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ABSTRACT Banana peel pseudographite (BPPG) offers superb dual function-
g
ality for sodium ion battery (NIB) and lithium ion battery (LIB) anodes. The .’
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materials possess low surface areas (19—217 m> g~ ") and a relatively high
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electrode packing density (0.75 g cm > vs ~1 g cm > for graphite). Tested against
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Na, BPPG delivers a gravimetric (and volumetric) capacity of 355 mAh g~
(by active material ~700 mAh cm 3, by electrode volume ~270 mAh cm>) after 10 cycles at 50 mA g™ ". A nearly flat ~200 mAh g~ plateau that is
below 0.1 V and a minimal charge/discharge voltage hysteresis make BPPG a direct electrochemical analogue to graphite but with Na. A charge capacity of
221 mAh g~ " at 500 mA g " is degraded by 7% after 600 cycles, while a capacity of 336 mAh g~ at 100 mAg " is degraded by 11% after 300 cycles, in
both cases with ~100% cycling Coulombic efficiency. For LIB applications BPPG offers a gravimetric (volumetric) capacity of 1090 mAh g~ (by material
~2200 mAh cm >, by electrode ~900 mAh cm—>) at 50 mA g~ . The reason that BPPG works so well for both NIBs and LIBs is that it uniquely contains
three essential features: (a) dilated intergraphene spacing for Na intercalation at low voltages; (b) highly accessible near-surface nanopores for Li metal
filling at low voltages; and (c) substantial defect content in the graphene planes for Li adsorption at higher voltages. The <0.1V charge storage mechanism
is fundamentally different for Na versus for Li. A combination of XRD and XPS demonstrates highly reversible Na intercalation rather than metal
underpotential deposition. By contrast, the same analysis proves the presence of metallic Li in the pores, with intercalation being much less pronounced.
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are highly promising for large-scale en-

ergy storage systems (ESS) due to so-
dium's natural abundance, a more democratic
global distribution, and much lower price as
compared to Li.'™* Graphite microparticles
are the standard anode material in com-
mercial lithium ion batteries (LIBs) due to
their reasonable reversible capacity (up to
372 mAh g '), low and flat potential pla-
teaus providing an optimum voltage win-
dow versus an opposing cathode, superior
cycling behavior, high Coulombic efficiency,
and low cost>~® Unfortunately, conven-
tional graphite is not suitable for NIB
anodes.”~"" Minimal Na ions may be inter-
calated into graphite, an effect mainly at-
tributed to the larger ionic radii of the Na
versus Li (0.102 nm versus 0.076 nm).'® Sub-
stantial gains have been made to find sui-
table alternative anode materials for NIBs,
including various carbonaceous materials,'>~'®
phosphorus,'”'® ternary ionic sodium
compounds,’®2* metal oxides,?3°

me-
tal nitrides,®' alloys,>>~** graphene, and

S odium ion batteries (NIBs, NABs, or SIBs)
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graphene-based composites.*>*® An emerg-
ing strategy for Li ion batteries is to employ
dense, low surface area materials that can store
charge by rapid intercalation of ions between
the atomic layers, analogous to graphite but
with much higher charge storage capacity. This
approach has been recently utilized to create a
large family of high-performance 2D LIB anode
materials, labeled “MXenes” where M is a
transition metal and X is C or N¥° Such an
approach would be similarly beneficial for NIB
applications but has to date not received the
same level of scientific attention.

Carbons, along with various earth abun-
dant oxides, are highly attractive for both
NIBs and LIBs since in many forms they op-
timize both performance and cost.'>>'~>*
High surface area nanostructured carbons
have been utilized for Na storage.’'*%°>
Studies have focused on hard (poorly or
non-graphitizable) carbons due to their
large interlayer distance, which can accom-
modate Na insertion in a range of chemically
and physically dissimilar storage sites.>'~>>>~>"
Emerging approaches include porous cellulose
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fibers,*®° graphene foam,®® hierarchical structures
based on a combination of graphene, carbon nano-
tubes, and iron nanoparticles,®’ Fe,Os/graphene
hybrids,®? or highly reversible spherical carbons.®®> Addi-
tional noteworthy examples of high-performance NIB
carbons include refs 12, 51, 52, 54, 56, 64, and 65. Such
materials are very promising from a specific capacity and
rate capability viewpoint. However, in many cases the
heterogeneous environment of the stored Na creates a
distribution of site energies, with “supercapacitor-like”
sloping voltage profiles that may be nonideal for some
applications. The highest free energy sites in the carbon
will trap Na irreversibly or will require a substantial over-
potential to have it extracted. This leads to poor cycling
Coulombic efficiency and large (1 V or higher) charge/
discharge voltage hysteresis.

Bananas are the most commonly eaten fruit in the
United States, making up more than 50% of total
amount of fruit consumed per year. According to
2009 statistics, approximately 3.5 of the total 6 million
metric tons were bananas.®® The banana peels, which
make up 40% of the total weight of the fruit, are
inedible to humans and serve little economic purpose
apart from being ground into compost along with
other biodegradable wastes. The majority of banana
peels are placed in landfills or garbage dumps, where
they release CO, along with noxious gases as they
decay. In that sense they are an ideal precursor for
value-added carbons, possessing a negative value
associated with their disposal. Banana peels have been
employed to fabricate conventional activated carbons
(AC) for wastewater treatment® —° and for superca-
pacitor applications where they also served as a tem-
plate for aminophenol furfural resin-zinc complexes.”®”

In this study we set out to create a NIB carbon that
behaves electrochemically like graphite in LIBs. This
requires a fundamentally different structure as com-
pared to that of a commercial high surface area, highly
disordered AC. While such a material will never hold as
much charge (by weight) as ultra-high surface area
carbons such as defective or N-doped graphene,”> 74
it will demonstrate key commercial advantages such as
(a) maximizing the voltage window of a fuel cell due to
a low and flat plateau; (b) being volumetrically dense
with a low surface area, resulting in excellent electrode
packing characteristics, a high volumetric capacity, and
low levels of SEI formation, and (c) being highly
reversible with nearly 100% cycling Coulombic effi-
ciency and minimal voltage hysteresis. Our facile syn-
thesis strategy combined with a precursor that is truly
an abundant waste will make these electrodes both
inexpensive and environmentally friendly.

RESULTS AND DISCUSSION

Structure of BPPG and BPPG-A. We employ a shorthand
designation to label the various carbons. The as-
pyrolyzed banana peel pseudographite is named

LOTFABAD ET AL

BPPG-x, with x representing the carbonization tem-
perature. The subsequently air-activated carbon is
termed BPPG-x-A. Battery-grade graphite, labeled CG,
and high surface area, high electrical conductivity
activated carbon, labeled AC (both commercially
purchased), were employed as baselines.

