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Figure 9. (a) SEM micrograph showing three locations for EDS character-
ization. (b) Fluorine content normalized by the associated silicon at those
locations. (c) Oxygen content normalized by the silicon content. The analyses
in (b) and (c) were performed for electrodes at five different conditions: i) not
cycled and no solvent wash (encapsulated), ii) cycled/no wash (encapsulated),
iii) cycled/washed (encapsulated), iv) cycled/no wash (unencapsulated), and
v) cycled/washed (unencapsulated), respectively.

ence in SEI formation observed microscopically for the two types of
electrodes.

Impact of encapsulation and FEC electrolyte additive.—Recently,
FEC has been used as an electrolyte additive for silicon-based elec-
trodes to improve cycling performance. Consequently, a few exper-
iments with encapsulated electrodes were performed to learn more
regarding the role of the FEC. Both lightly (~2 vol%) and heavily
loaded (~11%) encapsulated electrodes were cycled at C/10 in an

Figure 10. TEM micrographs of (a) Si-VACNTs and (b) a single Si-VACNT
where a line scan was performed. The orange line in (b) indicates the location
of line scan. (c) shows the line-scan spectrum of C, O and Si.

electrolyte containing 10 wt% FEC (see Figure 14). It was observed
that encapsulated electrodes with FEC had an initial capacity similar
to that observed without FEC. Therefore, FEC did not impact sig-
nificantly the processes responsible for the initial drop in capacity in
encapsulated electrodes. However, lightly loaded electrodes with FEC
showed a slightly higher capacity for the first twenty cycles. This is
consistent with an SEI layer that is less resistive in the presence of
FEC. After twenty cycles, the capacity was similar for electrodes both
with and without FEC, presumably to the consumption of FEC as
discussed in the literature.’® Since encapsulation precludes the for-
mation of unstable SEI at a silicon/electrolyte interface by preventing
the electrolyte from contacting the silicon, the effect of FEC in our
experiments must be due to processes that take place at the interface
between the encapsulation layer (carbon) and the electrolyte. Heavily
loaded electrodes with FEC still experienced pronounced fading, but
their capacity was higher than that of the electrodes without FEC. The
capacity difference was most pronounced for the early cycles, and is
also consistent with the consumption of FEC during cycling.?® We note
that the superficial current density was higher for the heavily loaded
electrodes at the same C/10 rate, and it is likely that this influenced
the impact of the FEC on the capacity since the encapsulation layer
was essentially the same. Finally, although FEC did impact the ca-
pacity of our encapsulated electrodes, it did not appear to enhance the
lifetime of encapsulated electrodes, especially for the heavily loaded
electrodes. The principal mechanism responsible for electrode fail-
ure (or the lack thereof) for the range of conditions examined in our
experiments is apparently not the result of SEI formation.

To this point, we have examined the impact of a PECVD encapsu-
lation layer on SEI formation and electrode performance. This layer
significantly reduces SEI formation and appears to effectively pre-
vent the electrolyte from directly contacting the Si-coated VACNTs.
However, the large reduction in SEI formation does not prevent the
Si-VACNT electrodes used in this study from fading. Also, surpris-
ingly, the overall performance of encapsulated and unencapsulated
electrodes is similar, in spite of the large difference in the amount of
SEI formed in the two types of electrodes, and significant differences
in the type of transport that takes place. The ability to get lithium
into and out of the electrode is critical, and the VACNT geometry
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Figure 11. Comparison of unencapsulated and encapsulated Si-VACNT electrodes with various silicon volume fractions cycled at C/10 (a-c) and C/2 (d-f). The

capacities are lithiation capacities. Cells were cycled without FEC.

is ideally suited for study of lithium transport in the presence of the

encapsulation layer, as described in the next section.

Li transport in encapsulated Si-VACNTs.—As demonstrated pre-
viously, the implementation of an encapsulation layer inhibited the
SEI formation in the Si-VACNT electrodes; thus, the physical environ-
ment differed significantly from that of the unencapsulated electrodes.
In particular, the lack of electrolyte in the electrode underneath the
encapsulation layer altered transport in the electrode. Prior to exam-

Figure 12. SEM micrographs of the encapsulation layers of a lightly loaded
(~6%) electrode after (a) 50 cycles and (b) 100 cycles and the encapsulation
layer of a heavily loaded electrode (~15 vol%) after (c) 20 cycles and (d) 40

cycles.
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Figure 13. SEM micrograph of a failed, heavily loaded electrode showing
structural degradation. The fragments in the image that were separated from
the current collector may have been disrupted during disassembly of the cell.

