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ABSTRACT: Sodium (Na)-ion batteries oﬀer an attractive option for low
cost grid scale storage due to the abundance of Na. Tin (Sn) is touted as a
high capacity anode for Na-ion batteries with a high theoretical capacity of
847 mAh/g, but it has several limitations such as large volume expansion with
cycling, slow kinetics, and unstable solid electrolyte interphase (SEI)
formation. In this article, we demonstrate that an anode consisting of a Sn
thin ﬁlm deposited on a hierarchical wood ﬁber substrate simultaneously
addresses all the challenges associated with Sn anodes. The soft nature of
wood ﬁbers eﬀectively releases the mechanical stresses associated with the
sodiation process, and the mesoporous structure functions as an electrolyte
reservoir that allows for ion transport through the outer and inner surface of
the ﬁber. These properties are conﬁrmed experimentally and computationally.
A stable cycling performance of 400 cycles with an initial capacity of 339
mAh/g is demonstrated; a signiﬁcant improvement over other reported Sn
nanostructures. The soft and mesoporous wood ﬁber substrate can be utilized as a new platform for low cost Na-ion batteries.
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cycles due to pulverization.17−19 The pulverization is primarily
due to a 420% volume expansion associated with the formation
of Na15Sn4.20 Recently developed Sn nanoforests and SnO2@
graphene nanocomposites improve cycling performance but
lack the processability and cycling performance required for low
cost grid scale storage.21,22
Wood naturally absorbs ions and water as part of the
metabolism process. Speciﬁcally, this function is performed by
wood ﬁbers, or tracheids. The wood ﬁbers are intrinsically soft,
porous, and form into a multichannel structure.23 In this study,
we develop a nature inspired low cost electrode consisting of an
electrodeposited Sn ﬁlm on conductive wood ﬁber. Conductivity is achieved by a solution-based coating of carbon
nanotubes (CNT) on the ﬁber surface. We ﬁnd that the wood
ﬁber increases the cyclability of Sn for Na-ion batteries by
alleviating: 1) the capacity loss due to electrode pulverization,
and 2) the poor rate performance as a result of slow ion
diﬀusion kinetics. The stress reduction mechanism predicted by
modeling the sodiation stresses throughout the Sn ﬁlm on
wood ﬁber agrees well with the experimental results. Control
experiments with atomic layer deposition (ALD) conﬁrm the
role of the wood ﬁber as a mechanical buﬀer and electrolyte
reservoir for ion diﬀusion. The Sn anode described is ideal for

rid scale storage is a crucial component of an energy
landscape that incorporates a wide variety of renewable
energy sources. Li-ion batteries and other electrochemical
storage methods are considered among the most promising
technologies for energy storage due to their high energy density
and cyclability.1−3 Grid scale storage requires a low cost, safe,
and environmentally benign battery system. Na is an earth
abundant material and Na-ion batteries fulﬁll these requirements better than Li-ion batteries. Widespread implementation
of Na-ion batteries is limited by several factors: (1) slow Na ion
diﬀusion kinetics, (2) large volume changes and structural
pulverization during charging/discharging, and (3) diﬃculty in
maintaining a stable solid electrolyte interphase (SEI).4 These
challenges are related to the large size of the Na ion (372%
larger in volume than Li ion for a coordination number of four;
RLi = 59 pm, RNa = 99 pm),5 which makes it impossible to
simply adopt the recent knowledge and strategies developed for
high-performance Li-ion batteries. Several cathode materials
and electrolyte systems have been studied for Na-ion batteries,
including bilayered Na2V2O5, P2 Na0.66Fe0.5Mn0.5O2, and
ﬂuorinated ethylene carbonate (FEC) as an electrolyte
additive.6−14 Anode materials that have been investigated
include metal oxides and alloys, hard carbon, and nanocomposites.9,15,16 Sn is a promising anode material because it
alloys with Na at a high speciﬁc capacity of 847 mAh/g when
Na15Sn4 is formed. Studies of Sn ﬁlm and nanostructured
anodes were reported; the cycle life, however, is limited to 20
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Figure 1. (a) Hierarchical structure of wood ﬁber. (b) Soft wood ﬁber substrates eﬀectively release sodiation generated stresses by structural
wrinkling. The thickness of Sn is 50 nm and the ﬁber diameter is ∼25 μm. (c) Dual pathways for ion transport. The hierarchical and mesoporous
structure of the ﬁber plays an important role as an electrolyte reservoir.

