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Abstract: 

Nanocrystalline anatase TiO2 is a robust model anode for Li-insertion in batteries. The 

influence of nanocrystal size on the equilibrium potential and kinetics of Li-insertion is 

investigated with in operando spectroelectrochemistry of thin film electrodes. Distinct visible 

and infrared responses correlate with Li-insertion and electron accumulation, respectively, and 

these optical signals are used to deconvolute Li-insertion from other electrochemical 

responses, such as double-layer capacitance and electrolyte leakage. Electrochemical titration 

and phase-field simulations reveal that a difference in surface energies between anatase and 

lithiated phases of TiO2 systematically tunes Li-insertion potentials with particle size. 

However, particle size does not affect the kinetics of Li-insertion in ensemble electrodes. 

Rather, Li-insertion rates depend on applied overpotential, electrolyte concentration, and initial 

state-of-charge. We conclude that Li diffusivity and phase propagation are not rate-limiting 

during Li-insertion in TiO2 nanocrystals. Both of these processes occur rapidly once the 

transformation between the low-Li anatase and high-Li orthorhombic phases begins in a 

particle. Instead, discontinuous kinetics of Li accumulation in TiO2 particles prior to the phase 

transformations limits (dis)charging rates. We demonstrate a practical means to deconvolute 

non-equilibrium charging behavior in nanocrystalline electrodes through a combination of 

colloidal synthesis, phase field simulations and spectroelectrochemistry. 
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Introduction 

Li-ion batteries are commercially important because of their high volumetric and 

gravimetric capacities, along with high cycle stability at room temperature.1–3 Typical electrode 

materials in current-generation commercial Li-ion batteries, namely graphitic anodes and lithium-

transition metal oxide cathodes, store and release charge through reversible continuous or 

discontinuous Li insertion and extraction reactions with the host structure.1,2,4,5 High power density 

and rapid charging rates are concerns for many applications (e.g. transportation), so great efforts 

have been made to understand and improve the kinetics of these Li-insertion reactions. 

Nanostructured anatase TiO2 is a candidate Li-ion anode with moderate specific capacity and 

excellent cycle stability at (dis)charging rates relevant to transportation applications.6–14 The rate 

at which battery electrodes, including nanostructured anatase, can be reliably charged and 

discharged depends on the kinetics of charging processes, including surface capacitance, phase 

transformations due to Li-ion intercalation, and conversion reactions.15–17 An assortment of in situ 

and in operando characterization tools have been developed to observe these processes, and inform 

developments in mesoscale architecture, electrode particle morphology, composition and surface 

chemistry of mature and frontier electrode materials.18–22 However, in operando characterization 

of electrochemical transformations is often limited by a trade-off between time and length 

resolution, or instrumentation costs. Here, we demonstrate how optical characterization of 

electrodes, composed of electrochromic colloidal TiO2 nanocrystals with precisely controlled 

morphology, can deconvolute Li-insertion phase transformations through convenient and 

accessible techniques. We find that particle size systematically tunes the potentials of two-phase 

(de)lithiation reactions in nanocrystalline TiO2, and we justify these results through phase-field 

models that account for particle surface energy. We discover through transient measurements of 

nanocrystal electrodes and single-particle simulations that slow Li diffusivity or phase boundary 

propagation rates do not inherently limit charging kinetics. Rather, at potentials near the two-phase 

coexistence plateau, slow Li accumulation in particles before the onset of the phase transformation 

serves as an effective nucleation barrier to (de)lithiation reactions. These results demonstrate how 

polydispersity and discontinuous phase transformations within TiO2 nanocrystal ensembles impact 

charging rates in electrodes at different states of charge.   

Titania and lithium titanate polymorphs, including spinel Li4Ti5O12,23–28 anatase,6–12 TiO2-

B bronze29–33 and amorphous phases,34–37 are prototypical Li-ion anodes that charge through 

lithium insertion and surface reactions in nanostructured electrodes. In particular, anatase TiO2 has 

charge storage densities competitive with conventional graphite electrodes and a small volume 

change during Li-ion insertion that allows for high cycle and calendar lifetimes at fast charging 

rates.6–14 However, the broad use of titanium oxide anodes is limited by their relatively high 

potentials (i.e., low specific energy), slow lithium diffusion and low intrinsic electronic 

conductivity. Despite these issues, titanium oxide phases have been explored as alternative anode 

materials in certain battery applications because of their low cost and durability at high cycle 

rates.38–44 

Charge storage in Li-ion batteries, including TiO2 anodes, can occur through different 

structural mechanisms depending on the intrinsic and extrinsic properties of the electrode. Li ions 

can be incorporated into the electrode host lattice, through insertion charging, or at electrode 
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interfaces through double-layer capacitive or pseudo-capacitive mechanisms. Battery performance 

depends on the convoluted rates, pathways, and total charge capacities of each of these 

mechanisms during cycling, yet distinguishing these different contributions during charging 

remains a major challenge.15,19,20,45,46 

During insertion charge storage processes, Li inserts into (or out of) the host electrode 

through either a single-phase reaction or across a first-order phase transition (i.e., a discontinuous 

transition between two distinct phases). For a single-phase process the host material transforms 

continuously with Li content (e.g., LixNi1/3Mn1/3Co1/3Ox), while first-order phase transitions occur 

across a miscibility gap between Li-ion stoichiometries (e.g., LixFePO4 and anatase TiO2).5,9,47 The 

balance of single-phase and two-phase processes depends on the crystal structure of the electrode 

and can change with the rate of charging or grain size.8,9,48–57 Across the entire potential range 

during cycling a mixture of single-phase and two-phase charge storage reactions often occur. For 

instance, anatase TiO2 undergoes a two-phase reaction around 1.8 V vs. Li/Li+, with significant 

changes in the unit cell, Li-ion diffusivity, and electronic conductivity, whereas at voltages above 

and below this potential (before the onset of a separate two-phase transformation below 1.5 V) the 

host structure transforms continuously with Li content.6–8,58–63 Although two-phase insertion 

reactions can store large charge capacities over long calendar and cycle lifetimes, their charging 

kinetics are often slower than single-phase or surface reactions due to activation energy barriers, 

and can be limiting for high-rate applications.9 Much effort has been devoted to either increase the 

rate of two-phase reactions, or to favor faster one-phase reactions for high-rate batteries. 

Capacitive surface charging can also contribute significant high-rate capacity in 

nanostructured electrodes.15,46,64,65 Electrochemical capacitors, and materials with large interstitial 

sites or intrinsically high internal surface area, are useful for ultra-fast charging or applications 

that require high power density.2 Double-layer capacitance, ‘pseudo-capacitance’ and insertion 

charge storage processes can all happen simultaneously in nanostructured electrodes, and are 

difficulty to distinguish by electrochemical means alone.15,16 For instance, in nanocrystalline films 

of anatase TiO2, with particles smaller than 10 nm, about half of the electrode charge capacity is 

attributed to ‘pseudo-capacitive’ processes,65 with surface-limited charging kinetics.66,67 

Capacitive processes occur continuously with Li content and can be convoluted with single-phase 

Li insertion as well. In addition to enabling capacitive charging, nanostructuring also mitigates 

challenges of low diffusivity and conductivity in electrode particles by reducing charge transport 

path lengths.68 The grain morphology of nanocrystalline TiO2 can thus have a two-fold impact on 

battery performance, both by changing the rates and pathways of Li-insertion reactions, and by 

contributing to surface charge storage.  

