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ctivity and ionic mobility in
nanostructured thin films via aliovalent doping for
ultra-high rate energy storage†

Clayton T. Kacica and Pratim Biswas *

A high-rate lithium ion battery electrode consisting of nanostructured copper-doped TiO2 films,

synthesized using a single-step, template-free aerosol chemical vapor deposition technique, is reported

herein. A narrowing of the band gap of the copper-doped films from 2.92 to 1.93 eV corresponds to

a large increase in electronic conductivity, overcoming a major drawback of pristine TiO2 in electronic

applications. Lithium-ion batteries using copper-doped films as the negative electrode exhibit improved

charge retention at ultra-high charge rates, up to 50C. Additionally, over 2000 charge–discharge cycles

at a rate of 10C, the copper-doped TiO2 electrodes display higher stable cycling capacities. Cyclic

voltammetry (CV) and a galvanostatic intermittent titration technique (GITT) provide insight into the

chemical diffusion of Li+ in the TiO2 matrix, with copper-doped TiO2 electrodes exhibiting an order of

magnitude higher value in CV measurements over pristine TiO2. GITT provided the state-of-charge (SoC)

resolved chemical diffusion coefficient of Li+ and suggests that a minimum value occurs at a moderate

SoC of 60%, with values near the extremes being over two orders of magnitude higher. Both techniques

indicate increased Li+ mobility due to copper-doping, supporting improved electrochemical

performance in ultra-high rate battery testing.
1. Introduction

Next-generation lithium-ion batteries (LIBs) will be instru-
mental in many consumer products, ranging from electric
vehicles (EVs) to handheld electronics.1–3 Improved battery
technologies will be especially important for EVs, as the
batteries used in EVs represent a signicant portion of the
vehicle cost.4,5 Current batteries experience capacity fade over
time, reducing vehicle range and eventually necessitating costly
replacement.6–8 Additionally, new battery technologies that
permit fast charging are sought aer to reduce charging time to
be comparable with lling a tank with gas.9 The development of
high-rate electrode materials with long lifetimes is of great
interest.

Titanium dioxide (TiO2) has received signicant attention as
an electrode material due to its high stability, rate performance,
abundance, and low price.10–14 Additionally, the high charging–
discharging potential of TiO2 inhibits the formation of Li
dendrites and the growth of a solid-electrolyte interphase (SEI)
layer, greatly reducing the possibility of short circuiting and
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signicantly enhancing battery safety.15 Specically, in
comparison to other TiO2 polymorphs, TiO2's anatase crystal
structure possesses a good balance of stability and theoretical
capacity (335 mA h g�1).16–18 However, TiO2's relatively low
intrinsic electronic conductivity and Li+ mobility signicantly
hinder its high-rate performance.19–21 A variety of TiO2

morphologies, such as solid particles,22 hollow particles,23

bers,24 tubes,25 rods,26 and sheets,20 have been investigated, all
of which have shorter Li+ diffusion lengths and enhanced 1-
dimensional (1-D) charge transport. Recent work has focused
on improving the intrinsic conductivity of TiO2 by modifying its
electronic structure through aliovalent doping.27 Dopant ions
may induce the formation of localized states in the band
structure, narrowing the band gap and increasing the electrical
conductivity.27–30 A variety of dopant metallic cations, such as
Nb5+, Ta5+, Zn2+, Mo6+, and Cr3+, as well as non-metallic anions,
such as N3�, S2�, and F�, have been shown to improve anatase
TiO2's electrochemical performance.30–38 Additionally, the
mechanism by which dopant ions improve performance has
been investigated. A variety of synthetic routes have been
utilized to create doped TiO2, including hydrothermal,39 sol–
gel,40 microwave,41 atomic layer deposition,42 spray pyrolysis,43

and combustion44 techniques. However, many of these
synthesis techniques do not allow direct control of the nal
electrode morphology because they require post-processing and
slurry casting to prepare the electrode.
This journal is © The Royal Society of Chemistry 2020
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Aerosol chemical vapor deposition (ACVD) is capable of
synthesizing nanostructured, oriented TiO2 lms directly on
current collectors in a single step, without the use of templates
and post-processing.45 As seen in Fig. 1a, ACVD involves feeding
Fig. 1 Schematics of (a) an aerosol vapor deposition reactor, (b) deposite
gap of TiO2 introduced by dopant ions (right).