grid scale storage. The materials used are earth abundant and
environmentally friendly, and electrodeposition and conductive
ﬁber substrates are scalable for large throughput manufacturing.
Results and Discussion. The hierarchical structure of
wood ﬁbers, spanning the macroscale to the nanoscale, is
illustrated in Figure 1a. Wood ﬁbers are tracheids, hollow
elongated cells that transport water and mineral salts. Pores in
the ﬁber wall allow for intercellular ﬂuid transportation.23 One
tracheid is comprised of thousands of microﬁbrils cellulose,
creating a multichannel, mesoporous structure ideal for the
absorption and transport of water and essential ions. Natural
wood ﬁbers with diameters on the order of 25 μm serve as the
substrate for our Sn ﬁlm. Compared to conventional rigid
metallic substrates, the wood ﬁber is extremely soft. Initially,
the ﬁbers are coated with a thin layer (10 nm) of single-walled
carbon nanotubes (SWCNTs) to provide electrical conductivity. Various other conductive materials, including graphene,
metal nanowires, and conductive polymers could be deposited
on wood ﬁbers with similar solution-based processes.24−26 Rich
hydroxyl (−OH) groups on the cellulose surface provide strong
hydrogen bonding between the ﬁber and conductive material.
We predict that the soft substrate acts as a mechanical buﬀer

during the sodiation/desodiation process. Figure 1b illustrates
how the wood ﬁbers release the stresses experienced by the Sn
electrode. The substrate deforms together with the Sn ﬁlm to
release high stresses and prevent the delamination and
pulverization characteristic of Sn anodes. Additionally, the
wood ﬁber has a high capacity for electrolyte absorption. Liquid
electrolytes penetrate the porous structure of the ﬁber, allowing
for Na ion diﬀusion through the ﬁber cell walls in addition to
diﬀusion at the Sn ﬁlm surface, Figure 1c. This creates a dual
ion transport path that eﬀectively addresses the slow kinetics of
Sn anodes for Na-ion batteries.
The eﬀect of substrate stiﬀness on electrochemical performance is evaluated by comparing the cyclability of two Sn based
electrodes, 50 nm Sn on wood ﬁber (Sn@WF) and 50 nm Sn
on Cu. The areal mass of the Sn@WF is ∼4 times greater than
that on Cu due to the three-dimensional structure of the wood
ﬁber substrate. Each electrode is tested in a half-cell
conﬁguration with a Na metal counter electrode and 1 M
NaPF6 in ethylene carbonate and diethyl carbonate (EC:DEC)
electrolyte. Figure 2a plots the voltage proﬁles for the Sn@WF
electrode at the ﬁrst, second, 100th, and 400th cycle at a
current density of 84 mA/g (C/10). Distinct plateaus at 0.18,
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deposited on a rigid Cu substrate cracks and delaminates after
the sodiation/desodiation process as a result of a large volume
expansion.
We hypothesize that the dramatic increase in electrochemical
performance is a result of the wood ﬁber acting as a mechanical
buﬀer against sodiation induced stresses. It has been
demonstrated that soft binders function as buﬀers to
accommodate the mechanical stresses in batteries, eﬀectively
improving the device performance.3,27 To prove this hypothesis, we intentionally introduce a stiﬀ oxide layer between the
wood ﬁber and SWCNT layer, maintaining all other
parameters. As illustrated in Figure 2b, a 50 nm layer of
Al2O3 is deposited via ALD to prevent any deformation of the
ﬁber by the Sn ﬁlm. The cycling performance of this control
sample is similar to that of the Sn on Cu electrode. Stiﬀness
measures the ability of a material to resist deformation under an
external force; in this case the stresses associated with the
sodiation of Sn. The circumferential stiﬀness of wood ﬁbers
ranges from 0.7−3.0 GPa, and the stiﬀness of Cu and Al2O3 is
102 and 375 GPa, respectively.28,29 The low stiﬀness of the
wood ﬁber releases the stresses induced during the charge/
discharge cycling.
