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ABSTRACT: Lithium−sulfur (Li−S) batteries hold promise for next-
generation energy storage due to their high theoretical energy density
(∼2600 Wh kg−1). However, practical use is hindered by capacity loss
from the polysulfide shuttle effect and poor energy efficiency due to slow
kinetics. To overcome these challenges, we developed a novel sulfur host
material featuring highly porous concave nanocubes derived from a
Prussian blue analogue. By controlling the annealing conditions, we
achieved a high surface area (up to 248 m2 g−1), which enhances
polysulfide adsorption, thereby reducing sulfur dissolution and minimiz-
ing the loss of cathode capacity during cycling. Operando Raman
spectroscopy revealed that this material also provides a synergistic catalytic effect, lowering polarization/overpotentials
within Li−S cells. The optimized material enables an extended battery life with high sulfur loading, a low E/S ratio, and
excellent capacity retention over long-term cycles, demonstrating its potential to improve Li−S battery performance.

Lithium-sulfur (Li−S) batteries are promising for electric
vehicles and smart grids due to their high theoretical
capacity (1675 mAh g−1) and energy density (2567 Wh

kg−1).1−3 However, practical challenges like polysulfide
dissolution, leading to self-discharge and material loss, and
slow charge transfer rates, causing overpotentials and reduced
energy efficiency, limit their use. To address these challenges,
significant efforts have been directed toward improving the
physicochemical properties of the cathode to effectively anchor
the sulfur particles, soluble intermediates, and final discharge
products.4−6 While carbon nanomaterials with engineered
pores show potential, they often suffer from capacity
deterioration due to weak interactions with polar polysul-
fides.7,8 In this respect, recent research has focused on
chemically trapping or catalytically reducing polysulfides
using polar and conductive materials,9 including metal
oxides,10 metal chalcogenides,11 and heteroatom doping (e.g.,
N,12 O,13 S,14 and P15). Prussian blue analogues, recognized
for their uniform porosity and crystalline structure, are
attracting interest in energy storage.16−20 Their Fe2+/Fe3+

framework, connected by cyanide bridges, forms open channels
that enhance ion insertion, resulting in stable capacities and
improved cycling performance.21 Materials with high porosity,
particularly those with a porous morphology, are crucial for
facilitating the transport of Li ions (Li+). This study
investigates how annealing-induced morphological changes in
Prussian blue analogues, made using potassium hexacyanofer-
rate (K4Fe(CN)6) and cobalt nitrate (Co(NO3)2), affect the

Li−S battery efficiency (Figure S1). The materials, labeled
PB@t, were fabricated by varying the annealing time (t).
As shown in SEM images (Figure 1a−d and Figure S2) all

Prussian blue analogue frameworks maintain a consistent cubic
shape with high purity and uniformity. Specifically, PB@0.2h
features sharp-edged nanocubes, while longer annealing times
produce concave structures with protruding corners and
inward-curving faces. The average edge lengths decrease in
the order PB@0.2h (121 ± 6.7 nm), PB@1h (105 ± 5.2 nm),
PB@3h (99 ± 2.5 nm), and PB@6h (95 ± 3.1 nm), indicating
that the size reduction and formation of concave structures
depend on the annealing time at 400 °C. Transmission
electron microscopy (TEM) images (Figure S3) also reveal
that increasing annealing time transforms the sulfur host
materials, enhancing their porous and concave features. These
features are crucial for accommodating high sulfur loading and
preserving the structural integrity to mitigate the volume
expansion induced by sulfur during electrochemical reaction.22

To evaluate the porosity of the nanomaterials, N2 adsorption/
desorption measurements were conducted at 77 K (Figure S4),
and the results were analyzed by using the Brunauer−
Emmett−Teller (BET) method (Figure S5). The BET surface
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areas increased with annealing time: 55.88 m2 g−1 for PB@1h,
167.17 m2 g−1 for PB@3h, and 248.05 m2 g−1 for PB@6h.
PB@6h exhibited a narrow micropore distribution centered at
1.2 nm and a high pore volume of 0.115 cm3 g−1, while PB@
0.2h was nearly nonporous. This demonstrates that longer
annealing times increase the surface area and improve
micropore distribution, which could enhance electrolyte
infiltration and charge transfer, both of which are crucial for
sulfur chemistry in Li−S batteries.
X-ray diffraction (XRD) patterns of PB@t, shown in Figure

