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New concept
In general, sulfur active materials reported in most previous literature tend to be encapsulated by
another medium in order to prohibit direct contact between sulfur and liquid electrolyte to
minimize lithium polysulfide dissolution during cell operation. However, it was demonstrated in
this work that sufficient contact between sulfur and electrolyte is highly desired, specifically for
high mass loading sulfur electrodes prepared with a conventional aluminum foil current collector,
because the limited electrochemical interface due to encapsulation of sulfur can seriously hamper
the utilization of sulfur. Here, we have developed a new nitrogen doping methodology of
graphene oxide (NrGO) which enhances the utilization of the highly sulfur-philic functionality
along the NrGO basal planes for improved chemical and electrochemical stability of sulfur. In
addition, high accessibility of lithium ions to the active sulfur and sufficient electrochemical
interface of sulfur, achieved by the reticulated structure of the S-NrGO composite promotes
electrochemical reaction of the sulfur electrode. Consequently, a high peak specific energy of 325
Wh/kg (calculated) was successfully achieved with a high sulfur mass loading of 6.2 mgS cm-2
and an electrolyte to sulfur ratio (E/S ratio) of 4 without any further modification such as a
multifunctional interlayer, membrane, or 3-dimensional current collector.
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Sustainable Sulfur‐Carbonaceous Composite Electrode Toward
High Specific Energy Rechargeable Cells
Yoon Hwa,a,b,† Hyo Won Kim,a,b,c† Hao Shen,d,e Dilworth Y. Parkinson,d Bryan D. McCloskey,a,b and
Elton J. Cairnsa,b,*.

The micrometer‐scale reticulated structure of highly sulfur‐phillic
nitrogen‐doped graphene oxide (NrGO) that is achieved by
chemically controlled nitrogen‐doping degree improves chemical
and electrochemical stability of the active sulfur while providing
sufficient sulfur/electrolyte interface for facile electrochemical
process so that high specific energy of 325 Wh/kg can be achieved.

Introduction
In recent years, the demands for high energy batteries have
been growing rapidly. Within the field of electrochemical
couples, the lithium/sulfur (Li/S) cell is considered to be the
most promising candidate due to very high theoretical specific
energy (2600 Wh/kg), the low cost and the low environmental
impact of sulfur (S).1‐4 Despite its enormous potential to
advance the state‐of‐the‐art of rechargeable batteries, the
actual performance of the Li/S cell was not competitive with
that of Li ion cells. However, significant progress has been made
in improving the performance of Li/S cells by addressing various
issues associated with the S electrode.5‐19
As a result of recent advances, researchers’ attention has
focused primarily on the following general practical issue:
maintaining high S utilization in cells with high S mass loading
and low inactive material content. In particular, an excess
amount of electrolyte (i.e., generally > 10 microliters of
electrolyte per milligram of S (E/S ratio = 10)) is a critical
limitation for achieving high specific energy. According to the

design calculation (Fig. S1), the use of a S loading of at least 6
mg/cm2 along with a low E/S ratio (≤ 4), while maintaining good
S utilization (>1000 mAh/gS) is highly desired for reaching 300
Wh/kg and more. Especially, with E/S ratio of 6 or higher, it is
unable to achieve specific energy of 300 Wh/kg, even with very
high S mass loading of 20 mg/cm2. Recently, several reports
have claimed to satisfy these requirements mainly by
engineering the S electrode, where a carbonaceous8‐16 or
aluminum (Al)17‐19 mesh (or foam) current collector was
employed. However, due to technical issues associated with the
manufacturing of S electrodes with foam or mesh current
collectors, such as difficulty of tabbing for terminal connections
(e.g. high contact impedance, brittle joint) and penetration of
slurry during casting process and high implementation costs,
conventional Al foil current collectors are still very desirable.