The heterogeneous structure of a banana peel
consists of biopolymers in plant cell walls and includes
hemicelluloses, pectins, lignins, free sugars, proteins,
and some crystalline cellulose.”” Both hemicellulose
and lignin are highly cross-linked and noncrystalline,
thus favoring formation of nongraphitic carbons at
reasonable pyrolysis temperatures. Lignin is deemed
especially important for converting biomass into por-
ous carbons through pyrolysis.”® The banana peels
contain up to 20% pectin, which is another branched
biopolymer molecule, being similar in structure to
lignin and consisting of sugar monomers. Up to 35%
of the peel dry mass is made up of free sugars, although
the exact composition varies between species and with
ripening.”>’” During pyrolysis, organic molecules emit
gases such as CO and CHy, while the remaining carbon
cross-links and undergoes some aromatic ordering. If
the precursor is rich in smaller molecules such as the
free sugars, a viscous liquid may form, allowing the
graphene sheets to partially align themselves in the
pitch that precedes full carbonization.”® As discussed
in the introduction, formation of equilibrium graphite
has to be avoided, as the interlayer spacing is too small
to facilitate Na intercalation. The banana peel is an
ideal precursor for NIB anodes, balancing the lignin and
pectin fractions that prevent crystallization of equilib-
rium graphite with the free sugars that enable partial
ordering of the graphene layers. Such pseudographitic
ordering allows for significant Na intercalation into the
graphene interlayer spacings of the pyrolyzed carbon.
However, the resultant graphene sheets are also highly
defective (e.g., divacancy and Stone—Wales defects).
These reversibly bind to Li and thus allow for 3 times
more charge to be stored as compared to equilibrium
graphite in LIBs.

Figure S1a (Supporting Information) shows an en-
vironmental SEM image of a cross-sectioned dried
banana peel. In the as-dried state (precarbonization)
the peels are effectively dense with little visible macro-
porosity. Figures 1a, S1b, and S1c show SEM micro-
graphs of the BPPG specimens. As a result of the
pyrolysis, the materials develop limited macroporosity.
The inset in Figure 1a compares the density of loose
(not tapped) powders of BPPG-1100-A with that of
commercial electrode grade graphite (CG) and with
commercial supercapacitor electrode-grade activated
carbon (AC). With the same sample mass (1.19 g), the
packed volume of BPPG-1100-A is substantially lower
than that of activated carbon, being closer to that of
graphite. Since the diameter (1.9 cm) of the glass vials
is identical in each case, the relative densities of the
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Figure 1. Structure of banana peel pseudographite (BPPG) in its activated state. (a) SEM micrograph highlighting the general
morphology of a BPPG particle (BPPG-1100-A), with the inset showing its volume difference in comparison with baseline
commercial graphite (CG) and activated carbon (AC) of the same weight. (b) Pore size distribution (calculated from the
adsorption isotherms using the DFT method) with the inset showing nitrogen adsorption—desorption isotherms. (c and d)
XRD and Raman spectra. (e—g) HRTEM micrographs of BPPG-800-A, BPPG-1100-A, and BPPG-1400-A, respectively. The

corresponding data for BPPG are shown in Figure S2a,b.

loose powders are effectively the inverse of their
packed height difference. The heights of the AC, GC,
and BPPG-1100-A powders are 1.2, 0.7, and 0.8 cm,
respectively.

Table 1 lists the relevant physical properties of
BPPG, BPPG-A, and CAC. The pore size distributions,
calculated using the density functional theory (DFT)
model from the adsorption branch, are shown in
Figure 1b. The actual experimental isotherms for
BPPG-A are shown in the inset, which show type-l/IV
behavior. Interestingly, increasing the carbonization
temperature promotes a shift from microporosity to
mesoporosity for an identical air activation treatment
(300 °Q). For instance after carbonization at 1400 °C,
the material is primarily mesoporous, with the largest
volume fraction of pores being centered at 3.7 nm. Air
activation is known to preferentially attack the disor-
dered (less thermodynamically stable) portions of the
carbon. One can argue that with increasing carboniza-
tion temperature and the enlargement of the pseudo-
graphitic domains (Table 1) there is a concomitant
coarsening of the remaining disordered regions. This
would lead to larger pores in the postactivated state.
For the nonactivated specimens the total surface areas
range from 14.5 to 33 m?%/g, which is effectively the
geometric surface area with an additional contribu-
tion from the macroporosity. Even after activation, the
surface areas are relatively low, ranging from 62 to
217 m%/g. The true density of the carbons may be
estimated as 2 g/(1 cm® + volume of pores). The total
pore volumes for BPPG, BPPG-A, and commercial high
surface area activated carbon (AC) are listed in Table 1.
While for the BPPG and BPPG-A the resultant density is
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still in the 2 g/cm?® range, for the case of AC the density
is half that value, i.e., 1 g/cm®.

Figure 1c shows the X-ray diffraction (XRD) patterns
of BPPG-A. The XRD patterns of the BPPG are shown in
Figure S2c. It can be seen that the 300 °C activation will
not appreciably alter the graphitic order/disorder. The
results of the XRD analysis, along with the results of
Raman and BET, are shown in Table 1. The average
graphene interlayer spacing was calculated from the
peak centers. The thickness and average width of the
graphitic domains, L. and L,, are calculated based on
the well-known Scherrer equation, using the fwhm
values of (002) at 26 ~ 23° and (100) at 20 ~ 43°.

As Table 1 demonstrates, the integraphene layer
(doo2) spacing gradually shifts toward lower values with
increasing carbonization temperature. However, a
comparison of the 800, 1100, and 1400 °C carbons
indicates that this trend is quite weak and that in all
cases the spacing is significantly above that of equilib-
rium graphite (0.3354 nm). In the 800 and 1100 °C
specimens the average thickness of the pseudographi-
tic domains is ~1.6 nm, indicating that they are com-
posed of ~4 stacked graphene layers (i.e., 1.6/0.4 = 4).
In the 1400 °C specimens the domains are composed
of ~5 stacked layers. Carbonizing at 1400 °C creates a
bimodal distribution in the average d spacings, indicat-
ing that the temperature is finally high enough to form
equilibrium graphite (c/2 measured as 0.3354 nm). The
two overlapping peaks were mathematically deconvo-
luted using the Voigt function. On the basis of the
deconvoluted areas of the peak doublets, the carbon
to equilibrium graphite ratio for BPPG-1400-A is 8:1 by
weight.
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TABLE 1. Structure and Textural Properties of BPPG and BPPG-A

sample dooz () L, (nm) L. (nm) Ie/ly”
BPPG-800 3.97 212 1.56 0.78
BPPG-1100 3.91 415 1.59 0.91
BPPG-1400 3.84/3.35 7.30/10.91 2.04/5.56 0.93
BPPG-800-A 3.99 243 1.59 0.79
BPPG-1100-A 3.92 436 1.62 0.92
BPPG-1400-A 3.86/3.35 743/11.31 2.12/5.49 0.94
AC 3.2 42 1.84 0.26

