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ABSTRACT: Polymerization-induced phase separation of /&'-PHEMA

nanoparticle-filled solution is demonstrated as a simple
approach to control the structure of porous composites.
These composites are subsequently demonstrated as the active
component for sodium ion battery anode. To synthesize the
composites, we dissolved/dispersed titanium oxide (anatase)
nanoparticles (for sodium insertion) and poly(hydroxybutyl
methacrylate) (PHBMA, porogen) in furfuryl alcohol (carbon
precursor) containing a photoacid generator (PAG). UV
exposure converts the PAG to a strong acid that catalyzes the
furfuryl alcohol polymerization. This polymerization simulta-
neously decreases the miscibility of the PHBMA and reduces
the mobility in the mixture to kinetically trap the phase
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separation. Carbonization of this polymer composite yields a porous nanocomposite. This nanocomposite exhibits nearly 3-fold
greater gravimetric capacity in Na-ion batteries than the same titanium oxide nanoparticles that have been coated with carbon.
This improved performance is attributed to the morphology as the carbon content in the composite is five times that of the
coated nanoparticles. The porous composite materials exhibit stable cyclic performance. Moreover, the battery performance using
materials from this polymerization-induced phase separation method is reproducible (capacity within 10% batch-to-batch). This
simple fabrication methodology may be extendable to other systems and provides a facile route to generate reproducible
hierarchical porous morphology that can be beneficial in energy storage applications.
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B INTRODUCTION

Batteries provide a relatively robust strategy for mobile energy
storage with high energy densities for emergent green
technologies.' ™ In particular, lithium-based batteries have
dominated the development landscape because of the favorable
properties of lithium: lightweiéght, low redox potential, and
small size for ease of insertion.”® Much of the effort has focused
on higher energy density devices with developments in
lithium—0O,” and lithium—sulfur® batteries. However, one
critical challenge for the adaptation of these technologies is
cost.” The increasing cost of lithium and its limited natural
abundance has driven interest in the development of sodium-
ion batteries as a low-cost alternative to its lithium alnalog.lo’11
Unlike lithium, sodium is one of the most naturally abundant
elements (6th most common) with a crustal concentration
estimated to be 3 orders of magnitude greater than lithium.
However, the potential battery performance is reduced for
sodium relative to lithium.

The inferior performance of sodium can be primarily
attributed to two factors: size and intrinsic mass per charge.
The Na ion (1.06 A) is about 40% larger than the Li ion (0.76
A), which limits intercalation rate of Na and associated
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diffusion processes.'> Second, the molar mass of sodium (23 g/
mol) is more than 3 times that of lithium (6.9 g/mol). One key
metric is the specific capacitance on a mass basis. Both Na and
Li ions carry the same charge (+1), so there is a large difference
in efficacy of charge storage on a mass basis between these ions.
Nonetheless for some applications, namely stationary energy
storage,'® the low cost of sodium may provide sufficient
advantage for adaptation.'”” One advantage for sodium-ion
battery development is the similarities between sodium and
lithium ions."* Prior work on lithium-ion batteries can provide
insight into material selection for sodium-ion batteries. For
example, spinel metal oxide phases that accommodate lithium
insertion also tend to accommodate sodium.'> However, the
thermodynamics and, more importantly, kinetic differences
between these ions can lead to unexpected differences in
performance between sodium and lithium."'

One of the largest differences between sodium and lithium
ions for batteries is the inability of sodium to intercalate in
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graphite, which is a common electrode for commercial lithium
ion batteries.'’ Despite these challenges, several common
routes to the production of high performance sodium-ion
batteries have been identified. Hard carbons, unlike graphite,
can intercalate sodium. The performance of sodium ion
batteries with these hard carbons can be comparable to
graphite in lithium analogs.'® Significant enhancements in
performance of Na-ion batteries can be obtained by use of
spinel or layered metal oxides, in particular titanates.'> The
architectural design of electrodes by inclusion of doped
graphene sheets for charge transport with TiO, nanoparticles
can lead to capacities exceeding 400 mAh/g for sodium ion
batteries.'” Similarly, defective graghene sheets can produce
capacities exceeding 1000 mAh/g."® As an alternative to pure
carbon, carbon fluorides are highly reversible and exhibit high
performance (>750 mAh/g)."” However, the use of specialty
nanomaterials is counter to the low-cost motivation for sodium-
ion batteries. Relatively inexpensive starting materials, such as
Prussian Blue,”® can yield modest (ca. 100 mAh/g) perform-
ance electrodes. One promising low-cost material is the family
of titanates.'?> However, the performance of titanium dioxide in
sodium ion batteries is strongly dependent on the electrolyte,”!
the nature and size of the TiOz,22 the binder,”®> and the
morpholo&y associated with facilitating both ion and electron
transport. 7