Surfactant-mediated colloidal synthesis provides a well-controlled route to manipulate 

grain morphologies in TiO2 nanocrystals for nanostructured electrodes. The size and shape of 

electrode nanocrystals, including anatase TiO2, can be tuned by changing conditions during 

colloidal synthesis, while polydispersity can be narrowed via size-selective precipitation.69–72 The 

surface chemistry of electrode nanomaterials such as TiO2 is also tunable,73 either during synthesis, 

within dispersions, or after deposition, by mass-action ligand exchange74 or ligand-substituting 

reactions.75,76 There are distinct practical challenges that offset the versatility of colloidal 

nanomaterials in batteries,77–79 but anodes with high specific capacity and cycle stability at 
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practical charging rates have nevertheless been formed from monodisperse colloids of TiO2, even 

without conductive binder additives.80,81 Thus, colloidal nanocrystal synthesis provides a practical 

means to design electrode films and test the effects of microstructure on charging properties.  

Optical indicators can deconvolute different electrochemical transformations in 

nanocrystalline TiO2 at a time resolution relevant to fast charging processes. Surface charging or 

continuous single-phase reactions (i.e., without any change in crystalline symmetry) reduce 

anatase TiO2 to an electronically degenerate state, inducing broad Drude absorption in the 

infrared.82 Upon lithium insertion and conversion to orthorhombic Li~0.5TiO2, a polaronic 

absorption feature arises in the visible that induces a deep blue color.83–87 These two coloration 

mechanisms are distinct and can be analyzed independently through UV, visible, and near-IR 

transmittance measurements.87 In situ optical measurements through thin-films have temporal and 

spatial resolution limited only by the optics, detector, and electronics of the spectrometer. The 

main constraint is the transparency of the electrode and substrate. Thin electrodes must be 

deposited on transparent conductive current collectors (e.g., glass coated with tin-doped indium 

oxide) and charged within an in operando half-cell apparatus. Transmittance measurements of 

electrodes with an electrochromic response (e.g., graphite,88 Li4Ti5O12,89 LixFePO4,90 and 

LixCoO2,91 and Nb2O5
92) are a powerful technique to measure distinct charging processes, without 

convoluting signals from leakage current, at the time-scales of practical battery operation. The 

present work uses in operando optical spectroscopy of TiO2 nanocrystal films during Li-ion 

charging, coupled with simulations of charging at the single-particle and ensemble scales, to 

examine how particle morphology and ensemble interactions impact behavior at equilibrium and 

during dynamic charging. 

 

Experimental 

See the Supporting Information. 

 

Results and Discussion 

Synthesis of size-controlled TiO2 nanocrystals 

Anatase TiO2 is a metastable polymorph that is typically observed in particles smaller than 

100 nm due to the low surface energy of anatase relative to other stable phases.93 Many synthetic 

techniques have been used to make nanocrystalline anatase TiO2 electrodes with a wide range of 

particle sizes and shapes, yielding a corresponding variety of electrochemical properties. 

Differences in specific capacity, cycle stability, and energy density have been attributed to the 

faceting, size, and mesostructure of nanostructured TiO2 electrodes.10,41,44 However, polydispersity 

among nanocrystal ensembles can obscure the precise relationship between nanoparticle structure 

and electrode behavior. Surfactant-mediated colloidal synthesis provides an effective method to 
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control the morphology of TiO2 nanocrystals while limiting polydispersity in the particle 

ensemble.71,72 

The size and shape of colloidal anatase TiO2 nanocrystals can be controlled by varying the 

composition of growth precursors. The minimum energy configuration of anatase TiO2 is a square 

bipyramidal structure with exposed {101} facets.94 However, in a colloidal nucleation and growth 

synthesis, metastable particle shapes can form by tuning the kinetic growth rates at each 

facet.71,72,95–97 Strong binding of fluoride produced during the decomposition of a TiF4 precursor 

is found to stabilize the {001} facet and change the shape of TiO2 nanocrystals, without 

incorporating in the nanocrystal as a dopant.98 The presence of an amine such as oleylamine 

(OLAM) sequesters fluoride ions and prevents them from stabilizing the {001} facets, thus 

providing a mechanism to tune the size and shape of monodisperse anatase nanocrystals.98 This 

synthesis yields either truncated bipyramidal nanocrystals – similar to the Wulff construction – if 

OLAM is used as a cosurfactant, or high aspect-ratio nanoplatelets with exposed {001} facets if 

oleyl alcohol (OLAL) is used instead. Fluoride ions also induce oxygen vacancies in anatase 

nanocrystals during synthesis, which are compensated by free electrons.98 As a result, TiO2 

nanocrystals prepared from TiF4 precursors show mid-infrared absorption characteristic of 

localized surface plasmon resonance.82,98,99 Enriching the oxygen vacancy content of TiO2 

nanocrystals with TiF4 precursors provides the added benefit of improved electronic conductivity 

during charging.        

Continuous variations in precursor stoichiometry yield tunable TiO2 nanocrystal 

morphology. Gordon et al described nanocrystal shapes at the extreme limits of cosurfactant ratios 

within an oleic acid-mediated chemothermal synthesis.98 However, finer variations in the ratio of 

OLAM and OLAL during synthesis with TiF4 precursor yield particles of intermediate size. 

Different ratios of OLAM:OLAL were added in a slow-injection synthesis to produce oxygen-

deficient nanoplatelets ranging in size from 4 × 18 × 18 nm to 7 × 54 × 54 nm. Scanning 

transmission electron microscopy (STEM) images in Figure 1 demonstrate the range of particle 

sizes and morphologies synthesized in this manner, along with particle sizing histograms obtained 

by image analysis. Additional STEM images are shown in Figure S1, and details of the particle 

size distributions are provided in Table S1. Anisotropy in the size and shape of the particles was 

confirmed by XRD patterns for films of each particle through Scherrer analysis of different 

diffraction peaks (Figure 1b), as described in the Supporting Information (Figure S2).  

To confirm the faceting of the nanoplatelets, high-resolution transmission electron microscopy 

(HR-TEM) was performed on the largest nanoplatelet sample synthesized with OLAL-only co-

surfactant. Figure 1d shows a low-magnification survey image of the 7 × 54 nm nanoplatelets 

synthesized with the OLAL co-surfactant. The platelets appear to be square, and they tend to 

cluster at random angles to the substrate. Figure 1d shows high-resolution imaging of a platelet 

laying with a square projection in the electron beam. Fourier transform of selected areas in the 

image reveal a persistent peak at 2.81 nm-1, which corresponds to intensity with a periodicity of 

3.56 Å. This corresponds well to the {101} plane spacing of 3.51 Å, albeit with an expansion of 

1.4% strain perpendicular to the {101} planes. The exposed edges of the nanoplatelets are therefore 

perpendicular members of the {100} family of planes, as expected from prior studies.98  
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Figure 1. a) A schematic of TiO2 particle morphologies prepared with either oleylamine 

(OLAM) or oleyl alcohol (OLAL) co-surfactants. b) STEM images of TiO2 nanoplatelets 

synthesized with different ratios of OLAM and OLAL co-surfactants in the precursor. The 

scale bar is 50 nm. Histograms of particle sizes were measured by analysis of STEM 

images. Red histogram bars show measured particle length, and blue histogram bars show 

measured thickness. c) A comparison of the length and thickness dimensions of the 

nanoplatelet samples shown in a), estimated from STEM sizing and Scherrer broadening 

of deposited film powder X-ray diffraction peaks. d) High-resolution TEM images of 

OLAL-only nanoplatelets taken at low and high magnification.  

