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Abstract 

TiO2(B) exhibits unique electrochemical lithiation behavior where two closely spaced reduction 

and oxidation peaks, referred to as “double peaks,” are observed for 3-D forms of bulk and 

nanostructured TiO2(B) while a single broad redox peak is observed for 2-D nanosheet 

architectures. In this study, we have used a combination of transmission electron micrscopy 

(TEM), powder X-ray diffraction (XRD), Raman spectroscopy and cyclic voltammetry on 

TiO2(B) nanosheets as well as a series of thermally annealed nanosheets to map the 

morphological and phase transformation pathways that help clarify the structure-dependent 

lithiation behavior. We found that the double peak redox behavior only arises once a three 
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dimensional nanocrystalline structure of TiO2(B) exists by observing nanoparticle growth on the 

TiO2(B) nanosheet surface via TEM at temperatures above 150 °C. This morphological 

transformation was also verified by Raman spectroscopy. The appearance of low-energy 

torsional modes at temperatures above 150 °C which are not observed in 2-D morphologies of 

TiO2(B) agrees well with TEM evidence of 3-D nanoparticle formation. Using scan rate 

dependent cyclic voltammetry we also verified that all lithiation behavior associated with 

TiO2(B) (either nanosheet or nanoparticle) is due primarily to a surface redox (pseudocapacitive) 

mechanism. The thermal annealing study also shows the phase transformation of surface 

nucleated TiO2(B) nanoparticles to anatase nanoparticles at temperatures above 200 °C. These 

studies clearly show how nano-morphological control can influence electrochemical lithiation 

behavior and help identify a possible mechanism to explain the double peak phenomenon 

observed for TiO2(B).  

Introduction 

A key factor for the development of high rate and high capacity electrochemical energy storage 

devices such as rechargeable lithium ion batteries will be to understand how charge storage 

mechanisms are affected by both phase and nano-morphological control of relevant lithium 

insertion materials.1 The nanostructuring of various phases of TiO2 such as rutile2,3, anatase4-7 

and most recently, TiO2(B)8-12, has been shown to improve their rate capability and specific 

capacity as Li+ intercalation anode materials. Nanostructuring these intercalation materials 

shortens Li+ diffusion pathways, which helps negate slow solid-state Li+ diffusion. Additionally, 

different surface energies and high surface areas afforded by nanostructuring allows for more 

facile Li+ insertion. 
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For the purposes of studying the effects of nanostructuring on electrochemical lithiation 

mechanisms, TiO2(B) is a particularly interesting model system as it can be prepared as 

nanowires13, nanotubes11, nanoparticles9, mesoporous architectures14 and nanosheets.15 Kavan 

and coworkers initially identified lithiation redox peaks in the cyclic voltammetry of 

nanostructured anatase as “S” or surface peaks related to an amorphous phase of titania.16 Later, 

Zukalova and coworkers identified the S peaks as TiO2(B).17 They found that bulk TiO2(B) 

lithiates and delithiates in the 1.4-1.75 V vs Li/Li+ range with a distinctive “double peak” redox 

behavior and were the first to identify a pseudocapacitive charging mechanism for TiO2(B) using 

scan rate dependent cyclic voltammetry. The closely spaced (<100 mV) reduction and oxidation 

double peaks were hypothesized to be two distinct lithiation sites or two ordered superstructures 

of lithiated TiO2(B).18 Since this report, the double peak phenomenon has consistently been 

observed for various nanostructures of TiO2(B). We have recently shown in a combined 

experimental and DFT+U study that nanostructuring TiO2(B) influences the lithiation 

mechanism and provided some clues to further understanding the double peak phenomenon.15 

Ultra-thin (~1 nm) nanosheets of TiO2(B) exhibited a highly broadened redox envelope rather 

than the distinct redox peaks observed for the lithiation of bulk and nanoparticle forms of 

TiO2(B) and the DFT+U calculated lithiation/delithiation potentials for the 2-D (nanosheet) 

versus 3-D (bulk and nanoparticle) TiO2(B) qualitatively matched the experimental data. The 

calculations for the 3-D TiO2(B) (bulk and nanoparticle) showed that Li+ resides near axial and 

equatorial oxygens of the TiO6 octahedral crystalline framework of TiO2(B) that are commonly 

labeled A1 and A2, respectively, while C-site (open channel along the b-axis) occupation is not 

energetically stable. The calculations suggest that all of the A2 sites are filled at 1.54 V vs Li/Li+ 

followed by half of A1 site filling at 1.5 V. These calculations are consistent with the observed 
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double peak phenomenon and the peak splitting potential difference supports the specific site 

filling hypothesis. In contrast, the calculation for the 2-D nanosheet architecture showed a range 

of Li+ site filling potentials that start at 2.05 V and incrementally fill C-sites and off-axis A1 sites 

down to 1.04 V.  The calculated crystal structure for TiO2(B) nanosheets showed relaxation 

along the a-axis that shortened the distance between neighboring axial oxygens that allows 

energetically favorable C-site lithiation.  