1e, reveal that samples annealed for more than 1h are fully
converted to CoFe2O4 (JCPDS no. 22-1066).23 In contrast,
the PB@0.2h sample, with a shorter annealing time, matches
the pristine Prussian blue analogue (JCPDS no. 73-0687).24,25

Notably, longer annealing times reduce the full width at half-
maximum (fwhm) of the diffraction peaks and increase the
average crystallite size from 7.92 to 9.68 nm, indicating
improved crystalline lattice formation. TEM analysis also
shows that PB@6h has clear lattice fringes with a d-spacing of
0.25 nm, corresponding to the (311) plane of CoFe2O4,
indicating the formation of a highly crystalline structure during
the annealing process (Figure S6a). Additionally, TEM-EDX
mapping in Figure S6b confirmed that the elements in the
samples were homogeneously blended. Energy dispersive X-ray
spectroscopy (EDX) analysis (Figure S7 and Table S1) and
ICP-OES analysis (Table S2) were further conducted to

confirm the elemental distribution across the entire PB@t
series. Both analyses showed no significant discrepancies
between the samples, demonstrating the precise control over
composition achieved by our synthetic method. The sulfur
composite state of PB@6h (i.e., PB@6h-S) was examined to
verify the uniform distribution of sulfur throughout the entire
cathode. EDX results (Figure S8a) confirm the presence of S,
Fe, Co, and O in the cathode material, indicating a uniform
sulfur loading. XRD analysis (Figure S8b) further confirmed
the crystal structure of the PB@6h-S composite, verifying the
successful synthesis of a cathode with a uniform sulfur
distribution. The peak at around 35.4°, corresponding to the
(311) plane of CoFe2O4, indicates the good crystallinity of the
host material.
X-ray photoelectron spectroscopy (XPS) was used to

determine the elemental compositions and valence states of
the frameworks. The survey spectra in Figure 1f detected C,
Co, Fe, and O, while PB@0.2h showed residual K and N due
to incomplete precursor decomposition. In the Co 2p region
(Figure 1g), peaks at 780.01/795.22 eV and 781.56/796.52 eV,
corresponding to Co2+ at octahedral (Oh) and tetrahedral (Th)
sites,26 were commonly observed in PB@t (t = 1h, 3h, and 6h).
Additional satellite peaks at 786.82 and 802.71 eV further
confirmed the presence of Co2+.27 However, the PB@0.2h
sample showed extra peaks for metallic Co,28 likely due to the
oxidation of incomplete ferrous ions.29 The Fe 2p spectra in

Figure 1. Physicochemical characterization of PB@t (t = 0.2, 1, 3, and 6h) sulfur hosts. FE-SEM images of (a) PB@0.2h, (b) PB@1h, (c)
PB@3h, and (d) PB@6h (scale bar = 100 nm). (e) XRD patterns with partially magnified patterns in the range from 32° to 42°. (f) Survey
XPS spectra. High-resolution XPS spectra of (g) Co 2p, (h) Fe 2p, and (i) O 1s regions.
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Figure 1h revealed peaks at 710.55/723.17 eV and 713.10/
726.50 eV, attributed to Fe3+ at Oh and Th sites,

30 respectively,
with satellite peaks at 718.33 and 732.73 eV.31 However, the
PB@0.2h sample exhibited additional peaks corresponding to
lower oxidation states of Fe, consistent with the presence of
metallic Co observed in the Co 2p region. Note that PB@0.2h,
with the shortest annealing time in the series, may exhibit Fe-
CN-Co coordination, which alters the electron density at the
catalytic metal sites. This is influenced by the electron-
withdrawing groups, causing a shift in the binding energy. The
O 1s spectra shown in Figure 1e reveal peaks around 529 eV,
corresponding to crystal lattice oxygen (OLattice); additionally, a
peak near 531 eV may be associated with surface defects,
impurities, or chemisorbed oxygen species (OAds).

30 As the
annealing time increased, XPS results confirmed the
redistribution of metal ions within the PB@t samples, evolving
toward a single-phase cubic CoFe2O4 structure as observed in
the XRD patterns (vide supra).
Electrochemical performances of Li−S coin cells with

Prussian blue analogue frameworks were assessed by using
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). CV curves in Figure S9 show differing
trends in peak currents. For PB@0.2h, synthesized with a short
annealing time, the peak currents decreased with cycling. In
contrast, the other PB@t samples (t = 1, 3, and 6h) maintained
their initial peak currents over 5 consecutive cycles, likely due
to the absence of any residual Prussian blue precursor in their
frameworks. Especially, PB@6h exhibited two distinct
reduction peaks at 2.27 and 2.01 V, corresponding to the
reduction of sulfur to high-order lithium polysulfides Li2Sx (4
≤ x ≤ 8) and the reduction of LiPSs to solid-state Li2S2/Li2S,

respectively, while the measured anodic peak at 2.41 V was
attributed to the oxidation of Li2S2/Li2S to S8.

