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Abstract: 

Pseudocapacitors are an emerging class of energy storage materials that offer an attractive compromise 

between the energy density of batteries and power density of electric double-layer capacitors. 

Decreasing particle size and increasing surface area of battery materials is a common approach for 

introducing pseudocapacitive behavior and increasing power density. However, in many cases, as the 

crystal size is reduced, lattice disorder of unknown extent is also introduced, making it difficult to 

untangle the relative contribution of size and disorder to fast-charging performance. In this work, a 

series of nanostructured MoS2 structures were synthesized with different crystallite sizes and degrees of 

crystallinity to decouple the effects of size and disorder on charge/discharge kinetics.  The extent and 

type of disorder in each material was quantified by total x-ray scattering experiments and pair 

distribution function analyses. Electrochemical characterization, including galvanostatic rate capability, 

cyclic voltammetry, and various kinetic analyses, were used to demonstrate that both decreasing 

particle size and introducing lattice disorder are effective strategies for increasing charge storage 

kinetics, and that the effects are additive.  Finally, operando X-ray diffraction measurements showed 

that both size and disorder can be used suppress first-order Li intercalation-induced phase transitions, a 

key feature for enabling pseudocapacitive charge storage.   
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1. Introduction 

 As we move towards replacing traditional combustion engine-based vehicles with electric 

vehicles (EVs), some drawbacks inhibiting widespread usage of EVs are the short driving range and 

long charging times.1 These limitations are a direct result of the slow Li-ion diffusion rate in bulk 

battery materials. Li-ion batteries (LIB) reach full charge within hours but re-fueling a gasoline-

powered vehicle takes only minutes. This disparity highlights the need for energy storage devices 

that can support both high energy density and power density. A class of materials that are attracting 

increasing interest are pseudocapacitors.  These materials utilize Faradaic redox reactions and thus 

offer higher energy density than electric double layer capacitors (EDLCs), while simultaneously 

providing higher power density than standard LIB materials, by employing surface or near-surface 

redox sites.2-6  

 Conventional LIB materials store charge through Faradaic redox reactions occurring in the 

entire bulk material. This mechanism affords high energy density, but the power density is limited by 

slow solid-state Li+ diffusion. In many materials, as Li+ is inserted, at some critical Li+ concentration, a 

first-order phase transformation occurs between the Li-poor and Li-rich phases.7-9 The intercalation-

induced phase transformation requires symmetry breaking and large rearrangements of the crystal 

lattice and limits kinetic performance since the Li+ diffusion rate is linked to the movement of the 

phase boundary. Repeated charging and discharging with large structural changes also induce stress 

in the material and long-term capacity fade.  

Pseudocapacitors also store charge through redox reactions, but the rate performance is no 

longer limited by semi-infinite diffusion.10 This can often be achieved by nanostructuring a battery 

material so that more redox occurs near the surface and ion diffusion lengths are shortened. As a 

result, the material can charge within minutes, and the electrical response of a pseudocapacitive 

material more closely resembles that of a capacitor. This can be observed in a plot of the voltage vs. 

charge stored during galvanostatic cycling (GV), where a capacitor shows a linear response as 

function of charge, while a battery material exhibits voltage plateaus at the redox potential where a 

phase transformation occurs. These two mechanisms can also be distinguished in the cyclic 

voltammogram (CV), where a battery material shows large peak currents near the redox potentials 

but little current elsewhere in the potential window. In contrast, a capacitor shows a broad current 

response throughout the entire voltage window, resulting in a more “box-like” CV. A 

pseudocapacitive material often exhibits a pseudo-linear GV curve, indicating lack of intercalation-

induced phase transitions, and a nearly rectangular CV with significantly broadened redox peaks. 
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Therefore, a pseudocapacitor utilizes the charge storage mechanism of a battery while 

demonstrating electrochemical performance similar to a capacitor.11 Most importantly, an essential 

structural feature of pseudocapacitive materials is the suppression of first-order phase transition 

upon Li (de-)intercalation due to the kinetic limitations associated with such transitions. 9-15  

Numerous studies have shown that by decreasing the crystallite size of conventional battery 

materials, pseudocapacitive charge storage (or fast-charging rate performance) can be achieved in 

materials such as LiCoO2,
16 MoO2,

17,18 TiS2,
13,19 nanocrystal MoS2,

20,21 and others.22,23 In an ion 

intercalation host, the diffusion coefficient, D, is related to the diffusion length, L, by the time 

constant,   , which represents a characteristic time scale for diffusion (Equation 1).  

    
  

 
      (1) 

Decreasing the crystal size effectively shortens the diffusion length that intercalating ions must 

travel, thereby speeding up the charging and discharging time. In the absence of a phase transition, 

the diffusion coefficient is the kinetic rate constant for Li hopping through lattice sites and can be 

expressed as a function of the hopping activation energy barrier.24,25 

      
   
         (2) 

However, when a Li+ intercalation-induced phase transition occurs, this intrinsic diffusion constant 

becomes tied to the movement of the phase boundary rather than the Li+ ion. Therefore, the phase 

transition limits the diffusion rate. To increase the diffusion coefficient, we also consider material 

design principles that modify the energy landscape and lower the barrier for traversing the crystal 

structure.  

One strategy is to intentionally incorporate disorder into the crystal. For example, cation 

disorder in otherwise fully crystalline anode materials has been computationally found to increase 

performance as it results in local Li environments differing from one unit cell to the next, 

suppressing long-range lithium ion ordering and offering multiple site/pathway options for 

intercalating Li ions.26 A large number of the fastest currently known bulk anode materials are such 

innately cation disordered materials such as Wadsley-Roth shear phases or mixed metal oxide 

bronze phases.27,28 Similarly, cation and vacancy disorder have been observed to increase Li-ion 

conductivity in solid-state electrolytes by reducing the energetic barriers along diffusion 

pathways.29,30 Another extensively studied example of this approach is the development of the fast-

charging layered cathode material, LiNi0.80Co0.15Al0.05O2 (NCA), from parent structures LiNiO2 and 
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LiCoO2 by introducing substitutional disorder in the form of cation dopants.31,32 Both LiNiO2 and 

LiCoO2 undergo first-order phase transformations during Li cycling, as evidenced by distinct voltage 

plateaus in the GV profile and through operando x-ray diffraction (XRD) studies.33,34 However, the 

inclusion of both cations and Al3+ results in solid-solution Li intercalation behavior, and an increase in 

the diffusion coefficient.35 Another example of disorder suppressing intercalation driven phase 

transitions and enabling faster Li diffusion can be found when MoO3 is reduced to pseudocapacitive 

MoO3-x by including oxygen vacancies.36 Unfortunately, while specific examples are available in the 

literature, a systematic understanding of how disorder leads to pseudocapacitive charge storage is 

lacking. Additionally, the interaction of disorder with size remains poorly understood. Therefore, in 

this work, we aim to elucidate the intertwined roles of size and disorder in enabling 

pseudocapacitive charge storage.  