Sger (m%g)° V; (cm’/g)* pore vol % (<2 nm) pore vol % (>2 nm)

33.0 0.059 20.3 79.7
193 0.052 10.1 89.9

14.5 0.047 6.2 93.8
2173 0.23 55.4 44.6
130.8 0.19 382 61.8
62.1 0.14 13.8 86.2
2050 117 61.7 383

“Ip and /g are the integrated intensities of the D and G band. % Surface area was calculated with Brunauer—Emmett—Teller (BET) method. ¢ The total pore volume was

determined at a relative pressure of 0.98.

Raman spectroscopy analysis results are shown in
Figure 1d and Figure S2d. In a Raman spectrum for
carbon materials the G band is a characteristic feature
of the graphitic layers and corresponds to the tangen-
tial vibration of the carbon atoms, while the D band
corresponds to disordered carbon or defective graphi-
tic structures. The integral intensity ratio of these two
peaks scales with the degree of graphitic ordering in
the carbons.” The integral intensity ratio of G band to
D band rises with increasing carbonization tempera-
ture, agreeing with the XRD results. The fits of the spectra
are shown in Figure S3 (Supporting Information), with the
resultant Ic/lp being shown in Table 1. For all synthesis
conditions, the I/ ratio never goes above 1, indicating
that the ordered graphene sheets in all the materials are
highly defective.

High-resolution transmission electron microscopy
(HRTEM) micrographs of BPPG-800-A, BPPG-1100-A,
and BPPG-1400-A are shown in Figure 1e—g. For all
three materials, well-defined larger (~3 nm and up-
ward) mesopores were observed throughout the struc-
ture, with individual ones being shown by arrows
in Figure 1e and f. The HRTEM micrographs show a
speckled contrast synonymous with the presence of
microporosity. However, due to the inevitable overlap
of the individual sub-2 nm pores with the carbon along
the beam patbh, it is not possible to resolve the micro-
pores within the images. The HRTEM micrographs also
show that with increasing carbonization temperature
there is more aromatic ordering, agreeing with the XRD
and the Raman results.

Figure S4 and Tables S1 and S2 present X-ray
photoelectron spectroscopy (XPS) results for BPPG
and BPPG-A specimens. XPS data shown in Table S1
were from analysis performed on as-synthesized car-
bons. Table S2 shows XPS results on carbons that were
mechanically ground after synthesis so as to expose
bulk material to surface analysis. Combustion elemen-
tal analysis was also employed to obtain the bulk N, H,
and O content, the results being listed in Table S1.
From both sets of XPS results it can be concluded that
BPPG and BPPG-A contain nitrogen (0.48—2.82 wt %)
and oxygen (5.55—9.31 wt %) heteroatoms, with minor
amounts of Si (0.1—1.45 wt %), Cl (0.14—0.38 wt %), K
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(0.1-0.82 wt %), Mg (0.1-0.17 wt %), and P (0.06—
0.13 wt %). Elements K, Mg, and P were detected only
after grinding the powders, indicating that they are
depleted from the as-synthesized near-surfaces. Acti-
vation does somewhat increase the surface oxygen
content of the materials, especially for the sample that
was pyrolized at 800 °C. Since the carbons had low
surface areas (19—217 m?/g), it is not expected that O
and N surface functionalities will have an appreciable
impact on the electrochemical performance.

Electrochemical Performance versus Na. We performed
cyclic voltammetry (CV) and galvanostatic discharge/
charge cycling on both the BPPG and BPPG-A, as well
as on CAC, tested between 0.001 and 2.8 V versus
Na/Na™. Figure 2a and b show the CV curves and the
galvanostatic discharge/charge profiles for BPPG-
1100-A, at cycle 1, 2, 5, and 10. The CV and galvano-
static data for the other materials are shown in
Figures S5 and S6. The inset in Figure 2b is the dQ/dV
curve, which has a similar shape to the CVs. Two small
reduction peaks at ~0.5 and ~0.7 V are observed in the
first CV scan and disappeared in the subsequent scans.
The formation of a solid electrolyte interface (SEI)
would occur at these potentials. However, due to the
carbons' low surface area, we attribute these two peaks
more to irreversible Na insertion into the bulk. Table S3
shows the cycle 1 Coulombic efficiency (CE) of BPPG
and BPPG-A. There is a notable improvement in the
cycle 1 CE with increasing order in the carbons (going
from 63% to 73% for 800 °C versus 1400 °C carboniza-
tion) but only a marginal decrease in the CE with
increased surface area (e.g., dropping to 61% for
800 °C + activation). This indicates the cycle 1 irrever-
sible trapping of Na is associated with carbon disorder,
be it at the highly defective graphene sites or in the
amorphous regions between the pseudographitic do-
mains. However, during steady-state cycling the CE is
100%; hence minimal additional permanent trapping
of Na occurs.

A pair of highly reversible (minimal voltage
hysteresis) oxidation/reduction peaks are present at
0.3—0.01V, similar to lithium insertion into graphite.>’
As Table S3 points out, at an intermediate charging rate
(50 mA g™ ) the reversible capacity of the as-carbonized
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Figure 2. Electrochemical performance of BPPG tested in a half-cell against Na. (a) Cyclic voltammogram (CV) of BPPG-1100-A
tested at 0.1 mV s~ ". (b) Galvanostatic discharge/charge curves of BPPG-1100-A at a current density of 50 mA g”. (c) Potential
profiles of BPPG and BPPG-A electrodes. (d) Summary of capacity above and below 0.1 V in BPPG and BPPG-A, 10th cycle at
50 mA g . (e) Dependence of the mean graphene interlayer spacing of BPPG-1400-A on discharge/charge voltage,

demonstrating reversible Na intercalation-induced dilation

of the mean intergraphene spacing. The electrodes were

galvanostatically discharged/charged to 0.2, 0.1, 0.05, and 0.001 V, with dilation values derived from XRD spectra shown
in Figures S8. (f) Raman integral intensity ratio (/g/lp) of BPPG-1400-A as a function of discharge/charge voltage,
demonstrating intercalation-induced ordering of the carbon; values derived from Raman spectra in Figure S8.