32 When the
initial CV curves were compared (Figure 2a), PB@6h had
lower polarization and higher reversibility compared to other
samples. To further study the Li−S battery kinetics using PB@
t materials as sulfur hosts, Tafel slopes were calculated (Figure
S10). PB@0.2h, with the shortest annealing time, showed the
largest Tafel slope, indicating distinct redox kinetics due to
insufficient surface porosity compared to samples annealed at
400 °C for over 1h. Consistent with these results, symmetrical
cell testing in Figure S11 confirmed that PB@6h had the
highest current magnitude and distinct redox peaks, indicating
superior electrocatalytic activity. EIS results (Figure S12)
revealed that PB@6h had the smallest semicircle in the
Nyquist plot, indicating the lowest charge transfer resistance
(Rct) and efficient redox kinetics. After long-term cycling, new
semicircles appeared in the midfrequency region, suggesting
increased resistance at the electrolyte/electrode interface
(Rsurf).

33,34 PB@6h consistently showed the lowest Rct and
Rsurf values among the frameworks in the series (insets of
Figure S12), indicating its superior charge transfer and
interfacial stability. Overall, PB@6h demonstrated improved
conversion kinetics and performance due to its optimal
micropore distribution compared with samples with shorter
annealing times. To kinetically investigate this, potentiostatic
measurement for Li2S precipitation were performed as shown
in Figure S13a. The calculated Li2S precipitation capacities
were 167.7 mAh g−1 for PB@0.2h, 366.4 mAh g−1 for PB@1h,
424.0 mAh g−1 for PB@3h, and 442.94 mAh g−1 for PB@6h,
respectively, and the Li2S nucleation was completed first in the
PB@6h electrode, followed by 3, 1, and 0.2h. This suggests

Figure 2. Electrocatalytic enhancement of sulfur redox reactions. (a) CVs of PB@t at a scan rate of 0.1 mV s−1. (b) Galvanostatic charge−
discharge curves of PB@t series-based Li−S batteries at 0.1 C. (c) Plot of ΔE corresponding to 50% state of charge and ΔQ2/ΔQ1 values
obtained from the curves in (b). (d) UV/vis absorption spectra of Li2S6 solution. (e) Comparison of operando Raman intensities across
various cathode materials after 1200 s at 2.25 V. Quantified evolution in Raman intensities for (f) S8 and (g) long-chain and intermediate-
chain polysulfides at 2.25 V for 2400 s, respectively. Note that Raman peaks corresponding to S8 at 218 cm−1 and long-chain polysulfides
(Sx2−, 6 ≤ x ≤ 8) at 397 cm−1 were utilized for normalizing the intensities.
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that PB materials with higher porosity can accelerate the
reduction of polysulfides. In addition, following the theoretical
equations for current−time transients of 4 classical electro-
chemical deposition methods,35 dimensionless analysis was
also conducted as shown in Figure S13b−e. Li2S nucleation on
PB@0.2h follows a 2D instantaneous deposition (2DI) mode
while for the samples with increased annealing duration, the
mode transitions to 3D progressive nucleation (3DP),
indicating that the nucleation of Li2S is strongly influenced
by the porosity distribution on the catalyst surface. The
findings suggest that a higher porosity and micropore
distribution in the host material facilitate easier nucleation
and growth.
Galvanostatic charge−discharge (GCD) voltage profiles of

Li−S cells featuring cathodes based on Prussian blue
analogues, with a sulfur loading of 2.1 mg cm−2, are shown
in Figure 2b at a rate of 0.1 C (1 C = 1675 mAh g−1). As per
the GCD curves, two discharge plateaus and a charging plateau
were observed for all sample types: the first discharge plateau
corresponds to the reduction of elemental sulfur (S8) to
soluble LiPSs (S8 → S82− → S62− → S42−), while the second
plateau reflects the conversion of the intermediate LiPSs to
shorter polysulfides and solid state Li2S2/Li2S.