Molybdenum disulfide (MoS2) is a layered van der Waals (vdW) material that has 

demonstrated success as a Li+ intercalation material due to its tunable vdW gap size. Many studies 

focus on its four-electron conversion reaction reducing MoS2 to Mo metal and Li2S by cycling down 

to 0.0 V vs Li/Li+.37-39 Although this reaction provides a high gravimetric capacity, it results in large 

structural distortions and poor reversibility. Therefore, we focus on the highly reversible one-

electron intercalation reaction occurring between 1.0 – 2.7 V with a theoretical capacity of 167 mAh 

g-1 (Equation 3).40  

MoS2 has been synthesized in a variety of architectures such as exfoliated graphene-like 

sheets,38,41-44 nanoparticles,12,45,46 nanorods,47,48 thin films,49 and nanoflowers50,51 which have shown 

improved Li+ insertion performance compared to bulk MoS2.
52 This faster and more reversible Li+ 

intercalation in MoS2 nanostructures has been attributed to the higher surface area, shortened 

diffusion length, and expanded vdW gap size, enabling faster ion diffusion. However, it has been 

difficult to resolve to what extent pseudocapacitive charge storage in nanostructured MoS2 is caused 

by the reduced crystal size as opposed to lattice disorder because nano-MoS2 always tends to be at 

least partly disordered. The disorder may take the form of stacking faults, expanded vdW layer 

spacing, vacancies, strain, and more.53 

We note that as synthesized MoS2 generally exists in the 2H structure, where the 

molybdenum atom sit in a trigonal prismatic coordination environment with the six neighboring 

(3) MoS2 + x e
-
 + x Li

+ ⇌ LixMoS2  (0 ≤ x ≤ 1) 

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202304896 by N
ational E

nergy T
echnology L

aboratory, W
iley O

nline L
ibrary on [15/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

5 

sulfur atoms.49,54 Upon intercalation of Li+ during the first few cycles, an irreversible phase transition 

from the 2H to the 1T phase occurs where the sulfur planes glide and the molybdenum atom is now 

in an octahedral coordination environment.55-57 Li+ insertion is also accompanied by reduction of 

Mo(IV) to Mo(III), which changes the band structure from the semiconducting 2H to metallic 1T 

phase.58,59 Therefore, it is important to complete transformation of all the material to the 1T phase 

before rate cycling and to differentiate the 2H to 1T phase transition (evidenced by a voltage plateau 

at ~ 1.1 V vs Li/Li+) from the reversible Li intercalation reaction that will be discussed throughout this 

paper. 

In this paper, we have synthesized a set of nanostructured MoS2 samples with controlled size 

and disorder to deconvolute the contribution of both these effects in enabling pseudocapacitive 

charge transfer. We demonstrate that both reducing the crystal size and introducing lattice disorder 

can cause suppression of Li-intercalation induced phase transitions and synergistically enhance 

kinetic performance. The effects are also additive.  Overall, this work suggests that either nanoscale 

size or crystal disorder can lead to pseudocapacitive properties, but the mechanism by which they 

do so may vary significantly. 

 

2. Experimental 

Materials: Ammonium molybdate (para) tetrahydrate (NH4)6Mo7O24•4H2O (99%, Alfa Aesar), 

ammonium persulfate (APS) (98%, Alfa Aesar), ammonium lauryl sulfate (ALS) (~30% in H2O, Sigma 

Aldrich), methyl methacrylate (MMA) (contains ≤30 ppm MEHQ as inhibitor, 99%, Sigma Aldrich). 

Bulk MoS2 was purchased from Beantown Chemical and stored inside an Ar glovebox. H2S for 

sulfurization was purchased as a mixture of H2 (95%)/H2S (5%) from Airgas.  

 

2.1 Synthesis of poly(methyl methacrylate) (PMMA) colloids: PMMA colloids 60 – 80 nm in 

diameter were used as organic template to create a porous structure in the MoO2 precursor. The 

synthesis is adapted from Wang et al.60 A three-neck flask fitted with a condenser and septum was 

loaded with 165 mL of milliQ water, 0.3 mL of ALS solution, and 0.075 g of APS.The solution was 

bubbled under N2 for 20 – 30 mins while stirring to remove O2 and prevent premature 

polymerization. Then, the three-neck flask with MMA was heated in an oil bath to 65˚C, and 12.55 

mL MMA was injected. After, the reaction was stirred and heated at 70 – 75˚C for 1 hour. The final 
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colloid solution was purified by liquid-liquid extraction in a separatory funnel with hexanes to 

remove any unreacted precursors. Size of the colloids was confirmed by scanning electron 

microscopy. Mass density of the colloid solution was measured using thermogravimetric analysis 

(TGA). 

 

2.2.a Synthesis of mesoporous MoO2 precursor: Mesoporous MoO2 was used as the precursor for 

the small disordered (sd) and small crystalline (sc) samples. In a typical synthesis, 200 mg ammonium 

molybdate tetrahydrate was dissolved in the PMMA solution (200 mg total PMMA, determined 

based on the density of PMMA in the solution). The precursor solution was frozen by adding 

dropwise to liquid nitrogen. Once frozen, the solution was lyophilized for at least 12 hours to obtain 

a dried white powder. The dried powder was calcined under Ar at 675˚C for 1 hour to burn out 

polymer templates and crystallize the porous MoO2. The MoO2 product was a black powder. 

 

2.2.b Synthesis of α-MoO3 nanoparticle precursor: Nanoparticle MoO3 was used as the precursor 

for the large disordered (LD) and large crystalline (LC) samples. The method is adapted from 

Nagabhushana et al.61 Approximately 3 g (2.5 mmol) of ammonium molybdate tetrahydrate was 

dissolved in de-ionized water and stirred for 30 mins at RT. 5 mL of 2 M nitric acid was added to 

reach pH ~ 1, causing the remaining precursor to complete dissolution and the solution to clear up. 

Then the solution was heated at low heat (~ 60˚) for 1 hour. The h-MoO3 product, a white powder, 

was washed with milliQ water and centrifuged for 10 mins at 4000 rpm. The h-MoO3 was heated to 

450˚C in a muffle furnace and soaked at 450˚C for 6 hours to produce α-MoO3, a white powder with 

a grey tint. 

 

2.3 Sulfurization of mesoporous MoO2/MoO3 to MoS2: Approximately 50 mg of mesoporous MoO2 

or nanoparticle MoO3 was ground with mortar and pestle to expose more surface area to flowing 

gas. The powder was loaded into a graphite boat and placed in a tube furnace. The furnace 

atmosphere was purged with Ar for 30 mins to remove O2. Then the atmosphere was changed to a 

mixture of H2 (95%) /H2S (5%). The oven was ramped to 700˚C in 1 hour and soaked for 12 hours to 

produce the disordered samples (Figure 1a and 1b). The crystalline samples (Figure 1c and 1d) were 
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annealed at 900˚C and soaked for 12 hours. Once the furnace cooled down, the atmosphere was 

flushed again with Ar for 30 mins to remove any traces of H2S. The MoS2 product was a gray powder.   

