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ABSTRACT: Using advanced in situ transmission electron microscopy,
we show that the addition of a carbon coating combined with heavy
doping leads to record-high charging rates in silicon nanowires. The
carbon coating and phosphorus doping each resulted in a 2 to 3 orders of
magnitude increase in electrical conductivity of the nanowires that, in
turn, resulted in a 1 order of magnitude increase in charging rate. In
addition, electrochemical solid-state amorphization (ESA) and inverse
ESA were directly observed and characterized during a two-step phase
transformation process during lithiation: crystalline silicon (Si) trans-
forming to amorphous lithium—silicon (Li,Si) which transforms to
crystalline Li;sSiy (capacity 3579 mAh-g ™ '). The ultrafast charging rate
is attributed to the nanoscale diffusion length and the improved electron
and ion transport. These results provide important insight in how to use Si
as a high energy density and high power density anode in lithium ion batteries

for electrical vehicle and other electronic power source applications.
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D oping and carbon coating are two important techniques to
improve the energy capacity and rate performance of
lithium ion batteries (LIBs). Chiang et al. reported a ~10°
orders of magnitude electronic conductivity improvement in
LiFePO, by metal doping, which highlights the potential of
LiFePO, as an important cathode material for LIBs with high
energy density." Ravet et al. contended later that it may be the
carbon coating that leads to the dramatic increase of electronic
conductivity,” with the debate still ongoing.> We recently de-
monstrated a nanoscale open cell electrochemical device that
operates inside a transmission electron microscope (TEM),
allowing real-time studies of the charging/discharging behavior
of individual nanowire electrodes.* This provides a unique
opportunity to investigate the carbon coating and doping effects
on the lithiation behavior of Si nanowires.> " Individual Si
nanowires were either undoped (intrinsic), coated with carbon
(C-coated) or heavily doped with phosphorus (P-doped), or first
P-doped followed by C-coating and then subjected to in situ
electrochemical lithiation with real-time monitoring. Full lithiation
of the nanowires was achieved in all of the latter three cases, but a
record high charging rate was achieved only in the P-doped and

C-coated nanowires. Individually, carbon coating and phosphorus
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doping resulted in similar electrical conductivity improvement and,
in turn, similar charging rate performance of the Si nanowires.

We constructed an electrochemical device consisting of a
single Si nanowire anode, an ionic liquid electrolyte (ILE), and a
LiCoO, cathode inside a TEM to enable in situ studies of the
charging and discharging processes of silicon LIB anodes (see
Supporting Information). Our experimental setup is shown in
Figure la. Figure 1b shows a low magnification TEM image of
the gap part of the nano-LIB. Charging and discharging experi-
ments were conducted by potentiostatic holds with the anode at
different potentials with respect to the cathode at room tem-
perature (~300 K). For all experiments described hereafter, the
potential applied to the Si nanowires with respect to the LiCoO,
cathode was —4 V during charging and 0 V during discharging.
Four types of Si nanowires were studied: undoped (intrinsic),
C-coated, heavily P-doped, and C-coated plus P-doped.

Figure 2 shows the charging process of an intrinsic Si nanowire.
When a potential of —4 V was applied, charging of the nanowire
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Figure 1. Experimental setup. (a) Schematic illustration of the electro-
chemical device. The Si wafer substrate supporting vertically oriented Si
nanowires (anode) grown on the surface was cleaved and glued to an Al
rod using conducting epoxy. A bulk LiCoO, film (cathode) on an Al foil
was glued to another Al rod. A drop of the ionic liquid electrolyte was
placed on the LiCoO, surface and the system loaded into the TEM.
Inside the TEM, one of the Si nanowire electrodes was driven to
approach the electrolyte covered LiCoO, cathode. A potential was
applied with a potentiostat when contact was established. (b) Low
magnification TEM image showing the gap part of the device. Many
nanowires were bent and swelled after contacting the ILE and being
charged. Some straight nanowires that were not contacting the electro-
Iyte remained intact and undisturbed.

