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ABSTRACT: Pseudocapacitors with nondiffusion-limited
charge storage mechanisms allow for fast kinetics that exceed
conventional battery materials. It has been demonstrated that
nanostructuring conventional battery materials can induce
pseudocapacitive behavior. In our previous study, we found
that assemblies of metallic 1T MoS2 nanocrystals show faster
charge storage compared to the bulk material. Quantitative
electrochemistry demonstrated that the current response is
capacitive. In this work, we perform a series of operando X-ray
diffraction studies upon electrochemical cycling to show that
the high capacitive response of metallic 1T MoS2 nanocrystals
is due to suppression of the standard first-order phase
transition. In bulk MoS2, a phase transition between 1T and triclinic phases (LixMoS2) is observed during lithiation
and delithiation in both the galvanostatic traces (as distinctive plateaus) and the X-ray diffraction patterns with the
appearance of the additional peaks. MoS2 nanocrystal assemblies, on the other hand, show none of these features. We
hypothesize that the reduced MoS2 crystallite size suppresses the first-order phase transition and gives rise to solid
solution-like behavior, potentially due to the unfavorable formation of nucleation sites in confined spaces. Overall, we find
that nanostructuring MoS2 suppresses the 1T-triclinic phase transition and shortens Li-ion diffusion path lengths,
allowing MoS2 nanocrystal assemblies to behave as nearly ideal pseudocapacitors.
KEYWORDS: MoS2, phase transition suppression, pseudocapacitance, intercalation pseudocapacitor, fast charging,
nanocrystal assemblies, porous electrodes

Pseudocapacitance offers the potential for high power
density (fast charging and discharging) without
significant reduction in energy density. These values

are typically highly anticorrelated in traditional Li-ion battery
materials, and this decoupling of energy and power occurs by
combining the storage mechanism of a battery and the kinetics
more similar to an electric double layer capacitor (EDLC).
Most battery materials have high energy density because the
energy is stored through redox reactions in the bulk of the
material. However, slow solid-state diffusion of the intercalat-
ing ions limits the kinetics of these reactions. EDLCs, on the
other hand, store energy through the adsorption of ions onto
high surface area electrodes, which produces fast kinetics, but
sacrifices energy density.1−5 Pseudocapacitive behavior com-

monly occurs when near-surface Faradaic charge transfer
reactions take place, accompanied by ion adsorption electro-
chemically onto the host lattice in a process termed redox or
surface pseudocapacitance. It can also occur, however, when
ions intercalate into the channels or layers of a redox-active
material, often near the surface of a material, without inducing
a phase transition. This later process is called intercalation
pseudocapacitance.3−5
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Typically, first-order phase transitions arise when there is a
large variation in Li concentration during intercalation. This
leads to the coexistence of Li-rich and Li-poor phases and
results in a migration barrier that leads to slow kinetics
observed in most intercalation materials.6−8 The difference in
volume of the two phases can also induce strain in the
electrode, causing material failure and potentially reducing
battery life.7 Such phase transitions thus make traditional
battery materials less attractive for fast charging applications.3,4

In keeping with the pseudocapacitor definition above, a
number of materials that do not require a discontinuous phase
transition for ion intercalation have been shown to exhibit
pseudocapacitive behavior when diffusion path lengths are
sufficiently reduced through nanostructuring to allow for fast
ion diffusion into the bulk of the material. Such materials,
which are known as intrinsic pseudocapacitors, include
materials such as RuO2,

9 MnO2,
10,11 and Nb2O5.

4 Intrinsic
pseudocapacitors have crystalline networks with ion transport
pathways that allow for capacitive behavior and fast ion
diffusion over a broad range of crystallite sizes.
Recently, it has been shown that pseudocapacitive behavior

can also be achieved through suppression of first-order ion
intercalation and deintercalation induced phase transitions.1−4

Through nanostructuring, certain materials that do not display
fast kinetics in the bulk can be engineered to become
pseudocapacitive. These materials, termed extrinsic pseudoca-
pacitors, are size dependent and do not show pseudocapacitive
behavior above a critical size.1,12 This phenomenon has been
previously observed and shown in MoO2,

