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A
dvanced portable and automotive
electrical energy storage (EES) sys-
tems are primarily based on lithium

ion battery (LIB) technologies. However
there is increasing concern about the use
of lithium due to its cost disadvantage
and overall global scarcity. Sodium is an
attractive alternative to lithium due to its
markedly lower cost andmuch wider global
abundance. Sodium ion batteries (NIBs) are
therefore attracting increasing scientific at-
tention, particularly with regard to large-
scale stationary applications where their
lower gravimetric energy density is less of
an issue.1,2

Substantial success has been recently
achieved in developing NIB cathode
materials,3�5 with less obvious choices

being available for the anode. Researchers
havedeveloped inorganic intercalation com-
pounds,6 organic compounds,7 or alloying
metal/metal oxides8�10 as potential anode
materials. However each class of such mate-
rials displays certain intrinsic limitations, such
as a high overpotential associated with con-
version reaction or alloying reaction electro-
des. Carbonaceous material is a dominant
candidate as electrode material for EES
devices.11�15 Because of its desirable elec-
trochemical attributes, graphite remains the
dominant anode material for commercial
LIBs.16,17 These attributes include a closely
spaced (i.e., lowvoltagehysteresis on charge vs
discharge) voltage plateau close to Li/Liþ,18,19

which for a given cathode material leads
to the widest possible voltage window.

* Address correspondence to
lizhicn@gmail.com,
dmitlin@ualberta.ca.

Received for review September 4, 2013
and accepted November 5, 2013.

Published online
10.1021/nn404640c

ABSTRACT We demonstrate that peat moss, a wild plant that covers 3% of

the earth's surface, serves as an ideal precursor to create sodium ion battery (NIB)

anodes with some of the most attractive electrochemical properties ever reported

for carbonaceous materials. By inheriting the unique cellular structure of peat

moss leaves, the resultant materials are composed of three-dimensional macro-

porous interconnected networks of carbon nanosheets (as thin as 60 nm). The

peat moss tissue is highly cross-linked, being rich in lignin and hemicellulose,

suppressing the nucleation of equilibrium graphite even at 1100 �C. Rather, the
carbons form highly ordered pseudographitic arrays with substantially larger

intergraphene spacing (0.388 nm) than graphite (c/2 = 0.3354 nm). XRD analysis

demonstrates that this allows for significant Na intercalation to occur even below

0.2 V vs Na/Naþ. By also incorporating a mild (300 �C) air activation step, we introduce hierarchical micro- and mesoporosity that tremendously improves
the high rate performance through facile electrolyte access and further reduced Na ion diffusion distances. The optimized structures (carbonization at

1100 �Cþ activation) result in a stable cycling capacity of 298 mAh g�1 (after 10 cycles, 50 mA g�1), with∼150 mAh g�1 of charge accumulating between

0.1 and 0.001 V with negligible voltage hysteresis in that region, nearly 100% cycling Coulombic efficiency, and superb cycling retention and high rate

capacity (255 mAh g�1 at the 210th cycle, stable capacity of 203 mAh g�1 at 500 mA g�1).
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Because of the minor and highly reversible dilation
of the graphite lattice during lithiation/delithiation
(c/2 changes from 3.35 to 3.6 Å), the electrodes
are stable upon extensive cycling. Moreover, gra-
phite achieves superior Coulombic efficiency due
to relatively low levels of cycling-induced solid
electrolyte interface (SEI) growth. A NIB anode
that displays these characteristics would be very
useful.20

However reports of LIB-graphite analogues for NIBs
are scarce. Traditional “soft” carbons with substantial
turbostratic disorder display as much as 50% of the
total capacity in the less useful >0.5 V range.21 Early
work on nongraphitizable “hard” carbons demon-
strated considerable capacity (200�300 mAh g�1),
but have unqualified cyclability and rate perfor-
mance.22�25 Templated carbons,26 hollow carbon
spheres,27 and carbon nanosheets28 have demon-
strated improved rate performance because of their
porosity. A recent study on hollow carbon nanowires
derived from polyaniline reported attractive potential
versus capacity profiles in addition to improved rate
capability, the former being attributed to a combina-
tion of pore filling and a dilated graphene layer
spacing.29

A survey of the existing literature on carbons with
optimum energy storage attributes shows that it is
essential to couple the intrinsic structure of the pre-
cursor with tailored carbonization/activation treat-
ment.30,31 Since no two precursors are identical,
neither should be the synthesis routes designed to
extract the maximum electrochemical performance.
Moreover both the precursor and the synthesis process
should be “green” in terms of minimal use of harmful
chemicals and ideally a negative or a net zero CO2

footprint.32 It also has to be economically viable. Peat
moss is one of the most abundant plant species, with
peatland (land with a naturally accumulated layer
of peat moss), covering around 4 million km2 of land
(3% of the earth!).33 Peatmoss is also well-known for its
astonishing water-holding ability due to the open
macroscopic cellular structure in the leaves. As will be
demonstrated, such macroscopic structure leads to
very favorable electrode architectures in the postpyr-
olysis, postactivation specimens. Unlike the various
woods that are cellulose-rich, peat moss has a high
content of cross-linked polymers including hemicellu-
lose and lignin (ca. 80 wt % total).34 This would make it
difficult to graphitize the majority of the material even
at high carbonization temperatures.35 In this work, we
take full advantage of both the cellular structure and
the high degree of cross-linking. Through a facile
tailored synthesis process of carbonization and activa-
tion, this virtually inexhaustible biomass is converted
into NIB anodes with the electrochemical characteris-
tics approaching that of graphite when employed in
lithium ion batteries.

