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ABSTRACT: Although lithium−sulfur (Li−S) batteries are ex-
plored extensively, several features of the lithium polysulfides (LiPS)
redox mechanism at the electrode/electrolyte interface still remain
unclear. Though various in situ and ex situ characterization
techniques have been deployed in recent years, many spatial aspects
related to the local electrochemical phenomena of the Li-S electrode
are not elucidated. Herein, we introduce the atomic-force-
microscopy-based scanning electrochemical microscopy (AFM−
SECM) technique to study the Li−S interfacial redox reactions at
nanoscale spatial resolution in real time. In situ electrochemical and
alternating current (AC) phase mappings of Li2S particle during
oxidation directly distinguished the presence of both conducting and
insulating regions within itself. During charging, the conducting part
undergoes dissolution, whereas the insulating part, predominantly
Li2S, chemically/electrochemically reacts with intermediate LiPS. At higher oxidation potentials, as-reacted LiPS turns into
insulating products, which accumulate over cycling, resulting in reduction of active material utilization and ultimately leading to
capacity fade. The interdependence of the topography and electrochemical oxidative behavior of Li2S on the carbon surface by
AFM−SECM reveals the Li2S morphology−activity relationship and provides new insights into the capacity fading mechanism
in Li−S batteries.
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Although lithium−sulfur (Li−S) batteries hold significant
promise as the next-generation technology to replace

lithium-ion batteries, their development is still hampered by
several challenges such as rapid capacity fade, short cycle life,
and poor Coulombic efficiency.1−3 The primary reason behind
these performance barriers is the dissolution of lithium
polysulfides (LiPS) , their subsequent parasitic reactions (i.e.,
“polysulfide shuttle effect”). and electronically insulating solid
discharge end product formation at the cathode surface.4−6

The polysulfide shuttle effect was evaded by accelerating the
conversion of the liquid LiPS into solid product deposits
(Li2S2/Li2S).

7−9 However, the inherent insulating nature of
such deposits decreases the electrochemically active area and
increases the cell resistance, resulting in overpotential and
capacity fade issues over prolonged cycling.10−15 To address
these issues, extensive research efforts were devoted to finding
better electrode and electrolyte materials. However, only a
limited emphasis was given toward understanding the true
nature of polysulfide interactions at the electrode/electrolyte
interface, mainly because of the nonexistence of a compre-
hensive tool to grasp the working mechanism in real time.
Although much of the in situ studies envisage the nature of
LiPS reactivity along with their chemical identity in different
electrolytes,16−19 a detailed temporal and spatial mapping of

LiPS interactions on the electrode surface has not been
explored much.20,21 Nevertheless, some techniques such as X-
ray diffraction (XRD),1,22 transmission electron microscopy
(TEM),23 and transmission X-ray microscopy (TXM)24 have
successfully revealed the significance of the morphology of Li2S
(the solid end product of discharge) in determining the
reversible capacity and rate capability of the Li−S cells.
Recently, the electrochemically irreversible nature of Li2S2

was elucidated using in situ atomic force microscopy (AFM)
coupled with ex situ Raman and X-ray photoelectron
spectroscopy (XPS) characterization of the LiPS/electrode
interface at nanoscale spatial resolution.25 Further, at micro-
meter resolution, in situ X-ray fluorescence microscopy (XRF)
identified incomplete oxidation of Li2S during the charging
process and proposed that the particle size was dependent on
it.26 In addition, the same study has revealed the morpho-
logical changes associated with the redistribution of sulfur/
polysulfides and identified the growth of electrochemically
inactive sites over cycling. Though these studies provide a
certain level of understanding of the topographical influence on

Received: April 19, 2019
Revised: July 16, 2019
Published: July 19, 2019

Letter

pubs.acs.org/NanoLettCite This: Nano Lett. 2019, 19, 5229−5236

© 2019 American Chemical Society 5229 DOI: 10.1021/acs.nanolett.9b01636
Nano Lett. 2019, 19, 5229−5236

D
ow

nl
oa

de
d 

vi
a 

W
A

Y
N

E
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 2
2,

 2
01

9 
at

 1
2:

