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Abstract
Bulk sulfur incorporating 3 wt% gold nano-powder is investigated as possible candidate to maximize
the fraction of active material in the Li-S battery cathode. The material is prepared via simple mixing
of gold with molten sulfur at 120 °C, quenching at room temperature and grinding. Our
comprehensive study reports relevant electrochemical data, advanced X-ray computed tomography
(CT) imaging of the positive and negative electrodes, and a thorough structural and morphological
characterization of the S:Au 97:3 w/w composite. This cathode exhibits high rate capability within
the range from C/10 to 1C, with a maximum capacity above 1300 mAh gS−1, and capacity retention
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between 85% and 91% after 100 cycles at 1C and C/3 rates. The novel formulation enables a sulfur
fraction in the composite cathode film of 78 wt%, an active material loading of 5.7 mg cm−2, and an
electrolyte/sulfur (E/S) ratio of 5 μL mgSsulfur−1, thus leading to a maximum areal capacity of 5.4 mAh
cm−2. X-ray CT at the micro- and nanoscale reveals the microstructural features of the positive
electrode that favor fast conversion kinetics in the battery as well as the anode/electrolyte interphase.
Quantitative analysis of sulfur distribution in the cathode displays that electrodeposition within the
porous electrode during the initial cycle may trigger an activation process in the cell leading to the
improved performance. Furthermore, the tomography study reveals the characteristic features of the
lithium anode and the cell separator upon a galvanostatic test prolonged over 300 cycles at a 2C rate.
1. Introduction
Lithium sulfur (Li-S) batteries might enable a substantial breakthrough in energy storage technology
[1] to accelerate the transition to sustainable electro-mobility [2–5]. The Li-S system overcomes the
limits of gravimetric capacity of the insertion chemistry by exploiting the reversible conversion of
sulfur to Li2S, thereby delivering a theoretical energy density as high as 2600 Wh kg−1 (referred to
the Li2S mass) [6]. Moreover, the materials are intrinsically low-cost and with minimal environmental
impact. Therefore, Li-S batteries are now receiving considerable attention from both the scientific
community [7] and industry [8]. The last decade has been indeed characterized by noticeable
advances in cell performance at the laboratory scale [6,9], while recent data on prototype batteries
have suggested commercial viability in the near-term future [10]. In spite of these outstanding
achievements, their launch into the market is currently hindered by challenges in cell design, mostly
associated with the low electronic conductivity of elemental sulfur and Li2S [11], as well as with the
solubility of lithium polysulfide intermediates (Li2Sx, 4 < x < 8) in the electrolyte media [12,13]. The
former issue may decrease the rate capability of the cell and limit the sulfur utilization, thus adversely
affecting the practical capacity [11], whilst the latter may cause active material loss and poor cycle
life by undesired reaction at the anode side of Li2Sx species dissolved in the electrolyte [14]. Both
issues have been partially addressed by engineering conductive carbon frameworks of various
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morphologies [15–20] that can entrap sulfur and control its dissolution into the electrolyte [21]. On
the other hand, parasitic reduction of polysulfides at the lithium-metal side can be effectively
mitigated by adding a sacrificial agent to the electrolyte, e.g., LiNO3, which is able to passivate the
anode [22]. Cathode bulk conductivity is typically enhanced by incorporating a significant fraction
of carbon in the active material formulation, although this may decrease the gravimetric energy
density of the cell [11]. Moreover, carbon scaffolds may act as three-dimensional (3D) substrate for
sulfur electrodeposition and Li2S2 or Li2S precipitation, thereby supporting a large fraction of active
material [23]. Following this trend, literature reports have demonstrated that the use of porous carbon
cloths [24] and foams [25] instead of the typical Al current collector at the positive side of the cell
may enhance the electrochemical performance in terms of reversible capacity and cycling stability
[26,27], and increase the sulfur loading [28]. Notably, the E/S ratio significantly influences the
complex mechanism that involves soluble Li2Sx species, thereby controlling the behavior of the
battery upon charge/discharge cycles and affecting the actual energy density [29]. Therefore, a great
deal of effort from both academia and industry is now devoted to optimizing critical parameters being
used in the cell configuration in order to achieve suitable values for technological applications, and
fulfill the energy target of 500 Wh kg−1 [30]. In this regard, the development of innovative cathode
designs is expected to play a crucial role in enabling practical batteries.
Recent studies have explored the possibility of including metal particles in the cathode film
to enhance the charge transfer kinetics [31] and, possibly, catalyze the polysulfide conversion [32],
by adapting an approach proposed earlier for lithium-ion [33,34] and lithium-oxygen [35] batteries.
This strategy has the additional advantage of substantially decreasing the inactive materials in the
electrode to boost the practical energy density of the cell [36]. Indeed, we have shown that highperformance cathode composites may be achieved by dispersing 15 wt% of Ni or Sn nanopowders in
molten sulfur, thereby ensuring both high active material loading and low loading of additives in the
positive electrode [36]. Furthermore, the incorporation of noble metal centers in the cathode has been
indicated to favor the conversion reaction by possibly increasing the affinity of the electrode surface
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toward lithium polysulfides and/or its bulk electronic conductivity [37–39]. Accordingly, X-ray
photoelectron spectroscopy (XPS), and X-ray computed tomography (CT) analyses supported by
electron microscopy have suggested favorable interactions between the metal site and polysulfides,
promoting electrodeposition of sulfur on the porous cathode framework upon charging [36].
Bearing in mind these findings, we study herein the suitable characteristics of a gold-doped
sulfur electrode for application in a lithium-sulfur battery. Notably, metal nanopowders benefit from
a higher tap density than that of conventional carbon additives, which might be reflected as higher
volumetric energy density in practical cells [31]. Hence, a scalable composite including 97 wt% of
active material is prepared by melting sulfur in the presence of Au nanoparticles, which is
comprehensively investigated via X-ray CT, electron microscopy, and X-ray diffraction (XRD).
High-performance cathodes with a sulfur loading from ca. 2 to 6 mg cm−2 are coated on a porous
carbon-based current collector and characterized in the lithium cell by combining various
electrochemical techniques, including voltammetry, electrochemical impedance spectroscopy (EIS),
and galvanostatic cycling. Furthermore, X-ray CT analyses at the microscale are used to shed light
on the crucial role of cathode microstructure in enhancing sulfur conversion kinetics and cell
performance.
2. Experimental
Elemental sulfur (≥99.5%, Riedel-de Haën) and gold nano-powder (<100 nm, 99.9% trace metal
basis, Sigma-Aldrich) were mixed in the weight ratio of 97:3 and heated under magnetic stirring in a
silicon oil bath at 120 °C until melting of sulfur and homogeneous blending of the two components
was achieved. Subsequently, the mixture was cooled to room temperature and ground in an agate
mortar after solidification. The resulting composite is indicated as S:Au 97:3 w/w. A further material
with S:Au 85:15 w/w composition was prepared as above described.
The structure of the S:Au 97:3 w/w powder was investigated by means of XRD through a
Bruker D8 Advance diffractometer equipped with a Cu-Kα source (8.05 keV) with a scan in the 2θ
range between 10° and 90° at a rate of 10 s step−1 with a step size of 0.02°. Morphology and elemental
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composition of the S:Au 97:3 w/w powder were inspected by scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), transmission electron microcopy (TEM), and X-ray CT
at the nanoscale. SEM-EDS was carried out through a Zeiss EVO MA10 using a tungsten thermionic
electron source and equipped with an INCA X-ACT Oxford Instrument analyzer. TEM images were
collected by a Zeiss EM 910 microscope employing a tungsten thermionic electron source operating
at 100 kV. The X-ray CT analysis at the nanoscale was performed through a Zeiss Xradia 810 Ultra
instrument (Carl Zeiss Inc.), employing a micro-focus rotating Cr anode (Cr-Kα of 5.4 keV,
MicroMax-007HF, Rigaku). The X-ray source of the CT microscope was set at 35 kV and 25 mA.
The specimen for X-ray nano-CT consisted of a small amount of powder S:Au 97:3 w/w secured on
the tip of a stainless steel (SS) needle by epoxy [2,4,6-tris(dimethylaminomethyl)phenol, Devcon].
The X-ray nano-CT instrument comprises a He-filled chamber housing a condenser capillary that
focused the beam onto the specimen and an He-filled optics chamber containing a Fresnel zone plate
that focused the beam coming from the specimen onto a charge-coupled device (CCD) detector. A
tomographic scan was carried out in absorption-contrast and large-field-of view (65 μm) mode by
taking 901 radiographs of the sample through 180° rotation. Each radiograph was collected with an
X-ray exposure time of 45 s and binning 1. The resulting voxel size was ca. 63 nm. The tomographic
dataset was reconstructed through the Zeiss XMReconstructor software (Carl Zeiss Inc.) employing
a filtered back-projection algorithm. The 3D reconstructed image was visualized, processed by
applying nonlocal means and unsharp masking filters, and segmented through the Avizo 2019.4
software (Visualization Sciences Group, FEI SAS, Thermo Fisher Scientific). Three phases with
increasing X-ray attenuation coefficient were identified by segmentation using grayscale [40] and
watershed [41,42] methods: (i) exterior, (ii) sulfur, and (iii) gold.
S:Au 97:3 w/w electrodes were prepared by doctor-blade casting (MTI Corp.) a slurry
containing the S:Au 97:3 w/w composite, conductive carbon black (Super P, Timcal), and
polyvinilidene-fluoride (Solef® 6020 PVDF) in the weight ratio of 8:1:1, respectively. This slurry
was prepared by dispersing the components in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) by
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means of an agate mortar and a pestle, and then cast on a carbon-cloth foil (GDL ELAT 1400, MTI
Corp.). The wet electrode film was heated at 50 °C under air for about 3 h to evaporate the solvent.
Cathode disks with a diameter of 14 mm (geometric area of 1.54 cm2) were cut out from the dry
coated foil, and then heated overnight at 40 °C under vacuum before being transferred in an Ar-filled
glovebox (MBraun, O2 and H2O content below 1 ppm). Three batches of electrodes having different
sulfur loading were prepared, that is, (i) in the range from 1.6 to 2.4 mg cm−2, (ii) in the range from
4.1 to 5.7 mg cm−2, and (iii) 1.4 mg cm−2. Additional electrodes incorporating either S or S:Au 85:15
w/w and having a sulfur loading of about 2.4 mg cm−2 were prepared as above described.
CR2032 coin cells were assembled in an Ar-filled glovebox (MBraun, O2 and H2O content
below 1 ppm) by stacking a lithium disk with diameter of 14 mm, a Celgard 2400 separator with
diameter of 16 mm soaked by the electrolyte solution, and a S:Au 97:3 w/w electrode. The electrolyte
solution was obtained by dissolving lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95%
trace metals basis, Sigma-Aldrich) and lithium nitrate (LiNO3, 99.99% trace metals basis, SigmaAldrich) in a mixture of 1,3-dioxolane (DOL, anhydrous, contains ca. 75 ppm BHT as inhibitor,
99.8%, Sigma-Aldrich) and 1,2-dimethoxyethane (DME, anhydrous, 99.5%, inhibitor-free, SigmaAldrich) in the 1:1 w/w ratio. Prior to use, LiTFSI and LiNO3 were dried at 110 and 80 °C,
respectively, under vacuum for 3 days, while DOL and DME were dried under molecular sieves (3
Å, rod, size 1/16 in., Honeywell Fluka) until the water content was lower than 10 ppm, as measured
by a Karl Fischer 899 Coulometer (Metrohm). The final concentration of each salt in the electrolyte
solution was 1 mol kg−1 as referred to the weight of solvent.
Cyclic voltammetry (CV) measurements were carried out at a scan rate of 0.1 mV s−1 in the
1.8–2.8 V vs. Li+/Li potential range. Electrochemical impedance spectra were collected at the open
circuit voltage (OCV) condition of the cell, as well as after 1, 5 and 10 CV cycles, and analyzed
through the non-linear least squares (NLLS) fitting method via the Boukamp software (χ2 values of
the order of 10−5) [43,44]. EIS was performed by applying to the cell an alternate voltage signal with
amplitude of 10 mV within the frequency range from 500 kHz to 100 mHz. Further CV scans in the
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1.8–2.8 V vs. Li+/Li potential range at increasing scan rates, i.e., 0.05, 0.1, 0.15, 0.2 and 0.25 mV s−1,
were performed to estimate the apparent Li+ diffusion coefficients (D) according to the RandlesSevcik equation [45,46]:
"