12 TiO2,
13−15 TiS2,

16

and LiMn2O4.
17,18 When the diffusion path length shortens,

rapid rates can be achieved because the diffusion time is
proportional to the square of diffusion length and inversely
proportional to diffusivity.19 In addition, as the crystallite size
decreases, two-phase coexistence (Li-rich and Li-poor) likely
becomes undesirable, due to the increased activation energy
for nucleation of the second phase or other thermodynamic or
kinetic factors. This has the potential to again give rise to solid
solution behavior, in which there is no miscibility gap and ions
are interstitially dissolved into the lattice, causing only slight
changes in the lattice parameter without major reconstruction
of the crystal structure.13,20,21

Materials experiencing first-order phase transitions vs solid
solution behavior show different features in their electro-
chemistry profiles, particularly in their galvanostatic (GV)
traces. A voltage vs composition curve provides information on
an electrode’s thermodynamic properties such as the chemical
potential, Gibbs free energy and entropy.6,8 For systems with a
miscibility gap in which Li-rich and -poor phases coexist, the
chemical potential is derived using the common tangent
construction of the Gibbs free energy minima of the two
phases.8 This results in distinctive plateaus in the voltage curve
because the slope of the chemical potential is constant. As
lithium intercalates and deintercalates into the host lattice of a
pseudocapacitor without a phase transition, by contrast, the
chemical potential of the active material is equal to the
derivative of the Gibbs free energy and changes smoothly over
the course of the electrochemical reaction. This leads to a
linearly sloping voltage curve in the galvanostatic trace.6,8

Thus, pseudocapacitive materials with solid solution-type
behavior due to phase transition suppression do not show
plateaus and can be easily differentiated from battery-like
material with inherent first-order phase transitions.

Though pseudocapacitance has been demonstrated in
several metal oxides, it has not been explored in many metal
sulfides. Metal dichalcogenides are particularly interesting for
their layered structure comprised of highly polarizable sulfur
ions that allow reversible intercalation.2,22,23 In the past, Muller
et al. have demonstrated pseudocapacitive charge storage in
few-layered 2D TiS2 nanocrystals. In that study, 85% of the
total current obtained from potentiostatic cycling was
capacitive, leading to a high specific capacitance of 320 F/g
with a 30 s charge/discharge time.16 Recently, we have
explored the pseudocapacitive properties of MoS2 nanocrystals.
MoS2 is an attractive material for pseudocapacitive charge
storage because of its relatively large van der Waals gap and
electrochemically active metallic 1T phase. The 1T phase can
be generated from the standard 2H phase by alkali metal
intercalation.22−26 Metallic materials are desirable in energy
storage application due to their enhanced electronic con-
ductivity. Details regarding the MoS2 1T phase will be
elaborated in the Results and Discussion section. In our
previous study, we showed that thick electrodes made from
MoS2 nanocrystal arrays were pseudocapacitive. The electrodes
could be cycled 3000 times with 80% capacity retention while
accessing over 90 mA h g−1 in only 30 s (theoretical capacity
167 mAh g−1).27

Despite MoS2 being reported to undergo multiple phase
changes to accommodate one mole of Li (167 mAhg−1), these
transitions appear to be suppressed in our MoS2 nanocrystals
arrays as evidenced by the high reversibility and fast kinetics.27

In this work, we thus use operando X-ray diffraction during
electrochemical cycling at the Stanford Synchrotron Radiation
Lightsource (SSRL) to further understand the structural origin
of the fast pseudocapacitive mechanism in MoS2 nanocrystals.
Operando X-ray diffraction has been shown to be an effective
method for monitoring phase change and lattice expansion in
energy storage materials in real time. It has been used to study
materials such as LiCoO2,

28 LiMn2O4,
29 LiNiO2,

30 TiO2,
14 and

TiS2.
20 This study provides a direct crystallographic compar-

ison of micron-sized bulk MoS2 (bMoS2) and MoS2 nano-
crystal assemblies (nMoS2) upon cycling with Li+ with a goal
of better understanding the drastic difference in performance
between these two materials.