RESULTS AND DISCUSSION

The peatmoss precursor is first carbonized at a range
of temperatures (Tcarb = 600, 900, 1100, 1400 �C) under
inert atmosphere. Some of the samples were then
activated under air flow at 300 �C for 3 h. The entire
synthesis process, along with the initial precursor
structure, the postcarbonization and activation micro-
structures, and the possible sodiationmechanisms, are
illustrated in Scheme 1. The key linkages between all of
these aspects will be discussed in the subsequent text.
The as prepared carbonized peat moss is named CPM-
x, and the further activated carbon is named CPM-x-A,
where x refers to the carbonization temperature. For
comparison, a commercial activated carbon (NORIT A
SUPRA) labeled as CAC was also analyzed.
Figure S1A (Supporting Information) shows amacro-

scopic photograph of the as-received peat moss em-
ployed as the carbon precursor. The material consists
of relatively coarse (mm- and cm-scale) agglomerates
that could be handled by hand without disintegrating.
The peat moss consists of “wound” macroscopic as-
semblies of leaves (termed “stem leaves”) along the
main stem. The stem leaves are primarily composed of
clear cells, termed hyaline cells. Because of the large
volume of hyaline cells and the thin yet flexible cell
walls, the peat moss delivers astonishing absorbent

Scheme 1. The structure changes of peat moss cell walls
during carbonization and activation. The zoomed-in areas
from top to bottom highlight the highly cross-linked poly-
mer tissue in hyaline cell walls, sodium insertion in the
graphitic carbon layers with expanded d-spacing, and the
facilitated sodium ion diffusion through the micro/
mesopores generated during activation
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and water-holding capacity (can hold 16�26 times as
much water as the dry weight),36 like a sponge. The
commercial products of peat moss biomass are fully
dried plants that were harvested on the peatland.
Water and cytoplasm in the hyaline cell were forced
out, leaving only the cell wall. In the scanning electron
microscopy (SEM) images of peat moss precursor
(Figure S1B, Supporting Information), the shape of
the hyaline cell can be observed (arrowed). The re-
moval of the cytoplasm leaves numerous macroscopic
voids, while the cell walls build up an interconnected
framework. The cell walls contain ca. 20% in weight
of R-cellulose, which is a long straight 1,4 glycosidic
linkage polymer.37 The R-cellulose acts as a hard
scaffold conferring the mechanical strength of the
whole carbon framework.38 This scaffolding remains
in place during pyrolysis, with the R-cellulose rich
portions of the material being expected to preferen-
tially graphitize at lower temperatures. Figure 1A shows
a low magnification SEM micrograph of a peat moss
leaf carbonized at 1100 �C. The final product had this
type of morphology regardless of the carbonization
temperature. Even when the carbonization tempera-
ture is increased to 1400 �C (Figure S2B, Supporting
Information), the macroscopic carbon frameworks do
not collapse.
After mechanical grinding, the larger carbon frame-

work breaks up into irregularly shaped carbon particles
that are 20�300 μm in dimensions. According to the
SEM images (Figure 1B), each carbon particle displays a
hollow three-dimensional architecture with linked
macropores. The SEM images revealed no difference
in macroscopic structures before and after activation.
The unique open morphologies of the CPM specimens
are fundamentally different from those of commercial

activated carbons, such as the highly popular NORIT
SUPRA. Figure S2F (Supporting Information) shows the
SEM micrographs of CAC particulates that are effec-
tively 3D micrometer-scale clumps without any open
structure to facilitate electrolyte penetration and ion
diffusion. As will be demonstrated, the intrinsic macro-
scopic openness of CPM specimens is one essential
feature for optimummaterial utilization during sodium
insertion/extraction.
Figure 1C and Figure S2D,E (Supporting Information)

show high angle annual dark field (HAADF) transmis-
sion electron microscopy (TEM) micrographs and elec-
tron energy loss spectroscopy (EELS) thickness profiles
of the CPM-A specimens. The carbon walls derived
from the hyaline display thicknesses between 60 and
180 nm, with such location-to-location thickness varia-
tions being encountered in all the CPM specimens. The
resultant Na diffusion distances are at the maximum of
1/2 of those thicknesses (there is electrolyte contact on
both sides of the macropores). Moreover these air-
activated specimens contain micro- and mesopores
that actually further reduce the diffusion distances due
to electrolyte penetration.
The low carbonization temperature specimen (CPM-

600-A) displays highly disordered structure, with lim-
ited evidence of any graphitic nanocrystallites. The
contrast displayed in the HRTEM micrograph of this
material, shown in Figure 1D, agrees with the inter-
pretation that such structure is primarily amorphous
with any “graphitic” domains being sub-2 nm in
scale.39 With increasing carbonization temperature,
the material becomes progressively more ordered.
Figure 1E shows the HRTEM micrograph of the CPM-
900-A specimen, while Figure 1F shows the CPM-1100-A
sample, whichwill be demonstrated to possess optimum