The morphology of the Sn@WF is characterized before and
after galvanostatic cycling with a ﬁeld emission scanning
electronic microscope (FESEM). The cells were disassembled
and washed in acetonitrile in the glovebox, then vacuumed
dried and transferred into SEM for characterization. Figure 3a,c
shows that the electrodeposited Sn initially forms a continuous
nanoparticle ﬁlm on the conductive wood ﬁber. The Sn
nanoparticle thin ﬁlm is in electrical contact with the SWCNTs
that wrap the wood ﬁbers. Typical sheet resistance of the
conductive ﬁber current collector is ∼30 Ohm/sq. After 400
cycles, the cell is disassembled at the fully sodiated stage,
washed with acetonitrile, and examined in the FESEM. The
formation of a wrinkled structure on all wood ﬁbers is observed
in Figure 3b,d. The wrinkling is associated with ﬁber
deformation, resulting in the improved cycling performance.
As shown in Figure 3d, no signiﬁcant SEI layer is observed on
the Sn@WF, a dramatic diﬀerence to the thick SEI observed on
the Sn on Cu sample, Figure 3f. The lack of continuous SEI
growth conﬁrms the unique phenomenon of the mechanical
stress release by wrinkling formation. The wrinkling deformation of the Sn ﬁlm reduces rupturing of the SEI and exposure of
the Sn to the electrolyte. The morphology of the Sn surface
does not change after cycling, indicating the robustness of the
structure on the wood ﬁber. The wrinkled structure aligns
parallel to the long ﬁber direction. A similar wrinkling eﬀect has
been observed in Si anodes on a PDMS (polydimethylsiloxane)
soft substrate for Li-ion batteries as a mean to eﬀectively release
stresses during cycling.30−32 The morphology of the Sn on Cu
current collector before and after cycling is presented in Figure
3e,f. The Sn particles expand and agglomerate upon cycling,
resulting in pulverization and delamination of the ﬁlm. The Sn
volume expansion ruptures the SEI layer, and continuous
exposure of the Sn electrode to the electrolyte results in further
electrolyte decomposition and an increase in SEI layer
thickness, a critical mechanism for capacity decay.33
Continuum chemomechanical modeling is performed with
ABAQUS to investigate the morphology evolution of the Sn@
WF during galvanostatic charging and discharging at the C/10
rate (see Supporting Information for details). The modeling
results clearly conﬁrm our hypothesis that the wood ﬁbers act
as a mechanical buﬀer (Figure 4, Figure S2 in Supporting

Figure 2. Electrochemical performance of the Sn anodes. (a)
Galvanostatic charge/discharge voltage proﬁles of Sn@WF at the
1st, 2nd, 100th, and 400th cycle at a rate of C/10. (b) Cycling
performance of Sn@WF, Al2O3 coated ﬁber, and Cu current collector
at a rate of C/10. The inset illustrates the structure of the wood ﬁber
and Al2O3 coated ﬁber.

0.27, 0.54, and 0.75 V versus Na/Na+ are observed,
corresponding to the formation of Na15Sn4, Na9Sn4, NaSn,
and NaSn5, respectively.18 An initial discharge capacity of 339
mAh/g is achieved. After 400 cycles, the 0.18 and 0.54 V
plateaus remain and the electrode maintains a capacity of 145
mAh/g. Note the ﬁrst coulombic eﬃciency (CE) is still very
low, 23%. We are continuing to improve CE by optimizing the
electrolyte or modifying the Sn surface. The electrochemical
performance of the Sn on Cu current collector is plotted in
Figure S1 in the Supporting Information. Voltage plateaus at
0.18, 0.27, 0.54, and 0.75 V versus Na/Na+ are initially observed
with a capacity of 599 mAh/g. The capacity decreases to 97
mAh/g by the 10th cycle, and the voltage plateaus disappear
after the 50th cycle. By the 100th cycle, the capacity decays to
22 mAh/g.