Deconvoluting Li-insertion phase transformations in TiO2 

Thin film electrodes were prepared from each nanocrystal sample to compare charging 

capacity and rates between nanocrystals with different morphologies. Nanocrystals were deposited 

from dispersions by spin-coating on conductive glass slides and ligand-exchanged to displace the 

bulky insulating native ligands, yielding films with thickness ranging from 100-200 nm (Table 

S2). Nanocrystal films were used as electrodes with a non-aqueous 0.1 M LiTFSI in tetraglyme 

electrolyte, and charged in a half cell geometry with a Li foil counter-electrode. We did not add a 

conductive binder because electron and ion transport path-lengths across the thin film are very 

short, as observed in electrochromic window coatings prepared by similar processes.87,100,101  
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Nanocrystalline TiO2 films store charge through a combination of single-phase and two-

phase lithium insertion reactions and non-Faradaic processes. In bulk anatase TiO2, the lattice 

reversibly incorporates up to 2 Li per unit cell (1 Li per TiO2 formula unit) in open interstitial voids 

through a series of single-phase and two-phase electrochemical reactions. At potentials above 1.8 

V lithium inserts in the tetragonal phase up to a stoichiometry of about Li0.2TiO2 through a single-

phase reaction. A phase transition between anatase Li~0.2TiO2 (I41/amd, ICSD Coll. Code 96947)58 

and orthorhombic Li~0.5TiO2 (Imma, ICSD Coll. Code 36449)14 occurs around 1.75 V vs. Li/Li+.6,7 

At more reducing potentials (<1.4 V) a secondary two-phase transition can occur, from 

orthorhombic Li~0.5TiO2 to tetragonal Li1TiO2 (I41/amd, ICSD Coll. Code 164158)8,102. However, 

this transition occurs more slowly than the anatase to orthorhombic Li~0.5TiO2 two-phase reaction 

and has limited electrochemical cyclability.9,53,102 Nanostructured TiO2 films also store charge 

through non-Faradaic surface charging processes,15 with important, albeit convoluted, effects on 

battery capacity and charging rates.  

The capacity of each film was estimated by cyclic voltammetry (CV). CV measurements 

were performed at a scan rate of 0.5 mV/s across a potential range of 3.5 to 1.5 V vs Li/Li+. 

Measured capacities ranged from 10 - 40 mC, equivalent to about 400 - 500 mAh/cm3 (Figure 

S3). Capacities measured by CV were consistent with galvanostatic capacities measured at C/1 or 

C/2 rates (Figure S4), as well as previously reported values for nanostructured anatase TiO2 

electrodes.10 A nanocrystal volume fraction of 80% was assumed (i.e., 20% void space), yielding 

gravimetric specific capacities ranging from 110 - 180 mAh/g across all samples, estimated based 

on the area and measured thickness for each film (Table S2). It is unclear if particle morphology 

has a systematic effect on specific capacity because of variations in film thickness and porosity. 

Note that the potential range used in these studies targets the tetragonal TiO2 to orthorhombic 

Li~0.5TiO2 transition (along with any single-phase or pseudo-capacitive charging15), and does not 

access the significant capacity of the Li~0.5TiO2 to Li1TiO2 transition.8,9,53,102 All nanocrystal 

samples were found to retain their capacity after several cycles (Figure S3). 

To isolate the two-phase Li insertion reaction from single-phase and non-Faradaic 

processes, we performed electrochemical titration measurements. During two-phase 

transformations a large amount of charge is exchanged near a particular potential (i.e., the critical 

potential for the transformation). Single-phase or surface charging processes, on the other hand, 

occur across a continuous range of potentials. Plateaus observed during galvanostatic charging of 

nanocrystal films indicate that roughly half of total capacity is due to the tetragonal Li~0.2TiO2 to 

orthorhombic Li~0.5TiO2 transition (Figure S4). We note that the potential in this experiment did 

not reach the threshold for the secondary two-phase transformation to tetragonal LiTiO2. The 

precise potential of the Li~0.2TiO2 to Li~0.5TiO2 two-phase reaction, upon both oxidation and 

reduction, can be measured with electrochemical titrations, including the galvanostatic intermittent 

titration technique (GITT) and potentiostatic intermittent titration technique (PITT). We employed 

PITT and GITT to compare the critical potentials of two-phase insertion reactions between TiO2 

nanocrystal films with different particle morphologies.   

PITT measurements reveal the critical potentials of the two-phase lithiation reaction in 

nanocrystalline TiO2 films. During each charge titration step in the PITT experiment, the potential 

was held constant until the current declined to a pre-determined value (a current of C/25 defined 



8 

 

by prior CV experiments, Figure S3). Figure 2a shows the full PITT experiment for 7 × 23 nm 

TiO2 nanoplatelet films (50% OLAM, Figure 1). The integrated charge accumulated for each 

5 mV step is shown as a function of potential in Figure 2d. Only a small amount of charge is 

accumulated during each step (Figure 2d), except for clear peaks that indicate the two-phase 

reactions for lithiation (1.770 V) or delithiation (1.830 V). Step-wise capacity increases at 

potentials below 1.6 V upon lithiation, which may be caused by electrolyte side reactions or the 

sluggish two-phase reaction from orthorhombic Li~0.5TiO2 to tetragonal Li1TiO2.9,53,102 Indeed, a 

shallow feature around 1.7 V upon delithiation implies that some orthorhombic Li~0.5TiO2 converts 

to tetragonal Li1TiO2 upon reduction, and returns to orthorhombic Li~0.5TiO2 upon oxidation 

(Figure S9c). 

GITT measurements also identify the critical potentials of two-phase lithiation, but 

nucleation barriers to lithium insertion in TiO2 nanocrystals obscure the results. GITT measures 

equilibrium transformation potentials by observing how potential responds to discrete 

galvanostatic charging steps upon relaxation, thereby eliminating kinetic effects.21,103 GITT 

measurements of 7 × 23 nm TiO2 nanoplatelet films (50% OLAM, Figure 1) are shown in Figure 

S5. Sharp plateaus in step-wise capacity (ΔQ/ΔV) are observed at 1.791 V and 1.832 V for 

lithiation and delithiation, respectively, and can be attributed to discontinuous two-phase insertion 

reactions (Figure S5a,b). However, GITT obscures the important role of nucleation barriers during 

two-phase reactions in nanostructured electrodes because large polarizations (> 100 mV) are 

applied during each galvanostatic charging step (Figure S5a,b). These nucleation barriers can 

have significant impacts on battery performance and charging hysteresis,104–106 and are not probed 

with great precision during GITT. Figure S5c compares how step-wise capacity changes with 

potential between PITT and GITT methods: the critical potential for lithiation is 20 mV lower in 

the PITT experiment, reflecting the nucleation barrier to two-phase lithiation in these films. 