36 The PB@6h
exhibited the highest discharge-specific capacity (1110 mAh
g−1) when compared to the other samples, specifically, PB@3h
(1073 mAh g−1), PB@1h (854 mAh g−1), and PB@0.2h (479
mAh g−1). For a clearer comparison of the catalytic
performance across the sample series, the values of voltage
difference (ΔE) at 50% state of charge and the catalytic
efficiency (ΔQ2/ΔQ1) were plotted in Figure 2c. ΔQ1 and
ΔQ2 denote the specific capacity of the first and second
discharge plateaus: ΔQ1 reflects/quantifies the quantity of
LiPSs generated and potentially diffused to the anode, while
ΔQ2 evaluates the effectiveness of converting LiPSs to
Li2S.

37,38 When the ΔE value is examined, it is evident that
PB@0.2h exhibits significantly slower charge transfer kinetics
compared to other samples, consistent with the character-
izations mentioned above. Notably, among the series of tested
nanomaterials, the Li−S cell using PB@6h stands out with the
lowest ΔE of 0.17 V and the highest ΔQ2/ΔQ1 ratio of 2.43,
highlighting its exceptional catalytic capability in the redox
reaction of LiPSs. For comparison, PB@10h was synthesized
to determine if increasing the annealing time to 10h would
further enhance porosity and concavity. However, SEM
(Figure S14a) and TEM (Figure S14b) images showed that
the porosity and concavity were similar to those of PB@6h,
with some aggregation and clumping observed. The crystalline
phase of PB@10h was also nearly identical to that of PB@6h,
both showing the CoFe2O4 spinel phase (Figure S14c).
Galvanostatic charging−discharging performances shown in
Figure S14d revealed that PB@10h had a specific capacity
similar to that of PB@6h but with significantly higher
polarization. Therefore, 6-hour annealing process appears
optimal for producing well-distributed microporosity without
aggregation.
To assess the effectiveness of the nanostructures as sulfur

hosts in suppressing the diffusion of lithium polysulfides
(LiPSs), we tested their adsorption capacities (Figure 2d).
When added to 0.2 M Li2S6 solution in DOL/DME (1:1, v/v),
PB@6h caused a significant color change from dark orange to
colorless, indicating a strong adsorption of LiPSs. In contrast,
PB@3h, PB@1h, and PB@0.2h showed less pronounced color
changes, in that order. UV−vis spectra further confirm that

PB@6h has the lowest absorbance, demonstrating its strong
affinity for Li2S6. Additionally, as shown in Figure S15, an in
situ electrochemical study visually confirmed the trapping
effect of the PB@t series through increased porosity, following
the order PB@6h > PB@3h > PB@1h > PB@0.2h. This order
was determined by observing the color variation at different
depths of the discharging process.
To explore the sulfur redox chemistry, operando confocal

Raman analyses were conducted through the chronoampero-
metric measurement (Figures S16 and S17) at an overpotential
of ca. 130 mV based on the open-circuit potential (Erelax = 2.38
V). Sulfur reduction starts with the breaking of S8 rings and
progresses through steps shortening polysulfides (Li2Sx), as

follows: x/8 S8
2e

long-chain Sx2− (6 ≤ x ≤ 8)
2e

intermediate-chain Sx2− (3 ≤ x ≤ 5)
2e

short-chain Li2S2/
LiS2. Raman spectra taken at the start of discharging showed
peaks at 152, 218, and 471 cm−1, indicating elemental sulfur
(S8). As the reduction proceeded, these peaks decreased, and
new peaks appeared at 397 cm−1 (long-chain polysulfides, Sx2−,
6 ≤ x ≤ 8) and 449 cm−1 (intermediate-chain polysulfides,
Sx2−, 3 ≤ x ≤ 5). Figure 2e details the transformation from S8
to polysulfides using different types of sulfur host materials.
PB@0.2h showed reduced sulfur intensities with no clear
polysulfide peaks, indicating sluggish reduction kinetics, while
PB@1h, PB@3h, and PB@6h all displayed strong peaks for
long-chain and intermediate-chain polysulfides after 1200 s,
especially with PB@6h showing the most intense signals. This
suggests that PB@6h promotes faster sulfur conversion,
enhancing capacity and reaction kinetics. Figure 2f,g further
support this conclusion. In Figure 2f, PB@6h shows the
highest sulfur reduction rate at 2.25 V, indicating rapid liquid−
solid phase transition kinetics among the samples. Similarly,
Figure 2g demonstrates a significant increase in both
intermediate- and long-chain polysulfides with PB@6h,
highlighting its effectiveness in facilitating polysulfide trans-
formation. In contrast, samples with shorter annealing times
exhibit slower kinetics and less effective solid−liquid sulfur
reduction, consistent with their lower or nonporous nature as
shown by BET analysis. The high porosity of PB@6h enables a
more efficient transition from long-chain to intermediate-chain
polysulfides compared to the other samples.
Understanding Li+ transport kinetics is crucial for evaluating