occurred. As the reaction front (marked by the red arrows) passed
by, the nanowire diameter expanded immediately. As the leading
edge of the reaction front propagated longitudinally down the
nanowire axis, the lithiation front also proceeded progressively
along the radial direction, i.e., from the surface to the center of the
nanowire (Figure 2a—gand si_002.mov, si_003.mov in the Support-
ing Information). Electron diffraction patterns (EDPs) from the
pristine and lithiated Si nanowires confirmed that the single crystalline
Si (c-Si) nanowire was partially converted to an amorphous Li,Si
(a-Li,Si) alloy (Figure 2h,i). After reaction, the nanowire appeared as
a gray-contrast shell with a crystalline-contrast core. The ¢-Si core
diameter decreased while the a-Li,Si shell diameter increased
(Figure 2j—n) progressing toward the right (toward the initiation
point of the lithiation). Interestingly, the volume expansion occurred
along the radial direction without detectable elongation, in marked
contrast to the nearly isotropic volume expansion in SnO, nanowires
during lithiation.* The total volume expansion was ~300%, close to
the theoretical maximum volume expansion.'” Finally, the axial
reaction front migration speed was slow for the intrinsic Si nanowires
(Figure 2), being about 1.7 nm/s. A residual ¢-Si core was usually
observed even after prolonged charging, possibly due to insufficient
electron transport through the narrow ¢-Si core or poor electrical
conductivity of the ¢-Si core due to surface charge depletion of
nanosized wire, which limits the extent of the lithiation reaction.
Our observations are also consistent with the reported elec-
trochemically driven solid-state amorphization (ESA) of Si."*'*
We observed similar ESA in Si nanowires where a portion of their
length was fully immersed in the electrolyte (Figure 3). Further

evidence for the electron conductivity limiting the extent of
lithiation is suggested following comparison of the extent of
lithiation near the middle (Figure 3i) and end (Figure 3j) of the
immersed doped Si nanowire. Although both immersed in the
bulk electrolyte, the extent of lithiation was higher near the
electrolyte interface, suggesting that the reaction is not lithium
diffusion limited, but rather limited by the supply of electrons
from the unreacted electrode (left side of Figure 3).

Since poor electrical conductivity appears to hamper fast and
full lithiation, it is interesting to see whether enhancements in the
electrical conductivity change the charging behavior of Si nano-
wires. To improve the nanowire electrical conductivity, we grew
heavily doped Si nanowires (phosphorus doped, P-doped), and
we coated Si nanowires (intrinsic and heavily doped) with a layer
of sputtered amorphous carbon, C-coated. The charging beha-
vior of the heavily P-doped and C-coated Si nanowires is shown
in Figure 4 and Figure 5, respectively. Figure 4 shows the
microstructure changes and high charging rates of a P-doped Si
nanowire (n-type). The pristine P-doped Si nanowire was single
crystalline with a diameter of 170 nm, and its growth direction
was [112] (Figure 4a,b). After 3240 s of charging, the nanowire
was bent and the diameter expanded to 446 nm (Figure 4d).
EDPs from multiple sites, either above or below the ILE surface,
confirmed that the whole nanowire was converted to the same
crystalline Li; sSiy (c-Li;sSis) phase (Figure 4f) 121516 Figure 4¢
shows the simulated EDP for the c-Li;sSi4 phase (a = 10.6852 A,
space group 143d) with intensity and indices in excellent agree-
ment with our experimental results.

