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A B S T R A C T

Combined sulfur and nitrogen (S ¼ 12.9 at.%, N ¼ 9.9 at.%) rich carbons are synthesized for potassium ion anode
applications. The low-surface-area carbons (56 m2 g�1) have sulfur covalently bonded to the structure, with
minimum unbound “free” sulfur. This allows for exceptional rate capability and stability: Capacities of 437, 234
and 72 mAh g�1 are achieved at 0.1, 1 and 10 A g�1, with 75% retention at 2 A g�1 after 3000 cycles. These are
among the most favorable capacity-cyclability combinations reported in potassium ion battery carbon literature.
As a proof of principle, the carbons are incorporated into a potassium ion capacitor with state-of-the-art energy
and power (e.g. 110 W h kg�1 at 244 W kg �1). According to XPS analysis, the reaction of nitrogen with Kþ is
distinct from that of Kþ with sulfur. The N and N–O moieties undergo a series of complex multi-voltage reactions
that result in both reversible and irreversible changes to their structure. The K–S reactions involve a combination
of reversible adsorption and reversible formation of sulfides, thiosulfate and sulfate. GITT and EIS analysis
indicate that incorporation of S into the N-rich carbon increases the Kþ solid-state diffusion coefficient by factors
ranging from ~3 to 8, depending on the voltage. The diffusivities are asymmetric with charging vs. discharging,
signifying distinct reaction pathways. The covalently bound sulfur also has a positive influence on the solid
electrolyte interphase (SEI) formation, at early and at prolonged cycling.

1. Introduction

Large-scale energy storage systems play a key role in advancing smart
power grid and other stationary and municipal renewable energy storage
applications [1–7]. Lithium-ion batteries (LIBs) may become restricted
for such large-scale application due to limited supply of Li precursors and
of Co used in most LIB cathodes [8–11]. Owing to the abundance and low
cost of potassium precursors, potassium ion batteries (PIBs, KIBs) are
becoming considered as one potential alternative to LIBs for applications
where absolute “best” performance is not essential [12–20]. However,
many well-established anode materials in LIBs are poorly suitable for
KIBs. One example is graphite, which performs badly with potassium due
to the larger ionic size of Kþ (1.38 Å) relative to Liþ (0.76 Å), and a
difference in the ion-carbon bonding [21,22]. The potassium ion will
cause too large of volume expansion during charging, leading to low
capacity especially at higher charge rates, as well as poor cyclability.
However, with electrode materials tuned specifically for hosting Kþ

rather than Liþ, KIBs may be promising in their performance. Potassium
ions possess advantages in terms of transport in the electrolyte. The
weaker Lewis acidity of Kþ versus Liþ results in a lower Stoke’s radius of
solvated ions, a higher transport number and higher mobility [23]. The
challenge is in the solid-state, where the larger K ions are naturally
slower diffusers in most materials.

To date, various anode materials have been investigated for KIBs,
including carbons [24–28], alloys [16,29], metal compounds (oxide
[30–32], sulfide [33,34], phosphide [35,36], selenide [37,38], MXenes
[39]), organic compounds [40,41], etc. Among them, carbonaceous
materials are receiving perhaps the most interest, owing to their high
electrical conductivity, low cost and wide availability [42,43]. This in-
cludes carbons with a range of morphologies and structures, including
porous carbons [44], carbon microspheres [45,46], and carbon nano-
tubes [47]. Heteroatom doping canmodulate the chemical and electronic
environment, thus improving a range of electrochemical properties [48,
49]. For example, nitrogen dopants have been extensively adopted in
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carbons, because they can enhance the electronic conductivity of carbon,
introduce more active sites and defects in carbon frameworks, as well as
improve reaction activity [49–51]. Heteroatom-rich carbons, for example
containing B, N, S and P, have been shown to generally possess higher
reversible capacities than their undoped counterparts [48–53]. A range
of heteroatom doping strategies are widely employed to boost the
reversible capacities and often the rate capabilities of Li and Na ion
battery anodes [54–57]. From that vantage, K specific carbons are less
mature, although there are impressive results concerning O and N doping
[49,58–60].

Sulfur heteroatoms will provide additional reversible storage capacity
by reversible reactions with K, Na and Li [61,62]. However, unlike Na
and Li where more literature is available, S-rich carbons for K are in the
early stages of scientific inquiry. Mai’s group firstly reported S-doped
graphene as anodes for PIBs and highlighted the reaction mechanism for
K-ion storage [63]. Ding et al. has reported sulfur-grafted hollow carbon
spheres for KIB anodes, exhibiting a high reversible capacity of 581 mAh
g�1 at 25 mA g�1 [64]. Yang’ group recently reported 3D sulfur and ni-
trogen codoped carbon nanofiber aerogels used for PIBs, exhibiting a
capacity of 356 mAh g�1 at 100 mA g�1 [65]. Dual doped carbons appear
to synergize the effect of each specie in boosting the reversible capacity
of the carbon. Recently published reports for dual doped carbon anodes
include N/O dual-doped hard carbon [66], S/O co-doped porous hard
carbon microspheres [45], and P/N co-doped carbon [50,67-68], all of
which deliver promising electrochemical properties. Although S and N
co-doping has been employed successfully in carbons for enhanced Na
storage [69–72], it is much less common for K applications [73].

In this study, we synthesize a S-doped N-rich carbon by carbonizing a
poly (acrylamide-co-acrylic acid) potassium salt-sulfur precursor. Taking
advantage of its water adsorption propensity, elemental sulfur is intro-
duced into the polymer salt through a reaction between sodium thio-
sulfate and dilute hydrochloride acid. The resultant carbon contains
uniquely large content of S (12.9 at.%) and N (9.9 at.%), and thereby
demonstrate exceptional reversible K storage capacity, superior rate
performance, as well as excellent cycling stability. In parallel, we explore
the fundamental aspects of potassiation - depotassiation reactions in
these materials, thereby providing new mechanistic insight.

2. Materials and methods

2.1. Material preparation

In a typical synthesis process for Sulfur doped N-rich Carbon (S-NC),
7.75g sodium thiosulfate (Na2S2O3) was fully dissolved into 30ml
deionized water. Subsequently 1g poly (acrylamide-co-acrylic acid) po-
tassium salt was added slowly into the solution to form a hydrogel. This
process was performed at room temperature. The dilute hydrochloride
acid (3 M, 20mL) was slowly added drop by drop, with the hydrogel
immediately turning yellow. After stirring for 1 h, the obtained yellow
hydrogel was frozen and then freeze-dried for 72 h. The resultant yellow
precursor was sealed in an alumina boat and heated inside a tubular
furnace under a N2 atmosphere at 280 �C for 1 h, followed by carbon-
ization at 800 �C for 2 h. Finally, the produced carbon powder was then
washed in dilute hydrochloric acid and deionized water to remove the
inorganic impurities and dried at 80 �C for 12 h. As a baseline, N-rich
Carbon (NC) was synthesized by the similar procedure but without the
addition of Na2S2O3 and HCl. All the reagents were employed in their as
received condition, without further purification.

