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Role of mesoporosity in cellulose fibers for paper-based
fast electrochemical energy storaget
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Gary Rubloff®® and Liangbing Hu*?

Paper, a low-cost and flexible substrate made from cellulose fiber, is explored in this study as a platform for
fast electrochemical energy storage devices. Conductivity and Li-storage capabilities are introduced to the
paper by functionalization with carbon nanotubes (CNTs) and V,0Os, respectively. The Li-storage paper
cathodes present a remarkably high rate performance due to the high conductivity of CNTs, short Li*
diffusion length in V,0s nanocrystals, and more importantly the hierarchical porosity in paper for Li*
transport. The specific capacity of V,0Os is as high as 410 mA h g~' at 1 C rate, and retains 116 mA h g~
at a high rate of 100 C in the voltage range of 4.0-2.1 V. To understand the role of mesoporosity in
individual cellulose fibers, we created a control structure by intentionally blocking the mesopores in paper
with a 20 nm Al,O3 coating applied via atomic layer deposition (ALD). We found that the V,05 capacity
decreases by about 30% at high rates of 5-100 C after blocking, which serves to be the first confirmative
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Introduction

Paper has been used as the main medium to record and prop-
agate information and knowledge for more than 2000 years. In
recent years, the incorporation of advanced nanomaterials and
nanotechnologies has allowed scientists to dramatically expand
the applications of paper to other fields including micro-
fluidics,™* organic electronics,** solar energy harvesting,*** and
electrochemical energy storage.”* The motivation has been
very clear - paper is both low-cost and flexible. The price of
paper is about 10 cents per m?, orders of magnitude cheaper
than plastics, glass, metal foil, silicon, and other traditional
substrates. In addition, paper is environmentally friendly as it is
recyclable and produced from renewable raw materials.

Paper is produced from a dilute suspension of cellulose
fibers which is first dewatered, then filtered, pressed, and
heated to give the final product. Both the raw materials and the
production process give paper a hierarchical porosity and rough
surface."*® This porosity has been considered detrimental to
some device applications. Materials printed on paper will have a
lower conductivity than on plastics, reducing the performance
of organic light-emitting diodes (OLEDs), solar cells, and other
devices that require a controlled nanostructure.®* When
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evidence of the critical role of mesoporosity in paper fibers for high-rate electrochemical devices.

attempting to fabricate flexible field-effect transistors (FET)
using cellulose fiber paper as a dielectric layer, researchers
found that lower porosity is preferred for higher rectification.”
In other cases, however, the porosity and roughness of paper are
advantageous in that they provide good adhesion for printed
materials and improve the sensitivity of sensors.'>*®*°

For energy storage devices, porous paper can be used as a
separator membrane® and an electrode substrate.***** So far,
there has been limited focus on porosity engineering in paper-
based electrodes and on the relationship between porosity and
electrochemical performance. Pores in solid material fall into
three categories: micropores (widths smaller than 2 nm), mes-
opores (widths between 2 and 50 nm), and macropores (widths
larger than 50 nm).>* In this work, we show that the hierarchical
porosity of pristine cellulose fiber paper comprises of microm-
eter-sized macropores between cellulose fibers and mesopores
within individual cellulose fibers (2-8 nm). Particularly, we
explore the creation of electrochemical energy storage
devices on paper-based scaffolds and the relative contribution
of the mesopores to the storage through two experimental
investigations.

We sequentially functionalize paper with carbon nanotubes
(CNTs) for electron conduction and ultrafine V,05 nano-
particles for Li storage (flow 1 in Scheme 1). Due to the high
electronic conductivity of CNTs, short Li" diffusion length in
V,0s5 nanocrystals, and hierarchical porosity in paper available
for Li" transport, a high rate performance (i.e., charge/discharge
at high power) was successfully achieved on the V,05/CNT/
cellulose cathode. In the control experiment represented by
flow 2 in Scheme 1, we intentionally blocked the mesopores of
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Scheme 1 Two experimental flows to fabricate Li-storage paper cathodes. The general route is to functionalize cellulose fibers with highly conductive CNTs, and then
deposit V,0s for Li-ion storage. The major difference between the flows lies in the modification of the cellulose fibers using 20 nm ALD Al,Os. We postulate that the
mesopores in the cellulose fiber will contribute to the electrochemical capacity by providing extra paths for Li* transport during electrochemical charge/discharge. The
addition of the ALD Al,05 blocking layer will close off the mesopores, making these pathways unavailable to electrolyte infiltration.

cellulose fiber with 20 nm Al,O; by atomic layer deposition
(ALD) before adding CNTs and V,0s. This blocked cathode
scheme is designated as a V,05/CNT/blocked cellulose cathode.
The blocked cathode exhibits a noticeable reduction in rate
performance, attributed to the loss of Li" transport paths
through the cellulose mesopores. Our results indicate that the
mesoporosity in the individual cellulose fibers is critical for
paper-based electrochemical energy storage devices to achieve
high rate performance, i.e., fast energy storage and high power
output.