Particle morphology can impact both nucleation barriers and equilibrium phase transformation 

energetics,54 so we rely on potentiostatic measurements (PITT) to compare the energetics of 

nanocrystalline TiO2 films. 
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Figure 2. Potentiostatic intermittant titration technique (PITT) electrochemical 

measurements of a 50% OLAL-synthesized TiO2 nanocrystal film. a) Measurements of 

current and potential during a 5 mV step PITT experiment with a C/25 current threshold. 

b) A plot of optical density at 800 nm and 2000 nm vs. time, referenced to the time resolved 

potential measured during the PITT experiment. c) Optical transmittance spectra taken 

during the PITT experiment at different points during lithiation. The spectra correspond to 

time-points indicated by the markers in (b) of the same color. d) Integrated differential 

capacity across each potentiostatic charging step for the PITT measurement, along with 

integrated changes in optical density at 800 nm for the lithiation and delithiation reactions.  

Anatase TiO2 presents an additional opportunity to isolate the two-phase insertion reaction 

because the transformation from the tetragonal to orthorhombic phase is accompanied by a visible 

coloration. This color change is attributed to polaronic gap states formed when electrons localize 

at Ti3+ sites near inserted lithium.84,86,107–109 Accumulated electrons are found to localize near 

inserted Li+ in orthorhombic Li~0.5TiO2,109 but it is unclear how these states interact in 

nanocrystals, or how localized states in tetragonal Li<0.2TiO2 contribute to visible coloration. 

Nonetheless, visible coloration effectively distinguishes the two-phase Li-insertion reaction from 

single-phase insertion and non-Faradaic charging.87 

In situ measurements of film transmittance during PITT for a film of 7 × 23 nm 

nanoplatelets are shown in Figure 2. Distinct optical modulations occur in the visible and infrared 

portions of the spectrum (Figure 2c), which can be attributed to the two-phase insertion reaction 

and single-phase/non-Faradaic charging, respectively.87 The 2000 nm feature is the high-energy 

tail of a localized resonant Drude response in conductive TiO2, and varies non-monotonically with 

potential. The 2000 nm feature can be used as an in situ probe of the optical conductivity of TiO2 

nanocrystals in a film.82 Conversely, an optical density (OD) peak at 800 nm primarily increases 

across the two-phase potential plateau in the charging curve (Figure 2b). A comparison of the 

step-wise color change with step-wise charge capacity reveals that the two signals are highly 

correlated (Figure 2d). Moreover, optical coloration at 800 nm is specific to the two-phase 

insertion reaction, without convolutions from minor charging processes observed during PITT at 

potentials above and below the two-phase plateau (Figure S9c,f). Thus, the combination of PITT 

and optical transmission measurements at 800 nm can be used as a precise in operando probe of 

the two-phase anatase to orthorhombic transformation. 

 

Energetic effects of nanocrystal morphology on Li insertion 

Particle morphology shifts the critical overpotential of the two-phase lithiation reaction. 

Figure 3a compares the step-wise capacity and differential optical density measured during PITT 

experiments for different particle morphologies. Sharp peaks in step-wise charge accumulation 

and color change are observed around 1.8 V upon both lithiation and delithiation in all samples. 

Step-wise peak widths and potentials are identical between optical and electrochemical 

measurements. The potential of these peaks shifts with particle size. The largest particles (54 × 7 

nm) have delithiation peaks at 1.840 V, 10 mV more positive than any of the smaller particles at 
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1.830 V. Upon lithiation, the largest particles have peaks at 1.790 V, 20 mV more positive than 

the smaller particles at 1.770 V. These peaks can be directly assigned to the two-phase tetragonal 

to orthorhombic transformation, and indicate that particle size or faceting affects the energetics of 

lithiation in anatase TiO2. The near-equilibrium conditions of the PITT experiment, and fine 

control of particle size and faceting through colloidal synthesis, allow this precise measurement of 

size-dependent lithiation energetics. Size effects in nanostructured Li-insertion electrodes are well-

documented for electrode capacity, charging rates and mechanisms (e.g. LixTiO2,9,48,64,110,111 

LixFePO4,112 and LixCoO2
113,114) due to surface energetics, strain effects and kinetics.17 However, 

there is a scarcity of reported equilibrium charging experiments (e.g. PITT and GITT) with 

nanostructured Li-ion electrodes because most attention is directed towards behavior at practical 

charging rates for batteries. Notably, size-dependent shifts (< 100 mV) in equilibrium (de)lithiation 

potentials have been observed in nanocrystalline LixFePO4
112 and LixTiO2

48,111 electrodes, but 

synthetic polydispersity in particle size and faceting obscures the connection between particle 

morphology and energetics in these measurements.  

The difference in critical overpotential of the two-phase lithiation reaction may be related 

to differences in surface energy between nanocrystals. Van der Ven and Wagemaker proposed a 

general theory that connects particle size to the equilibrium potential of two-phase lithiation 

reactions by accounting for the surface energy in small (< 100 nm) nanocrystals.115 Surface energy 

contributes an additional term to the free energy, F(x), of both the anatase (α) or lithiated TiO2 (β) 

phases for small particles: 

𝐹𝛼,𝛽(𝑥) = 𝐹𝑏𝑢𝑙𝑘,𝛼,𝛽(𝑥) +
𝐴Ω𝛾𝛼,𝛽

𝑉
  (1) 

Here, x is the lithium concentration in the particle, Ω is the molar volume (21 cm3/mol for anatase 

TiO2), A is the particle surface area and V is the particle volume. The surface energy, γ, need not 

be equal between each phase, so the contribution from surface energy for anatase and lithiatied 

phases of the same particle can differ.115 As described in more detail in the Supporting 

Information, this difference in surface energy can introduce shifts in the transformation potential 

for particles of different sizes (Figure S10), but these small shifts in potential have been difficult 

to observe experimentally.  

Decreasing particle size is correlated with more negative transformation potentials for both 

lithiation and delithiation reactions (Figure 3). This result implies that the surface energy of 

orthorhombic Li~0.5TiO2 must be greater in magnitude than that of tetragonal Li<0.2TiO2 (Figure 

S10). The extent of this difference in surface energy can be approximated by considering the size 

and shape of the different samples. TiO2 nanocrystals are idealized as rectangular prisms with 

width and thickness defined by the particle size distributions shown in Figure 1. Assuming equal 

surface energies for each facet, a 20 mV difference in lithiation potential between the smallest (4 

× 18 nm) and largest (7 × 54 nm) nanoplatelets corresponds to a surface energy difference of 

roughly 0.11 J/m2 between the anatase and lithiated orthorhombic phases (Figure S10). This 

simple model neglects several details of the system, and the surface energies of each exposed facet 

may behave quite differently upon (de)lithiation. To our knowledge the surface energies of the 

orthorhombic Li~0.5TiO2 phase have not been characterized, but studies of anatase TiO2 suggest 
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surface energies ranging from 0.35 - 0.52 J/m2 for the {101} facet and 0.51 - 0.96 J/m2 for the 

{001} facet,94,116–118 and a similar range for average surface energies.119–121 Computations of the 

(111) surface of a comparable material, Li4Ti5O12, indicate that surface energies increase from 

0.35 J/m2 to 0.61 J/m2 upon lithiation to Li7Ti5O12,122 so it is conceivable that the lithiated 

orthorhombic Li~0.5TiO2 phase has an average surface energy that is about 0.11 J/m2 greater than 

the tetragonal anatase TiO2 phase. 

 

Figure 3. a) Integrated differential capacity across each 5 mV potentiostatic charging step 

during PITT measurements of different TiO2 nanocrystal films, along with integrated 

changes in optical density at 800 nm for the lithiation and delithiation reactions. b) The 

voltages at the maximum integrated change in optical density are plotted against estimated 

area/volume ratios for the nanocrystal samples shown in (a).  

