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1. Introduction

Latest since the commercialization of lithium-ion batteries (LIBs)
in 1991, a plethora of potential active materials have been inves-
tigated, targeting reduced cost as well as further improved energy
and power densities, cycle life, safety, and sustainability.[1–4] Of
particular interest have been environmental benign and abun-
dant titanium oxides such as Li4Ti5O12 (LTO) and TiO2, as they
are characterized by a very little-to-essentially negligible volume
variation upon de-/lithiation and offer very good rate capabilities
as well as suitably high capacities at elevated de-/lithiation poten-
tials of about 1.6 V (LTO) and 1.9 V (exemplarily for anatase TiO2)
versus Liþ/Li, thus offering an intrinsic safety feature with
regard to the risk of potential lithium plating.[4–17] However,

while LTO is already used in commercial
LIBs,[4,18] Li-free TiO2 is still at the research
level—not least due to the greater variety in
available polymorphs, i.e., anatase, rutile,
and TiO2(B), to name just the most inves-
tigated ones for their potential use as active
materials in LIBs.[7,11,16,19,20] Out of these
three, anatase and rutile are naturally
occurring phases and, thus, of particular
interest.[11,16] Nevertheless, the rutile phase
shows suitable specific capacity and electro-
chemical performance only when using
very fine nanoparticulate materials and
the de-/lithiation potential varied by more
than 1 V,[21,22] rendering it less applicable
when targeting a (rather) constant cell
voltage. In contrast, anatase TiO2 is

characterized by a constant lithiation potential at about 1.8 V cor-
responding to the anatase-to-titanate phase transition.[23–25] In
the case of sufficiently small nanoparticles, an additional phase
transition may occur beyond the lithiation up to Li0.55TiO2, i.e.,
the further lithiation to anatase Li1TiO2.

[26–29] These characteris-
tics render anatase TiO2 generally favorable for practical applica-
tions. Nonetheless, the rather similar thermodynamic stability of
the two polymorphs, especially at the nanoscale,[30–32] results in a
challenging large-scale synthesis of phase-pure anatase TiO2—

even more so, when considering the various approaches to
further optimize the electrochemical performance, including
the introduction of dopants or defects as well as the realization
of smartly designed and well-elaborated nanostructures and
nanocomposites.[20,33–38] In fact, even the well-established
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TiO2 has been investigated as an alternative anode material candidate for lithium-
ion batteries for several years now due to its advantageous safety and rate
capability in combination with its nontoxicity and abundance. Herein, the syn-
thesis via laser pyrolysis is reported, which allows the single-step, industrial-scale
realization of carbon-coated TiO2 nanoparticles. The modification of the syn-
thesis parameters enables the variation of the rutile-to-anatase phase ratio.
Following comprehensive physicochemical and electrochemical characterization,
both the higher and lower rutile-to-anatase ratios show very stable cycling in
lithium battery half cells, whereas the extended presence of the rutile phase limits
the achievable specific capacity and lowers the apparent lithium-ion diffusion
coefficient, which leads to relatively lower capacities at elevated current densities.
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application of carbonaceous coatings that allow for healing sur-
face defects and substantial performance improvements requires
additional processing and post-treatment steps,[33,39–43] render-
ing such strategies very promising at the laboratory scale but
of limited use for industrial-scale applications.

Herein, we report the single-step synthesis of carbon-coated
TiO2 nanoparticles via laser pyrolysis as a scalable synthetic
route. In addition to the facile scalability of this process,
already realized at the industrial scale for, e.g., Si[44] (but
not yet for carbon-coated TiO2 so far), this method allows
for continuous material production. Moreover, there is no
need for any further processing or thermal treatment of the
material, which provides significant cost advantages.[45,46]

By optimizing the synthesis parameters, we have been able
to reduce the ratio of the rutile phase to less than 10%, which
results in substantial improvement in terms of achievable
specific capacity and rate capability due to the faster
(apparent) lithium-ion diffusion.