𝑧𝐹𝑣𝐷 #
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(1)

where Ip is the peak current (A), z is the number of exchanged electrons, F is the Faraday constant
(96 485 C mol−1), A is the geometric area of the S:Au 97:3 w/w electrode (1.54 cm2), C is the estimated
Li+ concentration in the electrode volume (mol cm−3), v is the scan rate (mV s−1), D is the Li+ diffusion
coefficient (cm2 s−1), R is the gas constant (8.31451 J mol−1 K−1) and T is the room temperature (298
K). Herein, a number of 1 exchanged electron (z = 1) was considered for each discharge peak
(occurring at about 2.3 and 2.0 V), whilst a number of 2 exchanged electrons (z = 2) was taken into
account for the charge peak (occurring at about 2.4 V). The CV and EIS measurements were
performed through a VersaSTAT MC Princeton Applied Research (PAR) analyzer.
Galvanostatic cycling (GC) measurements were carried using a MACCOR series 4000 battery
test system. Coin cells with a S loading between 1.9 and 2.2 mg cm−2 over the electrode and an
electrolyte/sulfur (E/S) ratio of 15 µL mgSulfur−1 were tested within the current rate ranging from 1C
to C/10 (1C = 1675 mA gS−1). In detail, galvanostatic measurements over 100 cycles were carried out
at C/3 and 1C rates within the 1.9–2.8 V and 1.8–2.8 V voltage ranges, respectively. The rate
capability of the electrode was assessed by applying current rates of C/10, C/8, C/5, C/3, C/2 and 1C,
increasing every 5 cycles and decreasing to the initial value of C/10 at the 26th cycle. Voltage ranges
of 1.9–2.8 V from C/10 to C/2 and of 1.8–2.8 V at 1C were set for this rate capability test. Coin cells
with a S loading of 5.7 mg cm−2 and an E/S ratio of 5 µL mgSulfur−1 were cycled at a constant current
rate of C/20 rate between 1.8 and 2.8 V. A further Li|S:Au 97:3 w/w coin cells with a sulfur loading
over the electrode of 1.4 mg cm−2 and an E/S ratio of 15 μL mgSulfur−1was subjected to prolonged
cycling at the 2C rate between 1.8 and 2.8 V.
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The effect of gold incorporation on the electrochemical properties of the sulfur cathode was
further evaluated by measuring the sheet resistance, the Warburg resistance, and the maximum
capacity in lithium cell of materials prepared by using bulk sulfur without any metal additive, and
composites containing Au nanoparticles with weight ratio of 3% (S:Au 97:3 w/w) and 15 % (S:Au
85:15 w/w). The sheet electrical resistance was determined by 4-point probe measurements (Jandel
RM3000+ Test Unit) on pellets incorporating 90 wt% cathode material and 10 wt% carbon black,
where the cathode material is bulk S, S:Au 97:3, or S:Au 85:15, respectively. The Warburg resistance
was measured by EIS on lithium cells using pelletized cathodes prepared by pressing S, S:Au 97:3
w/w, or S:Au 85:15 w/w. Thin films of S and S:Au 85:15 w/w formed by 80 wt% cathode material,
10 wt% polymer binder, and 10 wt% carbon black, with S loading of about 2.4 mg cm−2 and an E/S
ratio of 15 μL mgSulfur−1, were also tested in lithium cells as control samples by galvanostatic cycling
at the constant current rate of C/3 as described above.
The S:Au 97:3 w/w electrode, the lithium-metal anode, and the separator were imaged before
and after cycling in the lithium cell by X-ray CT at the microscale using a Zeiss Xradia 620 Versa
microscope (Carl Zeis Inc.) employing a polychromatic microfocus source (tungsten target). Cathode
samples for X-ray micro-CT were prepared by cutting out portions with approximate size of 1 mm ×
1 mm form each electrode and securing these to SS dowels by epoxy [2,4,6tris(dimethylaminomethyl)phenol, Devcon]. Tomographic scans of the cathodes were performed
using a 40× lens and collecting 1601 radiographs of the specimen through 360° rotation with binning
1. Voltage and current of the X-ray source, time of exposure for each projection, as well as source–
specimen and detector–specimen distances, were adjusted to obtain suitable transmission values. In
detail, electrodes with a sulfur loading from 1.6 to 2.4 mg cm−2 were investigated setting the source
in the 80–90 kV and 87–89 μA ranges, whilst electrodes with a sulfur loading from 4.1 to 4.2 mg
cm−2 were studied setting the source at 120 kV and 83 μA. The exposure time varied from 44 to 47 s,
whilst the source–specimen and detector–specimen distances were in the ranges of 9.77–9.81 and
8.95–9.05 mm, respectively, thereby leading to a voxel size between 176 and 177 nm in a field of
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view of about 330 μm. The anode and separator samples were recovered from two Li|S:Au 97:3 w/w
coin-cells, which were held at OCV and discharged/charged at a 2C rate upon 300 cycles, respectively
(1C = 1675 mAh gS−1). Both cells had a sulfur loading over the electrode of 1.4 mg cm−2 and an E/S
ratio of 15 μL mgSulfur−1. Cell disassembling was carried out in an Ar-filled glovebox (MBraun, O2
and H2O content below 1 ppm). Afterwards, lithium and separator samples were cut out and sealed
inside Swagelok-type cells having polyether ether ketone (PEEK) housing and stainless steel (SS)
pins, which had an inner diameter of 0.8 mm, in order to avoid air exposure during the X-ray CT
scans. These scans were performed by collecting 901 radiographs of the specimen through 360°
rotation and using a 20× lens and binning 1. The source was set at 60 kV and 83 μA, the exposure
time was 30 s, and source–specimen and detector–specimen distances were adjusted to obtain suitable
transmission values and a voxel size of 301 nm. The micro-CT datasets were reconstructed through
the Scout-and-Scan Control System Reconstructor software (Carl Zeiss Inc.) employing either a
filtered back-projection algorithm (cathode) or the Optirecon algorithm (anode and separator). The
3D reconstructed images were visualized, processed by applying nonlocal means and unsharp
masking filters, segmented, and quantitatively analyzed through the 2020.2 software (Visualization
Sciences Group, FEI SAS, Thermo Fisher Scientific). Four domains with increasing X-ray
attenuation coefficient were identified in the cathode by segmentation using grayscale [40] and
watershed [41,42] methods: (i) exterior, (ii) a domain including carbon, PVDF and carbon-cloth
support, (iii) sulfur, and (iv) gold. For cathode analysis, binary datasets were produced by selecting
the segmented sulfur domain, and the phase fraction of sulfur along the Z axis, i.e., the specimen
rotation axis orthogonal to the electrode plane, was calculated. Electrodes used for X-ray CT with a
sulfur loading from 1.6 to 2.4 mg cm−2 were cycled at a 1C rate, whilst the those with a sulfur loading