10
:2

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/NanoLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.9b01636
http://dx.doi.org/10.1021/acs.nanolett.9b01636


Li−S charge/discharge reactions, they fall short on providing
electrochemical perspectives of the interfacial reactions. On the
other hand, scanning electrochemical microscopy (SECM)
techniques that involve probing an electrochemical surface
with ultramicroelectrodes (UMEs) provides information about
the reaction kinetics and topography at micro/nanoscale levels
with high temporal and spatial resolutions, respectively.27,28

Previously, SECM was utilized for exploring the morphological
changes and mapping the localized redox activity/hotspots of
active material in Li-ion batteries.29−31 However, SECM was
never deployed in investigating the redox reactions of the Li−S
system, mainly because of the fact that the sulfur cathode
undergoes phase transformations during charge/discharge
processes, and probing such a dynamic system is complicated.
However, successful implementation of SECM in the Li−S
system will unprecedently provide newer insights, for example,
regarding the origin of electrochemical inactive regions, which
is expected to shed light on several issues occurring at the Li−S
cathode surfaces.
In this manuscript, for the first time, we have employed

atomic-force-microscopy-based scanning electrochemical mi-
croscopy (AFM−SECM) to study the Li−S cathode surface at
a nanoscale spatial resolution in real time. Herein, with the
help of competitive SECM mode current mapping, we have
chosen to study the interdependence of Li2S morphology on
its electrochemical activity during oxidation. The implementa-
tion of this SECM imaging technique was first evidenced with
a typical electrode surface in a LiPS environment while
maintaining appropriate experimental conditions and then
utilized to study the Li2S oxidation in realistic conditions. The
observed findings were further corroborated by in situ AFM
topography and in situ Raman experiments as given in detail.

Initially, AFM−SECM platinum (Pt) nanoelectrodes
commercially purchased from Nanonics Imaging Ltd. were
mounted onto an AFM scanner head (cell assembly details
given in Supporting Information (SI)) and were used for the
entirety of the studies. Figure 1a, inset, shows the SEM image
of the Pt tip used in this study. The Pt tip has a conical shape
with a diameter of 100 nm and an Rg factor (ratio of glass
sheath to tip) of 2. Unlike traditional SECM (tip-current-based
positioning), integrated nanoelectrodes with an AFM probe
with a certain oscillation amplitude control the tip−substrate
distance independently from the electrochemical signal. Thus,
these nanoelectrodes enable a concurrent measurement of the
local electrochemical activity and topographical changes, which
are complementary to each other. Prior to the feedback
measurements to infer the tip−substrate distance, the tip
performance was evaluated by cyclic voltammetry (Figure 1a)
with a cobaltocene redox mediator dissolved in nonaqueous
solvents (substrate performance is shown in Figure S1). The
tip voltammogram showed a well-defined sigmoidal shape with
negligible capacitive current, indicating the suitability of the Pt
tip for electrochemical mapping.
The steady state current of the Co2+/Co3+ redox mediator

recorded at the Pt tip far away from the substrate (iT,∞) was
found to be 13 pA, and the diffusion coefficient for the
cobaltocene redox mediator was determined to be 3.3 × 10−6

cm2/sec (the detailed calculation is provided in the SI). Next,
in the SECM-feedback mode, the tip and the substrate were
biased at Co3+/Co2+ reduction and oxidation potentials,
respectively, to record the tip current (iT) vs distance (d) at
a preset tip approach speed of 0.0003 μm/ms. The tip current
was found to gradually increase with tip translation toward the
substrate, which indicates positive feedback approach at the Pt
tip (Figure 1b). The experimental curve fits the positive