2.2. Materials characterization

The morphology of S-NC and NC was examined by scanning electron
microscopy (SEM), using a Hitachi S4800 operated at 15kV. The struc-
ture of the carbons was analyzed by transmission electron microscopy
(TEM), employing a JEOL 2010F operated at 200 kV. X-ray diffraction
(XRD) was carried using a Bruker D8 Advance powder diffractometer,

with Cu Kα radiation. The Raman spectra measurements were performed
using a Lab RAMHR800, with an effective laser power on the sample of 5
mW, an excitation laser wavelength of 532 nm, and a spot size of 1 mm.
The specific surface area and pore size distribution of the carbons was
obtained using a Micromeritics TriStar II 3020 surface characterization
analyzer. X-ray photoelectron spectroscopy (XPS) analysis was per-
formed using a Thermo ESCALAB 250XI. The carbon’s electrical con-
ductivity was measured using a multifunction digital four-probe tester
(ST2253). Thermogravimetric (TG) analysis was carried using a MET-
TLER TOLEDO TGA/DSC 3þ.

2.3. Electrochemical analysis

The electrochemical performance of S-NC and baseline NC vs. K/Kþ

was examined by employing CR 2032 coin-type cells, which were
assembled in an Ar-filled glovebox. To prepare the working electrode,
active materials (75 wt%), conductive material (carbon black, 15 wt%),
and binder (polyvinylidene fluoride (PVDF), 10 wt%) were dissolved in
N-methyl-2-pyrrolidinone to form a slurry, which was pasted onto a
copper foil current collector. After being vacuum-dried at 80 �C for 10 h,
the electrodes were cut into circular pieces with a diameter of 15 mm,
and an average mass loading of ~1.0 mg cm�2. A solution of 0.8 M KPF6
in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume)
was employed as the electrolyte. Potassium foil was employed as counter
electrodes. Galvanostatic charge-discharge measurements were con-
ducted in the range of 0.001–3.0 V, using a Land CT2001A, battery tester.
Cyclic voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS)
and Galvanostatic Intermittent Titration Technique (GITT) analysis were
performed using a Gamry Interface 1000. All electrochemical measure-
ments were carried out at room temperature.

3. Results and discussion

3.1. Synthesis and structure analysis

Scheme 1 illustrates the key steps for synthesis of Sulfur doped N-rich
Carbon (S-NC) and baseline N-rich Carbon (NC). While an extended
synthesis procedure is provided in the Methods, a brief summary is
provided here. Poly (acrylamide-co-acrylic acid) potassium salt is used as
carbon precursor to form N-rich carbon framework, while sodium thio-
sulfate serves as sulfur source. The baseline NC was obtained by directly
carbonizing poly (acrylamide-co-acrylic acid) potassium salt. Poly
(acrylamide-co-acrylic acid) potassium salt possesses high water ab-
sorption capacity because of the hydrophilic groups (-CONH2, –COOH
and -COOK) [74]. Due to mutual repulsion between carboxylate ions
fixed on the polymer chain, the polymer network expands, resulting in
internal negative pressure and allowing water to enter the resin [75,76].
The sodium thiosulfate will be uniformly adsorbed by poly (acryl-
amide-co-acrylic acid) potassium salt. After combining with diluted hy-
drochloric acid, elemental sulfur is formed while simultaneously giving
off sulfur dioxide [77]. The product is heated in sealed N2 atmosphere at
280 �C for 1 h, followed by carbonization at 800 �C for 2 h. Two more
baseline specimens are synthesized, one pyrolyzed at 600 �C and termed
S–NC–600, and one pyrolyzed at 1000 �C and termed S–NC–1000. These
two materials were used to directly investigate the role of N vs. S in
electrochemical performance, as detailed subsequently.

Sulfur is liquefied above 115 �C and dispersed inside the pores of the
carbon precursor, providing a sulfur-rich environment for the pyrolysis.
At 280 �C, carbonization and sulfuration processes will occur simulta-
neously, being termed in-situ sulfuration. This process will be similar to
pyrolysis of polyacrylonitrile in the presence of sulfur [78]: Short –Sx–
chains become covalently bonded onto a cyclized carbon backbone,
simultaneously dehydrogenating the material to evolve H2S. In the sub-
sequent step at 800 �C, the sulfur reacts with the concurrently pyrolyzing
carbon to vulcanize the structure. It has been recently shown that upon
heating to 1000 �C, covalently bonded S will begin to be eliminated at
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about 725 �C, much higher temperature than if the S was free or bound
inside nanopores [64]. At the 800 �C pyrolysis temperature, some
covalently bonded S will be lost. However, as will be demonstrated in the
subsequent figures, enough covalently bonded S remains in the structure
to favorably affect the electrochemical properties. Were the S present
instead as nanoconfined long or short chain molecules, it would have
been entirely eliminated at this temperature. Thermogravimetric analysis
was employed to confirm the S content of S-NC, with NC as a baseline
(Fig. S1). Comparing S-NC and NC allows the weight loss caused by S
elimination to be separated from that caused by further pyrolysis. Both
S-NC and NC have about 5% weight loss below 130 �C, corresponding to
the elimination of adsorbed moisture [64]. At around 200 �C, the weight
loss rates for the two materials begin to diverge. The “extra” lower
temperature weight loss in S-NC is ascribed to the elimination of un-
bound elemental sulfur inside the nanopores [79,80]. At 800 �C, the
difference in the weight loss for S-NC vs. NC is ~20%, which corresponds
to the total eliminated sulfur species.

Fig. 1(a) and Fig. S2 provide SEM micrographs that show the

morphology of S-NC and NC. It may be observed that NC is quite dense as
compared to S-NC. In S-NC, the volatilization of excess sulfur at high
temperature physically breaks up the carbon, while introducing macro-
porosity and creating a sheet-like morphology. By contrast, a standard
post-pyrolysis particulate-like morphology is formed in the sulfur-free
NC. The high-resolution transmission electron microscopy (HRTEM)
images confirm the amorphous internal structure of both S-NC and NC,
with randomly distributed graphitic ribbons. This is shown in Fig. 1(b)
and (c), where there are isolated defective graphene planes in an
otherwise amorphous carbon matrix. The lack of long-range order in the
carbons is expected due to the low maximum temperature (800 �C) of
pyrolysis. Fig. 1(d) shows a high-angle annular dark-field (HAADF)
image and the associated C, N, O and S energy-dispersive X-ray Spec-
troscopy (EDXS) maps of S-NC. Within the resolution of EDXS, the N, O,
and S elements are all homogeneously distributed within the carbon.

