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ABSTRACT: It is a major challenge to achieve fast charging
and high reversible capacity in potassium ion storing carbons.
Here, we synthesized sulfur-rich graphene nanoboxes (SGNs)
by one-step chemical vapor deposition to deliver exceptional
rate and cyclability performance as potassium ion battery and
potassium ion capacitor (PIC) anodes. The SGN electrode
exhibits a record reversible capacity of 516 mAh g−1 at 0.05 A
g−1, record fast charge capacity of 223 mA h g−1 at 1 A g−1, and
exceptional stability with 89% capacity retention after 1000
cycles. Additionally, the SGN-based PIC displays highly
favorable Ragone chart characteristics: 112 Wh kg−1at 505 W
kg−1 and 28 Wh kg−1 at 14618 W kg−1 with 92% capacity retention after 6000 cycles. X-ray photoelectron spectroscopy
analysis illustrates a charge storage sequence based primarily on reversible ion binding at the structural−chemical defects in
the carbon and the reversible formation of K−S−C and K2S compounds. Transmission electron microscopy analysis
demonstrates reversible dilation of graphene due to ion intercalation, which is a secondary source of capacity at low voltage.
This intercalation mechanism is shown to be stable even at cycle 1000. Galvanostatic intermittent titration technique analysis
yields diffusion coefficients from 10−10 to 10−12 cm2 s−1, an order of magnitude higher than S-free carbons. The direct
electroanalytic/analytic comparison indicates that chemically bound sulfur increases the number of reversible ion bonding
sites, promotes reaction-controlled over diffusion-controlled kinetics, and stabilizes the solid electrolyte interphase. It is also
demonstrated that the initial Coulombic efficiency can be significantly improved by switching from a standard carbonate-based
electrolyte to an ether-based one.
KEYWORDS: sulfur-doping, graphene, potassium sulfur battery, potassium metal battery, hybrid ion capacitor

Potassium ion batteries (PIBs) and potassium ion
capacitors (PICs) are drawing considerable scientific
attention.1−11 Potassium has a lower redox voltage than

Li and Na (−0.09 V vs 0 and 0.23 V), implying that a relatively
high voltage for a full battery may be possible.12−15 Moreover,
potassium has a weaker Lewis acidity than Li and Na, resulting
in a smaller Stokes’ radius (3.6 Å vs 4.8 and 4.6 Å) in carbonate
solvents.16,17 In a carbonate electrolyte, K+ obtains the highest
ion mobility, ion conductivity, and ion transport number of the
three ions.18 A range of materials have been employed as PIB
anodes, including MXene, phosphorus-based materials, V2O3-
based systems, potassium titanate, various metal alloys, and
carbons.19−28 For example, MXene-based anodes have
demonstrated long-term cycling stability and adjustable layer
spacing.19 Li et al. reported Sn4P3@C composite displaying
473 mAh g−1 at 50 mA g−1 and 182 mAh g−1 after 800 cycles at
0.5 A g−1.29 When the cost, chemical stability, and environ-

mental sustainability are considered, carbonaceous materials
have been regarded among the most promising PIB anode
candidates.6,30−37

Analogously to lithium and distinct from sodium, potassium
will reversibly intercalate into graphite, forming a graphitic
intercalation compound (GIC).38 The K-GIC delivers a
reversible capacity of KC8 (279 mAh g−1) albeit at low
charging rates.39 Owing to the large radius of K+ (1.36 Å vs
0.76 Å for Li+) and associated severe strain (61% KC8 vs 10%
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LiC6), graphite with K displays a relatively poor rate
performance and cycling stability. Ji and co-workers reported
a reversible potassiation process in graphite using a 0.8 M
KPF6 electrolyte in ethylene carbonate (EC)−diethyl carbo-
nate (DEC).40 The galvanostatic curves display potassiation

and depotassiation plateaus, exhibiting capacities of 475 and
273 mAh g−1 at potassiation and depotassiation, respectively.41

The lowered intensity of the broadened X-ray diffraction
(XRD) peaks of graphite after depotassiation indicated
structural damage to graphite caused by the potassium

Scheme 1. Schematic Illustration for the Synthesis Processes, the Resulting Structure, and the Charge Storage Mechanisms for
SGNs

Figure 1. HRTEM images and corresponding graphene layer spacing profiles of (a, d) SGN-900, (b, e) SGN-1000, and (c, f) GN-900,
respectively. (g−j) HAADF-STEM image and the corresponding EDXS elemental maps of C, O, and S for SGN-900.
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insertion. To reveal the potassium storage mechanism in
graphite, Raman and density functional theory calculation were
employed.38,42,43 The thermodynamically achievable potassia-
tion of graphitic carbons was confirmed to be KC8, giving a
ceiling to the achievable capacity even in the most optimized
architectures.
Methods such as electrolyte modification, optimized binder,

expanded layer spacing, heteroatom doping, electrode
architecture design, etc. have been employed to improve the
electrochemical performance of carbons.38,42−49 Employing
hollow nanostructures in place of dense micro- or nano-
electrodes is an effective strategy to buffer the volume
expansion during the potassiation/depotassiation process as
well as to enhance the rate performance due to shorter
diffusion distances.50 For example, Song’s group fabricated
graphitic carbon nanocage electrodes with an interconnected
structure, leading to excellent rate capability with a reversible
capacity of 175 mAh g−1 at 9.8 A g−1.51 Alshareef’s group
reported the nitrogen-doped graphitic nanocarbon electrode,
showing a high capacity of 280 mAh g−1 at 0.05 A g−1 and a
stabilized cycle life over 200 cycles.52 The introduction of
heteroatoms into the carbon skeleton has proven to be a
promising approach for promoting reversible capacity.9,53,54

The defective structure and the expanded graphitic layer due to
the heteroatoms promote both higher capacity and extended
rate capability.34,55,56 Nitrogen- and/or oxygen-doped carbon
materials have been reported to enhance potassium storage
through these means.34,57,58 Guo and his group reported free-
standing N-doped hollow carbon material through electro-
spinning as a high performance anode in PIBs.57

