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Porous Carbon Anodes for a High Capacity Lithium-lon Battery
Obtained by Incorporating Silica into Benzoxazine During

Polymerization
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/Abstract: Porous carbon anodes with a controllable V,./Viic
ratio were synthesized through the self-assembly of poly-
(benzoxazine-co-resol) and the simultaneous hydrolysis of
tetraethyl orthosilicate (TEOS) followed by carbonization and
removal of silica. The V. ./Vmi ratio of the carbon can be
controlled in the range of approximately 1.3-32.6 through
tuning the amount of TEOS. For lithium-ion battery anodes,
a correlation between the electrochemical performance and
Vie/Vmic ratio has been established. A high V,./V.. ratio in
porous carbons is favorable for enhancing the accessibility

of Li ions to active sites provided by the micropores and for
achieving good lithium storage performance. The obtained
porous carbon exhibits a high reversible capacity of
660 mAhg™' after 70 cycles at a current density of
100 mAg~'. Moreover, at a high current density of
3000 mA g™, the capacity still remains at 215 mAhg™', show-
ing a fast charge-discharge potential. This synthesis method
relying on modified benzoxazine chemistry with the hydro-
lysis of TEOS may provide a new route for the development
of mesoporous carbon-based electrode materials. )

Introduction

The increasing need of rechargeable power batteries in emerg-
ing electric vehicles and hybrid electric vehicles has spurred
tremendous research effort in developing lithium-ion batteries
(LIBs) with high reversible capacity and fast charge-discharge
capability.""®¥ To date, graphite has been the most commonly
used anode material in commercial LIBs. However, the low the-
oretical capacity of 372 mAhg™" and poor rate performance in-
duced by the low lithium solid-state diffusion coefficient of
1077~10"""cm?s™" have hindered the application of graphite
in the rapidly developing LIB market.”'” In the search for ad-
vanced anode materials, porous carbons with a large number
of Li-ion storage active sites and a loose skeleton structure (vs.
graphite) are attracting much interest due to their high avail-
able capacity and negligible volumetric expansion. Recent re-
search efforts have therefore been devoted to exploring nano-
structured porous carbon anodes that possess a high energy
density and reliable safety."""'! However, bulky and micropo-
rous carbons suffer from low lithium diffusion rate within their
frameworks, thus limiting their rate capability."® Moreover, the
active surfaces provided by micropores are difficult to fully
utilize because of the sluggish Li-ion transport, thus resulting
in a low reversible capacity.'"?

When considering the improvement of the capacity of
porous carbon anodes, a short lithium diffusion path and
a high electrode/electrolyte contact surface area should be the
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key factors. One of the effective solutions is to introduce meso-
pores into the porous carbon framework that allows rapid
transport channels for solvated Li ions, reducing the time of Li-
ion diffusion.?"*! For example, a mesoporous hollow carbon
anode with large surface area and mesopore volume delivers
a very high reversible capacity of ~1100 mAhg™' at
100 mAg ' When using a two-dimensional ordered meso-
porous carbon nanosheet as an anode, a Li-ion storage capaci-
ty of 833 mAhg~' at 100 mAg~' was achieved.”™ Most work
aimed at achieving a mesoporous structure can facilitate Li-ion
diffusion to reach active sites and improve the utilization of
the active surface area, thus achieving efficient Li-ion storage.
However, a few studies have paid attention to the effect of the
volume ratio between mesopores and micropores on the
electrochemical properties of porous carbons.