This journal is © The Royal Society of Chemistry 2020
a heated reaction chamber with a metal organic precursor,
which undergoes thermal decomposition to nucleate metal
oxide nanoparticles. These nanoparticles then grow through
condensation and coagulation until they diffuse and deposit on
d film with columnar morphology (left), and localized states in the band
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the substrate, where they sinter. By controlling the rates of
particle nucleation, growth, and deposition the morphology of
the resultant lm can be controlled.46,47 Previous studies have
determined that a columnar morphology exhibits the most
favorable electrical properties.48,49 As shown schematically in
Fig. 1b, excellent electrical connection with the substrate is
achieved due to the direct deposition, as well as enhanced
electrical conductivity due to the 1-D charge transport. Addi-
tionally, materials with multiple components can be synthe-
sized by simultaneously introducing multiple precursors into
the reaction chamber.

Herein, we describe the use of an ACVD technique to
synthesize nanostructured Cu-doped TiO2 electrodes. The
electrochemical performance of the doped TiO2 electrodes is
measured in high-rate LIB cycling experiments and cycle life
assessment to determine the effect of Cu-doping. Finally, we
investigate the chemical diffusion coefficient of Li+ in the TiO2

matrix using cyclic voltammetry and galvanostatic intermittent
titration techniques.
2. Experimental
2.1 Aerosol chemical vapor deposition synthesis

ACVD was used to deposit nanostructured TiO2 and Cu-doped
TiO2 lms directly onto stainless steel, silicon, and borosili-
cate glass substrates. Titanium(IV) isopropoxide (TTIP) (>97%,
Sigma-Aldrich) was used as a precursor to TiO2, and copper(II)
hexauoroacetylacetonate hydrate (Cu(hfa)) (Sigma-Aldrich)
was used as a Cu source. During deposition both precursors
were supplied as vapor via a bubbler, using N2 as the carrier gas.
Using hot baths, the bubbler containing TTIP was heated to
30 �C, and the bubbler containing Cu(hfa) was heated to 40 �C
using a hot water bath. All experiments used a reaction chamber
substrate temperature of 500 �C and a deposition time of 30
minutes.

For the deposition of Cu-doped TiO2 lms, a ow rate of 450
cm3 of N2 was maintained to supply TTIP vapor to the reaction
chamber. A separate ow of N2 supplying Cu(hfa) vapor was
varied between 100 and 400 cm3 to obtain different dopant
concentrations. These two gas streams were combined with
a stream of dilution N2, to achieve a total ow rate of 900 cm3,
prior to entering the reaction chamber.

To deposit undoped TiO2 lms, a ow rate of 450 cm3 of N2

supplied TTIP vapor to the reaction chamber. This gas stream
was diluted with an additional 450 cm3 of N2 prior to entering
the reaction chamber.

Deposition was performed on silicon wafers or borosilicate
glass for characterization. Stainless-steel (SS316, ESPI Metals)
with a thickness of 25 um was used as a substrate for electrode
fabrication for electrochemical characterization. The stainless-
steel was punched into 15 mm discs, then weighed before and
aer deposition to determine the electrode mass.
2.2 Materials characterization

A scanning electron microscope (SEM) (Nova NanoSEM 230, FEI
Co.) equipped with an energy dispersive X-ray spectrometer
2162 | Nanoscale Adv., 2020, 2, 2160–2169
(EDS) was used to study the lm morphology and elemental
composition. Elemental compositions are reported as weight
percentages. An X-ray photoelectron spectroscope (XPS) (PHI
VersaProbe II, Physical Electronics) equipped with Ar sputtering
was used to determine the chemical states present in the
material. Film crystallinity was determined using an X-ray
diffractometer (XRD) (d8 Advance Diffractometer, Bruker) with
Cu Ka radiation (0.15418 nm wavelength) at 40 kV and 40 mA.
An ultraviolet-visible spectrophotometer (UV-vis) (Shimadzu
UV-2600) was used to determine the absorbance and band gap
of the lms.
2.3 Electrochemical characterization