X-ray diffraction and Raman spectroscopy were employed to inves-
tigate the structure of S-NC and the NC baseline. Per Fig. 2(a), S-NC and
NC show highly broadened diffraction peaks with 2θ centered at ~25�.

Scheme 1. Schematic illustration of the synthesis process for Sulfur doped N-rich Carbon (S-NC) and for the baseline N-rich Carbon (NC).

Fig. 1. (a) Representative SEM image for S-NC, with NC being shown on Suppl. (b) and (c) HRTEM images highlighting the disordered structure S-NC and NC,
respectively. (d) HAADF image and the corresponding EDXS elemental distributions of C, N, O and S in S-NC.
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This (002) type reflection is associated with the average nearest-neighbor
spacing between the highly defective graphene layers [81]. Calculated
from Bragg’s Law, the average graphene layer spacing is found to slightly
increase from 0.345nm for NC to 0.352 nm for S-NC, both being wider
than the equilibrium 0.3354 nm for graphite.

The Raman spectrum in Fig. 2(b) shows disorder-induced D band at
around ~1350 cm�1 and a graphitic G band at around ~1580 cm�1. The
D band is related to the breathing mode of k-point phonons, while the G
band derives from the conjugated structure of sp2 carbon [82]. Two
additional peaks of at ~1130 cm�1 (T-band) and at ~1490 cm�1

(D00-band) are present, being commonly reported for disordered carbons.
The former is assigned to disordered graphitic lattice (A1g symmetry) or
sp3-rich phase, the latter is ascribed to amorphous sp2-bonded forms of
carbon [83]. The intensity ratio of D band and G band (ID/IG) can be to
express the degree of disorder [84,85]. The value of ID/IG ratio of S-NC
and NC are estimated to be 2.33 and 1.83. As expected, sulfur doping
results in more structural defects in the carbon, which will lead to more
K-active storage sites. Two weak peaks located at 359 and 478 cm�1 are
revealed in S-NC, corresponding to the stretching vibration and defor-
mation of C–S and S–S bonds [86–88]. The observed S–S bond is due to
the trapping of small sulfur molecules inside the closed carbon structure.

Nitrogen adsorption-desorption isotherms were employed to analyze
the effect of sulfur doping on porosity, per Fig. 2(c). Both S-NC and NC
display Type IV isotherms with an obvious hysteresis loop, indicating the

existence of mesopores. The corresponding pore size distribution results
were obtained by density functional theory (DFT), as shown in Fig. S3.
The pore size distribution results are shown in Table S1. The table in-
dicates that S-NC possesses more macro/mesopores compared to NC. The
Brunauer-Emmett-Teller (BET) specific surface area of S-NC is 56 m2 g�1,
which is much lower than that of NC at 432 m2 g�1. This indicates that
there is structural collapse during the high temperature reaction of the
pyrolyzing carbon with the S. While small sulfur molecules confined
inside gas accessible pores also decrease the specific surface area [86,89],
it is highly unlikely than any molecules will survive inside open pores at
800 �C. The reduction of specific surface area in S-NC is a desirable
feature, since it should reduce the extent of solid electrolyte interphase
(SEI) formation [90,91]. Fig. S4(a) and S4(b) show nitrogen
adsorption-desorption isotherms and associated DFT mesopore size dis-
tribution of S–NC–600 and S–NC–1000. The specific surface areas are 23
m2 g�1 for S–NC–600 and 113 m2 g�1 for S–NC–1000.

X-ray Photoelectron Spectroscopy was carried out to further investi-
gate the surface chemical composition and chemical bonding in S-NC and
NC. Fig. 2(e) shows the high resolution C1s spectra of S-NC. Fig. 2(f)
shows the O 1s spectra, Fig. 2(g) shows the N 1s spectra, while Fig. 2(h)
shows S 2p spectra. The associated survey spectra and the high-resolution
spectra for NC are shown in Fig. S5-S7. The sample S-NC displays
prominent peaks corresponding to C 1s, N 1s, O 1s, S 2p and S 2s, as well
as a minor peak of Na 1s, per Fig. 2(d). As expected, the S 2s and Na 1s

Fig. 2. Structural, textural and surface chemical characterization of S-NC and NC, with additional data presented in Suppl. (a) XRD patterns, (b) Raman spectra, (c)
Nitrogen adsorption-desorption isothermal curves, (d) High resolution XPS patterns of S-NC and NC. (e) C1s spectra of S-NC. (f) O 1s spectra of S-NC. (g) N 1s spectra
of S-NC. (h) S 2p spectra of S-NC. The associated survey spectra and the high-resolution spectra for NC are shown in Fig. S5-S7.
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peaks are absent in NC. Carbon, nitrogen and oxygen are derived from
the polymer salt by self-doping, while sulfur is derived from sodium
thiosulfate. The residual sodium in S-NC (0.26 at.%) can be ascribed to
the addition of sodium thiosulfate.

The spectrum of C 1s contains five peaks located at 284.6, 286.0,
286.5, 287.7 and 291.2 eV, corresponding to the C––C/C–C, C–N, C–S,
C––O and O––C–O, respectively [92,93]. The oxygen of S-NC is 8.80 at.%,
while it is 9.43 at.% for NC. The O 1s XPS spectra in S-NC corresponds to
four functional groups: The covalent bond of O–S (531.2 eV), C––O
quinone type groups (O–I, 531.9 eV), C–OH phenol groups and/or C–O–C
ether groups (O-II, 533.0 eV), and chemisorbed oxygen (COOH carbox-
ylic groups) and/or water (O-III, 536.5 eV) [94]. The nitrogen content on
NC is 8.14 at.%, while it is 9.94 at.% in S-NC, suggesting that S may help
to stabilize bound nitrogen during pyrolysis [95]. In the N 1s spectrum,
there are peaks at 398.6, 400.3, 401.8 and 404.3 eV. These are attributed
to pyridinic nitrogen (N-6), pyrrolic or pyridonic nitrogen (N-5),
graphitic nitrogen (N-Q) and oxidized nitrogen (N–O), respectively
[96–98]. The N moieties are dominated by N-6 and N-5 species. These
can be located at the edges of the defective graphene layers and will
thereby introduce extrinsic defects and K active sites to enhance the
reversible capacity [66,99]. Due to the S doping, the N-Q/N-6 content

