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E
lectrical energy storage systems are
essential for the wide-scale implemen-
tation of sustainable clean energy al-

ternatives to fossil fuels such as solar power
and wind.1 Although incremental improve-
ments have allowed lithium-ion batteries
(LIBs) to dominate the portable consumer
electronics market,2,3 their low theoretical
energy density (360 Wh/kg for LiCoO2/
graphite) is insufficient for powering elec-
trical vehicles and smart grids.2,3 In contrast,
the very high theoretical energy density of
lithium�sulfur (Li�S) batteries (2600Wh/kg)
makes them an attractive alternative.4�6

However, daunting technical challenges
must be overcome before Li�S batteries
can be commercialized,4,7,8 including poor
electrode rechargeability and limited rate
capability due to the electronically and
ionically insulating nature of S and Li2S.
Moreover, the lithium anode presents the
risk of dendrite formation during cycling
that can cause catastrophic failure.4 A viable
solution to these problems is to substitute
the S cathode with a Li2S/carbon nanocom-
posite, wherein the carbon provides high
conductivity and Li-ions incorporated in the
cathode permit replacing the hazardous

metallic Li anode with a benign alternative
such as Si or Sn.4

Previously, ball milling9�16 and other tech-
niques17�19 have been used to mix car-
bon9�14,17,19,20 and metals15,16,18 with Li2S to
improve conductivity. Furthermore, solid-
state electrolytes12�16,21 have been explored
for improved safety and ionic conductivity in
Li�S batteries. These studies unanimously
demonstrated that dimensional reduction of
the Li2S (frommicro- tonanosized) is crucial to
achieve high capacity retention, cycling stabi-
lity, and rate9�16,19 because nanosized Li2S
has an ionic conductivity higher than that of
the bulk21 and is less susceptible to disinte-
gration from repeated cycling.14,22 Todate, no
synthetic approach has emerged with the
precision required for nanoscale dimensional
control, which is paramount to producing the
Li2S composites required for successful Li�S
batteries. In addition to its role in Li�S bat-
teries, Li2S is critical in solid electrolytes which
are regarded as an ultimate solution for miti-
gating the battery safety issues23�25 imposed
by flammable, organic liquid electrolytes.
Sulfide-based materials exhibit the highest
ionic conductivity of any solid electrolyte,26

rivaling that of liquid electrolytes.
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ABSTRACT Lithium�sulfur (Li�S) batteries hold great promise to meet

the formidable energy storage requirements of future electrical vehicles but are

prohibited from practical implementation by their severe capacity fading and the

risks imposed by Li metal anodes. Nanoscale Li2S offers the possibility to over-

come these challenges, but no synthetic technique exists for fine-tailoring Li2S at

the nanoscale. Herein we report a vapor-phase atomic layer deposition (ALD)

method for the atomic-scale-controllable synthesis of Li2S. Besides a comprehen-

sive investigation of the ALD Li2S growth mechanism, we further describe the high

performance of the resulting amorphous Li2S nanofilms as cathodes in Li�S

batteries, achieving a stable capacity of ∼800 mA 3 h/g, nearly 100% Coulombic efficiency, and excellent rate capability. Nanoscale Li2S holds great

potential for both bulk-type and thin-film high-energy Li�S batteries.
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Herein we introduce the atomically precise synthesis
of nano-Li2S using a vapor-phase atomic layer deposi-
tion (ALD) via alternating exposures to lithium tert-
butoxide (LTB, LiOC(CH3)3) and hydrogen sulfide (H2S).
ALD relies on surface-controlled chemistry to accom-
plish layer-by-layer growth with sub-nanometer thick-
ness control27 and has evolved into a versatile tech-
nique for nanostructured material synthesis.28,29 We
employed a suite of in situ measurements and ex situ

characterization methods to establish the conditions
for self-limiting growth, elucidate the Li2S ALD
mechanism, and characterize the materials. Next, we
fabricated both pure Li2S nanofilms and nanoscale
composites of carbon-supported Li2S using this ALD
route and integrated them into thin-film and bulk-type
Li�S batteries exhibiting high storage capacity and
excellent cyclability.