Here, we report an advanced S electrode with a
conventional Al foil current collector that shows a high
discharge specific capacity of 1180 mAh/gS for a high S mass
loading electrode (~ 6.2 mg/cm2) with a reduced E/S ratio of 4
without any further modifications in the cell. This achievement
is attributed to the rational design of the S active material
consisting of S conformally deposited and well‐bound, without
substantial aggregation, onto a reticulated (referring to the
interconnected internal pores and channels) carbonaceous
material. The reticulated structure of the S‐carbonaceous
composite provides a micron‐scale porous structure of the S
electrode that allows good accessibility of lithium ions to the
active S particles and sufficient penetration of the electrolyte
into the high mass loading S electrode.
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Results and Discussion
To accomplish this, we successfully developed aqueous‐
dispersed nitrogen‐doped reduced graphene oxide (NrGO) as a
multifunctional supporting material and particularly focused on
creating a reticulated architecture of the S‐NrGO composite (S‐
NrGO) that optimizes transport of lithium ions within the S
electrode. The reticulated architecture of the S‐NrGO
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composite was successfully constructed by intentionally
reducing the aggregation of all composite materials throughout
the synthesis process. An aqueous NrGO synthetic route that (synthesized using the NrGO prepared at 80 oC, NrGO) network
simultaneously reduces the GO oxygen functional groups and appears to be more externally accessible and reticulated porous
introduces N functional groups enables a continuous synthetic structure at the micron‐scale and has a uniform S deposition
process for conformal S deposition onto NrGO sheets in (Fig. 2a) compared to the S‐NrGO‐100 composite (Fig. 2b) that
suspension. Existence of the N and O functional groups were is synthesized using aggregated NrGO suspension prepared at
demonstrated by N1s X‐ray photoelectron spectroscopy (XPS) 100 oC (NrGO‐100). At the higher temperature of 100 oC, N
13C
and
solid‐state
CP/MAS
nuclear
magnetic doping and O reduction of the GO occur more extensively, so
resonance spectroscopy and the results are shown in Fig. S2. By higher N and lower O contents were obtained (Table S2), which
adjusting the process temperature, the physical structure of may enhance the electronic conductivity of NrGO.21 However,
the NrGO sheets in the suspension was successfully controlled due to the fact that the reduction of GO (including reduction
after the N‐doping process so that more basal planes of the caused by the N doping) generally increases hydrophobicity of
NrGO were utilized as S deposition sites during the S the GO sheets,22 the NrGO‐100 exhibited more aggregation
precipitation process. The prepared S‐NrGO composite was than the NrGO sheets in the suspension (Fig. S5). Because of the
unwanted aggregation of the NrGO‐100 sheets, a significant
collected in the form of a powder from a suspension using
a lyophilization process that promotes a reticulated porous portion of their basal planes, which we believe are useful to
structure of the S‐NrGO composite. A melt diffusion process enhance specific interactions with S species, are concealed
followed to redistribute any S in aggregates formed during the S within the aggregated structure, limiting the functionality
deposition process. (XPS of the S‐NrGO are available in Fig. associated with the O or N functional groups. Moreover, the
S3 and S4). This synthetic procedure provided an optimal surface area of the NrGO‐100 available for S deposition is also
architecture for the S‐carbon composites that greatly enhanced limited, which means that a thicker and less homogeneous S
layer forms during the S deposition process.
S utilization of the high mass loading S electrodes.
