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A B S T R A C T

In lithium-ion batteries, ion insertion may result in lattice expansion and phase transitions, associated with slow 
charging. Nanostructured battery materials exhibit faster rate capability due to finite size effects, yet this 
mechanism remain anecdotal. This study explains those effects using potentiometric entropy measurements to 
examine connections among ion ordering, structural phase transitions, and kinetics. Strong ion ordering is 
demonstrated in bulk tunnel-structured LixMoO2 despite the presence of a single crystallographic site for lithium. 
The largest ion ordering event coincides with the onset of a first-order phase transition and a maximum cell 
overpotential. These observations suggest that the phase transition occurs to bypass the energetic minimum of 
the ion-ordered state slowing charge storage considerably. Then, in nanoporous MoO2, ion ordering signatures 
are lessened. Accordingly, the phase transition remains first-order, but with smaller lattice mismatch and 
composition range of two-phase coexistence with a much smaller overpotential. Finally, in MoO2 nanocrystals, 
ion ordering nearly disappears and structural evolution occurs through a second-order solution process that does 
not increase the overpotential. Experimental open-circuit voltage and entropic potential observed for the three 
types of MoO2 were recreated with thermodynamic modeling on a three-site system with different extents of ion 
ordering. Finally, operando calorimetry confirmed dramatic reduction in energy losses and heat generation in 
nanostructured materials. Overall, this work provides new mechanistic understanding of the role of ion ordering 
during cycling by highlighting that decreased ion ordering in nanostructured materials, even when a first-order 
phase transition remains, enables significantly enhanced rate performance.

1. Introduction

Fast-charging Li-ion batteries (LIBs) are key to many technologies, 
including electric vehicles, which still have limited range and relatively 
long charging time compared to internal combustion engines. Currently, 
charging time in LIBs is limited primarily by the anode, since the most 
common anode material, graphite, provides high energy density but 
suffer from lithium plating when charged at high current densities [1]. 
Side reactions related to the overpotential of fast charging can also 
consume electrolyte, decrease cell life, and potentially lead to cata
strophic cell failure [1]. A number of alternative anode materials have 

been proposed for fast-charging LIBs, including Wadsley-Roth shear 
phases [2], bronzes [3], disordered rock salt materials [4,5], and tunnel 
structures [6,7]. While many of these candidates show very good rate 
capability, further improvements are still necessary. To meet these 
challenging performance requirements, it is essential to understand the 
material parameters that enable fast charging at a fundamental level.

For a typical insertion electrode, the charging process involves redox 
reactions in the host material, enabled by charges introduced through 
the current collector, combined with (de)insertion of lithium ions to 
balance the charge. To achieve full capacity, lithium ions and electrons 
must be readily available throughout the electrode, which becomes 
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increasingly difficult at high current densities. The diffusion of ions in 
solid particles of the host material is often a particularly slow process, 
and can be further limited by other factors, including the structural 
response of the host material during ion insertion and diffusion. For 
many bulk battery materials, ion insertion requires a first-order phase 
transition, in which lithium ions are accommodated by forming a new 
phase, typically with expanded lattice parameters, though a nucleation- 
and-growth-type mechanism [8]. This process can require a high acti
vation energy, so it tends to be slow, and limits ion insertion until its 
completion [8]. Alternatively, ion insertion in certain materials is 
accompanied by a second-order phase transition, or solid-solution-type 
mechanism, where Li is accommodated without forming a new phase, 
and the material's structure evolves continuously between lithiated and 
delithiated states. In this process, the lack of a discrete nucleation event 
to form another phase means that the activation energy and mechanical 
stress associated with the structure change tend to be much lower.

One common strategy to improve the rate capability of battery ma
terials is to use nanostructured morphologies of the active electrode 
material instead of dense micron-scale particles [9,10]. This approach 
can dramatically shorten the distance needed for lithium to diffuse in the 
solid host particles. Additionally, the smaller crystal domain sizes in 
nanostructured materials can alter the mechanism for phase trans
formations driven by ion insertion [11]. Together, these effects can 
dramatically improve the charging kinetics of battery electrodes, but the 
specific details of how nanoscale crystal size affects phase transitions 
remain largely anecdotal for most materials, and there is a need for a 
mechanistic understanding that can aid the design of future 
fast-charging battery materials [9].

One aspect of ion insertion that has received relatively little interest 
is the role of ion ordering. Within the lattice of a host material, the 
interstitial sites where ions diffuse and reside form an interconnected 
sublattice, and even when the physical structure of an electrode is not 
changing, the mobile inserted ions can interact within this sublattice. At 
particular filling fractions within the host, the ions may form ordered 
arrangements corresponding to energetic minima [12]. Extensive theo
retical and some experimental work has identified ion-ordered states in 
layered materials like graphite [13,14], LixTiS2 [15,16] and LiCoO2 
[17], and these effects are broadly accepted as a key component for the 
thermodynamics of ion insertion in these materials [13,18]. However, 
there is less understanding of ion ordering in tunnel structured com
pounds, which are becoming more commonly used as electrode mate
rials. For example, the best known tunnel structure material, lithium 
iron phosphate, does not appear to show ion ordering, while others, like 
some Wadsley-Roth structures, show clear, but relatively small, signa
tures of ordering [19,20].

Additionally, there is further need to understand the connection 
between ion ordering, structural dynamics, and ion insertion kinetics for 
electrode materials broadly [21]. Here, we examine the thermody
namics of lithium-ion insertion into MoO2, a potential anode material 
for fast-charging lithium-ion batteries that has a rutile-type tunnel 
structure [22]. While micron-scale MoO2 shows relatively slow kinetics, 
nanostructured morphologies of MoO2 are much faster [23–27]. 
Recently, we demonstrated that bulk MoO2's first order phase transi
tions, and the associated limitations on kinetics, are a major reason for 
its slowed charge storage [28]. For nanoscale MoO2, however, these 
transitions become partially or fully suppressed, depending on the 
crystal size, which contributes to much faster cycling kinetics [28].

In this study, we use electrochemical thermodynamics analyses to 
connect the phase transition behavior of MoO2 with ion ordering effects. 
First, we demonstrate that micron-scale MoO2 stores lithium ions in 
three separate events, despite a single site for Li in its crystal structure, 
due to ion ordering. Notably, the largest ion ordering event coincides 
with the onset of the first-order phase transition and a local maximum in 
the measured overpotentials, which indicates that ion ordering likely 
drives the need for the phase transition, and that together these events 
slow charge storage significantly. Next, we find that in nanoscale MoO2, 

with partially or completely suppressed phase transformations, that the 
signatures of ion ordering, and the related overpotential, are partially or 
almost completely suppressed, respectively. Finally, using operando 
calorimetry, we measured the heat generation of electrodes made with 
the different morphologies of MoO2 during high rate cycling and found 
dramatic decreases in heat generation for the nanostructured materials. 
Overall, this work highlights the fundamental connection between ion 
ordering and phase transformation behavior and shows that the use of 
nanostructured materials can lead to relaxation of these phenomena and 
their negative influence on cycling kinetics.