RESULTS AND DISCUSSION
Materials and Characterization. Bulk MoS2 particles

(∼45 μm) used in this study are commercially available
powders, while MoS2 nanocrystals were synthesized according
to methods in our previous work.27 The powders were cast
into composite slurry electrodes containing the active
materials, carbon and polymeric binder. The synchrotron
based X-ray diffraction patterns (XRD) of pristine bMoS2 and
nMoS2 electrodes used in this operando study show character-
istic reflections for the hexagonal MoS2 phase matching JCPDS
No. 37-1492 (Figure 1a). Since the XRD signal is attenuated
by at least 50% due to absorption from various cell
components and electrolyte, electrodes with relatively high
mass loadings were made for this study. These electrodes were
optimized in this study to produce a large XRD signal but
could not be cycled at very high rates due to conductivity
limitations. Any kinetic suppression of phase transitions that
occurs at slow rates, however, should increase at faster rates, so
the need to cycle slowly for these operando studies means only
that these experiments represent a lower limit on the extent of
phase transition suppression that could be observed at faster
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rates. Below we will show basically complete suppression,
confirming that these scan rate differences do not modify our
fundamental conclusions. In addition, the use of thick

electrodes ensures that not all the bMoS2 platelets settle
parallel to the current collector, which would result in
diminished peak intensities for the (00l) planes in the
transmission geometry used in this work. The nMoS2
nanocrystals (Figure 1b-c) are roughly spherical, leading to
random orientation in the electrode. Indeed, the XRD patterns
are consistent with a randomly dispersed polycrystalline MoS2
powder. The average size of the nMoS2 is 22 nm with a
standard deviation of 7 nm. The histogram and the TEM
images used to measure the nMoS2 size can be found in
Figures ESI 1 and 2.

Electrochemistry. MoS2 has been studied as an energy
storage material for decades. However, most current research
focuses on the high capacity (670 mA h g−1) conversion
reaction which occurs between 1.1 and 0 V,31−36 rather than
the one electron intercalation reaction between 2.7 and 1.0 V.
The cycle lifetimes for MoS2 are typically poor for the
conversion reaction even with engineered nanoparticle-based
electrodes.37 For the above reasons, we chose to focus on the
intercalation reaction of MoS2 between 2.7 and 1.0 V and have
demonstrated high reversibility with our previous study.23,27,38

The intercalation reaction can be described by eq 1:

+ + →+ −x xMoS Li e Li MoSx2 2 (1)

The 1T phase MoS2 has been widely studied as a hydrogen
storage material but has only recently been explored as an

Figure 1. (a) XRD patterns of uncycled bMoS2 and nMoS2
electrodes and as-synthesized MoS2 nanocrystals. Peaks labeled
with an asterisk correspond to the aluminum current collector,
while others correspond to the 2H phase of MoS2. The peak
broadening in the nMoS2 electrode and pure nanocrystal sample is
due to the small crystallite size and the onion-like structure of the
10 nm to 30 nm nanocrystals, as shown in the low (b) and high (c)
magnification TEM images.

Figure 2. (a) Operando X-ray diffraction of nMoS2 showing 2H to 1T conversion. Starting as the (002) 2H phase at the open circuit voltage,
the 2H MoS2 converts to the 1T phase during lithiation as the (002) 2H peak shifts to lower Q and becomes the (001) peak of the 1T phase.
As lithium is deinserted, the (001) 1T peak shifts slightly back to higher Q, indicating the presence of both 1T and 2H phases since not all
nanocrystals are converted in the first cycle. This mixture of two phases is confirmed by the peak fit analysis shown in (b), where the final
peak position after delithiation lies in between the (001) 1T and (002) 2H phases. Parts (c) and (d) show galvanostatic profiles collected
during the 2H to 1T conversion for bulk and nanosized MoS2, respectively. Multiple cycles are required to complete the 2H-1T conversion,
but the number of cycles is not the same for the two samples. Bulk MoS2 (c) took 4 cycles, while nano MoS2 (d) took up to 8 cycles. This
precycling was done prior to the operando experiments presented below.
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energy storage material for pseudocapacitors.39 The metallic
1T phase and the semiconducting 2H pristine phase are similar
in structure, except 2H MoS2 has a close-packed, layered
hexagonal structure of S−Mo−S’ in an ABA configuration,
while 1T MoS2 has an ABC configuration.40−42 It is well-
known that MoS2 undergoes a phase conversion from 2H to
1T when alkali metals are inserted into the van der Waals gap,
causing the highly polarizable sulfur layer to glide along the
plane normal to the c-axis of the unit cell.42−45 Lithium, in
particular, causes an irreversible phase conversion from 2H to
1T (hexagonal to trigonal prismatic) at 1.1 V vs Li/Li+ when
the lithium concentration increases between the range of 0.1 <
x < 1.43,46 Though the 2H to 1T phase conversion of bMoS2 is
well-known, it has not been directly observed in nanosized
MoS2. In addition to the operando phase change study of
lithium intercalation within the 1T phase, we also performed
operando X-ray diffraction to study the 2H to 1T phase
conversion of nMoS2 to help us better understand the
conversion process and the 1T phase itself in nMoS2.
The diffraction patterns of nMoS2 during the first cycle are