All electrochemical characterization was done using coin cell
batteries (CR 2032), which were prepared in an Ar-lled glove
box (Unilab, MBraun Inc.) with O2 and H2O concentrations
controlled to <0.1 ppm. Each coin cell consisted of a Cu-doped
TiO2 working electrode, a metallic lithium foil counter elec-
trode, a porous separator (Celgard® 2400), and a liquid elec-
trolyte of 1 M LiPF6 dissolved in ethylene carbonate/dimethyl
carbonate (EC/DMC ¼ 1 : 1 v/v) (Sigma-Aldrich). Electro-
chemical testing was performed on a multichannel
potentiostat/galvanostat (Bio-logic) at room temperature. The
coin cell batteries were aged for 24 hours before testing. The
cycling rate (C-rate) was determined based on TiO2's theoretical
capacity of 335 mA h g�1, which corresponds to 1 Li+ stored per
formula unit of TiO2. A rate of 1C was dened as a full charge
being completed in 1 hour. Electrochemical measurements
were performed in the potential range of 1.0–3.2 V. Long-term
galvanostatic charging was performed at a rate of 10C for
a total of 2000 cycles. Rate performance experiments were per-
formed at rates varying from 1 to 50C, for 10 cycles at each rate.
Cyclic voltammetry measurements were conducted at scan rates
ranging from 0.05 to 2 mV s�1. Galvanostatic intermittent
titration technique measurements were performed by applying
30 minute pulses of current at a rate equivalent to 0.2C sepa-
rated by 30 minutes of open-circuit.
3. Results and discussion
3.1 Characterization of Cu-doped TiO2 material

Cu-doped TiO2 lms with various doping levels were prepared
by modifying the ratio of Cu(hfa) to TTIP in the reactor feed.
Three different doping levels are considered, in addition to an
undoped TiO2 reference. Elemental compositions were deter-
mined using XPS with Ar sputtering to a depth of 20 nm. Three
regions of the XPS spectrum were investigated to determine the
chemical states present: the Ti 2p peaks near 460 eV, O 1s peak
near 530 eV, and Cu 2p peaks near 930 eV. Table 1 lists the
elemental compositions based on these regions of the XPS
spectra, with lm compositions of 0%, 2.7%, 5.1%, and 7.2%
Cu obtained for the control, low, medium, and high doping
conditions. XPS spectra of the Ti 2p and Cu 2p regions are
shown in Fig. 2. As seen in Fig. 2a, energies for the Ti 2p3/2 peak
are located at 458.8, 459.0, 459.0, and 458.9 eV for the 0%, 2.7%,
5.1%, and 7.2% Cu lms. These values are consistent with
This journal is © The Royal Society of Chemistry 2020
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Table 1 Elemental composition of TiO2 and Cu-doped TiO2 films

Cu(hfa) ow
(cm3) Doping level

Concentration (wt%)

Cu Ti O

0 None — 59.6 � 0.9 40.4 � 0.7
100 Low 2.7 � 0.2 57.2 � 0.7 40.1 � 0.7
150 Medium 5.1 � 0.3 55.1 � 0.6 39.8 � 0.6
400 High 7.2 � 0.6 53.1 � 0.5 39.7 � 0.7

Fig. 2 X-ray photoelectron spectra of the (a) TiO2 2p and (b) Cu 2p
regions.
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previously reported binding energies for Ti4+ in TiO2.28,50 The
absence of a shi in the energies indicates that incorporating
copper into TiO2 does not affect the oxidation state of Ti.

