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Abstract: The growing interest in energy storage has led to the urgent need for the development of
high-performance cathode electrodes. The commercialized materials MOF-235 and TiO2 -P25 exhibit
characteristics that may be suitable as electrodes but there are inherent challenges that have yet to
be addressed in the literature. In this study, a high-pressure hydrothermal synthesized MOF-235
and sol-gel-made TiO2 -P25 were tested for battery performance. The results indicate that MOF-235
does not possess the desired performance due to uncontrollable agglomeration. On the other hand,
TiO2 -P25 showed good cycling life, and the performance can be further optimized by doping and
minimizing the particle size. Additionally, SEM and TEM were applied for surface characterization,
providing evidence that mesoporous TiO2 -25 inhibits photo-generated carrier recombination. The
mesoporous energy storage mechanism of those two materials is also discussed. This research will
provide technical support for the industrialization of those two mesoporous materials.
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1. Introduction
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The growing anxieties toward the energy crisis and environmental pollution have
stimulated global efforts to explore sustainable and clean energy sources to substitute
fossil fuels [1–3]. Society requires levels of energy storage that exceed the limits of current
technologies if we are to significantly reduce CO2 emisions [4,5]. Among the various energy
storage technologies, the use of electrochemical secondary batteries is a promising method
for large-scale power storage because of its flexibility, high energy conversion efficiency,
and simple maintenance [6]. Now, lithium-ion (Li-ion) batteries have been widely used in
portable electronics and also in the emerging hybrid electric vehicles [7,8]. However, the
limited lithium resources restrict its large-scale application [9]. As the demand continues
to grow, it will unavoidably lead to a steady increase in cost, which will be detrimental
to the widespread development of new battery systems [10]. Furthermore, TiO2 has
attracted significant research interest, principally due to its abundance, nontoxicity, and
good stability [11,12]. However, TiO2 is a wide-bandgap semiconductor, which can only
absorb ultraviolet light [13]. Due to the low absorption efficiency, the catalytic effect
is not obvious. Therefore, it is significant to develop a visible light-responsive photocatalyst, and some efforts have been made to develop “second-generation” TiO2 and
other narrow bandgap semiconductors that can absorb visible light [14]. Metal-organic
frameworks (MOFs), consisting of inorganic moieties and organic linkers, provide a large
porous framework and have been found suitable for applications in water purification [15],
Li-ion [16] and Na-ion batteries [17]. Such materials exhibit several benefits when employed
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as electrode materials, including, (1) the working potential can be tuned to a desirable level,
thereby lowering the risk of exothermic reaction with electrolyte; (2) better thermal stability
and low-cost atomic separation than pure organic compounds; (3) most significantly, their
special large porous frameworks with a large surface area allow for improved interfacial
charge transfer, leading to potential applications in secondary-ion batteries [9,15]. Among
many different types of MOF materials, Fe-MOF is the simplest and most convenient to
prepare. Other Cu-MOF and Co-MOF materials are relatively complicated to prepare and
have been studied by many scientists, and most of the studies are related to loaded nano
semiconductor nanomaterials with good performance [18]. Therefore, Fe-MOF-235 was
chosen in this research to compare its battery performance with TiO2 -P25.
In this study, MOF-235 was synthesized through a high-pressure hydrothermal method,
and TiO2 -P25 was prepared using a sol-gel method. Those two different powders were
then coated on titanium foil as a cathode electrode. The battery performance were tested
and surface characterization were applied. The characterization results were analyzed in
the framework of energy storage context. This research will provide technical support for
the industrialization of those two mesoporous materials.
2. Materials and Methods
2.1. Sample Preparation
MOF-235 was prepared in a typical process. Firstly, terephthalic acid (BDC, 4.0 mmol)
was dissolved in 80 ml N, N0-dimethylformamide (DMF) solution with sonication in
0.5 h. Secondly, an appropriate amount of ferric trichloride hexahydrate (FeCl3 ·6H2 O)
and 80 mL of anhydrous ethanol was added to the solution from the previous step and
stirred for 0.1 h. The previous mixed solution was transferred into a hydrothermal reactor,
and it then reacted in a box-type electric furnace at 85 ◦ C for 24 h. After cooling to room
temperature, the collected precipitate was obtained by filtration and washed several times
with anhydrous ethanol and DMF. Finally, after drying at 140 ◦ C for 6 h, the final product
was obtained.
Tetra-n-butylorthotitanate [Ti(O-i-C4H9) 4] (TB) which contains ≥98% Ti and ethanol
absolute (EtOH) were prepared to synthesize Ti-based sol. Hydrochloric acid was added as
a catalyst to increase the hydrolysis rate of the mixture. The mole ratio of the components
was optimized to EtOH:TB = 50:1, with respect to the size of nanoparticle produced by the
sol. Commercial TiO2 -P25 particles (average particle size = 25 nm) were dispersed into the
Ti-based sol at a concentration of 0.2 g/mL for 30 min under vigorous magnetic stirring
and then placed in an ultrasonic bath for 5 h. The temperature of the ultrasound bath was
maintained at 80 ◦ C. The sonicated mixture was then dried at 80 ◦ C overnight, followed
by calcination in a nitrogen-protection furnace at 500 ◦ C for 6 h to convert the amorphous
TiO2 into anatase phase.
2.2. Performance Test and Surface Characterization
The previous step prepared MOF-235 and TiO2 -P25 were ground with a small amount
of binder, respectively. Then, it was coated on a 1 mm × 20 mm × 40 mm titanium foil
as a cathode electrode. The battery performance, cyclic voltammetry (CV) characteristics
and storage stability, were tested on an electrochemical workstation (CS350, CorrTest,
Wuhan, China). Scan rate of CV was 100 mV/s. The electrolysis cell was composed of a
standard three-electrode arrangement using a Pt sheet counter electrode and a saturated
Ag/AgCl reference electrode. All experiments were tested in 1M NaCl electrolyte at room
temperature. Surface characterization was carried out on an XPERT-PRO X-ray diffraction
(XRD) system. The microstructures were examined by using a scanning electron microscope
(SEM, MIRA3, TESCAN, Czech) equipped with an Oxford electron backscattered diffraction
system and a transmission electron microscope (TEM, JEOL-2100F, JEOL, Tokyo, Japan).
For Brunauer-Emmett-Teller (BET) analysis, each sample was pre-dried in an oven at 150 ◦ C
in 6 h. Then, degassed overnight at 200 ◦ C under high vacuum. The textural properties
were determined by nitrogen sorption at −196 ◦ C. The surface area was calculated by using
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As shown in Figure 2, the crystal structure of the as-synthesized MOF-235 can be
well matched with standard data according to the references [23]. Porous TiO2 is a wide-
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