One additional intriguing aspect about titania is its
prevalence in existing commodity products, ranging from
white pigment to the active component in sunscreen. This
availability should lead to low material cost, but translating
commercially available powders into a usable morphology for
sodium ion batteries is still a challenge due to the nanostructure
requirements for high performance. For example, titanium
dioxide-based battery electrodes have been fabricated by
electrochemical anodization of titanium to generate nanotubes
from the surface*®*® or direct growth of nanotubes from the
current collector.”” For TiO, nanoparticles, doped graphene
sheets have been demonstrated as one route to high
performance through generation of porosity for Na-ion
transport and improved electrical connectivity of the TiO,
nanoparticles to the current collector.'” This design is similar to
those used for supercapacitors where the higher energy density
of metal oxides is coupled with the improved electrical
conductivity of carbons.*® Recently, carbon-doped mesoporous
titania has been obtained using a titanium alkoxide as the
source for both the carbon and titania,”’ which provides a
benefit in terms of ease of fabrication. However, the cost of the
alkoxide precursor may be problematic, similar to price
considerations for the silica source for commercial zeolites.”®

In this work, an alternative method for fabrication of porous
electrode materials containing carbon and TiO, is proposed
based on the phase separation of a filled polymer blend during
polymerization. A renewable monomer, furfuryl alcohol (FA),
is used as the carbon source and the initial solvent for
dispersing TiO, nanoparticles and dissolving the polymeric
porogen, poly(hydroxybutyl methacrylate, PHBMA. Acid
induces polymerization of the FA to poly(furfuryl alcohol),
PFA.” PFA produces a high yield of nongraphitizing char®® to
form the carbon matrix, whereas PHBMA fully decomposes to
yield pores during carbonization. The resultant porous carbon/
TiO, composite was tested as an anode material for sodium ion
batteries. Significant improvement in performance is observed
for the composite over either porous carbon or carbon-coated
titania. We attribute this improvement to the hierarchical

morphology developed during polymerization induced phase
separation. This simple phase separation method for generating
controlled porosity in carbon composites may be applied to
other nanoparticle/polymer systems to generate materials for
sodium-ion battery electrodes.

B EXPERIMENTAL SECTION

Materials. Titanium(IV) tetrachloride (TiCl,, Aldrich), benzyl
alcohol (BzOH, anhydrous 99.8%, Aldrich), furfuryl alcohol (FA, 98%,
Aldrich), diethyl ether (Anhydrous, Fisher Scientific), ethyl alcohol
(EtOH, > 99.5%, Aldrich), mesityl oxide (90%, Aldrich), N-methyl-2-
pyrrolidone (NMP, 99.5%, Aldrich), and poly(vinylidene fluoride)
(PVDF, M, = 107 kDa, Aldrich) were used as received without further
purification. Poly(hydroxybuthyl methacrylate) (PHBMA, M,, = 100
kDa) was purchased from Scientific Polymer Products, Inc. and used
as received. To generate the acid catalyst, a photoacid generator,
Rhodorsil PI2074, was obtained from Promerus, LLC. For battery
testing, sodium perchlorate (NaClO,, 98% Aldrich) dissolved in a 1:1
(w/w) mixture of ethylene carbonate (EC, 99%, Aldrich) and
propylene carbonate (PC, 99.7%, Aldrich) was used as the electrolyte.
Na metal (99.8%, Acros Organics) was used as the counter electrode
and copper foil (0.025 mm thick, Puratronic) was used as a current
collector of the anode electrode in the coin cells.