Figure 1. AFM−SECM Pt tip performance: (a) cyclic voltammogram of cobaltocene redox mediator on AFM−SECM Pt tip (diameter = 100 nm),
far away from the substrate (iT,∞), SEM image of the Pt tip (inset); (b) steady state approach curve. Tip biased at reduction potential of 2.1 V, and
substrate biased at oxidation potential of 2.4 V. Tip Approach performed using a stepper motor at a speed of 0.0003 μm/msec. (c) Schematic
representation of SECM electrochemical cell setup (details given in Supporting Information) and zoom-in part depicts the competitive SECM
mode used for imaging of Li-S cathode surface where the substrate was biased between 2.5 to 2.7 V, and tip was biased at a constant potential of 2.6
V vs Li/Li+.
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feedback theoretical curve until L = 3.85, and the tip-to-
substrate distance was found to be 193 nm (details of the
approach curve measurement and curve fitting are given in the
SI). The L value obtained here is appropriate to maintain d/a
≫ 1 to avoid problems due to interference by the diffusion
layers between the substrate and the tip, and is suitable for
various SECM operating modes like generation-collection and
competition.32 In addition, the unique feature to control the
function of the SECM tip using alternating current (AC)
frequency oscillation can inherently provide phase shift images
complementary to the topography and electrochemical images.
It is believed that these images can provide multidimensional
information regarding the dynamics of the surface.
Herein, for SECM imaging of the Li−S cathode surface,

more specifically during Li2S/Li2S2 oxidation, we have
employed the competitive SECM mode33−35 (as shown in
Figure 1c) which is a variation of generation-collection mode.
In this approach, both the tip and substrate compete for the
same electrochemically active intermediate LiPS under
oxidative conditions. When scanning in an x,y-plane over the
surface at a constant distance, the LiPS oxidation current
remains constant as long as the SECM tip is on a normal
surface. However, if the tip crosses the diffusion zone of LiPS
on a highly active area on the electrode surface, the local LiPS
concentration within the tip−substrate gap gets decreased,
thereby causing a reduced tip current.
Preceding the experiment, to identify the appropriate

oxidation potentials for SECM mapping, the voltammetric
response was recorded on the SECM Pt tip and carbon surface
in Li2S6 polysulfide solution between 3.0 to 1.8 V vs Li/Li+.
The voltammetric response recorded on the carbon surface, as
shown in Figure S2a, displayed two cathodic peaks at 2.40 and
2.00 V vs Li/Li+, corresponding to the conversion of long-
chain LiPS to short-chain LiPS and their subsequent
conversion to discharge end products, respectively. During
the reverse sweep, a broad anodic peak at potentials >2.55 vs
Li/Li+ was observed, which can be ascribed to the Li2S
oxidation process. The observed Li−S redox potential, with the
SECM cell setup, was found to be slightly shifted as compared
to the typical potential plateaus seen in coin-cell config-
urations. The shift in redox potential can be anticipated when
potentiodynamic conditions are employed, where currents and
ohmic drops continuously change but remain constant under
galvanostatic experiments.36,37 For this reason, the shift in the
redox peak potentials was often witnessed in several three-
electrode systems38,39 and in situ characterization studies that
are aimed at probing redox interfaces in Li−S25 and other Li-
ion batteries.30 Further, as shown in the tip voltammogram
(Figure S2b), the SECM electrode displayed typical sigmoidal
waves at appropriate potentials of Li2S6 reduction and
oxidation reactions. It has been elucidated that the oxidation
of Li2S produces Li2S6, the only stable and predominant
electroactive intermediate LiPS, in the first step. The as-formed
Li2S6 undergoes further electrochemical oxidation to S8

2− at
higher potentials, finally leading to the formation of S8.

40,41 As
the Li2S6 is the only electroactive species present before the
formation of solid inactive S8, we made an effort to use this
species to establish the competition mode necessary for
imaging. On the basis of the above-mentioned observations, a
potential of 2.6 V was chosen as Etip, and the substrate
potential was biased between 2.4 to 2.8 V for SECM mapping
of Li2S oxidation. In addition, the characteristic small
capacitive current (Figure S2b) is low in comparison to the

Faradaic current, which indicates that the electron transfer
conversion reactions of LiPS are facilitated at the UME. This
would not have been possible if solid products deposit during
reduction and remain on the electrode surface, where one
could see an increase in capacitive current in the oxidation
side. Hence, fouling of the Pt nanoelectrode surface because of
the sulfur reaction and its interferences on the tip performance
are not expected in this study.
To prove the compatibility of Li2S6 as a redox mediator for