and the activated specimens is very similar. For instance,
for BPPG-1100 versus BPPG-1100-A the total capacity
difference is 23 mAh g~ (362 versus 385 mAh g ).
As Figure 2c shows, all the BPPG and BPPG-A display a
sloping-voltage region and a nearly flat plateau at
potentials lower than 0.2 V. The effect of carbonization
temperature on the fraction of the total capacity
associated with the plateau below 0.1 V is summarized
in the histogram shown in Figure 2d. The sub-0.1 V
capacities increase with higher degree of ordering,
being 106 mAh g~ for BPPG-800-A, 200 mAh g~ for
BPPG-1100-A, and 238 mAh gf1 for BPPG-1400-A. The
low-voltage capacity is fully independent of activation,
indicating that it is not due to nanopore filling by Na
metal, aka “nanoplating”.

Charge storage in carbons for LIBs and NIBs has
been ascribed to the following mechanisms: chemi-
sorption on surface heteroatoms® metal nano-
pore filling, i.e., “nanoplating”,*>”38" intercalation be-
tween graphene layers,'>** and reversible adsorption
at structural defect sites in the graphene®272¢ The
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charge—discharge profiles in high surface area carbons
with high O and N contents have a substantial voltage
hysteresis, often being on the order of 1 V or more
throughout the entire capacity range.”®*”%° Below
0.2 V the 1100 and 1400 °C BPPG and BPPG-A have
hysteresis that is less than 0.05 V. As we will demon-
strate in the subsequent analysis, the key low-voltage
charge storage mechanism for BPPG is the reversible
intercalation of Na between the graphene planes of the
pseudographtic domains. In all the BPPG specimens
the graphene sheets also contain a high content of
defects. We attribute the sloping high-voltage charge
storage behavior to reversible binding of Na at gra-
phene divacancies and Stone—Wales defects, as has
been recently predicted by ab initio calculations.®®
The relatively high density of BPPG also delivers a
high volumetric charge storage capacity. Figure S7
provides this result for BPPG-1100-A, as a function of
cycle number. For all experiments we employed a mass
loading of ~1 mg/cm?, giving an average electrode
thickness of 14 um (see cross section SEM image in
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Figure S7). This results in an electrode with a packing
density of ~0.75 g cm™3. Thus, the reversible volu-
metric capacity obtained for BPPG-1100-A is ~700
mAh cm™ by active material (i.e., based on the true
density of the carbon) and ~270 mAh cm ™ by elec-
trode volume. It is difficult to make a one-to-one
volumetric comparison with commercial LIB graphite
since professionally manufactured commercial electro-
des are both thicker (with correspondingly higher mass
loading) and roll-pressed rather than drop-cast onto
a current collector. The details of the manufacturing
process are almost always proprietary. However, it is
possible to increase the packing density and the mass
loading of BPPG to be closer to commercial systems.
We employed a Carver laboratory press (4000 psi) to
achieve electrodes with a mass loading of ~6.2 mg.
The resultant electrode thickness was 39 um on a
geometric area of 1.54 cm?® This electrode is also
shown in Figure S7.

We employed XRD and Raman spectroscopy to
further understand the changes that occur in BPPG-
1400-A during Na insertion/extraction. The results are
shown in Figure 2e and f, with the raw data being
presented in Figure S8a and b. To obtain a “steady-
state” microstructure, the half-cells first received 10
galvanostic charge/discharge cycles at 30 mA g~.
Upon cycle 11, the electrodes were discharged to (a)
0.2, (b) 0.1, () 0.05, and (d) 0.001 V and then charged to
(e) 0.05V, () 0.1V, and (g) 0.2 V. The cells were then
disassembled in a glovebox with the active material
being removed from the current collector, cleaned,
and immediately analyzed. Figure 2e shows a plot of
the mean d spacing versus voltage. The broad (002)
pseudographitic peak shifts to lower angles as the
electrode is sodiated. The d spacing is progressively
expanded from the initial 3.96 A to the final 4.25 A at
0.001 V. The measured dilation has to be due to Na
intercalation between the graphene layers, similar to Li
in graphite. It has been reported that the equilibrium
interplanar distance for NaCg is about 0.45 nm, while
that for LiCs is 0.37 nm.>>%” On the basis of the capacity
achieved at this cycle number (~330 mAh g™), the
stoichiometric factor x in Na,Cg is ~0.88. Examining the
interlayer upon subsequent desodiation indicates that
the process is highly reversible, agreeing with the elec-
trochemical testing. As indicated by the Raman spectra
(Figure 2f), BPPG-1400-A becomes progressively more
ordered during sodiation and subsequently disordered
during the reverse process. Similar to the XRD results,
the ordering is highly reversible with voltage. This Na
insertion-induced ordering phenomenon has not been
previously reported.

Neither XRD nor XPS shows evidence of Na metal
nanopore filling even at 0.001 V. Metal peaks were not
detected in the XRD patterns for any of the BPPG. We
followed the XPS—Scotch tape methodology em-
ployed in ref 84 to analyze Na bonding in the interior
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of BPPG-1400-A. The C 1s spectrum shown in Figure
S8d shows minimal (Na)carbonates, indicating that the
SEl layer was successfully removed along with the top
of the carbon. Figure S8c demonstrates a strong bind-
ing peak of Na at 1071.1 eV, which almost entirely
disappears at 2.8 V. We attribute this peak to C—Na
bonds within the pseudographitic domains, although
prior experimental evidence for this interpretation is
unavailable. The binding energy for metallic sodium is
1071.7 eV, while for Na,O it is 1072.5 eV,2® both of
which are conspicuously absent. The fact that the Na
signal almost entirely disappears at 2.8 V is also a
strong indication that the SEl is removed. XPS results
on samples without using the Scotch tape approach
show a strong peak in Na 1s spectra at ~1071 eV at
both 0.001 and 2.8 V but with lower signal intensity
after desodiation to 2.8 V. This indicates that some
of the decomposition products that are formed can
be partially dissolved. The presence of considerable
(Na)carbonate peaks after desodiation to 2.8 V in both
Na 1s and C 1s spectra indicates that these peaks could
be related to the decomposition products rather than
Na inside the electrode. This was further confirmed by
SEM images of electrodes after desodiation to 2.8 V be-
fore and after using the Scotch tape method (Figure S9).
The morphology of the electrode after using the Scotch
tape method is almost identical to the as-prepared one
with clean surfaces and sharp boundaries. By contrast,
without using this method the surface is no longer
smooth but rather rough in appearance, with an SEI
layer covering the surface.