While the S content of both samples was approximately the
Notably, conformally coated S onto the reticulated GO
framework in the S‐NrGO composite exhibited high intrinsic same (S‐NrGO: 85 %, S‐NrGO‐100: 84 %) as demonstrated by
polysulfide absorptivity and the S‐NrGO electrode cell delivered thermogravimetric analysis (TGA, Fig. S6 and S7), the S‐NrGO
a (calculated) peak specific energy of 325 Wh/kg. Detailed composite exhibited a higher S vaporization temperature than
information for the specific energy calculation is available in that of the S‐NrGO‐100 composite. This behaviour is similar to
Table S1. This is the highest (calculated) specific energy among the slightly improved thermal stability of polymer composites
the Al foil‐based S electrodes previously reported (see Fig. 1). attributed to a homogeneously mixed nano‐filler with a
Although the S electrodes noted as #6 (10.0 mgS cm‐2) and #7 polymeric matrix.23 Hence, the enhanced thermal stability could
(13.9 mgS cm‐2) in the Fig. 1 achieved very high S loading, be related to the strong interaction between the conformal S
they did not offer a specific energy over 300 Wh kg‐1 due to layer and the NrGO sheets of the S‐NrGO composite, whereas
their high E/S ratios of 13 and 15, respectively, which the S‐NrGO‐100 composite may contain more S that is not
emphasizes importance of low E/S ratio to achieve a high strongly bound by the NrGO sheets. Despite significantly
different morphologies of the S‐NrGO (Fig. 2a) and the S‐NrGO‐
specific energy.20
Two S‐NrGO composites are compared in Fig. 2 (Helium ion 100 (Fig. 2b) composites, the isotherms of both composites
follow a reversible Type Ⅱ isotherm (Fig. 2c) and slightly
microscopy (HIM) images) to highlight the importance of our
different Brunauer‐Emmett‐Teller (BET) surface area (28.5 m2 /g
synthesis procedures. It was demonstrated that the S‐NrGO
for the S‐NrGO composite vs. 23.0 m2/g for the S‐NrGO‐100
composite) along with a similar trend of pore size distribution
(Fig. 2d), implying that similar nano‐scale porous structures
were formed by the lyophilization process of both composites.
Since the BET surface area analysis does not show the
distinct reticulated structure of the S‐NrGO composite, we
performed three‐dimensional micro X‐ray computed
tomography (micro X‐ray CT) for the S‐NrGO and the S‐NrGO‐
100 composites. As shown in volume rendering images of the S‐
NrGO composite constructed from the 3D micro X‐ray CT
images (Fig. 2e), the reticulated pore structure of the S‐NrGO
composite forms continuous open channels throughout the
particle, whereas the S‐NrGO‐100 composite (Fig. 2f) seems to
be composed of stacked S‐NrGO flakes with some empty spaces
in between them. Based on these results, we speculate that this
aggregated structure of the S‐NrGO‐100 composite restricts the
Fig. 1 Calculated peak specific energy of Li/S cells using S electrodes with a
conventional aluminum foil current collector. Only the previous reports containing
Li+ transport at high S mass loading in comparison with the more
numerical values used for the specific energy calculation are compared in the
figure (*: The cell includes an interlayer or specially‐coated separator). Detailed
accessible and reticulated structure of the S‐NrGO composite.
information for the specific energy calculation, as well as the other previous
reports that are not included in the figure are listed in Table S1. The numbers for
To confirm this concept, we prepared high S mass loading (~
the datapoints correspond to the reference numbers in the Table S1.
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Fig. 3 Volume rendering images of (a) the S‐NrGO electrode and (b) the S‐NrGO‐
100 electrode (Scale bar: 100 μm, subvolume: 400 μm × 400 μm × 50 μm). (c)
Porosity distribution of the S‐NrGO and the S‐NrGO‐100 electrodes. (d) Voltage
profiles of the S‐NrGO and the S‐NrGO‐100 electrodes at 0.02C (1C=1675 mA/gS).
The electrolyte was composed of DOL:DME (1:1, v/v) with 1.0 M LITFSI and 0.5 M
LiNO3. (S loading: ~7.2 mg/cm2, E/S ratio: 5).

(Fig. S11a) provides sufficient channels to allow the electrolyte
to penetrate the S‐NrGO composite particles and the electrode
and maintains its open structure during cell operation (Fig.