SECM competitive mode, we performed a control experiment
using a Pt nanoparticle modified carbon surface, in Li2S6
solution. Figure 2a shows the AFM topography image (scan

area of 2 × 2 μm) of electrodeposited Pt nanoparticles, on a
carbon surface, with an average particle height of about 24 nm.
Initially, the tip current was recorded by biasing the Pt tip at
2.6 V, which corresponds to the oxidation potential of Li2S6, at
a constant distance. Next, the substrate was biased at different
potentials between 2.5−2.7 V vs Li/Li+, as shown in Figures
2b−d, and AFM−SECM line scanning was performed across
the x,y-plane. At 2.5 V, the substrate did not show any activity,
and the tip current was uniform throughout the surface,
indicating no oxidation process. On the other hand, when the
substrate’s potential was tuned to a higher potential of 2.6 V,
decreased tip currents were observed when the tip crosses a Pt
nanoparticle compared to the other areas of the surface. Such
behavior is certainly due to the establishment of the
competition mode at 2.6 V, where Li2S6 oxidation is
predominant on the Pt surface, thus depleting its availability
at the tip, thereby decreasing the tip current. Similar trends
were observed when the substrate was biased at 2.7 V, with
even further decrease in tip currents indicating more reactivity
of the Pt surface rather than the Pt tip. These results are in
good agreement with phase contrast images, as shown in
Figure S3, which indicate a change in-phase values from (−) to
(+) at the Pt particle at these potential regions. The presented
results demonstrate the feasibilty of employing the competitive

Figure 2. Competitive SECM mode in Li2S6 solution: (a) AFM−
height image of electrochemically deposited platinum nanoparticles
on carbon (inset: height profile of a particle). SECM current images
recorded by biasing the tip at 2.6 V and the substrate at (b) 2.5, (c)
2.6, and (d) 2.7 V vs Li/Li+ (inset; current distribution on the
particles).
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SECM mode for electrochemical mapping of the Li−S cathode
surface with intermdiate LiPS (Li2S6) as a redox mediator.
After the validation of SECM competition mode in ideal

conditions, we now applied it to practical Li−S system by
choosing the oxidation reaction of discharge end products
(Li2S/Li2S2). Initially to ensure Li2S/Li2S2 deposition, the LiPS
reduction process was subjected to typical nucleation
(galvanostatic discharge from open circuit potential to 2.05
V vs Li/Li+) followed by a growth process.42 The SECM study
was performed under the following conditions: (i) after Li2S/
Li2S2 growth, excess LiPS was replaced with blank electrolyte
to suppress the simultaneous side reactions of liquid LiPS
(details provided in SI), and (ii) to simplify the SECM imaging
and to avoid the influence of a neighboring particle’s reactivity
on tip current, we have performed line scanning selectively on
a single Li2S/Li2S2 particle with the help of AFM software, as
shown in Figure 3a. The data is presented here after the
experiments were replicated twice to validate the obtained
results. Prior to the line scan, a constant potential of 2.6 V was
applied to the substrate for 15 min; to generate Li2S6, at the
same time, the tip was kept far away from the surface. Next, the
Pt tip approached the surface using the AFM feedback mode
and was positioned at a constant distance. Figure 3b−d, f−h,
and j−l depict the simultaneously recorded height, current, and
phase images on the Li2S/Li2S2 particle, respectively, at

different oxidation potentials between 2.5 to 2.7 V vs Li/Li+;
meanwhile, the tip was kept at a constant potential of 2.6 V.
At 2.5 V, a decrease in the height and volume of the particle

was observed, which can be ascribed to the oxidation of Li2S/
Li2S2 to Li2S6. However, a higher tip current was observed on
the particle at this potential, an observation similar to the
control experiment. Interestingly, the height of the Li2S/Li2S2
particles was found to increase at 2.6 V and further increased at
2.7 V, indicating particle growth at higher oxidation potentials.
Simultaneously, current mapping at 2.6 V reveals that the tip
current started to decline on the particle, which further
depleted at 2.7 V (as depicted by the black circles in Figure
3g,h), whereas currents on other areas of the substrate remains
unchanged. Noticeably, changes in the tip current were
observed only on certain regions, whereas the current profile
on other areas of the particle matches with the substrate, which
indicates an inhomogeneity in the composition of the Li2S/
Li2S2 particle. The decrease in tip current is independent of the
changes in tip−sample distance, and the observed tip features
indicate the occurrence of some intriguing surface phenomen-
on within the Li2S/Li2S2 particle. To gain further insights into
the tip current heterogeneity on the Li2S/Li2S2 particle, AC
phase contrast images were analyzed. It is denoted for the AC
phase shift that the positive and negative signs correspond to
the in-phase and out-of-phase, respectively, which can be