In this work, we report a synthesis of porous carbons by
mixing benzoxazine precursors and TEOS, followed by the si-
multaneous polymerization of the benzoxazine and hydrolysis
of the TEOS, which are triggered by the addition of 1,6-diami-
nohexane (DAH), providing an alkaline environment. Hence,
a homogeneous system can be obtained without any phase
separation. The volume ratio of mesopores to micropores in
the range of approximately 1.3-32.6 can be controlled by
tuning the amount of TEOS used in the reaction system. The
synthesized porous carbon used as an anode material of a
lithium-ion battery presents a high reversible capacity of
660 mAhg™' even after 70 cycles at a current density of
100 mAg™', and good rate performance. At a high current den-
sity of 3000 mAg™~', the capacity still remains at 215 mAhg™".
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Results and Discussion

Considering the advantage of the rapid polymerization of
benzoxazine, we proposed a co-assembly route of poly-
(benzoxazine) and silica by tuning the reaction rate. In the
reaction system, the DAH used acts not only as the precursor
of benzoxazine but also as a basic catalyst for facilitating the
hydrolysis of TEOS. By varying the amount of TEOS, a series of
samples were prepared. All the samples were derived from a
homogeneous emulsion. After the aging and subsequent
carbonization, and the removal of silica, porous carbon was
produced.

The morphologies of porous carbon were observed by scan-
ning electron microscopy (SEM). As shown in Figure 1, the
porous carbons have a continuous skeleton structure decorat-
ed with carbon spheres. The diameter of the carbon spheres is
approximately 200-300 nm (Figure 1a,b). A further increase in
the amount of TEOS used leads to a decrease of the diameter
of the carbon spheres (Figure 1¢). In the case of PC-80, no
carbon spheres can be seen in
the porous carbon framework.
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The porous structures of the 10004 2
carbons were characterized by
nitrogen sorption at 77.4 K. As
seen from Figure 23, all the iso-
therms have a typical type IV
shape with a type H2 hysteresis
located at a relative pressure of

0.4-0.95, indicating a predomi-
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nantly mesoporous structure.”®
The specific surface areas in-

crease from 855 m?g™~' for PC-50
to the maximum value of
1110 m?*g™" for PC-70, then de-
crease to 936 m*g~" for PC-80.
The change of pore volumes of
the four samples is similar to
that of their specific surface
areas (Table 1). Pore size distribu-
tions (PSDs) of all the samples in 0

—+— CSH-60
—4— CSH-70
—+—PC-0
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Figure 2b are concentrated at 0.4
approximately 3-5nm  and
30 nm. To investigate the origin
of these two kinds of meso-
pores, N, sorption measure-
ments of two carbon-silica hy-
brids (CSHs: CSH-60 and CSH-70) were carried out to distin-
guish the porous structures. Moreover, one carbon sample (PC-
0) was synthesized under the same conditions but without the
addition of TEOS. The isotherms of CSH-60 and CSH-70 are of
type IV with hysteresis at a relative pressure of 0.65-0.95 (Fig-
ure 2¢) and the PSDs of CSH-60 and CSH-70 show a single
peak located around 20-30 nm (Figure 2d). Compared with
the smaller pores of 5.4 nm in PC-0 (Figure 2d), it is clear that
the bigger pores of 20-30 nm in the CSHs and PCs are mainly
derived from a cooperative assembly between the surfactant
and the inorganic phase derived from TEOS.”=* For the bimo-
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Figure 2. a,c) N, sorption isotherms, and b,d) the corresponding PSDs of the porous carbons and carbon-silica hy-
brids. The isotherms of PC-50, PC-70, and PC-80 were offset vertically by 80, 80, and 160 cm?g~' STP, respectively.