Phase-field simulations of Li and phase boundary flux in single particles provide a more 

physical probe of the relationship between particle morphology and charging energetics. Phase-

field simulations  have been applied to LiFePO4 and TiO2 particles with excellent agreement to 

experiment.53,123,124 However, the effects of surface energy on Li-insertion reactions has received 

less attention,123 and the dependence of surface energy on Li concentration in TiO2 is poorly 

understood. Square prism particles of various sizes were tested with similar morphology to the 

nanoplatelets shown in Figure 1 (i.e. the {001} facet was the dominant exposed plane). Particle 

width ranged from 15 to 50 nm across the {001} facet, and the thickness was assumed to be thin 

enough to neglect gradients along the <001> direction. Earlier studies suggest that the boundary 

propagates along a strain-invariant facet, {010}, and that Li diffusion is isotropic in anatase but 

occurs mostly along <100> in orthorhombic Li~0.5TiO2.
125 Li diffusion was assumed to be isotropic 

in these simulations, but a misfit strain at the coherent boundary between tetragonal and 

orthorhombic phases was modeled with an elastic energy tensor to capture the crystalline structure 

of the particles. Energies of the particle surfaces, bulk chemical potentials and Li concentration 

gradient energies were estimated and included in the simulation model as well (see Supporting 

Information). 

Simulations demonstrate that size-dependent surface energies shift the critical potentials of 

(de)lithiation reactions in TiO2 nanocrystals. Figure 4a shows the critical overpotentials required 

for the two-phase transformation to occur upon both lithiation and delithiation. The effect of 

surface energy is tested by varying the surface energy difference, Δ𝛾, between the anatase and 
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orthorhombic phases. Simulation results confirm that smaller particles need lower (i.e. more 

negative) overpotentials for lithiation and delithiation when the surface energy of the lithiated 

phase is greater in magnitude than the anatase phase. A larger difference between the anatase and 

orthorhombic surface energies, Δ𝛾, can enhance this size effect.  With Δ𝛾 = 0.3 J/m2, the reduction 

in critical overpotential upon reducing particle size from 50 nm to 25 nm is 5.5 mV for lithiation 

and 2.7 mV for delithiation (Figure 4a). In comparison, the critical overpotential differences 

observed experimentally between particles with lengths 53 nm and 23 nm are larger; roughly 20 

mV for lithiation and 10 mV for delithiation (Figure 4b). The experimental size effect would be 

larger if the surface energy difference, Δ𝛾, is greater than 0.3 J/m2, or if macroscopic effects such 

as electrolyte polarization magnify the measured values. Nevertheless, simulations confirm that 

particle morphology can systematically tune (de)lithiation potentials in nanostructured TiO2 

electrodes.  

 

Figure 4.  Phase field simulations of (de)lithiation in square TiO2 nanoplatelets of various 

sizes. a) Size dependence of the critical overpotential required for the two-phase 

transformation from anatase Li<0.2TiO2 to orthorhombic Li>0.5TiO2, with a range of surface 

energy differences, Δγ, between the two phases. b) Differential coloration measured during 

PITT of the nanocrystal samples of two different sizes (23 × 4 nm and 54 × 7 nm), identical 

to results from Figure 3a, shown as a qualitative comparison of the experimental and 

simulated effect of particle size on transformation potentials. c) Time evolution of the 
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average Li concentration in 15 nm nanoplatelets during phase-field simulated charging at 

the critical overpotentials for lithiation and delithiation with a surface energy difference of 

Δγ = 0.3 J/m2. The markers on the lithiation curve correspond to the images in (d) showing 

the distribution of Li in simulated platelets during charging, quantified by the color bar in 

(c). 

 Polydispersity in particle size can explain the broadening observed in (de)lithiation peaks 

in coloration and differential charge during PITT. The peak potentials of the two-phase 

transformations during PITT are broadened by 20-30 mV for each sample, with larger particles 

showing broader peaks (Figure 3). This distribution in measured potentials can be compared to 

the distribution in particle sizes shown in Figure 1. For instance, the smallest nanocrystals have 

an average size of 18 × 4 nm and span a range of sizes from roughly 8 × 2 nm to 34 × 7 nm (Table 

S1). Phase field models suggest that the difference in critical (de)lithiation potentials between the 

smallest and largest particles should be at least 10 mV (Figure 4a), or even greater if the size effect 

is augmented during experiments (Figure 4b). Thus, particle size polydispersity may explain why 

the breadth of two-phase (de)lithiation peaks observed by PITT (FWHM ≈ 25 mV) is similar to 

the difference in peak critical potentials between the smallest and largest nanoplatelet films (≈ 20 

mV). Polydispersity in the Li-insertion potentials between different particles in an ensemble 

electrode can have significant implications for charging kinetics126 and hysteresis.104–106 

 

Kinetic implications of nanocrystal ensemble polydispersity  

The practical performance of battery electrodes for fast-charging applications is limited not 

by equilibrium capacities, but by the kinetics of (dis)charging. The kinetic bottlenecks to charging 

during two-phase Li-insertion reactions are actively debated; it is unclear if nucleation barriers or 

bulk diffusion of Li or phase boundary propagation limit kinetics.54,127 Ensemble effects are also 

important to consider because local heterogeneity in potential or charge flux can have dramatic 

impacts on bulk properties of microcrystalline electrodes.64,126,128,129 Thus, the distribution of 

critical potentials and charging rates among an ensemble of particles can have significant practical 

consequences, even if the range of these differences among particles is minute. To examine the 

role of particle morphology and ensemble heterogeneity on charging kinetics we compared non-

equilibrium in operando spectroelectrochemical measurements to continuum charging models and 

single-particle simulations.  

The kinetics of (de)lithiation in nanocrystalline TiO2 films were probed by coloration during 

potentiostatic charging. To isolate the two-phase (de)lithiation reaction, which is responsible for 

half of the total charge capacity (Figure S4), the electrode was first equilibrated to a potential 

within the two-phase coexistence plateau. This technique provides two distinct advantages to probe 

reaction kinetics: the open circuit voltage (OCV) and state of coloration (SOCo) across the anatase-

orthorhombic reaction can be directly measured, and a precise overpotential can be applied to 

oxidize or reduce the ensemble. The SOCo was calculated by comparing the film’s optical density 

to the extremes of coloration in fully oxidized (+3.5V vs Li/Li+) and fully reduced (+1.5V vs 

Li/Li+) states, as illustrated in Figure 2b,c. The measured SOCo is analogous to the 
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electrochemical state of charge (SOC), but only monitors charge compensation that induces 

coloration at 800 nm (i.e. only lithium insertion, no double layer capacitance).  

The close correlation between optical and electrochemical signals during PITT (Figure 2) 

suggests that the SOCo at 800 nm is linearly related to the state of charging across the two-phase 

lithiation reaction. However, it is unclear if color correlates with the Li concentration or the 

anatase-orthorhombic crystalline phase fraction in individual particles. Similarly, optical 

transmission samples a large ensemble of nanocrystals and it is unclear what fraction of these 

particles are actively transforming during transient measurements. At steady-state, phase 

coexistence is not observed in TiO2 particles smaller than 100 nm,8,48 and phase-field simulations 

suggest that the transformation between anatase and orthorhombic phases occurs very quickly 

(Figure 4c). Thus, we assume that the ensemble of particles can be approximated as a discrete set 

of anatase and orthorhombic particles during charging, with a linear relationship between the 

ensemble phase fraction and the optical density of the film.  