increases from 4.87/38.22% for NC to 7.98/39.63% for S-NC, while N-5
and N–O decreases from 54.74/2.17% to 50.83/1.55%. This indicates
that some of the N-5 was converted to N-6 and N-Q by a “ring expansion”
model. The increased N-Q specie, located in the carbon layers, can
enhance the electronic conductivity of carbons and facilitate charge
transfer [100]. Therefore, the fast charge performance of the carbon
should be improved. The high-resolution S 2p spectrum of S-NC can be
fitted into four main peaks at 163.8, 165.0, 168.1 and 169.3 eV. The two
lowest energy peaks are associated with the S 2p3/2/S 2p1/2
(45.01%/22.48%). The peaks at the higher energy are assigned to
oxidized-S groups -C-SOx-C-, being at 27.97%. This indicates that with of
S-NC, sulfur has been successfully incorporated into the carbon structure
[101], and being the reason for its survival at 800 �C. The lower energy
peak at 161.9 eV, related to terminal sulfur atoms ST constitutes only
4.5%. This should correspond to sulfur molecules trapped inside the
carbon host (e.g. inside closed pores) and not in open nanoporosity.

The introduced covalently bound sulfur will offer sites for reversible
bonding with K ions. Moreover, the incorporation of S into the carbon
structure also increases the carbon’s electrical conductivity. Four-point
probe measured conductivity was 16.8 S m�1 for S-NC, versus 6.3 S
m�1 for NC. This should further enhance the rate capability of S-NC over

Fig. 3. Potassium-ion storage behavior of S-NC and NC. (a) CV curves for the initial five cycles for S-NC, taken at 0.1 mV s�1, CVs for NC being shown in Suppl. (b)
Galvanostatic charge-discharge profiles of S-NC at 0.05 A g�1, NC being shown in Suppl. (c) Rate capability of S-NC and NC at current densities from 0.05 to 10 A g�1.
(d) Long-term cycling performance with corresponding CE of S-NC and NC, tested at 2 A g�1. EIS Nyquist plots of the S-NC vs. NC, (e) analyzed at cycle 1 and (f) post
3000 cycles, with AC signal of 10 mV (rms) with varying frequencies (0.01–100000Hz), with inset being the equivalent circuit of the EIS fitting. (g) Corresponding
linear fits of the Z0 versus ω

�1/2 in the low-frequency region. (h) Relation of log of peak current to log of scan rates for S-NC, indicting a linear time dependence
(reaction-controlled process) at all rates. (i) Ratio of linear (reaction controlled) vs. square root (diffusion controlled) time dependence at different scan rates.
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the NC baseline. The value of 16.8 S m�1 is still relatively low as
compared to carbon materials employed for EDLC supercapacitor appli-
cations [102,103]. However, for carbon-based potassium ion anodes,
solid-state diffusivity within the bulk lattice appears to be the
rate-limiting process during intermediate and fast charging [14,27,28].
Authors have reported much more severe bulk diffusion limitations in
comparable carbons tested against K versus with Na or Li ions [22,28,
46].

3.2. Potassium storage performance

To evaluate the effects of the doped-S on the electrochemical prop-
erties, S-NC as well as the baselines S–NC–600, S–NC–1000 and NC were
analyzed as K/Kþ half-cells. Fig. 3(a) provides the CV curves for the
initial five cycles for S-NC, taken at 0.1 mV s�1. The CVs for NC are shown
in Fig. S8(a). In the case of S-NC, the first scan curve shows two irre-
versible cathodic peaks at about 1.50 and 0.45 V, which can be related to
the formation of a solid electrolyte interphase (SEI), as well as some
irreversible trapping of K ions in the bulk of the carbon [47,104-105]. In
the subsequent cycles, the two reversible redox peaks located at around
0.70/1.80 V are attributed to reversible adsorption of K ions at
N/S-containing functional groups [106]. This charge storage mechanism
will be examined further in subsequent discussion. By contrast, NC shows
a fairly featureless redox profile, comparable to other N and O rich car-
bons in literature [60,64,107]. The weaker and more broadened cathodic
peak at around 0.7 V does indicate the interaction between K ions and N
moieties. For the case of S-NC, the close overlap of the 2nd and 5th CV
curves reveal the reversibility of the sulfur related charge storage
mechanisms. There is more irreversible capacity for NC at cycle one,
owing to its larger specific surface area and hence more SEI. In the CV’s
the cycle 1 Coulombic efficiency (CE) for S-NC is 66.4%, while it is 23.0%
for NC. The cycle 1 CE for S-NC is nearly 3X higher than for NC, despite
its higher surface area. This result should be directly attributed to the role
of S groups in preventing excessive SEI formation. It has been reported
that S incorporated into the carbon structure will reduce the degree of SEI
formation early in cycling due to the preferential reversible reaction of Li
or K ions with S moieties, rather than irreversible reaction with O and OH
moieties [63,108,109]. The current findings support this conclusion.

Fig. 3(b) shows the galvanostatic charge-discharge profiles of S-NC at
0.05 A g�1, the corresponding data for NC being shown in Fig. S8(b). For
S-NC, there is no obvious voltage platform at ~2.2V, indicating minimal
K2Sn (5�n � 6) polysulfide formation. This would be expected for the S-
NC structure which consists of primarily covalently bonded S [64,106].
Due to the 800 �C pyrolysis temperature, the approximate 5% of terminal
S in S-NC would have to be sealed off inside the carbon host, for example
in closed nanopores. It would therefore not be susceptible to shuttle
either, since there would be no direct electrolyte access. Electrolyte
soluble polysulfide formation is well-known to be deleterious for
extended cycling, due to the ongoing parasitic shuttle that occurs during
charging-discharging of the cell. Parasitic shuttle is significant when the
S is in its “free” state, i.e. not chemically bound to the carbon, for example
being in electrolyte accessible pores [94].

The initial discharge/charge capacities of are 1294 mAh g�1/582
mAh g�1 for S-NC, and 325 mAh g�1/64 mAh g�1 for NC. The galva-
nostatically measured initial CE for S-NC is 45.0%, while it is 19.7% for
NC. Cycling-induced SEI formation is expected to be most severe for
materials that undergo large changes in volume during charging-
discharging. Also, markedly worse SEI stability has also been reported
for bulk insertion of K vs. Na into undoped carbon micro-particulates
[64]. While this phenomenon is not fully understood, one can surmise
that without heteroatom dopants, most charge storage occurs by ion
insertion at geometrically random sites for disordered carbons, or by
staging intercalation for graphite and ordered graphenes. In that case
there would be volume changes at every cycle, which would destabilize
the exiting SEI. The relatively low specific surface area of S-NC signifi-
cantly improves the initial CE, agreeingwith prior reports for a number of

carbons [63,67,110]. A second important cause for the higher initial CE
for S-NC is its sulfur content, as discussed. Compared with the previously
reported carbon anodes for K ion batteries, the initial CE for S-NC is
on-par, being typically above that of carbons with high surface areas [26,
59,65,66,111–113]. This is highlighted in Table S3.

