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ABSTRACT: A straightforward fabrication method for tunable nanomaterials remains a key objective in the research areas of tem-
plate chemistry, catalysis and energy storage materials. A growing focus in materials chemistry is the development of structuring
methods that are simple, scalable, and at the same time include environmentally benign chemicals. We present a hydrogel-mediated
templating method that yields customizable porous transition metal oxides. The protocol is extremely simple and includes predomi-
nately naturally occurring compounds. For example, the incorporation of sacrificial polymer latex into a polyphenolic hydrogel net-
work produces xerogel-composites with various filler content. VVoids are generated simultaneously during pyrolysis of the dried gel,
allowing for controlling the 3D arrangement of titania nanocrystals. As a proof-of-concept, we use the produced macroporous titania
as a negative electrode (anode) material in lithium-ion batteries. We demonstrate that the gel-derived macroporous anatase signifi-
cantly reduces the capacity loss compared to commercial or non-porous analogues. The modularity of this one-pot templating protocol
is further demonstrated by the fabrication of titanate nanostructures and porous zirconia.

The need to improve various aspects of energy management and
sustainable industrial procedures has become a driving force for
collaborative research in materials science. One of the focal fields
is the fabrication of functional architectures of oxidic compounds.
This is highlighted by several high-impact reviews of their applica-
tions in gas-sensing,® heterogeneous catalysis? ® and battery sys-
tems.* Rapid implementation of the nanostructured oxides is natu-
rally more likely if the synthesis procedure is simple, environmen-
tally friendly and, ideally, variable. In this study, we focused pri-
marily on titanium-based oxides and respective structuring meth-
ods thereof. The development of facile and less resource-demand-
ing approaches to produce functional materials, such as TiOz, co-
vers a key focus in materials chemistry and related areas.

Classic sol-gel chemistry is widely used to prepare TiOz, espe-
cially the anatase polymorph. Hydrolysis of alkoxide precursors
can result in nanoparticles® 8 as well as nanoscale wires, tubes and
sheets.”1° More intricate structures such as mesoporous hollow
spheres!®3 or networks'4*8 have also been realized. While there is
extensive research dedicated to finding novel materials for battery
components, we sought to highlight the continuous interest in the
use and fabrication of titanium-containing nanomaterials. Anatase
is a promising negative electrode (anode) material in lithium ion
batteries (LIBs) with a theoretical capacity comparable to graph-
ite.1® It is environmentally benign and inherently safe due to its high
operating voltage.?° However, its full potential can only be reached
if length scales are reduced to the nanoscale while maintaining con-
trol over the superstructure.?! 22 Aggregation and capacity loss dur-
ing cycling can thereby be reduced while simultaneously enhancing
the rate capability by improving the kinetics of charge and dis-
charge.? Beside TiOz, other promising oxides with a redox-active
Ti(IV) species exist. An alternative anode material for LIBs is the
lithium titanate LisTisO12. While it has a lower capacity than ana-
tase, its cycling stability is exceptional.?* 2> Compounds such as
Naz2TieO13 and KzTisO17 have also been applied in sodium and

potassium ion batteries, respectively.26-28 Both show a lower capac-
ity than TiO: in LIBs. However, the substitution of scarce lithium
compounds makes this research essential for the long-term feasi-
bility of energy storage using batteries.

Recently, Schnepp et al. proposed a broader definition of the
term 'sol-gel chemistry'.?® This includes ceramic materials pro-
duced by the Pechini method which exhibits a different gelling
mechanism. An aqueous solution of a metal/citrate complex and
ethylene glycol is heated to form a polyester network. The resulting
hydrogel entraps metal oxide precursors in the homogeneous solu-
tion state. Calcination of the dried gels can produce various com-
plex oxidic compounds.®® 3! Variations of the Pechini method in-
volve other carboxylic acids as complexing agents. Some showed
the preparation of nanoscale titania and LisTisO12 and the potential
as anode materials in LI1Bs.3> 33 However, these usually include
multiple steps to prepare a stable titanium precursor that does not
prematurely hydrolyze. Carrying this idea forward, metal salts have
been directly incorporated in polymeric hydrogels prior to calcina-
tion.34 3% The (bio-)polymer matrix significantly influences crystal-
lization behavior and control the resulting particle size.®