Figure 3. AFM−SECM imaging of Li2S/Li2S2 on carbon surface during oxidation: simultaneous height (first row), current (second row), and
phase shift (third row) mapping of Li2S/Li2S2 surface. First column images (a,e,i) correspond to Li2S/Li2S2 [galvanostatically deposited] on glassy
carbon before oxidation; second, third, and fourth column images correspond to the Li2S oxidation at different substrate potentials of 2.5 (b,f,j), 2.6
(c,g,k), and 2.7 V (d,h,l) vs Li/Li+ respectively; Etip = 2.6 V.
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correlated to the conductive and insulating natures of the
surface.43 As shown in Figure 3i−l, the phase images show
negative π radians where tip currents get reduced as evidenced
from bright contrast (green-orange colors) on the particle,
whereas the remaining areas of the particle and carbon surfaces
show similar phase contrast colors with positive π radians.
These phase contrast image reveals the existence of both
conducting and insulating parts in the scanned particle. Several
theoretical analyses elucidate that both Li2S2 and Li2S solid
product forms at the end of discharge, and the former one is
more electronically conductive than the later.44−46 To identify
possible discharge products, we have performed ex situ XPS
and found that both Li2S and Li2S2 exists on the carbon surface
(as shown in Figure S4, details provided in SI), which is agreed
upon well by previous reports.25,47,48 Given these facts and
with present validation by the phase images, conducting and
insulating parts of the particle can correspond to Li2S2 and
Li2S, respectively, which evidently addresses the inhomoge-
neity in the electrochemical reactivity of the particle.
Thus, while at charging potentials, the conducting regions of

Li2S2 undergo oxidation readily, yielding intermediate LiPS,
and the insulating part of Li2S, which is electrochemically
irreversible, remains on the surface. It has been previously
elucidated that Li2S is chemically active in nature and exhibits
strong adsorption energy toward intermediate polysulfides.49

Hence, at potentials >2.6 V, the observed tip current changes
can be directly correlated to the consumption of the as-formed
Li2S6 (produced during oxidation) by the Li2S particle,
depleting their concentration at the tip−substrate gap and
thereby causing a decrease in tip current. As-adsorbed LiPS
undergoes a chemical/electrochemical reaction with Li2S and
forms electrochemically inactive particles as evidenced from
the increased height of the particles and insulting area in the
phase images. The changes in the particle height were further
evidenced by the plot between the volume of the single particle
and average particle height with respect to the applied

potential (Figure S5). It is evident that the average height
and volume of the particle decreased rapidly from 22.5 to 16
nm and 0.14 to 0.09 μm3, respectively, when the potential was
increased from 1.9 to 2.5 V. Further, even though a slight
increase in particle height was noted at 2.6 V, as clearly
depicted by the plot, no changes in volume was observed.
Then, fast growth in both volume (up to 0.13 μm3) and
average particle height (up to 22 nm) were observed, further
supporting the particle growth phenomenon occurring on the
insulating particle at higher oxidative potentials. Previous
reports have proposed the possible Li2S charging mechanism in
conventional Li−S cells as follows: higher order polysulfides
produced from short-chain polysulfide’s oxidation undergo
chemical/electrochemical reaction with Li2S until their
complete conversion.41 The obtained AFM−SECM results
are in good agreement with the above prediction and provide
direct visualization of such a reaction for the first time by
current mappings with supporting evidence from AFM height
and phase images.
Overall, with AFM−SECM images, we elucidate the