Experimental section
Conductive paper preparation

170 mg of native cellulose fiber disintegrated from southern
yellow pine is added to 340 ml distilled (DI) water and stirred
with an IKA RW20 Digital at 700 RPM for ~20 min. A uniform
fiber suspension was obtained and vacuum filtered through
Buchner funnels with fritted discs, forming a wet sheet within 3
min. The sheet is dried in an oven at 100 °C for ~5 min,
producing a sheet of paper with a typical thickness of 280 pm.
The whole process is water based and additive free. The CNT ink
is prepared by adding 10 mg of single wall CNTs (P3 SWCNT
from Carbon Solutions) to 10 ml DI water with 1% 4-dode-
cylbenzenesulfonic acid (SDBS), followed by an 8 minute soni-
cation and centrifugation. The concentration of the CNT ink is 1
mg ml . The paper sheet is dipped in the CNT ink for 2-3 min
and dried in an oven at 100 °C for 15 min. This procedure is
repeated three times to achieve a sheet resistance R, of 30 ohm
per square as measured by a four point probe station. The
conductive paper is finally washed with DI water to remove any
residual surfactants and dried in a 100 °C oven.

ALD processes

Two ALD processes are involved in this experiment — ALD Al,O;
on pristine paper to block the mesopores and ALD V,0s5 on
conductive paper as a Li-storage medium. Both processes were
performed in a commercial BENEQ TFS 500 reactor, which has a
base pressure of 2 mbar. Al,O; is deposited using trimethyl
aluminium [TMA, Al(CH;);] and DI water as precursors at 150 °C.
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The pulse times for the TMA and DI water cycles are intentionally
extended from the standard 250 ms to 2 s in order to improve the
conformality of Al,O; within the mesopores. The thickness of the
ALD Al,O; deposited on a Si wafer after 200 cycles is 20 nm,
measured by a SOPRA GES5 spectroscopic ellipsometer. For V,05
deposition we followed the recently reported ozone-based recipe,
which produces crystalline V,05 at 170 °C by way of nanocrystal
growth and aggregation.> Vanadium tri-isopropoxide [VTOP,
VO(OC;Hj)s]is used as the vanadium precursor and kept at 45 °C
with a vapor pressure of ~0.29 torr. Ozone generated from a pure
O, source by an MKS O3MEGA ozone delivery system with a
stable concentration of about 18 wt% is used as the oxidant. One
ALD cycle for V,05 includes a 0.5 s VTOP pulse, 1 s N, purge, 2 s
oxidant pulse and 1 s N, purge. The V,0Os film thickness on Si
after 500 cycles was about 10 nm.

Materials characterization

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) characterization is performed with a
Hitachi SU-70 SEM. Only the pristine cellulose fibers required a
conductive carbon or gold coating. To prepare the samples for
cross-sectional observation, the samples were immersed in
liquid nitrogen and fractured with tweezers. Special care was
taken to avoid sidewall contamination of the cross-sectional
area. Transmission electron microscopy (TEM) combined with
EDS can provide valuable information on morphology and
chemical composition. However, it is difficult to prepare TEM
samples with a micrometer thick cellulose fiber substrate. Here,
we dropped the CNT solution onto a TEM grid and then placed
the TEM grid into an ALD chamber for V,05 deposition. TEM
was performed with a JEOL 2100F field emission system with
EDS. The paper surface area and pore size were measured with a
Micromeritics TriStar II 3020 Porosimeter Test Station. The
range of measurable pore sizes is between 17 and 1200 A. The
Brunauer-Emmett-Teller (BET) surface area (calculated from
the linear part of the BET plot (P/P, = 0.06 — 0.20)) and the
Barrett-Joyner-Halenda (BJH) adsorption average pore algo-
rithm are used for evaluating the effect of the ALD Al,O;
coating.