RESULTS AND DISCUSSION

In Situ Investigation of Atomic-Scale Growth Mechanism of
ALD Li2S. A thorough understanding of the underlying
surface chemistry can be crucial for implementing ALD
processes, particularly when infiltrating porous materi-
als to produce advanced electrodes or for scaling to
larger area substrates.30 To this end, in situ quartz
crystal microbalance (QCM), quadrupole mass spectro-
metry (QMS), and Fourier transform infrared spectros-
copy (FTIR)measurementswere combined to elucidate

the growth mechanism and to evaluate the range of
conditions suitable for nano-Li2S ALD. Figure 1a shows
the time-resolved mass changes observed by in situ

QCM during 100 alternating exposures to LTB and 1%
H2S for Li2S ALD performed at 150, 175, 200, and 300 �C
on an ALD Al2O3 starting surface. It is evident that the
alternating LTB/H2S exposures deposit material at a
relatively constant rate independent of substrate tem-
perature. The substrate-inhibited growth observed
during the first 20 ALD cycles on the Al2O3 starting
surfacemight result from surface poisoning by residual
tert-butoxy ligands as will be discussed below for the
FTIR measurements. Figure 1b shows an enlarged view
of three consecutive Li2S ALD cycles highlighting the
mass changes resulting from individual LTB and H2S
exposures. The LTB exposures cause a mass increase
m1 = ∼36 ng 3 cm

�2
3 cycle

�1, while the H2S exposures
decrease the mass by m2 = ∼19 ng 3 cm

�2
3 cycle

�1 to
yield a net mass change Δm = ∼17 ng 3 cm

�2
3 cycle

�1.
These mass changes can be used to establish the
mechanism for Li2S ALD assuming the following re-
actions:

j �(SH)x þ LiOtBu(g) f j �Sx � Li(OtBu)(1 � x)

þ xHOtBu(g) (1a)

j �Sx � Li(OtBu)(1 � x) þ 0:5H2S(g) f j �(LiS0:5)�(SH)x
þ (1 � x)HOtBu(g) (1b)

Figure 1. Investigation of surface chemistry for Li2S ALD. (a,b) In situ QCM measurements of Li2S ALD at 150, 175, 200, and
300 �C using the timing sequence 5�5�5�5 s: (a)mass of Li2S film versus time during 100 ALD cycles and (b) enlarged view of
three consecutive Li2S ALD cycles performed at 150 �C in the regime of constant growth per cycle (precursor pulsing is
indicated by lower traces, and m1, m2, and Δm are described in the text). (c) In situ FTIR difference spectra recorded after
individual LTB and H2S exposures during the first, second, and 10th ALD cycles on an ALD Al2O3 surface at 225 �C; right-hand
spectra show expanded views of the S�H stretching region. (d) In situ QMS measurements during two consecutive Li2S ALD
cycles at 225 �C, where the LTB and H2S precursors are each dosed twice (dosing indicated by lower traces) to reveal possible
background signals.
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In these equations, the symbol “|�” represents the
surface, “g” denotes the gas phase, and a single LTB
molecule reacts to form LiS0.5 to simplify the analysis
that follows. In eq 1a, LTB reacts with x thiol (�SH)
groups (with x in the range of 0�1), liberating a fraction,
x, of the �OtBu ligand into the gas phase as tert-butyl
alcohol (HOtBu). In eq 1b, H2S removes the remaining
fraction, (1 � x), of the �OtBu ligand to form stoichio-
metric LiS0.5 and repopulate the surface with thiols.
These equations assume that (1) thiol groups are the
reactive species responsible for chemisorption of the
LTB, (2) HOtBu is the only gas-phase product, and (3) the
resulting film has the Li2S stoichiometry. Assumptions 1
and 2 will be validated below, and the 2:1 stoichiometry
will be confirmed in the characterization section.

With eqs 1a and 1b and the atomic masses, we can
write the QCM mass ratio as

R ¼ Δm=m1 ¼ 23=(80 � 73x) (2)

Based on themeasured R values (see Figure SI-6a in the
Supporting Information (SI)) and eq 2, we can extract
the value for x versus the deposition temperature
(Figure SI-6b in SI). At 150 �C, x ∼ 0.55, indicating that
approximately 55% of the �OtBu ligands are released
into the gas phase during the LTB exposures. However,
x decreases significantly with temperature to x ∼ 0.20
at 300 �C. Evidently, the fraction of �OtBu ligands
released during the LTB exposures is strongly depen-
dent on the deposition temperature.