shown in Figure 2a in the pristine, lithiated (Li1MoS2) and
delithiated states. The (002) peak shifts to a lower Q value
( = πQ

d
2 ) corresponding to the (001) peak of the 1T trigonal

phase.43,44,47 This same phenomenon has been observed in the
bulk as 2H MoS2 converts to 1T MoS2 during alkali metal
insertion. This peak shift is not simply a result of intercalation
induced lattice expansion because the galvanostatic trace in
Figure 2d shows a distinct plateau for this process that signifies
a first-order phase transition. The peak broadening in this
nanosized sample prohibited us from matching all high-order
XRD reflections to the 1T phase, but a general matching is

observed in Figure 1a. After delithiation, the (001) 1T peak
shifted back to higher Q, to a value between the (001) 1T and
(002) 2H peak positions, indicating that not all nMoS2 in the
electrode completed the 2H-1T conversion after the first cycle.
Figure 2b shows the peak fit analysis of the delithiated nMoS2
diffraction pattern, indicating the presence of both phases in
the electrode.
Due to our interests in the fast intercalation reaction of

MoS2 in the 1T phase, all samples were precycled prior to
operando diffraction studies to fully convert the semi-
conductinting 2H bMoS2 and nMoS2 to the metallic 1T
phase via alkali metal intercalation. Figures 2c and d show the
GV curves of bMoS2 and nMoS2, respectively, at 0.2 C during
the course of the 2H to 1T conversion and precycling process.
To ensure that most of the 2H phase is converted, bMoS2 and
nMoS2 were precycled multiple times until the plateau at 1.1 V,
corresponding to the 2H-1T conversion, completely disap-
peared. Moreover, it is known that 1T MoS2 is not
thermodynamically stable at high potential and can back
convert to the 2H phase when cycled above 2.8 V vs Li/
Li+.43,48 Therefore, all electrochemical cycling carried out in
this study is limited to a voltage window of 1 to 2.7 V.
Interestingly, we found that, bMoS2 took fewer cycles than

nMoS2 to complete the 2H to 1T conversion, as shown in the
precycling GV traces in Figures 2c-d. The 2H bMoS2 is
completely converted to the 1T phase after four cycles, while
nMoS2 requires eight cycles. The longer conversion process for
nMoS2 foreshadows the results below and indicates different
2H to 1T phase transition kinetics in the nanoscale system
compared to the bulk material. The conversion of 2H MoS2 to
the 1T phase is a first-order phase transition that is expected to

Figure 3. Galvanostatic traces and cyclic voltammograms of nMoS2 (a-b) and bMoS2 (c-d). The sloping galvanostatic profiles in (a) for
nMoS2 suggest that first-order phase transitions have been suppressed and that the system is pseudocapacitive. This is in agreement with
calculated b values close to 1 at all the current maxima obtained from sweep rate dependent CV curves in (b); b = 1 indicates capacitor-like
behavior. Unlike nMoS2, phase transition between the 1T and triclinic Li1MoS2 phases is indicated by voltage plateaus in bMoS2 (c). The
system also shows mostly diffusion-limited with b values close to 0.5 in (d).
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proceed via a nucleation and growth-type mechanism. The
phase transition would thus require the formation of a 1T
nucleus in the MoS2 grain, followed by propagation or growth
throughout the domain. The kinetics of phase transition could
be more facile in the bMoS2 for two reasons. First, nucleation
may be suppressed in nanosized domains. Second, many more
nucleation events are likely needed in the nanoscale material
because of the limited domain volume transformed by each
nucleation event.49−52 Many microns of material can be
transformed by a single nucleation event in the bulk, whereas
every nanocrystal requires its own nucleation event. As a result,
more cycles are required to propagate and complete the 2H-1T
phase conversion in the nMoS2 electrode. The peak positions
for the nMoS2 at OCV (2H phase) and at 2.7 V after multiple
precycles (1T phase) are 0.990 Q and 0.979 Q, respectively.
Kinetics Analysis. Pseudocapacitive energy storage is a