2. Materials and methods

2.1. Materials

The following materials were obtained from commercial suppliers 
and used without further purification: ammonium molybdate (para) 
tetrahydrate (NH4)6Mo7O24⋅4H2O (99%, Alfa Aesar), ammonium per
sulfate (98%, Alfa Aesar), ammonium lauryl sulfate (30% in water, 
Sigma Aldrich), molybdenum (V) chloride (99.6%, Alfa Aesar), methyl 
methacrylate (contains ≤ 30 ppm MEHQ as inhibitor, 99%, Sigma 
Aldrich).

2.2. Preparation of bulk and nanoporous MoO2

The bulk and nanoporous MoO2 samples were synthesized through a 
modified sol-gel route using freeze-drying. In this process, an aqueous 
solution of dissolved Mo precursor was frozen in liquid N2 and dried 
under vacuum, then subsequently calcined to crystallize the material. To 
produce the nanoporous MoO2, 150 - 200 nm polymer colloids were 
mixed with the initial solution of Mo precursor in order to template the 
nanoscale architecture.

Specifically, to synthesize bulk MoO2, 200 mg of 
(NH4)6Mo7O24⋅4H2O was added to 3 mL of water, then heated at 60 ◦C 
until it was fully dissolved. The resulting solution was frozen by drop
wise addition into liquid N2 and lyophilized on a Schlenk line with a 
pressure < 200 mtorr for 12 to 24 h. The dried Mo precursor powder 
was then calcined in a quartz boat for 1 hour at 625 ◦C in flowing 5%H2/ 
95%N2 with a 1-hour heating ramp and natural cooling rate.

For the synthesis of nanoporous MoO2, a similar procedure was fol
lowed with slight modifications. First, 200 mg of (NH4)6Mo7O24⋅4H2O 
was added to 2 mL of water, then heated at 60 ◦C until it was fully 
dissolved. Then, 2 to 4 mL of PMMA polymer colloid solution was added 
(depending on the density of colloids in solution) to obtain a 1:1 mass 
ratio of Mo precursor:colloid. The synthesis of the PMMA colloid solu
tion is described below. After the Mo precursor-polymer colloid solution 
was mixed thoroughly, it was frozen by dropwise addition to liquid N2 
and lyophilized on a Schlenk line with a pressure < 200 mtorr for 12 to 
24 h. The dried Mo precursor polymer composite powder was calcined in 
a quartz boat in flowing Ar in two separate heating steps, with the 
powder cooled, removed from the furnace and exposed to air in be
tween: first, at 550 ◦C for 1 hour, and then at 675 ◦C for 1 hour using a 1- 
hour heat ramp for each step and natural cooling rate. This two-heating- 
step process was employed to separate removal of the polymer templates 
from crystallization of the MoO2 material. Since calcination occurs 
under anaerobic conditions, the polymer templates do not combust fully 
and, with a single heating step process, Mo carbides would form at the 
temperatures needed to crystallize the nanoporous MoO2. After the 
second calcination, nanoporous MoO2 samples were stored in inert at
mosphere to avoid ambient oxidation.

2.3. Synthesis of poly(methyl methacrylate)(PMMA) colloid solution

The synthesis of PMMA colloids was adapted from a previous pro
cedure described by Wang et al. [29]. For the nanoporous MoO2 in this 
study, 150 - 200 nm colloids were used. Ammonium persulfate (APS) 
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was used as the initiator and ammonium lauryl sulfate (ALS) as the 
surfactant. APS, ALS, and deionized water were put into a three-neck 
round-bottom flask (250 mL) equipped with a magnetic stirrer, a 
reflux condenser, and a thermometer. After the temperature was raised 
to 75 ◦C, the monomer methyl methacrylate (MMA) was added. After 
monomer addition, the reaction temperature was kept at 80–85 ◦C for 1 
hour before cooling. The concentrations of reagents were varied to make 
different sizes of PMMA. The as-synthesized PMMA colloidal aqueous 
solutions were extracted with hexane to remove excess monomer. Before 
use, the mass density of colloids in solution was measured by ther
mogravimetric analysis.

2.4. Synthesis of MoO2 nanocrystals

MoO2 nanocrystals were synthesized in a hydrothermal autoclave 
according to previously reported method with minor adaptations [27]. 
In a typical synthesis, 270 mg of MoCl5, 15 mL of water, and 5 mL of 
ethanol were added to a 50 mL Teflon-lined Parr autoclave. The auto
clave was sealed and heated for 6 h at 180 ◦C, then allowed to cool 
overnight. The product was centrifuged washed with ethanol three 
times. After the final wash, the powder was dried at 80 ◦C under vac
uum. The as-synthesized nanocrystals were stored under inert atmo
sphere to prevent ambient oxidation.

2.5. Structural characterization

Scanning electron microscopy (SEM) images were obtained using a 
model JEOL JSM-6700F field emission electron microscope with 5 kV 
accelerating voltage and 6 mm working distance. Sample purity was 
assessed using laboratory X-ray diffraction 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.

2.6. Electrode and device fabrication

All MoO2 powders were assembled into composite slurry electrodes 
for electrochemical testing. Electrodes had an overall composition of 
70% active material, 10% multiwalled carbon nanotubes, 10% vapor- 
grown carbon fibers, and 10% polyvinylidene fluoride (PVDF) binder. 
Prior to preparing the slurry, the dry slurry components and current 
collector were heated at 100 ◦C under vacuum overnight. Then, the 
active material was ground dry with the carbon materials in a mortar 
and pestle. A PVDF binder solution (2.5%wt in N-methyl pyrrolidone) 
was added and mixed to produce a homogeneous paste that was cast 
onto an aluminum current collector with a doctor blade. The electrodes 
were dried under vacuum at 100 ◦C overnight. Electrodes with 0.7 mm 
diameter were punched out for electrochemical testing with mass 
loadings of active material of 1 – 1.5 mg/cm2.

All electrochemical measurements were conducted in stainless-steel 
2032 coin cells (MTI) with a stainless-steel conical spring, two 0.5-mm 
stainless-steel spacers, a 200 µm thick glass microfiber separator 
(Whatman), and a polished Li metal electrode (Sigma Aldrich). The 
electrolyte was 1 M LiPF6 in 1:1 ethylene carbonate (EC): dimethyl 
carbonate (DMC), with 50 µL of electrolyte used per cell. All cycling 
experiments were performed between 1.1 V and 3 V vs. Li/Li+on a VMP- 
300 potentiostat/galvanostat (BioLogic). When calculating C-rates, the 
theoretical capacity Ctheo was taken as 210 mAh/g, based on 1 electron 
Li+insertion reaction into MoO2 (1C = 210 mA/g, and 5C = 1.05 A/g.).