Figure 1c presents FTIR difference spectra after each
LTB andH2S exposure for the first, second, and 10th Li2S

ALD cycles. The first LTB exposure produces positive
features in the ranges of 2865�2971 (antisymmetric
and symmetric C�H stretching modes31�33), 1364�
1471, and 912�999 cm�1 (both from CH3 deformation
and rocking modes31,32). The 1208 cm�1 feature is
ascribed to C�O stretching from adsorbed �OtBu
groups.34 All of the aforementioned features are con-
sistent with�OtBu ligands on the surface following the
LTB exposure. Coincident with the appearance of the
�OtBu features, a negative absorbance at 3739 cm�1

was observed during the first cycle (not shown), due to
the removal of the ALD Al2O3 hydroxyl groups. In
comparison, the first H2S exposure generates negative
absorbance features corresponding to the removal of
CH3 and C�O. It is noteworthy that the decreases from
the first H2S exposure are smaller than the correspond-
ing increases from the first LTB exposure, suggesting
that some of the �OtBu ligands remain on the Al2O3

surface. Beginning with the second cycle, however, the
difference spectra following consecutive LTB and H2S
exposures become symmetric, indicating that the crea-
tion and removal of ligands are equivalent, as predicted
by eqs 1a and 1b. A weak feature at ∼2562 cm�1 from
the S�H stretch31,35 is seen to increase after the H2S
exposures and decrease following the LTB exposures,
confirming the first assumption stated above (Figure 1c,
inset).

Figure 1d shows the HOtBu intensity versus time
recorded by QMS during the Li2S ALD where each
precursor was dosed twice in succession so that the
second dose would reveal any possible background

Figure 2. Growth characteristics of ALD Li2S films. (a) Li2S film thickness versus ALD cycles deposited at temperatures of
150�300 �C. (b) Refractive index and growth per cycle of ALD Li2S films versus deposition temperature asmeasured by ex situ
spectroscopic ellipsometry. (c,d) SEM images of ALD Li2S film deposited in a high aspect ratio silicon trench substrate using
700 cycles at 150 �C: (c) lower magnification image showing a series of trenches and (d) higher magnification image showing
the top of the trench.
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signals. (Note that HOtBu was the only product ob-
served by QMS, validating assumption 2.) Figure 1d
reveals that a majority of the HOtBu species are re-
leased during the H2S exposures. The QMS measure-
ments can be quantified using the QMS product ratio:

R0 ¼ A=B ¼ x=(1 � x) (3)

where A and B are the relative amounts of HOtBu
released during the LTB and H2S exposures, respec-
tively. By integrating and averaging the QMS data in
Figure 1d, we obtain R0 = 0.25 so that x= 0.20. The value
x = 0.20 derived from the QMS measurements com-
pares favorably with the value x = 0.22 obtained by
QCM at 225 �C, lending credence to both methods. In
summary, the in situ QCM, FTIR, and QMS measure-
ments all support the Li2S growth mechanism pro-
posed in eqs 1a and 1b. More details for the in situ

studies are available in section 1 of SI.

Growth Characteristics, Film Morphology, Composition, and
Structure of ALD Li2S Nanofilms. Measurements using spec-
troscopic ellipsometry (SE) revealed that the nano-Li2S
growthwas linear (see Figure 2a), yielding∼1.1 Å/cycle
in the full range of 150�300 �C, as shown in Figure 2b.
This value is∼10% higher than the value of 1.0 Å/cycle
deduced from QCM, assuming a bulk Li2S density of
1.66 g/cm3.36 The refractive index at 633 nm deter-
minedby SE is also nearly constant with temperature at
∼1.4 (see Figure 2b). This value is substantially lower
than the value of n = 1.9 reported for crystalline Li2S.

37

The refractive index is an indirect measure of density
and implies a lower density for the ALD Li2S compared
to crystalline Li2S. By equating the QCM and SE growth
per cycle values, we obtain a density of∼1.55 g/cm3 for
ALD Li2S that is indeed lower than the bulk value. This
lower density is consistent with the amorphous struc-
ture of ALD Li2S determined by X-ray diffraction (XRD)
measurements (see Figure SI-7 in SI). Annealing the
Li2S films at 500 �C for 2 h under Ar did not change the
XRD patterns.

Using scanning electron microscopy (SEM),
Figure 2c shows high aspect ratio micromachined Si
trenches coated by 700 cycle ALD Li2S at 150 �C and
reveals uniform and conformal deposition along the
structures. Figure 2d shows a higher magnification
SEM image and emphasizes that the ALD Li2S films
are smooth and conformal such that the scalloped
surface of the underlying Si is preserved. The Li2S
thickness extracted from Figure 2d is∼70 nm, in good
agreement with the growth per cycle of 1.1 Å/cycle
deduced from the SE measurements.