The microstructural evolution of a C-coated Si nanowire
followed through two charging/discharging cycles (Figure S)
showed three similar features as observed for the P-doped Si
nanowire: (1) fast charging; (2) large volume expansion; and (3)
full lithiation to the ¢-Li;sSiy phase in the first charging process.
Panels a—e of Figure S show morphology changes during
cycling. Detailed structure evolution is shown in high-magnifica-
tion TEM images (Figure Sg—k) and EDPs (Figures S1—p). The
pristine Si nanowire was straight and uniform, 100 nm in
diameter, and its axis oriented along the [112] direction
(Figure Sag)l). The carbon coating was amorphous and about
3 nm thick (inset of Figure Sg). After the first charging process,
which required 221 s, the nanowire was fully lithiated to ¢-Li; sSi4
(Figure Sbm), and the diameter expanded to 303 nm
(Figure Sh). The charging rate of the C-coated Si nanowire
during the first charging process (determined by the velocity of
the reaction front) was at least 10 times faster than the noncoated
intrinsic Si nanowires. Furthermore, the carbon layer expanded
from 3 to ~13 nm during the first charging (Figure Sgh),
suggesting that the carbon layer was also becoming lithiated
and/or porous or modified by the formation of a solid-electrolyte
interface (SEI) layer through electrolyte decomposition. After
the first discharging process, the c-Li;sSiy nanowire was de-
lithiated to amorphous silicon (a-Si, Figure Scin). > Aga
result, shrinkage occurred along both radial and axial directions
(Figure Sc), together accounting for a volume contraction of
~55%. After the second charging process, volume expansion
along both radial and axial directions was again observed
(Figure 5d,j), but EDP revealed that an amorphous Li—Si alloy,
a-Li,Si, was the main lithiated product (Figure So), in contrast to
the ¢-Li;sSiy phase observed following the first charging cycle.
After the second discharging process, a-Si was obtained again
and the volume shrank by ~34% (Figure Se,k,p). Figure 5f shows
the typical view of the C-coated Si nanowire after deimmersion
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Figure 2. Microstructural evolution of an intrinsic silicon nanowire during lithiation. (a) Pristine straight Si nanowire with a uniform diameter of
140 nm. (b—g) Time-lapse TEM image series showing the morphology change during charging. The potential applied to the Si nanowire was —4 V
against the LiCoO, cathode. Volume expansion occurred instantaneously as the reaction front (marked by the red arrows) propagated from the
nanowire tip toward its base at an average rate of 1.7 nm/s. (h) EDP from the pristine nanowire showing the single crystalline silicon (¢-Si). (i) EDP from
the lithiated nanowire showing an amorphous Li,Si (a-Li,Si) alloy. The sharp spots were from the residual ¢-Si core. (j—n) High-magnification TEM
images showing that radial lithiation resulted in a core—shell structure. The ¢-Si core became thinner, from the original 140 nm down to 25 nm, while the
nanowire thickened to 370 nm, indicating more Si was converted to a Li,Si alloy. The radial lithiation seemed to cease despite prolonged lithiation time,
suggesting the reaction was limited due to insufficient electron supply from the very small ¢-Si core.
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Figure 3. Electrochemically driven solid-state amorphization (ESA) process occurring above and below the electrolyte surface. (a) A pristine
phosphorus-doped (P-doped) Si nanowire showing a straight shape and uniform diameter. (b—d) Morphology evolution during the charging process.
The reaction front emerged from above the ILE surface (c) and proceeded toward the nanowire base (d). (e) Morphology of the nanowire pulled out of
the ILE. The whole immersed part was swelled and the Au cap was elongated. Note that the expansion was not uniform for the lithiated part. (h—j)
Magnified view of the reaction front (h), middle of the lithiated part (i), and nanowire tip (j). The tapering crystalline silicon (c-Si) core indicated that
lithiation was proceeding from the surface toward the center (h). The residual c-Si was thinner in (i) than that in (j), indicating a lower degree of lithiation
at the nanowire tip, though both were flooded in the ILE during lithiation, probably due to insufficient electron supply to the tip (j). (f, g) Electron
diffraction patterns showing that the single crystalline pristine nanowire (f) was partially converted to an amorphous Li,Si (a-Li,Si) alloy (g).

from the ILE. Typically, there was a large chunk of gelled elec- (Figure Sf), which is very different from the clean surface of the
trolyte adhered to the formerly immersed part of the nanowire P-doped Si nanowire following deimmersion (Figure 4e). It is
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Figure 4. Fast and full lithiation of a P-doped silicon nanowire. (a) Pristine P-doped Si nanowire and corresponding EDP (b). (¢, d) Swelled nanowire
after 3240 s of charging. (e) Morphology of the nanowire after deimmersion from the electrolyte. The whole nanowire showed a uniform crystalline
contrast without the core—shell structure as seen in Figure 2 for the intrinsic Si nanowire. The diameter increased from 170 to 446 nm without
elongation. (f) EDPs from different sites confirming the formation of crystalline Li;sSi, (¢-Li;sSis) phase along the whole nanowire. (g) Simulated EDP

for polycrystalline Li,; sSiy with indexing and intensity.