2.7. Operando synchrotron X-ray diffraction (SXRD)

Operando SXRD was conducted at beamline 11–3 at the Stanford 
Synchrotron Radiation Lightsource at 12.7 keV, using modified coin 
cells with Be spacers, as adapted from Chien et al. [30]. While conven
tional modified coin cells use stainless steel spacers with holes to provide 
X-ray transparency, experiments done with these cells are susceptible to 

artifacts due to the lack of stack pressure and electrical conductivity in 
the region probed by the X-ray beam. Our improved cell design uses Be 
spacers, which do not have holes, and thus remain both rigid and 
conductive to accurately recreate the cycling environment in a typical 
coin cell. Beryllium metal discs 15 mm in diameter and 0.5-mm thick 
were purchased from American Elements (99%). Caution: Beryllium 
oxide particulates formed from machining or breaking beryllium are 
carcinogenic and the material should be handled with caution.

2.8. Potentiometric entropy measurements

The open-circuit voltage UOCV(x,T) and entropic potential 
∂UOCV(x,T)/∂T of the half coin cells with MoO2 electrodes made of bulk, 
nanoporous, or nanocrystals were measured as functions of lithium 
composition x at 20 ◦C using the procedure and apparatus described in 
Ref [31]. The galvanostatic intermittent titration technique (GITT) was 
performed with 30-minutes pulses at C/10. Those were followed by a ~ 
270 min relaxation periods during which the temperature was changed 
in 5 ◦C increments between 15 ◦C and 25 ◦C in the last 40 min. The cell 
potential was measured with a high accuracy potentiostat (BioLogic, 
VSP-300). To confirm the cell was in thermodynamic equilibrium, the 
following conditions had to be satisfied: (i) the temperature difference 
between the cold plate and the top of the coin cell was <0.1 ◦C and (ii) 
the time rate of change of the open-circuit voltage ∂UOCV/∂t was <1 
mV/h. The lithium composition in LixMoO2 was estimated as 

x =
C

MCtheo
(1) 

where C is the measured capacity (in mAh), M is the mass loading of 
active material (in g), and Ctheo is the theoretical capacity of MoO2 (=
210 mAh/g).

From a thermodynamics standpoint, the open-circuit voltage 
UOCV(x,T) of a battery cell made of MoO2 particles with a lithium 
counter electrode can be expressed as [32]. 

UOCV(x,T) = −
μLixMoO2

(x,T) − μ∘
Li(T)

e
(2) 

where e is the elementary charge while μLixMoO2
(x,T) and μ∘

Li(T) are the 
chemical potential of LixMoO2 and metallic lithium, respectively. 
Because the temperature derivative of the Gibbs free energy is the en
tropy, the entropy analogue to the chemical potential, termed the 
entropic potential, is given by ∂UOCV(x,T)/∂T, and is defined as [32] 

∂UOCV(x,T)
∂T

=
1
e

[
∂sLixMoO2 (x,T)

∂x
− s∘

Li(T)
]

(3) 

where sLixMoO2 (x,T) is the molar entropy of the LixMoO2 electrode which 
depends on x. By contrast, the standard molar entropy of lithium s∘

Li(T) is 
independent of x. Potentiometric entropy measurements obtain the 
entropic potential ∂UOCV(x,T)/∂T of a battery cell as a function of 
lithium composition x for given pressure and temperature. These mea
surements help gain insight into the physicochemical phenomena 
occurring in battery electrodes during cycling. In other words, UOCV and 
∂UOCV(x,T)/∂T capture changes in the fundamental thermodynamics 
properties of redox active materials. Thus, analyzing UOCV(x,T) and 
∂UOCV(x,T)/∂T can identify physicochemical phenomena occurring 
during lithiation and delithiation of MoO2 such as intercalation in via a 
solid-solution mechanism, two-phase coexistence [19,32]and ion 
ordering [32].

2.9. Operando isothermal calorimetry

Operando isothermal calorimetry was performed on each cell with 
the different MoO2 electrodes using the apparatus described in Ref [33]. 
The cells consisted of a 1 cm × 1 cm MoO2 working electrode and a 1 cm 
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× 1 cm metallic lithium counter electrode immersed in 1 M LiPF6 in 1:1 
EC:DMC. The cells were tested under galvanostatic cycling using a high 
accuracy potentiostat (BioLogic, SP-150). Simultaneously, the instan
taneous heat generation rates at each electrode were measured based on 
the heat fluxes qʹ́

i (t) (in mW/cm2) measured using 1 cm × 1 cm ther
moelectric heat flux sensors (greenTEG, gSKIN-XP) placed behind each 
electrode such that 

Q̇i(t) = qʹ́
i (t)Ai =

ΔVi(t)
Si

Ai with i = MoO2 or Li (4) 

where Ai (in cm2) is the area of the heat flux sensor and electrode, ΔVi(t)
(in µV) is the voltage difference measured by the heat flux sensor, and Si 
is the sensitivity of the heat flux sensor (in µV/(W/cm2)). The total 
instantaneous heat generation rate is the sum of both Q̇MoO2 and Q̇Li i.e., 
Q̇T(t) = Q̇MoO2 (t)+ Q̇Li(t). The instantaneous heat generation rate at 
electrode “i” can also be divided into a reversible and an irreversible 
contribution, i.e., Q̇i(t) = Q̇irr,i(t)+ Q̇rev,i(t). In order to minimize the 
white noise in the measured signal, the measured heat generation rates 
were averaged over the last three cycles of period tcd for each imposed 
current, i.e., 

Q̇i(t) =
1
3
∑3

j=1
Q̇i[t+(j − 1)tcd]. (5) 

Finally, the net electrical energy losses ΔEe (in J) over one cycle is the 
difference between the electrical energy input and output. Graphically, 
ΔEe is the area enclosed by the hysteric voltage V(x,T) vs. the charge 
transferred q. and is expressed as [34] 

ΔEe =

∮

cycle
V(x,T)dq=

∮

cycle
V(x,T)Idt. (6) 

Similarly, the thermal energy dissipated during a cycle can be 
defined as [34] 

QT =

∮

cycle
Q̇T(t) (7) 

Following the first law of thermodynamics, the net electrical energy 
loss is equal to the total thermal energy dissipated during one cycle, i.e., 
ΔEe = QT. In order to account for the difference of capacity across the 
different types of MoO2, both the net electrical energy loss and the 
thermal energy were divided by the capacity Cm.

3. Thermodynamic modeling

Baek et al. [32]developed a simple thermodynamic model for ion 
ordering under solid-solution type intercalation considering Li ions 
intercalating in two sublattices with different site energies (ϵ1 and ϵ2) 
and no interaction between the guest cations. The model was able to 
capture the effects of ion ordering on the open-circuit voltage UOCV(x,T)
and entropic potential ∂UOCV(x,T)/∂T as a function of Li composition x 
for materials that show solid-solution type insertion, two-phase coexis
tence, and first-order phase transitions.

