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Abstract:

MoO: has attracted much recent attention as a high capacity energy storage material. While
much of the current work on MoOz has been focused on the high capacity four-electron reduction,
this reaction is limited to slow charging process due to the large volume change and phase
transitions involved. In this study we focus on one-electron insertion reactions and demonstrate
that ordered mesoporous thin films of MoO> can show signatures of pseudocapacitive charge
storage. Mesoporous MoO; (mp-MoO) thin films were treated at different temperatures between
350 and 700 °C to explore the role of crystallinity and nanoscale structure on charging dynamics.
The porosity and pore size decreased while the crystallinity and grain size increased as the
calcination temperature increased. Materials processed at 600 °C showed the best electrochemical
performance due to an optimized combination of high crystallinity and small grain size. These
materials could be charged and discharged in 24 seconds while still achieving a Li* storage

capacity of 158 mAh/g. While such thin film systems do not constitute a practical energy storage
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device, the work provides structural design parameters for the production of future bulk

nanoporous materials.
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Research Highlights:

We successfully synthesized mesoporous MoO: thin films with controlled porosity, pore size and
crystallinity.

Mesoporous MoO: thin films demonstrate excellent rate capability. More than 158 mAh/g
charge storage achieved within 24 seconds in optimized electrode.

Kinetic analysis based on cyclic voltammograms show signatures of pseudocapacitive behavior
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1. Introduction

Pseudocapacitive charge storage is emerging as an exciting alternative technology to
traditional Li-ion batteries due to the potential to retain reasonably high energy density at high
power density. Many applications can be envisioned, ranging from portable electronics to hybrid
vehicles. One fundamental difference between pseudocapacitive materials and Li-ion battery
materials lies in the lengthscale for ionic diffusion process. Both systems generally involve
faradaic (i.e. charge transfer or redox) reactions, but Li-ion battery electrodes combine these
reactions with solid-state ionic diffusion (10-1° - 1015 cm?/s) through the bulk material, which
intrinsically leads to slow charging and discharging times [1,2]. In contrast, pseudocapacitive
materials utilize those same faradaic reactions at or near the surface of a material, where the
fundamental kinetic barriers associated with solid-state diffusion processes are avoided [3—6]. The
charge storage arising from redox reactions in battery and pseudocapacitive materials is entirely
different from that which occurs in carbon-based supercapacitor materials which store charge in
the electric double layer through a non-faradic process and are termed electrical double layer
capacitors (EDLCs). EDLCs store energy by physically adsorbing ions at the interface between
the electrode and electrolyte. They are intrinsically fast as no charge transfer or solid-state ion
diffusion is involved, but the amount of energy stored is limited and highly dependent on surface
area [6,7]. Overall, pseudocapacitive materials can potentially combine the energy density of
batteries with the power density of EDLCs, and it is for this reason, they have been widely

researched for use in next generation energy storage devices.

Molybdenum dioxide (M0O>) has been studied as a promising negative electrode material
for lithium ion batteries because of its low metallic resistivity (8.8 x 10 Q c¢m at 300 K), high

capacity (840 mAh/g when discharged to O V vs. Li/Li*), and high density (6.5 g/cm?) [8,9]. Li*



ion-based charge storage in MoO:z occurs via two different mechanisms: (1) Li* ion
insertion/deinsertion between 1.0 to 3.0 V (vs. Li/Li"), and (2) a conversion reaction below 1 V(vs.

Li/Li")[10].

xLi + MoO; =LixMo0O», 0 < x < 0.98, Capacity = 210 mAh/g (D

Lio9sMoO: + 3.02Li = 2Li20 + Mo, Capacity = 630 mAh/g (2)

Although the conversion reaction in MoOz leads to a much higher theoretical capacity compared
to the 1-electron insertion/deinsertion process, the conversion process is generally slow due to
the large volume expansion that occurs during conversion [11,12]. Furthermore, the transition
from MoO:z to Mo is kinetically hindered and destroys the parent structure in an irreversible

manner [13,14].

On the other hand, the one-electron insertion process shown in equation 1 is much more
facile. Monoclinic MoO: (space group of P21/c(14)) has a rutile-type tunnel structure framework
which consists of MoOg octahedra, linked to form one dimensional channels along the a-axis where
Li-ions can be inserted and extracted reversibly [15]. The insertion process is thus a more

promising mechanism for pseudocapacitive energy storage.