To investigate the composition of the ALD Li2S
films, we utilized X-ray photoelectron spectroscopy
(XPS) and X-ray fluorescence spectroscopy (XRF). For
the XPS, the Li2S films were capped with ALD GaSx/
Al2O3 to protect against reaction with ambient air. A
trilayered Li2S/GaSx/Al2O3 film was deposited at 200 �C
and subjected to XPS depth profiling analysis (see

Figure 3a). The top Al2O3 capping layer consisted of
Al andO, and the secondGaSx capping layer comprised
Ga and S with some C, as expected,38 but significant Al,
O, and Li are also seen that may result from solid-state
diffusion during the ALD or from intermixing during
the XPS depth profiling. The ALD Li2S is composed of Li
and S with no C contamination, in agreement with the
efficient and complete surface reactions observed by
in situ FTIR. Figure 3a shows a ratio for Li/S of ∼2.0,
consistent with the expected Li2S stoichiometry. The
lack of carbon in the Li2S and the 2:1 stoichiometry
demonstrate that the trilayer is an effective capping
strategy since reaction with the air would convert the
Li2S into Li2O and then Li2CO3. As shown in Figure 3b,
the Li/S ratio obtained from XRF remained nearly
constant at ∼2.0 over the full range of deposition
temperatures and substrates.

Taken together, the elemental analysis of the ALD
Li2S films, combined with the in situ FTIR measure-
ments, reveals that the ALD Li2S films are pure and

Figure 3. Chemical composition of ALD Li2S films. (a) Atom-
ic concentration versus depth for ALD Li2S/GaSx/Al2O3 tri-
layered film prepared using 600 ALD Li2S cycles, 100 ALD
GaSx cycles, and 100 ALD Al2O3 cycles at 200 �C on a Si(100)
substrate, measured by XPS depth profiling analysis. (b)
X-ray fluorescencemeasurements of Li/S atomic ratio versus
deposition temperature for ALD Li2S films deposited on
fused silica (open symbols) and Si(100) (closed symbols).
Solid line is intended to guide the eye. (c) Normalized S
K-edge XAS spectra for bulk-type crystalline Li2S and ALD
amorphous nano-Li2S.

A
RTIC

LE



MENG ET AL. VOL. 8 ’ NO. 10 ’ 10963–10972 ’ 2014

www.acsnano.org

10967

stoichiometric. This was further substantiated using
synchrotron X-ray absorption spectroscopy (XAS) mea-
surements of ALD Li2S films deposited on graphene
nanosheets (GNS)39 at 200 �C. Figure 3c compares the
K-edge XAS spectra for ALD amorphous nano-Li2S and
bulk-type crystalline Li2S. The ALD nano-Li2S spectrum
is very similar to that of the bulk-type crystalline Li2S,
with the exception of a small pre-edge feature at
2470.2 eV. This peak, which is lower than elemental
sulfur's white line, has previously been associated with
the terminal atom in polysulfides40,41 and is likely
related to surface termination of the ALD Li2S thin film.

Electrochemical Performance of ALD Li2S Nanofilms in Li�S
Batteries. With the synthetic process for nano-Li2S es-
tablished, we investigated the electrochemical char-
acteristics of the resulting materials and demonstrated
the significance of precise control over the Li2S size.
Laminates (see Figure SI-11 in SI) were prepared using
mesocarbonmicrobeans (MCMBs)42 and subsequently
coated with ALD Li2S. After 700 Li2S ALD cycles at
200 �C, the MCMB particles became more rounded
and the laminate porosity was reduced (compare
panels a and b in Figure 4). In addition, the ALD Li2S
film imparted a uniform texture to the surface compris-
ing ∼50 nm features. Elemental mapping using en-
ergy-dispersive X-ray spectroscopy (EDX) revealed
uniform spatial distributions for C (MCMB), F (PVDF
binder), and S (ALD Li2S) (Figure 4c). Cross-sectional

SEM demonstrated that the ALD Li2S uniformly infil-
trates the laminates (see Figure SI-12a�d in SI). Similar
results were obtained from MCMB laminates coated
with 360 cycle ALD Li2S at 300 �C (see Figure SI-13 in SI).