2. Results and Discussion

2.1. Physicochemical Characterization

The general setup of laser pyrolysis is schematically shown in
Figure 1. The synthesis of the two TiO2 samples differentiated
only in one experimental parameter: the mass flow rate of the
sensitizer C2H4, being either 355 sccm in the case of A50R50
and 300 sccm in the case of A90R10. As an immediately apparent
consequence of the modified mass flow rate, we noticed a differ-
ent color of the flame, changing from yellow–orange (355 sccm)
to a more transparent flame (300 sccm). This phenomenon indi-
cates that a higher reaction temperature was reached in the for-
mer case, i.e., when the mass flow rate was higher. This higher
reaction temperature led to a higher production rate of 3.97 g h�1

compared with 1.13 g h�1 in the latter case. Accordingly, there is
a strong impact of the C2H4 mass flow rate on reaction efficiency.
To investigate any potential further difference between these two
samples, we conducted X-ray diffraction (XRD) analysis on the
powders. The direct comparison of the two diffractograms
(Figure 2a) reveals that both samples are mainly composed of
anatase TiO2 (space group: I41/amd). Nevertheless, especially

for A50R50, there is substantial contribution of rutile TiO2 (space
group: P42/mnm), which is greatly decreased in the case of
A90R10. A closer inspection of the XRD data using the GSAS
software allowed to roughly quantify the anatase-to-rutile ratio
to be about 50:50 in the case of A50R50. For A90R10, the ratio
of anatase TiO2 was more than 90% and, consequently, less
than 10% for the rutile phase. In fact, this ratio is reflected
also in the sample names (A for anatase and R for rutile).
Generally, this finding is in good agreement with the earlier
observation of the higher reaction temperature in the case of
A50R50. The higher mass flow rate of the sensitizer enables a
more efficient absorption of the laser, leading to higher temper-
atures (similarly to a previous study where the laser power
was tuned[47]). Consequently, more energy is transferred to
the TTIP droplets, resulting in better dissociation in the reaction
zone and, eventually, the tendency of a greater ratio of the
rutile phase as the thermodynamically favored one.[30,31] The
crystallite size, however, is fairly similar for both samples with
about 10–20 nm in both cases, as determined via the Scherrer
equation (1).

L ¼ Kλ
B2θ cos θ

(1)

with B2θ as the line broadening at half the maximum intensity
(FWHM) at a particular 2θ value, λ as the X-ray wavelength, K as a
dimensionless constant that is commonly set to 1 for (almost)
spherical particles, and L as the crystallite size.

To check whether the nanoscale dimensions are reflecting
only the crystallite size or also the particle size, the two samples
were also studied via scanning electron microscopy (SEM)
(Figure 2b–g). Both A50R50 (Figure 2b–d) and A90R10
(Figure 2e–g) are composed of essentially spherical (some
slightly elongated) nanoparticles with a diameter of about
10–50 nm, which is in good agreement with the Scherrer analysis
and, thus, indicates that the particles are essentially single crys-
talline. In addition, a few larger, microsized spherical particles
were observed in both samples (not shown herein), which we
attribute to TTIP droplets that did not intersect with the laser
beam and reacted when exposed to air after the synthesis.[46]

Energy-dispersive X-ray spectroscopy (EDX) mapping reveals a
homogenous distribution of oxygen, titanium, and carbon, for
both A50R50 (Figure 3a) and A90R10 (Figure 3b), underlining
the suitability of this synthesis method for the realization of
evenly carbon-coated TiO2 nanoparticles.

The findings of the SEM analysis were generally confirmed by
the subsequent high-resolution transmission electron micros-
copy (HRTEM) investigation, showing particles of a comparable
size and high crystallinity (Figure 4). In the case of A50R50,
however, some of the particles appeared to show some “nano-
scale porosity” or defects (Figure 4a), which cannot be (solely)
explained by a potential beam damage, as it was observed right
from the beginning of the analysis and did not increase notice-
ably during the experiment. We assume that these defects are the
result of the higher flow rate of the sensitizer, leading to a higher
reaction temperature and, thus, faster oxidation—an effect that
generally favors the presence of defects. The consequently
extended presence of the rutile phase presumably also contrib-
utes to this finding. In addition, a few-nm-thin amorphous layer

Figure 1. Schematic illustration of the laser pyrolysis setup used for the
single-step synthesis of carbon-coated TiO2 nanoparticles.
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Figure 2. a) Comparison of the X-ray diffractograms of A50R50 (in pink) and A90R10 (in green); in the bottom, the PDF references for anatase
(00-021-1272, in red) and rutile (00-0001-1292, in black) TiO2 are provided; in addition, the reflections related to rutile TiO2 are indicated by an asterisk
in the diffractograms. b–g) SEM images of (b–d) A50R50 and (e–g) A90R10 at different magnifications.