 

2.4 Raw material characterization: Scanning electron microscopy (SEM) images were obtained using 

a JEOL model 6700F electron microscope. Transmission electron microscopy (TEM) was performed 

using a FEI Technai G2 T20 high-resolution EM, CryoEM, and CryoET operating at an accelerating 

voltage of 200 kV. X-ray diffraction (XRD) patterns were collected with a PANalytical X’Pert Pro 

diffractometer operating with Cu Kα (λ = 1.5418 Å) using a 0.05° step size, an accelerating voltage of 

45 kV, and a current of 40 mA. XRD patterns were collected from 10 – 80˚. Nitrogen porosimetry was 

carried out using a Micromeritics TriStar II 3020 porosimeter.  

 

2.5 Total scattering (TS) / pair distribution function (PDF) analysis: Powder samples of MoS2 were 

submitted to the mail-in program at the Advanced Photon Source (APS) Beamline 11-ID-B for 

ambient measurements. Powders were loaded into 1.1 mm Kapton capillaries, which were sealed 

with epoxy on both ends. X-ray energy of 58.6 keV (λ = 0.2115 Å) was used. CeO2 was used as a 

calibration standard. 2D data calibration, integration, and Fourier transform to obtain PDF G(r) was 

done in GSAS-II.62 PDFgui was used to simulate reference phase PDF patterns and refine structural 

parameters of experimental PDF data from 1 to 12 Å.63 Crystal structures for the 2H and 3R MoS2 

(Schonfeld, COD ID: 9007660) were obtained from Crystallography Open Database.64,65 Crystal 

structure for 1T-MoS2 was obtained from Materials Project Database.66 An expanded layer model 

was constructed by expanding the van der Waals gap of the 2H phase by 20%. Although we 

recognize this model is likely not an energetic minimum, it is sufficient for modelling the changes in 

scattering intensity as layers of MoS2 are no longer correlated. Values of Qdamp = 0.038 and Qbraod = 

0.02 were used to correct for instrument broadening.  

 

2.6 Electrode fabrication and electrochemical cycling: Slurry electrodes were composed of 70% 

active material, 10% carbon black, 10% carbon nanofibers, and 10% polyacrylic acid (PAA) as the 

binder. Dry powders were first ground up in a mortar and pestle several times. PAA was added as a 

3% by mass solution in benzyl alcohol. The wet mixture was ground up several more times until it 

became a viscous paste. Slurries were cast using a doctor blade onto carbon-coated aluminum foil 

with ~1 mg/cm2 mass loading and dried overnight in a vacuum oven at 140˚C to remove residual 

solvent. Electrode discs with area of 0.71 cm2 were punched out and assembled inside an Ar-filled 
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glovebox into 2032 coin cells with 2 stainless steel spacers, a stainless steel spring, and a glass fiber 

separator. Polished Li foil was used as the counter and reference electrode. Commercial grade 1 M 

LiPF6 in 1:1 ethylene carbonate (EC):dimethylene carbonate (DMC) was purchased from Sigma-

Aldrich and used as the electrolyte. Before any electrochemical characterization, all samples were 

first pre-conditioned by galvanostatic cycling (GV) at 1C ten times to completely transform 2H-MoS2 

to 1T-MoS2 for good conductivity (Figure S1). After this precycling process, electrochemical 

impedance spectroscopy (EIS) was conducted between 900 kHz and 100 mHz using a 10 mV input at 

1.0 V vs. Li/Li+. All MoS2 samples showed relatively low charge transfer resistance similar or lower 

than other examples in the literature, with only minor sample-to-sample differences due to 

electrode variability (Figure S2).12,67 

Galvanostatic cyling between 1.0 – 2.7 V (vs. Li/Li+) was then performed at multiple C-rates 

(1C, 5C, 10C, 20C, 40C, 60C, 80C, 100C), with the 1C rate defined by the theoretical capacity for Li+ 

insertion of 167 mAh/g. Cyclic voltammetry (CV) data was collected between 1.0 – 3.0 V (vs Li/Li+) at 

multiple scan rates (0.1, 0.2, 0.3, 0.4, 0.5, 1.0 mV/s) to perform kinetic analyses. To estimate 

diffusion coefficient as a function of state of charge (SOC), galvanostatic intermittent titration 

technique (GITT) was performed. For the GITT experiment, cells were first de-lithiated to 2.7 V at a 

C/2 rate, then a C/10 current pulse was applied for 30 mins followed by a 2 hr rest period (no 

current applied). The pulse-rest-pulse-rest sequence was repeated until the cell reached 1.0 V. While 

the potential window used here for MoS2 makes it generally more suitable for use as an anode, for 

testing purposes MoS2 electrodes were studied in a half cell configuration versus a Li metal anode. 

 

2.7 Operando XRD: Operando diffraction experiments were conducted at the Advanced Photon 

Source (APS) and the Stanford Synchrotron Radiation Lightsource (SSRL). Experiments were carried 

out using pouch cells made with aluminized mylar, Ni and Al leads, and glass fiber separators. 1M 

LiPF6 in 1:1 EC:DMC was used as electrolyte. Li metal was used as counter and reference electrode. 

Pouch cells were pressurized using beryllium windows during operation. Figures S14 and S15 

compare data from pouch cells and modified coin cells to demonstrate the influence of operando 

cell design. For the modified coin cells there, the outer casing for positive and negative electrodes 

were machined with a 1/8 hole in center, taped over with Kapton, while the two 0.5 mm spacers 

inside the cell were machined with 3/16 holes in center. The X-ray energy at SSRL beamline 11-3 was 

12.7 keV (λ = 0.9763 Å). Collection times for each diffration pattern at SSRL ranged from 30 – 60 

seconds. X-ray energy at APS beamline 17-BM is 51.5 keV (λ = 0.24075 Å). Collection times for each 

diffration pattern at APS ranged from 3 – 10 seconds. All cells were cycled at 1C unless otherwise 
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noted. LaB6 placed at the same sample-to-detector distance as the electrodes was used as 

calibration standard. Data integration and reduction was performed using GSAS-II.63 Peak fitting was 

performed in Igor.  

 

2.8 Statistical Analysis: Data were processed with standard protocols as specified in the respective 

sections of the experimental. In summary, PDF data was calibrated, integrated, and Fourier 

transformed in GSAS-II software and refined to simulated reference patterns with PDFgui software. 

Electrochemical data were normalized by mass of active material for specific capacities, or 

normalized to the capacity at 1C rate when specified. Operando XRD data was calibrated, integrated, 

and reduced in GSAS-II sofware, with peak fitting for structural analysis performed in Igor. 

 For all figures, data shown is from non-averaged, representative samples with statistical 

uncertainty specified in the figure caption as necessary. For PDF fitting, scale factor refinements 

have uncertainities of ±5% based on unavoidable error with multi-phase refinement. PDF was run 

separately on 2 - 5 syntheses of each type of MoS2 to ensure a representative sample was fit. 

Electrochemical performance is representative of at least three cells within 5% deviation, while 

capacity values shown have uncertainty of 2% based on statistical error in determination of active 

mass. Linear fit b values shown in Figure 5 have errors of approximately ± 0.05 or lower based on the 

quality of fits, which are shown explicitly in Figure S12.   

