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a  b  s  t  r  a  c  t

Strontium  titanate  nanoparticles  have  been  synthesized  using  a combination  of  sol-precipitation  and
hydrothermal  techniques  for subsequent  testing  as  an  anode  material  for  lithium-ion  batteries.  The
potentials  associated  with  lithiation  are  0.105  V and  0.070  V vs.  Li/Li+ and  0.095  V  and  0.142  V  vs.  Li/Li+ dur-
ing  de-lithiation.  These  potentials  are  significantly  lower  than  the  1.0  V to 1.5  V  vs.  Li/Li+ typically  reported
eywords:
trontium titanate
hotoinduced reduction
node nanoparticles
ithium-ion battery

in  the  literature  for  titanates.  In an attempt  to improve  the  lithiation  and  de-lithiation  kinetics,  as  well
as  capacity  retention,  SrTiO3 nanoparticles  were  platinized  using  a  photoinduced  reduction  of  chloropla-
tinic  acid.  No  significant  changes  in  the  morphology  or crystal  structure  of  the  platinized  nanoparticles
were  observed  as  a  result  of the  reduction  reaction.  The  voltage  profile,  charge  and  discharge  kinetics,
and cyclability  of the  platinized  SrTiO3 nanoparticles  are  compared  to  that  of  the  non-platinized  SrTiO3

nanoparticles.
. Introduction

With a greater consensus regarding global warming and pol-
ution effects associated with burning carbon based fuels, the
ttention to reevaluate energy delivery and storage has grown [1].
ll electric vehicles (EV) and plug-in hybrid electric vehicles (HEV)
ave attracted great interest because they have shown the ability
o reduce emissions and decrease fuel consumption [2].  However,
hese vehicles have not been realized on a large scale and still
emain a niche market because of battery performance and cost.

 key challenge to achieving better performance in Li-ion batter-
es is increasing the charge and discharge rates of the cell [2,3].
he two main transport properties limiting these rates are the
low solid-state diffusion of Li-ions into the anode and cathode
lectrodes as well as the slow diffusion between the electrodes
4].  In order to mitigate the slow solid-state diffusion processes,
esearch has been focused on reducing the two battery electrode
eatures to the nanoscale [5].  Thus, the electrode morphologies of
hoice are nanoparticles and nanowires because the surface-to-
olume ratios are high [1,4,5].  These nanostructured morphologies
re gaining wide acceptance as both the anode and cathode in
ithium-ion batteries because they have shown to increase the dis-
harge and charge kinetics and enhance cyclability by decreasing

he irreversible capacity loss typically observed with micron-sized
rchitectures [6].

∗ Corresponding author. Tel.: +1 970 4911592; fax: +1 970 4911801.
E-mail addresses: alprieto@lamar.colostate.edu, Amy.Prieto@colostate.edu

A.L. Prieto).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.03.052
© 2011 Elsevier B.V. All rights reserved.

With respect to the anode, nanoscale titanates are considered
a promising material and are currently being introduced commer-
cially. The interest in lithium titanate is due to (1) the gravimetric
capacity matching well with currently available cathode materials,
(2) sufficient discharge kinetics for a wide range of applications, (3)
good safety characteristics, and (4) a high durability, i.e. relatively
negligible irreversible capacity losses are observed [7].  In addition
to lithium titanate, transition metal titanates with a perovskite
crystal structure have also shown promise. One such titanate that
has not been previously investigated is SrTiO3. Since SrTiO3 is a
semiconductor, the resistance arising from the low electronic con-
ductivity and surface boundary interfaces can have a detrimental
effect on performance [6].  To overcome this issue, herein we report
that conducting nanoscale nodules are deposited on the SrTiO3 sur-
face through a photoinduced electrochemical reduction reaction to
facilitate the transfer of electrons to and from the SrTiO3 conduction
band. The premise is that facile electron transfer from the conduc-
tion band to the electrode binder will dramatically improve the rate
performance. It is expected that this approach will have wide appli-
cability and could be applied to other semiconducting lithium-ion
battery anode and cathode materials using non-lithiating conduct-
ing metals such as Pt, Cu, and Ni. While Pt is utilized in these
experiments, it will be important to explore Cu and Ni due to the
expense associated with the noble metal.