dal pore size distribution in PC-60 and PC-70 (Figure 2b), the
3-5nm pores were produced after the removal of silica from
CSHs, which is similar to pore generation from the nanocasting
method.®"” Meanwhile, the pristine pores at 20-30 nm still re-
mained, suggesting the robustness of the porous carbon skele-
ton. Such a hierarchical porous structure offers more active
sites for the insertion and storage of lithium ions,” facilitates
effective strain accommodation during bulk volume expan-
sion-contraction, and improves the accessibility of the active
sites to lithium ions.??
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Table 1. Structural parameters® and electrochemical properties of porous carbons and their carbon-silica .
hybrids. and TEOS results in the forma-
tion of a continuous carbon skel-
Sample C:sio, Seer Dpeak Viotal Vinic Vines! Vimic initial eton and turbostratic graphitized
weight ratio [m*g™"] [nm] [cm?g™] [cm*g™] revers.ible domains.
capacity
To further understand the sur-
PC-0 100:0 670 5 0.46 0.2 1.3 337 .
face chemistry and the structural
PC-50 52:48 876 4.8, 28 1.16 0.15 6.7 514 A ry .
PC-60 40:60 855 5,28 168 0.05 326 717 evolution of sample PC-60, infra-
PC-70 29:71 1110 3,29 1.39 0.05 26.8 738 red (IR) microspectroscopy and
PC-80 19:81 936 3,25 0.88 0.08 1 500 X_ray photoelectron Spectro_
CSH-60 40:60 331 28 0.50 0.08 - -
sco XPS) analyses were
CSH-70 30:70 275 21 0.67 0.03 - - Py ( ) Y )
performed. As can be seen in
[a]. Sger: apparent surface area calculated from the adsorption da.ta in the relative pressure range of 0.05 to.0.3 Figure 4a, there are several char-
using the Brunauer-Emmett-Teller (BET) method; D,e: determined from the adsorption branches of the iso- L. K ibuted
therms using Barrett-Joyner-Halenda (BJH) model; V,,,: total pore volume at P/P;=0.99; V,;.: micropore aCte”.Stlc peaks attributed to
volume calculated by t-plot method; Vi Viow—Vinic- functional groups, such as C=C,

{ PC-50
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Figure 3. a) Raman spectra, and b) wide-angle powder XRD patterns of
PC-50, PC-60, PC-70, and PC-80, ¢,d) TEM images of PC-60.

The graphitic structures of the samples were characterized
by Raman spectroscopy. As shown in Figure 3a, the peaks
observed at 1590 and 1350 cm™' are attributed to the G
(stretching mode of graphite) and D (breathing mode) bands,
respectively. This indicates that the porous carbons have par-
tially graphitized domains. The samples were also subjected to
X-ray diffraction (XRD) analysis. As can been seen in Figure 3b,
the peaks are identified as a typical (002) interlayer peak of
graphitic carbon at 20=25° indicating that graphitic struc-
tures are developed to a certain extent. The weak peak at 43°
(the 100 diffraction peak for graphite) indicates the formation
of a high degree of interlayer condensation and small crystal
size of the carbon skeleton. The 100 diffraction peak shows
a tail at the high-angle side, further indicative of the co-exis-
tence of local graphitization with turbostratic carbon materials.
As seen from the TEM images of sample PC-60 (Figure 3¢,d),
the carbon skeleton contains abundant mesopore, micropore,
and turbostratic structures. These results reveal that the reac-
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Figure 4. a) IR spectra, b) XPS spectra, ¢) the fitted C 1s spectrum, and
d) O 15 spectrum of sample PC-60.

peaks around 1620 and 1580 cm™' are attributed to the C=0
and C=C stretching vibration, which shows the presence of ar-
omatic rings. The peak at 1390 cm™' is attributed to the out-
of-plane deformation vibrations of C—H, and the peaks at 1200
to 1093 cm™' are attributed to the C—O stretching vibration.
From Figure 4b, the absence of the peak assigned to the Si—O
stretching vibration confirms the removal of silica from the
carbon-silica hybrid. The C and O species of PC-60 were fur-
ther determined by XPS fine scanning (Figure 4¢,d). As shown
in the XPS C1s spectrum (Figure 4c), the most pronounced
peak located at 284.8 eV is characteristic of the carbon lattice,
and the remaining peaks are —C—OH (285.5eV), —C=0
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(286.4 eV), —COOH (288.6 eV), and carbonate (291.2 eV) in se-

quence.’>* The O 1s spectrum indicates the presence of
three types of oxygen bonds: —C=0 (531.6eV), —C—OH
(533.6 eV), and —COOH (536.1 eV) (Figure 4d).5"3