 

 

3. Results and Discussion 

 

3.1. Material Characterization 

A set of four representative samples of MoS2 were synthesized and compared to de-

convolute the effects of size and disorder. The small disordered (sd) and small crystalline (sc) 

samples were synthesized using gas-phase sulfurization of crystalline mesoporous MoO2. Compared 

to direct crystallization, this method allows for improved retention of nanoscale architecture and 

introduction of crystal disorder in the resulting MoS2.
47,68 The large disordered (LD) and large 

crystalline (LC) samples were produced through the same gas-phase sulfurization process, but 

starting with MoO3 nanoparticles.  
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SEM images of the small disordered (Figure 1a) and small crystalline (Figure 1c) samples 

show a porous structure well-preserved from the mesoporous MoO2 precursor (Figure S3) with pore 

wall thicknesses around 20 - 40 nm. Large disordered (Figure 1b) and large crystalline (Figure 1d) 

samples show particle sizes 200 – 400 nm in diameter. X-ray diffraction (XRD) patterns of the as 

synthesized mesoporous MoS2 (Figure 1e) match JCPDS reference 2-0132 for MoS2. No remaining 

MoO2 or MoO3 impurities were observed in the XRD, demonstrating the reaction went to 

completion. There is significant peak broadening and overlap, such that only the (002) peak at 14.4˚ 

is well-resolved. By fitting the (002) peak to a Voigt function and using the full width at half max 

(FWHM) in the Scherrer equation, an average particle size for sd-MoS2 and LD-MoS2 was estimated 

to be ~ 5 nm.  

The observed size in SEM is much larger than the size predicted by the Scherrer equation, 

suggesting that the diffraction broadening is dominated by lattice disorder effects, rather than size 

effects alone. Because size and disorder both contribute to peak broadening in the XRD, the 

calculated “size” from the Scherrer equation is more suitably called a “crystalline coherence length.” 

The lattice disorder can also be directly observed in the high-resolution transmission electron 

microscopy (HR-TEM) images of LD MoS2 (Figure 1f,g). Most regions of the material show small 

lattice domains with different orientations within a single particle, although some parts do show 

larger, but still relatively small, lattice domains. The large amount of lattice disorder in these samples 

is typical of many MoS2 nanomaterials.12,38,41-51 Still, since the large samples also show considerable 

peak broadening, it is likely that disorder is introduced during the sulfurization process. The 

conversion of the existing crystal domains of MoO2 or MoO3 to MoS2 can result in a strained, 

disordered lattice, even when the physical particle size remains large. In contrast, the XRD pattern of 

commercial bulk MoS2 (Figure S4) shows very narrow and well-resolved peaks.  

By increasing the sulfurization temperature from 700˚C (small and large disordered) to 900˚C 

(small and large crystalline), the diffraction peaks sharpen while the physical crystal size according to 

SEM looks nearly the same (Figure 1a-d).  A detailed analysis of the wall thickness distribution for the 

small disorder and crystalline materials further confirms their similar physical size (Figure S5). XRD, in 

contrast, shows how the large and small crystalline and large and small disordered materials are 

similar.  In the region near 60˚, the two peaks corresponding to (110) and (008) planes are 

broadened into one peak in the disordered (Fig 1e, top) samples, while in the crystalline samples (Fig 

1e, bottom), the peaks are well resolved. Similarly, in the 70 – 80˚ region, there are three peaks 

distinguishable in the crystalline samples, but they are broadened into one feature in the disordered 
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samples. Because the physical particle size looks nearly the same between sd/sc and LD/LC, we 

attribute the diffraction peak sharpening to increasing order in the lattice as the annealing 

temperature is increased, rather than particle growth. Because “disorder” is a property which is 

often ambiguously defined, we use this diffraction sharpening criterion to distinguish between 

“disordered” and “crystalline” samples, although all samples contain some degree of lattice disorder 

in comparison to bulk material.  

 

Figure 1. SEM images of a) small disordered (sd) MoS2, b) large disordered (LD) MoS2, c) small 

crystalline (sc) MoS2, and d) large crystalline (LC) MoS2. Panel e) shows that the XRD patterns for sd-

MoS2 (red) and LD-MoS2 (blue) display significant peak broadening and disorder while sc-MoS2 (pink) 

and LC-MoS2 (green) show more well-resolved diffraction peaks, especially at 60˚ and 70-80˚. Black 

reference pattern is JCPDS 2-0132 for MoS2. (F) High resolution transmission electron micrographs 

(HR-TEM) of LD-MoS2 showing a disordered region with small grains oriented in different directions. 

(G) HR-TEM showing a more ordered region of LD-MoS2 with several coherent crystal domains 

extending across tens of nanometers. Insets show Fourier transforms of the micrographs. 
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To further verify that the size of the small mesoporous samples could be controlled 

independently of disorder, surface area measurements on sc-MoS2 and sd-MoS2 were performed 

and were found to be 12.2 and 15.0 m2 g-1, respectively (Figure 2a,b). Their porosities were 

calculated to be 22% for sc-MoS2 and 16% for sd-MoS2, demonstrating a mesoporous network for 

ionic conductivity and electrolyte penetration. While the surface area and porosity between sc-MoS2 

and sd-MoS2 samples is very similar, the small crystalline shows a higher average pore diameter 

(13.8 nm compared to 9.2 nm) and a broader size distribution of pores (Figure 2c,d). Surface area 

and porosity for the MoS2 products is lower than that of the mesoporous MoO2 precursor and pore 

size is slightly larger (Figure S6), indicating that some rearrangement must occur during the 

sulfurization process. The unit cell of MoS2 is larger than that of MoO2, so as the oxide converts to 

the sulfide, overall porosity is expected to decrease. During the annealing process, the porous 

network may also restructure to reduce high-energy pore necks. Presumably, a hotter annealing 

temperature allows for more rearrangement, explaining why the pore diameter distribution is 

broader for the small crystalline MoS2 than the small disordered.  

Because the large crystalline and large disordered samples have grain and pore sizes on the 

order of hundreds of nanometers, their surface area is outside the limit of detection for most 

porosimetry systems, but it can be assumed to be low. However, as the surface area and porosity 

are not significantly different between the small disordered and small crystalline samples, it is clear 

that increasing the calcination temperature from 700˚C to 900˚C does not have a significant effect 

on the grain size of the product, even though it does dramatically change the lattice disorder.  As a 

result, the surface areas for the large crystalline and large disordered materials are expected to be 

effectively the same. We have thus demonstrated that we can synthetically control the degree of 

lattice disorder by simply increasing the annealing the temperature, and we can independently 

control particle size by increasing the size of the MoO2 or MoO3 precursor. 
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13 

 

Figure 2.  Nitrogen porosimetry adsorption/desorption isotherms for (a) sc-MoS2 and (b) sd-MoS2. 

Adsorption BJH pore size distributions for (c) sc-MoS2, and (d) sd-MoS2. 