following aspects by analyzing the single Li2S/Li2S2 particles:
(i) the Li−S discharge product consists of both Li2S2 and Li2S,
which are bound to each other; (ii) Li2S2 undergoes the
oxidation reaction readily compared to the Li2S; (iii)
intermediate LiPS chemically/electrochemically reacts with
Li2S with increasing potentials, which paves a way for
insulating solid product deposition. Further, an increase in
the height of the particle and a drastic decrease in the tip
current on the particle were seen even at the oxidation
potential of 2.8 V (Figure S6), where the conversion of Li2Sx
(x = 6−8, liquid state) to solid sulfur is eminent.26,50 In
addition, the phase contrast image at 2.8 V (Figure S6c) shows
an increased contrast at the center of the particle, confirming
the formation of rather insulating sulfur species at high
oxidative potentials. To corroborate the observation that sulfur
formation occurs even before the complete conversion of Li2S

Figure 4. In situ AFM mapping of Li−S cathode surface: (a) images of Li2S/Li2S2 [galvanostatically deposited] on glassy carbon before oxidation;
Li2S/Li2S2 oxidation at different potentials: (b) 2.5, (c) 2.6, and (d) 2.7 V vs Li/Li+, respectively. [Scan area = 10 × 10 μm.] The line profiles of
particles identified as I and II show height changes at corresponding potentials.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.9b01636
Nano Lett. 2019, 19, 5229−5236

5233

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01636/suppl_file/nl9b01636_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01636/suppl_file/nl9b01636_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01636/suppl_file/nl9b01636_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01636/suppl_file/nl9b01636_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01636/suppl_file/nl9b01636_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b01636


during the oxidation process, we have performed Raman
measurement on that particle, which is shown in Figure S7. At
the initial stage (2.4 V), the Raman spectrum shows a band at
376 cm−1, which corresponds to the Li2S.

51,52 The Raman
intensity of the Li2S peak linearly reduced with increasing
oxidative potential, which is due to the oxidation of Li2S to
intermediate polysulfides (Li2S6, as indicated by the growth of
the Raman band at 426 cm−1).53 Whereas, an additional
Raman band at 468 cm−1 (corresponding to solid sulfur16)
started to grow from 2.6 V, and its intensity was found to
increase linearly with increasing oxidative potentials, at the
expense of Li2S6. The fact that the peak at 468 cm−1 emerged
even before the Li2S peak disappeared indicates the
simultaneous existence of both Li2S and sulfur, which validates
the results observed in AFM−SECM images. It is noteworthy
to mention that in situ Raman observation of Li2S6 species
during the oxidation process further corroborates that it is the
only stable electroactive intermediate LiPS present before the
formation of S8 rather than any other short-lived intermediate
LiPS. In short, the current in situ SECM study reveals the
interdependence of topography and the electrochemical
oxidative behavior of Li2S/Li2S2 on the carbon surface,
addressing the Li2S morphology−activity relationship.
Given the dependency of Li2S oxidation on its particle size26

and to extrapolate the results observed on the single particle,
we governed topographical changes of differently sized Li2S/
Li2S2 particles during oxidation, with in situ AFM as shown in
Figure 4a−d. Initially to ensure Li2S/Li2S2 deposition, the LiPS
reduction process was subjected to typical nucleation
(galvanostatic discharge from open circuit potential to 2.05
V vs Li/Li+) followed by the growth process (potentiostatic
treatment at different potentials). During the initial growth
stage, at 2.0 V vs Li/Li+, scattered deposition of Li2S/Li2S2
particles was observed throughout the scan area (10 × 10 μm,
Figure S8). Further, with decreasing potentials until 1.9 V vs
Li/Li+, the particle growth was observed to be nonuniform
with a height distribution in the range of 35 to 95 nm (Figure
4a). During oxidation, when a potential of 2.5 V was applied
(Figure 4b), several smaller particles (below 50 nm) shrunk,
indicating Li2S/Li2S2 oxidation. However, at higher potentials
(from 2.6 to 2.7 V, Figure 4c,d), commencement of the bigger
Li2S/Li2S2 particle’s area shrinkage along with a further
decrease in the density of smaller particles was noted. Similar
to the single particle’s behavior, we identified that some of the
Li2S/Li2S2 particle’s (identified as I and II in Figure 4a−d)
height increased (as given in line profile) with increasing
oxidation potential. For instance, at 2.5 V, the height of one
such particle (I) was found to be 65 nm, which was observed
to increase to 120 and 150 nm at 2.6 and 2.7 V, respectively,
indicating the growth of that particle. The increment in particle
height is further corroborated by the histogram plot (Figure
S9), which clearly shows the occurrence of new events at 2.7 V.
This in situ AFM study reveals an early oxidation of smaller