A similar type of chemistry is the use of precursors based on
metal-organic frameworks (MOFs) prepared via crystallization of
metal ions with multifunctional organic linkers. Several porous
TiO2 nanostructures were obtained by thermal decomposition of
Ti-MOFs.3" 38 Additionally, pyrolysis in an inert atmosphere was
shown to result in oxide/carbon nanocomposites with an enhanced
electric conductivity.®

We introduce a new hydrogel-mediated method to titania and al-
kali metal titanate nanostructures (Scheme 1). Our study exploits



Scheme 1: Hydrogels formed by tannic acid and a metal precursor can be used in a facile templating route to produce nanocrys-
talline metal oxides (such as titania and zirconia). Mixing organic (sacrificial) or inorganic fillers into the hydrogel intermediate
allows for producing porous or composite nanomaterials. The formation of titanium-based hydrogels in the presence of alkali
hydroxides allows the production of a series of corresponding alkali metal titanates in the same one-pot procedure.
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the possibility of forming hydrogels directly from titanium(1V)
bis(ammonium lactate) dihydroxide (TALH) and polyphenols in
one step.*® The precursor TALH is a commercial, stable lactate-
based titanium complex.*%-42 Titanium ions are directly chelated by
tannic acid — a natural, molecular polyphenol — which in turn in-
duces crosslinking and rapid but adjustable gelling.*® “* Since gel-
ling can be tuned, the addition of polystyrene particles as sacrificial
fillers facilitates a simple, one-pot templating method toward
macroporous nanocrystalline titania. We further assessed the appli-
cation of the generated metal oxide structures an anode material in
coin cell batteries, illustrating the importance of the interconnected
structure achieved by our method by comparing them to commer-
cial titania nanoparticles. We further demonstrate the modularity of
this approach by feeding alkali metal hydroxides to the sol. Calci-
nation thereby produces various titanates. Substituting TALH with
a zirconia precursor enables the fabrication of structured ZrO2 na-
nomaterials.

The underlying reaction in this work is a ligand exchange result-
ing in an interconnected hydrogel structure. Acetate ligands of the
TALH (Ti**) complex are exchanged by the chelating polyphenolic
moieties of tannic acid. This change in the chemical environment
of the metal center can be directly observed as a color change from
yellow to deep red caused by a ligand-to-metal charge transfer
(LMCT). Gels made from tannic acid and various metal ions have
been previously reported and their formation in several solvents has
been thoroughly studied by Rahim et al.*> Tannic acid is a star-
shaped molecule with several anchor points. Its addition to the
TALH solution therefore results in a loosely crosslinked network
structure. The concomitant increase in viscosity, i.e. gelling, can be
adjusted to proceed in a matter of minutes to facilitate further pro-
cessing. An example for this is air-drying the hydrogel to produce
a glassy red solid (xerogel) that can be converted into inorganic
titania via calcination in air (Fig.S1). This method via a hydrogel
intermediate lends itself for an extremely simple nanostructuring
approach. Due to the controllable nature of the gelling reaction, dif-
ferent types of (nano-)particles can be added to the system. An il-
lustration of the ease of generating composite materials is the addi-
tion of silica particles which results in a SiO2/TiO2 composite upon
calcination (Fig. S2). Alternatively, polymer latex particles can be
added to the hydrogel as a type of sacrificial filler that circumvents
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the need for complex etching procedures when preparing porous
materials. Simultaneous combustion of both the organic component
of the xerogel as well as the sacrificial filler results in a foam-like,
porous structure whereby the generated voids stem from the pyro-
lyzed fillers. This highlights the advantage of using a hydrogel in-
termediate, and differentiates it from other gel-based templating, as
the metal precursor in this case acts as both the metal source and
the crosslinking moiety. Further variability and modularity of this
approach can be demonstrated by adding several alkali metal hy-
droxides prior to tannic acid addition. While these hydroxides do
not interfere with the formation of the chelation complex, calcina-
tion of the corresponding gels resulted in a series of nanocrystalline
titanates in contrast to pure titania without their addition.