 

 To elucidate the nature of the disorder present in our nanostructured MoS2, we collected 

total x-ray scattering at APS BL 11-ID-B. The total scattering technique collects both Bragg and 

diffuse scattering from the sample.69-71 By taking the Fourier transform of the total scattering, the 

atomic pair distribution function (PDF) is calculated, which gives all atom-atom correlations within 

the material, regardless of long-range order. Therefore, the PDF enables us to characterize structural 

information (atom-atom distances) about amorphous or disordered regions in the material and give 

insight to short-range order.  

 The first two peaks in the PDF at 2.41 Å and 3.16 Å (Figure 3a) correspond to the nearest 

Mo-S bond within one trigonal prism and the Mo-Mo/S-S correlations within one layer in the 

neighbouring unit cell, respectively.65 Peaks below 5 Å can be assigned to distinguishable bond 
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distances within the MoS2 unit cell by observation, but above 5 Å, the PDF peaks no longer 

correspond to unique bonds, as they contain contributions from multiple atom-atom distances 

within a periodic system. However, the presence of higher-r peaks indicates the extent of long-range 

order. By simulating the PDF from crystal structures of MoS2, higher-r peaks can also be decomposed 

into contributions from Mo-Mo, Mo-S, or S-S correlations (Figure S7). We note that the sulfur 

contribution to the total PDF is significantly less than that of molybdenum, since x-ray scattering 

power is proportional to atomic number. Therefore, sulfur atom positions in the sample that deviate 

from the ideal crystal structure should result in a modulation of PDF peak intensity, rather than 

appearance of new PDF peaks. 

The bulk MoS2 shows strong correlations going out to 7 nm and higher (Figure S8), as 

expected for a fully crystalline material. As r increases, all of the nanostructured samples display a 

steeper decrease in intensity of the G(r) than the bulk, with the disordered samples showing a 

greater decay in intensity than the crystalline samples (Figure S9), indicating, unsurprisingly, that 

there is less long-range ordering in the more disordered samples. Due to this decline, all fits 

described in this section were conducted over a range of 1 - 12 Å, where there is still enough local 

ordering (indicated by the sharpness of the peaks) to meaningfully refine the data. For all samples, 

the PDF up to 5 Å is nearly identical, indicating that all have the same local ordering within one unit 

cell and that the Mo-S bond lengths and intralayer Mo-Mo distances are the same in each sample. 

However, differences begin to appear at ~5.5 Å. Notably, the peaks at 5.5 Å, 7.2 Å, and 7.88 Å, show 

a systematic decline in intensity as both size and order decrease. 
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Figure 3. Crystal structure models used to simulate PDF. (a) Experimental PDF for bulk, large 

crystalline, large disordered, small crystalline, and small disordered MoS2 overlaid with simulated 

PDF patterns. PDF was run separately on 2 - 5 syntheses of each type of MoS2 to ensure that 

representative sample were presented here.  (b) standard 2H MoS2 with A-B-A layer stacking. (c) 3R 

MoS2 polymorph with A-B-C layer stacking, used to simulate the effect of stacking faults and layer 

shifting. (d) 1T MoS2, used to simulate disorder within the S-Mo-S layers (e) Expanded layer model 

derived from the 2H structure with an expanded vdW gap.  

 

To determine what types of lattice disorder affect specific correlations, reference PDF 

patterns were simulated for the standard 2H MoS2 crystal structure (Figure 3b), the 3R polymorph 
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(Figure 3c), the 1T metallic phase (Figure 3d), and a version of the 2H phase with vdW layer 

expanded (Figure 3e).  3R-MoS2 is another naturally occurring polymorph that is less common than 

2H and has a rhombohedral unit cell with Mo atoms in a trigonal prismatic coordination 

environment.64,72,73 The unit cell of 2H-MoS2 contains two S-Mo-S layers oriented anti-parallel to 

each other (illustrated by the direction of the S-Mo-S triangles in the cartoon in Fig 3b-d) in an A-B-A-

B stacking pattern. In contrast, 3R-MoS2 has three distinct S-Mo-S layers oriented parallel to one 

another, with the third layer is offset so that 3R has an A-B-C stacking pattern. Therefore, the 3R-

MoS2 crystal structure is used to simulate the effect of layer shifting disorder or stacking faults in 

PDF. The 1T phase of MoS2 (Figure 3d) is a metallic phase related to the 2H phase by the shifting of 

the sulfur plane. 1T MoS2 is generally unstable under ambient conditions and converts to the 2H 

phase; we use it here to simulate disorder within the S-Mo-S layers. Finally, the expanded layer 

model (Figure 3e) is derived from the 2H structure and used to simulate the effect of layer expansion 

disorder in the PDF. From the simulated patterns, it is evident that the decline in intensity at 5.5 Å 

can be caused by layer shifting and disorder within the layers (the expanded layer model also gives a 

decline in intensity, but shifts the peak position to a lower r that is not present in the experimental 

data), both layer shifting and layer expansion cause a decline in intensity at 7.2 Å, while the decline 

in intensity at 7.88 Å is may be due to either layer expansion or disorder within the layers. This 

suggests that layer shifting, layer expansion, and disorder within layers all exist in our 

nanostructured MoS2 materials and contribute to faster Li+ ion diffusion.  

To quantify the different types of disorder occurring in each sample, a multi-phase 

refinement using 2H, 3R, 1T, and expanded layer crystal structures was performed (Table 1). A 

comparison of the experimental and refined data can be found in the SI (Figure S10). These 

refinements estimate the different types of disordered phase present in these materials. We note 

that, due to the inherent uncertainty of fitting multiple phases to complex PDF data, the numbers 

should be taken as general ranges within ±5%, rather than exact quantifications. As a control, PDF 

data for micron-scale bulk MoS2 was refined both with the multi-phase fit including all structures, 

and with a single-phase 2H fit (Table S1). Adding additional phases to the bulk refinement did not 

improve the fit, and in some cases even worsened the fit, indicating that the bulk is effectively 

entirely the 2H phase and any disorder is only present in trace amounts. For the two crystalline 

samples, refining the 2H and 3R phases alone gives reasonable agreement with the experimental 

data (Table S2), although small amounts of the 1T and expanded layer phases do slightly improve the 

fits. By contrast, the refinements for the two disordered samples improve significantly when all four 

phases are included.   

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202304896 by N
ational E

nergy T
echnology L

aboratory, W
iley O

nline L
ibrary on [15/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

17 

Based on the refinements, the crystalline samples contain significantly more of the 2H phase 

than the disordered samples (0.63 – 0.67 compared to 0.45 – 0.5). For all samples, the dominant 

form of disorder occurs as the layer-shifted 3R phase. All samples also contain smaller amounts of 

the expanded layer and 1T phases in roughly equal amounts, except for the large crystalline which 

does not show a significant amount of the 1T phase. Notably, however, even the large crystalline 

sample has significant layer shifting and layer expansion compared to bulk MoS2. Additionally, the 

amount of overall disorder in the nanostructured samples is largely independent of size, and instead 

is primarily determined by the annealing temperature during synthesis. Compared to each other, the 

large/small crystalline materials contain similar fractions of the 2H phase, as do the large/small 

disordered samples. Comparing the crystalline and disordered nanostructured samples, the 

disordered materials show a larger fraction of layer expanded 2H and of disorder within the layers 

(1T); they also show decreased long-range ordering. In all samples, it is evident that the disorder 

largely takes the form of layer shifting or stacking faults. The higher annealing temperature for the 

more crystalline samples makes it possible for the lattice layers to move more freely in order to 

assemble into a structure that increasingly resembles the period 2H crystal lattice. 