XPS spectra for the Cu 2p3/2 region are shown in Fig. 2b, and
were used to determine the oxidation state of Cu. Literature
reports the placements of the 2p3/2 peaks for Cu0, Cu1+, Cu2+,
and Cu(OH)2 at 932.6, 932.4, 933.6, and 934.7 eV, respectively.28

The placement of the 2p3/2 peaks in Fig. 2b mostly closely
matches that of Cu2+, being located at 933.7, 933.7, and 933.5 eV
for the 2.7%, 5.1%, and 7.2% Cu lms, respectively.
This journal is © The Royal Society of Chemistry 2020
Additionally, another characteristic of Cu2+ is the presence of
a satellite structure consisting of two shake-up peaks located at
6 and 8 eV above the prominent 2p3/2 peak, which is caused by
ligand–metal 3d charge transfer. Because Cu0 and Cu1+ possess
full 3d shells, for these oxidation states this distinctive charge
transfer cannot occur.27 These Cu2+ shake-up satellites can be
clearly seen between 939 and 943 eV in Fig. 2b.

Additionally, a modied Auger parameter (a0) was measured
using the positions of the Cu 2p3/2 peak (BE) and the Cu LMM
peak (KE) to better distinguish between Cu oxidation states.
Calculated as,

a0 ¼ BE (Cu 2p3/2) + KE (Cu LMM), (1)

the Auger values are 1851.7, 1851.4, and 1851.0 eV for the 2.7%,
5.1%, and 7.2% Cu samples. These values match closely with
the values previously reported for Cu2+, conrming that Cu0,
Cu1+, or Cu(OH)2 are not present. Therefore, we concluded that
only Cu2+ was present and incorporated by substituting Ti4+

with Cu2+ for internally doped TiO2.
The morphology of the synthesized lms was determined

using SEM to image the lm cross-section. Fig. 3a–d show that
the nanostructured TiO2 and doped TiO2 lms retain
a columnar morphology for all samples up to 5.1% Cu, and
transition to a granular–columnar mix is observed at 7.2% Cu.
Based on previous studies, the columnar lms provide superior
electrochemical performance.45 Film height was measured to be
between 2.2 and 2.5 mm, and the column width between 200 and
250 nm.

The lm's crystallinity, determined using XRD, is shown in
Fig. 3e. Peaks located at 2q values of 25.26�, 37.74�, 47.98�, and
55.02� correspond to the (101), (004), (200), and (211) planes of
anatase TiO2, JCPDS card no. 21-1272. For the 2.7% or 5.1% Cu
samples, no peaks suggesting the formation of crystalline
copper species are observed, supporting the XPS results indi-
cating that Cu is internally doped in the TiO2 lattice. Due to the
similar ionic radii of Ti and Cu (rTi¼ 0.68 Å; rCu¼ 0.72 Å), Ti can
be substituted by Cu without generating signicant tension in
the anatase structure. Minimal peak shis are observed due to
the incorporation of Cu, with calculated lattice parameters
a and c changing from 0.3792 and 0.9525 nm, respectively, for
pristine-TiO2 to 0.3794 and 0.9534 nm, respectively, for the
7.2% Cu sample. The XRD spectra of the 7.2% Cu sample have
distinct peaks at 27.60�, 36.06�, 36.92�, and 52.98� which are not
present in other lms, showing the loss of pure-phase crystal-
linity due to the formation of impurities. The peaks located at
27.60 and 36.06 can be indexed to the (110) and (101) planes of
rutile TiO2 (ICSD: 00-021-1276), while the peaks at 36.92� and
52.98� correspond to the (002) and (020) planes of CuO.