Figure 3. SEM images of a) A50R50 and b) A90R10 and the corresponding EDX mapping analysis for oxygen (in green), titanium (in blue), and carbon
(in red).
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was observed at the particle surface, which is assigned to the
presence of carbon remaining from the synthesis, forming a
rather homogeneous coating at the particle surface (Figure 4b,c).
In fact, via thermogravimetric analysis (TGA), we determined
an overall carbon content of 6.5 wt% in A50R50 (Figure S1,
Supporting Information). Generally, the very random crystalline
orientation suggests that the anatase and rutile phases are well
intermixed within the material. A90R10 appears even more crys-
tallized (Figure 4d,e), whereas the aforementioned nanoscale
porosity/amount of defects is much lower. The significantly
decreased presence of amorphous phases and the frequent
highly crystalline edges of the nanoparticles, accompanied by
a few particles with a very thin amorphous surface layer
(Figure 4f ), are in good agreement with the significantly lower
amount of carbon remaining in this material, i.e., about 3.9 wt%
as determined by TGA (Figure S1, Supporting Information),
and this correlates well with the lower mass flow rate of C2H4

in this case.

2.2. Electrochemical Characterization

To understand the impact of the different anatase-to-rutile ratios
on the electrochemical behavior, electrodes based on A90R10
and A50R50 were subjected to cyclic voltammetry (CV) measure-
ments in three-electrode half cells. The comparison of the three
initial cyclic sweeps for the two materials at a rather low sweep
rate of 0.05mV s�1 is shown in Figure 5a. Generally, both mate-
rials reveal a very similar shape with the twomain redox peaks for
cathodic reduction (lithiation) and anodic oxidation (delithiation)
of anatase TiO2 between 1.6 and 1.7 V and between 1.9 and 2.0 V,
respectively.[28] The peak intensity, especially for the anodic peak,
is higher for A90R10, which is assigned to the higher ratio of

the anatase phase. More interestingly, the peak separation is
narrower for A90R10, which indicates enhanced kinetics for
the corresponding redox reaction in A90R10. The contribution
of the rutile phase is difficult to be extracted from these CV data,
as the redox potential of the main—though commonly rather
broad and less intensive—peak couple is located at very similar
values.[22,48] However, there is a rather clear indication of the
increased presence of rutile TiO2 in A50R50: a relatively small
(essentially irreversible) anodic peak at around 1.4 V, which
was assigned to the irreversible phase transition from (rutile)
TiO2 to Li1TiO2.

[22] In contrast, A90R10 shows a very broad
cathodic peak at about 1.5 V and, generally, a higher current flow-
ing at potentials prior to the main anodic peak, which might indi-
cate the second phase transition from titanate to anatase
Li1TiO2.

[26–29] In addition, A90R10 reveals rather small cathodic
and anodic peaks in the region at around 1.45–1.6 V, which is the
characteristic signature of TiO2(B).

[49–52] The detection of this
phase by XRD, however, is difficult, especially if present only
in minor traces, due to the great overlap with the main reflections
of the anatase phase.[51,53] When step-wise increasing the sweep
rate up to 1.5 mV s�1 (Figure 5b,c), all these findings become
even more apparent. In the case of A50R50 (Figure 5b), the peak
separation gradually increases up to about 0.5 V, whereas the
characteristic signature of TiO2(B) is also observed at high rates.
In the case of A90R10 (Figure 5c), the increase in peak separation
(0.4 V) is substantially less pronounced, further suggesting
enhanced kinetics, the greater overall current, and the apparent
“fingerprint” redox features belonging to TiO2(B). In addition to
this rather qualitative analysis, this experiment also allows for the
determination of the apparent lithium-ion diffusion coefficient
by applying the simplified Randles–Sevcik equation (2) for the
main redox couple.[54,55]