 

Figure 5. Optical density at 800 nm, current and potential responses of a film of 7 × 23 nm 

TiO2 nanocrystals during a spectroelectrochemical kinetics measurement. The film was 

first (i) oxidized to the delithiated TiO2 state, then (ii) reduced until partially transformed 

across the anatase-orthorhombic reaction, (iii) allowed to relax at open-circuit conditions, 

and (iv) charged at a fixed -50 mV overpotential. 

Coloration at different wavelengths reveals the convoluted kinetics of different charging 

mechanisms in TiO2 nanocrystals. Figure 5 illustrates the spectroelectrochemical experiment for 

a film of 7 × 23 nm TiO2 nanoplatelets. The film was first equilibrated to roughly 50% SOCo 

across the anatase-orthorhombic transformation in open-circuit conditions, and charged at an 
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overpotential of +50 mV relative to the relaxed potential. Figure 6a shows optical spectra at 

different points in the charging experiment, revealing the same distinct visible and near-IR 

transformations observed during equilibrium PITT experiments (Figure 2b). The optical signals 

at 800 nm and 2000 nm can be used to deconvolute the transient current response of the film, 

which may include electrode polarization, non-Faradaic and single-phase charging, and leakage 

currents (Figure 6b).130 A large spike in current at the beginning of charging correlates with a 

small transient increase in optical density at 2000 nm (Figure 6a,c). This optical signal indicates 

Drude-like extinction from accumulated electrons in TiO2 nanocrystals before the onset of lithium 

insertion.82 Coloration at 800 nm, which directly probes the transformation from anatase Li<0.2TiO2 

to orthorhombic Li~0.5TiO2, follows different dynamics than the roughly exponential current 

response (Figure 6c). We can therefore use coloration to isolate the two-phase insertion reaction 

from other convoluting charging processes at an appropriate time resolution to observe in 

operando kinetics. This method to distinguish particular phase transformations in Li-insertion 

electrodes is comparable to in situ techniques such as X-ray diffraction (XRD) and X-ray 

spectroscopy (e.g. XANES), but can be implemented at more convenient scales with simple 

instrumentation and a variety of light-source and detector schemes to adjust spectral, spatial and 

temporal resolution.      

 

Figure 6. Optical response of a film of 7 × 23 nm TiO2 nanoplatelets during potentiostatic 

charging from a 50% initial state of 800 nm coloration. a) The change in optical coloration 

(800 nm and 2000 nm) and current during the potentiostatic charging experiment. b) A 

schematic illustrating different charging mechanisms of TiO2 nanocrystals and their optical 

signatures. c) Optical transmittance of the film at different times after the start of the 

potentiostatic charging experiment (step iv. of Figure 5). The colored arrows in (c) indicate 

when the same color spectra shown in (a) were acquired.  
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The kinetics of (de)lithiation depend strongly on the applied overpotential. Figure 7a shows 

the optical responses of a film of 7 × 23 nm TiO2 nanoplatelets conditioned to a 50% SOCo across 

the anatase-orthorhombic transition and charged at different oxidizing and reducing overpotentials. 

A measurement of the electrochemical charge, rather than coloration, during this experiment 

would be convoluted by leakage and surface charging processes, and require mathematical 

deconvolution to isolate the Li-insertion reaction.130 The optical response is roughly exponential 

for all trials (Figure S13), but larger overpotentials increase the rate of transformation. It is unclear 

if the nucleation rate of the two-phase reaction, or flux of either Li or the two-phase boundary 

during transformations, are responsible for this dependence on potential.  

The rate-limitations of nucleation or growth kinetics are quantified by fitting the data to a 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) continuum phase-transition model. The JMAK 

model, described in detail in the Supporting Information, has been effectively used to model 

transformation kinetics of nanocrystalline electrodes that undergo two-phase Li-insertion, such as 

LiFePO4.54,124,131 The model accounts for both nucleation and growth rates, and is described by an 

adjusted exponential: 

𝑆𝑂𝐶𝑜(𝑡) = 1 − exp[−(𝑘𝑡)𝑛]  (2) 

The prefactor k is the general reaction rate, and n is commonly interpreted as a measure of how 

growth or nucleation limits reaction kinetics. The value of n ranges from 1, for a nucleation-limited 

reaction or growth-limited reaction with 1D phase propagation, to a value of 4 for a system that 

transforms through 3D growth at a constant nucleation rate.54,132 An additional parameter, 

SOCofinal (i.e. 𝑆𝑂𝐶𝑜(𝑡 → ∞), 0 < SOCofinal < 1), was also included (see Supporting Information) 

to account for incomplete transformations of the ensemble observed at small overpotentials 

(Figure 7a). As described previously, the critical potential for transformation varies 20-30 mV 

across the distribution of particle sizes present in each film (Figure 3a), so only a subset of 

nanocrystals will transform for small overpotentials (< 40 mV, Figure 7b). Although the JMAK 

model assumes a perfectly homogeneous medium, rather than the discrete ensemble of particles 

tested, the model successfully fits the charging data for a range of applied overpotentials with only 

three free variables.  

Charging kinetics are remarkably consistent between films of different particle 

morphologies. Figure 7b compares fitted parameters for different nanocrystal samples across a 

range of applied overpotentials. SOCofinal, n and k all have a similar dependence on applied 

overpotential for all nanocrystal samples without any systematic dependence on size or shape. The 

exponent n, which measures the balance between nucleation and growth limitations during the 

transformation, ranges between 1 and 1.3 at larger overpotentials. JMAK theory indicates that 

either the transformation is nucleation-limited, with rapid growth along phase-boundaries, or 1D 

growth is rate-limiting.54,132 At low reducing overpotentials sub-exponential behavior is observed 

(n < 1) which departs from the analytical limits of JMAK theory. In this regime, non-unity values 

of SOCofinal reflect the ensemble polydispersity of the film, and depart from the assumptions of 

homogeneity used to derive the JMAK model, so the fitted values should be treated as an empirical 

comparison. Fitted n and k values show minor asymmetry in lithiation and delithiation directions 

for some samples, but this effect is inconsistent for each nanocrystal film. Despite different Li 
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diffusivity, miscibility and crystallinity of the anatase and Li~0.5TiO2 phases,53,60,125 we observe 

fairly similar behavior upon both lithiation and delithiation in these films. 

Measurements of films prepared by different processing routes indicate that bulk film 

polarization and surface chemistry have little effect on charging kinetics. Electrode films ranging 

in thickness from 80 nm to 210 nm (Table S2) yielded very similar charging kinetics (Figure 6, 

Figure S14), suggesting that bulk film polarization has a negligible impact. Different nanocrystal 

surface chemistry treatments also had little effect. For three of the electrodes (4 × 18, 4 × 22, and 

7 × 23 nm nanoplatelets, Figure 1b), films were immersed in a formic acid (FA) solution to replace 

native oleic acid ligands with smaller FA ligands.74,133 In the other electrode (7 × 54 nm), dispersed 

TiO2 nanocrystals were exposed to nitrosyltetrafluoroborate (NOBF4) in solution to exchange oleic 

acid ligands with more conductive species before film deposition.75 The fitted kinetics were 

indistinguishable between all four samples (Figure 6b). Moreover, annealing a FA-treated film of 

4 × 22 nm nanoplatelets at 300°C in argon for 1 hr had negligible impacts on charging kinetics 

(Figure S15). Charging rates (i.e., the fitted k parameter) were found to decrease during lithiation 

in a 10× diluted electrolyte without significant changes in the fitted exponential shape parameter, 

n (Figure S16).  
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Figure 7. a) The state of coloration (SOCo) for a 23 × 7 nm nanoplatelet film, derived from 

optical density at 800 nm, is plotted as a function of time during potentiostatic charging. 