The poor electronic conductivity of TiO2 is one drawback to
its use as a battery electrode. The use of nanostructured 1-D
structures increases the apparent conductivity by restricting
charge transport to a single dimension. It has been shown that
aliovalent doping of TiO2 also leads to increased conductivity.51

As a semiconductor, the band gap of TiO2 is closely tied to its
conductivity: a narrower band gap indicates higher conduc-
tivity. However, due to the 1-D nature of this material standard
Nanoscale Adv., 2020, 2, 2160–2169 | 2163
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Fig. 3 Scanning electronmicroscopy images of (a) 0%, (b) 2.7%, (c) 5.1%, and (d) 7.2% Cu-doped TiO2. (e) X-ray diffraction patterns of (bottom to
top) 0%, 2.7%, 5.1%, and 7.2% Cu-doped TiO2 nanostructured films.
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conductivity measurement techniques may not give accurate
results, necessitating difficult single-column measurements.
Alternatively, band gap energies can be readily determined
using optical techniques. Band gap energies calculated from the
absorbance spectra obtained through UV-vis spectrometry are
shown in Fig. 4a. A Tauc plot was generated from the absor-
bance data, using the following equation:52

f(a) ¼ (ahn)1/n, (2)

where a (nm�1) is the absorbance coefficient, hn (eV) is the
photon energy, and n is a constant dependent on the electronic
2164 | Nanoscale Adv., 2020, 2, 2160–2169
transition type. The absorbance coefficient can be calculated as
a ¼ A/d, where A (unitless) is absorbance and d (nm) is the lm
height. As TiO2 is known to possess an allowed indirect band gap,
n will take a value of 2. The Tauc plot, Fig. 4b, shows a linear
region for all four samples, conrming that the electronic tran-
sition is indirect. In this linear region, the relationship (ahn)1/2 ¼
K(hn � Eg) must be satised, where K (nm1/2 eV�1/2) is a material
dependent constant and Eg (eV) is the band gap. The value of K is
determined by tting the linear region, and the band gap is
determined by extrapolating to the hn axis. Band gap energies of
2.92, 2.47, 2.15, and 1.93 eV were obtained for the 0%, 2.7%,
5.1%, and 7.2% Cu samples, as seen in Fig. 4c. The band gap
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) UV-vis spectra, (b) Tauc plot of [ahn]1/2 vs. hn, and (c) plot of
band gap vs. Cu concentration for the Cu-doped TiO2 nanostructured
films.

Fig. 5 Rate performance for charge rates between 1 and 50C.
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clearly decreases as the Cu-doping increases, corresponding to an
increase in electrical conductivity as well. The deviation of the
control sample from TiO2's bulk band gap of 3.2 eV can be
attributed to size effects of the structured material.53 Literature
values for Cu-doped TiO2 vary widely and depend not only on the
Cu-doping level but also on the material's morphology and
synthesis method. For example, Ahmed et al. synthesized Cu-
doped TiO2 thin lms using an inert gas condensation tech-
nique andmeasured a band gap of 2.99 eV at 3.2%Cu, while Park
This journal is © The Royal Society of Chemistry 2020
et al. synthesized Cu-doped TiO2 nanoparticles by mechanical
alloying and found a lower band gap of 2.77 eV at only 2.5%
Cu.54,55 The narrowest band gap found for Cu-doped TiO2 is 1.6 eV
for 7.5% Cu nanoparticles synthesized with a low temperature
hydrolysis reaction.50 The band gap energies reported in our work
match these values reasonably well.
3.2 Electrochemical characterization

Electrochemical characterization was performed using a Li-ion
half-cell conguration, with the synthesized lms acting as the
negative electrode and metallic lithium foil acting as the
counter electrode. As shown in Fig. 5, galvanostatic cycling was
performed in the potential window of 1.0–3.2 V at charge rates
between 1 and 50C to determine the rate performance of the
material. At a charge rate of 1C, the capacity of the lm is largely
independent of the Cu concentration, with gravimetric capac-
ities between 180 and 183 mA h g�1. This nding implies that at
low charge rates the conductivity of TiO2 is not a limiting factor
and the full material is utilized. At a charge rate of 10C, the
doped samples perform notably better than the undoped
control. The 0%, 2.7%, 5.1%, and 7.2% Cu lms, respectively,
retain 71.4%, 80.9%, 87.5% and 74.6% of the capacity obtained
at 1C, showing that the benet of Cu-doping has a more
pronounced effect at higher rates. This benet is clear at
a charge rate of 50C, with the 5.1% Cu lm retaining 70.7% of
its 1C capacity, compared to the undoped TiO2 lm's 39.4%
retention. Aer cycling at a rate of 50C, the charge rate was
lowered to 5C, and all lms recovered over 98% of their previous
capacities at 5C. This recovery indicates that the material can be
discharged at high rates without causing a large irreversible
capacity loss. Based on the conductivity results, the 7.2% Cu
electrode would be expected to have the best performance, due
to its higher conductivity. However, the lower degree of crys-
tallinity shown by XRD may be inhibiting its performance. This
improved rate performance due to Cu-doping could be due to
either a reduction in the Li+ diffusion barrier due to increased
width of the diffusion path, or due to the increase in electrical
conductivity of the lm. As XRD showed little shi in the peak
positions due to Cu-doping, indicating that the lattice param-
eters of the anatase crystal structure remain unchanged, it is
Nanoscale Adv., 2020, 2, 2160–2169 | 2165
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believed that the enhanced conductivity is the dominant
factor.56