Figure 4d shows charge�discharge profiles for
the 360 cycle ALD Li2S deposited on the MCMB lami-
nates. A long, flat plateau is seen at∼2.34 V during the
first charge, corresponding to the oxidative reaction:
8Li2S f S8 þ 16Li. The first discharge shows a plateau
at 2.2�2.3 V (S8 þ 2Li f Li2S8), a slope at 2.1�2.2 V
(Li2S8 f Li2Sn, 3 e n e 7), a second plateau at 2.1 V
(Li2Sn f Li2S2 or Li2S), and a slope between 1.6 and
2.1 V (Li2S2 f Li2S). These observations are consistent
with the electrochemical behavior of crystalline
Li2S,

7,17,43 but in our case, no potential barrier is seen
for the first charge, as reported for microsized crystal-
line Li2S by Yang et al.9 Notably, the charge capacities
are larger than the corresponding discharge capacities
in the first three cycles, suggesting S shuttling as com-
monly observed during Li2S oxidation.7,44 Figure 4e
shows the charge and discharge capacities recorded
over 36 cycles and demonstrates a sustained capacity
of ∼800 mA 3 h/g corresponding to ∼76% of the first
charge capacity and 93%of the first discharge capacity.
In addition, the ALD Li2S films show a Coulombic
efficiency of 100% beginning with the sixth cycle,
implying that S shuttling was greatly alleviated. Two
factors, based on previous studies, may contribute to

Figure 4. Electrochemical performance of ALD Li2S. (a,b) SEM images of MCMBparticles (a) before and (b) after 700 cycle ALD
Li2S coating. (c) EDX analysis of ALD Li2S film deposited on MCMB particles, using 700 cycles at 200 �C: (top left) SEM image,
(top right) C elemental map, (bottom left) F elemental map, and (bottom right) S elemental map. (d,e) Electrochemical
characteristics of Li2S films deposited onMCMBparticles using 360 ALD Li2S cycles at 300 �C: (d) charge�discharge profiles in
thefirst three cycles (inset, first three cycles versus time),with a voltagewindowof 1.6�3.0 V and a current density of 55mA/g,
and (e) cyclability and Coulombic efficiency (CE) measured over 36 charge�discharge cycles.
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the exceptional cyclability and sustained high capacity
of ALD Li2S nanofilms on MCMBs. First, the MCMB
surface is rich in surface functional groups (e.g., hydro-
xyl, carbonyl, and epoxy),45,46 and recent studies47,48

demonstrated that these same reactive surface groups
on graphene oxide served to anchor polysulfides,
thereby improving Li�S battery performance. The
second factor relates to our use of a Cu current
collector. A recent study49 demonstrated that Cu
nanoparticles could stabilize sulfur cathodes in Li�S
batteries, and another work50 showed that Cu foils
were superior to Al foils for Cu2S cathodes. Evidence
for this second factor can be found in Figure 4d, where
a new plateau emerges with the third discharge
at ∼1.7 V, indicating CuxS formation. An early study51

disclosed that Cu converted to CuxS in polysulfide-rich
organic solutions.

We observed similar behavior for the MCMB elec-
trodes coated with 700 cycle ALD Li2S at 200 �C: a
sustained capacity of ∼400 mA 3 h/g over 30 cycles
and a high Coulombic efficiency of ∼100% starting
from the seventh cycle (see Figure SI-14 in SI).
The lower capacity compared to the 360 cycle ALD
Li2S film may stem from the greater film thickness
which imposes a longer path for Li-ion and electron
transport through the insulating Li2S. No potential
barrier was observed during the first charge for
either of the ALD Li2S films, and we attribute this
to the amorphous and nanosized nature of our films
which improves the Li-ion and electron transport.
Also noteworthy is the excellent cyclability without
the need for electrolyte additives such as LiNO3

and polysulfides, which have been widely used in
literature9,17,43,44 (Figures 4e and SI-14).