particles compared to relatively bigger particles, which
demonstrates a size-dependent oxidation process. Previously,
several reports demonstrated that the morphology, composi-
tion, and physiochemical characteristics of the discharge
products (Li2S/Li2S2) can be closely correlated to the
deteriorating performance issues like internal resistance
buildup and capacity fade in Li−S cells.10,12 On the basis of
the AFM−SECM mapping of a single Li2S/Li2S2 particle and
the presented in situ AFM observations, it is safe to conclude
that the smaller particles are Li2S2, and the bigger particles

constitute both Li2S2 and Li2S. During charging, smaller Li2S2
nanoparticles oxidize at initial stages, whereas the Li2S2 bound
to the Li2S surface gets oxidized at higher overpotentials.
However, unoxidized Li2S particles chemically/electrochemi-
cally react with the intermediate LiPS (produced during Li2S2
oxidation) and encourage electronically inactive particle
formation at higher oxidation potentials as evidenced from
the particle’s height increment on certain regions. Such
accumulation of inactive particles over insulating Li2S partially
blocks further oxidation of Li2S, whereas inactive particles are
deprived of their electronic conduction path for subsequent
reduction. Thus, consecutive deposition of charge and
discharge active materials (on bigger Li2S particles) on the
carbon surface unequivocally limits both oxidation and
reduction processes in a Li−S system over cycling. Ultimately,
this process is known to increase the internal resistance of the
cell and loss of active material, thereby leading to a rapid
capacity fade. Further to validate the in situ AFM−SECM
results in more realistic conditions, we have performed a
typical galvanostatic charge/discharge experiment with liquid
LiPS in a controlled manner. Figure S10 shows the AFM
height profile of changes observed during Li2S/Li2S2
precipitation and its oxidation under discharge/charge
conditions (at a rate of 20 μA/cm2) in two different potential
regions. As expected, with increasing depth of discharge, the
height of deposited Li2S/Li2S2 particles increased, and particles
of wide size ranges were observed, Figure S10a,b. However, at
initial stages of charging, the height of those particles decreased
as shown in Figure S10c, which indicates the oxidation of Li2S/
Li2S2 to intermediate polysulfides. However, at deeper charging
conditions, as shown in Figure S10d, smaller particles
completely disappeared, and some of the residual Li2S
particle’s height increased, which is similar to the trend
observed under potentiostatic conditions. However, morpho-
logical changes are subject to change with many factors
including cathode surfaces and electrolyte additives, the studies
of which are underway.
In summary, for the first time, in situ AFM-SECM

demonstrated the nanoscale level probing of the Li−S cathode
surface. A competitive SECM mode of imaging was proposed
and validated to study the electrochemical aspects of LiPS
redox reactions. AFM−SECM multidimensional imaging on
the Li2S/Li2S2 particle unveiled the existence of both
electrochemically active (conducting) and inactive (insulating)
regions and monitored their contribution toward the overall
electrochemical activity during the oxidation process. The
results revealed that the conducting phase of solids becomes
reversible and undergoes further conversion reactions. More
importantly, the insulating part, predominantly Li2S, is
apparently irreversible and tends to react with as-formed
intermediate LiPS. Further, the LiPS species undergo
subsequent reactions over charging conditions, which leads
to eventual deposition of more insulating products as
evidenced from in situ AFM studies. Formation of such
products (mostly sulfur) on Li2S particles not only restricts
further oxidation of Li2S particles but also limits the reduction
of sulfur in subsequent cycles, which restricts the active
materials utilization. It is anticipated that this work opens new
avenues to understand the morphological and structural
changes associated with the Li−S charging mechanism on
the cathode surface.
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