In its simplest form, the presented process consists of air-drying
the hydrogel to prepare a xerogel and a subsequent calcination step
that results in pure, inorganic titania. When adding polystyrene la-
tex particles as a sacrificial filler, the combustion taking place be-
comes more complex. To better understand the thermo-oxidative
decomposition of all organic products, thermogravimetric analysis
(TGA) of the various components was used (Fig. 1A).
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Figure 1: (A) Thermogravimetric analysis of the xerogel com-
posite as well as separate measurements for the starting materials,
including photographs of the hydrogel (inset, a1), xerogel (inset, az)
and inorganic titania residue after calcination (inset, as). (B) Pow-
der X-ray diffraction (PXRD) patterns of the xerogel (red) and cal-
cined TiO2 product (black). (C) Broadening of the (101) reflection
of anatase prepared at different temperatures, with an inset showing
the evolution of the crystallite size as extracted from full Rietveld-
refinements of the PXRD data using an isotropic particle size
model.

Pure tannic acid decomposed completely in air. Weight loss be-
gan around 200 °C and completed at 550 °C. The Ti/tannic acid
xerogel with incorporated polystyrene latex particles on the other
hand showed weight loss beginning at slightly above 100 °C. This
is attributed to residual water in the highly polar network. Weight
loss in this case was completed at 450 °C showing a remainder of
13 wt.% corresponding to the inorganic residue. TGA analysis of
pure polystyrene showed that the sacrificial filler decomposes in a
similar temperature range as the organic linkers of the xerogel. We
will nevertheless show a pronounced structure-directing effect
thereof. Crystallographic insight into the formation of titania was
obtained via powder X-ray diffraction (PXRD). The diffraction pat-
tern of the xerogel exhibits only an amorphous halo between
20-30° 26 (Fig. 1B). Unlike crystalline MOFs, this material has a
flexible linker and most likely an inconsistent number of complex-
ing catechol moieties per molecule of tannic acid which results in
a disordered coordination polymer structure. The product of calci-
nation in air at 750 °C was nanocrystalline anatase TiO2. Temper-
ature-dependent ex situ PXRD data were used to examine the evo-
lution of the crystallite size (Fig. 1C). Full Rietveld refinements us-
ing an isotropic particle size model showed that between 500 —
750 °C the crystallite size increases from approximately 3 to 12 nm
(Fig.1C, inset). Further structural and electrochemical characteri-
zation will be limited to samples prepared at 750 °C. However, fu-
ture optimization could include more extensive research into the
calcination conditions.

The sacrificial filler used in this work is composed of monodis-
perse polystyrene latex particles prepared via an emulsifier-free
emulsion polymerization (see Experimental Section). Scanning
electron microscopy (SEM) images showed a uniform particle di-
ameter of about 130 nm (Fig. 2A). The particles were prepared with
acrylic acid as a comonomer which results in stabilization due to a

negative surface potential and compatibility with the tannic acid
solution. No flocculation or aggregation was observed when the PS
particles were mixed with tannic acid. We avoided other ionic moi-
eties such as sulfonate groups as these could produce unwanted in-
organic side phases upon calcination. The PS particles were incor-
porated into the xerogel by simple addition to the tannic acid solu-
tion and an otherwise unaltered gelling and air-drying process. A
fractured surface of such a xerogel/polystyrene composite was ex-
amined by SEM (Fig. 2B). The composite surface exhibited a large
number of holes where particles used to sit as well as the protruding
particles themselves. While the particles were randomly distrib-
uted, no significant aggregation seemed to take place and particles
were well dispersed in the xerogel matrix.

Figure 2: SEM images of (A) the pol
particles, (B) the polystyrene particle/xerogel composite and (C)
the titania nanofoam prepared via calcination. TEM images of the
fragments of the structured titania at different magnifications
(D/E).