The rate capability of S-NC and NC was investigated through a wide
current density range. Fig. 3(c) compares the rate capability of S-NC and
NC at current densities from 0.1 to 10 A g�1. The S-NC electrode delivers
excellent rate capacity, with reversible capacities of 437, 369, 286, 234,
175, 114 and 72 mAh g�1 (at cycle 5) at the current densities of 0.1, 0.2,
0.5, 1, 2, 5 and 10 A g�1. After high rate testing, when the current density
is reduced back to 0.05 A g�1, the capacity of S-NC is restored to 502mAh
g�1. This indicates that the redox active S groups are stable at high
currents. Overall, the S-NC electrode presents favorable rate capability as
compared state-of-the-art carbonaceous anode materials for PIBs [24,45,
82,114–116]. These comparisons are shown in Fig. S9 and in Table S3. By
contrast, NC presents only 53, 42, 33, 28, 23, 20 and 18 mAh g�1 at 0.1,
0.2, 0.5, 1, 2, 5 and 10 A g�1.

Fig. S10(a) directly compares the XPS obtained S and N content of
S–NC–600, S-NC and S–NC–1000. The sample S–NC–600 contains 13.1
at.% S and 5.8 at.% N. The sample S-NC contains 12.9 at.% S and 9.9 at.%
N. The sample S–NC–1000 contains 5.5 at.% S and 7.2 at.% N. Since the S
content in S–NC–600 and S-NC is on-par, the differences in electro-
chemical performance should be directly attributable to the more sig-
nificant variation in the N content between the two specimens.
Fig. S10(b) and S10(c) show the galvanostatic charge-discharge profiles
of S–NC–1000 and S–NC–600 at 0.05 A g�1. The initial discharge/charge
capacity is 1181/579 mAh g�1 for S–NC–600 and 1379/551 mAh g�1 for
S–NC–1000,respectively. The initial CE for S–NC–600 is 49.0%, while the
initial CE for S–NC–1000 is 40.0%. Fig. S10(d) compares the rate capa-
bility of S–NC–600, S-NC, and S–NC–1000 at current densities from 0.05
to 10 A g�1. At 0.1, 0.2, 0.5, 1, 2, 5 and 10 A g�1, S–NC–600 delivers 311,
251, 189, 149, 114, 67, 47 mAh g�1, while S–NC–1000 delivers 260, 207,
153, 115, 79, 41, 21 mAh g�1. The S-NC anode shows more favorable
electrochemical performance than either S–NC–600 or S–NC–1000. Its
improvement over S–NC–1000 can be directly ascribed to the higher
amount of N (9.9 at.%) in its structure. This result confirms the positive
role of N in enhancing K storage capacity and rate capability in defective
carbon, supporting the beneficial effect of dual N and S heteroatoms.

Fig. 3(d) shows long-term (3000 cycles) performance and the corre-
sponding CE for S-NC and NC, both tested at 2 A g�1. S-NC delivers a
reversible capacity of 141 mAh g�1 after 3000 cycles, with a capacity
decay only 0.01% per cycle, and 75% overall capacity retention. A
cycling performance comparison of S-NC versus best PIB carbons from
literature is presented in Table S3. It may be concluded that S-NC cycling
stability is highly promising. To confirm that there is negligible soluble
potassium polysulfide formation during cycling of S-NC, UV–vis spec-
trum of the post-200 cycles electrolyte was conducted. Fig. S11 shows the
UV–vis spectrum of post-cycled electrolyte, with the inset being a
photograph of the separator after 200 cycles. It may be observed that the
separator is clear and that no potassium polysulfide peaks were observed
in the UV–vis spectrum. Both observations confirm that there is negli-
gible soluble potassium polysulfide formation during cycling [117,118].

Most of the capacity fade in S-NC occurred in the first approximately
100 cycles. Key sources of fade are irreversible trapping of K ions at bulk
carbon and at heteroatoms, deactivation of K active N sites, and some
ongoing SEI formation leading to stresses and limited pulverization of the
carbon. Ongoing SEI growth should be a relatively minor contributor at
higher cycle numbers, at cycle 11 the CE increases to above 90%, and at
cycle 60 it approaches at 100%. The stability of the SEI layer in carbon-
based KIB anodes is known to be much more of an issue then for LIB or
SIB carbon anodes [28,48,119-120]. Fig. S12 shows SEM analysis of the
S-NC electrode after 1st and 5th cycle charge-discharge cycle at 0.05 A
g�1. The analysis includes imaging and EDXS mapping of C, N, O, K, F, P
and S. After first cycle, the surface of the S-NC is covered by a uniform SEI
layer. After cycle 5 the morphology of the specimen fairly analogous,
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indicating that while additional SEI has formed, the growth has not been
severe. The EDXSmaps reveal K, C, S, O, N, P and F elements at both cycle
1 and cycle 5. Since S is not a known constituent of the SEI, its signal must
originate from the underlying carbon. The lower relative intensity of S
after cycle 5 than at cycle 1, indicates SEI growth. However, the S signal
is still relatively strong, indicating that the SEI growth in S-NC is limited
after cycle 1. The calculated weight percentages of these elements are
presented in Table S4. The P and F signals could be just some PF6- which
are not washed off. The increased K and O derived from the SEI growth,
such as potassium oxide, potassium carbonates, potassium alkyl car-
bonates, etc. which can be related to the decomposition of ester solvent
and salt [119]. Fig. S13 shows TEM and HRTEM images of the dis-
assembled S-NC electrode after 1st and the 5th cycles. The amorphous
S-NC and the SEI give sufficiently similar mass-thickness contrast (plus
beam damage effects) that it is not possible to quantitatively analyze the
SEI. However, qualitatively it may be observed that the surface of the
S-NC specimens is fairly analogous, agreeing with the SEM results.