Synthesis of TiO,. TiO, nanoparticles were synthesized by alkyl
halide elimination.®" Ethanol was added as a cosolvent for the TiCl, to
decrease the violence of the reaction and improve control of particle
formation.>® In a typical synthesis, 6 mL of TiCl, was slowly injected
into 16 mL of EtOH. Under vigorous stirring, the ethanoic TiCl,
solution was subsequently slowly injected into 50 mL of BzOH that
was preheated to 80 °C in a 250 mL round-bottom flash and allowed
to react for 8 h at 80 °C under continuous stirring. The synthesized
nanoparticles were separated by precipitation by addition of 30 mL of
the reaction solution to 300 mL of cold diethyl ether (9 °C) and
subsequent centrifugation (accuSpin400, Fisher Scientific) at 7000
rpm for § min. The precipitate was redispersed into deionized water
and EtOH using an ultrasonic cleaner (VWR symphony, operating
frequency: 35 kHz, VWR International) to remove residual precursors
and then collected again by centrifugation. This washing process was
repeated S times.

Surface Modification of TiO,. The strong acidic surface of the as-
synthesized TiO, nanoparticles acts as a catalyst for the polymerization
of FA. In order improve control of the polymerization, a poly(furfuryl
alcohol), PFA, shell was fabricated around the TiO, nanoparticles
prior to production of the composite. In a typical synthesis, 1 g of
TiO, was dispersed in a solution of mesityl oxide (20 mL) and FA (0.5
mL), and the suspension was stirred at 60 °C for 6 h. FA was
polymerized on the surface of TiO, and then the PFA-coated TiO,
was collected by centrifugation at 7000 rpm for S min.

Fabrication of PHBMA/PFA/TiO, Composites. To fabricate
composites, we dissolved 0.35 g of PHBMA in a mixture of 0.3 g of FA
and 0.2 g of EtOH; 0.3 g of PFA-coated TiO, was ultrasonically
dispersed in 0.3 g of EtOH and 1.5 mg of Rhodorsil PI2074 was
dissolved in this solution. This dispersion was mixed with the polymer
solution and cast into a PTFE Petri dish. FA polymerization was
induced by broadband UV (Spectroline, 4500 4W/cm) exposure. The
polymerization of FA was allowed to proceed at 60 °C for 10 min.
After the polymerization, the composite was pyrolyzed at 900 °C
under a N, atmosphere with controlled heating steps of 1 °C/min to
650 °C, held at 650 °C for 3 h, 1 °C/min to 900 °C, and held at 900
°C for 1 h. The temperature was then cooled at 3 °C/min to room
temperature.

Characterization. Fourier-transform infrared spectroscopy (FT-
IR, Nicolet iS50, Thermo Scientific) was used to characterize the
chemistry of the TiO, nanoparticles and the composite powders using
diffuse reflection (Praying Mantis DRP accessory), 512 scans, and a
deuterated L-alanine doped triglycine sulfate (DLaTGS) detector. The
chemical composition of the composites was also assessed with X-ray
photoelectron spectroscopy (XPS, PHI 5000 Versa probe II scanning
XPS microprobe, ULVAC-PHI Inc.). The scans were recorded at a
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takeoft angle of 45°, probing approximately 10 nm into the surface of
the thin films. The morphology of the samples was elucidated using
transmission electron microscopy (TEM, JSM-1230, 120 kV, JEOL).
Cross-sections of the composites embedded in epoxy resin (Embed-
812 Resin, Electron Microscopy Sciences) that was hardened at 60 °C
for 12 h were prepared by an ultramicrotome (PT—PC PowerTome,
RMC) using a diamond knife at room temperature. The sliced
specimens were approximately 70 nm thick and supported on a 3.05
mm Cu grid (01753-F, TED PELLA, Inc.) for TEM characterization.
To determine the size of pristine and PFA-coated TiO, particles, the
TEM micrographs were analyzed in ImageJ. The area of these PFA-
coated TiO, particles was used to calculate an effective diameter with
20 particles examined to obtain statistics. For compositional
information, the composite materials were dried overnight in a
vacuum oven at 85 °C and thermogravimetric analysis was performed
on TGA QS0 (TA Instrument) with a heating rate of 20 °C/min to
700 °C in air to confirm the carbon and TiO, composition. Nitrogen
adsorption/desorption isotherms were obtained at 77 K using a
Micromeritics TriStar II instrument. The specific surface area of
samples was calculated by the Brunauer—Emmett—Teller (BET)
method® and the pore size distribution was determined from the
adsorption isotherm using the Barrett—Joyner—Halenda (BJH)
method.**