The SOCo is defined such that SOCo = 1 is the fully darkened (i.e., lithiated, Li~0.5TiO2) 

film, and SOCo = 0 is the fully transparent (delithiated, TiO2) film. Measured kinetics were 

fitted to a modified JMAK model, yielding b) fit parameters of the final SOCo, Avrami 

exponent n and rate prefactor, k, for different overpotentials and nanocrystal sizes.    

It is unlikely that Li diffusion within TiO2 nanocrystals is rate-limiting during charging. The 

JMAK model fits the data with n ≈ 1 (Figure 6b), which can be due to either nucleation-limited 

or 1D growth-limited kinetics. Growth may be limited by any continuum transport process, 

including Li diffusion in particles, propagation of the two-phase boundary, Li diffusion across a 

solid-electrolyte interface (SEI), or even mesoscopic diffusion between particles. Estimates of Li 

diffusion parameters in anatase TiO2 and orthorhombic Li~0.5TiO2 vary tremendously; Li 

diffusivities in both anatase and orthorhombic phases have been estimated to range from 10-17 – 

10-10 cm2/s, depending on the sample preparation and characterization method.10,53,60,62,125,134–137 

This wide range may be due to the limitations of different measurement techniques. Single crystals 

of anatase TiO2 have shown diffusivities of 2 x 10-13 and 6 x 10-13 cm2/s for lithiation and 

delithiation, respectively, through chronoamperometry.134,135 However, similar measurements of 

nanoporous anatase TiO2 find much smaller diffusivities of 1 x 10-17 and 4 x 10-17 cm2/s for 

lithiation and delithiation, respectively.62 These measurements probe transport across the entire 

electrode, but microscopic measurements of diffusion through solid state NMR of nanocrystalline 

TiO2 suggest much higher diffusivities: 4.7 x 10-12 cm2/s for anatase TiO2 and 1.3 x 10-11 cm2/s for 

orthorhombic Li0.5TiO2.60 Thus, the literature indicates that mesoscopic Li diffusion across or 

around particle interfaces is much slower than diffusion within TiO2 nanocrystals. This conclusion 

is supported by measurements of our TiO2 nanocrystal films (Figure 7). JMAK fits of charging 

data reduce to a simple exponential model of 1D diffusion if n = 1, where diffusivity can be 

estimated from the exponential prefactor: 𝑘 ≈ 𝜋𝒟𝐿𝑖 𝐿2⁄ . Here, L is the characteristic length of 

diffusion. Estimated diffusivities range from about 5 x 10-17 cm2/s for L = 5 nm to about 5 x 10-15 

cm2/s for L = 50 nm. These values are comparable to diffusivities measured previously in 

nanoporous films, but much lower than diffusivities measured within TiO2 particles. Given that 

inter-particle transport is apparently rate limiting, at these particle sizes, measured charging rates 

would vary tremendously between ensembles of different sized nanocrystals if slow Li diffusion 

within particles were rate-limiting.  

Phase-field simulations indicate that slow single-phase (de)lithiation prior to the two-phase 

transformation limits kinetics in single particles. Figure 4c tracks the time evolution of the average 

Li concentration (i.e. SOCo) in single particles of different sizes. The sharp increase in rate from 

low to high Li content – across the anatase to orthorhombic phase transition – demonstrates that 

phase-boundary propagation and Li diffusion are fast once a critical Li concentration is achieved. 

Similar behavior is observed for particles as large as 50 nm, and at larger overpotentials (Figure 

S12). This result can be explained by the relatively large gradient coefficient, κ, which penalizes 

phase coexistence in a single particle (Supporting Information). This parameter was estimated 

based on earlier observations that small TiO2 nanocrystals (< 100 nm) do not exhibit coherent 

coexistence of anatase and orthorhombic phases at steady state.8,53 As a result, the Li concentration 

is quite homogeneous across the particle during charging, even within the miscibility gap between 
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the anatase and orthorhombic phases (Figure 4d). The rate limiting step during (de)lithiation is 

therefore slow Li-insertion before the crystalline phase transformation. The kinetics of single-

phase Li-insertion depend on Li activity at the particle surface, which accounts for the observed 

effects of overpotential (Figure 7b) and electrolyte concentration (Figure S16) on rate. Thus, even 

if a two-phase transformation is thermodynamically favorable at a critical overpotential, the 

particle requires time to slowly exchange Li with the electrolyte (or nearby particles) until it 

reaches a critical Li content for rapid two-phase transformation. Single-phase Li accumulation may 

be considered as a form of nucleation prior to the two-phase anatase-orthorhombic reaction, but it 

need not obey the kinetics of classical nucleation theory. We note that prior phase field simulations 

of Li insertion in TiO2 nanocrystals simulated galvanostatic charging,53 so the discontinuous 

kinetics shown in Figure 4c would not have been observed.  

The time required to achieve critical Li content in TiO2 particles for the two-phase 

transformation would manifest as a nucleation barrier in fits of the experimental data. Optical 

measurements of charging kinetics are sensitive to the rapid two-phase transformation from 

anatase Li<0.2TiO2 to orthorhombic Li~0.5TiO2; single phase reactions beyond this transformation 

are not as well-resolved because the change in Li content is much smaller. Increasing the critical 

overpotential creates a larger gradient to hasten the single-phase (de)lithiation of each particle, as 

shown in Figure S12. The observed JMAK fits of n ≈ 1 can therefore be attributed to ‘nucleation’-

limited kinetics defined by the single-phase conditioning time prior to rapid two-phase 

transformation. This result also indicates that the ensemble electrode is a population of fully 

anatase or orthorhombic particles, undergoing stochastic changes in number density during 

charging. In this case, only a small concentration of particles actively transforming between the 

two-phases. We expect that at some larger overpotential (> 100 mV) this ‘nucleation’ rate will 

become comparable to the two-phase transformation rate and alter the observed behavior. 

The initial distribution of Li and phases among particles in the ensemble electrode (i.e. the 

initial SOCo) has a significant impact on (de)lithiation kinetics. Figure 8a shows potentiostatic 

responses, measured by optical coloration, of a 7 × 53 nm nanoplatelet film to applied ± 50 mV 

overpotentials from several initial SOCo values. The initial SOCo measures the fraction of 

nanocrystals in the anatase or orthorhombic phases among the ensemble, rather than the true Li 

concentration, and is recorded after 3 hr of open-circuit relaxation. Fitted rates, k, are shown in 

Figure 8b, and other fit parameters are shown in Figure S14. The initial absolute potential varies 

by only about 10 mV across a wide range of initial SOCo conditions (Figure S14b), which is 

similar to the range of critical transformation potentials measured between the different 

nanocrystal ensembles (Figure 3). Fitted k and n parameters were found to be independent of one 

another (Figure S14c). A logarithmic relationship between k (i.e. charging rate) and initial SOCo 

is observed for all films (Figure 8b), with different behavior during lithiation (log 𝑘 =
0.51(𝑆𝑂𝐶𝑜initial) − 3.31, R2 = 0.39) and delithiation (log 𝑘 = −1.06(𝑆𝑂𝐶𝑜initial) − 2.26, R2 = 