2. Experimental
2.1. Synthesis procedure

Strontium titanate nanoparticles have been synthesized using
a combination of sol-precipitation and hydrothermal techniques

dx.doi.org/10.1016/j.jpowsour.2011.03.052
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ig. 1. Reaction scheme for the co-precipitation/solvothermal synthesis of SrTiO3 n
anoparticle surface.

or which the reaction mechanism is contained in Fig. 1 [8].  Using
tandard Schlenk line techniques, two solutions, a 5% TiCl4 (99.9%,
ldrich) in ethyl alcohol (200 proof ACS grade, Pharmco-Aaper) and

 0.2 M Sr(OH)2·8H2O (95%, Aldrich) in 1 M acetic acid (aq.) (ACS,
allinckrodt chemicals), were prepared. While vigorously stirring,

he solutions were combined. The resulting white slurry was trans-
erred to a 23 mL  PTFE lined acid digestion vessel (Parr, 4749).
he vessel was heated at 4 ◦C min−1 to 240 ◦C and held for 12 h.
he resulting product was centrifuged, decanted, and sonicated in
illipore® water at least three times to separate the nanoparti-

les from reaction byproducts. The nanoparticles were platinized
y irradiating at 254 nm in the presence of H2PtCl6 (99.995%,
ldrich), methyl alcohol (99.9%, Sigma Aldrich), and Millipore®
ater similarly to that reported in the literature [9–11]. Reaction
yproducts were removed using the same procedure as described
bove.

ig. 2. (a) Characteristic TEM image of synthesized SrTiO3 nanoparticles with (b) corresp
ubic  morphology.
rticles and subsequent photoinduced reduction of chloroplatinic acid on the SrTiO3

2.2. Nanoparticle characterization

The nanoparticles were characterized by transmission electron
microscopy (TEM), selected-area electron diffraction (SAED), pow-
der X-ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). TEM images were obtained using a JEOL JEM-2000 transmis-
sion electron microscope operating under an accelerating voltage
of 160 kV. Powder XRD patterns were collected on a Scintag X-
2 Advanced Diffraction System equipped with Cu K� radiation
with a wavelength of 1.54 nm.  XPS spectra were obtained using
a Physical Electronics ESCA 5800 system employing monochro-
matic Al K� (E = 1486.6 eV) as the X-ray source. High resolution
scans were utilized to confirm the presence and provide informa-

tion regarding the bonding environment and oxidation state of Sr,
Ti, O, Pt, and Cl. These scans were performed with a pass energy of
23.5 eV and a step size of 0.10 eV step−1. All spectra were shifted to

onding indexed SAED pattern. (c) Higher magnification TEM image illustrating the
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ig. 3. (a) Characteristic TEM image of as-synthesized Pt-SrTiO3 nanoparticles wit
hotoinduced reduction of chloroplatinic acid. (c) Corresponding indexed SAED pat

ccount for sample charging using graphitic carbon as a reference
o 284.80 eV. Preliminary cycling data was acquired using a Maccor

odel 4200 battery cycler in a two electrode half cell with lithium
etal as the negative electrode and SrTiO3 nanoparticles in a binder

s the positive electrode. The positive electrode was  prepared by
ombining 60% 1-methyl-2-pyrolidinone (99+%, Sigma–Aldrich),
8% SrTiO3, 8% graphite (Fluka), and 4% poly(vinylidene fluoride)
PVDF) (Aldrich, MW = 530k) by weight. The resulting slurry was
pread on copper foil and heated to 60 ◦C under air for 1 h and
t 110 ◦C under vacuum for 90 min. The liquid electrolyte in all
lectrochemical cells consisted of 1 M LiClO4 in a 1:1:1 by volume
olution of dimethyl carbonate, diethyl carbonate, and ethylene
arbonate. The geometric electrode surface area for all SrTiO3 and
t-SrTiO3 cycling experiments was 1.27 cm2. The platinized and
on-platinized strontium titanate half cells were cycled between
.050 V and 1.0 V vs. Li/Li+ and contained an average of 0.023 g of
ctive material. In addition, an electrode without active material,
.e. consisting of only PVDF binder and graphite, was also cycled to
etermine the contribution from the graphite. The geometric sur-
ace area for this cell was 0.32 cm2 and contained 1.8 mg  of graphite.
he graphite cell was cycled from 2 V to 0.005 V vs. Li/Li+.