Figure 1. (A) Low magnification SEM micrograph of peat moss derived carbon (CPM-1100-A). (B) Higher magnification SEM
micrograph highlighting the hollow macroporous architecture of the carbon particles (CPM-1100-A). (C) HAADF TEM
micrograph and EELS thickness profile (inset) of the arrowed carbon strand in CPM-1100-A. (D�G) HRTEM micrographs of
CPM-600-A, CPM-900-A, CPM-1100-A, and CPM-1400-A, respectively.
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electrochemical properties. The CPM-1100-A specimen
shows evidence of substantial local order, though
without the presence of equilibrium graphite phase.
The CPM-1400-A specimen (Figure 1G) is highly or-
dered. As Raman and XRD will demonstrate, the ma-
terial is now actually partially graphitic, with the
domains containing graphite of equilibrium interpla-
nar spacing. All the specimens show HRTEM contrast
consistent with what is typically reported for micro-
porous and mesoporous carbons. However we believe
that due to ambiguities created by the inevitable pore
and material overlap in the TEM specimens, nitrogen
sorption analysis, discussed next, is more effective in
identifying the porosity.
Figure 2A shows the X-ray diffraction (XRD) patterns

of the CPM-A specimens along with those of baseline
CAC. The XRD patterns of the CPM specimens are
shown in Figure S4A (Supporting Information). 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, Lc and La, are calculated based on
the well-known Scherrer equation, using the fwhm
values of (002) at 2θ ∼ 23� and (100) at 2θ ∼ 43�. In
the case of the CPM-1400-A there are two overlapping
peaks at each position, which may be readily mathe-
matically deconvoluted using the Voigt function. It can
be seen that the 300 �C activation will not appreciably

alter the graphitic order/disorder. In all but the 1400 �C
specimens, the average thickness of the graphitic
domains is∼1.8 nm, indicating that they are composed
of 4�5 stacked graphene layers (i.e., 1.8/0.38 = 4.7).40,41

As Table 1 demonstrates, the integraphene layer spac-
ing (d002) gradually shifts toward lower values with
increasing carbonization temperature. However, a
comparison of the 600, 900, and 1100 �C specimens
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). Carbonizing at 1400 �C
creates a clear bimodal distribution in the average d

spacings, indicating that finally the temperature is high
enough to form equilibrium graphite (c/2 measured as
0.334 nm). On the basis of the ratio of the deconvo-
luted areas of the peak doublets, the carbon to equi-
librium graphite ratio is 4:1 by weight. Interestingly the
remaining carbon maintains a dilated intergraphene
spacing (0.383 nm), indicating that the formation of
graphite occurs via nucleation and growth rather than
by ordering and shrinkage of the existing lattice. Since
the peat moss precursor is heterogeneous, graphite
would be expected to form preferentially in regions
originally rich in R-cellulose. For CPM-600-A, CPM-900-A,
CPM-1100-A, the average value of interlayer spacing
are 0.399, 0.395, 0.388 nm, respectively. Such open
structures are known to allow for facile Na insertion/
extraction between the graphene planes.27 What is
unique about the 1100 �C specimen is that despite

Figure 2. (A) XRD patterns of the activated specimens (CPM-A) and of commercial activated carbon (CAC). (B) Raman spectra
of CPM-A and CAC. (C) Nitrogen adsorption�desorption isotherms of CPM-A. (D) Pore size distribution calculated from the
adsorption isotherms, using DFT method.
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having a mean spacing far above that of graphite the
material is quite ordered, having a mean graphitic
domain width of over 5 nm. The only specimen that
shows larger domain dimensions is CPM-1400-A,
though it is composed of 20% electrochemically in-
active graphite. The baseline CAC possesses compar-
able domain widths (4 nm), but has a smaller graphene
interlayer thickness (0.372 nm). As Raman results will
demonstrate, it is also much less ordered/more defec-
tive. These attributes, combined with ion diffusional
limitations associated CAC's closed particulate morphol-
ogy, will hinder Na ion transfer and tremendously place it
at an electrochemical performance disadvantage.
Raman spectroscopy analysis was employed to in-

vestigate the structure of the CPM-A specimens. These
results, along with the same analysis performed on
CAC, are shown in Figure 2B. All samples exhibit a
broad disorder-induced D-band (≈ 1340 cm�1) and in-
plane vibrational G-band (≈ 1580 cm�1). The integral
intensity ratio (IG/ID) is indicative of the degree of graphi-
tic ordering in the carbons.42 The fits of the spectra are
shown in Figure S3 (Supporting Information).43 As shown
in Table 1, increasing the carbonization temperature to
1400 �C leads to a progressively more ordered structure.
The 2D peak at ≈2680 cm�1 may also be used as a
measure of order.44�46 These are only prevalent in the
1100 and 1400 �C specimens. The CAC specimens are
markedly less ordered than any of the CPM. To con-
trast, for CPM-1100-A and CPM-1400-A the ratio IG/ID =
0.87 and 0.91, while for CAC the ratio is 0.26.
During the carbonization process, a material com-

posed of primarily R-cellulose would readily graphitize
at high temperature because of the long-scale parallel
fashion of the linear polysaccharide (C6H10O5)n chains.