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (a and b) SEM images of cellulose fiber after CNT wrapping and V,0s
nanoparticle deposition. These SEM images represent the structure presented in
the upper right part of Scheme 1. The inset of (a) shows a pristine cellulose fiber as
a reference and a digital photograph of the electrode with and without bending.
(c) SEM image of the cellulose fiber after CNT dipping showing high surface
coverage of CNTs. (d) Dark field TEM of V,05 deposited CNTs.

Li-ion battery assembly and testing

The electrochemical properties of the cellulose-based cathodes
are characterized with standard coin cells (CR2032). The
samples are punched into disks with a 1/4” diameter (see digital
photograph in the inset of Fig. 1a) and dried overnight in a 100
°C vacuum oven. Coin cells are assembled in an Ar-filled glove
box with a Li metal counter electrode and 1 M LiPF; in ethylene
carbonate/diethyl carbonate (EC/DEC, 1 : 1 by volume) electro-
lyte. The mass of V,05 is determined by weight measurements
with a high precision microbalance (Mettler Toledo, XS105 dual
Range, 1 ng resolution) before and after V,05 deposition. The
V,05 mass loading on the CNT/cellulose fiber is 80 £ 20 ng
cm 2. An Arbin BT-2000 multichannel battery test station is
used for galvanostatic charging and discharging at various
rates. Electrochemical Impedance Spectroscopy (EIS) data are
collected from a Bio-logic VMP3 using the EC-lab software.

Synthesis and characterization

The morphology of the cellulose fiber after CNT and V,O5
functionalization is shown in Fig. 1a and b at various magnifi-
cations. In the low magnification SEM images in the inset of
Fig. 1a, the micrometer scale macroporosity can be clearly seen
in the pristine cellulose fiber network. The macroporosity
remains intact after CNT wrapping and V,0s deposition. Dip
coating the cellulose fiber paper in CNT ink adds conductivity,
the sheet resistance after coating is 30 ohm per square. Higher
magnification images (Fig. 1c) show that the conformal CNT
network coats each individual cellulose fiber, contributing to
the high conductivity of the paper. The V,05 nanocrystals are
deposited using a newly reported ALD process using ozone as
the oxidant.”® For this process, V,0Os deposition starts with
nucleation at a limited number of sites on a substrate, followed

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Cross-sectional SEM and EDS mapping of a single V,0s/CNT/cellulose
fiber (corresponding to the upper right panel in Scheme 1). The V,0s is present on
the outer surface of the CNT/cellulose fiber. The dashed line indicates the V505
and CNT/cellulose fiber interface.

by nanocrystal growth. On Si substrates the nanocrystals form
an ~10 nm thick layer after 500 ALD cycles. In a similar way in
this work, the CNT network deposited on the cellulose scaffold
is expected to produce a low density of hydroxyl groups, leading
to an aggregation of V,05 nanocrystals only a few nanometers in
size. The high magnification SEM image for V,05/CNT/cellulose
(Fig. 1b) shows that the CNT surface is just buried in a new layer
and some nanoparticles are visible. TEM also revealed the
morphology of V,05 deposition on CNTs. We present here a
dark field image of 500 cycle ALD V,05 on a single CNT in
Fig. 1d (additional images in Fig. 1Sf). The bright dots were
confirmed with EDS to be V. One can observe an irregular
particle shape of V distribution, consistent with our previous
study on the Ojz-based ALD V,0s process - evolution with
nanocrystal growth.

Cross-section SEM images and EDS element maps of
V,05/CNT/cellulose samples are presented in Fig. 2. Within the
elemental map, the C signal originates from the cellulose fibers
and CNTs, and O signal comes from both cellulose fibers and
V,0s. The V signal uniquely indicates the V,05 regions. Vana-
dium is uniformly distributed on the outer surface of the fiber
as expected as V,05 deposition is the final step in the sample
preparation.

Electrochemical performance

The electrochemical performance of the paper-based electrodes
is evaluated in Li half cells using a standard liquid electrolyte
and a Li metal anode. Cyclic voltammetry (CV) was used to
analyze the charge storage behavior. Fig. 3a shows the typical
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cyclic voltammograms for a V,05/CNT/cellulose fiber electrode
at various sweep rates. The area under the curves represents the
total stored charge which arises from both faradaic and non-
faradaic processes. The lithium insertion/extraction in the
crystal lattice is represented by the cathodic/anodic peaks,
which are not very obvious because we applied relatively fast
sweep rates and surface charge storage is significant.