from 4.1 to 4.2 mg cm−2 were cycled at a C/10 rate.
3. Results and discussion
The composite cathode material has been prepared by mixing molten sulfur and gold particles in the
weight ratio of 97:3, according to a straightforward approach recently reported [31,36]. Figure 1
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shows the structural and morphological characteristics of the S:Au 97:3 w/w powder as studied by
combining XRD, electron microscopy, and X-ray CT techniques. XRD reveals the patterns of
orthorhombic sulfur (α-S8) and metallic gold, with relative peak intensities reflecting the volume ratio
between the two phases and suggesting large crystal domains for sulfur (Fig. 1a). The absence of
reflections attributed to additional phases confirms that the mild conditions adopted to make the
composite, along with the well-known inert nature of metallic gold [47], actually prevent the
formation of impurities or side products. SEM images at various magnifications (Fig. 1b, c and g)
and EDS maps (Fig. 1f and h) display sub-micrometric Au agglomerates laying on sulfur particles
with a size from about 5 μm to about 50 μm, as well as segregated larger Au clusters with maximum
size approaching 30 μm. Each metal aggregate is mostly formed by nanometric primary particles
below 100 nm, as evidenced by the TEM image in Fig. 1(i). X-ray CT at the nanoscale enables a
three-dimensional reconstruction of a portion of the composite of about 60 μm. The related crosssectional slice with corresponding three-phase segmentation (Fig. 1d and e) and the volume rendering
(Fig. 1j) reveal a large sulfur cluster with irregular shape containing few Au domains below 1 μm. It
is worth noting that the dispersion of a low fraction of noble metal into a bulk of active material
evidenced in Fig. 1 may actually lead to an increased energy density of the electrode, and mitigate
the insulating character of sulfur to boost the conversion in lithium cell [31]. Indeed, gold is expected
to enhance the reaction kinetics at the electrode/electrolyte interphase and favor the electrodeposition
of sulfur and possibly the formation of Li2S [36].
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Fig. 1. (a) XRD pattern of the S:Au 97:3 w/w powder (top) and reference data (bottom) for elemental
sulfur (yellow, ICSD #27840) and metallic gold (magenta, ICSD #44362). (b–j) Morphological
analysis of the S:Au 97:3 w/w powder by electron microscopy and X-ray CT. In detail: (b, c and g)
SEM images at various magnifications in (b and c) backscattered and (g) secondary electron modes;
(f, h) EDS maps of (f) S and (h) Au; (i) TEM image; (d, e and j) X-ray CT imaging at the nanoscale,
as (d) cross-sectional slice extracted in a plane along the rotation axis (beam attenuation represented
through a grayscale), (e) corresponding three-phase segmented slice (Au: magenta, S: yellow,
exterior: black), and (j) three-phase segmented volume rendering (Au: magenta, S: yellow, exterior:
not represented); tomographic scan performed in absorption-contrast, large-field-of view (65 μm)
mode by taking 901 radiographs of the specimen through 180° with an exposure time of 45 s for each
projection and binning 1; voxel size of reconstructed CT datasets: 63 nm.
The electrochemical process of the S:Au 97:3 w/w cathode in the cell has been characterized
by voltammetry and impedance spectroscopy measurements (Fig. 2). The first reduction scan of Fig.
2(a) reveals two peaks at about 2.20 and 2.00 V vs. Li+/Li, which can be associated with the formation
of long-chain and short-chain lithium polysulfides, i.e., Li2Sx with 6 ≤ x ≤ 8 and 2 ≤ x ≤ 4, and possibly
Li2S [12,48,49]. The subsequent oxidation scan is instead characterized by a broad double peak with
maximum centered at 2.35 and 2.40 V vs. Li+/Li, reflecting the reversible reaction of Li2Sx species (1
≤ x ≤ 8) with final electrodeposition of S8 at high potential [12,49]. After the initial cycle, Fig. 2(a)
shows a notable shift of the first discharge peak from 2.20 V vs. Li+/Li to 2.30 V vs. Li+/Li, and a
slight decrease in polarization for the second discharge peak. This electrochemical behavior suggests
an improvement of the charge transfer at electrode/electrolyte interphase along with microstructural
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rearrangements in the cathode upon multiphase conversion of sulfur, in good agreement with earlier
reports [36,50,51]. These modifications lead also to an additional shoulder in the potential range of
2.5–2.7 V vs. Li+/Li during the oxidation scans, thus suggesting a change in the conversion kinetics.
This phenomenon likely involves sulfur precipitation during charge on preferred locations over the
electrode [36,51] which generally leads to an electrochemical activation, and increases the active
material utilization via activation of suitable reaction sites on the cathode surface [36]. This
hypothesis is in part supported by the different signature of the first CV scan compared to the
overlapping profiles of the subsequent cycles (Fig. 2a). Furthermore, EIS indicates a significant drop
in electrode/electrolyte interphase resistance (Ri) after the first scan and a steady response for the
subsequent 10 cycles (see the related Nyquist plot in Fig. 2b). Table 1 reports the results of an NLLS
fitting of the impedance data performed by modeling the cell response with the Re(RiQi)nQg equivalent
circuit (n = 1, 2), where the high-middle frequency sub-circuit containing pseudo-capacitive and
resistive elements arranged in parallel [i.e., (RiQi)n] reproduces the electrode/electrolyte interphase,
whilst Re and Qg simulate the electrolyte resistance and the cell capacitance, respectively [43,44,52].
This analysis suggests a decrease in Ri from 216 ± 1 Ω at the OCV condition (inset of Fig. 2b) to
values fluctuating between 3.4 ± 0.3 Ω and 4.0 ± 0.2 Ω during the subsequent cycles (main panel of
Fig. 2b), and reflects a remarkable improvement of the charge transfer kinetics due to the above
mentioned activation [36,50].
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Table 1. Results of NLLS analysis [43,44] of impedance spectra of the Li|S:Au 97:3 w/w cell
collected upon a CV measurement. In detail: cell condition; equivalent circuit; electrode/electrolyte
interphase resistances (Ri,1, Ri,2, Ri); χ2 parameter. EIS carried out by applying to the cell an alternate
voltage signal with amplitude of 10 mV within the frequency range from 500 kHz to 100 mHz. See
Fig. 2(a and b) showing the related CV profiles and Nyquist plots. Electrode geometric area: 1.54
cm2. Electrolyte: 1 mol kg−1 LiTFSI, 1 mol kg−1 LiNO3 in DOL:DME 1:1 w/w. Temperature: 25 °C.
Cell condition