While there are some emerging studies on S-doped carbons
for potassium ion storage, overall, these are far fewer in
number than for O- and N-doped carbons. For example, Mai’s
group reported sulfur-doped reduced graphene oxide sponges
as anodes for PIBs, achieving a high specific capacity of 361
mAh g−1 at 0.5 A g−1.59 Ding et al. synthesized and tested
sulfur-doped hollow carbon spheres as anodes for PIBs.12 Xie’s
group prepared phenolic resin derived hard carbon using sulfur
powder for vulcanization as anodes for PIBs, exhibiting a
capacity of 270 mA h g−1 at 0.2 A g−1 and excellent rate
capability with 100 mA h g−1 at 5 A g−1.60 For S-doped
carbons with potassium ions, more “electrode architecture”
and fundamental insight studies are warranted. Moreover, for
PIB carbon-based anodes, it is challenging to achieve a
combination of high capacity, fast charge capability, and long
cycling life. Here, we synthesize S-rich carbons that
simultaneously achieve these three objectives, displaying
state-of-the-art electrochemical performance. In parallel,
electroanalytical methods, advanced transmission electron
microscopy (TEM), and surface science analysis are employed
to provide insight on the charge storage mechanisms.

RESULTS AND DISCUSSION

Physicochemical Characterization of Sulfur-Rich Gra-
phene Nanoboxes (SGNs). Scheme 1 illustrates the
synthesis processes and charge storage mechanism for SGNs.
Details of the synthesis procedure are provided in the
Methods, while the charge storage mechanisms will be
discussed throughout the text. To summarize the synthesis
method, thiophene was employed as the sulfur-rich precursor
and MgO was employed as a sacrificial template. Magnesium

Figure 2. Structural, textural, and near-surface chemistry characterization of SGN-900, SGN-1000, and GN-900. (a) XRD patterns, (b)
Raman spectra, (c) nitrogen adsorption−desorption isotherm curves, and (d) the corresponding pore size distributions. (e) The XPS survey
spectra of SGNs and GN. High-resolution XPS spectra of SGN-900 and their corresponding fitting curves of (f) C 1s, (g) S 2p, and (h) O 1s.
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carbonate hydroxide pentahydrate was heated in a nitrogen
atmosphere to form MgO, after which point the thiophene
vapor was introduced into the chamber. After cooling to room
temperature, the MgO template was removed by chemical
etching. The resulting material is denoted as SGN-900 and
SGN-1000, representing a thiophene deposition temperature
of 900 or 1000 °C. As a baseline, sulfur-free graphene
nanoboxes were synthesized using ethanol as the precursor at
900 °C, termed GN-900.
Per the low magnification scanning electron microscopy

(SEM) images in Figure S1, the SGN materials exhibit an
interconnected flake-like morphology. Figure 1a−c shows
TEM images of SGN-900, SGN-1000, and GN-900
respectively. It may be observed that the macroscopic flakes
shown in Figure S1 actually consist of defective graphene
arranged as interconnected arrays of graphene nanoboxes with
each box having a wall thicknesses in the sub-5 nm range and
the average being 3 nm. Figure 1d−f shows the high-resolution
TEM (HRTEM) images and the corresponding layer spacing
profiles of SGN-900, SGN-1000, and GN-900, respectively.
These images further highlight the internal structure of the
graphene nanoboxes, demonstrating how increasing deposition
(pyrolysis) temperature promotes greater ordering. Per the
layer spacing profiles shown below the figures, it may be
observed that in all cases the average graphene spacing is larger
than 0.3354 nm of graphite. For SGN-900, SGN-1000, and
GN-900, the average values are very similar at 0.358, 0.352,
and 0.356 nm. Thiophene is a five-membered heterogeneous
ring compound containing one sulfur heteroatom. As the
carbonization proceeds, sulfur conjugates the graphene layer
and expands the layer spacing. Likewise, the oxygen atoms in
the alcohol will bind to the graphene and expand its spacing,
explaining the layer dilation in GN-900.
Figure 1g−j shows the high-angle annular dark field-

scanning transmission electron microscope (HAADF-STEM)
image and the corresponding energy dispersive X-ray spec-
troscopy (EDXS) mappings of C, O, and S for SGN-900. Per
the EDXS maps, both S and O are incorporated into the
structure. With increasing carbonization temperature, the
border of the cubic nanoboxes becomes more well-defined.
The graphene layers in SGN-1000 are more ordered than in
SGN-900. With increasing synthesis temperature, the graphene
ribbons become longer as well. However, even for SGN-1000,
the graphene remains highly defective relative to the graphene
present in standard graphite. It is known that the dilated
graphene layer spacing promotes more facile K ion
intercalation.47,61 Meanwhile, the defect sites in the carbons
will provide sites for reversible K ion adsorption, both near the
surfaces and within the bulk.6,62 Since SGN-900 and GN-900
are morphologically and structurally analogous, by directly
comparing their electrochemical performance, it is possible to
understand the role of S-doping in K ion storage.
Figure 2 shows further structural and surface character-

ization of SGNs and GN. Figure 2a shows XRD patterns with
the highly broadened (002) Bragg peak going to higher 2θ
values with increasing temperature. For SGN-900 and SGN-
1000, the center of the (002) peak shifts from 24.8° to 25.3°,
becoming incrementally sharper in the process. For GN-900,
the center of the peak is at 24.85°. The calculated mean layer
spacing is then 0.358, 0.352, and 0.356 nm, respectively,
agreeing in trend with the HRTEM analysis. A qualitative
measure of ordering is the R-value, defined as (002) peak
height normalized by the background intensity.63−65 The R-

values of SGN-900 and SGN-1000 are 1.88 and 2.17,
respectively. For GN-900, the R-value is 2.00. This indicates
that S causes increased levels of disordering in the carbon
structure.
Raman spectra for SGNs and GN are shown in Figures 2b

and S2. For carbons, the disorder induced D-band is centered
at 1345 cm−1, while the graphitic G-band is centered at 1580
cm−1.66 The D-band is associated with the breathing mode of
sp2 carbon atoms in aromatic rings, while the G-band derives
from the conjugated structure in chains or rings of sp2