 

Table 1: Normalized Scale Factor Refinements for PDF of nanostructured MoS2 

Structure 2H 
3R (layer 

shift) 

Layer 

expansion 
1T Rw 

Bulk 1.0 
   

0.16 

Large crystalline 0.67 0.17 0.11 0.04 0.16 

Large disordered 0.45 0.26 0.14 0.15 0.17 

Small crystalline 0.63 0.23 0.07 0.07 0.22 

Small disordered  0.50 0.26 0.11 0.14 0.21 

 

 

3.2 Electrochemical Characterization 

The MoS2 samples were assembled into composite slurry electrodes for electrochemical 

testing between 1.0 and 2.7 V vs. Li/Li+. The voltage range studied here for MoS2 is similar to a 
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number of other moderate voltage anode materials, including Li4Ti5O12 and TiNb2O7, which are used 

commercially in fast-charging cells.74-77 It is widely accepted that graphite and other low voltage 

anodes cannot be used for high rate cycling in practical devices, since increased overpotentials lead 

to the risk of Li plating and device failure.78,79 Anodes with moderate voltage ranges (~1.0 to 1.5 V vs. 

Li/Li+) result in lower energy density, but allow for fast-charging since there is little risk for Li plating.  

Galvanostatic charge and discharge was performed at multiple C-rates on all samples (Figure 

4a) to characterize the rate capability. Full galvanostatic charge and discharge traces at each C-rate 

can be found in the SI (Figure S11). Both the small samples (sd/sc) show the best rate performance 

at 100C (36 second charge) achieving 80 mAh g-1, while the bulk MoS2 has little to no capacity by 

60C. It can be noted that several samples (sd, LC, sc) achieve higher than theoretical capacity for 1-

electron intercalation (167 mAh g-1) at 1C, likely due to the addition of surface redox sites. Most of 

this extra capacity occurs in the redox peak near 2.7 V. This relatively high voltage rules out 

unwanted sources of extra capacity like the conversion reaction, which only occurs at voltages below 

1.0 V vs. Li/Li+, and suggest that the extra capacity is likely due to surface redox. To show a clearer 

representation of the percentage capacity retained at higher C-rates, we have normalized the rate 

capability to the experimental 1C capacity (Figure 4b). From the normalized rate capability, we can 

see that the small disordered MoS2 shows the best performance in terms of greater fraction of 1C 

capacity retained at all current densities, except at 100C where it is equal to the small crystalline 

MoS2 (39% of 1C capacity retained at 100C). The large disordered material performs almost as well, 

suggesting that both reduced crystal size and increased lattice disorder can shorten the ion diffusion 

length and improve fast-charging performance. Comparing normalized capacity across all samples at 

80C, the large crystalline MoS2 (green) shows the slowest rate performance (28% of 1C capacity), 

while the large disordered MoS2 (blue) retains 37%. Therefore, simply introducing disorder into the 

lattice of large particles can speed up Li+ intercalation significantly. We hypothesize this is because of 

the strong link between Li+ diffusion rates and structural phase transitions, which will be discussed in 

detail below. Decreasing the material size can also shorten the diffusion length and speed up Li 

intercalation, demonstrated by the small crystalline MoS2 (pink) retains 42% at 80C. Size appears to 

be a more significant effect for rate cycling, but both size and disorder can be leveraged to enhance 

the rate capability synergistically. Notably, the crystalline samples show higher capacities at slow 

rates than their disordered counterparts due. While disorder clearly benefits rate capability, it likely 

also makes some redox sites in the material inaccessible, leading to this slight variation in capacity at 

slow rates. Overall, small disordered MoS2 (red) shows the best rate capability, with 45% of its 1C 

capacity retained at 80C. When combined with a hypothetical 4V cathode, the small disordered 
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MoS2 cycled at 10C would deliver a gravimetric energy density of 300 Wh/kg with an average voltage 

of 2.3 V, along with a gravimetric power density of 3600 W/kg.  

Long-term cycling was performed on the nanostructured materials at 10C to assess their 

capacity retention over time (Figure 4c).  The small cystalline and small disordered samples both 

show excellent longevity, with 88% percent of their initial capacity remaining after 1000 cycles. The 

large disordered retains an intermediate 77% of its initial capacity, while the large crystalline 

performs the worst, retaining only 65% of its initial capacity after 1000 cycles. As with the rate 

cycling, changing size gives a greater improvement in long term performance than disorder, but both 

size and disorder can be used to independently improve the longevity of MoS2. These effects are 

likely due to changes in the phase transition behavior of these materials during cycling, which we 

characterize later.  

 

Figure 4. (a) Rate capability of bulk and nanostructured MoS2 plotted as absolute discharge 

capacities. (b) Rate capability of bulk and nanostructured MoS2 plotted as discharge capacities 

normalized to the 1C capacity to show percentage drop from 1C capacity. All nanostructured 
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materials show faster kinetics than the bulk material, and both size and disorder play a role in 

increasing discharge kinetics. (c) Long-term cycling of all nanostructured materials at 10C.  The sc 

and sd materials show the best stability, followed by the LD, and then the LC materials. 

Electrochemical performance is representative of at least three cells within 5% error. Capacity values 

have uncertainty of 2% based on statistical error in determining active mass. 

To deconvolute the fraction of charge storage coming from near-surface or “capacitive” 

processes versus diffusion-limited or “battery-like” processes, we employ several kinetic analyses. 

The first, termed the “b-value analysis”, is based on  the Randles-Sevcik equation and standard 

capacitor sweep rate dependance,80 and assumes that the current measured in a CV experiment 

follows the power law of      , where ν is the scan rate and ‘a’ and ‘b’ are fitted parameters.81 By 

taking CVs at multiple scan rates and taking the current value at peak positions (voltages where 

redox events are happening), we can fit a line through of a plot of log(i) vs. log(ν) to obtain ‘b’ as the 

slope. 
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Figure 5. CVs with peak b values of (a) small disordered, (b), large disordered, (c) small crystalline, 

and (d) large crystalline mesoporous MoS2 samples. Peak I and peak II indicate a reversible redox 

couple. Peak III and peak IV indicate a redox pair couple. CVs for sd, LD, and sc were taken at 0.1, 0.2, 

0.3, 0.4, and 0.5 mV/s sweep rate. CVs for LC were taken at 0.2, 0.3, 0.4, 0.5, and 1 mV/s. Linear fit 

slope values have errors within  0.05. 