Equivalent circuit

Ri,1 (Ω)

Ri,2 (Ω)

Ri (Ri,1 + Ri,2) (Ω)

OCV

Re(Ri,1Q1)Qg

216 ± 1

/

216 ± 1

After 1 CV cycle

Re(Ri,1Q1)(Ri,2Q2)Qg

2.1 ± 0.1

1.9 ± 0.2

4.0 ± 0.2

After 5 CV cycles

Re(Ri,1Q1)(Ri,2Q2)Qg

2.4 ± 0.1

1.0 ± 0.3

3.4 ± 0.3

After 10 CV cycles

Re(Ri,1Q1)(Ri,2Q2)Qg

2.8 ± 0.1

0.8 ± 0.2

3.6 ± 0.2

χ2
8×
10−5
8×
10−5
2×
10−5
3×
10−5

CV scans at various scan rates have been carried out to estimate the apparent Li+ diffusion
coefficient (D) by applying the Randles-Sevcik equation (1) [15,45,46,53]. The related voltammetry
profiles, shown in top panel of Fig. 2c, display the expected raise in polarization and peak current
intensity as the scan rate increases from 0.05 to 0.25 mV s−1, along with the appearance of the
abovementioned additional shoulder during charging from 2.6 to 2.7 V vs. Li+/Li. Notably, the linear
relation between the Ip and the square root of the scan rate (v1/2) evidenced by Fig. 2(d) suggests an
electrochemical process limited by diffusion, despite the substantial difference between the RandlesSevcik system [45,46] and the cell herein investigated [36] (see linear fitting parameters in Figure S1
and Table S1 of the Supplementary Material). Therefore, a D value is calculated for each reduction
peak as well as for the double oxidation peak according to previous reports, and reported in Table 2
and in the bottom panel of Fig. 2(c) [15,36,53,54]. The apparent diffusion coefficient ranges between
7.8 × 10−8 and 1.1 × 10−7 cm2 s−1 at the various states of charge of the cell (Table 2) and decreases at
the end of discharge, thus in agreement with the extensively described reaction kinetics which hinders
the final steps of sulfur conversion to short-chain lithium polysulfides and possibly to Li2S [24]. An
additional slight decrease of D during charging reflects the partially limited ion diffusion into the
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insulating sulfur electrodeposited over the electrode, which may actually be improved by providing
proper electrodeposition sites in order to allow a reversible electrochemical process at high current
rates [55,56]. In this regard, the dispersion of metal nanoparticles within the cathode has proven to be
an effective strategy to enhance the multiphase conversion reactions [31,36]. Herein, we have further
improved this approach by exploiting the highly conductive gold nano-powder, which has enabled
satisfactory electrode kinetics despite an inactive metal amount as low as 3%, thus leading to a final
sulfur ratio into the cathode film of 78 wt% and, possibly, high energy density.
Table 2. Li+ diffusion coefficient (D) calculated by applying the Randles-Sevcik equation to CV data
(Equation (1) in the Experimental section) [45,46]. Fig. 2(c) displays the corresponding CV profiles
in the 1.8–2.8 V vs. Li+/Li potential range (upper panel) at various scan rates, that is, 0.05, 0.1, 0.15,
0.2 and 0.25 mV s−1, and the D coefficients (bottom panel). Fig. 2(d) shows the corresponding peak
current trends; the related linear fittings parameters are reported in Fig. S1 and Table S1.
State of charge

D (cm2 s−1)

2.30 V vs. Li+/Li (disch.)

1.1 × 10−7

1.95 vs. Li+/Li (disch.)