carbon.67,68 The T-band located at ∼1220 cm−1 can be
attributable to impurities or heteroatoms, such as S, on the
graphitic plane. The D″-band located at ∼1480 cm−1

corresponds to defects in graphene layer stacking.69,70 The
integral peak intensity ratio of IG/ID can be utilized to assess
the defect and disorder level in carbon materials. As shown in
Table S1, the intensity ratio increases with increasing pyrolysis
temperature, indicating more order. IG/ID for SGN-900 and
SGN-1000 is 0.94 and 1.12, respectively. For GN-900, IG/ID is
1.25. The value of ID/(IG + ID) can also be employed as a
measure of defectiveness,71,72 decreasing from 2.06 for SGN-
900 to 1.89 for SGN-1000. For GN-900, ID/(IG + ID) is 1.80.
Overall, the HRTEM, XRD, and Raman results are in
agreement: Employing the S-rich thiophene precursor leads
to an incrementally less ordered graphene-like carbon structure
versus the baseline alcohol precursor. As expected, an increase
in the pyrolysis temperature from 900 to 1000 °C leads to
more ordering.
Electrical conductivity was obtained using four-point probe

measurements. The measured values were 152.9, 135.5, and
111.9 S m−1 for SGN-900, SGN-1000, and GN-900,
respectively. Despite decreased order, the S-rich carbons had
higher electrical conductivity, agreeing with prior reports on
the beneficial role of S-doping.73 The evolution of the surface
area and pore structure of the SGNs and GN was evaluated by
N2 adsorption. According to Figure 2c, the isotherms show
typical type IV curves combined with an H3-type hysteresis
loop, demonstrating mesoporosity.74 The Brunauer−Emmett−
Teller surface area decreases from 925 m2g−1 for SGN-900 to
395 m2g−1 for SGN-1000. The GN-900 shows a specific
surface area of 815 m2g−1, which is close to that of SGN-900.
Figure 2d shows the pore size distribution calculated by the
non-local density functional theory (NLDFT) model. As the
temperature increases, the pore volume decreases from 3.75
cm3g−1 for SGN-900 to 1.96 cm3g−1 for SGN-1000. GN-900
has a pore volume of 3.30 cm3g−1, again relatively on par with
SGN-900.
The X-ray photoelectron spectroscopy (XPS) analysis was

carried out to investigate the near-surface chemistry in SGN
and GN specimens. Figure 2e shows the survey XPS spectra of
SGN-900, SGN-1000, and GN-900. Only C, O, and S atoms
are detected in SGN-900 and SGN-1000, while only C and O
are detected in GN-900. As shown in Figure 2f, the high-
resolution C 1s spectra of the SGN-900 can be deconvoluted
into the dominant C−C/CC peak at 284.6 eV, along with
C−S/C−O at 285.2 eV, CO at 286.9 eV, and O−CO at
290 eV, respectively.75 The C 1s spectra of GN-900 are shown
in Figure S3d and consist of C−C/CC at 284.6 eV, C−O at
285.4 eV, CO at 286.7 eV, and O−CO at 289.5 eV. As
seen in Table S1, the S content in SGN-900 and SGN-1000 is
4.30 and 1.93 at. %, respectively. A higher pyrolysis
temperature is expected to lead to more elimination of the S
from the carbon structure.76
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Table S2 compares the previously employed synthesis
methods for obtaining S-doped carbons. The most common
to obtain S-doping is by physically mixing the carbon precursor
with elemental sulfur powder.12,59,61,73,76−79 During the
heating process, the S8 molecules are cleaved into radicals
and can become covalently bonded with the carbon structure.
The small sulfur molecules can also become trapped at the
carbon defects or in the nanopores. Benzyl disulfide, phenyl
disulfide, and sulfate salt have also been employed as the
precursors for the introduction of sulfur into carbon.9,75,80−84

In the case of elemental S or the prior precursors, sufficient
sulfur-doping is only maintained with a relatively low
carbonization temperature (e.g., <800 °C). This is because
these precursors are otherwise eliminated before reacting with
the carbon, e.g., elemental S sublimation. Because of the low
pyrolysis temperatures, the obtained carbons are amorphous
rather than ordered and graphene-like. Thiophene, the
precursor employed in this study, possesses a thermally stable
structure relative to other S-containing organic molecules.85

During the 900 or 1000 °C pyrolysis, thiophene’s strong
carbon−sulfur bond causes much of the S to be retained in the
final product. Meanwhile, thiophene’s aromatic structure leads
to the high degree of ordering (graphitization), making it in
effect a “soft carbon” precursor analogous to various S-free
aromatic molecules.86

The high-resolution S 2p spectra of SGN-900 and SGN-
1000 (Figures 2g and S3b) can be deconvoluted in two strong

peaks at around 163.8 eV/165.0 eV and another two weak
peaks at 167.7 eV/169.4 eV. These correspond to thiophene-
type S (strong chemical S−S/C−S bonds) and oxidized-type
S.75 The O 1s spectra are shown in Figure 2h. The peaks can
be fitted into four components: O−S at 531.4 eV, CO at
532.4 eV, C−O−C/C−OH at 533.2 eV, and a −COOH bond
at 534.0 eV.87 The O 1s spectrum of GN-900 shown in Figure
S3e displays CO at 532.1 eV, C−O−C/C−OH at 533.1 eV,
and −COOH at 534.2 eV, respectively. Atomic percentages of
various S and O functional groups in SGN-900, SGN-1000,
and GN-900 are presented in Figure S4 and Table S3. The
relative surface concentration of covalent sulfur S 2p1/2

functional groups of SGN-900 is 26%, which is higher than
the 25% in SGN-1000. SGN-900 contained 56% O−S
functional groups, while SGN-1000 contained 50% of these
groups.
To further understand the role of S in the electrochemical

performance of the carbons, we prepared another baseline
specimen. The sample SGN-900-1200 was obtained by
annealing SGN-900 at 1200 °C for 2 h in nitrogen. The
associated results are presented in Table S1 and in Figure S5.
The SEM and TEM analyses show that the overall morphology
of SGN-900-1200 is analogous to SGN-900. However, SGN-
900-1200 exhibits a higher degree of graphene ordering as
indicated by the XRD, Raman, and HRTEM analyses with a
relatively smaller graphene spacing of 0.351 nm and a relatively
higher IG/ID of 1.17. Moreover, SGN-900-1200 displays