distinct electrochemical mechanism that gives rise to fast
charge storage. As mentioned earlier in this manuscript, typical
battery materials undergo distinct phase changes during
lithium intercalation and deintercalation, and this type of
charge storage is slow. In contrast, charge stored through
intercalation pseudocapacitance does not result in phase
transitions but instead is thought to occur through fast
intercalation. Suppressing phase transitions permits fast
intercalation reactions throughout the nanoparticle, enabling

a pseudocapacitive charge storage mechanism that is not
limited to the surface.
Pseudocapacitive storage gives rise to distinct electro-

chemical features in cyclic voltammogram (CV) and GV
profiles. Specifically the sloping GV profiles discussed above
should be accompanied by CV curves that show little
polarization induced splitting between the anodic and cathodic
peaks due to the fast kinetics and reduced crystallite size.4

Figure 3a shows the GV curves at 1 and 60 C for nMoS2, while
panel b shows the CV curves collected at 0.2 mV/s and 1 mV/
s for the same material. Though there are no plateaus observed
in the nMoS2 GV curves, redox peaks are present in the CV
data, even at high rates. This suggests that the redox reactions
are happening under suppression of phase transition, which is a
characteristic of pseudocapacitive energy storage mechanism.
Minimal peaks splitting is observed between anodic and
cathodic peaks in Figure 3b. In comparison to nMoS2,
electrochemical traces of bMoS2 show none of these features.
Figures 3c and d show the GV and CV curves (same rates as
the nanocrystals) for the bulk electrode. The distinctive
plateaus in bMoS2’s GV curve correspond to the phase
transitions between the trigonal prismatic 1T phase and
triclinic (LixMoS2) phase during lithium intercalation.48

Moreover, highly polarized redox peaks are observed in the
CV as a result of the slower kinetics, indicating battery-like
behavior in bMoS2.

Figure 4. (a) Operando phase change study of bMoS2 and nMoS2. First-order phase transition can be observed in bMoS2 as 1) peaks shift
significantly to lower Q and then back to higher Q, 2) the emergence of an additional peak at 1.09 Å−1, and 3) a shoulder near the 101 peak.
(b) Unlike bMoS2, no phase transition was observed in nMoS2 due to the improved kinetics and unfavorable two phase coexistence in
nanocrystals.
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Kinetic analysis was performed to further understand the
difference in behavior of bMoS2 and nMoS2 and to validate the
pseudocapacitive behavior of nMoS2 since sloping GV traces
can also be triggered by the nanosize effect.53 It has been
observed that nanosize crystallites can lead to a sloping voltage
curve due to a shorter voltage plateau width (i.e. a narrower
two phase coexistence region) and can create solid solution-
like electrochemical features, even when the first-order phase
transition is not suppressed.53

To distinguish the type of charge storage process, “b-value”
analysis was performed. This kinetic analysis has also been
performed on many other pseudocapacitive materials such as
Nb2O5,

4,54 V2O5,
55 and MoO3.

21,56 Generally, the current
response as a function of scan rate in a cyclic voltammetry
measurement can be used to distinguish between a capacitor-
like or diffusion controlled charge storage mechanism
according to the following equation

=i avb

where i is the measured current, v is the scan rate, and a and b
are both constants, but the value of the exponential term
distinguishes the charge storage mechanism: when b is equal to
0.5 (the current i is proportional to scan rate v1/2), the current
is dominantly governed by diffusion.2,4 When b equals 1 (i is
directly proportional to v), it indicates a capacitor-like
behavior, where the current is not diffusion controlled, a
situation that arises for surface pseudocapacitive reactions or
when intercalation reaction kinetics is capacitive in nature due
to the suppression in phase transitions.2,4 According to our
analysis shown in Figures 3b and d, bMoS2 is found to be
mostly diffusion-limited with b values at current maxima (0.65,
0.67, 0.68, 0.75) closer to 0.5. On the other hand, nMoS2 is
highly capacitive, with b values (0.95, 0.95, 0.96, 0.96) close to
1. The b-values with their corresponding peaks of bMoS2 and
nMoS2 can be found in the CV in Figures 3b and d. This result
suggests that nMoS2’s sloping GV profile is due to phase
transition suppression and not nanosize effect. Details
regarding our analysis can be found in our previous studies
on nanoscale MoS2 and other nanoscale pseudocapacitors.2,4