In the present study, this model was modified to consider three 
sublattices each with different site energies, namely ϵ1, ϵ2, and ϵ3, with 
ϵ1 < ϵ2 < ϵ3. Then, the Gibbs free energy of the system gLixMoO2 (x,T) can 
be expressed as [32] 

gLixMoO2 (x,T) = gMoO2 (T) + ϵ1x1 + ϵ2x2 + ϵ3x3 − TsLixMoO2 (x,T)

where gMoO2 (x,T) is the Gibbs free energy of the host MoO2, sLixMoO2 (x,T)
is the entropy of the LixMoO2 electrode, while x1, x2 and x3 correspond 
to the local concentrations of Li ions in each sublattice. Further 
expressing the entropy sLixMoO2 (x,T) as the ideal solution configurational 
entropy, the free energy of an ideal intercalation compound with three 
sublattices can be expressed as [32] 

gLixMoO2 (x,T) = gMoO2 (T) + ϵ1x1 + ϵ2x2 + ϵ3x3

+kBT[x1lnx1+(1− x1)ln(1 − x1)]

+kBT[x2lnx2+(1− x2)ln(1 − x2)]

+kBT[x3lnx3+(1− x3)ln(1 − x3)]

(8) 

For the sake of simplicity, in the current model, all sublattices were 
assumed to be the same size, but in general, the only requirement is that 
i.e., x = (x1 + x2 + x3), with x being the total Li composition in Lix

MoO2. For any increment in x, the model numerically computed the 
combination of x1, x2 and x3 that minimizes the Gibbs free energy 
gLixMoO2 (x,T). Then, the open-circuit voltage of a cell made of a LixMoO2 
electrode with metallic Li as the counter electrode can be written as [32] 

UOCV(x,T) = −
1
e

[
∂gLixMoO2 (x,T)

∂x
− μ∘

Li(T)
]

(9) 

where μ∘
Li(T) is the chemical potential of the metallic Li. The entropic 

potential of the cell is expressed as [32] 

∂UOCV(x,T)
∂T

=
1
e

[
∂sLixMoO2 (x,T)

∂x
− s∘

Li(T)
]

(10) 

with s∘
Li(T), the entropy of metallic lithium reported to be 29 J/mol⋅K. 

The values of ϵ1, ϵ2 and ϵ3 were selected arbitrarily to replicate quali
tatively the trends observed in the potentiometric entropy measure
ments, with Cases A, B, and C, corresponding to electrodes with bulk and 
nanoporous MoO2 particles, and MoO2 nanocrystals, respectively. The 
absolute and relative values of ϵ1, ϵ2 and ϵ3 (around 0.1 - 1 eV) were 
similar to those obtained from DFT calculations for LixCoO2 [35]and 
LixPNb9O25 [20]which both exhibit ion ordering upon lithiation.

4. Results and discussion

In this study, we employed micron-scale bulk MoO2, nanoporous 
MoO2, and MoO2 nanocrystal powders as a model system for under
standing how phase transition behavior affects electrochemical perfor
mance. The synthesis and detailed characterization of these materials, as 
well as the full characterization of their phase transition behavior during 
cycling were recently reported [28]. Both the nanoporous MoO2 and 
MoO2 have nanoscale crystallites, with the nanocrystals having smaller 
crystallites on average based on Scherrer analysis of X-ray diffraction 
data.

4.1. Size-controlled MoO2 as a model system for phase transition 
behavior

Fig. 1(a)–(c) show the scanning electron microscopy (SEM) images of 
bulk, nanoporous and nanocrystal MoO2 powders. The bulk MoO2 par
ticles were anisotropic and approximately 1 – 10 µm in diameter [Fig. 1
(a)]. The nanoporous MoO2 consisted of micron-scale particles with 
~150 nm pores throughout the material [Fig. 1(b)]. Finally, the MoO2 
nanocrystals comprised of individual particles 15 – 30 nm in diameter 
loosely agglomerated into larger secondary particles [Fig. 1(c)].

MoO2 is often studied for its high capacity conversion reaction in 
which it is fully reduced to form Mo metal and Li2O. However, this re
action suffers from large volume change and the formation of insulating 
regions of Li2O, which hinder its reversibility and rate capability. Here, 
we limited the lower voltage bound to 1.1 V vs. Li/Li+to access the one 
electron insertion reaction in which Li+is reversibly (de)inserted into 
vacant interstitial sites within the tunnels of MoO2. This reaction has a 
moderate theoretical capacity of 210 mAh/g but shows significantly 
improved cyclability and scalability compared to the conversion 

MoO2 + xe− + xLi+⇌LixMoO2(0 ≤ x ≤ 1) (11) 

Fig. 2(a) reports the galvanostatic rate capability of electrodes made 
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with the three representative MoO2 materials at C-rates ranging from 1C 
to 20C. Electrodes made of nanoporous MoO2 and MoO2 nanocrystals 

showed excellent cycling performance with near completion of the 
insertion reaction at slow rates, and strong retention of capacity at faster 
rates. Bulk MoO2, on the other hand, could only store about 150 mAh/g 
at 1C, and retained a third of that capacity at 20C. The galvanostatic 
charge storage profiles of the three materials also showed key differ
ences with clear plateaus for bulk MoO2 replaced by sloping profiles to 
different extents in the nanoscale MoO2 [Fig. 2(b)].

The structural change of the MoO2 powders during cycling were 
characterized using operando X-ray diffraction, with the most intense 
(011) reflection highlighted for clarity in Fig. 3(a)–(c). Each material 
began as pristine unlithiated MoO2 and finished lithiation with the same 
LiMoO2 phase. However, the pathway between these two states varied 
for each type of MoO2. Halfway through the lithiation, bulk MoO2 mi
croparticles featured a first-order phase transition with a large misci
bility gap, followed by another first-order phase transition near the end 
of lithiation that did not complete due to the voltage cutoff. In the same 
regions, nanoporous MoO2 particles again featured a first-order phase 
transition, but the miscibility gap was smaller and the composition span 
of the two-phase coexistence region was dramatically shorter. Finally, 
for the MoO2 nanocrystals, the entire lithiation process occurred as a 
continuous solid-solution process. As such, these MoO2 materials pro
vide a model system for comparing materials with the same basic redox 
reaction for charge storage, but three distinct types of phase trans
formation behavior.

4.2. Linking ion ordering to structural dynamics and kinetic 
overpotentials

Fig. 4 shows (a,b) the open-circuit voltage UOCV(x), (c,d) the entropic 
potential ∂UOCV(x)/∂T, (e,f) the overpotential η(x) = V(x) − UOCV(x)
during GITT measurements at C/10 and T = 20 ◦C, and (g,h) the unit cell 
volume during constant current lithiation and delithiation at C/5 as a 
function of lithium composition for bulk MoO2 electrodes. The over
potential η(x) is defined as the difference between the open-circuit 
voltage UOCV(x) and the closed-circuit voltage V(x) at the end of the 
current pulse. It is a direct measure of the additional electrode polari
zation required to drive the charge storage process at a given state-of- 
charge. A large overpotential indicates kinetically slow charge storage 
processes in a given composition range. Since GITT takes place under 
quasi-equilibrium conditions, under which ion and electron transport 
should not be kinetically limited, the measured overpotential is espe
cially sensitive to kinetic barriers that are intrinsic to charge storage 
within the electrode material itself. Note also that the refined lattice 
parameters and unit cell volume were obtained from a separate operando 
SXRD experiment. In that experiment, the bulk MoO2 electrode was 
cycled at C/5, not under GITT conditions. To enable comparison to the 
GITT data, the galvanostatic profiles were adjusted to account for the 
additional overpotential and a slightly different composition range. 
Comparison between the original and adjusted data is shown in Figure 
S1.