0.65). During lithiation, the transformation rate moderately increases with greater initial SOCo (i.e. 

more initial Li). Conversely, during delithiation the transformation rate increases dramatically, by 

nearly an order of magnitude, with a lower initial SOCo (i.e. less initial Li). The fitted n parameter 

also differs in the lithiation and delithiation directions; n is fairly consistent across different initial 

SOCo upon delithiation, but decreases as SOCo approaches 1 (i.e. mostly Li~0.5TiO2) upon 

lithiation.  
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Figure 8. The effects of initial state of 800 nm coloration (SOCoinitial) on Li-insertion 

kinetics. a) The potentiostatic response of SOCo for a 53 × 7 nm nanoplatelet film, derived 

from optical density at 800 nm, is plotted as a function of time during potentiostatic 

charging from different SOCoinitial with ±50 mV overpotentials. b) A comparison of the 

fitted rate constant, k, with SOCoinitial for different samples. Linear regressions are shown 

for the results of lithiation (red) and delithiation (blue) experiments. The filled-in circles 

correspond to the measurements plotted in the same colors shown in (a). Schematics of the 

free energies of TiO2 particles across the anatase Li<0.2TiO2 (light blue-gray) to 

orthorhombic Li~0.5TiO2 (dark blue) phase transformation, illustrating the effect of 

SOCoinitial on macroscopic lithiation rates for nanocrystalline ensembles with either c) low 

SOCoinitial, or d) high SOCoinitial. Light gray traces in the free energy diagrams illustrate the 

distribution of single-particle profiles, and the black trace is the average free energy profile. 

The relationship between initial SOCo and charging rates can be attributed to slow single-phase 

‘nucleation’ of particles within a heterogeneous ensemble. The initial SOCo illustrated in Figure 

8b is reached by galvanostatic charging and relaxation at open circuit for an hour (Figure 5), 

allowing Li chemical potential gradients to equilibrate within and between particles. Thus, 

particles that exceed the critical overpotential for transformation (Figure 4a) have enough time to 

reach the critical Li content and undergo the two-phase transformation. Concurrently, local 

potentials in the film will adjust to accommodate local variations in Li chemical potential until 

each particle equilibrates to a stable Li composition across the miscibility gap. The distribution of 

critical transformation potentials (Figure 3) among nanocrystals of different sizes in ensemble 

electrodes will further contribute to this local charging heterogeneity. The Li content in each 
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particle that hasn’t yet transformed should increase with the initial SOCo. Particles closer to the 

critical Li composition can be described as ‘nucleated’ by JMAK or other statistical theories. For 

instance, during lithiation the film with a higher initial SOCo will charge more quickly because 

the remaining particles require less single-phase ‘nucleation’ before transforming to orthorhombic 

Li~0.5TiO2. These trends with initial SOCo are retained even in a more dilute electrolyte, albeit at 

slower overall rates (Figure S16).  

The slow single-phase kinetics observed in TiO2 nanocrystals have important practical 

implications for ensemble electrodes. A kinetic ‘nucleation’ barrier can distort measured potentials 

during cycling, which is problematic for battery control systems that rely on potential to determine 

the state of charge. In Li-ion battery electrode materials with a large Li miscibility gap, such as 

anatase TiO2,
105,106 Li4Ti5O12,

104,138 and LiFePO4,
104 activation barriers for the phase 

transformation manifest as a hump in the galvanostatic potential plateau (e.g. the C/1 rate 

delithiation response in Figure S4), or as polarization during GITT (Figure S5a,b). The magnitude 

and state of charge of this hump is influenced by recent charging history (the ‘memory effect’), 

and is described as a stochastic phenomenon that arises from non-equilibrium chemical potential 

heterogeneity between particles.104–106,138 Similarly, a kinetic ‘nucleation’ barrier may explain why 

the fraction of actively-transforming particles in an ensemble electrode is determined by the 

charging rate. Charging heterogeneity can accelerate capacity fade due to local current hotspots,126 

so the active particle population has important practical consequences for batteries. For instance, 

ensembles of LFP microparticles transform particle-by-particle at low charging rates, but 

concurrently across the entire ensemble at high rates.126 This phenomenon is attributed to a 

distribution of activation ‘barriers’ to phase transformation in the ensemble. Discontinuous kinetic 

bottlenecks, as observed in polydisperse ensembles of TiO2 nanocrystals, are a plausible 

explanation for this behavior. A careful accounting of the charging kinetics for different processes 

in ensemble Li-ion electrodes will thus be essential to improve the performance of next-generation 

batteries.  

 

Conclusions 

A combination of in situ spectroelectrochemical experiments probe the equilibrium and 

transient responses of Li-insertion in size-controlled TiO2 nanoplatelet films. Colloidal synthesis 

and thin-film processing yield transparent nanocrystalline anatase TiO2 electrodes with precisely 

defined particle morphology, polydispersity, and film characteristics. Distinct electrochromic 

coloration is observed in the visible and infrared for Li-insertion transformations (anatase 

Li<0.2TiO2 to orthorhombic Li~0.5TiO2) and capacitive electron accumulation, respectively. Thus, 

a direct in operando measurement of the Li-insertion reaction is enabled, without convoluting 

effects from electrolyte leakage or double-layer capacitance. The equilibrium potential of the Li-

insertion transformation is observed to vary with nanocrystal size. Phase field simulations indicate 

that a difference in surface energies between the anatase and lithiated TiO2 phases causes this 

systematic dependence between particle size and transformation potential. Polydispersity in 

particle size can thus induce a distribution of local Li-insertion transformation potentials in 

nanocrystalline TiO2 ensembles. However, particle size has a negligible effect on Li-insertion 
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kinetics during potentiostatic charging experiments. In operando measurements reveal that 

charging rates are sensitive to both applied overpotential and the initial state of charge of the 

nanocrystal film. The closer a film is to fully transformed, the faster the Li-insertion transformation 

will occur, for either the lithiation or delithiation reactions. A model of discontinuous charging 

kinetics is proposed based on phase field models: Li-insertion kinetics are limited by slow single-

phase (de)lithiation to reach a critical Li concentration prior to rapid two-phase transformations 

between anatase Li<0.2TiO2 and orthorhombic Li~0.5TiO2. During practical, intermittent cycling of 

nanocrystalline electrodes such as anatase TiO2, discontinuous charging kinetics can have 

important effects on charging heterogeneity and hysteresis. More generally, anatase TiO2 serves 

as a model Li-insertion electrode material and these results may be broadly applicable to other 

ensemble electrodes that undergo two-phase lithiation reactions.  

 

Supporting Information 

Experimental methods, statistics of TiO2 nanoplatelet size dispersity, powder X-ray 

diffraction patterns, film thicknesses, cyclic voltammetry (CV) measurements for each 

nanoplatelet film, chronopotentiometric (CP) measurements, galvanostatic intermittent titration 

technique (GITT) measurements, potentiostatic intermittent titration technique (PITT) 

measurements of films not shown in the main text, more detail about estimations of particle surface 

energy, details of single-particle phase-field simulations and additional figures comparing the 

effects of different simulation parameters, more detail about the JMAK kinetic model, JMAK fit 

parameters of films not shown in the main text, a test of the effects of film annealing on Li-insertion 

charging kinetics, kinetic measurements of films charged in a diluted electrolyte.  
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