Table I. Comparison of Coulombic efficiency for Si-VACNT
electrodes cycled at C/10 and C/2 with and without the
encapsulation layer.

C/10
Unencapsulated Encapsulated
Si volume Initial CE  CE After 30  Initial CE  CE After 30
fraction (%) cycles (%) (%) cycles (%)
2% 50+ 123 97 £ 1.1 59 +£3.9 98 £2.5
6% 67 £2.9 96 + 0.7 71+5.8 95 +4.2
11 % 69 + 6.9 93+1.2 72+1.7 95+ 1.8
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Figure 14. Cycling comparison between encapsulated electrodes with and without FEC.

ining this further, capacitance data were taken to confirm the lack of
an electrolyte path for lithium-ion transport in these electrodes. Re-
sults are shown in Table II for both encapsulated and unencapsulated
electrodes. As seen in the table, the capacitance of the unencapsulated
cells is significantly higher than that of the encapsulated cells. This is
consistent with exposure to a much larger surface area. The surface
area, and hence the capacitance, changes with height (electrode thick-
ness) for unencapsulated electrodes as would be expected. In contrast,
the capacitance of the encapsulated electrodes was much lower, in
agreement with a lower contact area between the electrolyte and the
electrode. Finally, and importantly, the capacitance of the encapsu-
lated cells did not vary with tube height. These results are consistent
with and provide additional evidence for a lack of electrolyte path to
tubes below the encapsulation layer.

The absence of an electrolyte path in the nanotube forest precludes
the transport of lithium ions through the liquid phase to the silicon
surface in the electrode beneath the encapsulation layer. That transport
must occur along the tubes themselves in these electrodes, and it is
the purpose of this section to explore in greater detail its impact
on battery performance. To do so, experiments were performed on
encapsulated electrodes of different heights. Two types of experiments
were performed on these electrodes: 1) experiments at the same C-rate,
and 2) experiments at the same superficial current density (current per
cross-sectional area of the cell). These experiments were performed
at different C-rates for several silicon loadings.

Figure 15 shows the cycling results (10 cycles) at different C-
rates and silicon loadings for electrodes with heights that ranged from
60 wm to ~200 pm. Of these, the electrodes with a height of ~ 90 pm
were compared previously to unencapsulated electrodes and found to

Table II. Capacitance of unencapsulated and encapsulated
electrodes after 100 cycles at C/10.

Electrode Height Capacitance

Cell # Encapsulated (m) (WF)

1 No 37 62

2 No 84 113

3 No 98 185

4 No 135 258

5 Yes 73 34

6 Yes 127 2.7

7 Yes 130 39
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behave similarly. The results in Figure 15 show that electrodes with
the same silicon volume fraction had similar gravimetric capacities,
independent of height. The lack of height-related performance indi-
cates that lithium transport along the tubes in the height direction
(perpendicular to the current collector) does not limit battery perfor-
mance. This is especially significant when the aspect ratio of the tube
is taken into account. The typical silicon thickness is about 25 nm,
while the tube height is on the order of 100 wm, a difference of more
than four orders of magnitude.

Itis helpful to consider the results of Figure 15 in the light of factors
that may limit battery behavior. For encapsulated cells, these factors
include resistances that scale with the superficial current density such
as the separator resistance, the resistance to lithium transport through
the encapsulation layer, or resistance associated with the lithium metal
counter electrode. For a given C-rate and silicon volume fraction, these
resistances should be greater for the taller electrodes, which have a
higher superficial current density. This follows from the fact that the
taller electrodes have more silicon and, therefore, a greater absolute
capacity and a higher current at a specified C-rate. The observation
that the taller electrodes do not perform less effectively (see Figure
15) indicates that these “superficial” resistances do not limit battery
performance under the conditions tested.

Additional factors that may limit battery performance include the
transport of lithium in the Si-VACNT electrode in either the tube
direction (direction of current flow) or the radial direction. We will
refer to these as the resistances associated with transport “along” the
tubes and transport “into” the tubes. If transport along the tubes were
limiting, battery performance would be expected to depend strongly
on electrode height, and lithium would tend to fill the electrode from
the top down during charging. The higher superficial current asso-
ciated with the taller electrodes would further degrade performance
and accentuate height-related performance limitations. In contrast, if
transport into the silicon were limiting, the lithium would have es-
sentially equal access to the silicon along the length of the tube and
height-related performance degradation would not be observed. Under
such conditions, the gravimetric capacity of the electrode would be
independent of height. The results shown in Figure 15 are consistent
with limitation by transport “into” the tubes.