To determine the electrode's longevity, long-term galvano-
static cycling was performed at a constant charge rate of 10C for
2000 cycles in the potential window of 1.0–3.2, and the results
are shown in Fig. 6. Capacity losses between 8 and 10% are
observed in the rst 100 cycles for all samples, aer which the
capacities largely stabilize. Final capacities of 78.7, 101.5, 117.1,
and 92.1 mA h g�1 are obtained for the 0%, 2.7%, 5.1%, and
7.2% Cu lms, representing retentions of 72%, 77.9%, 82.6%,
and 79.4% of the rst cycle capacity, respectively. Coulombic
efficiencies, ESI Fig. S1,† are higher for the 2.7% and 5.1% Cu
lms than for the undoped control and remain above 99.8%
over 2000 cycles.

The corresponding charge/discharge curves are presented in
ESI Fig. S2a–d† for the 1st, 10th, 100th, and 1000th cycle for each
of the electrodes. A similar prole is observed for each of the
samples over the entirety of the 1000 cycles represented, further
supporting the high stability of the electrodes over many cycles.
For all four electrodes, a similar drop of capacity is seen
between the 10th and 100th cycle. However, for the 5.1% Cu
electrode, shown in ESI Fig. S2c,† the 100th and 1000th cycle
proles overlap closely, indicating negligible capacity fade
between the cycles. These ndings show that the incorporation
of Cu into TiO2 measurably improved the cyclability and life-
time of the nanostructured lms, and signicantly improved
their capacity.

Electrochemical impedance spectroscopy, ESI Fig. S3,† per-
formed on the 0% and 5.1% Cu electrodes shows a decrease in
the bulk resistance of the Cu containing electrode, conrming
an increase in the conductivity of the material.
3.3 Lithium diffusivity measurements

Lithium diffusion during the intercalation and deintercalation
processes is of vital importance for high-rate battery perfor-
mance. Cyclic voltammetry (CV) measurements, shown in
Fig. 7a for the 5.1% Cu lm, were performed at scan rates
ranging from 0.05 to 2 mV s�1 for all lms. Only two peaks,
corresponding to the oxidation and reduction reactions, are
seen, indicating that no side reactions occur during these
Fig. 6 Cycling performance at a rate of 10C over 2000 cycles.

Fig. 7 (a) Cascade cyclic voltammograms at scan rates ranging from
0.05 to 2 mV s�1, (b) Randles–Sevcik plot of peak current density vs.
(scan rate)1/2, and (c) plot of lithium diffusion coefficient vs. Cu
concentration for the Cu-doped TiO2 nanostructured films.