Various structures and morphologies of MoO», such as nanorods [8], nanobelts [16],
nanosheets [17], nanowires [18], nanotubes [19,20], nanoparticles [12,21], porous structure [22—
24] and hierarchical architectures [25] have been reported using high temperature vapor
deposition, thermal reduction, electrochemical deposition and hydrothermal synthesis. However,
most of these materials have been studied as conversion-type electrodes and have limited
application as fast charging electrodes. MoO2 nanoparticles used as insertion hosts with diameters

of 15-20 nm diameters were reported to a show high capacity for lithium (120 mAh/g) at 10C [12].



However, large amount of MoOs3 on the nanoparticle surface resulted in poor electrical connection
between individual nanoparticles, which hindered charge storage at faster rates. Growing MoO>
directly onto a conductive scaffold such as graphene [12,26] was found to limit these resistive

effects, but it involves extra reagents and is less scalable.

In this work, instead of using a graphene scaffold, we use polymer templating methods to
build our nanoscale MoO» into a mesoporous network that can alleviate the impact of surface oxide
by creating an electrically interconnected conductive backbone. Related templated mesoporous
structures have already been widely used as energy storage materials, such as TiO> [27], LiCoO>
[28], LiMn204 [29], Nb2Os [30], MoS> [31]. They offer several advantages, including: (1) high
capacity from the large number of surface redox sites that arise due to the high surface area that
results from small nanoscale domains; (2) short solid-state diffusion lengths for ions due to the
nanosized walls; and (3) efficient electrolyte access through the mesoporous channels. These
qualities are beneficial for achieving high capacity for lithium ions at high charge/discharge rates.
The templating method allows for precise control of porosity and pore size, which can affect the
fraction of surface sites as well as the solid-state diffusion length, and thus further impacts the
capacity and kinetics of a system [32—-38]. Stucky et al. have previously synthesized mesoporous
MoO: using SBA 15 as a hard template [9,22]. Ordered porous nanostructures and very high
capacities were obtained when discharged to 0.1 V vs. Li/Li*. Up to 1800 mAh/g capacity was
achieved by utilizing Li* storage sites at the interface of LixMoO2 nano-domains and forming Li-
rich domains [22]. The very promising kinetics of 1-electron insertion into mesoporous MoO: has

not, however, been discussed.

Crystallinity can also have a significant impact on charge storage. Previous research

[39,40] has shown that crystalline materials outperformed amorphous ones due to the extra



capacity arising from intercalation pseudocapacitance in crystalline materials, whereas the
capacity in amorphous samples was limited to surface redox pseudocapacitance. Different
crystalline phases also provide different Li* transport pathways, which can further influence the
capacity and rate capabilities [40]. High temperature calcination is a typical route to enhancing
crystallinity [41-43] and thus improving the electrochemical performance, but it can also cause

coarsening of the nanoscale architecture [44].

In this work we fabricate ordered mesoporous MoO> (mp-MoO») thin film electrodes to
study the correlation between their charge storage behavior and their crystallinity and porous
structure. The thin film format was chosen to eliminate the need for carbon additives or binders in
order to isolate the role of atomic and nanoscale structure in controlling the charge storage
properties of nanostructured MoOQOs. Evaporation induced self-assembly (EISA) of block
copolymer templated sol-gel type precursors is a well-established method to synthesize a variety
of ordered mesoporous materials with uniform, well-defined pore sizes [39,45—49]. This synthesis
method leads to nanocrystalline domains which are directly connected to each other, allowing for
charge storage with reduced limits from electrical resistance. The ability to control the pore size
and pore-size distribution further enables optimized electrolyte diffusion [50]. In this report,
several mesoporous architectures were prepared using different heating conditions to vary the
crystallinity and porous structure. The nanostructures were correlated with pseudocapacitive
signatures using a detailed cyclic voltammetric analysis that quantitatively decouples capacitive-
driven and diffusion-controlled contributions to the overall charge storage. This analysis allows us

to directly explore the role of nanoscale architecture in controlling electrochemical kinetics.



2. Material and Methods

2.1 Materials

The following materials were obtained from commercial suppliers and used without further
purification: molybdenum (V) chloride (99.6% metal basis, Alfa Aesar), poly(butylene oxide)-
block-poly(ethylene oxide) (PBO(5000)-b-PEO(6500), Mn = 11500, PDI=1.06-1.15, Advanced

Polymer Materials Inc).