 

Values of b ~ 0.5, as predicted by the Randles-Sevcik equation, indicate current limited by 

semi-infinite diffusion or “bulk battery-like” behavior. In contrast, when b ~ 1.0, the current varies 

linearly with the scan rate and is no longer limited by semi-infinite diffusion, indicating “capacitor-

like” behavior. Details about the goodness of fit and linear regression can be found in the SI (Figure 

S12). For all samples, including the large crystalline sample (Figure 5d), the b-values are relatively 

high, but it is clear that by decreasing crystal size (Figure 5c), or by introducing lattice disorder 

(Figure 5b), the capacitive contribution to charge storage can be increased. Both size and disorder 

effects can be leveraged to further improve pseudocapacitive charge storage and enhance fast-

charging performance (Figure 5a).   

           It is also interesting to note that by comparing both the sc/sd and LC/LD pairs, the shape of the 

CV is significantly altered. In both crystalline samples (Figure 5c and 5d), the redox peaks near 1.8 V 

and 2.6 V are more well-defined than in their disordered counterparts (Figure 5a and 5b). Size 

effects are more subtle, but a careful comparison of the sc and LC samples shows broad peaks in the 

larger materials, presumably due to kinetic limitations in the larger grains (Figure S13).  The CV 

suggests that introducing disorder into the lattice creates a broader distribution of redox sites, as the 

Li sites in a more disordered lattice will not be energetically equivalent. As disorder increases, the 

relative height of the current peak at 2.6 V compared to the 1.8 V peak appears to diminish, but the 

total charge stored in the same voltage window is the same or higher. This suggests that, in the 

disordered MoS2, the same amount of total charge is stored, but the thermodynamic potential of 

some redox sites has been lowered. Detailed CV peak positions across different samples can be 

found in the SI (Tables S3 – S6). 

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202304896 by N
ational E

nergy T
echnology L

aboratory, W
iley O

nline L
ibrary on [15/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

22 

 

Figure 6. k1 k2 analysis of (a) small disordered, (b), large disordered, (c) small crystalline, and (d) large 

crystalline mesoporous MoS2 samples, CVs taken at 0.1 mV/s.  

           Another kinetic analysis method is the “k1 k2 analysis”, first introduced by Conway and 

coworkers to characterize capacitive charge storage in molybdenum nitride, which assumes that the 

current behavior depends on the sweep rate according to the following equation:82 i = k1v + 

k2v
1/2. 𝑇his technique is another way of separating out the fraction of current originating from 

capacitive processes compared to diffusion-limited processes, but instead of allowing any scaling 

exponent, equation (3) assumes that all current must be purely diffusion controlled (1/2) or purely 

capacitive (). In the analysis, after shifting the CV peak voltages at higher scan rates to account for 

polarization, a plot of iν-1/2 vs ν1/2 can be fit to a line to obtain k1 from the slope and k2 from the 

intercept. By multiplying the k1 value at each voltage point by ν1/2, we can obtain an estimated 

current corresponding to only the capacitive contribution to charge storage, shown by the colored 

shaded region of each CV in Figure 6. This analysis has been performed on the CVs taken at the 

slowest sweep rate, 0.1 mV/s because that allows for the most diffusion controlled charge storage to 

take place. By integrating the total current obtained from the “capacitive CV” and dividing it by the 

integrated total current from the entire CV, the percentage of capacitive charge storage is 
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calculated. At voltages where the redox peaks occur, there is less capacitive contribution to the 

charge storage due to diffusion limitations. We observe again that the large crystalline sample shows 

the lowest capacitive fraction at 76% (Figure 6d), while the small crystalline and large disordered 

show a similar increase in capacitive fraction to 82% and 83% (Figures 6b,c).  Materials with both 

small size and high disorder (sd) show the highest capactive fraction at 91% (Figure 6a).  

           To evaluate the role of disorder on electrode polarization as a function of state-of-charge, we 

performed GITT experiments, where the voltage change is monitored during multiple constant 

current pulses and subsequent rest periods.83,84,85 Figure 7a shows the voltage versus time graph for 

bulk and nanostructured MoS2 during a GITT pulse-rest protocol. For each pulse step, the difference 

between the closed-circuit voltage at the end of the current pulse and the open-circuit voltage at the 

end of relaxation gives the reaction overpotential. This overpotential measures kinetic limitations 

under the quasi-equilibrium conditions of the GITT experiment. Here, we compared the 

overpotential for each sample to evaluate the effect of size and disorder on Li mobility during 

intercalation (Figure 7b). For each sample, the overpotential is low at the onset of Li intercalation, 

consistent with the fact that the Li gradient is largest in the beginning. As Li content increases, the 

overpotential increases in all samples, but to different extents. For bulk MoS2, the overpotential 

remains low until x ≈ 0.45, where it begins to increase from about 15 - 20 mV to over 200 mV. This 

result indicates that the diffusion of Li is dramatically hindered at high Li stoichiometry in the triclinic 

LixMoS2 phase. However, these effects are mitigated by size and disorder. By contrast, all 

nanostructured materials reach considerably smaller overpotentials at high Li content (x > 0.75), 

with the large crystalline showing the second-highest overpotential next to the bulk at 123 mV, 

consistent with the fact that this sample shows the worst rate performance of the nanostructured 

materials. The large crystalline, large disordered, and small disordered do not show a significant rise 

in overpotential until they reach a higher Li content compared to the bulk (x ≈ 0.65). Notably, the 

overpotential for the small disordered starts to rise shortly after the bulk at x ≈ 0.5, but quickly 

plateaus and remains lower than that of the more crystalline samples. While some reduction in 

overpotential is expected for a nanoscale material (even a larger nanomaterial like those used here), 

the differences in overpotential between the large crystalline and both the large and small 

disordered materials suggests that disorder also improves the electrochemical kinetics in the high Li 

stoichiometry regime where the highest overpotentials occur.  

 We note that GITT is commonly analyzed with the derivation of relative diffusion 

coefficients. However, this analysis is subject to a number of well-known artifacts, including dramatic 
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underestimation of diffusion coefficients in regions with flat voltage profiles where first-order phase 

transformations occur.86,87 To avoid the errors associated with these artifacts, we do not report the 

derived diffusion coefficients here. The overpotential we discuss above, in contrast, is obtained from 

the data without any assumptions and provides similar insight without the same potential for error. 

 

 Figure 7. GITT of all samples, showing (a) voltage as a function of time during pulse-rest cycles, and 

(b) overpotential as a function of state of charge. 