Figure 4. HRTEM images of a–c) A50R50 (pink frame) and d–f ) A90R10 (green frame) at varying sample positions and magnifications. Equally colored
arrows indicate the detection of thin amorphous layers on the crystallite surface, which may be attributed to the remaining carbon in the two samples.
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Ip ¼ 2.68� 10n3=2AD1=2Cω1=2 (2)

with Ip is the peak current intensity, n is the number of the
involved electrons, A is the electrode area (1.13 cm2, which is
apparently a simplification given the porous electrode morphol-
ogy), C is the molar concentration of lithium ions in our sample
(we used a constant value of 1 in both cases for a qualitative com-
parison), ω is the applied scan rate, and D is the apparent
lithium-ion diffusion coefficient. The results of this analysis
are shown in Figure 5d, providing a plot of the linear response
of the peak current intensity as a function of the square root of
the sweep rate. Based on data extrapolated from this plot, the
apparent lithium-ion diffusion coefficients were calculated to
be 7.0� 10�8 cm2 s�1 and 2.7� 10�8 cm2 s�1 for the delithiation
and lithiation of A50R50. For A90R10, the values obtained are
significantly higher with 1.4� 10�7 and 6.4� 10�8 cm2 s�1 for
delithiation and lithiation, respectively. This difference is gener-
ally in line with the limited (essentially 1D) Liþ diffusion kinetics
in bulk rutile TiO2 (�10�6 cm2 s�1 along the c-axis and
about 10�15 cm2 s�1 along the a- and b-axis, decreasing with
an increasing lithium content[56]) compared with the anatase
phase (�10�12–10�16 cm2 s�1, no preferential diffusion direc-
tion).[12,14–16,48,57–61] Moreover, the extended presence of phase
boundaries in A50R50 might additionally hamper the charge
transport along with the aforementioned nanoscale porosity—
at least if these pores/defects are not accessible for the electrolyte.

Regarding the absolute values, we may note here that these do
not directly represent lithium diffusivity within the single TiO2

nanoparticle(s) but only serve for a direct comparison between
the two samples to highlight the impact of the different anatase-
to-rutile ratios, considering that all external parameters (i.e., the
cell setup, electrode composition, mass loading, current collec-
tor, electrolytes, separator, etc.) have been kept essentially the
same in both cases. In fact, the different orders of magnitude
indicate that the determined values are largely affected by the
aforementioned experimental parameters (a relatively high frac-
tion of conductive carbon and light active material mass loading
in combination with a presumably high electrode porosity and,
thus, electrolyte infiltration, as the electrodes have not been
pressed).

Following this rather analytical electrochemical investigation
of the two materials, we conducted in a subsequent step
galvanostatic cycling experiments (Figure 6a). The first cycle
was conducted at a rather low C rate of 0.05 C. The correspond-
ing dis-/charge profiles (Figure 6b) reflect the CV results.
The voltage plateau at about 1.7 V, related to the first phase tran-
sition of anatase TiO2,

[25,26,62] is longer for A90R10 due to the
larger fraction of the anatase phase. The subsequent slope at
lower voltages is gentler for A90R10, which is attributed to
the more pronounced occurrence of the second phase
transition[26,28] and the slightly higher presence of TiO2(B).

[49,51]

Upon delithiation, the same features are observed, highlighting

Figure 5. Comparative electrochemical analysis of electrodes based on A50R50 (in pink) and A90R10 (in green) via cyclic voltammetry: a) Plot of the first
three cyclic sweeps at 0.05mV s�1; b,c) plot of the continuous cyclic sweeps at elevated sweep rates, ranging from 0.05 to 1.5 mV s�1, for electrodes based
on (b) A50R50 and (c) A90R10. d) Plot of the linear response of the peak current intensity as a function of the square root of the sweep rate for the two
samples (reversing potentials: 1.2 and 3.0 V).
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the reversibility of these processes, just like the slightly superior
first-cycle Coulombic efficiency of A90R10 (79.5% vs 79.3%).
As a result, electrodes based on A90R10 provide a reversible spe-
cific capacity of 186mAh g�1 (Li0.55TiO2) in the first cycle, which
is significantly higher than the specific capacity of 171mAh g�1

(Li0.51TiO2) recorded for A50R50. The higher specific capacity is
assigned to the reduced presence of the rutile phase, which
is generally characterized by a lower lithium uptake.[16]