Operando X-ray Diffraction Study. The structural
changes occurring during Li+ intercalation into 1T MoS2
materials were observed using operando synchrotron X-ray
diffraction. The diffraction patterns in Figures 4 and 5 were
collected from bMoS2 and nMoS2 electrodes, respectively, that
were precycled several times to drive the 2H-1T conversion.
To reiterate, we are not studying the semiconductor to metal
phase transformation. We are studying the phase stability of
the metallic 1T phase during charge storage to understand the
origins of fast charge storage in nMoS2. Any resulting changes
in the atomic structure of the host lattice will be reflected in
changes to the peak positions in the X-ray diffraction patterns,
since Li-ions are preferentially inserted and stored in the van
der Waals gap of the material.
As mentioned earlier, first-order phase transitions are not

suppressed in bMoS2 during lithiation. Figure 4a shows the
diffraction pattern of bMoS2 upon cycling at 0.22 C. During
lithiation of bMoS2, the (001) peak first shifts toward lower Q
values. This is then followed by a shift to higher Q at a voltage
of ∼1.76 V and is accompanied by the appearance of an
additional peak at 1.09 Å−1 that grows continuously in
intensity as the Li-ion concentration increases. During
delithiation, the structural processes that occurred during
lithiation are reversible. The peak at 1.09 Å−1 disappears, while

the (001) peak gradually returns to its original position. In
addition to this change, significant structural changes
corresponding to rearrangement of the covalent network in
the MoS2 layers can also be found in the region between 2.1
Å−1 and 2.5 Å−1. Similar to the (001) peak, the (100) and
(101) peaks shift significantly toward lower Q, and the (101)
peak merges with its shoulder peak during lithiation and then
moves back to higher Q during delithiation. These diffraction
signatures are consistent with a reversible first-order phase
change, which typically occurs when Li-ions have a low
solubility in the parent phase (the 1T-metallic phase in this
case).
Very different structural changes are found in nMoS2

compared to bMoS2 during Li-ion charge storage. Figure 4b
shows the XRD patterns of nMoS2 collected during the
operando phase change study at 0.22 C. As seen in Figure 4b,
all (001), (100), and (101) peaks shift to lower Q (0.013 Å−1)
without the emergence of any additional peaks (the distinct
shoulder at 1.09 Å−1 is not present) during lithium
intercalation and deintercalation of nMoS2, indicating the
suppression of phase transition. It is also worth noting that
unlike bMoS2, the expansion of nMoS2 lattice tracks the Li-ion
concentration linearly, like a solid solution. This lattice
expansion indicates that the fast charge storage in this system
is not limited to the surface of the nanocrystal and is indeed
related to the fact that a large portion (80%) of the theoretical
capacity being stored through capacitive mechanisms in a
process that can best be described as intercalation
pseudocapacitance.57

To further emphasize this point, three known MoS2 phases,
2H, 1T, and triclinic Li1MoS2, were compared to the
diffraction patterns for bMoS2 and nMoS2 in different states
of charge. Figure 5 shows the diffraction line pattern of the