The conclusion that transport into the tubes is limiting has impor-
tant implications. Given the very high aspect ratio of the tubes, the
distance along the tubes from the top to the bottom of the electrode
is orders of magnitude larger than the radial distance. Therefore, the
rate of transport along the tubes must be orders of magnitude faster
than the rate of transport in the radial direction. For that to be the case,
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Figure 15. Performance of encapsulated Si-VACNT electrodes of various heights cycled at C/10 (a-b) and C/2 (c-d).

the mechanisms by which lithium enters or leaves the silicon lattice
must be very different from the mechanisms that determine the trans-
port rate along the tubes. It is likely that surface diffusion dominates
transport along the tube length.

It appears that the tall electrodes may have performed slightly
better than the short electrodes for the first few cycles at C/2. These
cycles were preceded by two conditioning cycles at C/10, as described
in the procedure section. Cycling at a higher C-rate does impact volt-
age losses in the cell, but these losses would favor shorter electrodes
as noted above. The higher early-cycle capacity of the taller elec-
trodes has not yet been explained mechanistically, and is the subject
of continuing investigation.

The above experiments can be used to provide important insight
into the speed at which the lithium is able to move along the length
of the silicon-coated nanotubes. In order to avoid limitations due to
transport in the height direction, consistent with our experimental ob-
servations, lithium would, as a minimum, need to traverse the entire
distance from the top to the bottom of the electrode (e.g., the height)
during the length of the experiment (e.g., time required to charge
the electrode). Considering just the tallest electrode (224 pm) and
shortest charge time (3621 sec) in order to estimate a minimum ve-
locity, lithium must travel a minimum of 61 nm/s. This value is com-
parable to results from the in-situ microscopic study of McDowell
et. al,”” where an average rate of ~69 nm/sec along silicon nanowires
was observed. It is likely that the velocities in our system are signif-
icantly higher than 60 nm/s, since lithium that just barely arrives at
the bottom of the electrode at the end of the experiment would not
have time to be incorporated into the silicon, which incorporation is
the slower process. Given the absence of height limitations in our
experiments, a more reasonable estimate of the speed would assume
that the lithium was able to traverse the entire electrode height in
a fraction, say 10%, of the total charge time, yielding an estimated
velocity of ~600 nm/s. Thus, the lack of observed height limita-
tions in our experiments requires a minimum speed of ~60 nm/s,
but is more consistent with speeds that are an order of magnitude
faster.

Experiments were also performed at a constant superficial current
density in order to confirm the observations made at constant C-rate,
and to provide additional insight into the factor(s) that limit electrode
performance. As illustrated in Figure 16, the superficial current density
is the applied current normalized by the entire cross-sectional area of
an encapsulated electrode, which was 1 cm?. In contrast, the interfacial
current density is the applied current normalized by the total surface
area of silicon-coated nanotubes. Four different superficial current
densities were examined at different silicon loadings as shown in
Figure 17. In general, performance improved with decreasing current
density as expected. However, in contrast to the previous results,
tests performed at the same superficial current density showed a clear
increase in capacity with increasing electrode height. In other words,
the tall electrodes performed better than their shorter counterparts.

(a) (b)

Superficial Flux Interfacial Flux

1]

—
— M
— Ml

Encapsulated Si-VACNT
electrode

Si-VACNTs

Figure 16. Schematic diagram showing (a) the superficial flux and (b) the
interfacial flux. The areas that define the corresponding fluxes are highlighted
in red.