2166 | Nanoscale Adv., 2020, 2, 2160–2169
reactions. By increasing the scan rate, larger peak currents are
obtained and the potential difference between the oxidation
and reduction peaks is increased. A similar trend is observed for
the other lms as well. A Randles–Sevcik plot was constructed
by relating the peak current density to the square root of the
scan rate, as shown in Fig. 7b. The linear trend suggests
diffusion-limited oxidation and reduction reactions. Addition-
ally, increased copper concentrations lead to higher peak
current densities for both the oxidation and reduction
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 State of charge dependent lithium diffusion coefficients plotted
for the undoped TiO2 control and the 5.1% Cu-doped TiO2 material.
State of charge independent lithium diffusion coefficients calculated
from CV measurements included for reference.
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reactions. The chemical diffusion coefficient was determined
from the Randles–Sevcik equation,57

jp ¼ 0:4463zFc

ffiffiffiffiffiffiffiffiffiffiffiffi
zFnD

RT

r
; (3)

where jp (A cm�2) is the current density, z (unitless) is the
valency of lithium ions, F (C mol�1) is Faraday's constant, c (mol
cm�3) is the concentration of lithium ions, n (V s�1) is the scan
rate, R (J mol�1 K�1) is the gas constant, T (K) is the tempera-
ture, and D (cm2 s�1) is the chemical diffusion coefficient of
lithium ions. Chemical diffusion coefficient values calculated
for the oxidation and reduction reactions are listed in Table 2
and shown in Fig. 7c. Higher chemical diffusion coefficients
were found for all Cu-doped samples than for the undoped TiO2

control. For undoped TiO2, the coefficients were 2.41 � 10�13

and 2.66 � 10�13 cm2 s�1 for the oxidation and reduction
reactions, while for the 7.2% Cu electrode they were 4.56 �
10�12 and 2.60 � 10�12 cm2 s�1. The signicantly higher
chemical diffusion coefficients obtained for the Cu-doped
electrodes are consistent with improved high-rate perfor-
mance seen during cycling tests and are in part caused by the
increase in conductivity due to Cu-doping. Since the mobilities
of lithium-ions and electrons are coupled to maintain electro-
neutrality, the apparent chemical diffusion coefficient is
generally given by the harmonic mean,

D ¼ 2DLiþDe�

DLiþ þDe�
(4)

and is dependent on both lithium-ion and electron diffusion in
the material.58 Therefore, an increase in conductivity would
cause an increase in the apparent chemical diffusion coefficient
of lithium-ions measured.

A limitation to calculating chemical diffusion coefficients
using CV measurements is that they are state-of-charge (SoC)
averaged values. However, the diffusivity may change during the
charging process due to differences in the lithiated and unli-
thiated TiO2. Alternatively, a galvanostatic intermittent titration
technique (GITT) measurement allows for diffusion coefficients
to be calculated as a function of SoC. This technique involves
applying pulses of constant current separated by open-circuit
intervals, while measuring the cell potential. From this, the
chemical diffusion coefficient can be calculated as59

DGITT ¼ 4d2

ps

�
U0 �Ur

U0 �Up

�2

; (5)

where d (nm) is the characteristic diffusion length, s (s) is the
pulse length, U0 (V) is the resting voltage prior to applying the
Table 2 Oxidation/reduction chemical diffusion coefficients of Li+

from cyclic voltammetry

Sample Dox (cm
2 s�1) Dred (cm2 s�1)

0% Cu 2.41 � 10�13 2.66 � 10�13

2.7% Cu 1.45 � 10�12 6.79 � 10�13

5.1% Cu 2.51 � 10�12 1.10 � 10�12

7.2% Cu 4.56 � 10�12 2.59 � 10�12

This journal is © The Royal Society of Chemistry 2020
current pulse, Ur (V) is the voltage at the end of the open-circuit
relaxation period aer the current pulse, and Up (V) is the
voltage at the end of the current pulse. We performed GITT
measurements by applying 9 current pulses for 30 minutes
each, separated by 30 minutes of relaxation at open circuit,
beginning at a potential of 1.0 V and charged to a potential of
3.2 V. Li+ chemical diffusion coefficients for the 0% and 5.1%
Cu lms as a function of SoC are shown in Fig. 8, along with the
values determined using CV measurements for comparison.
The diffusion coefficients are highly dependent on the SoC, with
the lowest diffusivity occurring around 60% SoC and the high-
est near 0% and 100% SoC. The decrease at moderate SoC may
be attributed to reduced diffusivity at the boundaries of the two-
phase region developed during charging between the lithiated
and unlithiated material. As charging proceeds to higher SoC
values, the diffusivity recovers as the material tends to a single
lithiated phase. Additionally, the chemical diffusion coeffi-
cients determined using CV measurements matched well with
the lowest diffusivity coefficient observed at 60% SoC. Diffu-
sivity in the Cu-doped TiO2 lm was consistently higher than
that in the undoped TiO2 lm, further supporting the increased
high-rate performance observed.