2.2 Synthesis of MoO:

In a typical synthesis, 0.015 g of PEO-b-PBO was first dissolved in 2 mL ethanol. Then,
0.2 g MoCls was added. The resulting sol was stirred for 2 h prior to film deposition. Thin films
were deposited via dip-coating on polar substrates such as silicon and platinum coated Si (3 nm
Ti-150 nm Pt- 360 nm SiO:- Si). Optimal conditions included 4% relative humidity and a constant
withdrawal rate of 3 mm/s. The films were aged at 180 °C for 12 h prior to template removal to
prevent loss of mesoscale order during the course of template removal and crystallization. Films
were calcined using a 5 °C/min ramp to selected temperatures (350 °C, 500 °C, 600 °C and 700

°C) in 5%/95% Ha/N2 reducing atmosphere to yield the crystalline, porous MoOx.

2.3 Characterization

Scanning Electron Microscopy (SEM) images were obtained using a model JEOL JSM-
6700F field emission electron microscope with a 5 kV accelerating voltage and secondary electron
detector configuration. Transmission Electron Microscopy (TEM) images were obtained using a
Tecnai T12 Quick Cryo-electron microscope at an accelerating voltage 120 kV and a Gatan 2kx2k
CCD detector. Ellipsometric porosimetry was performed on a PS-1100 instrument from Semilab

using toluene as the adsorbate. The instrument used a UV-visible CCD detector adapted to a
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grating spectrograph to analyze the signal reflected by the sample. The light source was a 75 W
Hamamatsu Xenon lamp and the measurements were performed in the spectral range from 1.25—
4.5 eV. Data analysis was performed using the associated Spectroscopic Ellipsometry Analyzer
software with the assumption of cylindrical pores. Two-dimensional small-angle and wide angle
X-ray scattering data were collected at the Stanford Synchrotron Lightsource (SSRL) using
beamlines 1-5 and 11-3, respectively. Beamline 1-5 was operated at 10.000 KeV using the
Rayonix-165 CCD detector. Beamline 11-3 was operated at 12.735 KeV using a MAR345 imaging
plate (345 mm diameter). XPS analysis was performed using a Kratos Axis Ultra DLD with a
monochromatic Al (Ka) radiation source. The charge neutralizer filament was used to control
charging of the sample, a 20 eV pass energy was used with a 0.05 eV step size, and scans were
calibrated using the C 1s peak shifted to 284.8 eV. The integrated area of the peaks was found
using the CasaXPS software, and atomic ratios were also found using this software. The atomic

sensitivity factors used were from the Kratos library within the Casa software.

2.4 Electrochemistry measurements

The as prepared mp-MoO: thin films on Pt-coated silicon substrates were used as working
electrodes. Electrochemical measurements of these thin film electrodes were carried out in a three-
electrode cell with 1M LiClO4 in propylene carbonate as electrolyte; lithium foils were used as the
counter and reference electrodes. The mp-MoO: thin films were cycled between 1.1 to 3.0 V vs.
Li/Li* to investigate the capacity and kinetics of mp-MoO: using an Arbin BT-2000. All tests were
performed in an argon or nitrogen filled glovebox. Inductively coupled plasma optical emission
Spectrometry (ICP-OES) was used to determine thin film masses. The mp-MoQO; thin films were
dissolved in 2.9 M NH4OH (28~30 wt%, Sigma-Aldrich) aqueous solution overnight at room

temperature followed by HotBlock (SC100, Environmental Express) heating at 95 °C to nearly



dryness. After adding 2% (v/v) HNOs; aqueous solution and extracting the analytes at 95 °C for 3
h, the samples were cooled down and analyzed with Inductively Coupled Plasma Optical Emission
Spectrometry (ICPE-9000, Shimadzu, Japan). The calculated areal loading from several films is
43 pg/ecm? £+ 2 pg/cm?, which is used for the determination of the mass normalized capacities in

this report.