suggested that the carbon coating might not only provide an
additional electron trans?ort path but also alter the SEI forma-
tion or reaction kinetics.””*°

Figure Sg—k show close views of the morphology changes of
the nanowire following the two complete sets of charging and
discharging. The carbon layer was visible at all stages. Apparently,
the most significant change took place during the first charging
process. This was true for all Si nanowires investigated in this
study. This observation would also be consistent with the
formation of an SEI layer on or embedded within the carbon
coating, as this solid electrolyte phase is typically observed to
grow to a self-limiting thickness following the first or first few
charging cycles. The carbon coating enhanced the charging rate,
but it did not suppress the radial volume expansion, probably due
to its thin and amorphous nature. Nevertheless, our results
clearly indicated that higher charging rates were achieved by
either phosphorus doping or carbon coating, with the reaction
front migration speed being 7.7 and 77.6 nm/s for the above two
examples (Figures 4 and ), which is in contrast to the 1.7 nm/s
of the intrinsic Si nanowire (Figure 2). Another key charging
behavior difference between the intrinsic and C-coated or
P-doped Si nanowire was the complete transition to the ¢-Li;sSiy
in the latter two cases, at least during the first charging process,
rather than the partial conversion to the a-Li,Si alloy in the
former.

To test whether we can improve the charging rate further, the
P-doped Si nanowire was coated with carbon and subjected to
charging. Surprisingly, a further increase in the charging rate was
observed (Figure 6a—i, Movies si_004.mov to si_007.mov in the
Supporting Information). At this very high axial charging rate,

213 nm/s on average for this nanowire, spiral and twisting
motion of the lithiated nanowire occurred. Such a nanowire
was lithiated to an amorphous phase nearly immediately
(Figure 6j) and then to a crystalline phase as the reaction front
swept over. The crystalline phase was confirmed to be ¢-Li;sSiy
(Figures 6k—m). The time required for fully charging such
P-doped and C-coated Si nanowires along their entire length
was about 1—5 min and along their entire diameter about 1 s.
Figure 7a compares the axial charging rates (defined as the
reaction front speed in the first charging process) for the four
types of Si nanowires: (1) intrinsic, (2) P-doped, (3) C-coated,
and (4) C-coated and P-doped. The average charging rates were
2.3,20.5,27.5,and 117.4 nm/s, respectively. It is clear that either
P-doping or C-coating can improve the first cycle charging rate
by 1 order of magnitude with respect to the intrinsic Si
nanowires, and the rate can be improved further by another
order of magnitude by combining P-doping and C-coating (see
Supporting Information for details of the conductivity
measurements). Figure 7b shows the schematic illustration of
the ultrafast charging of the P-doped and C-coated Si nanowire
shown in panels a—i of Figure 6. In a flooded electrolyte
geometry where lithiation proceeds radially, the 146 nm thick
Sinanowire can be charged in 0.343 s, converting the pristine ¢-Si
nanowire to c¢-Li;sSiy, corresponding to a charging rate of
~37600 A-g~" (or 10500C, with 1C = 3579 mA-g~ ' for the
Si — Li, sSiy4 alloying reaction). This record high rate far exceeds
any rates achieved for Si electrodes with more mass load reported
in the literature, for instance, 6.8 A - g_1 for a-Si/c-Si core—shell
nanowires'® or ~60 A-g ' (originally claimed 30C) for a
P-doped a-Si thin film.*" Although it is hard to directly compare
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Figure 5. Fast and full lithiation of a carbon-coated silicon nanowire. (a—f) Morphology changes of a carbon-coated Si nanowire in two charging/
discharging cycles. The microstructure evolution is shown in high magnification images (g—k) and corresponding EDPs (I1—p). The carbon
coating on the pristine intrinsic Si nanowire was 3 nm thick (g). The nanowire was fully charged to the c-Li;sSi,4 phase in 221 s (b, h, m). Upon
discharging, amorphous silicon (a-Si) was formed (c, i, n). Amorphous Li,Si rather than ¢-Li; sSi; was formed after the second charging process
(d, j, 0). After the second discharge process, a-Si was obtained again (e, k, p). Volume changes along both radial and longitudinal directions were
seen after the first charging process (c—e), probably due to the isotropic nature of the amorphous phases involved (n—p). The carbon layers also
participated in the reaction, as their thickness was increased after charging, and decreased after discharging (g—k). The diameter variation along
the nanowire in (d—f) was due to electron-beam induced decomposition of the lithiated nanowires when imaged at high magnifications. Following
deimmersion from the electrolyte, a large chunk of gelled electrolyte was seen in the region that was immersed (f), which was a typical result for

carbon-coated samples.