Battery Fabrication and Testing. The carbonized materials were
ground by mortar and pestle into a powder. The carbon/TiO,
composite, carbon black (N330, Sid Richardson Co.), and PVDF
(binder) were mixed with a small amount of NMP to form
concentrated slurry at 85:5:10 (w/w/w) ratio for the solids. Electrodes
based on neat carbon (obtained without the addition of TiO,
nanoparticles) and carbon-coated TiO, were also prepared with the
same methodology as controls. The slurry was coated onto copper foil
using a Mayer rod (RDS 22) and the coated foil was dried overnight
under vacuum at 80 °C. The dried coating on foil was punched to 13
mm (diameter) for the battery anode; a representative anode
contained approximately 1.5 mg of active material. CR2032 coin
cells (MTI Corporation) were assembled in an Ar-filled glovebox (O,
< 0.5 ppm, H,O < 0.5 ppm) using the composite as the anode
electrode, Na metal as the cathode electrode, Celgard 3501 (Celgard,
LLC.) as the separator, and 1 M solution of NaClO, in EC and PC
(1:1 v/v) as the electrolyte.

For testing the performance of the coin cells, galvanostatic charge
and discharge experiments were performed with a battery tester
(BST8-WA, MTI) at current densities between 21 and 440 mA/g.
Two different half-cell potential windows were examined, 0.01-2.00 V
and 0.01—3.00 V vs Na/Na®, for the operation of the battery as both
have been used previously for TiO, based anodes for Na-ion
batteries.'”*"*>¢ Electrochemical impedance spectroscopy (EIS)
analysis was conducted using an electrochemical workstation
CHI660D (CH Instruments) with an applied amplitude of S mV in
the range of 100 kHz to 0.001 Hz after operating the electrodes for 70
cycles.

B RESULTS AND DISCUSSION

Figure 1 illustrates schematically the methodology associated
with the production of the composite. First, the surface of the
TiO, nanoparticles is capped (see the Supporting Information,

SR pHBMA
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O FA 4~ domain
. PFATIO, PHBMA
domain

* Rhodorsil

Figure 1. Schematic illustration of morphology developed during the
polymerization of FA after dispersing PFA coated-TiO, nanoparticles
and PHBMA in FA. Exposure to light triggers the condensation of FA
by generation of acid.

Figure S1) by exposure to dilute FA. The acidic surface of the
as-synthesized TiO, induces polymerization of FA, even after
the particles are rinsed with deionized water and EtOH several
times. Without passivation of the TiO,, this polymerization
leads to loss of control of the morphology of the composite.
After this surface modification of the TiO,, the three primary
components (PHBMA, FA, and TiO,) plus the photoacid
generator are dispersed in solution. With the PFA-coated TiO,
nanoparticles, the mixture is stable until exposure to UV light.
The PAG then produces a strong acid that induces polymer-
ization of the FA. The increasing molecular weight of (P)FA on
polymerization drives the phase separation of PFA and
PHBMA, but TiO, nanoparticles may limit the size scale
because of the inherent surfactancy of nanoparticles.*”** Unlike
bijels,®” this morphology is kinetically trapped by the decreasing
mobility of the system as the FA polymerizes.

Figure 2 illustrates the structure of these materials from the
nanoparticles to the final porous carbon/TiO, composite

Figure 2. TEM micrographs of (A) aggregated as-synthesized TiO,
particles, (B) PFA-coated TiO, particles, and the cross-section
specimens of (C) PHBMA/PFA polymer blend embedding PFA-
coated TiO, and (D) the carbon/TiO, composite.