47

However the main components (ca. 80 wt %) of peat
moss are actually hemicellulose (β-, γ-cellulose) and
lignin. Unlike R-cellulose, the polysaccharide chain of
hemicellulose is much shorter and bifurcates with glyco-
sidically bound branches. Lignin is a three-dimensional,
highly cross-linked polyphenolic polymer without
any ordered repeating units.48 The organization of

the different polymers in the cell walls of peat moss
is also shown in Scheme 1. The small amounts of long
cellulosic microfibrils (R-cellulose) are imbedded in a
matrix of interwoven polysaccharides. Shorter branched
hemicelluloses increase the linkage among long cellu-
losic fibers. High content of lignin (ca. 50 wt %) fills the
spaces between cellulose and hemicellulose and cova-
lently links to the cellulose and other polysaccharides
within the cell wall.49,50 In short, despite being hetero-
geneous, the overall peat moss structure is highly cross-
linked andnoncrystalline,whichprevents graphitization
at low and moderate temperatures.
Figure 2C shows thenitrogenadsorption�desorption

isotherms CPM-A, while Figure 2D shows their
resultant pore size distributions (obtained by density
functional theory (DFT)). The same analysis for the CPM
specimens and for CAC baseline are shown in Figures
S5 and S6 (Supporting Information). All the adsorption
curves of the CPM-A specimens display type I/IV iso-
therms. Table 1 shows the calculated BET surface area,
and the fraction of pores that are microporous versus
mesoporous. It can be seen that while air activation
does increase the amount of micro- and mesoporosity
in all specimens, it is progressively less effective for the

TABLE 1. Physical Parameters and Electrochemical Properties for CPM, CPM-A, and CAC

samples d002 (Å) La (nm) Lc (nm) IG/ID
a SBET (m

2 g�1)b Vt (cm
3 g�1)c

pore

vol % (<2 nm)

pore

vol % (>2 nm)

C50 mA g�1
d

(mAh g�1)

C500 mA g�1
e

(mAh g�1)

CPM-600 3.98 1.83 1.80 0.51 55.3 0.069 46.1 53.9 230 93
CPM-900 3.91 2.52 1.79 0.76 45.1 0.059 24.2 75.8 219 91
CPM-1100 3.87 5.11 1.83 0.87 24.5 0.054 4.5 95.5 325 117
CPM-1400 3.82/3.34 8.36/16.21 1.90/6.31 0.89 20.8 0.052 10.7 89.3 275 84
CPM-600-A 3.99 1.75 1.80 0.47 369.1 0.26 72.7 27.3 267 150
CPM-900-A 3.95 2.85 1.83 0.71 271.2 0.21 64.7 35.3 280 155
CPM-1100-A 3.88 5.39 1.86 0.86 196.6 0.18 47.9 52.1 332 203
CPM-1400-A 3.83/3.34 8.51/17.18 2.21/6.25 0.91 92.2 0.12 25.2 74.8 294 139
CAC 3.72 4.2 1.84 0.26 2050 1.17 61.7 38.3 139 38

a ID and IG are the integrated intensities of D- and G-band.
b Surface area was calculated with Brunauer�Emmett�Teller (BET) method. c The total pore volume was

determined at a relative pressure of 0.98. d Discharge capacity at the 2nd cycle. e Reversible capacity at the 35th cycle in the rate tests.

TABLE 2. Elemental Composition Information for CPM,

CPM-A, and CAC

elemental analysis XPS

samples

C

[wt %]

O

[wt %]

N

[wt %]

H

[wt %]

C

[wt %]

O

[wt %]

N

[wt %]

CPM-600 76.38 13.06 3.45 2.11 82.76 13.35 3.89
CPM-900 84.59 8.02 1.2 1.07 89.01 9.59 1.40
CPM-1100 87.11 4.93 1.03 0.51 93.65 5.28 1.07
CPM-1400 93.35 2.98 0.74 0.29 95.03 3.94 1.03
CPM-600-A 78.85 14.01 3.67 2.21 81.54 15.24 3.22
CPM-900-A 86.38 8.63 1.46 1.19 87.45 11.42 1.13
CPM-1100-A 89.35 5.13 1.05 0.49 93.41 5.84 0.75
CPM-1400-A 93.31 2.68 0.72 0.27 96.29 3.12 0.59
CAC 94.12 4.34 0.12 0.43 95.35 4.65 ∼0
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more ordered/graphitic specimens. This is not unusual
since graphitic carbons are known to resist oxida-
tion better than amorphous ones.51,52 All the resultant
materials, however, are of relatively low surface area,
ranging from 55 to 21 m2 g�1 for CPM and from 369 to
92m2 g�1 for the CPM-A. To contrast, the surface area of
CAC is 2050m2 g�1. Comparing CAC to CPM-1100-A, one
observes almost an order of magnitude higher volume
of micropores (0.722 vs 0.086 cm3 g�1) and a factor of
5 higher volume of mesopores (0.448 vs 0.093 cm3 g�1)
Table 2 presents the combustion elemental analysis

and X-ray photoelectron spectroscopy (XPS) results for
the specimens, listing the weight percentages of the
main elements (C, O, N, H). There is a significant content
of heteroatoms both on the surface (XPS) and in the
bulk (elemental) of the specimens carbonized at
600 and 900 �C. XPS also shows that activation further
oxidizes the surface of these more disordered carbons
but has little effect on the surface composition of the
1100 and 1400 �C specimens. As expected, with in-
creasing carbonization temperature there is a signifi-
cant decrease in the carbons' oxygen, nitrogen, and
hydrogen content. The CPM-1100 and CPM-1100-A
specimens show comparable oxygen and hydrogen
levels to CAC. While their nitrogen content (1.05 wt %
bulk, 0.75 wt % surface for CPM-1100-A) is higher than
CAC, it is still relatively negligible in terms of its effect
on the electrochemical properties.
To investigate the electrochemical energy storage