the rate performance in different device configurations, i.e., bulk
electrodes or single nanowire electrodes, our in situ tests on
individual Si nanowires show great potential of making high-
power Si electrodes. Surprisingly, the integrity of the nanowires
charged at high rates was well-maintained, suggesting the great
potential of using Si anodes for high power applications. The
volume change was typically around 300% after the first charging
process, regardless of the lithiation products (c-Li;sSis or
a-Li,Si). This implies that for Si nanowires with facile strain
accommodation,'” formation of the crystalline Li;sSi, phase and
resulting lithiation rate may not necessarily be worse than the
amorphous phases (a-Li,Si <> a-Si).">"®

Intrinsic Si is a poor electron conductor and is generally
accepted to have a p-type doped character due to its acceptor-like
surface states, creating electron deficiency throughout the whole
nanowire diameter. This hinders fast lithiation rates which
require high electron density to support Li ion reduction at the
lithiation front (Li,Si/Si interface). Figure 7c shows typical
lithiated length (L) versus time (¢) plots for the Si nanowires
with different electrical conductivities. The L—t curve is para-
bolic for the intrinsic Si nanowire (Figure 7c, Figure S in the
Supporting Information), while it shows linear L o< ¢ relationship
for the other three types of Si nanowires with higher conductivity
(Figure 7c). Figure 7d shows a schematic illustration depicting
the kinetics for the intrinsic Si nanowire. Both electron and
Li" ion fluxes are required for the interface reaction of lithiation;
however, the Li" transport from a surface ILE layer is assumed to

be fast as the liquid electrolyte can conduct Li" quickly, thus not
acting as a limiting factor for lithiation.

In the following, we present a qualitative explanation of the
different L—¢ dependence in different type Si nanowires considered
in this study. Assuming the lithiation rate is electron supply limited,
given the original length L, of a pristine Si nanowire, the lithiation
speed, dL/dt, is proportional to the current, I(L)

V-V, o
Lo—L Yo L~ p—2a
Ag; LIXSIAuxg

o) =

5 (1)

Psi

where the applied bias, V; is constantly 4 V and V, is the potential
drop across the lithiation front; the resistivity, o, and the area,
A, of unreacted Si and lithiated Li,Si alloy are treated as constants.
The relation of dL/dt = 1/(b — 2aL) is obtained by merging
all of the constants to two lumped positive constants a and
b (b > 2aL, > 0). By using the boundary condition L = 0
(t = 0), the following L—t relation is achieved if the electron
transport is the determining factor

t = —al*>+bL (0<L<Lg) (2)

Equation 2 reproduces the parabolic curve observed for intrinsic Si
nanowires (black curve in Figure 7c). As the lithiation proceeds, the
unreacted segment becomes shorter and shorter; thus lithiation is
accelerated, mainly due to decreasing IR potential drop and short
electron transport length (Figure 7c). For the Si nanowires with
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Figure 6. Ultrafast charging of carbon-coated and phosphorus-doped silicon nanowires. (a—i) Morphology evolution in 72 s after the bias was applied.
The spiral shape was observed only at very high lithiation rates (reaction front marked by red arrows). The average speed for the reaction front was
213 nm/s. (j) High magnification time-lapse TEM images showing an immediate expansion after lithiation and the core—shell lithiation behavior.
(k—m) Microstructure of the C-coated and P-doped Si nanowire shown in (j) after lithiation. (k) EDP showing coexistence of the crystalline Li, sSi,
(c-LiysSiy) and a-LiSi phases. (1) Low magnification image of the lithiated part. (m) High-magnification image showing the contrast of nanocrystals
dispersed in an amorphous matrix, consistent with the EDP (k). The carbon layer was also swelled from originally 3 to 12 nm after lithiation.

sufficiently high electrical conductivity, the kinetics is not limited by
electron transport and is instead likely controlled by short-range
interface reaction kinetics, giving a linear L—t relation (green, red,
and blue curves in Figure 7c). We also note that reaction does not
seem to be long-range diftusion limited, which would give L ~ /2
diffusion kinetics.