Fig. 2 Helium ion microscopy images of (a) the S‐NrGO and (b) the S‐NrGO‐100
composite. (scale bar: 20 μm) (c) BET surface area measurement result and (d)
S11c), while the aggregated structure of the S‐NrGO‐100
pore size distribution of the S‐NrGO and S‐NrGO‐100 composites. dV/dlogD data
is used for differential pore volume on Y‐axis. Volume rendering images of (e) the
electrode (Fig. S11b) provides limited electrochemical interface
S‐NrGO and (f) the S‐NrGO‐100 composites.
due to aggregation of the active material (Fig. S11d).
To verify that our S‐NrGO electrode is able to meet the
7.2 mgS/cm) S‐NrGO electrodes and S‐NrGO‐100 electrodes
requirements for high specific energy Li/S cells, a galvanostatic
with Al foil and elucidated the mircon‐scale structure of the
cycling test was performed for a high mass loading S‐NrGO
prepared electrodes using micro X‐ray CT. Because of the
electrode (~ 6.2 mgS/cm2) with a low E/S ratio of 4 (~25 μL/cm2
reticulated structure of the S‐NrGO composite, the S‐NrGO
electrolyte) in a coin cell. Notably, the S‐NrGO electrode
electrode obviously exhibits highly porous structure as shown
exhibited a discharge specific capacity of ~1180 mAh/gS at 0.3
in the volume rendering image (Fig. 3a) and cross section image
mA/cm2 (Fig. 4a) and maintained a specific capacity of 700‐900
(Fig. S8a), compared to the S‐NrGO‐100 electrode (Fig. 3b and
mAh/gS (Fig. 4b) along with mean discharge voltage of 2.09‐
S8b). According to the average porosity estimation results (from
2.11 V for 50 cycles, which indicates significant progress in
top surface to the interior of the electrodes, Fig. 3c), the S‐NrGO
improving the specific energy (Wh/kg) of the Li/S cells. A high
electrode exhibits significantly higher porosity with larger
calculated specific energy of 325 Wh/kg was obtained, which is
average pore size (Fig. S9) than the S‐NrGO‐100 electrode,
mainly attributed to the low E/S ratio of 4, while maintaining
where the S‐NrGO electrode exhibited up to 50 % porosity,
high S utilization (differential capacity plots are shown in Fig.
while the that of the S‐NrGO‐100 electrode is below 30 %.
S12). Long term cycling performance of the S‐NrGO electrodes
In order to investigate the electrochemical behaviour of the
was also demonstrated with an E/S ratio of 5 (Fig. S13) and 7
S‐NrGO and S‐NrGO‐100 electrodes, the electrodes were
(Fig. 4c) at 0.1 C, where a specific capacity of over 650 mAh/gS
discharged and charged in Type 2032 coin cells (Fig. 3d) with
was maintained after 300 cycles.
electrochemical impedance spectroscopy (EIS) measurement
Notably, the electrochemical performances of the high S
being performed at the end of each process. Because of the
loading S‐NrGO electrodes discussed above were achieved by
more aggregated architecture of the S‐ NrGO‐100 composite,
designing an externally accessible and reticulated structure of
the S‐NrGO‐100 electrode exhibited a significant discharge
the active materials. However, we expect that a larger
overpotential that caused a relatively low discharge specific
electrochemical interface between the S electrode and
capacity of 960 mAh/gS, whereas the S‐NrGO electrode showed
electrolyte raises the chance of lithium polysulfide release that
a specific capacity of 1220 mAh/gS with discharge plateaus
causes loss of active S from the electrode. Since the S‐NrGO
around 2.30 V and 2.03 V. The Nyquist plots shown in Fig. S10
electrode exhibited promising cycle life without any unique
support the galvanostatic test results, where the S‐NrGO‐100
protection in the cell, it is worthwhile investigating the
electrode exhibits larger impedance than the S‐NrGO electrode,
physical/chemical properties of the S‐NrGO composite. To do
which is mainly due to the aggregated structure of the S‐NrGO‐
so, we prepared S‐NrGO composite that has almost identical