properties of the carbons we performed cyclic voltam-
metry (CV) and galvanostatic discharge/charge cycl-
ing. The specimens were tested between 0.001 and
2.8 V vs Na/Naþ. Figure 3A,B shows the CV curve and
discharge/charge profile of CPM-1100-A. The inset of
Figure 3B presents the derivative curves dQ/dV vs V,
which have a similar shape to the CV's. The galvano-
static and CV data for the other CPM-A specimens is
shown in Figure S8 (Supporting Information), while the
galvanostatic data for the CPM specimens is shown in
Figure S9 (Supporting Information). In the first CV scan,
twobroad cathodic peaks are visible at∼0.4 and 0.75 V,
disappearing in the subsequent cycling. These peaks
are generally attributed to the decomposition of the
electrolyte and the formation of SEI layer on the carbon
surface.29 The formation of SEI and any irreversible
insertion of Na into the carbon structure are the main
reasons for the initial irreversible capacity loss. At the
low voltage region, there is a sharp cathodic peak near
0 V and a counterpart anodic peak at 0.15 V, resembling
the cycle voltammetry behavior of lithium insertion/
extraction in graphite.53 Besides the sharp peaks, there
is also a pair of weak humps over a wide voltage region
(0.2�1.2 V) in both the cathodic and the anodic por-
tions. These pairs of sharp peaks and weak humps
correspond to the plateau regions and the sloping
regions of the galvanostatic discharge/charge profiles,
respectively.

As shown in Figure 3B, for CPM-1100-A the first cycle
delivered specific capacities are 532 mAh g�1 (dis-
charge) and 306 mAh g�1 (charge). After 10 cycles,
there is still 298 mAh g�1 reversible capacity remain-
ing. This cycling performance may be considered quite
outstanding, since there are very few reports of carbo-
naceous materials displaying over 250 mAh g�1 of
stable capacity as a NIB anode.28,29 The carbonization
temperature has a profound effect on the shape of the
voltage versus capacity profiles. In general, a sloping
voltage plateau is associated with ion insertion into a
material where the insertion sites possess a distribu-
tion of energies. A more disordered carbon would pos-
sess a wide site energy distribution, and hence would
show a substantial fraction of its total capacity at
higher voltages. This is the trend that we observe with
CPM, with both the total amount and the relative
fraction of the charge storage capacity measured
above 0.2 V decreasing with IG/ID (Table 1 lists IG/ID).
In CPM-1100-A, a reversible charge/discharge capacity
of 196 mAh g�1 (after 10 cycles at 50 mAh g�1) can
be obtained within a narrow voltage window of
0.001�0.2 V. This is demonstrated in Figure 3C, which
shows both the charging and the discharging results.
As discussed in the introduction, this low voltage/

low hysteresis plateau behavior resembles the highly
attractive capacity versus potential profiles of gra-
phite anodes in LIB. Moreover, examining the ca-
pacity below 0.2 V (Figure 3B including insert,
Figure S8, Supporting Information) it can be ob-
served that both CPM-1100-A and CPM-1400-A
behave quite on par with LIB graphite in terms of
displaying almost a negligible charge/discharge
voltage hysteresis.
Figure 3C shows the potential profiles of CPM-A and

CAC specimens. The same type of chart is shown in
Figure S10 (Supporting Information) for the CPM speci-
mens. For CPM-A (and CPM) with increasing carboniza-
tion temperature there is an increasing capacity
plateau at the low voltage region. This is interesting
and somewhat unexpected since this trend is comple-
tely opposite of what one would expect if the low
voltage plateau was based on filling of pores by Na
metal (“nanopore filling”). As Table 1 demonstrates,
the porosity in the CPM-A decreases with increasing
carbonization temperature.Moreover the CAC samples
are highly porous (2050 m2 g�1), containing both
micropores and mesopores in a volume ratio of 1.6:1.
Yet, the reversible capacity of CAC is low and a voltage
plateau is nonexistant. Where there is a strong trend,
however, is between the total capacity and “flatness” of
the low voltage plateaus in CPM and CPM-A, versus the
degree of ordering in these carbons (IG/ID in Table 1).
The CAC specimen also fits this trend, being the least
ordered of the carbons tested. This phenomenon may
be explained by arguing that the more ordered do-
mains would provide Na insertion sites that are more
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energetically equivalent, and hence lead to progres-
sively flatter plateaus. Effectively the carbons would
become “pseudographitic” to Na,54 offering a chemi-
cally similar environment while maintaining a suffi-
ciently dilated interlayer spacing to allow insertion/
extraction. The progressive elimination of heteroatoms
with increasing carbonization temperature would also
help in establishing energetic equivalence of sites,
though as demonstrated by the relatively pure CAC
this criterion is by itself insufficient. The structure/
performance of CPM-1400-A specimen is somewhat
obscured by the roughly 20% graphite present in

the material. Nevertheless the overall trend is un-
ambiguous.
This trend is also summarized in histogram shown in

Figure 3D, where the fraction of the total capacity
associated with the plateau below 0.1 V increases with
CPM carbonization temperature (16% for CPM-600-A,
36% for CPM-900-A, 53% for CPM-1100-A, 73% for
CPM-1400-A). Identical trend is observed for the
CPM-600, CPM-900, CPM-1100 and CPM-1400 speci-
mens (Figure S10B, Supporting Information), despite
none of them containing significant porosity. In fact
considering 100% pore filling by Na in the unactivated

Figure 3. (A) Cyclic voltammogram of CPM-1100-A electrode between 0.001 and 2.8 V at a scanning rate of 0.1 mV s�1. (B)
Galvanostatic discharge/charge curves of CPM-1100-A electrode at current density of 50 mAh g�1. (C) Potential profiles of
CPM-Aand commercial activated carbonelectrodes. (D) Summary of capacity potential distributionof CPM-Aand commercial
activated carbon electrodes. (10th cycle at current density of 50mAh g�1 in both C, D). (E) XRD spectra for CPM-1400 and CAC
electrodes, demonstrating Na intercalation-induced dilation of the interlayer spacing in the majority pseudographitic phase
of CMP-1400. The peaks at 2θ = 26.4� are for the secondary equilibrium graphite phase also present in CMP-1400, which is
inactive and hence remains invariant with voltage. The electrodes were galvanostically discharged to (a) 0.2, (b) 0.1, (c) 0.05,
and (d) 0.001 V vs Na/Naþ. (F) Dependence of the mean interlayer spacing on discharge voltage; values derived from (E).