Both lithiation and delithiation processes were divided into four 
different regions, based on the four different redox peaks of MoO2 

Fig. 1. Scanning electron microscopy (SEM) characterization of (a) bulk MoO2, (b) nanoporous MoO2, and (c) MoO2 nanocrystals.

Fig. 2. (a) Galvanostatic rate testing and (b) galvanostatic profile for the 
different MoO2 samples. Bulk MoO2 shows low capacity and poor retention at 
high rates, while both nanostructured materials show strong capacity and 
rate capability.
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identified in Ref [28]. The regions are identified in the dQ/dV plot 
shown in Supplementary Material (Figure S2). The fact that the peaks in 
the dQ/dV align across all electrodes made of MoO2 enables a more 
relevant comparison of the three electrodes. In Region I, defined by 0 ≤ x 
< 0.18, the open-circuit voltage UOCV(x) and the entropic potential 
∂UOCV(x)/∂T of the bulk MoO2 electrode decreased monotonically while 
the unit cell volume increased linearly. The overpotential was low, 
indicating relatively facile charge storage in Region I. This behavior 
indicated lithium intercalation in a solid-solution manner [19,36,37].

In Region II (0.18 ≤ x < 0.47), the open-circuit voltage UOCV 
continued decreasing but with a much smaller slope compared to Region 
I, indicating larger capacity per voltage step, as also observed in the 
corresponding dQ/dV plots (Figure S2). At the start of Region II, the 
entropic potential ∂UOCV(x)/∂T displayed a tilde shape fluctuation. The 
behavior of UOCV(x) and ∂UOCV(x)/∂T is characteristic of formation of an 
ion-ordered state in a material that otherwise shows solid-solution 
behavior, as discussed in detail in Reference [32]. In brief, the 
ion-ordered state results in a local minimum in ∂UOCV(x)/∂T and a sharp 
increase immediately after, as ions begin to be inserted into the next site. 
After the first ion ordering signature in bulk MoO2, more lithium was 
inserted in Region II, and the overpotential increased sharply, reaching a 
maximum at the end of Region II. These events coincide with the onset of 
a first-order phase transition, shown by the appearance of a new set of 
lattice parameters in the unit cell volume data at the start of Region III 
(0.47 ≤ x < 0.77). Lithium insertion proceeded in Region III, during the 
coexistence of the two phases. The phase transition resulted in a sharp 
drop in the overpotential η while the open-circuit voltage exhibited 
another inflection, and the entropic potential exhibited a second tilde 
fluctuation at the boundary between Regions II and III. Combined, these 
observations indicate a second instance of ion ordering in bulk MoO2 
particles during lithiation. Moreover, this second ion ordering immedi
ately preceded the first-order phase transformation, observed in the unit 
cell volume for x ≥ 0.5. Usually, two-phase coexistence is associated 
with both constant open-circuit voltage and constant entropic potential, 
as in lithium iron phosphate, for which both the lithium-rich and 
lithium-poor phases maintain the same lattice parameters throughout 
the phase transformation [32]. However, here the entropic potential 
shows a clear tilde shape, centered on the phase-transition point. This 
tilde is consistent with the structural evolution that occurs during the 
bulk MoO2 phase transition, which involves solid-solution changes in 
the lattice parameters until the first-order transition, which then appears 
as a discontinuity in the lattice parameters and the entropic potential. 
After the transition (and the associated increase in entropic potential), 

the solid-solution evolution continues with decreasing entropic 
potential.

In Region IV (0.77 ≤ x < 0.89), around the end of the lithiation 
process - associated with the fourth redox peak around 1.4 V - the open- 
circuit voltage plateaued and the entropic potential decreased. From the 
cyclic voltammogram of Ref [28], the fourth peak showed large capacity 
at this potential. In addition, the SXRD data [Fig. 4(g)]indicates that 
Region IV corresponds to the second first-order phase transformation 
that did not complete due to the cutoff voltage, explaining the plateau in 
the open-circuit voltage. Minimal change in the entropic potential is 
observed in this region, but the small decrease could potentially be 
explained by the increase in unit cell volume of the second phase during 
the two-phase coexistence.

Overall, these results suggest that the structural evolution of bulk 
MoO2 is intricately linked to the mechanism of ion insertion. In partic
ular, the largest signature of ion ordering occurred at the onset of a first- 
order phase transition. This link between the two events suggests that 
the ion-ordered state represents an energetic minimum that is deep 
enough that an entirely new phase must be formed for ion insertion to 
proceed. Importantly, these processes coincided with a clear maximum 
in the measured overpotential, which indicates that they slow charge 
storage considerably.

During delithiation, bulk MoO2 showed largely similar behavior to 
that observed during lithiation, with a few notable differences. The 
open-circuit voltage curve featured two plateaus in Regions IV (0.87 ≥ x 
> 0.63) and II (0.48 ≥ x > 0.23), and a very large tilde in the entropic 
potential is observed at the junction between Region III (0.63 ≥ x >
0.48) and Region II. As with lithiation, the same ion ordering event at x 
~ 0.48 coincided with the onset of a first-order phase transition, shown 
by a new set of lattice parameters. However, one key difference 
compared to lithiation was that the overpotential was dramatically 
smaller during this event. Instead of the large spike in overpotential of 
up to nearly 200 mV shown at the onset of the phase transition during 
lithiation, the phase transition was accompanied by only a small local 
increase of 65 mV during delithiation. This observation indicates that 
the phase transition during delithiation is kinetically more facile than 
during lithiation. This discrepancy may result from mechanistic differ
ences in the phase progression, which is different for delithiation than 
for lithiation, even though the end phases are the same. Because both 
phase transitions are driven by the same ion ordering event, the unit cell 
volume data in Fig. 4 shows two-phase coexistence over very different 
stoichiometries: across Region III (0.47 ≤ x < 0.77) for lithiation, and 
across Region II (0.48 ≥ x > 0.23) on delithiation. The difference can be 

Fig. 3. Operando SXRD of the MoO2 materials. (a) Bulk MoO2 undergoes large first-order phase transitions during lithium insertion, while (b) nanoporous MoO2 
shows phase transitions that are still first-order, but with a decreased lattice miscibility gap and duration of two-phase coexistence. (c) MoO2 nanocrystals do not have 
a first-order phase transition at all, and instead exhibit a second-order-type solid-solution insertion process.
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attributed to the large ion ordering event occurs at approximately x =
0.5, and to the fact that the phase transformation follows immediately 
after, which supports our hypothesis that the phase transformation oc
curs to move the system out of the ion ordered state. These findings point 

to a clear connection between the phase asymmetry of lithiation and 
delithiation and the presence of the ion ordering that may be relevant to 
understanding the phase behavior of other battery materials.