To better understand the effects of using Cu current
collectors, we deposited ALD Li2S nanofilms on Cu foils
and performed electrochemical testing. We investi-
gated the long-term cyclability and rate capability of
the ALD Li2S films using 700 cycle ALD Li2S deposited
onto Cu foils at 200 �C. Figure 5a shows the first three
charge�discharge profiles for this sample. The first
charge profile shows the typical characteristics of Li2S.
However, the first discharge diverges somewhat from
the expected Li2S behavior. In particular, there is a
slope between∼2.6 and 2.4 V, a fast drop between 2.4
and 1.7 V, and a long declining plateau at∼1.7 V. These
changes can be ascribed to the Cu foil, for the oxidized
S after the first charge can react with Cu to produce
Cu2S

52 and/or CuS.53 Based on the characteristics of the
three discharge profiles, the distinct plateau at 1.7 V
suggests that Cu2S is formed after the first charge. After
the first discharge, both Cu and Li2S would be pro-
duced. Thus, it is easy to understand that the following
second charge exhibits the electrochemical character-
istics of both CuxS (x = 1,2) and Li2S, as illustrated in
Figure 5a. As a consequence, the Cu foil affected the
charge�discharge cycles of the ALD Li2S, starting from

the first discharge. Similar effects of Cu foils have been
reported with S49 and other metal sulfides.50,54 In
comparison to the discharge plateau of ∼1.7, Zheng
et al.49 reported a much lower discharge plateau of
1.0�1.3 V using Cu nanoparticles as S stabilizers. We
note that, due to the involvement of Cu, there is extra
capacity observed in the first three cycles (except for
the first charge). This 700 cycle ALD Li2S thin film on Cu
foil demonstrates very good cycling performance at a
current density of 840 mA/g, as shown in Figure 5b.
Except for the capacity drop in the first 10 cycles
(probably due to partial dissolution of Li2S), the ALD
Li2S film remained nearly constant at ∼500 mA 3 h/g
over 500 cycles and achieved a Coulombic efficiency of
∼100% from the 15th cycle. Furthermore, the 700 cycle
ALD Li2S thin film on Cu foil also exhibits very good rate
capabilities, as shown in Figure 5c, except for fast
capacity fading in the first five cycles. This ALD Li2S
film maintained stable capacities of 510, 500, 480, and
380 mA 3 h/g at current densities of 168 (0.144C), 336
(0.288C), 672 (0.576C), 1344 (1.152 C), and 2688 mA/g
(2.3C), respectively. At the very high current density of
5376mA/g (4.6C), the ALDLi2S film exhibited a capacity
of∼135 mA 3 h/g. The exceptional performance of ALD

Figure 5. Electrochemical characteristics of Li2S films de-
posited onto 2D planar Cu foils using 700 ALD Li2S cycles at
200 �C. (a) Charge�discharge profiles in the first three
cycles with a voltage window of 1.6�3.0 V and a current
density of 840 mA/g. (b) Cyclability and Coulombic effi-
ciency over 500 cycles. (c) Rate capability.
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Li2S might derive from the Cu current collector, as
discussed above. In addition, the thin ALD Li2S layers
probably have facilitated the formation of CuxS as the
actual active material.

As shown above, our ALD process yields precisely
controlled nanoscale Li2S films on 2D Cu foils and 3D
layers of MCMBs. The results demonstrated that ALD
Li2S is viable for developing high-performance and
high-energy Li�S microbatteries. Given the conformal
nature of ALD, it should also be feasible to synthesize
nanophase composites with high Li2S loadings for
bulk-type Li�S batteries, using ALD on high-surface-
area supports. Indeed, our preliminary studies using
high-surface-area GNS have produced Li2S loadings
as high as 67 wt %, and the resulting composites
exhibit excellent cycling performance in Li�S batteries.
This work is ongoing and will be described in future
publications.

CONCLUSIONS

In summary, we introduced a new vapor-phasemeth-
od for synthesizing amorphous nano-Li2S that provides
atomic-level thickness control at low temperatures. The
exceptionally uniform and conformal nanoscale films
enabled Li2S to achieve high performance as a Li�S
cathode. No potential barrier for activation was seen
during charging, and the ALD Li2S exhibited a high,
sustained capacity of up to 800 mA 3 h/g, excellent
cyclability, and high Coulombic efficiency without the
need for electrolyte additives. Besides the amorphous
structure and precise nanoscale thickness afforded by
the ALD Li2S films, the excellent electrochemical per-
formance also stems from using the Cu current collector
and MCMBs. This atomic-controllable vapor-phase syn-
thesis route and the resulting nanoscale conformal
Li2S films are significant for developing high-energy
Li�S batteries.