Finally, it is also worth noting that the ¢-Li; sSi; phase was the only
crystalline phase formed in the lithiation of many different Si
nanowires. No phase change occurred if the charging time or
potential was increased. This brings up an important question as
to what is the final lithiated alloy phase of Si at room temperature, as

this defines the practical maximum capacity of Si anodes. Some
references claimed that the ultimate phase is the very high capacity
Liy,Sis or Liy; Sis phase:s,17'22 but identification of these phases based
on the diffuse diffraction rings from an amorphous material was
questionable.'” Our identification of the lithiated phase is based on
the sharp diffraction rings generated by the crystalline phase, rather
than from diftuse diffraction rings, and this makes the identification
very accurate and reliable. Consequently, our experimental results
indicate that the maximum lithium storage in Siis 3.75 Li/Si atoms,
meaning that the maximum energy storage capacity for Li in Si is
3579 mAh-g ™" rather than the widely believed 4200 mAh-g™".
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Figure 7. Lithiation speed and kinetics for different Si nanowires. (a) Comparison of reaction front propagation speeds and conductivities of the
intrinsic, P-doped, C-coated, and C-coated on P-doped silicon nanowires. The average speeds were 2.3,20.5, 27.5, and 117.4 nm/s, respectively, and the
average conductivities were 5.95 X 10>, 1.05 x 10%,3.76,and 1.77 x 10> S-m™ ", respectively, for the four samples mentioned in (a). The charging rate
was improved by the enhanced electronic conductivity from doping and carbon coating. (b) Schematic illustration estimating the ultrafast charging of Si
nanowires. Given the diameter of 146 nm and a lithiation rate of 213 nm/s for the nanowire shown in panels a—i of Figure 6, if we assume the active
material (Si) was flooded in electrolyte (as in a real battery), the radial lithiation would be completed in 0.343 s, corresponding to a charging rate of
37600 A-g~ " or 10500 C (1C denoting 3579 mA+g " for full lithiation to the Li;sSiy phase). (c) Typical reaction front travel distance vs time (L—t)
curves for the different Si nanowires. The curve was parabolic for the intrinsic Si nanowire, with increasing lithiation speed as the reaction proceeded. The
curves were linear for the other three types of Si nanowires, indicating the lithiation was interface reaction controlled rather than diffusion controlled.
(d) Schematic illustration showing the lithiation kinetics limited by insufficient electron supply for the intrinsic Si nanowires.

This result is consistent with that obtained from an in situ X-ray
diffraction study.>> However, the exact Li/Si ratio in the amorphous
Li,Si phase was not known, because the detailed atomic structure
was not identified from the diftuse rings in the electron diffraction
patterns. In the meantime, the lithiation current was too small to be
measured due to the very small mass involved in the tests on
individual nanowires, so determination of the Li content in the
amorphous phase and Columbic efficiency will require future work
of accurately measuring the current.

Conclusions. In summary, we demonstrated ultrafast and full
electrochemical lithiation of individual Si nanowires by applying
a carbon-coating, phosphorus-doping, or combining both doping
and carbon coating. These results were obtained by direct real-
time observation using in situ transmission electron microscopy
with ionic liquid electrolytes. In contrast to the fast lithiation of
doped or coated nanowires, lithiation of intrinsic Si nanowires
was slow and incomplete, leading to the formation of an
amorphous Li,Si alloy. The C-coated and/or P-doped Si nano-
wires exhibited a charging rate 1—2 orders of magnitude faster,
ultimately forming the crystalline Li; sSi; phase. The Si nanowires
did not fracture despite the ultrahigh lithiation rates and ~300%
volume expansion. These observations suggest that C-coated
and/or P-doped Si nanowires show great promise for high power
and high energy lithium ion batteries.
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