3. Results and Discussion
3.1. Materials characterization

Ordered mesoporous MoO»> thin films (mp-MoO>) with thickness around 250 nm were
synthesized through evaporation induced self-assembly (EISA) of molybdenum precursors and an
amphiphilic block copolymer (poly(ethylene oxide-block-butylene oxide), PEO-b-PBO), followed
by a heat treatment in N2/Hz (95 vol%/5 vol%) to remove the template and crystalize the structure.
PEO-b-PEO was used because its high oxygen content allows for removal of template in a reducing
atmosphere, which is needed to directly crystalize MoO> without forming MoOs. Back conversion
of MoOs3 to MoO; tends to degrade the pore structure due to the large volume change and structural
evolution (orthorhombic to monoclinic), and so a direct heat treatment method to remove template

and crystalize the mp-MoO: structure at one time is desirable.

To examine the porous structure, we have utilized scanning electron microscopy (SEM),
transmission electron microscopy (TEM), small angle X-ray diffraction, and porosimetry methods.
Films synthesized at 350 °C, 500/600 °C and 700 °C showed clear differences in behavior, but
films synthesized at 500 °C and 600 °C showed almost identical structural and electrochemical
performance. Because of this, only one of these samples was chosen for further characterization.
For the remained of the manuscript, 350 °C, 600 °C and 700 °C treated samples were used for

comparison, but structural and electrochemical data for the 500 °C treated sample can be found in



SI figures S1 and S3 and in Table 1. Figures la — 1c display SEMs image of calcined mp-MoO-
films that shows the surface of an ordered porous structure with ~10 nm pores and ~10 nm walls.

As the calcination temperature increases, the wall thickness slightly increases due to grain growth.

Figures 1d — 2f show toluene adsorption/desorption isotherms and the derived pore size
distribution. The isotherms show a large hysteresis between adsorption and desorption of toluene,
which is indicative of a mesoporous structure with a cage and neck type structure. The porosity
calculated from the total absorption volume is 31%, 26% and 18%, respectively, for mp- MoO>
calcined at 350 °C, 600 °C and 700 °C. Using the adsorption isotherm, the average pore size of the
mp-MoO> thin film is calculated to be 8.5 nm, 7.8 nm and 6.5 nm, respectively, values that
gradually decrease as the calcination temperature increases. This indicates that the porous structure
shrinks at higher temperature. These values are in excellent agreement with the SEM data in Fig.
la—1c. We note that only pore size, and not surface area, is reported because this data was collected
using toluene porosimetry at room temperature. Toluene is not at its liquid-vapor equilibrium
point at room temperature, and so the BET region, which is normally used to calculate surface area

is compressed and thus surface area cannot be extracted from data.

A TEM image (Fig. 1g) also corroborates the porous structure in MoO2 mesoporous thin
film calcined at 600 °C. Additional high and medium resolution TEM images can be found in the
SI in figure S2. The low resolution data provides an addition view of the mesoscale structure,
while the medium resolution image allows for direct visualization of the size of the crystalline
grains within the framework. Finally, synchrotron-based grazing incidence small angle scattering
(GISAXS) (Fig. 1h and 1j) was used to further characterize both the size and periodicity of the
porous architecture. The data show diffraction arcs along the gxy direction for both mp-Mo0O,-600

and mp-MoO,-700, demonstrating that these thin films have ordered porosity in the plane of the
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substrate. The in-plane repeating distances calculated from qxy (as g, = 0) in Fig. 1h and 1j are 22
nm and 18 nm, which matches observations from SEM. These ordered porous structure thus
provides enhanced surface area and good electrolyte accessibility for high rate charge storage,

combined with nanoscale pore walls to ensure short solid-state diffusion length.
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Fig. 1. Structural characterization of mesoporous MoO> thin films. (a-c) SEM images of the
surface of a MoO> mesoporous thin films calcined at (a) 350 °C, (b) 600 °C and (c) 700 °C. All
structures show open porosity. (d-f) Toluene adsorption-desorption isotherms and
corresponding pore size distribution data obtained from the isotherms for MoO2 mesoporous
thin films calcined at (d) 350 °C, (e) 600 °C and (f) 700 °C. As the calcination temperature
increases, grain growth in the structure leads to lower porosity and smaller pore size. (g) TEM
image of mp-Mo0O»-600. (h) and (i) Synchrotron grazing incidence small angle x-ray scattering
patterns for MoO- calcined at (h) 600 °C and (i) 700 °C. The in-plane repeat distance is 22 nm
and 18nm, respectively, for the two samples.
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Fig. 2. Crystal structure of mesoporous MoO thin films. (a) HRTEM image of a 600 C
calcined MoO; mesoporous thin film. The lattice spacing of monoclinic MoO> can be
observed. (b) Synchrotron grazing incidence wide angle x-ray scattering pattern of MoO>
calcined at different temperatures. All materials show phase pure material with peaks indexed
to monoclinic MoOz (JCPDS No. 032-0671).