In this work, we have set out to test this hypothesis by systematically transforming 2-D 

TiO2(B) nanosheets into 3-D nanoparticles via incremental thermal treatments and use 

transmission electron microscopy (TEM), powder X-ray diffraction (XRD), Raman and cyclic 

voltammetry to characterize the changes in architecture, phase and lithiation mechanism. 

Specifically, cyclic voltammetry of the lithiation/delithiation process provides a sensitive probe 

of both the nano-morphology and phase of the titania. The results presented below demonstrate 

that the double peak phenomenon is related to three dimensional architectures of TiO2(B). 

Thermally assisted growth of 3-D nanocrystalline particles within the nanosheet domain 

correlate with a change from a broad redox envelope to the double peak lithiation observed in 

cyclic voltammetry. Upon further heating a portion of the TiO2(B) nanoparticles transform into 

anatase nanoparticles that are readily identified by their lithiation/delithiation redox couple at 

1.65 V (lithiation) and 2.1 V (delithiation) vs Li/Li+. The morphology and phase transformations 

observed in the electrochemical analysis are consistent with TEM and Raman analysis.  

Experimental 

TiO2(B) nanosheets (TiO2(B)-NS) were synthesized using a previous method reported by 

Xiang et al.19 Here, 1 mL of TiCl3 (Alfa Aesar, 20% in 3% HCl) and 1 mL of H2O (Nanopure, 18 

MΩ cm) were added to 30 mL of ethylene glycol (Aldrich) in a 100 mL round-bottom flask. This 
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mixture was slowly stirred at 150 °C for 3 h open to air. The off-white-colored product was 

washed several times with ethanol (Fisher) followed by centrifugation and drying overnight at 60 

°C. Bulk and nanoparticle forms of TiO2(B) used for comparative purposes were synthesized 

from previously reported literature methods.20,21 Anatase powders were obtained from Fisher.  

To study architecture and morphology changes, the TiO2(B)-NS powders were heated in a tube 

furnace under flowing air atmosphere and held at specified temperatures (100, 150, 200, 250, 

300 and 350 °C) for 3 hours before allowing the reactor to cool slowly to room temperature. 

These samples are hereafter referred to as TiO2-100, TiO2-150, TiO2-200, TiO2-250 and TiO2-

300. The powders were used directly for further analysis.  

The titania powders were characterized by TEM (Jeol 2010F operated at 200 kV), XRD 

(Rigaku Spider, Cu Ka radiation, λ = 1.5418 Å), Raman spectroscopy (Renishaw InVia 

microscope with a 514 nm Ar+ laser operated below 4 mW), and thermogravimetric analysis 

TGA (Mettler-Toledo, 10 °C/min ramp rate from 25 to 600 °C in air atmosphere). 

Electrochemical measurements were performed using a CHI 660D potentiostat inside an MBraun 

glovebox with <0.1 ppm H2O and <1 ppm O2. The titania powders were directly deposited onto 

fluorine-doped tin oxide (FTO) conductive substrates from an ethanol slurry. Lithium metal foil 

(Fisher) served as both counter and reference electrodes, the titania-coated FTO served as the 

working electrode with cyclic voltammetry data normalized to the electrode surface area (38 

mm2), and 1.0 M LiPF6 in ethylene carbonate / diethylene carbonate EC:DEC (1:1) v/v 

(Novalyte Technologies) was used as the electrolyte. 