In fact, considering the reported maximum lithiation
capacity ratio of 0.85:1.0 for nanoparticulate rutile:anatase,[16]

one would expect a maximum theoretical capacity of about
310 and 330mAh g�1 for A50R50 and A90R10, respectively, at
least for sufficiently small particles (in the range of a few nano-
meters), as discussed earlier. For nanoparticles with a diameter
of up to about 50 nm, the observed difference and total capacity is
well within the anticipated range, whereas the lithium uptake
exceeding 0.5 lithium per formula unit TiO2, specifically in
the case of A90R10, is in line with the previous study on
carbon-coated TiO2 nanoparticles, benefitting from the
additional phase transition in the near-surface region of the
particle.[26–29,39–42]

After the first cycle, a series of step-wise increasing specific
currents was applied to test whether the materials can stand
fast dis-/charge rates (Figure 6a,c and Table S1, Supporting
Information). The electrodes based on A90R10 show substan-
tially higher specific capacities at all C rates. For instance, at
5 C, A90R10 provides a reversible specific capacity of about
118mAh g�1 compared to only 79mAh g�1 for A50R50. This
greater rate capability is in line with the higher apparent
lithium-ion diffusion coefficient determined for electrodes based
on A90R10 and the relatively lower overpotential when applying
elevated C rates for A90R10 (compare Figure 6d,e). Interestingly,
also the initial nucleation barrier when entering the main voltage
plateau upon delithiation is much less pronounced for A90R10,
further highlighting the favorable de-/lithiation kinetics. After
this evaluation of the rate capability, the dis-/charge rate was
decreased back to 0.1 C with very good capacity retention for both
samples. However, the cycling stability is better for A90R10, as
apparent from the increasing gap between the two capacity plots
(Figure 6a), leading to a capacity retention of 95.2% and 94.0%
after more than 300 cycles at 0.1 C for A90R10 and A50R50,
respectively.

Figure 6. a) Comparison of the rate capability of electrodes based on A50R50 and A90R10 (same color coding as above) at varying dis-/charge rates from
0.05 C (first cycle) over 0.1, 0.2, 0.5, 1, and 2 C up to 5 C (every five cycle) and the subsequent cycling stability at 0.1 C—plotted along with the Coulombic
efficiency for both materials; in inset b), the first cycle’s dis-/charge profiles for the two samples at 0.05 C are shown. c) Comparative summary of the
specific capacity provided by A50R50 and A90R10 at varying C rates. d,e) The plot of representative dis-/charge profiles at varying C rates for (c) A50R50
and (d) A90R10 (cut-off voltages: 1.2 and 3.0 V).
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3. Conclusion

Laser pyrolysis is an easily scalable synthesis method for the
single-step preparation of carbon-coated TiO2 nanoparticles. It
has been shown that the careful adjustment of the mass flow rate
of the C2H4 sensitizer plays a decisive role for the eventual crystal
structure, i.e., a lower flow rate led to a substantially increased
fraction of the anatase phase as a result of the lower reaction tem-
perature. This increased anatase-to-rutile ratio (90:10 vs 50:50)
allows for enhanced de-/lithiation kinetics, higher capacities,
and improved cycling stability, underlining the critical impor-
tance of suppressing the presence of the rutile phase. It is antici-
pated that this synthesis method is generally applicable also for
the single-step synthesis of other carbon-coated and nanosized
LIB active materials following the fine tuning of the synthesis
parameters.