Figure 3. Potassium storage behavior of SGN-900, SGN-1000, and GN-900 half-cells vs K/K+. (a) CV curves of SGN-900 at a scan rate of 0.1
mV s−1. (b) Galvanostatic profiles of SGN-900 at 0.05 A g−1 with the inset showing the first cycle. (c) Stage i (below 0.1 V vs K/K+) and Stage
ii (above 0.1 V) capacity, along with the associated Raman IG/ID ratio. Capacity data obtained at 0.05 A g−1. (d) Rate performance. (e)
Specific capacity comparison of SGN-900 versus state-of-the-art carbon anodes from the literature. (f) Cycling stability of SGN-900 at 2 A
g−1. (g) Reaction-controlled contributions of the SGNs and GN at different scan rates. (h) GITT profiles and (i) the corresponding
potassium ion diffusion coefficients at various potassiation/depotassiation voltages.
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decreased surface area and pore volume. Due to the high-
temperature calcination, the S atoms escape from the carbon
structure86,87 with the ultimate S content of SGN-900-1200
being at 1.25 at. %.
Electrochemical Performance of SGNs in Potassium

Ion Batteries/Capacitors. The electrochemical performance
of SGN-900, SGN-1000, and the baseline GN-900 was
investigated as half-cell potassium ion anodes vs K/K+,
employing 0.8 M KPF6 in EC−DEC (1:1, v/v) as the
electrolyte. The cyclic voltammetry (CV) curves for SGN-900
at scan rate of 0.1 mV s−1 are shown in Figure 3a. The CV
curves for the rest of the carbons are shown in Figure S6. For
all the samples, at the initial potassiation cycle, there is a
prominent cathodic peak initiating near 1 V (and centered near
0.6 V) with no anodic counterpart. This irreversible cathodic
peak occurs due to the formation of the solid electrolyte
interphase (SEI) on the relatively high surface area of each of
the carbons. In addition, there is a contribution from
irreversible trapping of K ions at some high energy graphene
defect sites.79 The irreversible capacity due to the 0.6 V peak
decreased from SGN-900 to SGN-1000. This is due to both a
lowering of the electroactive surface area and a reduction of
carbon defect density with increasing pyrolysis temperature. In
the subsequent cycles, the carbons display a nondescript shape
to the CV with the associated charge storage mechanisms
being discussed shortly. It may be observed that the area of the
CV curve for the GN-900 electrode is substantially lower than
for the SGN-900 and SGN-1000 electrodes. The higher
reversible current with SGN-900 and SGN-1000 versus GN-
900 is directly attributable to the presence of S and the
associated defects in the structure.
Figure 3b displays the galvanostatic curves for SGN-900,

while Figure S6 displays them for SGN-1000 and GN-900.
Tested at 0.05 A g−1, the cycle 1 reversible depotassiation
capacities for SGN-900, SGN-1000, and GN-900 are 485, 340,
and 300 mAh g−1, respectively. The large irreversible sloping
plateau at the first potassiation is primarily due to the SEI
formation. The initiation of this sloping plateau at ∼1 V agrees
with the CV results. Because of the large surface area of these
materials and the associated SEI, the first cycle Coulombic
efficiency (CE) is relatively low. The cycle 1 CE values for
SGN-900 and SGN-1000 are 15.5% and 20.3%, respectively.
The cycle 1 CE for GN-900 is 10.9%. It should be pointed out
that such cycle 1 CE values are expected for carbons with a
high surface area tested against K/K+, being on-par with what
has been previously reported for K storage. In general, K-based
electrolyte systems are immature, leading to excessive SEI
growth on a range of anodes.13,88 Such an extensive SEI
formation and a corresponding low CE are prevalent for
“graphene-like” structures across the spectrum K ion
publications.
To further support this point, Table S4 presents the

compiled initial CE results for state-of-the-art high surface
area K ion carbons from the literature.7,8,34,52,57,89−99 It may be
observed that the 15−20% cycle 1 CE is on par with prior
publications. In the subsequent cycles, the galvanostatic
profiles are monotonically decreasing/increasing at potassia-
tion/depotassiation. As will be demonstrated by a combination
of XPS and HRTEM analyses, the higher voltage−capacity
originates from the reversible adsorption of K ions at structural
and chemical defect sites in the carbons. The low voltage
reversible capacity also contains a contribution from the
reversible K ion intercalation, in addition to ion adsorption.

Recently, Wu’s group reported that the concentrated
potassium bis(fluorosulfonyl)imide (KFSI) in dimethoxy-
ethane (DME)−1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl
ether (HFE) (1:1.90:0.95 by mol) electrolyte can be used
for improving the initial CE of graphite.28 Inspired by this
discovery, we tested the electrochemical performance of SGN-
900 using KFSI in DME−HFE electrolyte. These results are
shown in Figure S7. Tested at 0.05 A g−1, the cycle 1
potassiation and depotassiation capacities are 1880 and 678
mhA g−1, respectively. A CE of 36.1% is a significant
improvement over the carbonate electrolyte results, demon-
strating the key role of new electrolyte formulations in
optimizing PIB performance. The substantially improved
initial CE indicates that the associated SEI is more passivating
and is relatively thinner, consuming less potassium ions in its
formation.
The potassiation mechanisms in SGN and GN may be