Calcination of the composite was anticipated to produce a
macroporous material due to simultaneous formation of nanocrys-
talline titania and the pore/void formation by the decomposing
filler. A SEM image of the inorganic residue highlights an inter-
connected, foam-like, macroporous structure (Fig. 2C and Fig.
S3/S4). The void diameter was predominantly between 100 —
200 nm, corroborating that these were formed as a consequence of
the sacrificial filler. To further verify this, different amounts of
filler were added to examine the effect on the porous structure (Fig.
S5). Increasing filler content led to an increase in porosity, up to a
point where significant coalescence could be observed. The 3D in-
terconnected structure of nanocrystalline anatase is especially in-
teresting due to the facile and green synthesis protocol. In a proof-
of-concept study, we will show a viable application as an anode
material in lithium ion batteries (LIBs), where the macroporous
structure can significantly enhance the electrochemical cycling
properties. An analysis of the structure on a smaller length scale
was done beforehand using transmission electron microscopy
(TEM). The smallest dimensions of the particles shown in Fig.
2DIE are consistent with the 12 nm obtained by Rietveld-refine-
ment (note that the smallest dimension typically dominates the
broadening in XRD). Beside the crystalline core, a seemingly
amorphous phase was observed enclosing the former. An amor-
phous titania matrix, filling voids between anatase particles, ex-
plained the relatively small surface area of 14 m?-g* and the ab-
sence of micro- and mesopores as seen in physisorption experi-
ments (Fig. S6). The accessible surface area must therefore be pre-
dominantly attributed to the macropores. Incomplete crystalliza-
tion, entailing an amorphous side-phase, was most likely caused by



a rather short calcination time of only 60 minutes. Summing up the
synthesis protocol, the structural characterization indicated that our
hydrogel mediated approach produces a composite of nanocrystal-
line anatase in an amorphous TiO2 matrix with a macroporous,
sponge-like superstructure.

Coin cells using the macroporous titania (MPT) as the anode
were prepared to examine its electrochemical properties. Analo-
gously, comparison cells were fabricated using commercial anatase
nanoparticles (P25 nanopowder, 21 nm primary particle size).
Charge/discharge curves and cycling stability measurements of
both were obtained (Fig. 3A/B). The initial discharge capacity of
the commercial anatase was nearly twice that of the MPT (Fig. S7)
which is attributed to more side-reactions with the electrolyte due
to the greater surface area. The commercial anatase showed a pro-
nounced irreversible capacity loss, with the discharge capacity
dropping from 300 mAh-g* to 170 mAh-g* after 15 cycles and to
150 mAh-g* (~50% capacity loss) after 100 cycles. The MPT in
contrast exhibited a much greater cycling stability. Starting at a
slightly lower discharge capacity of 250 mAh-g?, the templated
MPT showed a significantly reduced capacity loss (<10%) to
225 mAh-g* after 100 cycles. The coulombic efficiency was close
to 100 % throughout the entire process. With the interconnected 3D
macroporous structure effectively being the only difference be-
tween the materials, we corroborate that the MPT prepared via the
hydrogel approach enhances battery cycling stability. While the
commercial nanoparticles formed aggregates during the first cy-
cles, the MPT can accommodate structural and volumetric changes
and thereby prevents the consequential capacity loss. SEM images
before and after cycling show that the foam-like superstructure re-
mains intact during the 100 cycling steps (Fig. S8). Rate capability
measurements (Fig. 3C) between 0.1 — 4 C show a stepwise de-
crease to 80 mAh-g. When reducing the current back to 0.1 C, the
capacity returns to the initial high value close to 250 mAh-g. The
necessity of a macroporous structure was further underlined when
electrochemical cycling data of titania prepared with the hydrogel
method but without a sacrificial filler was examined (Fig. S9). In
this case the discharge capacity starts at around 150 mAh-g and
remains constant. This corresponds well with the behavior expected
for bulk anatase.
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Figure 3: (A,B) Electrochemical cycling of the macroporous ti-
tania; (B) shows the initial discharge as well as the 2", 5 and 20
cycle. (C) Rate capability measurements at 0.1, 0.2, 0.5, 1, 2 and
4C.