9.6 × 10−8

2.35 V vs. Li+/Li (ch.)

7.8 × 10−8
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Fig. 2. (a) CV profiles of the Li|S:Au 97:3 w/w cell at a scan rate of 0.1 mV s−1 within the potential
range from 1.8 to 2.8 V vs. Li+/Li and (b) Nyquist plot of impedance spectra of the same cell at the
OCV and after 1, 5 and 10 voltammetry cycles; EIS carried out by applying to the cell an alternate
voltage signal with amplitude of 10 mV within the frequency range from 500 kHz to 100 mHz. (c)
CV profiles (upper panel) of the Li|S:Au 97:3 w/w cell at various scan rates, i.e., 0.05, 0.1, 0.15, 0.2
and 0.25 mV s−1 within the potential range from 1.8 to 2.8 V vs. Li+/Li and apparent Li+ diffusion
coefficient (D, bottom panel) calculated by applying the Randles-Sevcik equation to the CV data (see
Equation (1) in the Experimental section and Table 2). (d) Peak current as a function of the square
root of the scan rate (v1/2) extracted from the CV profiles of panel (c); the yellow point indicates the
axes origin; see Fig. S1 and Table S1 in the Supplementary Material for the corresponding linear
fitting parameters. Electrode geometric area: 1.54 cm2. Electrolyte: 1 mol kg−1 LiTFSI, 1 mol kg−1
LiNO3 in DOL:DME 1:1 w/w. Temperature: 25 °C.
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Fig. 3 reports the features in lithium cells of the S:Au 97:3 w/w electrode by exploiting an average
sulfur loading typically used for Li-S battery study (i.e., of about 2 mg cm−2). The cells are
galvanostatically cycled at various currents in order to verify the rate capability of the electrode (Fig.
3a and d), as well as at a constant rate of C/3 (Fig. 3b and e) and 1C (Fig. 3c and f) to evaluate the
cycle life. In detail, the battery reveals suitable response characterized by a moderate increase in
polarization (Fig. 3a) and a limited decrease in capacity by gradually raising the C-rate from C/10 to
1C (Fig. 3d). The voltage profiles at C/10 show two plateaus centered at about 2.35 and 2.10 V during
discharge, and at 2.40 and 2.20 V during charge (Fig. 3a), in agreement with the CV curves already
shown in Fig. 2. In spite of the abovementioned overvoltage increase by incremental raise in the Crate, the cell almost fully restores its maximum capacity as the current is lowered back to the initial
value of C/10 at the end of the test. Indeed, Fig. 3d shows capacity values of about 1314, 1237, 1156,
1039 and 890 mAh gS−1 at the rates of C/10, C/8, C/5, C/3 and 1C, respectively, as well as a capacity
of 1260 mAh gS−1 when the current is lowered back to C/10 after 25th cycle which reflects a 96% of
retention. Additionally, galvanostatic tests prolonged over 100 cycles at the constant current rates of
C/3 (Fig. 3b and e) and 1C (Fig. 3c and f) evidence excellent performance. Both tests show an
activation occurring upon the initial 10–15 cycles which leads to a progressive improvement of the
voltage profile to a steady-state characterized by lower polarization (Fig. 3b and c). Furthermore, this
ongoing process leads to a steep increase in the delivered capacity from about 800 mAh gS−1 at C/3
and 600 mAh gS−1 at 1C to values approaching 1200 and 1000 mAh gS−1, respectively (Fig. 3e and f).
After 100 cycles, the battery retains 940 mAh gS−1 at C/3 and 910 mAh gS−1 at 1C, which corresponds
to ca. 85% and 91% of the steady-state values. Notably, the data of Fig. 3 show a coulombic efficiency
approaching 100% upon the first cycle and suggest an effectual mitigation of possible parasitic
reactions of the dissolved polysulfides due to the in situ protection of the lithium anode by using a
suitable electrolyte solution [57]. It is worth mentioning that cell configuration in terms of
composition and microstructure of the cathode, electrolyte formulation, and E/S ratio may
significantly affect the electrochemical performance [30]. Accordingly, the Li|S:Au 97:3 w/w cell
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actually benefits from a cathode optimized by gold-doping [31,36], a porous support with suitable
sulfur electrodeposition sites [26,27], an electrolyte solution containing LiNO3 to avoid the “shuttle
effect” and massive formation of dendritic structures [57,58], and an E/S ratio of 15 μL mgSulfur−1.
Literature studies [31,32] have shown that the inclusion of metal nanoparticles in the electrode
may catalyze the polysulfide conversion and enhance the charge transfer kinetics. On the other hand,
we reasonably supposed that gold incorporation mainly increases the electrical conductivity of the
cathode, thereby mitigating the insulating character of sulfur, although minor catalytic effects on the
polysulfide reaction mechanism cannot be excluded [32]. In order to verify this hypothesis, we have
performed 4-point probe measurements on pelletized electrode samples, and compared the
electrochemical performance of thin-film cathodes incorporating bulk sulfur as well as composites
with a weight ratio of gold nanoparticles of 3% and 15%, respectively. The related results are reported
in Table 3 and in Fig. S2(a and c) of the Supplementary Material (see the Experimental section for
further details on the measurements). As expected, the data of Table 3 reveal the raise in electrical
conductivity caused by the addition of gold in the pellet, which leads to an increase in maximum
reversible capacity. Notably, both conductivity and maximum capacity appear to be in a relation of
proportionality with the Au content (Table 3 and Fig. S2a and c), while the effect of gold
concentration in the cathode on the cycling trend is not straightforward (Fig. S2b). This trend possibly
suggests a complex interplay between sulfur utilization and active material loss during the initial
stages of the electrochemical test. On the other hand, EIS measurements on Li-S cells using material
pellets (Fig. S2d–f in the Supplementary Material, with pellets shown in inset) suggest that the
presence of Au has further beneficial effects in decreasing the Warburg resistance of the electrode to
the Li+ transport (Table 3). Computational modelling by first-principles density functional theory
(DFT) calculations might possibly provide further insight on the absorption of lithium polysulfides
over functionalized surfaces and reveal electrocatalytic effects on the Li-S conversion reaction
[59,60].
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Fig. 3. (a–c) Voltage profiles and (d–f) cycling trends in various testing conditions of the Li|S:Au
97:3 w/w cell with sulfur loading over the electrode of 1.9–2.2 mg cm−2 and E/S ratio of 15 μL
mgSulfur−1. In detail: (a and d) rate capability of the cell within the range from C/10 to 1C, namely, at
C/10, C/8, C/5, C/3 and 1C (1C = 1675 mA gS−1); (b, c, e and f) performance of the cell over 100
cycles at constant current rates of (b and e) C/3 and (c and f) 1C. Voltage ranges: 1.9–2.8 V from
C/10 to C/3 rate and 1.8–2.8 at 1C rate. Electrode geometric area: 1.54 cm2. Electrolyte: 1 mol kg−1
LiTFSI, 1 mol kg−1 LiNO3 in DOL:DME 1:1 w/w. Temperature: 25 °C.
Table 3. Effect of gold on the electrochemical properties of the sulfur cathode. In detail: sheet
electrical resistance as determined by 4-point probe measurements on pellets incorporating 90 wt%
cathode material and 10 wt% carbon black, where the cathode material is either bare S, or S:Au 97:3
w/w, S:Au 85:15 w/w; Warburg resistance as measured by EIS on lithium cells using pelletized
cathodes prepared by pressing either S, or S:Au 97:3 w/w, S:Au 85:15 w/w; maximum discharge
capacity in lithium cells at the constant current rate of C/3 for thin film electrodes with 80 wt%
cathode material, 10 wt% polymer binder, 10 wt% carbon black (1C = 1675 mA gS−1), where the
cathode material is either S, or S:Au 97:3 w/w, S:Au 85:15 w/w, and the sulfur loading over the
electrode and the E/S ratio are of about 2.4 mg cm−2 and 15 μL mgSulfur−1, respectively. See Fig. S2
for corresponding experiments.
Sheet resistance
(Ω/□)

Material

Warburg resistance
(Ω)

Discharge capacity
(mAh gS−1)