material after pyrolysis. Figures 2A illustrates the as-synthesized
anatase TiO, nanoparticles, which have a mean diameter of 40
+ 7 nm. The crystalline nature of these TiO, nanoparticles can
be observed with high resolution TEM (see Figure S2 in the
Supporting Information). The exposure of these nanoparticles
to dilute FA generates a shell of PFA around the TiO, particles
that approximately doubles the particle size to 98 + 30 nm
(Figure 2B). Although a single TiO, nanoparticle in each
composite particle is most common, particles containing two or
three TiO, nanoparticles are also observed. Additional
examples of these coated particles are shown in Figure S3 in
the Supporting Information. As shown in Figure 1, these coated
nanoparticles are mixed with the PHBMA in FA. After
polymerization of the FA, one polymer domain contains a
majority of the TiO, as shown in Figure 2C. This morphology
is consistent with the expected phase separation of
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components. There is sufficient electron contrast between
PHBMA (low electron density, light regions), PFA (higher
electron density, dark gray region) and TiO, nanoparticles
(highest electron density, dark regions) to demonstrate that the
TiO, particles are located in only PFA domain as expected on
the basis of their surface chemistry. This structure can be
transformed into a porous carbon composite through pyrolysis
as shown in Figures 2D; this composite has a broad distribution
of nanopores formed by the thermal decomposition of
PHBMA, whereas the anatase nanoparticles are embedded in
the carbon matrix. The role of these components can be
confirmed by examining the binary mixtures of nanoparticles
and FA or FA and PHBMA (see Figure SS in the Supporting
Information). Without PHBMA, the material does not contain
large nanopores. Without the nanoparticle, large pores are still
formed, which confirms the role of the PHBMA as the porogen.

Figure 3A demonstrates that the carbonized composite still
contains anatase TiO, nanoparticles from XRD with strong
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Figure 3. (A) XRD profile for the carbon/TiO, composite produced
by carbonization of PHBMA/PFA polymer blend with embedded
PFA-coated TiO, and the standard spectrum of anatase TiO, (JCPDS
84—1286, blue lines). (B) N, adsorption and desorption isotherms of
this porous carbon/TiO, composite and the material formed by the
carbon-coated TiO,. (C) Pore size distributions for the two materials
determined from the adsorption isotherms.

diffraction peaks at 25° and 48°. These peaks are in good
agreement with the standard spectrum for anatase (JCPDS no.:
84—1286).39 From TGA measurements (see Figure S4 in the
Supporting Information) in air, these composites contain 55 wt
% titania. In comparison to many previous reports for
hierarchical metal oxide-carbon composites for battery electro-
des, the carbon content is high (ca. 45 wt %) as 15—30%
carbon is typical**™* As little as 3% carbon has been
reported,” but similarly composites with 50—50 metal oxide-
carbon have exhibited good performance as electrodes.***

One challenge associated with design of electrode materials is
that the performance is driven by a plethora of both physical
and chemical variables.

In addition to the chemical composition, the porous nature
of the carbon composite is a key attribute. In comparing the
BET sorption isotherms between the carbon coated TiO,
nanoparticle and the composite obtained on polymerization
induced phase separation (Figure 3B), there are several distinct
features that demonstrate the difference in the morphology.
First at low pressures, the sorbed volume is significantly greater
for the composite. The BET surface area is 215 m?/ g (Figure
3B) for the carbon composite, whereas only 36.6 m*/g for the
carbon-coated TiO,. This surface area is slightly larger than
hierarchically templated composite electrodes with both macro-
and meso-pores (3DOM/m).** Second, the hysteresis loop at
higher pressures associated with the emptying of the mesopores
is not well-defined for the composite. As the hysteresis is
associated with the “ink-bottle” effect*® associated with
connecting pores limiting the desorption, transport in the
pores of the composite should be less hindered. Figure 3C
illustrates the pore size distribution calculated from the
adsorption data. The hierarchical structure of the carbon
composites derived from the polymerization induced phase
separation is clearly shown with micropores, small (ca. 4 nm)
mesopores, and a broad distribution of mesopores that extend
into the macropore regime. This pore structure could provide a
route for high-performance electrodes because of their
relatively high surface area and lack of significant bottlenecks
in the pore structure for the transport of ions.