Fig. 3b compares the charge storage capability of CNT/
cellulose with and without V,05 deposition in the voltage range
of 4.0-2.1 V. With the same current density of 23 pA cm™?, the
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Fig.3 (a) CV curves of the cells composed of V,05/CNT/cellulose fiber cathodes
at scan rates from 5 to 150 mV s~. (b) Galvanostatic charge/discharge curves of
the cells composed of CNT/cellulose fiber cathodes with and without V,0s at a
current density of 23 pA cm~2. (c) Galvanostatic charge/discharge curves of the
cells with V,05/CNT/cellulose fiber cathodes at current rates ranging from 1 C to
100 C. The phase change of V,0s with respect to lithiation degree is marked on
the graph. (d) Cycling performance of the cells with V,05/CNT/cellulose fiber
cathodes at 50 C rate.
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discharge time of the CNT/cellulose was 360 s, indicating that
some charge was stored. Lithiation of CNTs can only occur
below 2.0 V,*® the stored charge for CNT/cellulose, therefore, is
attributed to double layer capacitance of the CNTs. Adding V,05
increases the discharge time of the CNT/cellulose to 5030 s,
indicating a much larger charge storage capacity. The bare
capacity of the CNT/cellulose sample is only ~7% of that with
V,0s. Furthermore, V,05 should somewhat reduce the available
capacity of the CNT since V,O5 partially covers the CNT surface.
It can be concluded that the charge storage contribution of
V,0s in V,05/CNT/cellulose represents at least 93% of the total
capacity.

V,0s is a well-known Li-ion battery cathode material that
offers high specific capacity, fast lithiation, and high safety.””>°
The high specific capacity of V,0s5 is due to the high oxidation
state and unique layered structure that allows two or three Li
to intercalate into each V,0Os unit. The corresponding theo-
retical capacities of these two oxidation states are 294 mA h
g ' at 4.0-2.1 V and 441 mA h g~ ' at 4.0-1.5 V, respectively.®
Three Li intercalation into V,0s; has been reported to cause
poor cycling stability,**** we therefore limited the voltage range
to the two Li intercalation range 4.0-2.1 V to balance capacity
and cycling performance. The galvanostatic charge/discharge
curves of the V,05/CNT/cellulose cathodes at various C rates
are presented in Fig. 3c. A rate of n C corresponds to a current
density of 294 x n mA g~ ', or an expected full charge or
discharge cycle in 1/n hours. Two voltage plateaus are observed
on both the discharge and charge curves, representing the
characteristic phase transformation of a-3-v, as marked in the
graph.®* At 1 C rate, the measured specific capacity of V,05 is
411 mA h g~ ', much higher than the theoretical value of 294
mA h g™ for this voltage range. It is not uncommon for
nanostructured V,0s materials to achieve a higher capacity
than the theoretical value because of a high surface to volume
ratio. In a similar V,05/CNT system, Sathiya et al. reported an
experimental capacity of 850 mA h g~ ' at 4.0-1.5 V for a
theoretical capacity of 441 mA h g~*.3* High significant surface
capacitive charge storage has also been reported in nanosized
Mo,0; and TiO, systems.***® The extra capacity can be attrib-
uted to contributions from surface double layer capacitance
and/or excess Li storage capacity at surface defect sites on the
electrode material.

The electrochemical performance of the V,05/CNT/cellulose
cathodes at higher C rates is plotted in Fig. 3c. At 5 C, 25 C, 50 C,
and 100 C, the calculated capacities are 321, 225, 177, and 116
mA h g™, respectively. This rate performance is among the
highest reported for V,0s-based high rate cathodes. Chen et al.
found mesoporous V,0s to have a capacity of 87 mAh g " at 56
C.* Cao et al. reported 120 mA h g * at 70 C from a V,05 nano-
electrode,*® and the V,0s-based high rate cathode reported by
Lee et al. delivered 102 mA h g~" at 96 C.** The excellent rate
performance reported here - comparable or better than the
others — can be attributed to three unique features in our
cathode samples. The first is the high electronic conductivity of
the CNT coated paper (30 Q [0°"), allowing for fast electron
transport to V,0s. Second, the thin V,0s nanocrystal layer
significantly reduces the Li" diffusion time. McGraw et al.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/C3TA10972K

Published on 09 May 2013. Downloaded by Northeastern University on 30/12/2015 14:19:21.

reported the Li diffusivity D in crystalline V,05 over the 2Li/V,05
voltage range as from 5 x 107" to 2 x 107'* em® s If we
take an intermediate value of 1 x 10" em? s7*, the kinetic
equation t = L*/2D implies a Li diffusion time in a 10 nm film of
5 seconds (corresponding to 720 C). Most importantly, the
paper-based electrode scaffold features a hierarchical porous
structure, which is well suited for rapid Li" transport through
the liquid electrolyte to V,Os.