These measurements demonstrate how our one-pot hydrogel-
mediated structuring method endows titania with beneficial prop-
erties in lithium ion battery anodes. To showcase the variability of
this method, more complex ionic compounds were prepared. By
simple addition of alkali metal hydroxides to the tannic acid solu-
tion prior to gelling, it is possible to prepare several types of titan-
ates in a straightforward manner. We also characterized these titan-
ates with PXRD and SEM (Fig. 4). Hydroxide addition had no ad-
verse effects with respect to the gelling reaction. The formation of
a chelate complex with a distinct LMCT was examined with UV-
vis spectroscopy (Fig. S10) and no differences between the systems

could be detected. Addition of LiOH and subsequent calcination
led to the formation of a lithium titanate, LisTisO12, which has also
been shown to be applicable as an anode material in LIBs.*> SEM
images of the material showed aggregates of irregular shaped na-
noparticles. No anisotropy or preferred growth could be observed
(Fig. 4AD).

In contrast, sodium titanate prepared by addition of NaOH in-
stead showed a directed crystal growth. Aggregates of rod-shaped
Naz2TieO13 nanocrystallites were formed upon calcination (Fig.
4B,E). We attribute the anisotropic growth to the highly anisotropic
unit cell of the sodium titanate. NazTisO13 shows 1D transport of
sodium ions and can therefore be applied as an anode material in
sodium ion batteries (SIBs). We prepared coin-cells with our ma-
terial and obtained a stable cycling performance with a reversible
capacity of 90 mAh-g* (Fig. S11), which falls in the range of pre-
viously published values.?”

A third structure, the potassium titanate K2TisO17, was prepared
by simply adding KOH. Calcination produced aggregated crystal-
lites with a similar morphology compared to the sodium titanate
(Fig. 4C,F). This further corroborates the tunnel-like structure be-
ing the reason for this anisotropic growth, as the two compounds
have a similar crystal structure. K2TisO17 has also been reported as
a suitable anode material; albeit in the less examined class of po-
tassium ion batteries.?® Looking forward, a focused study on using
our novel method for preparing titanates with an adjustable nano-
and mesostructure could provide further insight into their use in
batteries and investigate potential structure-based performance en-
hancements. Regardless, we were able to synthesize valuable titan-
ates using the same one-pot, hydrogel-mediated method as de-
scribed above. Similarly, facile optimization of these materials is
warranted through our sacrificial filler approach.
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Figure 4: SEM images and PXRD patterns of the lithium- (A/D),
sodium- (B/E) and potassium-titanates (C/F).

Finally, we sought to investigate whether other cations besides
Ti* can be applied in our synthesis protocol. Both hydrogel prepa-
ration and the sacrificial templating route were tested using a zir-
conia precursor. We prepared hydrogels with ZrOCI2 as the Zr**
precursor and continued to use the polystyrene latex particles as a
sacrificial filler. Zr** can form an analogous hydrogel with tannic
acid. Air-drying and subsequent calcination at 750°C for 60 min
produced a white powder, for which the PXRD pattern revealed a
mixture of tetragonal and cubic ZrO2z (Fig. 5) — a commonly re-
ported composition for zirconia prepared via combustion meth-
0ds.*® 47 More importantly, SEM images confirmed the presence of
macroporous structure, similar to MPT. This underlines the struc-
ture-directing effect of the sacrificial filler and demonstrates that
our approach is applicable to different systems to open a range of
future possibilities in the fabrication of structured zirconates, mix-
tures of titania and zirconia or possibly other transition metal ox-
ides.
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Figure 5: (A) SEM image and (B) PXRD pattern of zirconia
nanofoam (mixed polymorph of cubic and tetragonal crystal struc-
ture) after calcination.