A
RTIC

LE



DING ET AL. VOL. 7 ’ NO. 12 ’ 11004–11015 ’ 2013

www.acsnano.org

11011

CPM specimens (in our opinion a highly optimistic
assumption), one obtains capacities of 78, 66, 61, and
54 mAh g�1, for the CPM-600, CPM-900, CPM-1100,
and CPM-1400. This is opposite in trend to the mea-
sured low voltage capacities. These values also do not
account for the total low voltage measured capacities
in CPM-900, CPM-1100, and CPM-1400. Conversely the
low voltage capacity due to complete pore filling of
CAC should be 1317 mAh g�1, which is more than 1
order of magnitude higher than its capacity through-
out the entire voltage range. While some nanopore
filling by Na almost certainly occurs for all these
materials at low voltages, the data leads us to hypothe-
size that this is not the dominant charge storage
mechanism between 0.1 and 0.001 V.
Rather, we argue that because the peat moss car-

bons possess a unique highly ordered pseudographitic
structure but with a dilated graphene interlayer spa-
cing, it is possible to achieve significant Na intercala-
tion down to the discharge voltage. To prove this
point we carried out XRD analysis to track the structural
changes in CPMwithin the voltage regionof 0.2�0.001V,
performing identical experiments on CAC as a baseline.
To obtain a “steady-state”microstructure, the half-cells
first received 10 galvanostic charge�discharge cycles
at 0.1C. Upon cycle 11, the electrodes were discharged
to (a) 0.2, (b) 0.1, (c) 0.05, and (d) 0.001 V. The cells were
then disassembled in a glovebox with the active
material being removed from the current collector,
cleaned, and immediately analyzed. Specimen CPM-
1400 was analyzed because of its most ordered struc-
ture of all the CPM specimens, and its largest plateau
capacity (162 mAh g�1 below 0.1 V vs Na/Naþ). More-
over the distinct and sharp (002) Bragg peak from the
equilibrium graphite phase within this sample, being
completely sodium inactive, served as a highly useful
secondary in situ calibration standard.
Figure 3F shows the raw XRD data for CPM-1400 and

the CAC samples, the broad (002) pseudographitic
peaks being marked by arrows. The clearly discernible
shift to lower 2θ values with decreasing terminal dis-
charge voltage reflects the increasing intergraphene
spacing due to Na intercalation. Figure 3E plots the
calculated mean interlayer spacing as a function of
voltage. As CPM-1400wasdischarged from0.1 to 0.001V,
the interlayer spacing expanded from 3.96 to 4.16 Å.
Since the structure was highly ordered, the sodium
occupation sites were energetically similar, leading to
the observed flat voltage profile not unlike that of Li in
graphite. To contrast, within the same voltage range
the highly disordered CAC sample demonstrated a
much lower interlayer dilation, going from 3.91 Å at
0.1 V to 3.96 Å at 0.001 V.
Figure 4A shows the cycling capacity retention per-

formance of CPM-A specimens. The same plot is pre-
sented for CPM in Figure S11 (Supporting Information).
The first 10 cycles were tested at a current density of

50mA g�1, and the subsequent 200 cycles were tested
at 100 mA g�1. As can be observed, CPM-1100-A and
CPM-1100 specimens deliver the overall most favor-
able combination of total capacity and capacity reten-
tion, with CPM-1100-A being overall the best. The CPM-
1400-A not only provides lower overall capacity but
degrades at higher rates. Accelerated degradationmay
be perhaps related to cycling-induced growth of gra-
phite domains at the expense of the active carbon.
Alternatively pores may provide a secondary benefit of
buffering the sodiation-induced expansion/contration
in the material. With much lower porosity levels, CPM-
1400-A may therefore partially disintegrate during
cycling.
After 10 cycles at 50 mA g�1 the CPM-1100-A speci-

men demonstrates a reversible capacity of 298mAh g�1.
Over the subsequent 200 discharge/charge cycles at
100 mA g�1, this value decreases to 255 mAh g�1.
Table S2 (Supporting Information) compares the cy-
cling and rate performance behavior of our materials
with several state-of-the-art carbons reported in litera-
ture. For preparing this comparison, we chose what
were to our knowledge the best performing materials
at that time. As can be seen, the CPM-1100-A carbon
offers some of the best overall capacity and cycling
capacity retention combinations.
The volume of the electrode is also a key considera-

tion for a real packed cell. Figure S12A (Supporting
Information) provides the volumetric capacity of CPM-
1100-A as a function of cycle number. These values
were obtained by dividing the measured gravimetric
capacity by the electrode packing density (0.62 g cm�3).
The electrode had a mass loading of 1.2 mg and a
geometric area of 1.13 cm2. The thickness of the elec-
trode was 17 μm, being obtained from a cross section
SEM image (Figure S12B, Supporting Information) and
confirmed using a high precision micrometer. Figure
S12A (Supporting Information) demonstrates that at
a rate of at 50 mA g�1 the CPM-1100-A electrode
displays a stable cycling capacity of approximately
200mAhcm�3, which is a promising volumetric energy
value for practical NIBs applications.
The cycle 1 Coulombic efficiency increased from