The mass ratio of V,O5 over the total electrode is about 5%
when deposited with 500 ALD cycles. The mass ratio of active
material can be increased to 10% with 1000 cycles of ALD V,0s.
There exists a trade off between the active material loading and
rate performance. The cathode with 10% V,05 loading showed
similar capacities as the 5% sample at 1 C and 5 C, but
noticeable lower capacities at higher C rates of 25 C, 50 C and
100 C (see Fig. 1St). This can be understood by the fact that Li
diffusion in thicker films requires more time.

To estimate the device level performance, we assume that the
cathode mass is about 40% of the total device and the energy-
power data are presented in the Ragone plot to compare with
traditional electrochemical devices (see Fig. 2St). Although the
energy density is lower than that of Li-ion batteries, the
achievable power density is much higher (in the scope of
capacitors) because of the ultra-high rate performance from
the paper-based electrodes. The cycling performance of the
V,05/CNT/cellulose cathodes is presented in Fig. 3d. The paper-
based cathodes were cycled 2000 times with an initial capacity
of 159 mA h g and a retained capacity of 146 mA h g . The
decay of capacity for each cycle is only 0.004%. With the benefits
of high power density and excellent cycling performance, the
paper electrodes have many promising applications, primarily
but not limited to flexible energy storage devices and stationary
energy storage.

Role of mesoporosity

Computational modeling has indicated that ion depletion near
the electrolyte-electrode interface during electrochemical
cycling will limit battery performance.* Experimentally, the
porosity engineering in electrochemical energy storage nano-
material electrodes has been studied in several material
systems. Rinzler et al. reported that by creating macroporosity
in the CNT/RuO, supercapacitor electrode system, the specific
capacitance nearly doubles.** In the development of Au elec-
trodes for supercapacitors, Robinson et al. found that pores on
the order of several hundred nanometers are favored for ion
transport. Incorporating these pores achieves a high power
density without sacrificing energy density.*” Similar advances in
macroporosity engineering have been made with regards to
graphene frameworks for high energy and high power super-
capacitors.” Introducing macroporosity into electrodes
improves ion transport, alleviates ion depletion, and increases
the charge/discharge rate; properties desired for high power
devices. Macroporosity exists in our composite cathodes
between the cellulose fibers as an artifact of the paper fabrica-
tion process. We regard the porosity as a major contribution to
the high rate performance we observe.

This journal is © The Royal Society of Chemistry 2013
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The effect of fiber mesoporosity on the electrochemical
performance is investigated by comparing the performance of
the as-prepared samples with ones designed to block the mes-
opores while maintaining macroporosity. Traditional porosity
engineering methods, i.e., coating or laminating with poly-
ethylene (PE), polypropylene (PP), PET, wax or other additives
will only block the macropores. Instead, we utilize an ALD
coating of Al,O;, an electrochemically inert material. ALD is a
low temperature growth method that alternates sequentially
pulsed precursor doses, creating a self-limiting adsorption/
reaction process for each precursor with monolayer precision.
This results in superb conformality for demanding nano-
topography and high-aspect ratio nanostructures.** ALD is
therefore employed as a technique to precisely tune the pore
size in nanomaterials.**"

We ensure that the ALD precursors reach and deposit on the
inner surface of the mesopores by increasing the precursor
pulse time by a factor of 8 over what is traditionally used for
planar film deposition. Fig. 4 is the SEM image and EDS map of
the cross-section of a blocked cellulose fiber after CNT and V,05
functionalization as represented in Scheme 1. The SEM shows

Fig. 4 Cross-sectional SEM and corresponding EDS maps of the V,0s/CNT/
Al,03 blocked cellulose fiber (bottom right panel in Scheme 1), exhibiting well-
defined elemental distributions of C, Al, and V. The dashed line indicates the V,0s5
and CNT/blocked cellulose fiber interface.
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the cross-section to be elongated from top left to bottom right.
The EDS overlays on the SEM images clearly show a C-Al-V
layered structure, indicating that Al,O; deposited on the cellu-
lose fiber surface prior to CNTs and V,0s. This structure
corresponds to the one illustrated in the bottom right panel
of Scheme 1.