subdivided into a monotonic region above 0.1 V vs K/K+ and a
sloping plateau region below 0.1 V. The region above 0.1 V vs
K/K+ may be termed Stage i, while that below 0.1 V may be
termed Stage ii. The separation at 0.1 V is somewhat arbitrary
but is useful in providing a discussion of the distinct storage
mechanisms. Figure 3c plots the capacity contribution to Stage
i and Stage ii for SGN-900, SGN-1000, and GN-900 along with
the Raman IG/ID ratio in each carbon. The numbers in Figure
3c were obtained from the second cycle potassiation, tested at
a relatively low current density of 0.05 A g−1. Figure S8 directly
compares the second cycle potassiation profiles in the three
carbons, which is the source of the data for Figure 3c. The
capacity achieved at Stage i has been ascribed to the reversible
K ion adsorption at chemical−structural defects within the
surface and the bulk of nongraphitic carbons.100,101 The
capacity achieved at Stage ii can be due to reversible K ion
intercalation, given that intercalation is feasible into a given
structure.47,100,102 With conventional graphite tested against
K/K+, Stage ii would be the vast majority of the capacity. For
disordered carbons, Stage ii capacity would depend on the ease
of K ion intercalation with more ordered and more (002)
dilated carbons being favored. Stage i capacity for SGN-900
and SGN-1000 is 490 and 430 mAh g−1, agreeing with the
trends in the heteroatom content in these materials. Notably,
Stage i capacity for GN-900 is much lower, being 218 mAh g−1.
The key difference between SGN-900 and GN-900 is the S
content, which is 4.30 at. % versus nil. For SGN-900 and GN-
900, the IG/ID ratios are 0.94 and 1.25, supporting the greater
defectiveness in the former due to S. This gives direct evidence
to the contribution to the reversible high-voltage capacity from
the chemically bound sulfur species in the carbons and the
associated defects.
The capacity at Stage ii has been attributed to the

intercalation of potassium ions between the defective graphene
layers.44 However, we believe that reversible ion adsorption is
active in this region as well. This is due to both the trends in
the Stage ii capacities and the results of XPS analysis presented
in the next sections: Despite a substantial difference in the
degree of graphene order in the carbons, their Stage ii capacity
is similar. In fact, there is an opposite trend in terms of Stage ii
capacity versus Raman, HRTEM, and XRD-indicated ordering.
For SGN-900, SGN-1000, and GN-900, Stage ii capacities are
128, 122, and 87 mAh g−1, respectively. The XRD calculated
mean layer spacing for SGN-900, SGN-1000, and GN-900 is
0.358, 0.352, and 0.356 nm. This means that all three carbons
display comparable graphene layer dilation relative to that in
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graphite. The GN-900 specimen is actually more ordered than
SGN-900, while also possessing an expanded graphene layer
distance. Yet, despite this, it stores less K ions below 0.1 V than
its S-containing counterpart. The GN-900 specimen stores
overall less K ions than SGN-900 at all currents tested and
throughout the entire voltage range. This gives direct evidence
to the contribution to the reversible low-voltage capacity from
the chemically bound sulfur species. As will be demonstrated
by HRTEM, reversible K ion intercalation does occur below
0.1 V. However, per these electroanalytical results combined
with XPS, intercalation is not the exclusive contributor to the
capacity in this voltage range.
The electrodes were rate tested at currents ranging from

0.05 to 2 A g−1 as shown in Figure 3d. It may be observed that
SGN-900 delivers an excellent rate performance with a stable
capacity ranging from 516 mAh g−1 at 0.05 A g−1 to 172 mAh
g−1 at 2 A g−1. When the current density was reduced back to
0.05 A g−1, a capacity of 500 mAh g−1 was recovered,
indicating little damage to the structure due to the high rate
tests. Both SGN-1000 and GN-900 display lower capacity at all
rates, demonstrating the need for S and the defects in the fast
charge performance. SGN-900 displays a favorable reversible
capacity throughout a wide range of currents, relative to the
state-of-the-art potassium ion anodes from the literature,
including carbon- and oxide-based systems.7,8,20,52,100,102−109

This is illustrated in Figure 3e and in Table S5, where a wide
range of K ion anodes is directly compared in terms of their
electrochemical performance at a comparable mass loading.
SGN-900 shows excellent stability during cycling (Figure

3f). When tested at 2 A g−1, the cycle 1 and cycle 1000
reversible capacities are 193 and of 172 mAh g−1 (0.011%
capacity decay per cycle) with a cycling CE of >99%. The vast
majority of the capacity decay occurs during the initial 30
cycles. The capacity loss between 31 and 1000 cycles is only
0.0033% per cycle. The thin carbon walls will reduce the ion
diffusion lengths, while being elastically compliant enough to
allow the necessary volume expansion/contraction without
structural damage. Such reversible dilation−contraction will be
illustrated by ex situ TEM analysis, shown next. The SGN-900-
1200 sample, containing only 1.25 at. %, displays a capacity of
300 mAh g−1 at 0.05 A g−1 and 133 mAh g−1 at 2 A g−1. It
shows 68% capacity retention after 1000 cycles at 2 A g−1

(Figure S9), which is inferior to that of SGN-900. Therefore,
S-doping is considered important not only for the overall
reversibly capacity and rate performance but also for
cyclability.
The kinetic behavior of SGN-900 and GN-900 was further

analyzed by CV analysis at scan rates of 0.2 to 1.0 mV s−1.
These results are shown in Figure S10. The charge storage
mechanisms in the carbons are reaction controlled or diffusion
controlled, depending on the voltage and the scan rate. The
relationship between the peak current (i) and the scan rate (v)
may be generally expressed by eq 1:

i avb= (1)

where a and b are both adjustable parameters. The value of the
parameter b can be obtained from the slope of the plot of log
(i) versus log (v). When the b value approaches 1, indicating a
linear relationship of peak current with time, the charge storage
process is taken to be interfacial reaction limited. For anode
materials that are covered by an SEI layer, this so-called
“capacitive-controlled” process is not the classical surface, only
the EDLC charge storage mechanism.110 The electrode’s