. Results and discussion

Fig. 2 contains characteristic TEM images and a SAED pattern

f SrTiO3 synthesized following the procedure described above. As
emonstrated by Fig. 2(a), the average particle diameter is sub-
00 nm.  The SAED pattern contained in Fig. 2(b) was indexed to
ausonite, cubic SrTiO3. All rings were indexed, but only the (1 1 0),
a high magnification TEM image illustrating Pt nodules on the surface due to the
f the platinized SrTiO3 nanoparticles.

(1 1 1), and (2 0 0) planes are labeled for clarity. The characteris-
tic high resolution TEM image in Fig. 2(c) visually demonstrates
the cubic nature of the crystals. To determine if the platinization
process affects the crystal properties or changes the particle mor-
phology, the same characterization was  performed for Pt-SrTiO3
nanocrystals synthesized using the above described procedure.
Fig. 3 contains characteristic TEM images and a SAED pattern of
Pt-SrTiO3. As illustrated in Fig. 3(a), the platinization process does
not significantly alter the nanoparticle morphology as the particles
are still cubic with a sub-100 nm diameter. A striking difference
between the platinized and non-platinized SrTiO3, highlighted by
the high resolution TEM image in Fig. 3(b), is that Pt-SrTiO3 contains
Pt nodules on the particle surface that range in size from approx-
imately 1 to 5 nm.  As with the non-platinized particles, the SAED
pattern contained in Fig. 3(c) can be indexed to tausonite, but only
the (1 1 0), (1 1 1), and (2 0 0) planes are labeled for clarity. Focusing
on the (1 1 1) and (2 0 0) planes, ring broadening is observed due to
the presence of cubic platinum. To further confirm the purity and
crystal structure of the SrTiO3 as well as the presence of metallic
Pt, XRD and XPS characterization techniques were used.

Fig. 4(a) and (b) contains powder XRD patterns that have been
indexed to SrTiO3 (PDF #00-035-0734) and Pt-SrTiO3 (Pt PDF
#03-065-2868), respectively. The patterns are essentially identi-
cal except for the fact that the Pt-SrTiO3 pattern contains peaks at
approximately 40◦ and 46◦ 2-theta that are asymmetric with shoul-

ders at higher 2-theta. These shoulders can be attributed to the
presence of the Pt nodules on the surface of the SrTiO3 nanoparti-
cles. Therefore, the ex situ photoinduced reduction of chloroplatinic
acid does not significantly change the XRD pattern with the excep-
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Fig. 4. Indexed powder XRD pattern

ion of Pt peaks, of which the Pt(1 1 1) plane is highlighted in
ig. 4(b). A Scherrer analysis on the (1 1 0) plane suggests that the
verage particle diameter is approximately 100 nm.  This analysis
urther corroborates the data and conclusions drawn from the elec-
ron microscopy characterization of the nanoparticles. To confirm
hat the Pt is zero valent, the chlorine byproducts were removed,
nd the platinization process did not affect the surface binding
nvironment of the SrTiO3, XPS analysis of the platinized and non-
latinized samples were conducted.

Fig. 5(a) contains survey scans of SrTiO3, chloroplatinic acid, and
t-SrTiO3. Sr, Ti, and O are identified in both the SrTiO3 and Pt-
rTiO3 spectra while Pt is identified in the chloroplatinic acid and
t-SrTiO3 spectra. Cl was only identified in the chloroplatinic acid

urvey scan. High resolution scans of Ti, Sr, O, Pt, and Cl were also
ollected and are plotted in Fig. 5(b)–(f), respectively, to determine
he element oxidation state and changes in chemical binding envi-
onment. No observable differences in the Ti, Sr, or O XPS spectra

ig. 5. (a) XPS spectra from survey scans of SrTiO3, chloroplatinic acid, and Pt-SrTiO3. H
espectively.
a) SrTiO3 and (b) platinized SrTiO3.

were detected when comparing SrTiO3 and Pt-SrTiO3. This suggests
that neither the oxidation state nor the surface binding environ-
ment of the three elements changes as a result of the photoinduced
reduction of chloroplatinic acid on the SrTiO3 surface. However,
high resolution spectra of Pt contained in Fig. 5(e) for both the
platinized SrTiO3 and chloroplatinic acid indicate that both the oxi-
dation state and the binding environment change as a result of the
photoinduced reduction of chloroplatinic acid. The top spectrum
is indicative of metallic Pt while the bottom spectrum is indica-
tive of Pt4+ in two  different bonding environments [12]. The high
resolution scan of Cl contained in Fig. 5(f) demonstrates that the
chlorine byproducts have been effectively removed. Now that it has
been confirmed that metallic, non-lithiating Pt has been selectively

deposited onto the SrTiO3 surface with the purpose of improving
electronic transport properties within the binder matrix, the lithia-
tion and rate performance of platinized and non-platinized SrTiO3
are compared.