The crystal structure of mp-MoO:> was analyzed using high-resolution TEM (HRTEM) and
synchrotron-based grazing incidence wide angle X-ray scattering (GIWAX). In the HRTEM image
(Fig. 2a), the lattice spacing of monoclinic MoO» can be observed. Fig. 2b shows the 1-D GIWAX
patterns integrated from the 2-D images of mp-Mo0O»-350, mp-MoO>-600 and mp-Mo0O»-700. All
patterns match JCPDS card No. 32-0671 for monoclinic MoO;. The monoclinic phase is known
to be a metallic conductor [15,23] due to the Mo-Mo pairing along the Mo atom chains. The unique
structure also has potential for fast Li* conduction through octahedral interstitial sites in the
“tunnels” between the Mo chains [51]. Although the three samples all display diffraction peaks for
the monoclinic phase, the samples prepared at higher temperature were more crystalline, based on

the diffraction intensities. Based on peak width, we can calculate the crystallite sizes to be 11 nm,

13 nm and 18 nm, respectively, for samples heated between 350 and 700 °C. The details of peak
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widths and calculated domain sizes can be found in Table 1. We believe the grain size plays an

important role in determining charge storage behavior, as discussed later.

Table 1: Diffraction peak widths and crystalline domain sizes for all samples examined in this
work.

Calcination Temperature (°C) FWHM (A-) Crystallite Size (nm)
350 0.77 11
500 0.67 13
600 0.64 13
700 0.48 18

CPS

l |
240 237 234 231 228 240 237 234 231 228
Binding Energy (eV) Binding Energy (eV)

Fig. 3. X-ray photoelectron spectra obtained to analyze the surface oxidation state of
mesoporous MoO: (a) pristine and (b) after Ar ion etching. Mo® peaks correspond to a surface
oxide, which is removed by etching.

X-ray photoelectron spectroscopy (XPS) measurements were performed to study the

chemical composition and oxidation state of the material. Fig. 3a shows high resolution XPS traces
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for the Mo 3d core level. The Mo 3d peak is composed of 2 sets of the spin-orbit doublets
corresponding to Mo 3ds;2 and Mo 3dsp». The peaks at 229.8 eV and 233.0 eV are attributed to
Mo* and those at 231.7 eV and 234.9 eV are attributed to Mo®*. Since the probing depth of XPS
is only a few nanometers, this indicates the surface of MoO: is mostly MoOs. Fig. 3b shows XPS
traces for Mo 3d after Ar etching, which was used to remove the surface layer. The Mo**/Mo®*
ratio calculated from the peak area changed from 0.29 to 2.2 after etching, revealing that the
majority of the nanostructure backbone is composed of MoO.. Despite the surface oxidation, the
mesoporous framework consists of interconnected conductive MoO: grains and so the overall
resistance through the network should be low. This is a key advantage of using a mesoporous

network, rather isolated MoO»> nanocrystals.
3.2. Electrochemistry

Mp-MoO: films were cycled in a 3-neck flooded cell between 1.1 and 3 V vs. Li/Li* to
examine the one-electron insertion process. As the electrochemical activity highly depends on the
crystallinity of the structure, the three samples made at different temperatures and characterized
above were compared. Fig. 4 shows the cyclic voltammograms (CV) of these electrodes under
different scan rates varying from 1 mV/s to 100 mV/s. All three samples display the signature
redox peaks at 1.27 V and 1.55 V (Li insertion) and 1.34 V and 1.66 V vs. Li/Li* (Li extraction)
for monoclinic MoOz. In the bulk, these peaks have been associated with a phase transitions from
the monoclinic MoO: (at low Li content) to orthorhombic MoO: and back to monoclinic (at high
Li content), [15] but they still occur in nanoscale materials that show full supression of these phase
transitions [12]. The peaks are sharper in the samples prepared at the higher temperature, indicating
a more crystalline structure. In general, as the scan rate increases, the shift between the anodic and

cathodic pair of peaks increase as it gets more difficult to efficiently access the active sites during
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the shorter time frame. Nevertheless, the higher temperature crystalized structure displays smaller
peak shifts and polarization effect. This suggests that the sample prepared at higher temperature