To investigate a full device application of S-NC, potassium hybrid ion
capacitor (PHIC) was fabricated by using S-NC as the anode and an ion
adsorption nanocage carbon cathode, termed “NFCNs-800". Detailed
synthesis and characterization of NFCNs-800 can be found in the previ-
ous work [121]. The electrochemical performance of the NFCNs-800
cathode can be found in Fig. S14(a) and (b). Before assembling the de-
vice, the S-NC anode and NFCNs-800 cathode were firstly activated at
0.1 A g�1 for 3 cycles. The anode to cathodemass ratio employedwas 1:1,
with an average mass loading of ~1.0 mg cm�2 (same as for half-cells).
The working voltage window of the NFCNs-800//S-NC was selected in
the range of 0–4 V. Fig. 4(a) and 4(b) show the CV curves and the gal-
vanostatic discharge-charge profiles of the hybrid device, while Fig. 4(c)
presents the Ragone plot. The specific energy (E, Wh kg�1) and specific
power (P, W kg�1) were based on the total mass of both anode and
cathode materials, being calculated using the following equations:

ΔV ¼ (Vmax þ Vmin)/2 (1)

P ¼ ΔV � i (2)

E ¼ P � t/3600 (3)

where t (s) is the discharge time in sec., i (A g�1) is the charge/discharge
current, Vmax and Vmin are voltages at the beginning and the end of
discharge excluding the IR drop (V). The as-built PHIC delivers the
optimal energy density of 110 Wh kg�1 at 244 W kg �1, which is com-
parable to the state-of-the-art K-based hybrid energy storage devices [36,
122–125]. Per Fig. 4(d), the NFCNs-800//S-NC device presents an
impressive cycling stability for K-based system, with a capacity retention
of 86.4% over 3000 cycles at a current density of 5 A g�1.

Electrochemical impedance spectroscopy analysis was employed to
further understand the changes in S-NC and baseline NC, the samples
being analyzed at cycle 1 and after 3000 cycles with an alternating
current (AC) signal of 10 mV (rms) with varying frequencies
(0.01–100000Hz). These results are shown in Fig. 3(e)-3(g). The values
of equivalent series resistance Re (primarily related to electrolyte resis-
tance) and charge transfer resistance Rct (which contains both charge
transfer and SEI contribution) can be obtained by fitting the Nyquist plots
with the equivalent circuit shown in the inset of Fig. 3(e) and (f) [126].
For S-NC, the values of Rct increase from 510 Ω to 4397 Ω after 3000
cycles. For NC these values go from 1150 Ω to 11520 Ω, being consistent
with its higher surface area and greater SEI formation tendency.

The Warburg impedance Zw corresponds to the sloping line in the low
frequency region and related to the Kþ diffusion process. In Warburg
region, the values of DK (diffusion coefficient of Kþ) can be calculated via
Equation (4) [127,128].

DK ¼
R2T2

2A2n4F4C2σ2
ðσ¼

dZ’

dω�1=2
Þ (4)

Fig. 4. Electrochemical performance of NFCNs-800//S-NC potassium hybrid ion capacitor. (a) CV curves tested from 5 mV s�1 to 100 mV s�1. (b) Representative
galvanostatic discharge-charge profiles at different current densities. (c) Ragone plot of NFCNs-800//S-NC. (d) Cycling stability of NFCNs-800//S-NC at 5 A g�1.
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where R, T, A, n, F, C and σ are respectively, the gas constant, the absolute
temperature, the active surface area of the electrode/electrolyte inter-
face, the number of the transferred electrons, the Faraday constant, the
bulk concentration and the Warburg coefficient. The DK value of S-NC
electrode is 3.3� 10�17 cm2 s�1, which is higher than that of NC at 1.2�

10�17 cm2 s�1. After 3000 cycles, the DK value of S-NC decreases to 5.7�

10�18 cm2 s�1, while for NC it decreases to 2.3 � 10�18 cm2 s�1. These
changes may be related to a more tortuous solid-state diffusion path for
the K ions due to irreversible trapping and deactivation of some sites.

The potassiation kinetics in S-NC were further analyzed. Specifically,
the goal was to separate reaction-controlled and hence facile charge
storage from bulk-diffusion controlled charge storage that is intrinsically
more sluggish. A series of electroanalytical testes were carried out for
both materials. A series of CV tests were conducted at various scan rates
(0.1–2.0 mV s�1), these being shown in Fig. S15(a) and S15(b). The
cathodic and anodic peaks display substantial distortion with the
increasing scan rates, indicative of polarization effects [64]. To account
for this, the maximum (peak) current was employed to calculate the
anodic and cathodic b-values. The relationship between measured cur-
rent (i) and scan rate (v) can be calculated by the following equation:

i ¼ av
b (5)

where a and b are adjustable parameters [129,130]. The values of
b-exponent are determined by the slope of the log(i) vs. log(v). The result
of this analysis is presented in Fig. 3(h) and Fig. S15(c).

Accordingly, the b-value close to 1 indicates a linear time dependence
of maximum reaction rate. Such charge storage process is reaction-
controlled, i.e. Activation Polarization limited. While often this is
attributed to a “surface capacitive process”, it does not necessarily mean
EDLC charge storage. Certainly, for either S-NC or NC there is not enough
electroactive surface area to have significant EDLC contribution to ca-
pacity. Rather, a linear time dependence can indicate a number of surface
or bulk reaction-limited processes. These would be based on both fara-
daic charge transfer between the K ions and the S/N moieties, and on
reversible adsorption of K ions at defects. Any charge-storage process
which is not diffusion limited would have a time1 rather than time1/2

dependence. Even classical bulk solid-state phase transformations may be
reaction, rather than diffusion controlled [131].

For time1/2 dependence, the b-value is close to 0.5 and well correlates
to a diffusion-controlled process [116]. With graphite, this is the classic
solid-state diffusion-limited ion intercalation staging reaction [23,132].
However, there is not enough graphitic order in either S-NC or NC as to
allow for orderly K staging. Therefore, a time1/2 dependence will signal
some other form of Concentration Polarization process, such as K ion
insertion into energetically favorable but geometrically random bulk
sites. Especially for K ion insertion into both graphic and non-graphitic
carbons, solid-state limited process are reported to be kinetically slug-
gish [64,133]. The calculated cathodic b-values are 0.87 for S-NC and
0.81 for NC, indicating the kinetics being closer to reaction-controlled.
These results are shown in Fig. 3(h) and Fig. S15(c). The calculated
anodic b-values are 0.78 for S-NC and 0.88 for NC, also confirming a
primarily reaction-controlled process. These results are shown in
Fig. 3(h) and Fig. S15(c).