igh resolution spectra for Ti, Sr, O, Pt, and Cl are plotted in (b), (c), (d), (e), and (f),
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Fig. 6. (a) Charge and discharge curves of an electrode that contains only graphite and PVDF binder without anode active material. (b) A slow charge and discharge curve of
SrTiO3 at a rate of 0.015 mA  cm−2 in a half cell to highlight the intercalation and deintercalation plateaus. (c) Voltage profiles of SrTiO3 and Pt-SrTiO3 at rates of 0.19, 0.38, and
0.95  mA cm−2 to highlight the difference in capacity as a function of cycle number. Cycles 16–30 for both SrTiO3 and Pt-SrTiO3 are not included in the plot for clarity with the
exception of cycle 16 for Pt-SrTiO3, which illustrates the maximum capacity of the cycles excluded from the plot. (d) A plot of the discharge capacity retention as a function
o apacit
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f  cycle number and rate for SrTiO3 and Pt-SrTiO3. One hundred percent discharge c
r-SrTiO3 and SrTiO3, respectively.

Before the platinized and non-platinized SrTiO3 samples can
e compared, the effect of graphite used in the cells on the elec-
rochemical performance must be elucidated. Voltage profiles as a
unction of cycle number for a cell consisting of graphite and PVDF
inder are contained in Fig. 6(a). Briefly, because the graphite used
s the conductive additive in the binder is not a very high grade, its
apacity retention and contribution to the electrochemical proper-
ies of the cell in terms of lithium intercalation and de-intercalation
s minimal. This is especially true after the first cycle and at higher
harge and discharge rates. Fig. 6(b) contains a charge and discharge
urve of SrTiO3 highlighting two distinct and an obscure plateau
or each half cycle at a rate of approximately 0.015 mA  cm−2. The
otentials associated with the intercalation plateaus are 0.18 V,
.105 V and 0.070 V vs. Li/Li+ and 0.095 V, 0.142 V, and 0.21 vs. Li/Li+

uring the deintercalation of Li-ions. These potentials are signifi-
antly lower than the 1.0 V to 1.5 V vs. Li/Li+ typically reported in
he literature for titanates, and are positive of the potential needed
o plate lithium metal. At this slow discharge rate, a capacity of
pproximately 135 mAh  g−1 can be achieved. This is 87% of the
heoretical capacity, 155.9 mAh  g−1, when two moles of lithium
an be intercalated per mole of SrTiO3. However, the percentage

f capacity recovered when compared to the theoretical capacity
uickly decreases when the cycling rate is increased. In an attempt
o improve the lithiation and de-lithiation kinetics, as well as the
yclability, SrTiO3 nanoparticles were platinized with a Pt loading
ies are based on a rate of 0.19 mA cm−2, and are 52.7 mAh  g−1 and 24.8 mAh  g−1 for

of less than 1% by weight using a photoinduced reduction of chloro-
platinic acid. As demonstrated by Fig. 6(c), the Pt-SrTiO3 retains a
2-fold higher capacity when compared to SrTiO3. This trend con-
tinues for varying discharge rates as highlighted by Fig. 6(d) which
contains a plot of the capacity retention as a function of discharge
rate. Based on the preliminary cycling data presented in Fig. 6, it is
clear that for this semiconducting material, the deposition of Pt on
the SrTiO3 surface helps facilitate electron transfer thereby improv-
ing the capacity retention and rate performance of this potential
Li-ion battery anode material.

4. Conclusions

The photoinduced reaction of inert metals onto the surface of
semiconducting, active anode materials can enhance the rate per-
formance and capacity retention because the inert metal helps
facilitate the transfer of electrons from the semiconductor to the
conducting binder. Based on the potential required for lithiation,
0.105 V and 0.070 V vs. Li/Li+, it is plausible that the Sr is being
reduced thereby forming Li2TiO3 in a two  step reaction process.
Further experiments need to be conducted to confirm this analysis

and to determine the relationship between Pt loading and the cor-
responding increase in rate performance and capacity retention.
In addition, non-noble metals should also be explored so to not
adversely affect the cost of the electrode.
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