as shown

in Figure 6d. A small F1s peak at 684.6 eV is only found in 2 nm
Al2O3/graphite, and can be assigned to LiF, an insulting
byproduct from LiTFSI decomposition.37 The LiF component
in SEI layer should contribute to the increased charge transfer
resistance in 2 nm Al2O3/graphite (Figure 4b). The above
results indicate that a thin Al2O3 passivation layer on the
graphite anode has profound impact on the CE and capacity of
graphite−sulfur batteries, and the reasons could be attributed to
the following two points. First, the Al2O3 passivation layer
reduces the polysulfide shuttle reactions and polysulfide
deposition on graphite anode by slowing down electron or Li
ion transfer from graphite to polysulfide, thereby improving the
efficiency of graphite-sulfur batteries. Second, the Al2O3
passivation layer also greatly suppresses the decomposition of
DOL electrolyte and LiTFSI salt, resulting in amuch thin, stable,
and low-impedance SEI layer that can prevents the further
decomposition of electrolyte and salt on graphite anode. This
study demonstrates that anode surface passivation is a promising
approach to address polysulfide shuttle problem and suppress
interfacial side reactions in Li-ion sulfur batteries, thus
improving their overall performance. The main concept of the
surface passivation is to alleviate side reactions between the
anode with polysulfide, electrolyte, and salt. Therefore, this
approach can be generally applied to other types of non-Li
anodes and electrolyte systems for Li-ion sulfur batteries. In
particular, surface passivation becomes even critical for anode
with large volume change during lithiation/delithiation process,
such as Si or Sn.18,19 The volume change could expose fresh
surface in the anode and lead to continuous parasitic reactions at
the electrode−electrolyte interfaces. ALD surface passivation is
promising for these anodes, because it could buffer the volume
change and stabilize the electrode−electrolyte interfaces in
sulfur batteries.

4. CONCLUSIONS
An anode surface passivation approach was used to address
polysulfide shuttle problem in graphite−sulfur batteries. Al2O3
surface passivation layers were directly deposited on the graphite
anode by atomic layer deposition method. The Coulombic
efficiency and capacity of sulfur cathode were greatly improved
by using graphite anode with a 2 nm Al2O3 passivation layer.
Postcycling analysis revealed that the Al2O3 passivation layer

Figure 6. XPS deconvolution of (a) Al2p, (b) S2p, (c) C1s, and (d) F1s spectra for pristine graphite and 2 nm Al2O3/graphite after cycling.
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slightly increased the charge transfer resistance by slowing down
electron and/or Li ion transfer, reduced the polysulfide shuttle
reactions, and decreased the polysulfide deposition on the
graphite anode. Moreover, in comparison to a thick and rough
SEI on pristine graphite, a thin and stable SEI layer formed on
the graphite anode with a Al2O3 passivation layer due to the
reduced decompositions of electrolyte/salt and suppressed
deposition of solid polysulfide. The thickness of the Al2O3
passivation layers was found to be crucial for achieving optimal
performance of graphite-sulfur batteries, and could be precisely
adjusted by controlling the cycle numbers during atomic layer
deposition process.
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