Figure 5. Selected XRD patterns for the pristine, lithiated and
delithiated states of bMoS2 and nMoS2 with line patterns of the
three known phases of MoS2. This direct comparison indicates that
bMoS2 experiences major phase transitions between the 1T
trigonal prismatic phase to the triclinic Li1MoS2 phase, which
has also been observed in the literature. However, this phase
transition is not observed in nMoS2. Shoulders and peaks
corresponding to the triclinic LiMoS2 phase are clearly absent in
the nMoS2 at 0.8 V (all voltages reported versus Li/Li+).
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hexagonal (2H), trigonal prismatic (1T), and triclinic phases
and the synchrotron based XRD pattern of the pristine,
lithiated and delithiated states of bMoS2 and nMoS2. Prior to
the operando study cycling (after 2H-1T conversion
precycling), bMoS2 consists mainly of the expected trigonal
prismatic 1T phase with some residual hexagonal 2H phase.
The back conversion of the 1T-2H phase is known to occur
slowly at room temperature in the fully delithiated state and
probably happened during the 24-h transit period before the
samples were analyzed.43 The Li1MoS2, which is a distinctly
different phase than the 1T phase, matches the triclinic MoS2
powder pattern indicating that bMoS2 undergoes a first-order
phase change upon Li-ion intercalation.58 The full reversibility
of this phase transformation can be seen from the diffraction
patterns as the delithiated MoS2 returns to the trigonal phase,
this time with reduced hexagonal phase content. By contrast,
distinct changes in the XRD patterns are not observed in
nMoS2. If phase changes were to occur in nMoS2, even with
peak broadening due to finite size effects, a shoulder should
have appeared on the (001) peak and an additional peak
should appear at 2.1 Å−1 in the covalent region, indicating the
presence of the triclinic Li1MoS2 phase. The absence of those
peaks confirms phase transition suppression in nMoS2 and
confirms that intercalation in nMoS2 nanocrystals is
pseudocapacitive. As mentioned earlier, only a peak shift to
lower Q is observed during lithiation as a result of lattice
expansion. We note that the nMoS2 peaks are already shifted to
lower Q to begin with due to a larger than standard van der
Waals gap (6.27 Å versus 6.15 Å in bulk). Interesting, this
expansion does not affect the changes in peak position
observed during charge and discharge.
We speculate that the difference in structural changes

between the bulk and the nano could be related to kinetic
barrier.59 The phase transition found in bMoS2 could be
suppressed in the nanoscale material if the formation of stable
nuclei in a confined space was energetically unfavorable. Even
if such nuclei were formed, the formation of a phase boundary
interface would incur a significant free energy penalty.51,52,60

Thus, two-phase coexistence could be inhibited in nanocrystals
due to the limited crystallite size. The fact that each nucleation
event can only transform one crystallite could also result in
phase transition suppression and the accompanying fast
insertion kinetics. We also postulate that the miscibility gap
could be reduced in nMoS2, either because of the increased
van der Waal’s gap or because of increased surface energy
contribution to the overall system energy.

CONCLUSIONS
In order to better understand differences in charge storage
mechanisms for bMoS2 and nMoS2, we have investigated the
structural changes and phase stability that occur during the
lithiation and delithiation of both bulk and nano MoS2. We
have correlated the disparate electrochemistry of these two
samples with structural information obtained from synchro-
tron-based operando X-ray diffraction upon electrochemical
cycling. The galvanostatic voltage profiles of bMoS2 and
nMoS2 electrodes show discrete plateaus and linear voltage
responses, respectively. This behavior, along with the fast
kinetics and low polarization observed in nMoS2, suggests
battery-like behavior in the bulk material and pseudocapacitive
behavior in the nanoscale system. In agreement with this
observation, bMoS2 shows a first-order phase change between
the trigonal to triclinic phase as Li ions insert into the host

lattice. By contrast, nMoS2 shows no change other than a small
shift in lattice constant. This indicates that the pseudocapa-
citive behavior of nMoS2 is mostly due to a suppressed first-
order phase transition that occurs in the 1T phase, in a process
that can best be described as intercalation pseudocapacitance.
These results help explain the very fast cycling kinetics that has
been demonstrated for nanostructured MoS2.
Perhaps more importantly, this work adds another concrete

realization to the hypothesis that intercalation pseudocapaci-
tance can occur when ion-intercalation is not accompanied by
a phase transition. Some past studies have demonstrated this
correlation in materials that are intrinsically able to intercalate
Li+ with minimal structural change.4 Such materials have been
termed intrinsic pseudocapacitors.61 In this case, however,
materials that show standard battery behavior in the bulk are
converted to a pseudocapacitor in finite size, and that
conversion is accompanied by suppression of the standard
intercalation induced phase transition. Such materials have
been termed extrinsic pseudocapacitors,61 and this family of
materials is potentially very large and thus very interesting for
future energy storage applications. By directly correlating the
altered electrochemical kinetics with suppression of phase
transitions in finite sized materials, we strengthen this
correlation and hopefully add insight that will lead to the
future development of pseudocapacitive nanostructured
materials.