4. Conclusions

Nanostructured Cu-doped TiO2 lms with a columnar
morphology were synthesized using an aerosol chemical vapor
deposition technique, with compositions up to 7.2% Cu. It is
conrmed that Cu is incorporated as Cu2+ by replacing Ti, while
retaining a highly crystalline anatase structure. UV-vis
measurements indicate a narrowing of the band gap with
increased Cu concentrations, from 2.92 eV for pristine TiO2 to
1.93 eV for the 7.2% Cu lm. Since electrical conductivity is
directly related to band gap, this narrowing indicates an
increase in conductivity for the Cu-doped lms. Electro-
chemical measurements show that the Cu-doped lms per-
formed consistently better as the anode in high-rate lithium ion
Nanoscale Adv., 2020, 2, 2160–2169 | 2167
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battery testing than pristine TiO2. Stable performance was seen
at ultra-high rates up to 50C, with up to 70% capacity retention
for the Cu-doped lms compared to only 40% for the pristine
TiO2 compared to their respective capacities at 1C. Long-term
cycling showed remarkable stability over 2000 cycles at a rate
of 10C, with higher capacities observed for the Cu-doped lms.
Lithium diffusion measurements were performed with both CV
and GITT techniques and showed improved chemical diffusion
coefficients for Li+ ions for the Cu-doped lms. As Li+ diffusion
is coupled with electron mobility, the increased conductivity of
the Cu-doped lms may be the factor permitting faster Li+

diffusion. Enhanced high-rate performance of Cu-doped TiO2

lms is attributed to the increase in Li+ mobility resulting from
an increase in lm conductivity.
Conflicts of interest

There are no conicts of interest to declare.
Acknowledgements

The authors are thankful for the funding from the National
Science Foundation Division of Materials Research, grant no.
DMR 1806147. The use of the Bruker d8 Advance X-ray diffrac-
tometer in the Earth and Planetary Sciences at Washington
University in St. Louis is supported by the National Science
Foundation, grant no. NSF EAR-1161543.
References

1 M. A. Hannan, M. M. Hoque, A. Mohamed and A. Ayob,
Renewable Sustainable Energy Rev., 2017, 69, 771–789.

2 A. Mahmoudzadeh Andwari, A. Pesiridis, S. Rajoo,
R. Martinez-Botas and V. Esfahanian, Renewable
Sustainable Energy Rev., 2017, 78, 414–430.

3 R. Schmuch, R. Wagner, G. Hörpel, T. Placke and M. Winter,
Nat. Energy, 2018, 3, 267–278.

4 B. Nykvist and M. Nilsson, Nat. Clim. Change, 2015, 5, 329.
5 O. Schmidt, A. Hawkes, A. Gambhir and I. Staffell, Nat.
Energy, 2017, 2, 17110.

6 A. Cordoba-Arenas, S. Onori, Y. Guezennec and G. Rizzoni, J.
Power Sources, 2015, 278, 473–483.

7 Y. Zou, X. Hu, H. Ma and S. E. Li, J. Power Sources, 2015, 273,
793–803.

8 L. Su, J. Zhang, C. Wang, Y. Zhang, Z. Li, Y. Song, T. Jin and
Z. Ma, Appl. Energy, 2016, 163, 201–210.

9 N. Nitta, F. Wu, J. T. Lee and G. Yushin, Mater. Today, 2015,
18, 252–264.

10 A. R. Armstrong, G. Armstrong, J. Canales, R. Garćıa and
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