Results & Discussion 

TiO2(B) nanosheets (TiO2(B)-NS) were synthesized using a previously reported method 

described in the experimental section. Figure 1a and 1b show transmission electron microscopy 
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(TEM) of as synthesized TiO2(B)-NS and TiO2-100, respectively, which exhibit a flexible sheet 

like morphology as observed by the buckling and folding with the sheets ranging in size up to 

500 nm diameter. High resolution TEM (HR-TEM) of the as synthesized TiO2(B)-NS and TiO2-

100 (Fig. 2a and 2b) show that although the sheet structures are flexible, they contain small 

domains of crystallinity that index to the (020) facet of TiO2(B). Upon thermal annealing ~2 nm 

diameter particles begin to decorate the surface of the nanosheets as can be seen in the TiO2-150 

sample (Fig. 1c). HR-TEM of TiO2-150 (Fig. 2c) shows nanocrystalline domains within the 

plane of the sheet morphology that are

 

Figure 1. TEM of as synthesized (a) and thermally treated TiO2(B)-NS: TiO2-100 (b), TiO2-150 

(c), TiO2-200 (d), TiO2-250 (e) and TiO2-300 (f). 

consistent with the (003) facet of TiO2(B). Upon further heat treatment to 200 °C (TiO2-200) 

surface bound ethylene glycol remaining from synthesis is degraded into carbonaceous deposits 
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on the surface as can be observed in Figures 1d and 2d. The thermal degradation of ethylene 

glycol is consistent with TGA (S.I. 1) as well as Raman results to be discussed later. At 250 °C, 

further growth in particle size and increased crystallinity is observed (Figs. 1e and 2e). Finally, at 

300 °C elongated TiO2(B) particles of approximately 40 nm in length and <10 nm in diameter 

are clearly seen on the surface of the nanosheet (Fig. 1f) with (001) facets exposed along with 5-

10 nm anatase spherical particles identified by (101) facets (Fig. 2f). TiO2(B) nanosheets 

synthesized under similar conditions are reported to have thicknesses of 1-2 nm indicating nearly 

atomically thin sheet structures with the

 

Figure 2. HR-TEM of as synthesized (a) and thermally treated TiO2(B)-NS: TiO2-100 (b), TiO2-

150 (c), TiO2-200 (d), TiO2-250 (e) and TiO2-300 (f). 

(001) plane as the terminus for a single layer.19 Observation of the (001) facet indicates that 3-D 

growth has occurred. Furthermore, elongated TiO2(B) nanoparticle growth is consistent with the 
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needle-like morphologies observed in bulk TiO2(B).22 These results suggest that TiO2(B) 

nanosheets self-nucleate particles of TiO2(B) followed by growth of both TiO2(B) nanoparticles 

as well as conversion to anatase nanoparticles. Anatase is a common contaminant of many 

TiO2(B) syntheses due to TiO2(B) being a meta-stable phase.21 This result also demonstrates that 

conversion of TiO2(B) to anatase occurs through particle conversion rather than nanosheets 

collapsing directly to 3-D bulk or nanoparticulate morphologies of anatase. 

X-ray diffraction (XRD) was used to monitor and identify crystalline phase transformations of 

TiO2(B) during thermal annealing and is presented in Figure 3. XRD of TiO2(B)-NS (Fig. 3 

‘RT’) exhibits an enhanced (020):(110) relative peak ratio due to the preferential flat alignment

 

Figure 3. XRD of as synthesized and thermally treated TiO2(B)-NS. Vertical red and green lines 

indicate ideal diffraction patterns of anatase (JCPDS: 202242) and TiO2(B) (JCPDS: 741940), 

respectively. 

of the sheet architecture that is consistent with previous reports.19 Besides the (110) and (020) 

peaks, all other diffraction peaks diminish as the temperature is increased to 150 and 200 °C. 

This may be indicative of the formation of a carbon coating on the surface (see TGA in S.I. 1) 

and thereby reducing the diffraction efficiency. Finally, the anatase phase can be clearly 
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identified by the (103), (004) and (112) peaks along with TiO2(B) diffraction peaks as the 

temperature reaches ≥250 °C. Unfortunately TiO2(B) and anatase have many overlapping 

diffraction peaks and the nano-scale of the TiO2(B) creates peak broadening which makes further 

analysis difficult. 

Raman spectroscopy is a useful tool for characterizing titania phases due to the highly variable 

local bonding structure of the different morphologies as well as being able to identify non-

crystalline phases and surface carbon adsorbates that may be unobservable in XRD analysis. 

Figure 4a shows in situ Raman of the TiO2(B)-NS along with ex situ comparisons of selected 

annealing temperatures with standards (Fig. 4b). The Raman spectrum of TiO2(B)-NS

 

Figure 4. Raman spectra of as synthesized and thermally treated TiO2(B)-NS (a) and a 

comparison of three temperature regimes to reference materials (b). 

(Fig. 4a ‘RT’) is consistent with our previous report using similar synthesis methods.15 

Additionally, C-H symmetric and antisymmetric stretching modes observed at 2850-2950 cm-1 

are indicative of surface adsorbed ethylene glycol remaining from the synthesis of TiO2(B)-NS. 