Figure 2b plots the speciﬁc capacity versus cycle number for
Sn on three diﬀerent substrates at a rate of C/10; natural wood
ﬁber, Cu, and ALD Al2O3-coated wood ﬁber. The Sn@WF
exhibits a lifetime of 400 cycles; among the longest cycling
performance for Sn anodes in Na-ion batteries.17,18 The
capacity decayed during the cycling process, especially during
the ﬁrst few cycles. There are several potential explanations for
this eﬀect. Electrical contact between conductive ﬁbers can be
one possible reason. The initial volume changes associated with
sodiation rearrange the ﬁbers in such a way as to reduce the
contact resistance at the intersection of two ﬁbers. The decay
rate reduces after the ﬁrst a few cycles. Another possible
mechanism for the faster initial decay is Sn locally cracking in
some places along Sn@WF electrode; however cracking to the
extent of complete pulverization is prevented by the ﬁber
wrinkling. The third possible mechanism for the capacity decay
includes loss of electrical contact between individual ﬁbers and
at the ﬁber−coin cell case interface. As a comparison, the usable
lifetime of the other two substrates is only 10 cycles. Sn
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Figure 3. Sn@WF (a,c) before and (b,d) after 400 cycles at a rate of C/10. Sn on Cu current collector (e) before and (f) after 400 cycles. SEI
formation and Sn volume expansion are clearly observed.

smooth, uniformly thick Sn ﬁlm. Real WFs have rough surface
irregularities; we therefore do not expect a full release of the
wrinkles in the Sn ﬁlm to achieve a smooth surface
morphology. By contrast, for a Sn ﬁlm deposited on a stiﬀ
substrate (e.g., Al2O3 or Cu), ﬁlm deformation is constrained to
be rather uniform as any wrinkling deformation in the ﬁlm
would require distortion of the stiﬀ substrate. As a result, Sn
ﬁlms on Al2O3 or Cu remain smooth during the sodiation
process, and no wrinkling occurs (Supporting Information
Figure S2d−f and Figure S4). Wrinkling of the Sn@WF
reduces sodiation-induced deformations, eﬀectively mitigating
the associated stresses. Sn ﬁlms supported by a stiﬀ substrate
must accommodate sodiation induced deformation via lattice
distortion, resulting in a high ﬁlm stress. Figure 4a and
Supporting Information Figure S3a plot the Sn ﬁlm
morphology on the wood ﬁber and the contour of hoop stress
σθθ (normal stress in the circumferential direction) in the Sn
ﬁlm at the fully sodiated and half sodiated states, respectively.
Figure 4b plots the hoop stress distribution through the fully
sodiated Sn ﬁlm thickness at three representative locations: the
crest (A), midpoint (B), and trough (C) of the wrinkle. For
comparison, the hoop stress distribution in a fully sodiated Sn
ﬁlm supported by a stiﬀ substrate is plotted in Figure 4b (see
Supporting Information Figure S4 for details). The majority of
sodiation-induced hoop stresses in the wrinkled Sn on wood
ﬁber are signiﬁcantly less than those in the smooth Sn ﬁlm on a

Information). As the system is charged, Na ions insert into the
Sn and induce compressive stresses in the ﬁlm. The
compressive stress increases with the degree of sodiation.
Given the large aspect ratio of the Sn ﬁlm (50 nm over 10s of
μm in circumferential length on wood ﬁber) and large Sn/
wood ﬁber stiﬀness ratio, the initially smooth morphology of
the thin Sn ﬁlm becomes unstable and wrinkles when the
compressive ﬁlm stress is suﬃciently high.
We deﬁne a normalized sodiation state (NSS) with NSS = 0
being the pristine unsodiated state and NSS = 1 the maximum
sodiated state observed in the experiment. Simulations indicate
that the Sn@WF begins to wrinkle at NSS = 0.4, and wrinkling
increases with further sodiation. At the fully sodiated state, the
wrinkle morphology is characterized by a wavelength of ∼450
nm and an amplitude of ∼70 nm (Supporting Information
Figure S2), in good agreement with the experimentally
observed wrinkled surface features in Figure 3b. The
morphology at both the fully sodiated and fully desodiated
states for the ﬁrst cycle was examined. Two cells, one charged
to 0.005 V versus Na/Na+ and one charged to 0.005 V versus
Na/Na+ and then discharged to 1.5 V versus Na/Na+, were
disassembled in a glovebox for examination at the fully sodiated
and desodiated state, respectively. The SEM images provided in
Supporting Information Figure S5 clearly show that the
sodiation-induced wrinkles are partially released after full
desodiation. The mechanical modeling assumes an ideal initial
Sn@WF structure with a perfectly cylindrical wood ﬁber and a
3096
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Figure 4. Chemomechanical modeling of the hoop stresses in Sn@WF at the fully sodiated (a) and desodiated (c) states. Color contours denote the
hoop stress (σθθ) level. The associated distributions of hoop stress normalized by yield stress versus location along ﬁlm thickness are presented in (b)
and (d). The hoop stress distributions for the Sn on a stiﬀ substrate (Al2O3 or Cu) are denoted by the dashed line for comparison. The stress level
comparison reveals that the wrinkling of Sn@WF eﬀectively releases the sodiation/desodiation induced mechanical stresses.