Figure 3a shows the cycling capacity retention per-
formance of BPPG-A and BPPG, tested at 50 mA g~ for
the first 10 cycles and at 100 mA g~ for the next
290 cycles. The BPPG-1100-A and BPPG-1100 electro-
des show the best combination of total capacity and
capacity retention. BPPG-1100-A and BPPG-1100 pos-
sess a reversible capacity of 339 and 318 mAh g~ ' at
cycle 11 and 298 and 286 mAh g~ ' at cycle 300. In
BPPG-800, BPPG-800-A, BPPG-1100, and BPPG-1100-A
the Coulombic efficiency increases dramatically upon
cycling, reaching over 98% after 5 cycles and ~100%
(within measurement accuracy of the instruments)
after 10 cycles. BPPG-1400-A and BPPG-1400 demon-
strate slightly lower cycling CE (98.5—99%) and de-
grade faster during cycling than the rest. The cycle 11
capacities of BPPG-1400-A and BPPG-1400 are 310 and
295, respectively. After 300 cycles these numbers are
reduced to 240 and 242, i.e., 22% and 18% degradation.
We believe that both the lower CE and the faster
degradation are related to the presence of the second-
ary graphite phase. Upon attempted insertion of the
misfitting Na ions, the graphite begins to exfoliate,
creating new surfaces and resulting in limited local
pulverization of the electrode. Any fresh surfaces ex-
posed to electrolyte will cause new SEI formation and
subsequent loss of cycling CE, while local pulverization
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Figure 3. (a) Cycling performance of the BPPG and BPPG-A electrodes tested in a half-cell against Na, with the corresponding
Coulombic efficiency (CE) being displayed on the right axis. (b) Extended cycling performance and CE of the BPPG-1100-A
electrode. (c) Rate performance of BPPG-A electrodes. (d) Rate performance of BPPG electrodes. (e, f) Cycling capacity
retention and rate capability comparison of BPPG-1100-A with the state-of-the-art in the literature, tested versus Na. Red

diamonds are our results.

would lead to a capacity decay due to loss of elec-
trical contact. We cycled the best overall performing
material (BPPG-1100-A) up to 600 cycles at a rate of
500 mA g~ '. These results are also shown in Figure 3b.
The electrode exhibits a stable capacity of 210 mAh g '
at cycle 600, corresponding to a capacity retention of
93%. It also demonstrates a cycling CE of ~100%.

A comparison of Figure 3c and d highlights the
effect of activation on the electrodes' high rate cap-
ability. For a given carbonization treatment, at low and
moderate rates the positive effect of activation is quite
minor. However, at high rates (e.g., 5and 10 A g~") the
activated specimens outperform the nonactivated
ones. BPPG-1400-A and BPPG-1400 possess the overall
smallest surface areas and pore volumes and demon-
strate the lowest capacities at rates 0.5 A g~' and
above. BPPG-800 and BPPG-800-A possess by far the
largest surface areas and pore volumes and offer the
highest capacity at 1 A g~' and above. For the reasons
previously discussed, BPPG-1100-A and BPPG-1100
show the best performance at moderate (0.5 A g ' is

LOTFABAD ET AL.

about 1.5C) and low rates. However, these specimens
possess surface areas and pore volumes lower than
BPPG-800/BPPG-800-A, placing them at a high rate
disadvantage. These rate trends may be explained by
considering the role of activation in introducing
porosity in each of the materials and the subsequent
role of porosity in reducing solid-state Na diffusion
distances within the carbons. It is reasonable to
assume that at higher charging/discharging rates
the extent of sodiation will become solid-state diffu-
sion limited. This is a key difference between bat-
teries and electrical double layer (EDL) capacitors,
where in the latter case the ion diffusional limitations
will occur within the electrolyte.>®®° Assuming elec-
trolyte contact on both sides of a carbon wall, the Na
diffusion distance may be approximated as half the
wall thickness. The introduction of limited micro-
and mesoporosity into the BPPG is therefore essen-
tial for reducing the solid diffusional limitations by
creating carbon walls that are in effect much thinner
than their macroscopic dimensions.
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Electrochemical impedance spectroscopy (EIS) was
employed to further examine the cycling behavior of
BPPG-A and BPPG. The impedance spectra of the
electrodes before and after cycling were modeled
with the equivalent circuit depicted in Figure S10.
Figures S11—S14 show the Nyquist plots for samples
before cycling and after 300 cycles, respectively. The
spectra consist of a depressed semicircle in the high-
and middle-frequency regions and a straight line in the
low-frequency region. R, represents the sum of elec-
trical resistances (contacts, etc.), Cy the electrical dou-
ble layer capacitance, R the charge transfer resistance,
and Zy the Warburg-type element associated with ion
diffusion in the carbon electrode. For the cycled elec-
trodes an additional parallel combination of a resistor
and capacitor is added to represent ion transport
through the SEl layer,”® denoted as R and C;, respec-
tively. The numerical values obtained from modeling
are listed in Table S4.

For the as-prepared samples, the trend in the
charge transfer resistance, which is roughly equal to
the diameter of the semicircle in the spectra, indicates
that the lower carbonization temperature gives higher
charge transfer resistance (Figures S11, S12). It is
plausible that Na insertion into a more disordered
carbon from the electrolyte will be less facile than for
a more ordered counterpart. Thus, there would be a
higher charge transfer resistance in the as-synthesized
state, prior to SEI formation. The cycling-induced in-
crease in the charge transfer resistance is on par for the
BPPG-1100-A and BPPG-800-A specimens. However,
the total charge transfer resistance of BPPG-800-A
remains higher than for BPPG-1100-A, an effect prob-
ably associated with the underlying structure of the
carbon. As Figure S15e indicates, past the first several
charge/discharges, the cycling-induced increase in the
charge transfer resistance in both BPPG-1100-A and
BPPG-800-A is quite minimal. The EIS results support
our interpretation that the electrode's rate capability is
dominated by solid-state diffusion of Na inside the
carbon, as BPPG-800-A has better rate performance
despite having a higher charge transfer resistance than
BPPG-1100-A. After 300 cycles the charge transfer
resistance is significantly larger for BPPG-1400-A and
BPPG-1400 specimens (Figure S13 and Table S4), sup-
porting the argument that the samples' inferior cycling
Coulombic efficiency is associated with higher rates of
SEl formation.