EXPERIMENTAL SECTION

Vapor-Phase Li2S ALD. These experiments utilized a custom
viscous flow, hot-walled ALD reactor55 composed of a stainless
steel flow tubewith a length of 100 cm and an inner diameter of
5 cm. The Li2S ALD was performed by alternately dosing lithium
tert-butoxide (LiOC(CH3)3) or LiO

tBu (98%, StremChemicals, Inc.,
USA) and hydrogen sulfide (H2S, 1% in N2, Matheson Tri-gas,
USA) with N2 purging periods between each dose. To provide
sufficient vapor pressure, the solid LTBwas heated to 140 �C in a
stainless steel reservoir, and 50 sccm ultrahigh purity N2 (UHP,
99.999%) was diverted through the reservoir during the LTB
exposures. This yielded a partial pressure of ∼0.01 Torr LTB in
the flow tube. The 1% H2S was stored in a pressure-regulated
lecture bottle. A series of needle valves were used to deliver 1%
H2S pressure pulses of∼0.2 Torr during the H2S exposures. Li2S
is air-sensitive and reacts readily with oxygen and moisture to
form lithium sulfate and lithium hydroxide. The latter subse-
quently forms lithium carbonate by reaction with CO2. Conse-
quently, an Ar-filled glovebag was installed at the end of the
ALD reactor flow tube to provide inert conditions for loading
and unloading the coated substrates.

In Situ Measurements during Li2S ALD. The Li2S ALD was system-
atically investigated using an in situ quartz crystal microbalance.
The QCM studies were conducted using a modified Maxtek
model BSH-150 sensor head with an RC quartz crystal sensor
(CNT06RCIA, Colnatec). The crystals were sealed within the
sensor head using a high-temperature conducting epoxy
(P1011, Epotek), and the sensor head was modified to provide
back-side purging of the crystal to confine growth to the front
surface.55,56 During the ALD, a constant 300 sccm flow of UHPN2

passed through the flow tube at a pressure of∼1.2 Torr. The Li2S
ALD timing can be described as t1�t2�t3�t4, with t1 and t3
being the dosing times for the LTB and H2S, respectively, and t2
and t4 being the corresponding purge times, with all times in
seconds (s). Optimal timing for the saturated Li2S growth was
determined by QCM measurements. Prior to the Li2S ALD, an
ALD Al2O3 film was deposited on the QCM surface using
alternating trimethylaluminum (TMA) and H2O exposures with
the timing sequence 1�5�1�5 s to establish a uniform starting
surface.

Additional in situ studies were performed using quadrupole
mass spectrometry and Fourier transform infrared spectroscopy
to explore the surface chemical reactions responsible for the
Li2S ALD. The QMS (Stanford Research Systems, model RGA300)
was located downstream from the sample position in a

differentially pumped, high-vacuum chamber separated from
the reactor by a 35 μm orifice. In situ QMS measurements were
performed at 225 �C to detect and quantify the gas-phase
products of the Li2S ALD. First, a comprehensive survey was
conducted of all masses between m/z = 2�100 to identify the
products of the LTB and H2S half reactions. The only product
observed was tert-butyl alcohol, as evidenced by peaks atm/e =
59, 41, and 31 in the expected ratios from the NIST database.57

The FTIR (Nicolet 6700 FTIR spectrometer, Thermo Scientific)
was operated in transmissionmode in a separate ALD reactor as
described previously.30 The FTIR beam passed through the
reactor via IR-transparent KBr windows. Pneumatically actuated
gate valves were closed during the precursor exposures to
prevent growth on the KBr windows. Substrates for FTIR mea-
surements were prepared by pressing ZrO2 nanopowder
(Aldrich, particle size <100 nm, specific surface area >25 m2/g)
into a stainless steel grid.58,59 The grids were fabricated by
photochemical machining (Fotofab, Inc.) to be 50 μm thick with
50 μm bars and 200 μm square openings. ZrO2 is relatively
transparent between 4000 and 800 cm�1, the frequency range
of interest for identifying surface functional groups, and the
high surface area amplified the IR absorption features. The
nanopowder-filled grid was mounted onto a temperature-
regulated stage. This stage was then loaded into the FTIR
reactor so that the IR beam passed through the center of the
grid. During the in situ FTIR measurements, the substrate
temperature was maintained at 225 �C by the heated stage,
and the reactor walls were also heated to ∼225 �C to prevent
precursor condensation. The FTIR substrates were first passi-
vated with ALD Al2O3 by performing eight TMA/H2O cycles.
Next, 10 alternating exposures to LTB and 100% H2S were
performed with the optimized timing sequence, and FTIR
spectra were recorded after each precursor exposure.