To understand the impact of the hierarchical structure on the
battery performance, we compared galvanostatic charge/
discharge behavior of the carbon/TiO, composite to that of
both porous carbon obtained from the polymerization of FA
without the TiO, nanoparticles and carbon-coated TiO,
without the additional FA and PHBMA. One significant
difference is the carbon content between the carbon-coated
TiO, (4 wt %) and the porous carbon/TiO, composite (45 wt
%) as determined by TGA (see Figure SS in the Supporting
Information). The general embedding of the TiO, nano-
particles within the carbon matrix is confirmed by XPS analysis
of these two materials, which indicate larger carbon content on
the surface (see Figure S6 in the Supporting Information). As
shown in Figure 4A, the porous carbon/TiO, composite anode
produces nearly three times the storage capacity compared to
the neat carbon and carbon-coated TiO, anodes. The small
carbon content of the coated TiO, (4 wt %) should be
sufficient for providing conductivity as only 3 wt % carbon
previously was shown to be effective for battery electrodes,” so
this poor performance is likely not attributable to poor
electrical conductivity. This result indicates that the hierarchical
porous structure of the carbonized PHBMA/PFA/TiO, blend
and associated large surface area is likely responsible for the
higher capacity of this anode material. The capacitance is
relatively stable over the first 10 cycles for all three materials
examined. For the composite electrode, the capacity was
determined to be approximately 150 mAh/g at a rate of
approximately 0.13 C. This capacity is similar to that obtained
for hollow titania nanotubes,® but without the need to
synthesize this specialty nanomaterial.

One potential route to increase the capacity is increasing the
potential range for the cell. Previous work examining carbon
and TiO, materials for Na ion batteries used half cells in ranges
of either 0.01-2.0 V*"** or 0.01-3.0 V'”*® vs Na/Na".
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at approximately 2.4 V, which agrees with the theoretical
limit.*® Interestingly, after 10 cycles, the discharge capacity is
still enhanced for the larger potential range by nearly 15% (180
mAh/g and 156 mAh/g). This suggests that the enhanced
capacity may originate from better wetted electrodes at high
potential. Sodium-ion insertion into the nanopores does not
appear to be a major charge storage mechanism with these
materials, as no clear voltage plateau exists.*

To further investigate the capacitive stability and reprodu-
cibility of these composite electrodes, we fabricated and tested
new electrodes at the current density of 42 mA/g
(approximately 0.28 C) for S0 cycles (Figure SA). The specific
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Figure 4. (A) Discharge capacity changes of neat carbon, carbon-
coated TiO,, and carbon/TiO, composite during 10 cycles of
galvanostatic charge—discharge behavior with a potential window of
0.01—2.0 V at a current density of 21 mA/g, and galvanostatic charge
(black line)—discharge (red line) profiles of carbon/TiO, composite
for selected cycles (1st, Sth, and 10th) with different potential ranges
at a current density of 21 mA/g; (B) 0.01 to 2.0 V and (C) 0.01 to 3.0
V.

Increasing the potential window provides the potential for
energy gains, but also for parasitic faradaic reactions at the
electrode to the detriment of performance. Figure 4B and 4C
illustrate the difference in the typical Galvanostatic charge—
discharge profiles of the carbon/TiO, composite for these two
potential ranges at a current density of 21 mA/g (approx-
imately 0.13 C). In both cases, there is a decrease in capacity
after the first cycle, which is attributed to the side reactions of
electrolyte and the formation of solid electrolyte interphase
(SEI).*” On the basis of calculations, insertion of Na into TiO,
at potentials greater than 2.5 V should not be reversible,** but
high-capacity and high-rate sodium-ion batteries based on
titania have been reported using a higher potential (3 V).* To
investigate this behavior, we can examine the time dependence
of the potential during charge and discharge: smooth increase
and decrease in potential is found for the 0.01—2.0 V potential
window, but there is a shoulder in the charging curve when
using 0.01-3.0 V (see Figure S7 in the Supporting
Information). The nonideal behavior in these electrodes occurs
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Figure S. (A) Galvanostatic cycling at 42 mA/g of carbon/TiO, half-
cells with different potential ranges: (@) 0.01 to 2.0 V and (A) 0.01 to
3.0 V. (B) Galvanostatic cycling at elevated current densities with
different potential ranges: (@) 0.01 to 2.0 V and (A) 0.01 to 3.0 V.
(C) Nyquist plot of the neat carbon (A) and carbon/TiO, composite
(O) electrode.

capacity is remains stable after 50 cycles, which indicates
sodium ion uptake and release is highly reversible. The initial
capacities are 155 and 133 mAh/g for 0.01-3 V and 0.01-2 V,
respectively. These values are reduced from the prior
electrodes, but this is expected as the current density is
doubled. This difference in capacity is not due to reproduci-
bility issues as will be discussed later. The high reversibility
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(>90%) of these composite materials and the limited decrease
in capacity with increasing rate lend itself to examining the
performance limits for these composite materials.