S

56.6 ± 0.9

25.1 ± 0.5

920 ± 90

S:Au 97:3 w/w

34.8 ± 0.8

24.2 ± 0.5

1000 ± 100

S:Au 85:15 w/w

25.2 ± 0.7

15.1 ± 0.6

1200 ± 100
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The effects of cycling on the cathode microstructure are subsequently investigated by performing Xray CT scans in a field of view of about 330 μm (Fig. 4). These measurements provide a threedimensional map of the various phases in the electrode which are identified by differences in X-ray
attenuation, thus enabling the detection of morphological features at the microscale with a voxel size
smaller than 180 nm. Fig. 4 shows the X-ray imaging of cathode samples before (panels a–c) and
after 1 (panels d–f) and 100 cycles (panels g–i). The left-hand side panels (Fig. 4a, d and g) report
sections of the electrodes represented in grayscale, where the brightness reflects the local density of
the specimen [40]. Accordingly, the large Au aggregates already observed in detail by SEM-EDS,
TEM, and X-ray CT at the nanoscale in Fig. 1, can be detected as continuous bright spots in Fig. 4 a,
d and g, whilst sulfur appears as gray particles with moderate density [36,42]. However, it is worth
mentioning that smaller gold nanoparticles intimately mixed with sulfur cannot be detected by
microscale CT [36]. Besides, X-ray imaging reveals that the carbon-cloth support and the carbonbinder domain of the composite electrode film have lower density than sulfur, as suggested by the
brightness scale of the images [36,42]. Four domains are identified by analyzing the grayscale
histogram of the CT reconstructions [40], and image segmentation is performed by processing the 3D
datasets as described in the Experimental section. Fig. 4(b, e and h) show the segmented images of
the electrode and depict (i) highly attenuating gold in magenta, (ii) moderately attenuating sulfur in
yellow, (iii) lowly attenuating carbon cloth and carbon-binder domain in gray, and (iv) exterior/pores
in black. Furthermore, of Fig. 4(c, f and i) display volume of the electrode domains using the same
color map. Additional imaging of the electrodes is given by supplementary animations obtained by
X-ray CT tomography (Movies S1).
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Fig. 4. X-ray CT imaging at the microscale of S:Au 97:3 w/w electrodes with sulfur loading of 1.6–
2.4 mg cm−2 (a–c) before and after (d–f) 1 and (g–i) 100 cycles at a 1C rate. In detail: (a, d and g)
cross-sectional slices extracted in a plane parallel to the rotation axis (Z axis) and orthogonal to the
electrode plane (beam attenuation represented through a grayscale), (b, e, h) corresponding four-phase
segmented slices (Au: magenta, S: yellow, C/PVDF/C-cloth: gray; exterior: black), and (c, f and i)
four-phase segmented volume rendering (Au: magenta, S: yellow, C/PVDF/C-cloth: gray; exterior:
not represented). Tomographic scans performed using a 40× lens and taking 1601 radiographs of the
specimen through 360° with an exposure time of either 44 or 47 s for each projection and binning 1;
voxel size: from 176 nm to 177 nm: field of view: ~ 330 μm. See Figures 3 and 5 showing the cycling
performance of the cell and the distribution of the sulfur phase in the electrode samples, respectively.
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In agreement with earlier reports [36,61], the tomographic datasets of Fig. 4a–f suggest that the
electrochemical activation of the cell is associated with a substantial reorganization of sulfur particles
randomly distributed in the pristine cathode film, which dissolve during discharge and precipitate on
suitable sites over the electrode surface during charge. Indeed, the multi-phase nature of the
conversion process in the cell may enable favorable microstructural rearrangements in the electrode
leading to an actual enhancement of the charge transfer kinetics at the interphase with the electrolyte
solution [36]. Therefore, improved performances may be achieved by tailoring preferred
electrodeposition sites for sulfur and suitable hosts for Li2S on the cathode, as well as by using a
porous current collector which may accommodate the active material [26,36]. On the other hand, we
have recently observed that the pristine electrode morphology may affect the cell behavior possibly
altering the nucleation rate of the solid species at the cathode side, the sulfur utilization, and the active
material loss over long-term cycling [42]. Fig. 4(g–i) evidence a significant decrease in volume
fraction of sulfur in the electrode after 100 cycles, which can be only in part related to the capacity
fade observed in Fig. 3. Indeed, the data of Fig. 4 suggest a certain role played by the lithium
polysulfides dissolved into the electrolyte as a catholyte in boosting the electrochemical process of
the cell and ensuring a satisfactory performance [28].
Fig. 5 reports a quantitative analysis of sulfur distribution within the instrumental field of view
as determined by processing the tomographic data of the electrodes before (panels a and b) and after
1 (panels c and d) and 100 cycles (panels e and f) in Li-S cell. The volume renderings of the sulfur
phase across a plane orthogonal to the electrode are represented in Fig. 5(a and c) as orthographic
projections without perspective distortion. These images evidence a significant rearrangement
involving the active material upon the first cycle. Such a notable change can in part justify the
significant decrease in electrode/electrolyte interphase resistance and the cell improvement already
observed by electrochemical tests in Figs. 2 and 3. In addition, the volume rendering after 100 cycles
(Fig. 5e) reveals a substantial reduction of the overall sulfur phase into the electrode, which suggests
either incomplete conversion of the long-chain polysulfides upon charging or electrodeposition at the
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interface between electrode and separator [51]. Further insight into this reorganization is achieved by
calculating for each dataset the sulfur phase fraction along the Z axis (Fig. 5b, d and f) which may
approximately indicate the electrochemically active electrode depth. The related graph before cycling
(Fig. 5b) shows the sulfur mostly distributed in the top surface of the electrode with an estimated
depth of about 70 μm. After the first cycle (Fig. 5d) a large fraction of sulfur remains hosted in the
top surface, while a significant part migrates within the electrode bulk likely due to electrodeposition
into the porous structure of the current collector. The analysis of the electrode after 100 cycles (Fig.
5f) reveals a further migration of the sulfur to the inner side of the electrode film, thus further
suggesting a remarkable role of the electrode bulk and the current collector in driving the
electrochemical reaction of the Li/S cell, particularly upon prolonged cycling [51]. Therefore, both
the heterogeneous composite electrode film and the porous current collector are expected to have
complex interactions with the various lithium polysulfides [36,61]. Additional fundamental studies
of such a multiphase process performed by EIS analyses on symmetrical Li-S cells might elucidate
crucial aspects of the conversion reactions that are still poorly understood and reveal the diffusion
properties of lithium polysulfides [62]. Despite being of definite interest, such an investigation of the
Li-S process is beyond the scope of this work.
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Fig. 5. Distribution of the sulfur phase in the S:Au 97:3 w/w electrodes with sulfur loading of 1.6–
2.4 mg cm−2 (a and b) before and after (c and d) 1 and (e and f) 100 cycles at a 1C rate as determined
by processing X-ray CT datasets. In detail: (a, c and e) volume rendering (orthographic projection)
showing the distribution of the sulfur phase across the XZ plane, where X is the axis parallel to the
electrode plane and Z is the sample rotation axis orthogonal to the electrode plane; (b, d and f) phase
fraction of sulfur along the Z axis. Tomographic scans performed using a 40× lens and taking 1601