A comparison of the performance of the BPPG-
1100-A specimen with state-of-the-art carbons is pre-
sented in Table 2 and in Figure 3e and f. Figure 3e and f
show the cycling performance and the rate capability
comparison, respectively, with the solid red diamonds
being our results. Table 2 emphasizes the plateau
capacity (below 0.1 V) comparison of BPPG-1100-A
with literature, an essential metric not captured in
the total capacity plots presented in Figure 3e and f.

LOTFABAD ET AL

Carbons included in the comparison are carbon
nanosheets,>? carbon nanofibers,'>16>3578% hard car-
bon,'*' templated carbon,®* highly disordered
carbon, hollow carbon nanowires,>? hollow carbon
nanospheres,®’ carbonized peat moss,”* and nanocel-
lular carbon foams,'® all of them being primarily high
surface area materials. To the best of our knowledge,
the combination of high reversible volumetric and
gravimetric capacities, the flat low-voltage and low-
hysteresis plateaus, the extended cycling performance,
and high rate capability have seldom been achieved in
previous reports on sodium ion battery anode carbons.

Electrochemical Performance versus Li. The dense BPPG
carbons are also uniquely promising for LIB applica-
tions, as the highly defective graphene sheets within
the pseudographic domains will reversibly bind with Li,
while the near-surface nanopores will provide sites for
underpotential metal deposition. Figure 4a shows the
cycling performance of the BPPG-A electrodes, with
the Coulombic efficiency of the electrodes also being
displayed. The cycling CE is close to 100%. Figure 4b
shows the rate performance of the BPPG-1100-A elec-
trode. BPPG-800-A, which is the most disordered car-
bon, demonstrated by far the highest overall cycling
capacity, being at 800 mAh g~ ' at cycle 300 when
tested at 100 mA g~ ". This is direct evidence for the
necessity of graphene defects in achieving a reversible
capacity with Li that far surpasses that of commercial
graphite. It has been shown that a divacancy is the
thermodynamically most stable defect®*®"°? and will
also act as a preferential Li adsorption site.?*

The CV curve of the BPPG-1100-A specimens is
shown in Figure S16a. Lithiation/delithiation demon-
strates a pronounced reduction peak at 0—1 V during
the first cycle and at 0—0.5 V during the subsequent
cycles. The discharge—charge profiles for BPPG-A and
BPPG are shown in Figures S16 and S17. The initial CEs
are slightly lower when employing Li (Table S5) rather
than Na (Table S3), which may account for the differ-
ence in the structure and in the formation kinetics of
SEL.**%3 The degree of irreversible trapping of Li within
the bulk of the carbon would also affect the cycle 1 CE
values. Figure S18a compares the capacity versus
voltage profiles for BPPG and BPPG-A versus Li, while
Figure S18b shows a summary of capacity versus
voltage. The galvanostatic profiles are less flat than
they are with Na and do show a marked hysteresis.
These features are in accord with other reports on Li
insertion/extraction into nongraphitic carbons.>>7%4

The EIS data for BPPG-1100-A, presented in
Figure S15d, show a trend similar to the case of Na.
Early during cycling the charge transfer resistance
increases somewhat and remains essentially invariant
during subsequent testing up to 300 cycles.

There is a major difference in the reversible capacity
with Li versus with Na, the former being up to 3 times
higher. Activation has a substantial effect when testing
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TABLE 2. Plateau Capacity (below 0.1 V) Comparison of BPPG-1100-A versus State-of-the-Art NIB Carbons

material

BPPG-1100-A
(this work)

carbon nanosheets
(ref 56)

interconnected carbon
nanofibers (ref 80)

hard carbon particles
(ref 12)

templated carbon
(ref 64)

carbon fibers (ref 57)

highly disordered
carbon (ref 55)

hollow carbon
nanowires (ref 52)

hollow carbon nano-
spheres (ref 51)

carbonized peat moss
(ref 54)

carbon nanofibers
(ref 13)

nanocellular carbon
foams (ref 15)

porous carbon nano-
fiber (ref 16)

carbon fibers (ref 53)
hard carbon (ref 14)

initial Coulombic
efficiency (%)

67.8

348

4.3

78

20

57.6

505

4.5

575

587

not reported

535

<40
61

plateau capacity
(capacity below 0.1V vs Na/Na™)

200mA g
at 50 mA g~ (10th cycle)

@ 40mAh g~ at50mA g
(10th cycle)

not reported

@.150mAh g "at 25 mA g

@ 20mAhg 'at74mA g
(10th cycle)

not reported

. 110 mAh g~ at 100 mA g~
(3rd cycle)

@ 150 mAh g " at 50 mA g’
(10th cycle)

@. 20 mAh g~ ' at 50 mA g
(10th cycle)

cydability (discharge capacity)

342 mAh g~ at 11th cydle
298 mAh g™ at 300th cycle

rate performance

290 mAh g~ " at 200 mA g~
238 mAh g at 500 mA g

88% capacity retention over 290 cycles at 100 mA g~ 155 mAh g 'at 1A g™

ca. 260 mAh g~ at 10th cydle
ca. 155 mAh g~ at 200th cydle
60% retention over 190 cycles at 50 mA g~

151 mAh g~ at 10th ycle
134.2 mAh g~ at 200th cydle
88.7% retention over 190 cycles at 200 mA 9’1

250 mAh g~ at 2nd cycle

225 mAh g™ at 100th cycle

88% retention over 98 cycles at 25 mA g~
180 mAh g~ at 2nd cycle,

120 mAh g~ at 40th ycle

66.7% retention over 38 cycles at 74 mA g~
ca. 350 mAh g~ at 2nd cydle

243 mAh g~ at 100th cycle

70% retention over 98 cycles at 50 mAh g~

255 mAh g~ at initial cycles
234 mAh g~ at 180th cycle
92% retention over 170 cycles at 100 mA g~

ca. 255 mAh g~ at 10th cydle

ca. 220 mAh g~ at 200t cycle

86% retention over 190 cycles at 50 mA g™
250 mAh g~ at 10th cydle

160 mAh g~ at 100th cydle

64% retention over 90 cycles at 100 mA gf1

161 mAh g~ at 50 mA g~ (10t cycle)284 mAh g™ at 11th cydle

@ 130mAh g 'at40mAg’
(10th cycle)

not reported

@ 170 mAh g ' at 50 mA g~
(10th cycle)

184 mAh g~ (1st cycle)
>170 mAh g~ (st ycle)

against Li, while a negligible effect when testing
against Na (at intermediate and low charging rates

LOTFABAD ET AL.