100 electrode. The reticulated‐ structured S‐NrGO electrode
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highly S‐philic N‐based25 and O‐based functional groups26 on the
surface of the NrGO flake, while the aggregated S‐NrGO forms
aggregated S in the composite (Fig. 5b). Consequently, S‐
reticulated NrGO substrate established secures deposited S
well, which enhances the thermal and chemical stability of the
S in the S‐NrGO composite. In addition, the S‐philic surface of
the NrGO can be fully utilized during cell operation, which was
confirmed by chemical and electrochemical polysulfide
adsorption tests (Fig. S17‐S19). Li polysulfides in either the
polysulfide absorption test solution and the polysulfide
catholyte form Li bond with a N or O electron donor as a kind of
dipole–dipole interaction, leading to secure Li polysulfide near
the surface of the NrGO flakes.27,28
To demonstrate the importance of the reticulated porous
structure of the S‐NrGO composites along with chemical
Fig. 4 Electrochemical test results of high‐loading S‐NrGO electrodes. (a) Voltage
stability of active S on the electrochemical behaviour of the Li/S
profiles and (b) cycling performances of the S‐NrGO electrode at 0.1 C (S loading:
~ 6.2 mg/cm2, E/S ratio: 4). (c) Cycling performance at 0.1 C and 0.05 C for
cells, galvanostatic cell tests were conducted at 0.05 C. Both the
2
discharge and charge processes, respectively (S loading: 3.0 mg/cm , E/S ratio: 7).
The electrolyte composed of 1.0 M LiTFSI in DOL/DME (1:1, v/v) with 0.5 M LiNO3
S‐NrGO and the aggregated S‐NrGO electrodes exhibited the
was used for the tests. Type 2032 coin cells were used.
typical discharge voltage profiles of a S electrode with plateaus
around 2.4 V and 2.1 V (Fig. 5d). Identical first discharge
chemical composition of the NrGO as that of the S‐NrGO
plateaus that represent the formation of high‐order
composite (XPS, Fig. S14), but has a rather undesirable
polysulfides were demonstrated for the S‐NrGO and the
aggregated S‐NrGO microstructure, prepared by a conventional
aggregated S‐NrGO electrodes. However, a more prolonged
filtration process conducted to collect the S‐NrGO composite as
second discharge plateau results in a higher total discharge
a powder (referred to as aggregated S‐NrGO, HIM and SEM
capacity of 1410 mAh/gS for the S‐NrGO electrode than that of
images shown in Fig. 5a and 5b, respectively). While the S
the aggregated S‐NrGO electrode (1310 mAh/gS). A similar
content of both samples was 85 % as demonstrated by TGA (Fig.
trend was also observed during the charge process, where the
S15), the S‐NrGO composite exhibited a higher vaporization
S‐NrGO electrode recovered 95.3 % of the discharge capacity
temperature of the S than that of the aggregated S‐NrGO
after the complete charge whereas the aggregated S‐NrGO
composite, which corresponds to the phenomenon
electrode showed 90.1 % recovery of the discharge capacity. Ex‐
demonstrated for the S‐NrGO and the S‐NrGO‐100 composites
situ ultraviolet‐visible (UV‐Vis) spectroscopy results of the
(Fig. S4). Since both the S‐NrGO‐100 composite and the
electrolytes collected from the cycled cells (Fig. 5e) confirm that
aggregated S‐NrGO composite form S aggregates during the
a smaller amount of polysulfides remained in the electrolyte of
melt diffusion process, it can be hypothesized that thermal
the S‐NrGO electrode cell after the complete discharge and
stability is related to the S distribution on the NrGO.
charge process than the aggregated S‐NrGO electrode cell,
The polysulfide dissolution test results also provide
which illustrates the high intrinsic polysulfide absorptivity of the
evidence that the S‐NrGO composite exhibited improved
S‐NrGO electrode (Absorbance peaks: 320 nm,29‐31 350 nm,29, 31
retention of S compared to the aggregated S‐NrGO composite.