surface area is not sufficient to generate appreciable EDLC
current. For SEI-covered carbon anodes, the reaction-
controlled charge storage capacity can originate from bulk
and surface reversible ion adsorption at the structural and
chemical defects.111 When the b value approaches 0.5, charge
storage mechanisms are solid-state diffusion controlled. For
graphite, this is the classic staged intercalation process. For the
substantially more disordered carbons, such as SGN-900, both
bulk intercalation and bulk ion adsorption may be diffusion
limited. Per Figure S10b using the cathodic/anodic references
of 0.01 and 0.3 V, the calculated b values were 0.64 and 0.66,
respectively. This indicates that the low voltage−capacity is
solid-state diffusion controlled. When the references of 0.75
and 1.8 V are considered, the resulting b values are closer to
reaction controlled, being 0.86 and 0.83.
The relative contribution to the total capacity from the

reaction-controlled versus the diffusion-controlled ion storage
process can be further evaluated according to eq 2:

i k v k v1 2
1/2= + (2)

where k1v and k2v
1/2 represent the reaction-controlled

contribution and the solid-state diffusion-controlled contribu-
tion.112 At a set voltage, a given charge storage mechanism is
either reaction controlled or diffusion controlled but not both.
However, as the voltage is swept from its maximum to its
minimum, the same mechanism may change in its rate limiting
step. The same may occur with a change in scan rate. Figures
3g and S11 show the results of this analysis for SGN-900,
SGN-1000, and HNC-900, showing the relative contribution
to the total capacity in percent. It may be observed that, at
each scan rate, the relative contribution from reaction-
controlled capacity increases with S and defect content.
SGN-900 is the most S and defect rich and yields the highest
reaction controlled percentage, up to 82% at 1 mV s−1. GN is
the most ordered and is S-free, yielding 67% at 1 mV s−1, while
SGN-1000 yields 76% at 1 mV s−1. From Table S6, it may be
observed that SGN-900 is superb in the published literature in
terms of the degree by which its capacity contribution is
reaction dominated, supporting the rate capability comparison
presented in Figure 3e. This again highlights the role of sulfur
and the associated defects, since SGN-1000 and GN-900 are
more balanced between reaction and diffusion controlled.
To further understand the kinetics of potassium storage in

these materials, galvanostatic intermittent titration technique
(GITT) measurements were performed on SGN-900 and GN-
900. This allowed one to calculate the diffusion coefficient
(Dk) as a function of voltage, during both potassiation and
depotassiation. The details of the analysis, including the
additional plots and descriptions, are presented in Figure S12.
The voltage response of both materials and the calculated Dk
values at differing potassiation/depotassiation depths are
shown on Figure 3h,i. For both carbons, the Dk decreases
with potassiation depth, which may be attributed to increased
site occupancy and decreased driving force for additional ion
insertion. During depotassiation, the trend is reversed, with
maximum diffusivity being at the onset voltage of ion
extraction. The ion sites that have the least driving force for
insertion (lowest voltage) offer the most facile extraction
kinetics. The Dk values for SGN-900 range from 10−10 to 10−12

cm2 s−1, an order of magnitude higher than the 10−11 to 10−13

cm2 s−1 values for GN-900. This significant difference in
diffusivities is due to the S content in SGN-900, since
otherwise the two carbons possess an analogous structure. The
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diffusivities in turn explain the superior fast charge capability of
SGN-900 and the associated dominance of reaction-controlled
kinetics. GITT analysis was also employed to analyze SGN-900
and GN-900 at cycle 2, as shown in Figure S13. The derived
Dk values display the same trend as during the first cycle.
Moreover, the Dk values also range from 10−10 to 10−12 cm2

s−1, demonstrating consistent potassium diffusivity at both
cycles.
Electrochemical impedance spectroscopy (EIS) was used to

further analyze the electrochemical performance of the SGNs
and GNs. Figure S14 compares the Nyquist plots of SGN-900
and GN-900 prior to cycling at OCP and after 500 cycles at 1
A g−1 in the depotassiated state. All the plots consist of a
semicircle at the high frequency region and a sloping line at the
low frequency region. The semicircle is related to a
combination of SEI resistance RSEI and charge transfer
resistance RCT. In principle, these should be distinct over-
lapping semicircles, the SEI resistance being at the higher
frequency. In many cases including here, the circles sufficiently
overlap so that they cannot be mathematically deconvoluted.
The R(SEI+CT) values for SGN-900 and GN-900 are 288 and
450 Ω, respectively. This indicates that the S-free GN-900 has
incrementally higher impedance from the onset. The Warburg
factor σ can be calculated from the low frequency region of the
Nyquist plots; the details are found in the Supporting
Information. The linear relationship between Z′ and ω−1/2

(ω is the angular frequency) of SGN-900 and GN-900 is
shown in Figure S14. The calculated values of σ for pristine
SGN-900 and GN-900 are 42.0 and 109.8. The lower σ value
for SGN-900 also indicates a higher diffusion coefficient. The
post cycled R(SEI+CT) values for SGN-900 and GN-900 are
1827 and 2553 Ω, as shown in Figure S14.
To further investigate the fast-rate K ion storage perform-

ance of SGN-900, potassium ion capacitors were fabricated by
using SGN-900 as the anode and the nitrogen-rich graphene
nanobox NGN-900 as the cathode. The high nitrogen content
in NGN-900 (9.2 at. %) is beneficial for improving the high

voltage−capacity needed for the cathode, while the meso-
porous structure facilitates transport. The SGN//NGN PIC
architecture is schematically illustrated in Figure 4a. The
preparation process of NGN-900 is provided in the Supporting
Information. Figure S15a shows the SEM and TEM (inset)
images of NGN-900. Figure S15b shows the representative
galvanostatic charge−discharge profiles of NGN-900 tested at
0.1 A g−1. Figure S15c shows this rate performance for the
NGN-900 sample. Within the cathode voltage range of 2−4.2
V vs K/K+, NGN-900 achieved a specific capacity of 60 mAh
g−1 at 0.2 A g−1 and 30 mAh g−1at 10 A g−1. Prior to being
assembled into a PIC, the SGN-900 anode was “activated” by
being cycled three times in a half-cell vs K/K+ at 0.05 A g−1 to
a cutoff voltage of 3 V, leaving in the depotassiated state but
with a stable SEI. Since neither electrode contained a K
reservoir, during testing, the cations and anions are derived
from the electrolyte only.
To obtain the best electrochemical performance, the mass