 

3.3 Operando XRD 

To monitor the change in crystal structure during electrochemical cycling, operando X-ray 

diffraction was conducted on the samples. For clarity, only the time evolution of the (002) peak is 

plotted since the (002) peak is the most distinct and corresponds to the vdW gap and the Li+ 

diffusion pathway. The full Q range spectra can be found in the SI (Figures S14-S16). None of the 

samples show degradation associated with conversion reactions, or the formation of Li2S or Mo 

metal, confirming that only the intercalation reaction is taking place in this voltage window.52,88 

Again, we observe that the small disordered (Figure 8a) and large disordered (Figure 8b) samples 

show significant diffraction peak broadening due to the lattice disorder, while the small crystalline 

(Figure 8c) and large crystalline (Figure 8d) show sharper (002) diffraction peaks. Only the large 

crystalline MoS2 (Figure 8d) shows a distinct phase transition upon Li+ intercalation, evidenced by the 

appearance of a new peak at Q ~ 1.05 Å-1 corresponding to the triclinic LixMoS2 phase, as observed in 

bulk MoS2. In contrast, all other samples (sd, sc, LD) show only a slight shift in the lattice spacing 

during both lithiation and de-lithiation and no symmetry breaking phase transition. Therefore, our 
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results indicate that both size and disorder effects can cause the suppression of intercalation-

induced phase transitions.  

By fitting the peak positions to Voigt functions, we have calculated the d-spacing throughout 

the operando experiment and observe that the (002) plane undergoes an initial expansion then 

contraction during both lithiation and de-lithiation (Figure 8e,f). The lattice “breathing” behavior is 

the result of a tradeoff between attractive interactions of Li+ and S2- causing lattice contraction, and 

repulsive interactions between nearby Li-Li pairs and volume change to accommodate ions causing 

lattice expansion.20,89 These different regimes of structural change can be assigned to the redox 

peaks seen for these samples. During lithiation, the first gradual decrease in lattice spacing from ~2.4 

– 2.6 V corresponds to the first redox peak, whereas the second, and largest, region of redox peaks 

involves a transition from lattice contraction to expansion, along with the first-order phase transition 

for the large crystalline sample only. Importantly, the progression of structural change in the second 

region varies considerably between the disordered and crystalline samples. Whereas the lattice 

spacing of sd/LD samples shows a gradual, linear expansion from 1.0 – 1.8 V, the sc/LC samples show 

a more abrupt lattice expansion. Paired with the observation that the CVs of sd/LD samples are more 

similarly broadened (Figure 5a,b), while the CVs of sc/LC samples show more distinct redox peaks 

(Figure 5c,d), we suggest that size and disorder effects cause suppress phase transitions and 

enhance rate capability and cycle longevity through different mechanisms. 
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Figure 8. Operando XRD of (a) small disordered, (b) large disordered, (c) small crystalline, and (d) 

large crystalline MoS2 samples cycled at 1C in pouch cells. Left panels shows the corresponding GV 

trace. (002) lattice spacing calculated from fitted peak positions for (e) small and large disordered 

samples, and (f) small and large crystalline samples. Black sticks in (a) and (d) show the reference 

pattern for 2H MoS2. Red stick patterns in (d) show reference pattern for triclinic LixMoS2. 

 

 We note that in addition to variation in the rate of peak shifting upon Li+ intercalation, there 

is also some variation in the absolute (002) peak position between samples with different sizes and 

degrees of disorder. Both of the disordered samples show the largest (002) d-spacings, and the 

peaks positions are very similar at all potentials other than the fully delithiated state. The lattice 

spacing in the LC sample (which showed a phase transition) is the smallest, but the difference is 

quite modest, particularly between LC and sc, contrary to what might be expected. This suggests 

that only a small lattice expansion is needed to suppress Li+ intercalation-induced phase transitions 
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and that at some critical vdW gap size (6.4 - 6.5 Å), the disorder plays the dominant role in 

facilitating faster Li+ diffusion.  

 

4. Conclusions 

We have synthesized a matrix of nanostructured MoS2 materials through gas-phase sulfurization of 

oxide precursors with different crystal sizes and degrees of crystallinity to decouple the effects of both 

size and disorder on electrochemical performance and phase transition behavior. Pair distribution 

function (PDF) measurements and simulations confirm that both layer shifting, disorder within layers, 

and layer expansion disorder are present, although layer shifting is the dominant form of disorder. The 

lower annealing temperature used to produce the “disordered” samples results in a decrease in long-

range ordering and less of the 2H phase compared to the more crystalline samples. Rate capability 

experiments show that both decreasing particle size and increasing disorder are effective ways to 

promote faster Li
+
 diffusion and 40% rate retention up to 100C. CV demonstrates that disorder creates 

a broader distribution of redox potentials. Both b-value and k1-k2 analyses reveal that size and disorder 

effects increase the fraction of non-diffusion-limited pseudocapacitive charge storage in the material. 

Operando XRD demonstrates that only the large crystalline MoS2 undergoes a first-order phase 

transition from 1T-MoS2 to the triclinic LixMoS2 phase, while small disordered, small crystalline, and 

large disordered MoS2 show gradual lattice expansion and contraction of the vdW gap without any 

appearance of new phases during cycling. Therefore, tuning both size and lattice disorder are effective 

methods for suppressing intercalation-induced phase transitions and introducing pseudocapacitive 

charge storage.  

 In this work, we highlighted the beneficial effects of disorder in nanostructured MoS2, which 

serves as a model non-solid-solution system where we could reproducibly tune the amount of disorder 

due to the synthetic technique.  As seen in previous studies on fast mixed-cation anode materials, 

disorder can suppress Li-ion ordering during intercalation by increasing the number of available 

intercalation sites at any given point during cycling. Decreased Li-ion ordering can also lead to the 

suppression of phase transitions. Controlling disorder in non-solid-solution materials is much more 

difficult, however, as it frequently results in poor cycling behavior. This is because, broadly, disorder 

can have both positive effects, like the decreased kinetic limitations from phase transitions that we 

highlight in this work, and negative ones, like slower Li
+
 diffusion due to poorly defined hopping 

pathways and loss of redox sites. The relative balance of these two effects determines whether disorder 

ends up as a net benefit.  The importance of controlling competing effects of disorder can be seen 

clearly in layered oxide cathode materials, like NCA and NMC. In these compounds, transition metal 

disorder within the layers is essential to suppression of phase transitions, which is beneficial for rate 

capability, as we show here for MoS2. However, antisite disorder, in which Li atoms switch places with 

transition metals in the crystal structure, impedes Li
+
 diffusion and harms performance. Clearly, not all 

disorder is beneficial, but specific kinds of disorder can be very synergistic with shortened diffusion 

lengths to achieve optimal rate capability. In cases where some lattice disorder does end up slowing 

diffusion, nanoscale size is also an effect way to mitigate those negative effects. One key conclusion of 

this work is that in systems without mixed heteroatom disorder, layer sliding and layer expansion can 

result in positive disorder effects and improved electrochemical performance. Overall, understanding 

the interplay between size and disorder in many electrode materials is key to harnessing their material 

properties toward fast-charging systems. 
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Table of Contents Entry: 

Fast charging lithium-ion batteries and pseudocapacitors can be created using nanostructured 

materials to produce short Li+-diffusion distances, combined with supression of ion-insertion driven 

phase transitions.  Such supression can result from finite-size effects or the controlled introduction 

of disorder.  Here, the interplay between size and disorder are studied in nanostructured MoS2.  

Both are found to facilitate fast charging, and they are complementary, with the fastest cycling 

found in small, disordered MoS2. 

 

 

ToC figure: 
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