255 mAh g~ at 210th cycle
90% retention over 200 cycles at 100 mA g~

200 mAh g~ at 2nd cydle
180 mAh g~ " at 300th cycle
90% retention over 298 cycles at 200 mA g™

153 mAh g~ at 2nd cycle
137 mAh g~ at 300th cycle
90% retention over 298 cycles at 100 mA g~

280 mAh g™ at 10th cycle
266 mAh g~ at 100th cydle
95% retention over 90 cycles at 50 mA g~

not reported

340 mAh g~ at 2nd cycle

310 mAh g~ at ~60 mA g~

88% retention over 118 cycles at ~30 mA g’1

100 mAh g 'at 2A g~
70mAhg 'at5Ag"

a. 190 mAh g~ at 200 mA g~
ca. 125 mAh g~ at 500 mA g
a.80mAh g 'at 1A g™’
S0mAhg 'at2Ag"

45mAhg 'at5Ag"

150 mAh g~ at 200 mA g~
139 mAh g ' at 500 mA g~
132mAhg 'at1Ag™"

121 mAhg 'at2Ag "
100mAh g 'at5Ag"

not reported

@140 mAh g~ at 74 mA g~
@120 mAh g~ at 740 mA g
@.100 mAh g~ at 1.85A g~
210 mAh g~ " at 200 mA g~
175 mAh g~ ' at 500 mA g~
153 mAhg 'at1Ag™"
134mAh g 'at2A g™

101 mAhg 'at5Ag"

190 mAh g~ at 200 mA g~
139mAh g~ at500 mA g
102mAhg 'at1Ag"
75mAhg 'at2Ag"
4mAhg 'at5Ag

210mAh g at 250 mA g
149 mAh g~ at 500 mA g~
168 mAh g~ at 200 mA g~
142 mAh g~ at 500 mA g~
120mAhg 'at1Ag™"
100 mAh g 'at2A g~
75mAhg 'at5Ag"

250 mAh g at 200 mA g
203 mAh g~ at 500 mA g~
150 mAh g 'at1Ag"
106 mAh g 'at 2A g~

66 mAhg 'at5Aq "

200 mAh g at 200 mA g
160 mAh g~ at 500 mA g~
120mAh g 'at 1A g™
85mAhg 'at2Ag"

140 mAh g~ at 200 mA g
120 mAh g " at 500 mA g~
100mAh g 'at1Ag™"

50 mAhg 'at5Ag"

225 mAh g™ at 500 mA g
200mAhg 'at1Ag"
164 mAh g 'at 2A g~
90mAhg 'at5Ag"

not reported

300 mAh g~ at 120th cydle
240 mAh g™ at ~300 mA g~
150 mAh g~ at ~600 mA g~

where diffusional limitations are not significant). This is
one source of the capacity discrepancy between LIBs
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Figure 4. Electrochemical performance of BPPG, tested in a half-cell against Li. (a) Cycling performance of the BPPG-A
electrodes, with the Coulombic efficiency of electrodes being displayed. (b) Rate performance of the BPPG-1100-A electrode.
(c) XRD spectra for BPPG-1400-A at different discharge and charge voltages (versus Li/Li"). (d) Dependence of the mean
graphene interlayer spacing of pseudographite (black line) and graphite (blue line) phases in BPPG-1400-A on the discharge/
charge voltage. The electrodes were galvanostiatically discharged/charged to 0.2, 0.1, 0.05, and 0.001 V, 10th cycle at
50 mA g . The actual potential versus capacity profiles and a summary of capacity above and below 0.1 V are shown in
Figure S18. (e, f) Cycling capacity retention and rate capability comparison of BPPG-1100-A with the state-of-the-art in the
literature, tested versus Li. (The current density in ref 103 and106 is based on A cm~2.) Red diamonds are our results.

and NIBs and will be shown to be a direct outcome
of Li metal nanopore filling. Reversible capacities are
1109 mAh g~ for BPPG-800, 1225 mAh g~ ' for BPPG-
800-A; 1007 mAh g~ ' for BPPG-1100, 1199 mAh g~ ' for
BPPG-1100-A; and 819 mAh g~ for BPPG-1400, 1021
mAh g~ for BPPG-1400-A. In all three cases the extra
capacity due to activation is achieved below 0.1 V
(Figure S18). We also hypothesize that the much higher
>0.1V capacity in LIBs versus NIBs and the more sloping
charge/discharge profiles with a larger hysteresis are
directly related to a wider abundance of adsorption
sites for Li in the defective graphene layers. The stronger
binding sites will have Li absorption occur at a higher
voltage (AG = —nFE) and will require a large over-
potential upon subsequent delithiation of the half-cell.

Figure 4c and d show the dependence of the mean
graphene interlayer spacing in the pseudographitic
domains and in the equilibrium graphite on the charge/
discharge voltage. The sample that was analyzed is

LOTFABAD ET AL.

BPPG-1400-A. Li intercalation-induced dilation in the
pseudographite occurs to a lesser extent than with Na.
This difference is in part due to the smaller radius of the
Li. We argue that this also another manifestation of
proportionally more Li being adsorbed on graphene
defects, rather than being intercalated, as the former
would add to the overall capacity but not induce
systematic lattice dilation. Figure S19a and b show
the Raman integral intensity ratio as a function of
discharge/charge voltage, demonstrating some Li in-
tercalation-induced ordering of the carbon. The de-
gree of ordering, however, is much less than for Na.
Figure 4c shows a strong lithium metal peak cen-
tered at 20 =~ 36°, corresponding to (110)Li. This peak
appears upon the reduction of the electrode to 0.2 V
and grows more prominent at lower potentials. It also
symmetrically shrinks upon delithiation. The unambig-
uous presence of a (110) metallic Li reflection is a direct
evidence of a key contribution of metal nanopore
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filling to the overall capacity and agrees with the earlier
findings of ref 84. To further confirm this mechanism,
we employed XPS (Figure S20) using the same Scotch
tape technique to remove the SEl and the top carbon
layer. Upon reducing the electrode t0 0.001V, thereis a
prominent lithium metal peak. Conversely at 2.8 V the
metal peak has effectively disappeared. Similarly with-
out using the Scotch tape approach, the presence
of the peak with a binding energy of ~55 eV and a
considerable intensity in Li 1s spectra even after de-
lithiation to 2.8 V indicates that this peak is attributed
to the (Li)carbonate rather than Li metal inside the
electrode. SEM images (Figure S21) also confirm that
the SEl layer has been successfully removed using the
Scotch tape method with a smooth surface compared
to the rough one in Figure S21b.