ratio between SGN-900 and NGN-900 was optimized. Three
mass ratios of 1:2, 1:1, and 2:1 were investigated with the
working window of SGN//NGNs being set at 0−4.2 V.
According to Figures S16 and 4b, the CV and galvanostatic
curves of PICs are not ideal “EDLC-like” triangles; i.e., they are
not pseudocapacitive. This is due to the combined storage
mechanism discussed previously. As illustrated in Figure 4c,
the PIC device with a mass ratio of 1:1 displays the optimum
energy and power combination. The specific energy (E, Wh
kg−1) and specific power (P, W kg−1) are calculated by the
following standard equations of P = iΔV/m and E = PΔt,
where i is the discharge current, ΔV is the average voltage
(excluding the IR drop), m is the total loading of active
materials (anode and cathode), and Δt is the discharge time.
The PIC with anode to cathode mass ratio of 1:1 delivers an
energy of 112 Wh kg−1 at a power of 505 W kg−1 and 107, 100,
70, 49, and 28 Wh kg−1 at 1, 2, 4.8, 8.8, and 14.6 kW kg−1. As
shown in Figure 4d, the energy retention of this device is 92%
after 6000 cycles at 2 A g−1 with cycling CE over 99%. Table

Figure 4. Electrochemical performance of a potassium ion capacitor based on a SGN-900 anode and a NGN cathode. (a) Schematic diagram
illustrating the asymmetric PIC design. (b) Galvanostatic charge−discharge profiles with the anode to cathode mass ratio of 1:1. (c) Ragone
plots of the PICs with different mass ratios of anode to cathode (1:2, 1:1, and 2:1). (d) Cycling stability of the PIC tested at 2 A g−1.
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S7 shows energy, power, and characteristics of related prior art,
demonstrating the highly favorable energy, power, and
cyclability characteristics of the SGN//NGN PICs.
Investigation of the Potassium Storage Mechanism

in SGNs. To further understand the potassium storage
mechanisms in SGN-900, post-mortem XPS analysis was
performed at different cutoff voltages during potassiation and
depotassiation. These results are shown in Figures 5 and S17.
The K 2p spectra for these potassiation states are shown in
Figures 5b and S18. Per points a−c, the two peaks located at
292.4 and 295.2 eV during the potassiation process indicate
the formation of K−C bonds, likely being formed at the carbon
structural defects. When the potassiation process proceeds to
0.6 V vs K/K+, the above two peaks shift to a lower binding
energy (Eb), while increasing in overall intensity. At 0.001 V,
these peaks shift to the lowest binding energy while achieving
their maximum intensity. At the lower voltages, there is K ion
intercalation between the defective graphene sheets, which will
be further supported by the HRTEM analysis shown next.
During the subsequent depotassiation process, the two peaks

recover to higher Eb values while reducing in their intensity. At
the end of the first depotassiation process (point e), the two
peaks still exist albeit at a much lower intensity. This is
associated with the irreversible insertion of K into the most
strongly binding defect sites in the carbon host.83 The XPS
peak related to K−F bonds is present at around 292.5 and
295.5 eV, indicating that the SEI layer contains inorganic KF,
agreeing with the prior analysis.59 A comparable trend in
energy shifts and intensities is observed during the second
potassiation/depotassiation cycle. These largely reversible
changes in Eb indicate that the potassiation reactions with
the carbon matrix are reversible, agreeing well with the
electrochemical results.
The XPS S 2p spectra are shown in Figures 5c and S19. The

S 2p peak at the pristine stage can be divided into four peaks at
163.8, 165.0, 167.7, and 169.4 eV, respectively. These
correspond to the S 2p3/2, S 2p1/2, and sulfate chemical
bonds. As the SGN electrode is gradually potassiated to 0.001
V, the two peaks centered at 162.2 eV emerge. These
correspond to the K2S compound,59 which is the equilibrium

Figure 5. Post-mortem XPS and HRTEM analysis of SGN-900 at different potassiation/depotassiation states. (a) The potassiation/
depotassiation voltage profiles at cycle 1 and cycle 2, including points at which the test was interrupted and the cells were disassembled for
analysis. Corresponding high resolution (b) K 2p and (c) S 2p spectra. (d) HRTEM images and the corresponding graphene layer spacing of
SGN-900 at states of as-synthesized, after terminal potassiation to 0.001 V at cycle 1 (0.05 A g−1), after terminal depotassiation to 3.0 V at
cycle 1 (0.05 A g−1), after terminal potassiation to 0.001 V at cycle 100 (2 A g−1), after terminal potassiation to 0.001 V at cycle 1000 (2 A
g−1), and after terminal depotassiation to 3.0 V at cycle 1000 (2 A g−1).
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terminal phase between K and S. In the fully potassiated state,
the Eb of S 2p negatively shifted to a lower value, indicating
that the strong interaction of K and S atoms lead to a lower
valence state of the S. During the depotassiation process to 0.5
V, the intensity of sulfides and sulfates both decreased, and the
intensity of the S peaks increased. At 3 V, the Eb of S 2p

3/2 and
S 2p1/2 shifts to 163.3 and 164.4 eV, indicating a reversible
variation of the S valence state. The peak at 162.5 eV can be
assigned to the residual sulfide species (S2−), which would arise
from the incomplete oxidation reaction.6 The peak at around
165.5 eV can be attributed to K2SO4. At cycle 2, the changes in
the S 2p peaks follow the same trend as at cycle 1, indicating
largely reversible reactions.
As displayed in Figure S20, the O 1s spectrum of pristine

SGNs can be fitted into four peaks: O−S at 531.4 eV, CO at
532.4 eV, C−O−C/C−OH at 533.2 eV, and −COOH at
534.0 eV. At the potassiated state of 0.6 V, a peak at 532.7 eV
can be assigned to K2CO3, which is a key component of the
SEI. After its formation, the K2CO3 peak changes minimally
with voltage, indicating the irreversible process of inorganic
SEI formation.113 The C 1s spectra shown in Figure S21
further confirm the existence of K2CO3 and other K-organic
matter. During the potassiation process, the O−S peaks
become slightly stronger, which is consistent with the variation
of sulfates. In the following depotassiation process, the
intensity of O−S peaks decreased, also indicating the reversible
reaction related to S. The relatively strong O−CO peaks at
289.2 eV can be observed in the potassiated samples, agreeing
with the K2CO3 bonding.