43.9% for CPM-600-A, to 50.1% for CPM-900-A, to
57.5% for CPM-1100-A, and 60.1% for CPM-1400-A.
Similarly cycle 1 Coulombic efficiency increased from
46.1% for CPM-600, to 55% for CPM-900, to 60.7% for
CPM-1100, and 64.3% for CPM-1400-A. Of course a
progressively decreasing surface area with carboniza-
tion temperature (less SEI formation) plays a role in this
trend. However the analogous behavior of the low
surface area CPM specimens indicates that a progres-
sively lower heteroatom content (discussed in ref 55) is
also critical in reducing the cycle 1 capacity loss. The initial
columbic efficiencies CPM-1100-A and CPM-1400-A are
actually somewhat higher than the counterpart values
reported for high performance carbonaceous materials
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with even lower surface areas.29,56 This supports the
argument for the attractiveness of our materials as NIB
anodes. The more ordered, less defective graphitic
structures may also reduce the extent of the irrever-
sible capacity loss reactions in the first cycle, though
the exact mechanism needs clarification. In CPM-1100-
A the columbic efficiency increases rapidly to over 90%
in the second cycle and stabilizes at ∼100% (within
measurement accuracy) from the eighth cycle onward.
Figure 4A (right axis) shows the Coulombic efficiency
for the CPM-1100-A specimens during cycling. An
analogous trend is observed for all but the CPM-1400
specimens, with ∼100% efficiency being measured
during stable cycling. CPM-1400 however never quite
reaches 100% efficiency, performing between 98�99%
for the majority of the cycling.
Figures S14 and S15 (Supporting Information) show

the electrochemical impedance spectra (EIS) anal-
ysis of the CPM and CPM-A specimens. Figure S14A
(Supporting Information) shows the Nyquist of CPM,
CPM-A and CAC specimens before cycling. Figure S14B
(Supporting Information) shows the same analysis but
after 210 cycles. The value of Rct þ Rf, simulated from
the fit of the experimental Nyquist plots with the
equivalent circuit shown in Figure S13B (Supporting

Information), represents the combination of charge
transfer resistance at the SEI/electrolyte interface and
the resistance of Na transport through SEI layer.57 It is
the physically meaningful parameter for analysis of the
cycled specimens, which is expected to increase with
SEI growth. In LIB applications of graphite materials a
substantial rise in Rctþ Rf would mean that the initially
low surface area electrode was creating new surfaces
for SEI formation (SEI preferentially forms of fresh car-
bon surfaces exposed to the electrolyte rather than
on the back of existing SEI), by exfoliating and/or
fracturing.58 Similarly for high surface area carbons, a
cycling induced increase in Rct þ Rf signifies some
form of material disintegration. While SEI growth in
NIB applications is less well understood, a qualita-
tively similar scenario may be expected. The CPM-
1400 and CPM-1400-A specimens have the largest %
increase in Rct þ Rf versus the initial Rct. These are also
the specimens that demonstrate the highest rate of
capacity degradation during cycling. Of all the spe-
cimens CPM-1100-A shows the lowest value of Rct þ
Rf (114.7 Ω), indicating that it is the most stable
against SEI grows during cycling. For CPM-1100
Rct þ Rf is 350.4 Ω. The difference between CPM-
1100-A and CPM-1100 supports the argument that

Figure 4. (A) Extended cycling performance of the CPM-A and CAC electrodes, with Coulombic efficiency of CPM-1100-A
electrode being displayed. (B) Rate performance of CPM-A and CAC electrodes. (C) Rate performance of CPM electrodes.
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pores buffer sodiation-induced expansion/contraction
(i.e., damage) in the matrix.
Figure S15A,B (Supporting Information) shows the

change of Rct þ Rf and Rel as a function of cycle num-
ber in CPM-1100-A and CPM-1400-A electrodes.
Figure S15C,D (Supporting Information) shows the
raw Nyquist plots in the as-prepared electrodes
and after 30, 100, 150, and 210 cycles. As shown in
Figure S15A (Supporting Information), the much
slower increase of Rctþ Rf in CPM-1100-A with increas-
ing cycle number indicates a more stable SEI layer
throughout cycling. A stable SEI is known to promote
high capacity retention27 and is likely related to themicro-
structural features of CPM-1100-A versus CPM-1400-A
previously discussed.
Where the really interesting difference between the

CPM and CPM-A specimens emerges is in their rate
capability, shown in Figure 4B,C. At high charge rates,
such as at 2 and 5 A g�1, the unactivated samples show
effectively negligible capacity. Conversely the CPM-
1100-A, CPM-900-A, and CPM-600-A all still perform.
The CPM-1100-A specimens provide stable capacities
of 203mAh g�1 at 500mAg�1, 150mAh g�1 at 1 A g�1,
106 mAh g�1 at 2 A g�1, and 66 mAh g�1 at 5 A g�1,
ratesover 1Ag�1beingconsideredveryhigh (e.g., assum-
ing a capacity of 200 mAh g�1, 1 A g�1 is equal to 5 C!).
As we argued earlier in the text, the introduction of

limited porosity will in effect reduce the required Na
ion diffusion distances since the electrolyte will be able
to penetrate into the pores.Where this seems tomatter
the most is at high rates, where it is logical to surmise
that Na diffusion in the bulk of the carbon may be the
rate limited step. Solid-state diffusion of ions has been
argued to be the limiting factor for the high rate
performance of bulk intercalation electrodes.4,5,8,59