radiographs of the specimen through 360° with an exposure time of either 44 or 47 s for each
projection and binning 1; voxel size: from 176 to 177 nm: field of view: ~330 μm. See Figs. 3 and 5
showing the cycling performance of the cell and the distribution of the sulfur phase in the electrode
samples, respectively.
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Further steps toward the achievement of practical Li-S batteries involve increasing the active material
loading in the cathode and decreasing the E/S ratio in the cell [29,30,63]. Therefore, we investigate
herein the S:Au 97:3 w/w material in a more challenging experimental condition using a coin-cell
with sulfur loading of 5.7 mg cm−2 and E/S ratio of 5 μL mgSulfur−1, still retaining a sulfur fraction of
78 wt% in the electrode film. Fig. 6 shows the voltage profiles (Fig. 6a) and cycling trend over 40
cycles (Fig. 6b) of the above Li|S:Au 97:3 w/w cell at the constant current rate of C/20, which
correspond to about 0.5 mA cm−2. Fig. 6(a) reveals that the increased loading, the limited electrolyte
amount, and the notable sulfur ratio into the cathode, raise the polarization of the cell with respect to
that using mild conditions reported in Fig. 3. On the other hand, the battery exhibits the typical voltage
signature of the Li-S conversion process and displays a significant change of the curve after the 1st
cycle (Fig. 6a). This above discussed process leads to an initial capacity increase from ca. 3.2 to 4.5
mAh cm−2 (referred to the electrode geometric area of 1.54 cm2), subsequent fluctuations with a
maximum value of 5.4 mAh cm−2 (i.e., about 950 mAh gS−1), and a final value of 4.2 mAh cm−2 (i.e.,
about 730 mAh gS−1) after 40 charge/discharge cycle (Fig. 6b).
We have systematically investigated elsewhere various sulfur-based composite electrodes
[15,19,31,36,42,54,64] and optimized key cell parameters required for practical applications, such as
the electrode loading and fraction of additives in the cathode [29,30,63]. A comparison of these data
with the results of Fig. 6 may actually suggest viable approaches to overcome the challenges that
presently hinder the transition of the Li-S technology from laboratory to the market. According to a
widely used strategy, we have already employed carbon additives of various morphologies, such as
multiwalled nanotubes [15,42], 3D frameworks [19,54,64], and amorphous nanometric powder [42],
to prepare composite materials containing from 60 to 70 wt% of sulfur, corresponding to a loading in
the electrode film ranging from 48 to 56 wt%. The use of multiwalled carbon nanotubes has allowed
us to reach a maximum capacity of 5 mAh cm−2, an active material loading of 4 mgSulfur cm−2, and a
S/additives ratio in the electrode film of 48:52 w/w [15]. This parameter has been increased to 56:44
w/w by reducing both the areal mass of sulfur to about 2.4 mgSulfur cm−2 and the maximum capacity
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to about 3 mAh cm−2 [42]. Besides, 3D graphene-containing electrodes with 56 wt% sulfur have
shown a maximum capacity ranging from 2 to 3 mAh cm−2, with an areal loading of 2–3 mgSulfur cm−2
[19,54,64]. We have lately studied Sn-loaded electrode incorporating 64 wt% sulfur (S:Sn 80:20 w/w)
which delivered a maximum capacity of 2 mAh cm−2 with a loading of 1.9 mgSulfur cm−2 [31]. In a
subsequent work [36], the sulfur content and its areal loading in the electrode have been raised by
including either Sn or Ni nanopowders (S:metal 85:15 w/w) to 68 wt% and 6.8 mgSulfur cm−2,
respectively, which was reflected as capacity values approaching 7 mAh cm−2. Notably, this latter
report [36] has shown that sulfur electrodeposits upon charging on the metal centers and within the
porous current collector and forms micrometric particles smaller than those of pristine cathodes. In
this regard, the S:Au 97:3 w/w electrode studied in this work exhibits similar microstructural changes
when cycled in a lithium cell, and it provides a promising performance despite the notable decrease
in weight fraction of additive, even in a very challenging condition, that is, with sulfur loading of 5.7
mg cm−2, E/S ratio of 5 μL mgSulfur−1, and sulfur fraction of 78 wt% into the electrode film. Such a
low additive loading is reflected as a low volume fraction of Au in the electrode, in particular
considering the high density of the noble metal when compared to sulfur, and might enable the
achievement of critical metrics for possible cell application [30]. Bearing in mind the scale of
electronic conductivity of bulk Sn, Ni, and Au, i.e., Sn < Ni < Au, and the straightforward proportional
relation of additive loading, conductivity, and reversible capacity observed herein, we propose the
S:Au 97:3 w/w material as promising electrode for lithium-sulfur batteries, in view of its
electrochemical properties and expected gravimetric and volumetric energy density. On the other
hand, the high cost of noble metals may represent a limit for practical applications of this cathodeengineering approach. However, we believe that our proof-of-concept work on the use of metal
nanopowders in lithium-sulfur batteries as well as the achievement of a very limited ratio of the noble
additive may certainly pave the way for future optimization of new cathode formulations with
satisfactory performance and moderate cost.
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Fig. 6. (a) Voltage profiles and (b) cycling trend at the constant current rate of C/20 of the Li|S:Au
97:3 w/w cell with sulfur loading over the electrode of 5.7 mg cm−2 and E/S ratio of 5 μL mgSulfur−1
(1C = 1675 mA gS−1). Voltage range: 1.8–2.8 V. Electrode geometric area: 1.54 cm2. Electrolyte: 1
mol kg−1 LiTFSI, 1 mol kg−1 LiNO3 in DOL:DME 1:1 w/w. Temperature: 25 °C.
X-ray CT imaging in Fig. 7 demonstrates that increase in electrode loading and decrease in
current rate only slightly affect the characteristic features of microstructural rearrangements
associated with electrochemical activation of the cell upon a charge/discharge cycle. The figure shows
cross-sectional slices visualized employing a grayscale (Fig. 7a and d) with corresponding
segmentation (Fig. 7b and e) as well as segmented volume renderings of the samples in the field of
view of the tomographic scan (Fig. 7c and f) referred to pristine and cycled electrodes. As discussed
above, gold aggregates exhibit significant attenuation of the beam, thereby forming bright spots in
Fig. 7(b and e). Instead, sulfur, carbon-cloth, and carbon-binder domain are visualized as gray regions
of different brightness due to the significantly higher X-ray transmittance. The comparison between
Fig. 7 and Fig. 4(a–f) with the same color map for visualization suggests similar depletion of sulfur
along with its migration within the current collector pores by cycling. Furthermore, the low current
rate and the increased loading likely boost the massive sulfur phase migration to the bulk, and limit
its content into the electrode film. A thorough 3D representation of the electrodes is given by
supplementary animations obtained by X-ray CT tomography (Movies S2).
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Fig. 7. X-ray CT imaging at the microscale of S:Au 97:3 w/w electrodes with sulfur loading of 4.1–
4.2 mg cm−2 (a–c) before and after (d–f) 1 cycle at a C/10 rate. In detail: (a and d) cross-sectional
slices extracted in a plane parallel to the rotation axis (Z axis) and orthogonal to the electrode plane
(beam attenuation represented through a grayscale); (b and e) corresponding four-phase segmented
slices (Au: magenta, S: yellow, C/PVDF/C-cloth: gray; exterior: black); (c and f) four-phase
segmented volume rendering (Au: magenta, S: yellow, C/PVDF/C-cloth: gray; exterior: not
represented). Tomographic scans performed using a 40× lens and taking 1601 radiographs of the
specimen through 360° with an exposure time of either 44 or 46 s for each projection and binning 1;
voxel size: 176 nm: field of view: ~330 μm. See Figs. 6 and 8 showing the cycling performance of
the cell and the distribution of the sulfur phase in the electrode samples, respectively.