At 100 °C a new peak appears at 1577 cm-1 that is due to surface adsorbed ethylene glycol 

decomposition to form graphitic carbon deposits. Raman spectra of carbonaceous materials with 

a strong G-peak (~1580 cm-1) relative to the D-peak (~1320 cm-1) is typical for large domain 
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graphite deposits identified by symmetric stretching of sp2 hybridized carbon.23 Several distinct 

changes in the spectra occur as the temperature is raised to 200 °C and 250 °C. First, the distinct 

G-band observed at 100 and 150 °C is significantly diminished indicating further decomposition 

of ethylene glycol into surface carbon deposits. Secondly, the baseline is severely sloped in both 

the 200 and 250 °C spectrum, which is likely due to fluorescence from newly formed polymeric 

carbon deposits. Finally, two new peaks are identified at 128 and 145 cm-1. In previous work, we 

identified distinct Raman modes for nanoparticle (3-D) and nanosheet (2-D) architectures of 

TiO2(B).15 The TiO2(B)-NS spectrum is quite similar to TiO2(B)-NP and bulk spectra from 200 

to 700 cm−1 but deviates significantly below 200 cm−1 as several of the low-energy Ti−O−Ti and 

O−Ti−O torsional modes are absent at ~130 and ~150 cm−1. The absence of peaks may be due to 

dimensional constraint of the 2-D architecture of TiO2(B)-NS causing these low energy modes to 

be Raman inaccessible. These differences can be seen clearly in Figure 4b where several of the 

in situ Raman spectra from Figure 4a are compared to TiO2(B)-NS, TiO2(B)-NP and anatase 

standards. While poorly defined, the new peaks at 128 and 145 cm-1 in the ‘200’ and ‘250’ 

spectra clearly identify Raman modes associated with 3-D forms of TiO2(B). This result is 

consistent with the TEM analysis presented in Figures 1 and 2. Finally, at 300 °C the in situ 

Raman spectrum shows diminished fluorescence due to carbon burn off (see TGA in S.I. 1) and 

new peaks appear due to anatase formation (see Fig. 4b) as well as peaks from 3-D TiO2(B).  

Scan rate dependent CV of lithiation/delithiation cycling of TiO2(B)-NS and thermally treated 

samples is presented in Figure 5. As mentioned previously, electrochemical lithiation and 

delithiation of bulk and nanoparticulate TiO2(B) gives two closely spaced peaks centered near 

1.45 and 1.65 V vs Li/Li+, respectively, while TiO2(B) nanosheets lithiate and delithiate over a 

broad range of potentials: 1.6 to 1.0 V vs Li/Li+ for lithiation and 1.5 to 2.0 V vs Li/Li+ for 
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delithiation. Along with identifying lithiation redox potentials, CV can also been used to 

determine the primary charge storage mechanism of many relevant Li+ insertion materials.24 The 

two general charge storage mechanisms are diffusion limited Li+ insertion typical of bulk 

materials and pseudocapacitive Li+ insertion, which is a surface redox process that is often 

observed in nanomaterials where surface or interfacial processes dominate. Scan rate dependent 

CV can be used to determine these mechanism by equations (1) and (2) below: 

i = 0.4958nFAc
DαnFν

RT











1/2

                                                         (1) 

i =
dV

dt
CΦ =νCΦ                                                                 (2) 

where i is the peak current, n is the number of electrons, F is the Faraday constant, A is the 

electrode area, c is the concentration, D is the diffusion coefficient, α is the transfer coefficient, 

R is the gas constant, T is the temperature, CΦ is surface capacitance and ν is the scan rate.25,26 

 

Figure 5. Cyclic voltammetry at a series of scan rates for as synthesized (a) and thermally 

treated TiO2(B)-NS: TiO2-100 (b), TiO2-150 (c), TiO2-200 (d), TiO2-250 (e) and TiO2-300 (f). 
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Equation (1) describes current due to normal diffusion controlled Faradaic Li+ insertion 

processes where the current is linear with respect to the square root of scan rate and equation (2) 

describes pseudocapacitive current due to surface processes where the current is linear with 

respect to scan rate. TiO2(B) is a unique material in that even the bulk appears to lithiate through 

a pseudocapacitive mechanism as described by Kavan et al.16 

Figure 5a shows scan rate dependent CVs for the TiO2(B)-NS. The electrochemical 

lithiation/delithiation response shows similar redox behavior to previously reported galvanostatic 

cycling data in terms of lithiation and delithiation peak voltages, 1.45 and 1.65 V vs Li/Li+, 

respectively, as well as the broad overall shape.15 Little change is observed in the CV of the 