Fig. 4. Experimental measurements on bulk MoO2 of (a,b) open-circuit voltage UOCV(x), (c,d) entropic potential ∂UOCV(x)/∂T, (e,f) overpotential η(x) = V(x) −

UOCV(x) as functions of lithium composition x during GITT at C/10 and T = 20 ◦C, and (g,h) lattice parameters from operando SXRD. The operando SXRD is from a 
separate cycling experiment with the composition x-axis adjusted based on the galvanostatic profile.
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4.3. Nanoscale size can partially or completely disrupt ion ordering

With the connection between charge storage mechanism, ion 
ordering, and structural change established for bulk MoO2, we now 

examine how nanoscale size affects these processes. Fig. 5 shows the 
same thermodynamic analysis as in Fig. 4 for the three types of MoO2 
electrodes investigated (i.e., bulk, nanoporous, and nanocrystals) as a 
function of lithium composition x. Additionally, several quantitative 

Fig. 5. Experimental measurements on the different MoO2 materials of (a,b) open-circuit voltage UOCV(x), (c,d) entropic potential ∂UOCV(x)/∂T, (e,f) overpotential 
η(x) = V(x) − UOCV(x) as functions of lithium composition x during GITT at C/10 and 20 ◦C, and (g,h) lattice parameters from operando SXRD. The operando SXRD is 
from a separate cycling experiment with the composition x-axes adjusted based on the galvanostatic profiles.
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parameters of interest extracted from the data are provided in Table 1. 
Note that the MoO2 nanocrystals exhibited additional capacity at the 
beginning of the lithiation [shown above 2 V in the galvanostatic profile 
in Fig. 2(b)], which has been previously attributed to redox at under- 
coordinated surface sites. To account for this capacity and allow for 
better comparison of the primary charge storage processes among the 
three materials, we shifted the measured composition in the GITT data 
for the MoO2 nanocrystals based on the amount of high voltage capacity 
from the under-coordinated surface redox, which corresponded to x ~ 
0.1. Additionally, the unit cell volume data was adjusted slightly to 
account for the different overpotential in the operando SXRD experi
ment, with the original and adjusted data compared in Figures S3 and 
S4. The same four regions previously identified were defined across the 
three types of electrodes, with one additional region (x < 0) defined for 
the electrode made of MoO2 nanocrystals. Fig. 5(a) indicates that the 
open-circuit voltage UOCV(x) of the electrodes made with nanoporous 
MoO2 particles was similar to that of bulk MoO2 but the plateau regions 
were more sloped. On the other hand, UOCV(x) obtained with MoO2 
nanocrystals had no discrete plateaus, and instead the entire profile is 
sloping. As discussed previously, the largest ion ordering event, the 
onset of the primary first-order phase transition, and the maximum 
overpotential occurred simultaneously for bulk MoO2, at the boundary 
between Regions II and III. These features were also observed for the 
intermediate size nanoporous MoO2, albeit with smaller magnitudes. 
For example, the magnitude of the largest tilde in the entropic potential 
∂UOCV(x)/∂T, which indicates the extent of ion ordering, in the nano
porous MoO2 electrode (0.19 mV/K) was less than two-thirds that 
observed for bulk MoO2 (0.31 mV/K), as measured by the peak-to-peak 
difference in the ∂UOCV(x)/∂T.

The two-phase coexistence Region III also showed a smaller 
mismatch in lattice parameters and unit cell volume (4.7 Å3 for bulk vs. 
2.7 Å3 for nanoporous) between the two coexisting phases and a nar
rower composition range. With less pronounced ion ordering and a 
smaller phase transition, the associated overpotentials were much 
smaller, with a local maximum of 60 mV around x = 0.47 compared to 
180 mV for bulk MoO2. This smaller overpotential indicates that the 
disruption of the ion ordering and/or the partial suppression of the 
phase transformation considerably decreased the kinetic limitations ion 
insertion over this composition range. Importantly, the effects observed 
with nanoporous MoO2 particles were even more pronounced for the 
smaller sized MoO2 nanocrystals. At the transition between Regions II 
and III, the MoO2 nanocrystals showed almost no signature of ion 
ordering at all (0.04 mV/K), and did not show a first-order phase tran
sition. In fact, the unit cell volume evolved continuously and proceeded 
through lithium insertion in a solid-solution manner. Accordingly, the 
overpotential remained small (20 mV) and nearly constant.

Similar changes to the charge storage mechanism were also observed 
during delithiation. At the transition between Regions III and II, the 
large ion ordering event, which showed a fluctuation δderiv of 0.35 mV/K 
for bulk MoO2, was diminished for nanoporous MoO2 (0.17 mV/K), and 
nearly gone for the nanocrystals (0.04 mV/K), and the associated 
overpotentials decreased accordingly. As noted previously, the over
potential at the phase transition was much lower for bulk MoO2 during 
delithiation than during lithiation (65 mV vs. 180 mV), indicating a 
more facile delithiation process. In agreement with this trend, the local 
maximum overpotential ηmax notably decreased to 46 mV and 9 mV in 

the nanoporous and nanocrystal materials, respectively, which indicated 
a meaningful change in kinetics in the finite sized materials.

Overall, these results establish that the absence of ion ordering in 
MoO2 nanocrystals coincided with the suppression of the first-order 
phase transition. The relaxation of the ion ordering and the concurrent 
suppression of the phase transformation seen here has not been previ
ously demonstrated, and emphasizes the interconnected roles of ion 
ordering and structural dynamics during charge storage. An open 
question remaining is the specific structural cause of the changed phase 
behavior and ion ordering among the three different MoO2 materials. 
The crystallite size is one obvious difference, as the greater contribution 
of surface energies to the total free energy of nanoscale crystallites could 
affect the thermodynamics of ion insertion. Another likely candidate is 
the defect density within the crystal structure, which typically decreases 
with higher synthesis temperature. Both the bulk and nanoporous MoO2 
were synthesized at high temperature (>500 ◦C), while the MoO2 
nanocrystals were synthesized hydrothermally (180 ◦C), and the 
discrepancy likely contributes to the more dramatic change in behavior 
seen for the nanocrystals. Additional work is necessary to quantify 
which of these structural components is the primary cause of the altered 
ion ordering and phase transformation behavior in the MoO2 
nanocrystals.

4.4. Modeling of ion ordering in 3 sites

To complement the previous experimental results for the three 
different types of electrodes simulations of the open-circuit voltage and 
entropic potential profiles were performed using the three-site thermo
dynamic model introduced in the Methods section. Here, the relative 
energy difference between the ion ordering sites were varied to repro
duce qualitatively the observations of Fig. 5(a)–(d) and further explain 
the effects of particle size.