of the entire Sn ﬁlm; the stresses in the other half of the ﬁlm,
however, are much less. This behavior is crucial to prevent
crack propagation through the ﬁlm. Cracks initiating from
regions of high tensile stresses will not propagate through the
entire Sn ﬁlm due to an insuﬃcient driving force in the low
stress region. The overall structural integrity of the Sn ﬁlm is
preserved, ideal for high cycle performance. By contrast, the
high tensile stresses in the Sn ﬁlm supported by a stiﬀ substrate
are uniform through the entire ﬁlm. Once cracks initiate, they
will propagate through the ﬁlm, pulverizing the Sn anode and
reducing the active capacity and cycle performance.
The above chemomechanical modeling results reveal the
following mechanistic understanding: a Sn@WF anode
eﬀectively releases the sodiation/desodiation-induced stresses
via a wrinkling deformation. In particular, the reduced tensile
stress during discharging prevents pulverization of the Sn
anode, resulting in the signiﬁcantly enhanced cycling performance evident in Figure 2b. Chemomechanical simulations with
four diﬀerent initial Sn ﬁlm thicknesses, tSn = 50, 100, 150, and
200 nm are compared to investigate the eﬀect of Sn mass
loading on electrochemical performance. The evolution of the
morphology and stress during a full sodiation/desodiation cycle
of each of the four ﬁlms are presented in the Supporting
Information Figures S6 and S7. The maximum ﬁlm thickness
for theoretical modeling of Sn on the soft ﬁber is 200 nm. The
stress mitigation eﬀect of the soft wood ﬁber decreases as the
thickness of the Sn ﬁlm increases, largely due to the decreased
wrinkle formation in the Sn ﬁlm. These results suggest that a
high mass loading may result in mechanical degradation and
thus reduced electrochemical cycling performance of the Sn
anode.

stiﬀ substrate. The maximum hoop stress at location B is 1.7
times less than in the stiﬀ substrate-supported Sn ﬁlm.
Modeling results further reveal that wrinkling of the Sn ﬁlm
on a soft cellulose ﬁber during sodiation half-cycle not only
mitigates the sodiation-induced compressive stress but also
plays a crucial role in reducing the tensile stress level in the Sn
ﬁlm during the desodiation half-cycle. It is this tensile stress
that is the key driving force for Sn anode fracture during
cycling. During discharging, Na ions are removed from the
Sn@WF, smoothing out the wrinkling deformation. The Sn
ﬁlm recovers the rather smooth initial morphology after
complete desodiation (Supporting Information Figure S2c
and Figure 4c). Desodiation causes contraction of the Sn ﬁlm;
contraction that is constrained by the substrate. As a result,
tensile hoop stresses accumulate in the Sn ﬁlm during
discharging. A high hoop stress could initiate and drive crack
propagation through the Sn ﬁlm, leading to the mechanical
failure of the anode and capacity loss. In discharging the
wrinkled Sn ﬁlm from the fully sodiated state, smoothing of the
wrinkled morphology partially accommodates the ﬁlm contraction. Consequently, the resulting tensile stress after
discharging is reduced. Stiﬀ substrates (Al2O3 or Cu) also
constrain the discharging-induced contraction in the Sn ﬁlm. As
shown in Figure 4c,d, the majority of tensile stresses of the Sn
ﬁlm supported by the wood ﬁber at full desodiation are
eﬀectively reduced. In comparison, high tensile stresses are
apparent throughout the Sn ﬁlm supported by a stiﬀ substrate.