Figure SB illustrates the impact of charge—discharge rate on
the capacity of the carbon/TiO, composite anode. Increasing
the current density from 21 mA/g (about 0.13 C) up to 440
mA/g (about 4.8 C) decreases the capacity of the material from
173 mAh/g to 68 mAh/g (for 0.01 to 3 V). With 10 cycles at
each current density, it is clear that the reversible capacity is
stable for both potential windows examined for current density
<220 mA/g. Noticeable capacitance fade occurs at higher
current densities. At 440 mA/g, the capacity for the two cells is
indistinguishable despite the difference in the potential
windows (see Figure S8 in the Supporting Information). The
capacity for the 0.01 to 3 V potential window fades faster than
it does for the 0.01 to 2 V potential window at elevated current
densities due to irreversible Na* insertion at potentials greater
than 2.5 V. These data demonstrate that these composite
materials are effective electrodes for sodium ion batteries even
operating at high rates (~$ C).

The specific capacity of these composites (120 mAh/g at 110
mA/g using cutoff voltage between 0.01 and 2.0 V vs Na/Na*)
is 20% greater than that reported for TiO, nanocrystals
intermixed with carbon (100 mAh/ g at 100 mA/g using cutoft
voltage between 0.01 and 2.5 V vs Na/Na*).>® Additionally, the
high rate performance is typically hindered by the insertion and
extraction of the large Na ions (1.02 A) into the host
structure.*® Hard carbons exhibit high capacity (300 mAh/g) at
low rate (0.1 C), but the capacity significantly drops by almost
one-third at 2 C*' For the composite examined here, the
capacity did not decrease by one-third until almost 5 C.
Moreover, the Coulombic efficiency remains over 95% at all
current densities and potential windows examined for the
composites (Figure SB). One final note is the recovery of the
capacity at low rate after cycling at large current densities.
Returning the current density to 21 mA/g after 60 cycles, the
reversible capacities recover to 145 and 158 mAh/g, in
comparison to the initial capacities of 150 and 173 mAh/g.
The significantly greater decrease in capacity for the 0.01 to 3V
potential window is consistent with irreversible insertion at
potential greater than 2.5 V.**

Figure SC shows the EIS spectra of the neat carbon and
carbon/TiO, composite electrode after 70 cycles. These spectra
provide insight into the charge storage processes in terms of
surface (ion adsorption and desorption) and bulk (ion
diffusion) reactions.”> The Nyquist plots are fit using the
equivalent electric circuit based on the standard Randles circuit
model®* as shown in Figure 9 in the Supporting Information.
These fits provide evidence for two different SEI layers for the
composite. These SEI layers are attributed to the carbon and
titania surfaces in contact with the electrolyte. Interestingly if
we compare the Nyquist plots for the carbon/TiO, composite
and neat carbon electrode, the charge transfer resistance is
significantly less for the composite. We attribute this behavior
to the faster Na jon diffusion in the carbon/TiO, composite
because of its hierarchical pore structure.

B CONCLUSIONS

Porous composites were fabricated via a simple polymerization
induced phase separation process using a renewable carbon
source (furfuryl alcohol) and an earth abundant, readily
available metal oxide (TiO,). This method provides a route
to generate a low cost carbon/TiO, composite for the active

component for the anode electrode of a sodium ion battery.
The carbon/TiO, composite exhibited nearly 3-fold enhance-
ment in capacity over porous carbon or carbon-coated TiO,.
The composite exhibits excellent cycle performance with less
than 10% fade in capacitance observed even at high charge—
discharge rates up to approximately S C (440 mA/g). The
reversible capacity and excellent cycling stability of the carbon/
TiO, electrode illustrates the potential of this simple polymer-
ization induced phase separation method for the fabrication of
functional materials.
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FTIR spectra of the nanoparticles, TEM images of PFA-coated
TiO,, TGA curves for carbon content, XPS analysis of the
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