Owing to the well-developed and controllable mesoporosity
and good electrical conductivity of the porous carbons, they
were evaluated as LIB anodes by a galvanostatic charge-dis-
charge test in the voltage range from 0.005 to 3V (Figure 5).
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carbon materials at 100 mAg™". It can be observed that the
coulombic efficiencies of all carbon anodes increase dramati-
cally with the increasing number of cycles, reaching over 98 %
after 10 cycles. The cycling performance of all carbon anodes
was found to be relatively stable after 10 cycles. It should be
pointed out that the cycle stability here is superior to those re-
ported for mesoporous carbon anodes.""'®2% Compared with
the other carbon materials in this study, PC-60 delivers the
highest  specific capacity of
660 mAhg™' after 70 cycles. To

E’ Mnoo 2 the best of our knowledge, both
+ 2100053 SE=PCE) —S—PCLO 56 §‘ the reversible capacity and cycle
5 > 800} ——pc.70 ——pC.80 ——PC-0 2 stability are superior to those of
g § 600 W‘GO % most previously reported pOI’:())l:]S
S § 400 W'_‘m E carbon anodes for LIBs.“041
8 & [ Sy v - s Cycled at the same current den-
S g’_ 200 20 3 sity, the reversible capacities of
. @ o —1g © PC-50 (514 mAhg™"), PC-70
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& o~ em L © 8001y (359 mAhg™") are significantly
S r}& = PC50 ° PC60 lower than that of PC-60. In
£ | g800  « Pc70 v pego o sharp contrast, the reversible ca-
% F‘- 5 oLl . v ® pacity of PC-0 electrodes is only
§ N 409 . : L 255mAhg™', which is even
é e 200 :' _. vv' ..' lower than the practical capacity
° . N.-: 5 of commercial graphite. In the
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Figure 5. a) Galvanostatic charge-discharge curves at 100 mAg™' for the porous carbon (the first cycle). b) Cycling
performance and coulombic efficiency of the porous carbon. c) Rate performance of the porous carbon at differ-
ent current densities from 100 to 3000 mAg~' and then back to 100 mAg™". d) Typical Nyquist plots observed for

different electrode materials.

For comparison, the electrochemical performance of PC-0 syn-
thesized without using TEOS was also investigated. Figure 5a
shows the first-cycle charge-discharge voltage profiles of these
carbon anodes at a current density of 100 mAg™". They display
similar electrochemical voltage behavior to that of previously
reported porous carbon anodes.""**" |mportantly, these
carbon anodes show remarkably different specific capacities in
the first cycle. Samples PC-0, PC-50, PC-60, PC-70, and PC-80
exhibit initial reversible capacities of 337, 515, 717, 738, and
500 mAhg™' with coulombic efficiencies of 42, 34, 35, 38, and
41 %, respectively. Obviously, PC-60 and PC-70 have higher ca-
pacities than their counterparts, and the values correspond to
twice the theoretical capacity of graphite (i.e., 372 mAhg™). A
large irreversible capacity is observed in the first discharge-
charge process. The low initial coulombic efficiency is a well-
accepted phenomenon in carbon nanostructures,"?>*" which
is related to the high active surface area. Further work is in
progress to reduce the first irreversible capacity on these
interesting carbon nanomaterials by a pre-lithiation method.
The cycle stability during the Li insertion-extraction process-
es is an important factor in the use of carbon materials as
anodes for lithium-ion batteries. Figure 5b shows the compara-
tive cycle performance and coulombic efficiency of various
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bigger mesopore and micropore
volumes, it has a higher reversi-
ble capacity. Samples PC-60 and
PC-70 have similar mesopore
and micropore volumes; there-
fore they have similar reversible
capacities. These results indicate that carbon materials with
well-developed mesoporous structures originating from the re-
moval of silica exhibit a large Li storage capacity. The amount
of TEOS used for the preparation of the porous carbon materi-
als also has an impact on the reversible capacity, possibly due
to the different V,,./V, ratios. Previously, the Maier® and Yu
groups®” have demonstrated that a larger V,,./V, ratio can
effectively improve the utilization of pore channels in carbon
materials, thus leading to a higher Li storage capacity and
better rate capability. Therefore, the rate performance was also
studied to better understand the importance of the V,../Viic
ratio. Figure 5c shows the variations of the reversible capaci-
ties of the carbon anodes at different current densities. The
cells were first cycled at 100 mAg™~' for 10 cycles, followed by
cycling at current densities increasing stepwise to as high as
3000 mAg~'. Compared with the other carbon anodes, PC-60
has a superior rate performance. A specific charge capacity of
around 380 mAhg™" was obtained at 500 mAg~', 240 mAhg™'
at 2000 mAg~', and 215 mAhg™' at 3000 mAg~'. A constant
capacity of 580 mAhg~" was restored when the current density
was reversed to 100 mAg™" even after 70 cycles. Furthermore,
the rate capability in this present work is strongly dependent
on the V,./V,. ratio of the carbon materials. A larger V,oo/Viic