has less lattice defects, which could allow for faster lithium insertion through the tunnel sites.
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Fig. 4. Cyclic voltammograms of mesoporous MoO> thin films calcined at different
temperatures. (a) (d) mp-MoO»-350, (b) (e) mp-Mo0O»-600, and (c) (f) mp-MoO»-700. CVs
were taken at different scan rate. (a)-(c) 1 mV/s to 10 mV/s and (d)-(f) 25 mV/s to 100 mV/s.
As the calcination temperature increases, the characteristic redox peaks become more defined,
and the voltage separation between anodic and cathodic peaks decreases.

The rate capabilities of mp-Mo0O»-350, mp-MoO>-600 and mp-MoQO»-700 were analyzed
with cyclic voltammograms at different scan rates. Fig. 5a and 5b plot the specific capacity in the
three samples as a function of scan rate and charge time, respectively. Data similar to Figure 5a,
but including the sample calcined at 500 °C is shown in SI figure S3. In agreement with the
structural data, the samples calcined at 500 and 600 °C show nearly identical behavior. The data
in Figure 5 indicate that mp-MoO2-600 has the highest initial capacity, 253 mAh/g at 1 mV/s. Mp-
Mo00O,-700 has a similar initial capacity of 239 mAh/g. The capacities are higher than the

theoretical one-electron insertion capacity of 209 mAh/g, which is likely due to a combination of
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some double layer capacitance from the high surface area mesoporous structure and some
additional redox sites at the surface of the porous material. Mp-Mo00O>-350 has only 200 mAh/g
capacity at 1 mV/s, most likely because not all the redox sites are accessible due to the low
crystallinity. Mp-Mo0O»-350 also has the worst rate capability, likely for the same reason. The
defects or amorphous regions in the structure may prevent full utilization of the 1-D tunnel sites
for insertion. Mp-Mo0O»-600 has the highest capacity retention at fast scan rates, with over 60%
(158 mAh/g) of the initial capacity accessed within 24 seconds. This could be the result of an ideal
nanostructure consisting of interconnected nanocrystals with short ion diffusion lengths and good
electrolyte accessibility combined with high electrical conductivity in the connected backbone.
Mp-Mo0O»-700 has slightly worse kinetics and capacity. This is probably due to the larger

crystallite size in Mp-MoO>-700 which leads to slightly thicker wall and longer solid-state

diffusion.
(@) (b)
5504 —=—350°C
—=—600°C
=) —a—700°C —_
S o
< 2004 =
< <
£ £
‘; 150 -
= 2
o -
8 1004 2
o
S ©
504 o —=—350°C
—=—600°C
—a—700°C
0 L L ]

L] L) ] L) LJ T L]
20 40 60 80 100 500 1000 1500 2000 2500
scan rate (mV/s) Time (s)

o 4

Fig. 5. Rate capabilities of mesoporous MoO: thin films calcined at different temperatures. (a)
Specific capacity as a function of scan rate and (b) specific capacity as a function of scan time
obtained from CV. Mp-Mo0O:-600 displays the best kinetic behavior with more than 60%
capacity retention at 100 mV/s or within 24 seconds.
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To better understand the effect of crystallinity on electrochemical performance in MoO-,
we analyzed the dependence of peak currents on scan rates. Generally, the current (i) varies with

the scan rate (v) according to the following equation:

i=al 3)

where a and b are constants. The value of b can vary between 0.5 and 1, with a b-value of 0.5
indicating a diffusion-controlled process and a b-value of 1 representing capacitive behavior
[30,52]. Fig. 6a — 6¢ shows plots of log(i) versus log(v) from 1 to 20 mV/s for the four redox peaks
in each sample. Overall, mp-Mo00O>-600 sample has the highest b value while mp-Mo0O>-350 has
the lowest. The low b values in mp-Mo00O:-350 can be attributed to the low crystallinity of the
structure. The existence of defects or amorphous areas can block efficient Li* insertion through
the 1D tunnel, and this type of reduction in Li* diffusion has been observed previously in
nanostructured electrode materials with secondary phase inclusions [53]. Interestingly, mp-MoO2-
700 also has lower b values than mp-MoO2-600, despite the higher crystallinity. This is most likely
due to the larger crystallite size in mp-MoO2-700, which increases the solid-state diffusion length
and therefore results in more diffusion-controlled contributions to the total capacity. The mp-
Mo0O»-600 sample appears to be the best compromise, having better crystallinity than mp-MoO»-
350 materials and thinner walls than mp-MoO;-700 samples. It thus showed the best

electrochemical performances among the three samples.