Characterization of ALD Li2S Films. The ALD Li2S films were
deposited onto Si(100), fused silica, micromachined Si trench
wafers, copper foils, and graphite particles and subsequently
characterized using a variety of techniques. To preserve the air-
sensitive Li2S coatings during transport to the characterization
tools, the Li2S-coated substrates were loaded into hermetically
sealed containers inside of the Ar-filled glovebag. Spectroscopic
ellipsometry (alpha-SE, J.A. Woollam Co.) was employed, and
the ellipsometric data were fit using a Cauchy model to extract
the film thickness and refractive index. The SE measurements
were conducted on ALD nano-Li2S films deposited on Si(100)
substrates with the native oxide intact prepared in the
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temperature range of 150�300 �C. These measurements were
performed inside of an Ar-filled glovebag. The filmmorphology
was examined by FE-SEM (Hitachi S4700) equipped with EDX.
Due to the air-sensitive nature of Li2S, the ALD nano-Li2S sam-
ples were protected by transporting them in Ar-filled contain-
ers. Although the ALD nano-Li2S films received a brief exposure
(∼10 s) to air when loading into the SEM, we believe this had
a negligible effect on the morphology as explained in the
Supporting Information. The Li2S films were annealed in a muffle
furnace (type 1300, Thermo Scientific) located in an Ar-filled
glovebox with moisture and oxygen levels below 1 ppm.

The crystallinity of the as-deposited and annealed Li2S films
was determined by X-ray diffraction (D8 Advance, Bruker). For
these measurements, the samples were covered by a Kapton
film that had previously been coated with∼20 nmALD Al2O3 to
protect them from moisture. Both Kapton and Al2O3 are X-ray
transparent, and we have previously demonstrated that this
covering provides excellent protection from the air.38,60 The film
composition was measured by X-ray fluorescence spectroscopy
(ED 2000, Oxford Instruments) and X-ray photoelectron spec-
troscopy (PHI Quantum 2000). Before the XRF measurements,
the Li2S films were covered by ALD Al2O3-coated Kapton films,
as used for the XRD measurements. The XPS measurements
were conducted by Evans Analytical Group (Sunnyvale, CA). The
XPS was equipped with a monochromated Al KR (1486.6 eV)
X-ray source and an airless entry system. Depth profiling mea-
surementswereperformedusingArþ sputtering. The sputter rate
was calibrated using SiO2, accounting for a SiO2-equivalent rate
of 7.81 Å/min. The analysis area was 1400 � 300 μm.

X-ray absorption was performed at the Advanced Photon
Source, sector 13-ID-E in fluorescence mode. The ALD sample
consisted of Li2S grown on graphene nanosheets, and the bulk
standard was purchased from Sigma-Aldrich. Samples were
spread on sulfur-free tape (Premier Lab Supply) and sealed in
aluminized Kapton. Each spectrum showed little evolution over
repeated scans and was not corrected for self-absorption.

Electrochemical Testing of ALD Li2S Films and Nanocomposites. To
evaluate the electrochemical properties of the ALD Li2S, nano-
films were deposited in the temperature range of 150�300 �C
onto Cu foils and graphite laminates made from mesocarbon
microbeans (MCMB-1028, a type of graphite powder) and
subsequently tested as a LIB electrode material. The graphite
laminates were made by casting a slurry of 90 wt % MCMB,
2 wt % vapor-grown carbon fiber, and 8 wt % poly(vinylidene
fluoride) (PVDF, Kureha 1100) binder dispersed in N-methyl-2-
pyrrolidone onto copper foils, as detailed previously.42 The
MCMB particles had a surface area of 1.96 m2/g, and the dried
laminates were 56 μm thick with a porosity of 42.2%. The Li2S-
coated substrates were assembled into CR2032 coin cells in an
Ar-filled glovebox. Li metal was used as the counter/reference
electrode, and a Celgard 2400 membrane was used as the
separator. The electrolyte used was 1 M lithium bis(tri-
fluoromethanesulfonyl)imide (Sigma-Aldrich) in 1,3-dioxolane
(DOL, Sigma-Aldrich) and 1,2-dimethoxyethane (DME, Sigma-
Aldrich) (DOL/DME = 1:1 by volume). Charge/discharge testing
was performed on an Arbin 2043 electrochemical tester using a
voltage window of 1.6�3.0 V for the Li2S electrodes.
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