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ratio means a better rate capability, which is due to faster
mass transport of conductive ions to reach active sites and
again confirms the importance of the V,,./Vy ratio.

To determine the relationship between the Li-ion storage
performance and the pore structure of these porous carbons,
EIS measurements were carried out to verify the kinetics of
Li-ion insertion. Representative Nyquist plots are shown in
Figure 5d for the five porous carbon anode materials. All the
Nyquist plots are similar to each other in shape, consisting of
one depressed semicircle at high/medium frequency and an
inclined line at low frequency. In general, the intercepts on the
real axis are considered as the total resistance of the electro-
lyte, separator, and electrical contacts.*"*? The semicircle is as-
cribed to the sum of the contact resistance, the solid electro-
lyte interphase (SEI) resistance, and the charge-transfer resist-
ance, whereas the inclined line at approximately 45° to the
real axis corresponds to the lithium-diffusion process within
a carbon electrode.”"*" It is apparent that the PC-60 electrode
with the largest V,./Vpic ratio shows the smallest semicircle
diameter, followed in order by PC-70, PC-80, PC-50, and PC-0
with the smallest V,../Vyi ratio (Table 1). This reveals that the
electrochemical reaction resistance increases in the order
PC-60 < PC-70 < PC-80 < PC-50 < PC-0, indicating that PC-60
has the fastest Li-ion insertion kinetics.

From the aforementioned results, it seems that the two
important performance parameters, namely initial reversible
lithium-ion storage capacity and cycle stability, are strongly
dependent on the pore structures (e.g., Vie/Vimic ratio) of the
carbon electrode materials. In summary, we propose the
relationships between the (ir)reversible capacity and the pore
structure that are shown in Figure 6. As can be seen, a good

1000 "o 1000
<
o L
2 oo PCT0n g 800
= PCc60 | 2 PC-60
% gsoo M § 600 PC-70a —
== PC-80 o = PC-50
3 §400 : S 400 * PC-80
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Figure 6. (a) The relationship between V,./V,.i. and initial reversible capacity,
(b) the relationship between V,./V, and the average reversible capacity
from 6 to 50 cycles.

linear relationship between the initial discharge capacity (C,)
and the V,../V ratio can be obtained by plotting the experi-
mental C,; versus V ./V.. (Figure 6a). It indicates that the
large Vi e/ Vmic ratio is favorable for enhancing the accessibility
of Li ions to reach active sites provided by micropores. The
good linear relationship between the average reversible
capacity from 6 to 50 cycles (C.,) and the V. /V ratio also
shows a similar correlation as mentioned above (Figure 6b).
These results confirmed that mesopores in carbon anodes can
provide rapid-transport channels for solvated Li ions and
reduce the solid-state diffusion pathway for Li ions, effectively
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increasing the active surface of micropores and enhancing the
utilization of micropores. Therefore, a high proportion of meso-
pores in a porous carbon anode would allow one to achieve
good lithium storage performance.