The different kinetic behaviors in the three samples can also be analyzed with a related
method, in which the total current measured in a CV experiment is decomposed into a purely
capacitive and pure diffusion-controlled contribution to provide an approximation of the capacitive

charge storage fraction. Here the current response is considered to be comprised of a capacitive
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current (which vary as k;v) and diffusion-controlled current (which vary as k2v®”), as shown in

equation (4).

l(V) = klv + k2v0'5 (4)
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Fig. 6. Analysis of pseudocapactive behaviors in mesoporous MoQO; thin films calcined at
different temperatures. (a)-(c) Plots of log(peak current) vs log(sweep rate) used to obtain b-
values for MoO> redox peaks using CV curves obtained by scanning between 1.1 — 3.5 V vs
Li/Li+ at scan rates of 1-20 mV/s. (a) mp-Mo0O,-350, (b) mp-Mo0O»-600 and (¢) mp-MoO>-700.
(d)-(f) Capacitive charge storage contributions for mp-MoO- cycled at 1 mV/s calculated using
the method described in Equation (4) for (d) mp-Mo0O,-350, (e) mp-MoO»>-600 and (f) mp-
Mo0O,-700. The film calcined at 600 °C has both the highest b value and the largest capacitive
contribution, suggesting dominantly pseudocapacitive behavior.

Here i(V) is the current at any given voltage V, and v is the scan rate. Fig. 6d — 6f show plots of the
capacitive and diffusion-controlled fraction for each sample at a slow sweep rate of 1 mV/s where
both capacitive and diffusion-controlled reactions should be fully accessible. Analysis using
equation (4) indicates that 71% of the current in mp-MoO»-600 is capacitive, in contrast to 65%
for mp-MoO»-700 and 54% for mp-MoO»-350. Interestingly, we find that the voltage regions near
the cathodic peaks in the insertion process are more diffusion controlled than the extraction process.
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Overall, both kinetic analyses indicate that the mp-Mo0O2-600 sample displays the most capacitive
behavior, likely due to a combination of high crystallinity and small grain size. This capacitive
behavior allows mp-MoO2-600 to show the best overall charge storage kinetics at fast rates. While
we fully acknowledge that these thin film systems are not practical electrodes due to their very low
mass loading, it is hoped that the architectural design parameters established in this work will be
helpful for the future design of mesoporous MoO> powders that can be fabricated into traditional

thick film electrodes.

4. Conclusions

We have demonstrated that ordered porous MoO- can be synthesized via a block copolymer
template method. The porosity, pore size and crystallinity can be controlled using different heating
conditions. GISAXS, SEM, TEM and porosimetry confirm the ordered porous structure with
~30% porosity and 15-20 nm pore size. GIWAXS indicates that all three samples have the
monoclinic MoO; crystalline phase, which is known to be electrically conductive, with 10-20 nm
average grain sizes, depending on the calcination temperature. The combination of these structural
factors leads to fast kinetics for Li* charge storage. The three samples prepared at different
temperature were then compared for their electochemical performance. Mp-MoO:-600 appears to
have the optimal combination of high crystallinity and thin walls that provide short Li-ion diffusion
lengths. Over 60% (158 mAh/g) of the capacity can be accessed in only 24 seconds in mp-MoQO»-
600. Kinetic analysis using cyclic voltammogram further confirms that the mp-MoQO>-600 shows
the most pseudocapacitive behavior with b values ranging from 0.9-1 for the various redox peaks

and >70% capacitive current contribution at 1 mV/s.

Overall, we have demonstrated that mp-MoO: is a redox-based charge storage material
with fast kinetics. While we reiterate that we do not consider these thin films to have potential as
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practical energy storage systems, it should be possible to create nanoporous powders with similar
pore sizes, wall thicknesses, and crystallinity that could be built into typical slurry electrodes with
much higher mass loadings. Based on the work presented here, such systems should also achieve
good kinetics based on their electrically interconnected conductive network, their ideal nano

architecture for electrolyte accessibility, and their short solid-state ion diffusion length.
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