Downloaded on 2017-03-07 to IP 128.187.112.1 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 164 (4) A848-A858 (2017) AB57
(A) Current density, 5 mA/cm? (8 vol% Si) (B) Current density, 3 mA/cmz(B vol% Si)
2000 2000
\ ¥ ¥ -
2 2 £ 0 5 8 5 % % x %
< < D ’ v V. v O 7
€ 15001 £ 1500
> ¥ * > *
£ ¥ X ¥ f X 4 ¥ ¥ 4 144 ym g . 144 ym
g ) Q 140 uym g 7 140 ym
@ 1000 @ 1000
S 84 um o ) 84 um
E A 62pm | §F T & , 462 pm
: AN
g 500 g 500 A A A A A 4
8 TANEN 8
o A o
A FAY A
0 2 0
2 4 6 8 10 2 4 6 8 10
cycle number cycle number
(C) . (D) .
Current density, 2.5 mA/cm*(2 vol% Si) Current density, 1.35 mA/cm*(5 vol% Si)
2500 2500
> 2 ¥
gzooo gzooo*#***%%%*
& * Fog
'S 1500 A dFEijim 'S 1500 # 150 upm
SN L L % x ¥ ox % 5 k| O 135um| g
§ ¥ x ¥ ¥ ) * ¥ 192 um 8 ’ 65 pm
210008 ¢ O € O © © ¢ ¢ @ A H £ 1000 / 40 um
3 > S6pm | 3
E £
Bk A & A & 8 & & A g %0
(=] o
0 0
2 4 6 8 10 2 4 6 8 10
cycle number cycle number

Figure 17. Cycling results for encapsulated Si-VACNT electrodes of various heights cycled at the specified superficial current densities.

This, of course, is the opposite of what one would expect if transport
along the tubes were limiting, consistent with the results above.

The improved performance of the tall electrodes at a given super-
ficial current density can be explained in terms of the surface area
of the tubes, and is consistent with a process controlled by radial
transport between the inside and outside of the tubes. Let’s consider
charging for the moment, although similar arguments apply to the
discharge process. Tests at a constant superficial current density result
in a constant absolute rate of lithium insertion into the Si electrode.
The surface area over which that insertion can take place is greater for
the taller electrodes; therefore, the insertion rate per tube surface area
(interfacial area) is lower for those electrodes. This results in better
relative performance.
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Figure 18 summarizes the relationship between the gravimetric
capacity and interfacial current density, which is the current divided
by the actual surface area of the nanotubes. Tests performed at a vari-
ety of electrode heights ranging from 40 wm to 170 pm as indicated
in Figure 18a. No trend with height is apparent. However, there is
a clear and strong relationship between the capacity and the interfa-
cial current density. These tests also span a range of silicon volume
fractions as shown in Figure 18b. Again, no clear trend is observed
with respect to the volume fraction, but the capacity is a strong func-
tion of the interfacial current. The correlation of the capacity with
the interfacial current density is an important finding of the present
study, and describes results for a range of electrode heights, silicon
volume fractions and C-rates. In all cases, the gravimetric capacity
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Figure 18. Dependence of electrode capacity on the interfacial current density for electrodes of different heights and silicon loadings. (a) symbols indicate

electrode height, and (b) symbols indicate silicon volume fraction.

Downloaded on 2017-03-07 to IP 128.187.112.1 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

A858

of the electrodes depends strongly on the interfacial current density
during charge, which is consistent with behavior that is limited by
radial transport into the tubes rather than transport along the length of
the tubes.

Conclusions

This study examined the impact of encapsulation on the perfor-
mance of Si-VACNT electrodes. Use of an encapsulation layer was
shown to prevent SEI formation on the high-surface- area silicon elec-
trode formed on a template of vertically aligned carbon nanotubes. A
comparison of encapsulated and unencapsulated electrodes revealed
large differences in the morphology and composition of the elec-
trodes due to encapsulation. These large differences, however, were
not reflected in the results from electrochemical testing, which were
relatively similar for the two types of electrodes (encapsulated and
unencapsulated) at different silicon loadings and C-rates. Capacity
fade was still observed for encapsulated electrodes, and their perfor-
mance relative to that of unencapsulated electrodes indicates that SEI
formation, which was very different for the two electrodes, was not
the primary factor affecting cycle life. Morphology changes during
cycling indicate that aspects of the volume change are cumulative,
and eventually create large mechanical stresses, even in these nanos-
tructured electrodes.

Encapsulation altered the transport of lithium in the Si-VACNT
electrodes, and experiments were performed to help understand the
factors that govern lithium transport in the absence of electrolyte. Two
different transport directions and length scales are relevant—1) radial
transport of Li in/out of each silicon-coated nanotube (~50 nm diam-
eter) and 2) lithium transport along the length of the nanotubes (~100
pm height). Experimental results indicate that the height of the Si-
VACNT electrodes does not limit Li transport, even though that height
was orders of magnitude greater than the diameter of the tubes. In fact,
taller electrodes exhibited a higher normalized (gravimetric) capacity
than shorter electrodes at a given current. The overall performance of
the electrodes scaled with the silicon surface area. These results have
important implications for a variety of encapsulation strategies.
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