A comparison of the performance of BPPG-1100-A
with state-of-the-art carbons is presented in Table S6
and in Figure 4e and f. Extensive research has been
done on carbon-based anode materials for LIBs.”
Carbons included in the comparison are mesoporous
carbon,®* graphene and graphene nanosheets, %1%
carbon nanotubes/graphene,” carbon nanotube on gra-
phene paper,'” graphene nanoribbons,' graphene/
carbon nanofibers,'® monolithic carbon,'® mesoporous
carbon,'® carbon nanotubes on carbon fiber,'®® macro-
porous carbon,'”’” carbon nanospheres,'°®® and photother-
mally reduced graphene,'® all of them being primarily
high surface area materials. We did not include highly
doped (e.g., by N, O, or B) carbons in the comparison since
these store Li by several additional fundamentally differ-
ent mechanisms related to reversible ion absorption at
the heteroatom functionalities or at the associated
defects.”?~7#1'° Because of this extra Li storage con-
tribution, the total capacities in such materials are
always higher than that for “pure” carbons such
the BPPG specimens, undoped graphene, or carbon

METHODS

Material Synthesis. The collected biomaterial was extensively
washed with DI water, cut into small pieces, and dried at 110 °C
overnight in a vacuum oven. Typically 10 g of banana peel
precursor was loaded in a tubular furnace for the pyrolysis
carbonization process (800—1400 °C for 5 h, heating rate:
5 °C min~") under an argon atmosphere with the flow of
100 sccm min~". The obtained carbon was carefully washed
in 20% KOH at 70 °C for 2 h and 2 M HCl at 60 °C for 15 h to
remove the remaining impurities. The purified samples were
collected by filtration after rinsing further with DI water. Then
the carbon was dried at 110 °C overnight in a vacuum oven.
Some of the carbonized banana peel pseudographite speci-
mens were further activated at 300 °C for 3 h (at a heating rate
of 5 °C min~" in the tubular furnace) in a dry air flow of
50 sccm min~'. The obtained activated banana peel pseudo-
graphite was first ground and then washed with 2 M HCl and DI
water again before use. Commercially purchased battery-grade
graphite powder (MTI) and high surface area, high electrical
conductivity activated carbon (NORIT Supra) were employed as
baselines.

LOTFABAD ET AL.

nanotubes. For instance, recently a 10% N-doped
medium surface area carbon was able to achieve a
reversible capacity of 1780 mAh g~ ' in the second
cycle.”? Judging from the table and the figures, the
overall performance of BPPG-A specimens is quite
favorable in terms of both cycling and high rate
capacity retention. This is especially true considering
that materials presented in the comparison are all
high surface area structures. Figure S22 shows the
cycling volumetric capacity of BPPG-1100-A, tested at
50 mA g~ . The volumetric capacity, based on the true
density of BPPG, is 1460 mAh cm™3 after 300 cycles,
with 100% cycling CE being achieved by cycle 20.

CONCLUSIONS

We created a unique low surface area carbon that
was derived from banana peels, termed banana peel
pseudographite, “BPPG". The materials are composed
of pseudographitic arrays possessing a mean gra-
phene interlayer spacing that is 17% dilated with
respect to graphite, allowing for facile Na intercalation
between the layers. For NIBs, the carbons actually
perform as a direct electrochemical analogue to gra-
phite in LIBs in terms of the overall charge storage
capacity, superior cycling stability, Coulombic effi-
ciency, a large and nearly flat voltage plateau below
0.1 V, and minimal charge—discharge hysteresis. A
wide comparison with literature shows BPPG to pos-
sess among the most promising electrochemical per-
formances for a sodium ion battery carbon-based
anode. BPPG also serves as a superb electrode for
lithium ion batteries, achieving 3 times the capacity
of graphite. This may be attributed to a combination of
the highly defective graphene in the pseudographitic
arrays that reversibly binds Li and the ample near-
surface nanopores available for facile underpotential
metal deposition.

Electrochemical Testing. A slurry of 80% BPPG, 10% carbon
black (Super-P), and 10% PVDF (binder) in N-methylpyrrolidone
was coated onto 316L stainless steel spacers of 1.97 cm?
(around 1 mg of active materials on one electrode) and then
dried at 110 °C overnight in a vacuum oven. The obtained
electrode, polyethene separator, and Na/Li metal counter elec-
trode were assembled into a 2032-type button cell filled with
electrolyte, in an Ar-filled glovebox with sub-0.1 ppm water and
oxygen contents. The NIB electrolyte was 1 M NaClO, in 1:1 by
volume ethylene carbonate (EC) and diethyl carbonate (DEC).
The LIB electrolyte was 1 M LiPFg in a 1:1:1 volume ratio of EC:
DMC.DEC (DMC is dimethyl carbonate). For the samples em-
ployed solely for ex situ XRD analysis of sodiation/desodiation- or
lithiation/delithiation-induced lattice dilation/contraction, car-
bon black was not included, and the amount of binder was
limited to 5 wt %. Cyclic voltammetry was carried out using a
Solartron 1470 Multistat system at a scan rate of 0.1 mV s~
(0.001—2.8 V). The charge/discharge measurements were per-
formed using an Arbin BT2000 potentiostat. Electrochemical
impedance spectroscopy measurements were also performed
using a Solartron 1470E multichannel potentiostat/cell test
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system. All electrochemical tests were conducted at room
temperature.

Material Characterization. The surface area and porous texture
of carbon materials were characterized by nitrogen adsorption
at 77 K (Quantachrome Autosorb™~"). Prior to the gas sorption
measurements, the samples were outgassed at 250 °C for 4 h
under a vacuum. The pore size distributions were evaluated by a
nonlocal DFT method using nitrogen adsorption data and
assuming slit-pore geometry. To characterize the morphology
of the carbon samples, field emission scanning electron micro-
scopy (FE-SEM) (Hitachi S-4800) and transmission electron
microscopy (TEM) (JEOL 2200FS, 200 kV) were used. X-ray
photoelectron spectroscopy measurements were performed
on an ULTRA (Kratos Analytical) spectrometer using monochro-
matic Al Ko radiation (hv = 1486.6 €V) run at 210 W. Before XPS
analysis, the samples were dried at 110 °C in a vacuum oven
overnight to remove the absorbed water. X-ray diffraction
analysis was performed using a Bruker AXS D8 Discover dif-
fractometer with Cu Ka radiation. The Raman spectra were
recorded with a confocal microprobe Raman system (Thermo
Nicolet Almega XR Raman microscope). Prior to XRD, Raman,
and XPS analysis on the partially charged materials, the samples
were kept in a glovebox. Sample transfer was done in an Ar-
filled sample container, with only minimal ambient exposure
occurring prior to analysis.
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