420 nm29‐31 and 470 nm29,31). In accordance with the above
As shown in Fig. 5c, the test solution of the S‐NrGO composite
results, the S‐NrGO electrode exhibited 1.4–1.5 times higher
remained colorless after 8 hours, whereas the test solution of
specific discharge capacity than that of the aggregated S‐NrGO
the aggregated S‐NrGO composite rapidly displayed a dark
electrode at 0.1 C and 1.0 C, which mainly resulted from the
yellow color, indicative of polysulfide formation due to the
prolonged second discharge plateau (Fig. S20). EIS results at the
reaction of the S contained in the composite with the Li2S
charged state demonstrate that the reticulated structure of the
dissolved in the test solution. The results indicate that the S in
S‐NrGO significantly reduces the cell impedance associated with
the S‐NrGO composite dissolved into the test solution more
the electrochemical reaction rate and mass transport compared
slowly and was retained to a higher degree than the S in the
to that of the aggregated S‐NrGO electrode (Fig. S21). As a
aggregated S‐NrGO composite. These results ostensibly conflict
result, the S‐NrGO electrode exhibited significantly improved
with the BET surface area analysis of each composite (Fig. S16),
cycling performance over 300 cycles (Fig. S22).
where the S‐NrGO has a higher surface area and therefore likely
exposes a larger S surface area to the test solution. A possible
explanation of the enhanced S retention in the S‐NrGO is an
Conclusions
enhanced interaction between S and the non‐aggregated NrGO,
presumably due to the larger NrGO surface area available for In summary, we demonstrated a (calculated) peak specific
interaction with S. S redistribution occurred by the thermal S energy of 325 Wh/kg for a Li/S‐NrGO cell by the rational design
infiltration process enhances binding between S and NrGO, of a S‐NrGO electrode consisting of a conformal S layer
possibly due to thermal new C‐S bond formation on the NrGO deposited onto a NrGO framework without aggregation. The
2
carbon substructure,24 and improved contact between S and high S loading S‐NrGO electrode (~6.2 mgS/cm ) with a
conventional Al foil exhibited a high discharge specific capacity
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Fig. 5 (a) HIM and (b) SEM images of the aggregated S‐NrGO composite (scale bar:
(a) 20 µm, (b) 2 µm). White arrows indicate S aggregations. (c) Polysulfide
dissolution test results of the S‐NrGO and aggregated S‐NrGO composites. The test
solution is composed of 1.0 M LiTFSI and 0.5 M LiNO3 in DOL/DME (1:1, v/v) with
a stoichiometric amount of Li2S powder added (molar ratio of 1:7 between Li2S
and S in the S‐NrGO composite). (d) Voltage profiles of the S‐NrGO and the
aggregated S‐NrGO electrodes at 0.05 C. The electrolyte composed of 1.0 M LiTFSI
in DOL/DME (1:1, v/v) with 0.5 M LiNO3 was used for the tests. (S loading: 1.0
mgS/cm2). (e) UV‐vis test results of the electrolyte collected from the cycled cells.

of ~1180 mAh/gS at 0.3 mA/cm2 with a low E/S ratio of 4, which
ultimately provides one of the highest specific energy Li/S cells
reported to date. It was found that this externally accessible and
reticulated structure of the S‐NrGO composite enables
enhanced utilization of the highly S‐philic O, N‐based functional
group and thermally formed C‐S bonding along the NrGO sheet
basal planes, thereby providing improved chemical and
electrochemical stability of the S. In addition, the externally
accessible and reticulated structure allows Li ions in the
electrolyte to have good access to the inside of the S‐NrGO
composite particle and to sufficiently penetrate the electrode,
while allowing dissolved polysulfides to be redeposited onto the
S‐NrGO electrode more uniformly during cell operation. This
achievement improves upon the existing state‐of‐the‐art for
inexpensive and high specific energy Li/S cells, and provides
critical insight into appropriate electrode microstructures and
synthesis procedures for S‐graphene based composites.
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