A more quantitative description of this process is provided in Fig. 8 which displays, in analogy
to Fig. 5, the sulfur distribution for pristine (Fig. 8a and b) and cycled electrodes (Fig. 8c and d) in
the field of view of the X-ray CT scan. Indeed, volume renderings (Fig. 8a and c) and phase fraction
of sulfur as a function of the position along the sample rotation axis Z (Fig. 8b and d) are studied upon
cycling. The pristine cathode film, having approximate thickness of 110 µm (Fig. 8a and b), is
significantly depleted after 1 cycle due to a substantial migration of the sulfur phase toward the current
collector bulk (Fig. 8c and d). Furthermore, the comparison with the results related to electrodes with
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lower loading studied at higher current rate (Fig. 5) suggests a significant effect of the cycling
conditions on the extent of sulfur relocation. Relevantly, Fig. 8(c and d) indicate a rather homogenous
migration of the sulfur phase along the Z axis upon 1 cycle instead of the retention of large fraction
on the electrode surface observed in Fig. 5(c and d), thus suggesting that current rate, electrode
loading, and E/S ratio can drive the local kinetics of electrodeposition on the current collector.
Therefore, we remark that the porous carbon support plays herein a crucial role in improving the cell
performance during repeated charge/discharge cycles by providing suitable reaction sites for the
reversible conversion of sulfur [24–26]. However, the replacement of the Al foils commonly used in
battery as electrode support with thicker 3D current collectors having high surface area and containing
large amount of carbon may possibly decrease both the volumetric and the gravimetric energy
densities of the cell, thereby mitigating the enhancements by optimization of cathode film formulation.
In this regard, both Figs. 4 and 7 reveal that a considerable fraction of electrode support has a
negligible contribution to the electrochemical reaction, thereby suggesting large room for
improvement by technological engineering of suitable 3D carbon frameworks. Indeed, ad hoc
designed carbon-coated thin supports with similar microstructure and surface chemistry to those
employed herein are expected to ensure comparable cycling performances and remarkable energy
density.
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Fig. 8. Distribution of the sulfur phase in the S:Au 97:3 w/w electrodes with sulfur loading of 4.1–
4.2 mg cm−2 (a and b) before and after (c and d) 1 cycle at a C/10 rate as determined by processing
X-ray CT datasets. In detail: (a and c) volume rendering (orthographic projection) showing the
distribution of the sulfur phase across the XZ plane, where X is the axis parallel to the electrode plane
and Z is the sample rotation axis orthogonal to the electrode plane; (b and d) phase fraction of sulfur
along the Z axis. Tomographic scans performed using a 40× lens and taking 1601 radiographs of the
specimen through 360° with an exposure time of either 44 or 46 s for each projection and binning 1;
voxel size: 176 nm: field of view: ~330 μm. See Figs. 6 and 8 showing the cycling performance of
the cell and the distribution of the sulfur phase in the electrode samples, respectively.
The results on sulfur migration within the positive electrode reported herein are in full
agreement with literature data [36,61] and reveal massive microstructural reorganizations in the
cathode promoted by the reversible conversion of sulfur into soluble lithium polysulfides [65].
However, we have mentioned above that sulfur distribution in the pristine cathode affects the
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electrochemical performance of the cell [42], and supposed that the pristine morphology might
influence the microstructure of the carbon-binder domain and the sulfur nucleation sites upon
charging, thus driving the reaction kinetics. In this regard, the S:Au 97:3 w/w electrode herein
optimized may achieve an outstanding performance in a suitable cell configuration, as demonstrated
in Fig. 9(a). Indeed, this composite cathode has been tested upon 300 cycles at a 2C rate in a lithium
cell with a sulfur loading over the electrode of 1.4 mg cm−2 and an E/S ratio of 15 μL mgSulfur−1,
revealing a maximum capacity approaching 1300 mAh gS−1 and a promising capacity retention at the
end of the test of about 70%. These results further demonstrate the promising characteristics of the
S:Au 97:3 w/w electrode formulation for application in lithium-sulfur batteries. Fig. 9(b and c) show
the X-ray imaging of the anode before and after cycling, respectively, in terms of cross-sectional
slices extracted in planes orthogonal to the electrode and volume rendering represented as an
orthographic projection across the electrode plane. Similarly, Fig. S3 reports a 3D reconstruction by
X-ray CT of the separator. Notably, the observed capacity fading is in part ascribable to undesired
reactions occurring over the negative electrode and leading to precipitation of micrometric particles
that possibly hinder a smooth lithium electrodeposition, rather than to an actual degradation of the
cathode material, as indeed confirmed by ex situ X-ray CT analyses (Fig. 9b and c). Large precipitates
are observed over the anode both before (Fig. 9b) and after cycling (Fig. 9c) as well as on the cycled
separator (Fig. S3). The X-ray CT fully agrees with literature results [1] and reveals the formation of
a native passivation layer (Fig. 9b) over the anode along with a massive precipitation of particles with
heterogenous morphology upon prolonged cycling (Fig. 9c and Fig. S3). These precipitates have a
higher density compared to lithium metal, which is reflected as different attenuation of the X-ray
beam in Fig. 9(b and c). These results suggest additional improvements of the Li/S cell by developing
ad hoc electrolyte formulations enabling in situ formation of a more stable SEI on the lithium-metal
electrode and a smooth lithium electrodeposition, as well as by ex situ engineering of artificial
passivation layers [10,64,66,67].
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Fig. 9. (a) Discharge capacity of the Li|S:Au 97:3 w/w cell over 300 cycles at the constant current
rate of 2C (1C = 1675 mA gS−1). The sulfur loading over the electrode is 1.4 mg cm−2 and the E/S
ratio is 15 μL mgSulfur−1. Voltage range: 1.8–2.8 V. (b and c) X-ray CT imaging at the microscale of
the lithium-metal electrode (b) before and (c) after the cycling test, in terms of (left-hand side panels)
cross-sectional slices extracted in planes orthogonal to the electrode and (right-hand side panels)
volume rendering (orthographic projection) across the electrode plane; the sample of panel (b) was
recovered from a Li|S:Au 97:3 w/w cell held at the OCV. Tomographic scans performed using a 20X
lens and taking 901 radiographs of the specimen through 360° with an exposure time of 30 s for each
projection and binning 1; voxel size: 301 nm: field of view: ~530 μm. See Fig. S3 for the X-ray CT
imaging of the separator, as well as the Experimental section for details about sample preparation.
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4. Conclusions
A gold-doped electrode has been investigated as positive electrode for high-energy lithium-sulfur
battery. The active material has been straightforwardly achieved by mixing molten sulfur with gold
nanopowder in the ratio of 97:3 w/w, and subsequent quenching at room temperature. X-ray CT
reconstructions, electron microscopy images, and XRD patterns have revealed a crystalline composite
in which the noble metal forms micrometric and sub-micrometric aggregates of nanometric primary
particles smaller 100 nm surrounded by sulfur particles ranging from 5 to 50 μm. Therefore, we have
prepared a cathode incorporating 78 wt% sulfur in the composite film by conventional casting of the
active material on a carbon-cloth current collector. Notably, electrochemical characterization of the
cathode in a lithium cell via voltammetry, impedance spectroscopy, and galvanostatic cycling has
identified a significant change in sulfur conversion kinetics after the first discharge/charge cycle,
reflected as remarkable decrease in electrode/electrolyte interphase resistance and increase in
reversible capacity. X-ray CT analyses at the microscale have evidenced a relevant migration of sulfur
phase upon cycling throughout the porous electrode from the surface to the inner side, and a gradual
solubilization of the active material by prolonged cycling. Hence, the electrochemical activation of
the cell during the initial cycles has been causally related to the microstructural reorganizations
observed in the positive electrode. We have observed that the addition of gold in the cathode
formulation causes an increase in both electronic and Li+ conductivities within the electrode bulk,
which triggers a raise in sulfur utilization and reversible capacity in lithium cell. Despite the low
amount of additive in the cathode formulation, the lithium cell with sulfur loading of about 2 mg cm−2
and E/S ratio of 15 µL mg−1 has exhibited satisfactory rate capability, maximum capacity above 1300
mAh gS−1 at C/10, capacities of about 1100 mAh gS−1 at C/3 and 1000 mAh gS−1 at 1C with retention
in the 85%–91% range after 100 cycles, and coulombic efficiency approaching 100%. Cycling tests
have shown that the sulfur loading in the positive electrode may be increased up to almost 6 mg cm−2
simultaneously decreasing the E/S ratio to 5 μL mgSulfur−1, thereby reaching areal capacity values
between 5.4 and 4.2 mAh cm−2, which correspond to about 950 and 730 mAh gS−1, respectively. We
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remark that the Li|S:Au 97:3 w/w cell has been able to achieve 300 cycles whilst retaining 70% of the
maximum capacity. In this regard, X-ray CT has enabled us to clearly visualize large precipitates over
the lithium-metal electrode, which possibly contribute to the partial degradation of the cell. Therefore,
Au-doping and engineering of the porous electrode, along with optimization of a suitable electrolyte
formulation, are suggested as viable strategies to attain the various cell metrics and performance
figures for achieving a practical application of the Li-S battery.
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Graphical abstract
Au-doping may enhance the Li-S battery cathode. This new formulation ensures 5.7 mgsulfur cm-2,
an electrolyte loading of 5 μL mgsulfur-1, a capacity of 1300 mAh gsulfur-1, and a stable performance
over 300 cycles.
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