Fig. 6 shows the model predictions for (a) the sublattice differential 
site filling ∂xi/∂x (1 ≤ i ≤ 3), (b) the entropy sLixMoO2 (x), (c) the open- 
circuit voltage UOCV(x), and (d) the entropic potential ∂UOCV(x,T)/∂T 
at T = 20 ◦C during lithiation of the modeled battery cell as a function of 
lithium composition x for the three arbitrary cases A, B, and C with 
different values of ϵ1, ϵ2 and ϵ3 listed in Table 2. Fig. 6 also reproduces 
measurements of (e) the open-circuit voltage UOCV(x) and (f) the 
entropic potential ∂UOCV(x)/∂T for the three types of electrodes as a 
function of lithium composition x during lithiation. The model pre
dictions were divided into three regions of equal size associated with the 
successive filling of the three sublattices by increasing site energy ϵ1, ϵ2 
and ϵ3. In Region I (0 ≤ x < 0.33), sublattice 1 was filled almost 
exclusively. The entropy of the working electrode sLixMoO2 increased and 
the entropic potential ∂UOCV(x)/∂T decreased. As x approached 0.18, 
sublattice 1 was half full and its contribution to entropy started to 
decrease as the differential site filling ∂x1/∂x started decreasing while 
∂x2/∂x increased. Between x = 0.25 and x = 0.45, both sublattices 1 and 
2 were filled, and at x = 0.33, ∂x2/∂x > ∂x1/∂x, as it became energeti
cally more favorable to fill sublattice 2 than sublattice 1. Then, the en
tropy sLixMoO2 increased again leading to a tilde fluctuation in 
∂UOCV(x,T)/∂T [Fig. 6(c)]. Simultaneously, UOCV(x) featured a slight 
step at x = 0.33. Eventually, sublattice 1 became full, and sublattice 2 
was filled almost exclusively, corresponding to Region II (0.33 ≤ x < 
0.66). At x = 0.5, sublattice 2 became half full, and its entropy contri
bution started to decrease. As x ≥ 0.6, ∂x2/∂x decreased and ∂x3/∂x 
increased sharply, and became larger than ∂x2/∂x at x = 0.66, causing a 
step in UOCV , an increase in entropy sLixMoO2 , and a second tilde fluctu
ation in ∂UOCV(x)/∂T.

Note that for all three cases, the range of x during which sublattice 2 
and 3 were filled was shorter than when sublattice 1 and 2 were being 
filled. This was due to the fact that the difference Δϵ23 = ϵ3 − ϵ2 was 
larger than Δϵ12 = ϵ2 − ϵ1. Indeed, following Eq. (8), as Δϵ increased, it 
became energetically favorable to fill almost exclusively the lower en
ergy sublattice before the higher energy one. Δϵ12 and Δϵ23 were the 

Table 1 
Input parameters to the three-site thermodynamic model for the three different 
cases.

Case ϵ1 ϵ2 ϵ3 Corresponding
(eV) (eV) (eV) Material

A 0.38 0.42 0.48 Bulk MoO2

B 0.38 0.415 0.465 Nanoporous MoO2

C 0.38 0.41 0.445 Nanocrystals MoO2
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largest for Case A (corresponding to bulk MoO2), and smallest for Case C 
(corresponding to MoO2 nanocrystals). The range of x during which two 

sublattices were filled concurrently can be considered as an ion ordering 
region. As this range of x became shorter, the dips in entropy became 

Fig. 6. Model predictions for the (a) sublattice differential site filling ∂xi/∂x1 ≤ i ≤ 3, (b) entropy sLixMoO2 (x), (c) open-circuit voltage UOCV(x), and (d) entropic 
potential ∂UOCV(x)/∂T of the modeled battery cell as functions of lithium composition x for Cases A-C listed of Table 1. Experimental measurements of (e) open-circuit 
voltage UOCV(x), (f) entropic potential ∂UOCV(x)/∂T on electrodes made of different types of MoO2 particles.

Table 2 
Quantitative parameters extracted from the thermodynamic analysis for the three MoO2 materials during lithiation and delithiation.

Parameter Definition Units Bulk Nanoporous Nanocrystals

Lith. Delith. Lith. Delith. Lith. Delith.

UOCV OCV at onset of the main ion-ordering event V 1.55 1.49 1.53 1.45 1.52 1.52
δderiv Extent of entropic potential fluctuation around the ion-ordered state mV/K 0.31 0.35 0.19 0.17 0.04 0.04
ηmax Local maximum in overpotential mV 180 65 60 46 20 9
ΔV Miscibility gap during phase transition Å³ 4.7 6.0 2.7 3.3 N/A N/A
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deeper, and the tilde fluctuations in the entropic potential became 
sharper. In Case A, two significant dips were observed in the open-circuit 
voltage UOCV(x), at the transitions at x = 0.33 and 0.66, with the second 
dip larger than the first one. These dips became smaller for Case B, and 
almost negligible for Case C, as Δϵ12 and Δϵ23 became smaller.

Overall, the model predictions displayed similar magnitudes and 
dips in the open-circuit voltage UOCV , and tilde fluctuation in the 
entropic potential ∂UOCV(x,T)/∂T as those observed experimentally 
[Fig. 6(e) and 6(f)]. Here also, for every electrode, the first tilde was 
smaller than the second one, indicating a larger energy difference be
tween the second and third sites compared to the first and second sites. 
These results provide support for the mechanism of strong ion ordering 
observed in bulk MoO2 that is partly relaxed in the nanoporous MoO2, 
and nearly completely relaxed in the MoO2 nanocrystals. Additionally, 

the model indicates that these effects could be driven by the relative 
differences in site energies ϵi (1 ≤ i ≤ 3) associated with the three ion 
sublattices.

4.5. Effect of nanosizing on hysteresis

During constant current galvanostatic cycling or cyclic voltammetry 
experiments, hysteresis between charge and discharge at high rates is 
commonly used to assess kinetic performance. In a GITT experiment, 
however, the cell is under very slow, quasi-equilibrium cycling condi
tions when lithium diffusion and electron transport should not be 
limiting factors. Under these conditions, little hysteresis would be ex
pected, except for intrinsically slow processes, so observations of hys
teresis with GITT can provide insight into the fundamental charge 