Conclusion

In this study, porous carbons with a controllable V,./V... ratio
have been synthesized, which show good lithium storage
performance. The synthesis method is based on the organic-
inorganic-surfactant co-assembly method using silica and
poly-benzoxazine as building blocks, followed by the removal
of silica. The key to the synthesis is to balance the kinetics of
phase separation versus gelation of the silica induced by DAH
matching the gelation/polymerization of benzoxazine. These
materials demonstrate excellent performance in lithium-ion
batteries. In particular, sample PC-60 has both a high reversible
specific capacitance of 660 mAhg™' at a current density of
100 mAg™' and excellent long-term cycle stability. It also has
an excellent rate performance even at a high current density
of 3000 mAg~', where the reversible capacitance can reach
215mAhg™". This study offers a new and easy synthesis
method for porous carbons with a bimodal pore system, and
also ensures wide applications of such materials in electro-
chemical energy storage.

Experimental Section
Chemicals

Resorcinol (denoted R, 99.5%) and formalin (37 wt%) were
purchased from Tianjin Kermel Chemical Reagent Co., Ltd.
1,6-diaminohexane (DAH, 99.0%), ethanol (99.7 %), and tetraethyl
orthosilicate (TEOS, 99%) were all supplied by Sinopharm
Chemical Reagent Co., Ltd. Pluronic F127 was purchased from
Sigma-Aldrich. All chemicals were used as received.

Synthesis of porous carbons

The porous carbons were prepared through simultaneous polymer-
ization of the benzoxazine precursors (resorcinol, formaldehyde,
and DAH) and hydrolysis of TEQS, followed by pyrolysis and
a silica-removal step. The use of TEOS and Pluronic F127 creates
more porosity. Typically, resorcinol (0.5 g) and F127 (0.209 g) were
dissolved in a mixed solvent of ethanol (2.25g) and deionized
water (1.59g). TEOS (0.776 g) was then added under stirring to
obtain a clear solution. Afterwards, DAH (0.026 g) was added to
the above solution. Subsequently, a formalin solution (37 wt%)
was injected into the solution to form a white homogeneous emul-
sion. This emulsion was then sealed and transferred into an oven
at 90°C. It quickly turned yellow and solidified to a gel within
15 min. This gel was cured for an additional 4 h under the same
temperature. Finally, the as-made polymer monolith was dried at
room temperature, followed by pyrolysis at 800°C for 2 h under
a nitrogen atmosphere, to obtain a porous carbon-silica hybrid.
After removal of the silica with NaOH (4 m) solution, the porous
carbons were obtained. By changing the amount of TEOS and the
amount of ethanol and deionized water (Table 1), we can tune the
mesopore/micropore volume ratio of the carbons. The carbon-
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silica hybrids were denoted CSH-x and the obtained porous car-
bons were denoted PC-x, wherein x represents the silica content.

Electrochemical measurements

Electrochemical experiments were performed using CR2025 coin-
type test cells assembled in an argon-filled glove box with lithium
metal as the counter and reference electrodes at room tempera-
ture. For preparing the working electrode, an aqueous mixture of
active material, conductive carbon black and LA133 (water-based
binder, Indigo) at a weight ratio of 8:1:1 were pasted onto a rough
Cu foil with a Celgard 2400 membrane as the separator to isolate
electrons. The electrolyte was LiPF (1 M) dissolved in a mixture of
dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) and eth-
ylene carbonate (EC) (1:1:1 v/v/v) with fluorinated ethylene carbon-
ate (FEC, 2 wt%) as an additive. The cells were assembled in an
argon-filled glove-box. Galvanostatic charge-discharge cycles were
tested by a LAND CT2001A electrochemical workstation at current
densities of 100 mAg™' to 3000 mAg ' between 0.005V and 3V
versus Li*/Li at room temperature. Electrochemical impedance
spectroscopy (EIS) measurements were carried out before charge-
discharge cycles at a rate of 100 mAg™" in the frequency range of
100 KHz to 0.01 Hz with a zero-bias potential and 5 mV amplitude.
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