114 The intensity of C−C/CC and
C−S/C−O peaks dramatically decreases during potassiation,
accompanied by the emergence of two pronounced K 2p peaks
in the fully potassiated state. These changes have been
previously attributed to the reversible formation of the K−S−
C compounds.115 After depotassiation, the C−C/CC and
C−S/C−O peaks become intense again, indicating a reversible
reaction.
To obtain further insight regarding the potassium ion

storage mechanisms, HRTEM analysis was performed on
SGN-900 in the as-synthesized condition, after terminal
potassiation to 0.001 V, and after terminal depotassiation to
3.0 V at cycle 1. These results are shown in Figure 5d. Before
potassiation, the graphene layer spacing of SGN-900 is 0.358
nm. After potassiation to 0.001 V, the graphene layer spacing is
expanded to 0.402 nm, agreeing with K ion intercalation as a
secondary charge storage mechanism. However, this layer
expansion of about 13% is much less than the 61% dilation in
graphite upon the formation of the terminal intercalation
compound KC8. In the fully depotassiation state, the layer
spacing is reduced to 0.352 nm, indicating the reversibility of
the process. Importantly, the hollow graphene structures retain
their integrity during cycling. Per the SEM analysis shown in
Figure S22, even after 100 and 1000 cycles at 2 A g−1, the
overall morphology of SGN-900 is intact. Per the HRTEM
results shown in Figure 5d, after 100 and 1000 cycles, the
graphene layer spacing of SGN-900 in its potassiated state is
0.398 and 0.404 nm, respectively. After 1000 cycles, the
spacing in the depotassiated state is back to 0.365 nm, further
confirming the structural integrity and highly reversible
intercalation/deintercalation.

CONCLUSIONS
To summarize, we created sulfur-rich graphene nanoboxes
(SGNs) synthesized through a facile chemical vapor deposition

method with thiophene as the precursor. A similar approach
using an alcohol precursor was employed to fabricate sulfur-
free graphene nanoboxes tested as baselines. Employed as K
ion anodes, the SGNs show record reversible capacity and
record fast charge performance, whereas the sulfur-free
baselines are generally midrange. A potassium ion capacitor-
based SGN anode and a nitrogen-doped carbon nanobox
cathode, without a secondary K reservoir apart from the
electrolyte, show outstanding energy, power, and cyclability
characteristics. Detailed electroanalysis combined with XPS
and HRTEM is employed to elucidate the charge storage
mechanisms. The analysis highlights the dominance of the
reversible ion adsorption and concomitant reaction with S
moieties, combined with limited ion intercalation at low
voltages. The covalently bonded S also boosts solid-state
diffusivity of K ions by an order of magnitude and stabilizes the
SEI structure during the initial potassiation and during cycling.

METHODS
Material Synthesis of SGNs. Commercially purchased magne-

sium carbonate hydroxide pentahydrate (4MgCO3·Mg(OH)2·5H2O,
Alfa) was converted into MgO, which was employed as the template
for the growth of SGNs. In a typical procedure, 2 g of 4MgCO3·
Mg(OH)2·5H2O was loaded in a horizontal alumina tube. The tube
furnace was heated to the target temperature (900 or 1000 °C) at a
ramp rate of 5 °C under a N2 atmosphere. Once the target
temperature was achieved, the thiophene vapor was introduced into
the tube furnace by bubbling flowing nitrogen through thiophene
liquid, and the reaction was maintained for 3 h. The template was
removed by washing in 6 M HCl solution for 24 h and then washing
with deionized water until the pH was approximately 7. Finally, the
samples were freeze-dried and collected. The yield was controlled by
adjusting the gas flow for bubbling. For comparison, GNs were
synthesized at 900 °C by using ethyl alcohol as the precursor instead
of thiophene.

Materials Characterization. The morphologies and micro-
structures of the SGNs and GNs were characterized by XRD
(BrukerD8 Advance powder diffractometer (Cu Kα radiation)), SEM
(Hitachi S4800, 15 kV), and TEM (JEOL 2010F, 200 kV). Raman
spectra were recorded by using a micro-Raman spectroscope
(LabRAM HR Evolution) with the excitation wavelength of 532
nm. The surface element analyses of SGNs and GNs were examined
on an XPS (Thermo ESCALAB 250XI). The specific area and pore
volume were conducted from the nitrogen adsorption/desorption
isotherms measured on a Micrometrics Tristar 3020 II at 77 K.

Electrochemical Testing. The electrochemical performance was
investigated in coin-type half-cells (CR2032) assembled in a glovebox
filled with Ar. The working electrode was fabricated by mixing SGNs/
GNs, acetylene black, and carboxyl methylated cellulose (CMC) in a
mass ratio of 75:15:10. A small quantity of ∼20% aqueous alcohol was
employed to form a slurry, which was coated on a copper foil. The as-
coated electrodes were dried at 70 °C for 12 h in vacuum, with the
average mass loading of the active material being about 1 mg cm−2. A
potassium foil was used as the counter electrode; a polyethene
membrane was employed as the separator, and 0.8 M KPF6 in EC and
DEC (1:1, v/v) was employed as the electrolyte. The CV curves and
EIS plots were measured on a Gamry Interface 1000 electrochemical
workstation. Galvanostatic data was obtained using a LAND
CT2001A battery system. The GITT was performed at a current
density of 0.05 A g−1 for 30 min followed by a relaxation period of 3 h.
For the electrochemical testing of the potassium ion capacitors, the
cathode formulation consisted of 75 wt % NGN-900, 15 wt %
acetylene black, and 10 wt % CMC. These were mixed in 20%
aqueous alcohol and coated on a stainless foil. After that, the cathode
was dried at 70 °C under vacuum overnight.
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