In conclusion, we presented a polyphenol-based hydrogel tem-
plating method as a versatile new approach to yield various metal
oxide nanomaterials with tailored porosity and composition. The
fabrication proceeds via a simple gelation step in water using com-
mercially available, non-toxic components followed by drying and
a short heat treatment. The gel network was established directly via
metal-ligand exchange between a metal precursor and tannic acid.
The introduction of additional molecules (alkali bases) or particu-
lates (silica or polystyrene) did not hamper gel formation and could
in fact be used to alter the final product. The introduction of poros-
ity was shown to be beneficial for cycling stability in LIB, while
the fabrication of templated titanates or zirconia may be further ex-
plored in other energy storage applications. This proof-of-concept
study demonstrated a modular structuring method that can be easily
adopted to produce various oxidic nanostructures from mainly eco-
logically benign starting materials in an economically favorable
process. We anticipate that this templating approach can be further
developed into a multipurpose platform technology for metal oxide
synthesis and used in parallel to current standard procedures, such
as hydrothermal synthesis routes.

EXPERIMENTAL SECTION

Materials. The following reagents and chemicals were sourced
from Sigma-Aldrich Australia: styrene (>99%), acrylic acid (99%),
tannic acid (>87%), zirconyl chloride octahydrate (>98%), tita-
nium(1V) bis(ammonium lactato)dihydroxide (TALH) solution (50
wt.% in water), nanosized anatase particles (P25, 99.7%), polyvi-
nylidene fluoride (PVDF, >99%) and 1M lithium hexafluorophos-
phate electrolyte solution in ethylene carbonate/diethyl carbonate
(1:1). Carbon black (>99%) and 1-methyl 2-pyrrolidinone (NMP)
(>99%) was received from Alfa Aesar. LiOH, NaOH and KOH pel-
lets as well as dimethyl sulfoxide (DMSO) (>95%) were obtained
from Ajax. Potassium persulfate (>99%) was sourced from Merck.
Water used in this work was of MilliQ quality. Coin cell sets were
purchased from MTI and included stainless steel 2032 top and bot-
tom caps, wave springs, spacers and 19 mm Celgard polypropylene
separator films.

Characterization. Thermogravimetric analysis (TGA) was per-
formed on a TA Instruments Discovery thermogravimetric ana-
lyzer. Samples were heated under a flow of air from room temper-
ature to 550 °C (or otherwise desired temperature) at a ramp rate of
5 °C/min. The samples were held at 110 °C for 15 min to remove
residual solvent. Powder X-ray Diffraction (PXRD) data were col-
lected on a PANalaytical X-pert Pro powder diffractometer, with
Cu K, X-ray radiation and a PIXcel1D detector in continuous scan-
ning mode at a speed of 1.26°/min over the 20 angle range 5-80°.
Transmission electron microscopy (TEM) was performed on a
JEOL 2200FS instrument in bright field mode with a spot size of 3,
operating at an accelerating voltage of 200 kV using a 2k x 2k Ul-
trascan 1000XP CCD camera (Gatan). Images were processed with
the Digital Micrograph software. The mesostructured titania pow-
ders were well-dispersed in ethanol by ultrasonic and then loaded
on the ultra-thin carbon film which is supported by the copper grid.
Scanning electron microscopy (SEM) was conducted on a Zeiss
Sigma HD FEG SEM. Images were collected at a working distance

of 3.7-5.1 mm at an accelerating voltage of 5 kV. All samples were
sputtered with gold (15 nm) prior to imaging unless stated other-
wise. Nz-isotherms were recorded at 77 K on a 3Flex Surface Char-
acterisation Analyser (Micromeritics Instruments Inc.). Prior to
this, samples were outgassed under dynamic vacuum (~10-6 bar) at
100°C for 20 hours. The Sget values were calculated with BET the-
ory“® using 3Flex software (version 4.01, Micromeritics Instrument
Corporation).

Emulsifier Free Emulsion Polymerization. A simple type of
polystyrene (PS) nanoparticle synthesis was chosen for this work.*?
In an emulsifier free emulsion polymerization, a three-neck flask
equipped with a reflux condenser was loaded with 80 mL MilliQ
water, 10 mL styrene and 0.3 mL acrylic acid. After heating to 75
°C with an oil bath, the system was purged with nitrogen while stir-
ring at 850 rpm for 60 minutes. The polymerization was initiated
by adding 5 mg potassium persulfate in 3 mL MilliQ water under
nitrogen flow. The reaction was stirred under constant nitrogen
flow over night after which termination ensued by exposure to am-
bient oxygen and cooled to room temperature. PS nanoparticle dis-
persions were diluted with MilliQ water prior to further use in tem-
plating procedures.