The reaction controlled versus solid-state diffusion controlled con-
tributions to the total reversible capacity in S-NC and NC were further
quantitatively analyzed using the following equation:

i(v) ¼ iReactþ iDiff ¼ k1v þ k2v
1/2 (6)

with k1 and k2 as adjustable parameters related to reaction and bulk
diffusion processes, respectively [134,135]. By plotting i/v1/2 vs. v1/2, the
values of k1 and k2 can be determined from the slope and intercept. For
S-NC, the ratio of reaction controlled capacity contribution to
diffusion-controlled capacity contribution increase from 27% at 0.1 mV
s�1, to 31% at 0.2 mV s�1, 39% at 0.5 mV s�1, 50% at 1 mV s�1 and 63%
at 2 mV s�1. These findings are shown in Fig. 3(i). For NC, the ratio of

reaction controlled capacity contribution to diffusion-controlled capacity
contribution increase from 45% at 0.1 mV s�1, to 52% at 0.2 mV s�1, 61%
at 0.5 mV s�1, 69% at 1 mV s�1 and 77% at 2 mV s�1. These findings are
shown in Fig. S15(d). A higher relative fraction of kinetic controlled
processes for NC is consistent with its high surface area which is expected
to contribute to the total capacity through ion reversible absorption (not
EDLC) at surface heteroatom groups and defect sites.

Galvanostatic Intermittent Titration Technique was employed to
analyze the K ion diffusivity (DK) in the S-NC and NC specimens through
the entire range of relevant voltages. The GITT data of S-NC and NC were
recorded at a constant current density of 25 mA g�1 for an interval of 30
min followed by 180 min relaxation in the first cycle. Fig. 5(a) presents
the GITT curves of S-NC and NC, with the inset schematic illustrating the
calculation for DK. Fig. 5(b) and (c) presents the DK value of S-NC and NC
electrodes, calculated using the standard approach based on Fick’s sec-
ond law and Equation (7) [136,137].

DK ¼
4

πτ
ð
mBVM

MbS
Þ2ð

△Es

△Eτ

Þ2 (7)

where τ is the pulse time; mB is the mass of the active material; S is the
geometric area of the electrode; VM is the molar volume of the electrode
materials;MB is the molar mass of carbon, and ΔEs and ΔEt are defined as
shown in Fig. 5(a).

For S-NC, at potassiation voltages of 2.6, 1.2, 0.5, 0.2 and 0.15 V, the
values of DK are 2.7 � 10�11, 2.2 � 10�12, 1.8 � 10�12, 1.9 � 10�13, 6.0
� 10�14 cm2 s�1. For NC potassiated to the same voltages, the DK values
are 3.6 � 10�12, 7.3 � 10�13, 4.3 � 10�13, 1.7 � 10�13 and 2.3 � 10�13

cm2 s�1, respectively. The DK for S-NC shows a continuous decline,
especially at below 0.5 V. The DK of NC also presents a similar trend,
although not to the same severe extent. The decreasing diffusivity with
higher K content may be rationalized in terms of a distribution of ion
binding energies: The ion storage sites at the lowest voltage correspond
to the least negative binding energy (ΔG ¼ - nFE), with the least driving
force for their occupancy. During potassiation, there are progressively
more saturated K–S, K–N groups and K-carbon defect products in the
lattice, leaving less sites available for additional K ions to diffuse into.
During depotassation the trend is opposite: The ion diffusivity starts at a
maximum and decreases as the samples are depotassiated to higher
voltages. This supports the proposed relationship between diffusivity and
binding site energy. The weakest bound ions are the most facile to extract
and hence possess the highest diffusivity out of the material. During the
depotassiation process of S-NC, at 0.2, 0.5, 1, 1.6 and 2.2 V, the DK values
are 2.0 � 10�11, 4.9 � 10�12, 6.1 � 10�12, 9.2 � 10�13, 6.1 � 10�13 cm2

s�1. For NC these values are 2.4� 10�12, 1.0� 10�12, 1.2� 10�12, 2.0�

10�13 and 2.3 � 10�13 cm2 s�1, respectively. This indicates that depot-
assiation DK of S-NC is a factor of 2.7–8.3 higher than for NC. Qualita-
tively, these results and the associated explanation agree with findings of
Wu et al., who observed similar trends in potassium diffusivities for
intercalation vs. deintercalation into ordered graphite [120]. One dif-
ference with the current study, however, is that S-NC is far too disordered
to form staging compounds such as KC24, KC16, etc. reported by the
authors.

To obtain in-depth insight into the potassiation/depotassiation
mechanisms in S-NC, post-mortem XPS analysis was carried out. The
specimens were disassembled at different states of charge during the first
and the second cycle. These results are shown in Fig. 6 and in Fig. 7. All
the disassembling, storage and transfer steps were performed in inert Ar
atmosphere, ensuring minimal oxidation-related artifacts. Fig. 6 presents
a summary of the XPS analysis of S-NC analyzed at different potassium
insertion/extraction voltages, at cycle 1 and cycle 2. Fig. 6(a) shows the
voltages at which XPS analysis was performed, bottom panel being for
cycle 1, top panel being for cycle 2. At cycle one, specimens are analyzed
in their pristine state (I), at 1 V (II), 0.2 V (III), 0.001 V (IV), 1.5 V (V), and
3 V (VI). At cycle two, specimens were analyzed at 3 V (VI) i.e. same
analysis as cycle one, at 0.001 V (VII), and 3 V (VIII). The current density
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employed for this analysis was 0.05 A g�1.
Fig. 6(b) shows the high resolution K 2p XPS spectra. Fig. 6(c) shows

the S 2p XPS spectra, while Fig. 6(d) shows the N 1s XPS spectra. The
survey spectrum is shown in Fig. 7 and Fig. S16. At a potassiation voltage
of 1 V, peaks at 293.2 eV and at 296 eV are present in K 2p spectra. This
indicates the presence of K–C bonds [63]. Since S-NC is too disordered to
allow for K intercalation, the K–C bonds can be attributed to adsorption

of K ions at various carbon chemical and structural defects. When the
potassiation voltage reaches 0.2 V, the above two peaks shift to a lower
binding energy (Eb), while increasing in overall intensity. At 0.001V,
these peaks shift to the lowest binding energy while achieving their
maximum intensity. During the subsequent depotassiation process, the
two peaks recover to higher Eb values while reducing in their intensity.
However, even at 3 V some K–C peak intensity is still present. This is due

Fig. 5. (a) GITT curves of S-NC and NC at 0.001–3 V, with inset being a schematic for the calculation method employed. The analysis was based on an applied current
of 25 mA g�1 for 0.5 h, followed by a 3 h relaxation. (b) and (c) The solid-state diffusion coefficients of K ions for S-NC vs. NC, calculated at different voltages during
potassiation and during depotassiation.