4. Experimental Section

Synthesis: Two different nanosized titanium dioxide (TiO2) materials
were synthesized by laser pyrolysis, following a similar procedure as
described in previous studies.[46,63,64] In brief, this synthesis was based
on the resonance of the emission of a CO2 laser with the chemical
precursors. In the present case, liquid titanium (IV) tetraisopropoxide
(TTIP, Sigma-Aldrich, ≥97% purity) was used as the titanium precursor.
An aerosol composed of TTIP droplets was generated using a Pyrosol
device (RBI, Meylan France). The thus formed droplets were transported
via argon, serving as the carrier gas (2000mLmin�1), to a reactor at about
98.7 kPa, where they intersected with the beam of a high-power CO2 laser
(maximum emission at 10.6 μm). During the experiment, the internal
power of the laser was tuned at 530W and the temperature of the
TTIP precursor in the Pyrosol was regulated at 20 �C. As TTIP poorly
absorbed laser radiation, C2H4 was added as the sensitizer to the carrier
gas due to its efficient absorption at that specific wavelength, enabling the
efficient dissociation of TTIP and the growth of nanoparticles in the reac-
tion zone (defined as the intersection of the laser beam and the flow of
TTIP and C2H4). The decomposition of the precursors and the growth of
the nanoparticles were accompanied by the appearance of a flame in the
reaction zone. Potential parameters to tune the properties and character-
istics of the final product were, for instance, laser power[47] and the sensi-
tizer mass flow rate. In this work, we investigated the impact of the latter
parameter. The flow of the sensitizer was set at 355 sccm for the first sam-
ple labeled A50R50, whereas it was 300 sccm for the second sample
labeled A90R10. The experimental conditions were constant all along
the duration of the synthesis (90min). The resulting powders were col-
lected downstream on porous metallic filters and stored in containers
in air atmosphere till use.

Physicochemical Characterization: The obtained samples were character-
ized via powder XRD using a Bruker D8 Advance operating with Cu Kα
radiation (λ¼ 0.154 nm). Diffractograms were recorded in the 2θ range
of 15–115� with a step size of 0.02� and a counting time per step of
1.45 s. The diffractograms were analyzed using the GSAS software.
TGA (TA Instruments Q5000) was conducted in O2 atmosphere to deter-
mine the amount of carbon in the samples, applying a heating rate of
3 �Cmin�1 in the range from 30 to 450 �C. The particle morphology
and chemical composition were studied by SEM (Zeiss Crossbeam 340
field-emission electron microscope) in combination with EDX (Oxford
Instruments X-MaxN EDX spectrometer) and HRTEM (with the image
Cs-aberration-corrected TEM FEI Titan 80-300 working at 300 kV or with
a JEOL 2010 TEM operated at 200 kV).

Electrode Preparation, Cell Assembly, and Electrochemical
Characterization: The materials were used as synthesized. Electrodes were
prepared with a composition of 70:20:10 in weight for the active material,
conductive carbon (Super C65®, IMERYS), and the binder (sodium

carboxymethyl cellulose, CMC, Dow-Wolff Cellulosics), respectively. The
binder was initially dissolved in deionized water.[65,66] Subsequently, the
active material and conductive carbon were added. The resulting mixture
was dispersed for 2 h by means of a planetary ball mill (Pulverisette 4,
Fritsch). The thus obtained slurry was cast with a wet film of thickness
150 μm on a dendritic copper foil (Schlenk, 99.9%), using a laboratory-
scale doctor blade. After drying overnight at room temperature, discs
of 12mm in diameter were cut and dried for 24 h in vacuum at 120 �C.
The average active material mass loading was around 1.5 mg cm�2.
The cell assembly was conducted in an argon-filled glove box (MBraun
UNIlab) with H2O and O2 content lower than 0.01 ppm. Two different
kinds of cells were used for the electrochemical measurements: three-
electrode Swagelok-type cells for conducting CV tests and two-electrode
2032 coin cells (Hohsen) for galvanostatic cycling tests. Lithium foil
(Honjo, battery grade) was used as a counter and reference electrodes.
GF/D glass fiber sheets served as the separator and 1M LiPF6 in a 1:1
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) as
the electrolyte. CV was conducted using a VMP-3 potentiostat (BioLogic).
The initial three cyclic sweeps were conducted with a sweep rate of
0.05mV s�1, followed by additional cyclic sweeps at elevated sweep rates,
ranging from 0.1 to 1.5 mV s�1. Galvanostatic cycling was conducted uti-
lizing aMaccor Battery Tester 4300. A dis-/charge rate of 1 C corresponded
to a specific current of 168mA g�1 (considering the capacity of 0.5 lithium
per TiO2 unit). In both cases, the cells were allowed to rest for 12 h prior to
the experiments and the temperature was maintained stable at 20� 1 �C.
The cut-off voltages were set to 1.2 V and 3.0 V versus Liþ/Li.
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