Gel-templated Titania Preparation. In a typical hydrogel prep-
aration, a solution of 500 mg (0.295 mmol) tannic acid in 12.5 mL
MilliQ water was prepared. The TALH solution (as received) was
diluted with DMSO before further use (TALH/DMSO = 4:1, v/v).
To the tannic acid solution, 875 pL of TALH/DMSO solution was
added, immediately vortexed for 10 seconds and left to stand still
for 4 hours. In this time the gelling reaction could proceed after
which the resulting hydrogels were frozen with liquid nitrogen and
freeze dried (or dried in air) for 48 hours. The dried, red xerogel
was transferred into a furnace in alumina crucibles and heated at
3.7 °C/min to 750 °C in air. The sample was kept at this tempera-
ture for 60 minutes and subsequently cooled to room temperature.
The respective titania was obtained as a white powder.

Hydrogel Preparation and Conversion to Titanates. In a typ-
ical hydrogel preparation, a solution of 500 mg (0.295mmol) tannic
acid in 12.5 mL MilliQ water was mixed with 1.25 mL of an aque-
ous 1M solution of either LiOH, NaOH or KOH. The as obtained
TALH solution was diluted with DMSO before further use
(TALH/DMSO = 4:1, v/v). To the tannic acid solution with LiOH,
625 pL TALH solution was added. Twice this amount (1250 pL
TALH solution) was added to the tannic acid solutions with NaOH
and KOH. In all cases the solution was immediately vortexed for
10 seconds and left to stand still for 4 hours. In this time the gelling
reaction could proceed after which the resulting hydrogels were
frozen with liquid nitrogen and freeze dried for 48 hours. After dry-
ing the orange/red samples were transferred into a furnace in alu-
mina crucibles. At 3.7 °C/min they were heated to 750 °C in air and
kept at this temperature for 60 minutes and subsequently cooled to
room temperature. The respective titanates were all obtained as
white powders.

Templating of Titania and Zirconia via Latex/Hydrogel
Nanocomposites. Macroporous titania structures were prepared in
a similar manner to the alkali metal titanates. 500 mg tannic acid
were dissolved in 12.5 mL of an aqueous PS latex particle disper-
sion (0.5 wt.%, 625 mg PS). Addition of 875 pL of the diluted
TALH solution was followed by immediate vortexing for 10 sec-
onds. The system was left to stand still for 4 hours and subsequently
air dried at 50 °C for approximately 4 days. The following calcina-
tion proceeded analogously to the titanate synthesis. Macroporous
zirconia was prepared analogously with 20 mg tannic acid dis-
solved in 350 pL of the same PS dispersion. This was added to 19
mg ZrOCl2 x 8H20 dissolved in 150 uL MilliQ water and resulted
in a light-yellow hydrogel. The drying and calcination process re-
mained the same.



Coin Cell Fabrication and Testing. The slurry for electrode
preparation was prepared by mixing the nanostructured anatase
(2140 mg), carbon black (30 mg) and PVDF (30 mg) with
2 mL NMP and stirring overnight. This was coated on a clean cop-
per foil via doctor-blading with a blade height of 20 um. After dry-
ing overnight at 80 °C, electrodes were prepared by cutting discs
out of the coated copper foil. Assembly of coin cells occurred in an
argon filled glove box. The respective layers were arranged (bot-
tom to top) in the following order: bottom case, anode (copper side
facing down), separator, electrolyte solution, lithium metal, spacer,
wave spring and top case. The finished coin cells were cycled and
analyzed using a Neware battery testing system in a voltage win-
dow 0f 0.01Vt0 2.5V and 1.0 Vto 2.5V, respectively. The fabri-
cation procedures of sodium-ion half-cells are same with that of Li-
cells but sodium metal and 1M NaClO4 solution (which has same
solvents with that of the LiFPs electrolyte) are used as counter elec-
trodes and the electrolyte, respectively.
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