Fig. 5a shows the effect of the ALD Al,O; coating on the pore
size distribution of cellulose fibers calculated from BET
measurements. For the pristine cellulose fiber, the majority of
pore sizes range from 2-8 nm, the mesoporous regime. The
addition of the ALD blocking layer causes a distinct shift in the
pore size distribution. The majority of the mesopores disap-
pears from the distribution. The few remaining 2-4 nm pores
may be due to very small surface cracks generated by the large
temperature changes during the porosimetry measurements.
The effect of ALD blocking is also strongly reflected by the BET
surface area change — the surface area for the pristine meso-
porous cellulose fiber is 11.2 m* g~ " while that for the ALD Al,O;
coated cellulose fiber is only 0.07 m> g™,

The Al,O; blocking in the cellulose fiber affects the electro-
chemical properties of the paper-based electrodes. From the EIS
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data in Fig. 5b, it is apparent that the charge transfer resistance,
represented by the diameter of semicircle, is larger in the case of
the blocked electrode. We also examined the rate performance
of the composite electrodes using pristine mesoporous and
ALD-blocked cellulose fibers as substrates. The data presented
in Fig. 5c show that the capacity of the unblocked sample is
significantly higher than that of the blocked cellulose, especially
at higher rates (5-100 C). It is consistent with the observed lower
charge transfer resistance in EIS for the unblocked electrode
sample. For the V,05/CNT/blocked cellulose, the second cycle
discharge capacities are 390, 224, 134, 108 and 77 mA h g~ for
rates of 1 C, 5 C, 25 C, 50 C, and 100 C, respectively. The capacity
ratios of the mesoporous cellulose fiber relative to the blocked
cellulose fiber are 1.05 at 1 C, 1.43 at 5 C, 1.68 at 25 C, 1.62 at
50 C, and 1.50 at 100 C (blue square over brown circle in Fig. 5¢).
The slightly faster decay in capacity at 1 C and 5 C for the
blocked fiber sample can be explained from a possibly weaker
binding of the CNT/blocked fiber. We propose the following
mechanism to explain the capacity difference between blocked
and unblocked samples at different rates. The minimal capacity
difference at 1 C (low rate in our study) is likely due to the fact
that the slow rate allows Li* to completely transport to the V,05
surface. At higher rates (e.g. 5-100 C), Li" intercalation into V,05
benefits from the additional ion transport channels in the
mesoporous fiber channels which are blocked by the ALD layer
in the control sample. However, at ultra-high rates beyond what
we recorded, only the surface double layer capacitance can
respond with the current, and we expect to see a similar
performance of the mesoporous fiber electrode and the blocked
fiber electrode. This explains the decreased capacity difference
when passing a peak value at 25 C. We conclude that ion
transport is a dominant factor for achievable capacity at 5-100
C, and the mesoporosity inside the cellulose fiber significantly
enhances ion transport to the active material to achieve higher
capacity values.

Conclusions

In our effort to understand the mesoporous structure for fast
electrochemical energy storage, we fabricated V,0s/CNT/cellu-
lose fiber cathodes which exhibit excellent rate performance.
Such composite cathodes derive high electronic conductivity
from CNTs, short Li" diffusion lengths and correspondingly
rapid diffusion from nanocrystalline V,0s, and fast ion trans-
port from the hierarchical porosity. To quantify the role of
mesporosity of the fibers, we compared the results to a control
sample in which a 20 nm ALD Al,O; layer was first applied to
block the electrolyte access to the mesopores. Porosimetry
measurements revealed a significant decrease in the accessible
mesoporosity and surface area of the cellulose fibers after the
ALD coating. The specific capacity of V,05 at 1 C was not
affected by the ALD blocking layer; only at rates above 5 C did
the blocking layer cathode experience a ~30% reduction in
capacity. From these results we regard ion transport in the
electrolyte as the rate-determining mechanism for total
achievable capacity. This work clearly indicates that mesopores
within a cellulose fiber act as an electrolyte reservoir and
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provide extra paths for Li" transport. The use of porous, elec-
trochemically inert paper as a substrate sacrifices some volume
energy and power density, however it provides efficient utiliza-
tion of active storage materials at high rates. Our high-rate
paper-based cathodes can be applied in flexible storage devices
and stationary energy storage technologies to efficiently manage
smart grid as well as energy from renewable sources.
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