The activation process would not affect the solid-state
diffusion values of Na in carbon, but could substantially
reduce the diffusion distances necessary for full sodia-
tion of the material. Since time is proportional to the
diffusion distance squared (Fick's first law), if all else
being equal, thinner walls of carbon would sodiate

faster. The CPM-1400-A samples have by far the lowest
surface area of all the activated specimens (less than
1/2 the surface area of CPM-1100-A), indicating less
penetrating porosity and explaining the worse rate
capability. Were nanopore filling to become an impor-
tant Na storage mechanism in the specimens at high
charge/discharge rates, activation would similarly fa-
cilitate increased capacity. Comparing the CPM-1100-A
specimens to the carbons presented in Table S2
(Supporting Information) demonstrates its highly pro-
mising rate capability, on par with the more exotic
open structures such as hollow carbon spheres and
carbon nanosheets. In fact for a given current density in
the range of 0.2�2 A g�1, CPM-1100-A exceeds all the
counterpart capacities.

CONCLUSION

In this study we synthesized and tested carbons
derived from a ubiquitously found biomass precursor,
namely peat moss. Taking advantage of the cross-
linked organization of the polymers in the peat moss
cell wall, we achieved highly ordered pseudographic
structures with a highly dilated graphene interlayer
spacing. This allowed for facile Na interclation into
the carbons' bulk, while the high level of order created
a chemically homogeneous environment for the in-
serted ions and hence relatively flat voltage profiles.
The intrinsically open macroporous structure of the
peat moss resulted in sheet-like walls in the postpyr-
olyzed carbons that were as thin as 60 nm. To improve
the high rate performance we employed mild air
activation (300 �C) to create sufficient porosity to
further reduce the Na diffusion distances. The resultant
carbons display superb (some of the best reported in
literature) electrochemical performance in numerous
respects, including total reversible capacity, cycling
stability, rate capability, charge/discharge voltage hys-
teresis. The exceptional performance, combined with
the green and economical method for synthesis,
should make carbonized peat moss a highly attractive
practical NIB anode material.

METHODS
Material Synthesis. The compressed peat moss biomass was

purchased from Premier Horticulture Company, Canada (20 kg
in pack). Before the synthesis process, impurities (including
small wood sticks, coarse stalks of peat moss, etc.) in the peat
moss were thoroughly picked out, leaving only the fine peat
moss leaves. For the pyrolysis carbonization process, typically
10 g peat moss precursor is loaded in a tubular furnace and
carbonized at a range of temperature (600�1400 �C) with argon
flow of 100 sccmmin�1. The heating rate is 5 min�1. The yield is
from 2.5 to 4.5 g. The obtained hard carbon is carefully washed
in 20% KOH at 70 �C for 2 h and 2 M HCl at 60 �C for 15 h to
remove the impurities. The purified samples are further rinsed
by MQ-water and then collected by filtration. After drying at
120 �C for 12 h in a vacuumoven, carbonized peatmoss (CPM) is
achieved. Some of the CPM specimens are further activated at

300 �C for 3 h (at a heating rate of 5min�1 in the tubular furnace)
in a dry air flow of 50 sccm min�1. The obtained activated peat
moss (designated CPM-A) is first ground and then washed with
2 M HCl and MQ-water again before use.

Material Characterization. To investigate the morphology of
peat moss precursor, S-3000N SEM with variable working
pressure is used. For the morphologies of carbon, a Hitachi
S-4800 SEM equipped with field emission gun is used. TEM
analysis is performed using a JEOL JEM-2010 TEM, with an
accelerating voltage of 200 kV. The surface area and porous
structure are characterized by nitrogen adsorption at 77 K with
a Quantachrome Autosorb�1. The samples were outgassed at
250 �C for 4 h under a vacuum prior to the gas sorption
measurements. The pore size distributions were evaluated by
a nonlocal DFT method using nitrogen adsorption date and
assuming slit-pore geometry. XRD analysis was performedusing
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a Bruker AXS D8 Discover diffractometer with the Cu KR
radiation. XPS was obtained on an Axis Ultra spectrometer. All
the samples were dried at 120 �C in a vacuum oven overnight to
remove the absorbed water before XPS analysis.

Electrochemical Test. Electrochemical tests were carried out
using coin cells CR2032. The slurry of 80% active materials, 10%
carbon black (Super-P), and 10% poly(vinlylidenedifluoride) in
N-methylpyrrolidone was coated on copper foil using a doctor
blade and then dried at 110 �C overnight in a vacuum oven,
resulting in electrodes with a mass loading of ∼1 mg cm�2.
For the samples employed solely for ex situ XRD analysis of
sodiation-induced lattice dilation, carbon black was not in-
cluded, and the amount of binder was limited to 5 wt %. Na
metal was used as counter electrode and separated from the
working electrode with polyethene separator. The electrolyte
was 1 M NaClO4 dissolved in a mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC) with a volume ratio of 1:1.
Cyclic voltammetry measurements were conducted on a Solar-
tron 1470 Multistat system. The charge�discharge measure-
ments were performed using an Arbin BT2000 Potentiostat.
Electrochemical impedance spectroscopy measurements were
also performed using a Solartron 1470E Multichannel Potentio-
stat/Cell Test System. All electrochemical tests were conducted
at room temperature.
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