Fig. 6. Post-mortem XPS analysis of S-NC at different potassiation/depotassiation voltages, during cycle 1 and cycle 2. (a) Corresponding voltages where analysis was
performed, bottom panel is cycle 1, top panel is cycle 2. (b) High resolution K 2p XPS spectra. (c) S 2p XPS spectra. (d) N 1s XPS spectra. The survey spectrum is shown
in Suppl.

L. Tao et al. Energy Storage Materials 27 (2020) 212–225

220



to limited irreversible trapping of K in the carbon matrix, as discussed
earlier. During cycle two potassiation the binding energy of the K 2p
peaks likewise decreases, while their intensity increases. The reverse
trend is observed during cycle two depotassiation. These largely revers-
ible changes in Eb indicate that the potassiation reactions with the carbon
matrix are reversible.

The evolution of S chemical bonds with K was also analyzed by XPS.
These results are shown in Figs. 6(c) and Fig. 7. The S 2p peak at initial
state can be divided into four different peaks located at 163.8, 165.0,
168.1 and 169.3 eV, which were assigned to S 2p3/2, S 2p1/2 and -S-Ox-
S, respectively. At a potassiation voltage of 1 V, it can be seen that the S
2p3/2 and S 2p1/2 peaks still exist. Moreover, two additional peaks
appear at 161.3/162.6 eV, being related to the formation of sulfides
(K2Sx). The three peaks located in the higher Eb can be related to thio-
sulfate and sulfate [78,138]. When the potassiation voltage reaches to
0.2 V, the intensity of S 2p3/2 and S 2p1/2 peaks decreases and those two
peaks disappear. At the terminal voltage of 0.001 V, the two distinct
peaks at 161.3/162.8 eV assigned to sulfides (K2S), indicating the step

reactions of S and K. In the fully potassiated state, the Eb of S 2p nega-
tively shifted to a lower value at fully potassiation state, indicating that
the strong interaction of Kþ and S atoms lead to a lower valence state of S
[139]. At cycle one depotassiation voltage of 1.5 V, there are no obvious
changes in the S-related spectra versus when in the terminally potassi-
ated state. This indicates that minimal K–S reaction occurs in this voltage
range during the first anodic charge. During depotassiation to higher
voltages, the intensity of S 2p gradually increases, while the intensity of
the sulfur-oxygen functional group gradually decreases. At 3V, the
binding energy of S 2p3/2 and S 2p1/2 shifts to 163.2 and 164.8 eV,
indicating reversible oxidation of S [69]. However these energy values
remain lower than those of the pristine sample, which were at 163.8 and
165.0 eV, indicating that some S reduction is not reversible. The peak at
162.1 eV is assigned to the residual sulfide species (S2�), which would
arise from the incomplete oxidation reaction [140]. The peaks for –SO3H-
and other sulfur oxygen functional groups are also stronger than in the
pristine sample. This is also ascribed to irreversible electrochemical re-
actions at cycle 1. At cycle two potassiation to 0.001 V, the two distinct

Fig. 7. Deconvoluted S 2p peaks of the S-NC electrode at different potassiation/depotassiation voltages, during cycle 1 and cycle 2.
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K2S peaks at 161.3/162.8 eV reappear, as well as do the thiosulfate and
sulfate peaks. In addition, the S2� and S 2p peaks replace K2S peaks and
–SO3H/S––O peaks appear after cycle two depotassiation.

Fig. 6(d) presents the XPS N 1s spectra. The XPS results reveal what
occurs during the potassiation-depotassiation process for the various N
moieties. While the sodiation reactions with N functional groups have
been considered prior [141], to our knowledge there has not been a
systematic analysis of potassiation reactions. At cycle one potassiation to
1 V, the N-6, N-5 and N-Q start to react with Kþ, while N–O does not react
with Kþ (per. Fig. S16). When the potassiation reaches 0.2 V, the N-5 and
N-6 groups react with Kþ and are no longer discernable. The moiety N-Q
is not fully reacted, while N–O just begins to react. At the terminal 0.001
V, all the N configurations appear to have reacted. The Eb of N-6, N-5,
N-Q, and N–O negatively shifts from the original values of 398.8, 400.3,
401.3, and 403.5 eV to 398.3, 399.2, 400.3, and 403.4 eV, respectively.
This indicates that charge was transferred from K to the N-dopants, to
form K-protonated N structures in the carbon matrix. During the subse-
quent depotassiation process, some of the nitrogen-containing functional
group do not return to the original state. Specifically, N-6 and N-5 don’t
reappear, rather forming a product that could not be readily identified.
However, the N–O and N-Q groups do reform upon depotassiation. This
may be observed in the cycle one depotassiation 1.5 V and 3 V spectra.

At cycle two potassiation to 0.001 V, the N-5/K and N-6/K peaks
nearly have no change, while N-Q and N–O all transform into N-Q/K and
N–O/K, respectively. At depotassiation to 3V, the N-Q and N–O peaks
reappear, while N-5/K, N-6/K and N-Q/K still exist. According to the
above analysis, the reaction of N with Kþ is a gradual process. The re-
action of N-6/5 to another configuration appears irreversible. However at
least a portion of the reaction of N-Q and N–O is fully reversible in the
sense that these functional groups are recovered. In summary, the N and
N–O related peaks undergo a series of complex shifts that indicate both
reversible and irreversible changes to the functional group structure. It is
important to note that the irreversible changes described above do not
necessarily mean that the capacity is lost, only that the functional groups
do not revert to their original configuration. Although the electro-
chemical potassiation reaction is largely reversible, the type N–C bonds
that exist afterward are not the fully same as in the starting material.

4. Conclusions

For KIB carbon-based anodes, it is extremely challenging to achieve a
combination of high capacity, rate capability and cycling life, especially
in dense materials. Here we synthesize and test a low-surface area (56 m2

g�1) S and N-rich carbon that simultaneously achieves all three criteria.
The carbon termed S-NC, delivers 437, 369, 286, 234, 175, 114 and 72
mAh g�1 at 0.1, 0.2, 0.5, 1, 2, 5 and 10 A g�1. Upon extended testing
(3000 cycles) it decays by only 0.01% per cycle. Such performance is due
to the material’s unique structure based on covalently bonded, rather
than “free”, sulfur combined with a range of nitrogen moieties. A broad
comparison with the state-of-the-art KIB anode carbons literature in-
dicates that this combination of capacity-fast charge capability-cycling
life is highly favorable. The role and the voltage-dependent evolution
of S and N functional groups is examined in detail, employing post-
mortem XPS as well as GITT and EIS analyses. The resultant detailed
findings highlight the complex interplay of S and N heteroatoms in
boosting the electrochemical performance of carbons used as negative
electrodes.
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