In some locations on the Sn ﬁlm supported by the wood ﬁber
(e.g., near the interface at A or near surface at C), the tensile
stress is moderately higher than for the stiﬀ substrate-supported
Sn ﬁlm. The stresses are localized to an area half the thickness
3097
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Figure 5. (a) Dual pathways for ion transport. Na ions transport along and diﬀuse through the mesoporous ﬁber structure. A conformal Al2O3
coating blocks the internal transport pathways. (b) EIS curves of samples with and without Al2O3 blocking. (c) BJH cumulative pore area dA/d(log
D) vs pore diameter of the blocked and unblocked ﬁber samples. The inset SEM energy dispersive X-ray spectroscopy (SEM/EDX) element map
conﬁrms a conformal surface coating of 20 nm Al2O3 on the ﬁber. (d) Eﬀect of mesoporosity of wood ﬁbers on the rate performance of the Sn
anode.

the Al2O3 blocked electrodes. Note that a few precycles were
carried out before the measurement for the comparison, which
allow the electrolyte to have enough time to soak the
electrodes. These results conﬁrm that the wood ﬁber substrates
eﬀectively improve the rate performance of Na-ion batteries.
The hierarchical wood ﬁber structure provides for high areal
mass loading of the active material with just a thin Sn layer,
decreasing the diﬀusion distance for Na ions.
Conclusions. The key metrics for Na-ion batteries are low
cost and material abundance, as opposed to high-energy density
for Li ion batteries. The target application for Na-ion batteries,
therefore, is grid-scale energy storage. This removes some
design constrains for materials and structures. The typical
weight distribution ratio for electrode materials in batteries is as
follows: active material to conductive additive to polymeric
binder is 80:10:10, which provides for electrodes with high
electronic conductivity, mechanical strength, and stability.34
Large volume changes and stresses occur in high-capacity
electrode materials; a higher weight percentage of binder is
therefore preferred to improve the cycling performance. These
inactive materials increase the total weight and cost of the
battery and introduce inhomogeneous constituents to the
electrode. We utilize electrochemical deposition to prepare a
binder-free electrode consisting of a nanoparticle Sn thin ﬁlm
on a conductive wood ﬁber substrate/current collector. The
active Sn maintains good electrical contact with the current
collector, and the wood ﬁbers provide a lightweight substrate
with excellent mechanical properties, large surface area, and a
porous structure that provides eﬀective ion and electron
transport.
A mechanical wrinkling eﬀect releases mechanical stresses
associated with the large volume change. Both experimental
results and chemomechanical modeling prove that the
extremely soft wood ﬁber eﬀectively releases the mechanical
stress generated during the sodiation/desodiation process. The
mechanical properties of wood ﬁbers result in unprecedented

The performance of Na-ion batteries is also limited due to
the slow transport kinetics associated with the large size of Na
ions. Figure 5a illustrates how the internal porosity of the ﬁber
doubles the number of Na ion transport paths to the Sn surface.
The wood ﬁber functions as an electrolyte reservoir that
provides the additional diﬀusion pathways. This property is
conﬁrmed with a control sample in which the ﬁber pores are
blocked with a 20 nm ALD-Al2O3 coating, illustrated
schematically in Figure 5a. The reason for reducing Al2O3
thickness to 20 nm is to minimize the eﬀect of Al2O3 stiﬀness.
Figure 5b plots the electrochemical impedance spectroscopy
(EIS) curves of samples with and without the blocking layer,
respectively. The internal resistance Rs of both samples is 46
ohms, which means the intrinsic resistance of the active
material is not signiﬁcantly aﬀected by the Al2O3 coating. At
medium frequencies, the diameter of the semicircle in the EIS
curve corresponds to the charge transfer resistance at the
electrode interface. The charge transfer resistance of the Al2O3
blocked sample is much larger than the bare sample, indicating
that Na-ion transport is improved by dual pathway diﬀusion
through Sn and mesoporous WF. The internal mesopore area
of the ﬁber before and after Al2O3 coating is calculated from
Brunauer−Emmet−Teller (BET) results in Figure 5c. The
conformality of the ALD-Al2O3 coating is conﬁrmed with
energy dispersive X-ray spectroscopy (EDS) mapping. After the
Al2O3 coating, the Barrett−Joyner−Halenda (BJH) adsorption
cumulative pore area dA/d(log D) decreases dramatically from
30 to 10 m2/g·Å at pore sizes ranging 20 to 80 Å. By reducing
the ﬁber pore size, the Al2O3 coating reduces the electrolyte
absorption capacity of the wood ﬁbers and the ﬁbers no longer
function as an additional Na ion reservoir.