Fig. 7. Hysteresis under quasi-equilibrium GITT conditions between lithiation and delithiation in experimentally measured open-circuit voltage UOCV(x)and entropic 
potential ∂UOCV(x)/∂T for electrodes made of (a,b) bulk MoO2 or (c,d) nanoporous MoO2 nanoparticles, and (e,f) MoO2 nanocrystals.
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storage mechanism. Accordingly, we examined the hysteresis between 
lithiation and delithiation in the open-circuit voltage UOCV(x) and 
entropic potential ∂UOCV(x)/∂T as measured by GITT. Despite the very 
slow cycling conditions for the measurements, clear hysteresis was 
apparent between lithiation and delithiation in UOCV(x) and ∂UOCV(x)
/∂T for electrodes made from bulk MoO2 [Fig. 7(a) and (b)]. The dif
ference in the open-circuit voltage varies across the composition range, 
with the largest gap of 86 mV occurring in the two-phase coexistence 
regions during phase transformations. Likewise, electrodes made of 
nanoporous MoO2 particles showed two regions with significant hys
teresis corresponding also to first-order phase transitions, with a 
maximum hysteresis of 83 mV [Fig. 7(c) and (d)]. However, electrodes 
made of MoO2 nanocrystals did not have any first-order phase transition 
and instead their lattice evolution during cycling occurred entirely 
through a second-order solid-solution-type process [Fig. 7(e) and (f)]. 
Accordingly, the hysteresis observed with bulk and nanoporous MoO2 
particles was almost nonexistent for the MoO2 nanocrystals, with a 
maximum of 31 mV. This notable difference indicates that hysteresis 
between lithiation and delithiation occurs as a result of the ion ordering 
event and the related first-order phase transitions, even at very low 
cycling rates. Notably, despite the much lower kinetic overpotentials of 
nanoporous MoO2 compared to bulk (60 mV versus 180 mV on lith
iation), the hysteresis in UOCV(x) remained similar. In contrast, the MoO2 
nanocrystals, which showed near-complete relaxation of the ion 
ordering and suppression of the first-order phase transition, exhibited 
very little hysteresis in UOCV(x). These results emphasize the key 
connection between ion ordering, the phase transformation behavior, 
and hysteresis in UOCV(x) during cycling. For the entropic potential, 
lithiation and delithiation are largely similar. The size of the largest tilde 
and its occurrence at x ~ 0.5 are about the same for lithiation and 
delithiation, which supports that the hysteresis in UOCV(x) is driven by 
the ordering. One notable discrepancy, though, is the absence of a sec
ond tilde on delithiation for the bulk and nanoporous MoO2, which in
dicates that the secondary ion ordering does not occur on delithiation.

4.6. Heat generation rate during cycling with operando calorimetry

Finally, we used operando isothermal calorimetry to evaluate the 
effect of the differences in the thermodynamics of ion insertion and 
transport phenomena in the three different type of MoO2 materials 
considered. Fig. 8 shows the instantaneous heat generation rates 
measured at electrodes made of bulk and nanoporous MoO2 particles 
and MoO2 nanocrystals, as well as at the corresponding Li metal counter 
electrode as a function of dimensionless cycling time t /tcd, where tcd is 
the charge and discharge time, for 1C, 2C, and 3C. Here, the first half of 
the cycle corresponds to delithiation and the second half to lithiation. 
For all C-rates, the heat generation rate at the bulk MoO2 electrode was 
the largest, while it was the lowest at electrodes made from MoO2 
nanocrystals. Notably, the heat generation rate of the nanoporous MoO2 
varied throughout cycling. At the beginning of delithiation, for example, 
the heat generation was relatively high (similar to heat generation in 
bulk MoO2), while by the end of delithiation, it was much lower and 
closer to that of the MoO2 nanocrystals. For all samples, the heat gen
eration rate was positive throughout delithiation, while the beginning of 
lithiation had a slightly negative heat generation rate that increased 
during the cycle.

In general, the heat generation during cycling occurs from a com
bination of resistive Joule heating, reversible entropy changes, and 
irreversible heat of mixing. Joule heating results when electrode kinetics 
limit the acceptance of current and result in overpotential, while the 
entropy changes result from reversible chemical reactions occurring 
within the electrode. All kinetic effects contribute to irreversible heat 
generation including ion transport (which is affected by surface area and 
electrode porosity), and the overpotential from phase behavior. 
Reversible heat generation is affected by the thermodynamics of the 
phase behavior. It is difficult to fully separate these effects, and all likely 

contribute to the lower heat generation observed for the nanostructured 
materials. The nanoporous MoO2 and MoO2 nanocrystals, for example, 
have much better charge storage kinetics both from more facile ion 
transport and from decreased overpotential due to phase behavior. 
These effects were reflected in the calorimetry data with lower heat 
generation in the nanostructured materials. Additionally, the dramatic 
changes in phase behavior for both the nanostructured materials, but 
especially the nanocrystals, would likely alter the thermodynamics of 
the phase behavior and thereby lower the heat generation.

Fig. 9 shows the specific net electrical energy losses ΔEe/Cm [Eq. (6)] 
and the specific total thermal energy dissipated QT/Cm [Eq. (7)], 
measured independently over a charging/discharging cycle for calori
metric cells with working electrodes made of bulk and nanoporous 
MoO2 particles, and MoO2 nanocrystals. For all electrodes, the net 
electrical energy losses ΔEe/Cm increased with increasing current, as 
expected. At all currents, the electrode made of bulk MoO2 particles had 
the largest electrical energy losses, consistent with its worse kinetics. 
Conversely, the MoO2 nanocrystals electrode had the lowest energy 
losses, even at 3C. These results reaffirm the improved performance and 
decreased energy loss as a result of the faster charge storage dynamics in 
the nanostructured materials, especially in the MoO2 nanocrystals. 
Finally, for all cells and at all C-rates, the total heat generation QT/Cm 
measured during operando isothermal calorimetry fell within the 
experimental uncertainty (~ 10%) of the net electrical energy loss 
ΔEe/Cm measured independently. These results confirm that all elec
trical energy losses were dissipated as heat.

5. Conclusion

In this study, we used potentiometric entropy measurements to 
demonstrate the presence of ion ordering in electrodes of LixMoO2, a 
potential fast-charging anode material. The signatures of ion ordering 
coincided with key events in the material's structural dynamics, which 
we probed with operando SXRD. In bulk MoO2 particles, ion ordering 
coincided with the onset of a first-order phase transition, which estab
lishes a link between the presence of an ion-ordered energetic minimum 
and the need for a phase-transformation. Additionally, a large over
potential was measured during these processes, indicating that ion 
ordering slowed charge storage considerably. In nanostructured ver
sions of MoO2 particles, the ion ordering, phase transitions, and over
potentials were partially or completely suppressed, depending on the 
crystal size. For intermediate size nanoporous MoO2 particles, the in
dicators of ion ordering were present, but with smaller magnitude than 
in bulk MoO2. Accordingly, nanoporous MoO2 shows a phase transition 
that is still first-order, but with smaller lattice mismatch, shorter two- 
phase coexistence region, and lower overpotential. In even smaller 
MoO2 nanocrystals, the ion ordering disappeared nearly completely, the 
structural evolution was through Li insertion in a solid-solution manner, 
and the cell overpotential was small and constant. Finally, operando 
isothermal calorimetry showed that heat dissipation and electrical en
ergy losses were the lowest in the electrode made of MoO2 nanocrystals 
compared to those made with bulk and nanoporous MoO2 particles as a 
result of both faster kinetics and different charge storage mechanism.

Overall, this work establishes a clear mechanistic link between ion 
ordering, structural dynamics and charge storage kinetics for LixMoO2. 
While it is widely known that large structural changes during ion 
insertion can hinder the charge storage process, this connection to ion 
ordering provides potential new insight into why phase transformations 
occur in the first place. As such, this work provides guiding principles for 
the design and understanding of fast-charging electrode materials.
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