METHODS
Synthesis. All starting materials were obtained from commercial

suppliers and used without further purification. Bulk MoS2 was
purchased from Alfa Aesar. The MoS2 nanocrystals were synthesized
through sulfurization of nanosized MoO2. The synthesis of MoO2
nanocrystals has been reported elsewhere12 and is briefly described
here. The MoS2 nanocrystals were synthesized through sulfurization
of nanosized MoO2. The nanosized-MoO2 was prepared in a 45 mL
Teflon liner by dissolving 270 mg of anhydrous MoCl5 (Strem
Chemicals) in a mixture of 5 mL of ethanol and 15 mL of deionized
water at a reaction temperature of 180 °C for 6 h. The MoO2
nanocrystals were converted to MoS2 with H2S gas. The reaction was
carried out in a tube furnace at 600 °C under flowing H2S/H2 (H2S 5
mol %: H2 95 mol %, Air Gas) for 10 h. A graphite boat was used to
convert ≈100−200 mg of MoO2 to MoS2 in each synthetic run.27

Characterization. Powder X-ray diffraction (XRD) was per-
formed on a PANalytical X’Pert Pro operating with Cu Kα (λ =
1.5418 Å) using a 0.03° step size, a voltage of 45 kV, and a current of
40 mA to characterize the pristine nMoS2 diffraction. XRD patterns
were recorded in the range of 10° < 2θ < 80°. Transmission electron
microscopy (TEM) was performed using a FEI Technai T12
operating at 120 kV. Operando XRD was performed at SSRL at
beamline 11-3 at an X-ray energy of 12300 eV. Operando data was
collected using a MAR 345 Image Plate with 130 mm work distance.
Data was collected from Q = 0 to 5.5 Å−1.

Electrochemistry. Carbon-based slurry electrodes were made and
used for all electrochemical cycling. Electrodes have an overall
composition of 70 wt % active material (nMoS2 or bMoS2):10 wt %
vapor grown carbon fibers (Sigma-Aldrich):10 wt % carbon black
(Alfa Aesar):10 wt % polyvinylidene fluoride (Kynar) binder, all
dispersed in N-methyl-2-pyrrolidone (Alpha Aesar). All components
were mixed in a mortar and pestle to obtain a homogeneous paste and
cast onto a 25 μm carbon-coated aluminum current collector. The
slurry was dried in ambient temperature for 5 h prior to drying in a
vacuum oven for 15 h at 125 °C. The mass loading of the electrodes
was 3.42 mg cm−2 and 5.82 mg cm−2 for bMoS2 and nMoS2,
respectively. These electrodes were cycled from 1.0 to 2.7 V in
Swagelok cells using lithium metal counter electrodes, glass fiber
separator (Watman), and 1 M LiPF6 electrolyte in 1 ethylene
carbonate:1 diethylene carbonate by volume (Sigma). nMoS2 samples
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were cycled using VSP potentiostat/galvanostat (Bio-Logic) at a 0.2 C
rate (138.6 mA h g−1), while the bMoS2 electrodes were cycled on
Arbin using at a 0.2 C rate (50 mA h g−1).
After precycling, the electrodes were taken out of the Swagelok

cells in an Ar-filled glovebox and reassembled into in a coin cell with 3
mm holes and Kapton tape windows for the operando studies. The
Kapton tape window was chosen for X-ray transparency. The coin
cells were stored in an Ar atmosphere until cycling was performed to
prevent exposure. Due to time constraints, all cycling was performed
at 0.22 C for the operando studies at SSRL.
Data Processing. All diffraction intensity data is plotted as a

function of the scattering vector length Q = θπ
λ

sin( )4 , where θ is half

of the scattering angle, and λ = is the wavelength of the incident
radiation; the d-spacing thus is simply π2

Q
.

All diffraction peaks were normalized to the Al peak using an Area
Diffraction Machine. Background subtraction of all spectra was later
performed in Origin. Diffraction of a blank cell (a regular coin cell
with a Kapton window containing all components except the active
material) was used as the background diffraction pattern.
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