The electrochemical performance of the samples is
characterized at diﬀerent rates and the results are plotted in
Figure 5d. The Al2O3 blocking layer reduces the performance of
the Sn-ﬁber electrode. At higher rates of C/5 and 1 C, the
capacity of electrodes without A12O3 is nearly double that for
3098
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eﬀect of the ALD Al2O3 coating. Chemomechanical modeling
details are found in the Supporting Information.

cycling performance of Sn anodes for Na-ion batteries. The
porosity of the wood ﬁbers acts as an electrolyte reservoir,
providing additional Na ion pathways to the Sn anode and
improving the kinetics of Na ion transport. Blocking these
pores greatly reduces electrochemical performance of these
anodes. The abundance and large scale roll-to-roll processability
of wood ﬁbers make them an excellent candidate for energy
storage applications where low costs are desired.
Experimental Section. Conductive Cellulose Paper
Fabrication. Native wood ﬁbers produced from southern
yellow pine are dispersed in distilled water and stirred with an
IKA RW20 digital mixer. A uniform ﬁber suspension is
obtained and vacuum ﬁltered through Buchner funnels with
fritted discs. A wet sheet is formed and dried in an oven at 100
°C. The whole process is water based and additive free. P3
SWCNTs are purchased from Carbon Solutions (California). A
sample of 1 mg/mL of SWCNT ink is prepared by adding 10
mg of SWCNTs to 10 mL of DI water with 1% SDBS, (4dodecylbenzenesulfonic acid) bath sonicating 5 min, probe
sonicating 3 min, and purifying with a centrifuge. The ﬁber
sheet is immersed in the CNT ink for 2−3 min and dried in an
oven at 100 °C. This procedure is repeated three times to
achieve a sheet resistance of 30 ohms/square. Finally, the
conductive ﬁber is washed with DI water to remove any
residual surfactants.
Sn Electrodeposition. A conductive wood ﬁber working
electrode is immersed in an electrolyte containing 0.012 g/mL
of SnSO4 (>95%, Sigma-Aldrich lnc.) and 0.4 g/mL of
methanesulfonic acid (>99.5%, Sigma-Aldrich Inc.). Platinum
metal serves as the counter electrode. A constant current of 0.5
mA is applied across the electrodes with an electrochemical
potentiostat (VMP3, Biologic Inc.) for 15 min. A microbalance
accurate to 0.01 mg (Citizen Scale Inc.) is used to determine
the mass of the Sn.
Battery Assembly and Electrochemical Measurements.
Half-cells composed of a Sn working electrode and solid Na
metal (99%, Sigma-Alrich Inc.) counter electrode are assembled
into coin cells for electrochemical characterization. The
electrolyte is a solution of 1 M NaPF6 (98%, Sigma-Aldrich)
in ethylene carbonate and diethyl carbonate (EC/DEC 1:1 by
volume). Separators and CR2032 coin cell cases were
purchased from MTI, Inc. The electrochemical performance
is tested with a Biologic VMP3 electrochemical potentiostat.
Atomic Layer Deposition. ALD coatings are performed in a
commercial BENEQ TFS 500 reactor at 160 °C with trimethyl
aluminum [TMA, Al(CH3)3] and DI water precursors. TMA
and DI water are pulsed for 2 s each to improve the
conformality of Al2O3 within the ﬁber mesopores. The 50 nm
coating used as a mechanical buﬀer is deposited over a period
of 500 cycles, and the 20 nm coating used in the ion diﬀusion
study is deposited over 200 cycles, measured with a SOPRA
GES5 spectroscopic ellipsometer.
Material Characterization. The surface morphology of the
samples is observed in a ﬁeld emission scanning electron
microscope (SU-70, Hitachi Inc.) equipped with an energy
dispersive X-ray spectrometer (EDS: Xﬂash6100, Bruker Inc.).
The surface area and pore size of the samples are determined
with a Micromeritics TriStar II 3020 Porosimeter Test Station.
The range of measurable pore size is 17−1200 Å. The BET
surface area (calculated from the linear part of the BET plot; P/
P 0 = 0.06−0.20) and Barrett−Joyner−Halenda (BJH)
adsorption average pore methods are used to evaluate the
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