TiO2-100 sample shown in Figure 5b. The CV changes significantly at 150 °C (Fig. 5c) as the 

shape becomes less defined likely due to interference from carbon coating. Also, two peaks (1.55 

and 1.75 V) can be identified during the delithiation (oxidative) sweep indicating that a more 

crystalline nanoparticle structure of TiO2(B) has been formed. The carbon formation and 

crystalline TiO2(B) nanoparticle formation are both consistent with the TEM and Raman results.  

Upon heating to 200 °C (Fig. 5d) the CV begins to exhibit a redox couple consistent with 

lithiation and delithiation of anatase at 1.7 and 2.1 V, respectively, along with the double peak 

lithiation and delithiation typical of 3-D structures of TiO2(B) at lower voltages. This result is 

corroborated with the Raman spectrum of TiO2-200 that shows the low energy (<200 cm-1) Ti-O-

Ti and O-Ti-O torsional modes of TiO2(B) that are not observed for TiO2(B)-NS. The CVs for 

the 250 and 300 °C treated samples (Fig. 5e and f) show increasing degree of anatase while the 

TiO2(B) double peaks become more well defined. A possible reason that we did not observe 

crystalline anatase particles in TEM at 200 °C and 250 °C is due to limited sampling space 

compared to a thin-film areal electrode. 
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Along with determining the lithiation and delithiation redox response, we also used scan rate 

dependent CVs to determine the primary charge storage mechanisms of the various thermally 

annealed samples. Figure 6 shows the peak reduction (lithiation) current vs. scan rate for 

TiO2(B)-NS as well as thermally treated samples. All of the TiO2(B) reduction peaks are linear 

with respect to scan rate suggesting that pseudocapacitive surface charging is the dominant 

charge storage mechanism for both nanosheets and nanoparticles. This result is consistent with 

other reports of pseudocapacitve charge storage in various TiO2(B) nanostructures as well as 

bulk.8,17 The anatase reduction

 

Figure 6. Scan rate dependence of peak reduction (lithiation) current for as synthesized (a) and 

thermally treated TiO2(B)-NS: TiO2-100 (b), TiO2-150 (c), TiO2-200 (d), TiO2-250 (e) and TiO2-

300 (f). Red squares and green triangles indicate TiO2(B) and anatase, respectively.  

peak seen in Figure 6d, e and f does not track linearly with scan rate or with square root of scan 

rate suggesting that a combination of mechanisms may be contributing to lithium charge storage 
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in anatase particles. Dunn and coworkers used a similar scan rate dependence analysis to 

determine that as the size of anatase nanoparticles decreased from 30 nm to 7 nm, the amount of 

charge storage due to pseudocapacitance increased, but even 7 nm particles still showed ~40% 

diffusion limited charge storage.4 

Conclusions 

We have used a combination of TEM, XRD, Raman spectroscopy and cyclic voltammetry on 

TiO2(B) nanosheets as well as a series of thermally annealed nanosheets to show a morphology 

and phase transformation pathway that also verifies the structure-dependent lithiation/delithiation 

behavior. We found that the double peak redox behavior only arises once a three dimensional 

nanocrystalline structure of TiO2(B) exists by observing nanoparticle growth on the TiO2(B) 

nanosheet surface via TEM. Using scan rate dependent cyclic voltammetry we also verified that 

all redox behavior associated with TiO2(B) (either nanosheet or nanoparticle) is due primarily to 

a surface redox (pseudocapacitive) mechanism. The thermal annealing study also shows the 

transformation of surface nucleated TiO2(B) nanoparticles to anatase nanoparticles at 

temperatures above 200 °C. This work also shows the power of cyclic voltammetry to study 

electrochemical lithiation/delithation mechamisms as it can be useful as a reporter on 

nanomorphology and phase as well as being able to identify charge storage processes. 

Associated Content 

Thermal gravimetric analysis (TGA) of TiO2(B) nanosheets under inert and oxidizing 

atmospheres is available in the supporting information. This material is available free of charge 

via the Internet. 
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GRAPHICAL ABSTRACT: 

 

 

 

 
 

 

We have systematically studied 2-D TiO2(B) nanosheets into 3-D nanoparticles using 

Raman and cyclic voltammetry to characterize changes in lithiation mechanism. 
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