battery performance, as charge/discharge processes rely on Li+
(de)intercalation during electrochemical redox reactions.39 To
assess Li+ diffusion coefficients (DLi+), cyclic voltammetry
(CV) and galvanostatic intermittent titration technique
(GITT) were used. First, by analyzing CV profiles at various
scan rates (Figure S18), DLi+,CV can be calculated using the
Randles−Sevcik equation: Ipe a k = (2.69 × 105)
n3/2SDLi+,CV

1/2CLi+*v1/2.40 The DLi+,CV values correlate with the
slope of Ipeak vs v1/2, with PB@6h showing the steepest slopes
in the redox reaction regions (anodic peak A and cathodic
peaks C1 and C2), indicating superior Li+ diffusivity compared
to other samples (Figure S19). Under the same cell
configuration, PB@6h exhibited the highest DLi+ values for
each peak, surpassing those of the other samples (Figure S20).
In addition, GITT is a widely used method for kinetic analysis
that measures transient voltage changes and open-circuit
voltage (OCV) under constant current and specific cutoff
intervals.41 Based on Fick’s law,42 this technique assesses Li+
ion mobility at the electrolyte−electrode interface in Li−S
cells. Figure 3a−d presents GITT profiles for Li−S batteries
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with different sulfur host materials during the first discharge
cycle. Figure 3e shows that DLi+,GITT varies with applied voltage,
reflecting a transition between order and disorder in the
intercalated species and the hosting materials during electro-
chemical reactions.43,44 Among the samples, PB@6h demon-
strated the most favorable diffusion properties, indicating
superior performance in Li−S batteries. Despite variations in
diffusion coefficients across different techniques, DLi+ values
consistently rank as PB@6h > PB@3h > PB@1h > PB@0.2h,
underscoring the influence of electrode morphology and pore
distribution (Figure 3f).
As shown in Figure 4a, Li−S batteries using PB@6h as the

sulfur host material demonstrated discharge capacities of 1110,
959, 806, 644, and 510 mAh g−1 at rates of 0.1, 0.2, 0.5, 1, and
2 C, respectively, while maintaining a nearly constant
polarization difference as the current density increased. During
multirate cycling from 0.1 to 2 C, PB@6h demonstrated

excellent rate capability, with a reversible capacity of 1015 mAh
g−1 (94.5% of the initial capacity) when the discharge rate was
reduced back to 0.1 C (Figure 4b). For industrial applications,
PB@6h cells were tested with sulfur loadings of 2.1, 3.8, and
5.5 mg cm−2 (Figure 4c). The cells with 5.5 mg cm−2 sulfur
loading achieved an areal capacity of 4.11 mAh cm−2,
outperforming commercial Li-ion batteries (ca. 4 mAh
cm−2).1 Additionally, PB@6h demonstrated excellent cycling
stability over 1000 cycles, with a low capacity fading rate of just
0.05% per cycle at 2 C (Figure S21). Additionally, SEM images
of the Li-metal anode after a long-term cycling test revealed a
relatively smooth surface devoid of large Li dendrites (Figure
S22), indicating the efficacy of polysulfide immobilization in
the cathode modified with PB@6h. As shown in Figure 4d,
PB@6h retained 76.5% of its initial capacity (3.04 mAh cm−2)
after 500 cycles at 0.2 C. Even after 500 cycles, as shown in
Figure S23, the PB@6h-S cathodes maintained their structure

Figure 3. GITT during the initial discharge process of Li−S batteries, employing sulfur cathode materials classified as (a) PB@0.2h, (b)
PB@1h, (c) PB@3h, and (d) PB@6h. (e) Comparison of DLi+,GITT at the specific potentials employed in the GITT measurements depicted in
(a−d). For ease of comparison, the calculated DLi+ values derived from both CV and GITT methods are compiled in Table S3. (f) Schematic
illustration of diffusion tendencies in the different sample types.
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without significant volumetric expansion or shrinkage,
demonstrating excellent structural durability. The significant
advantages of our structures are further demonstrated under
lean-electrolyte conditions. The assembled Li−S batteries
using PB@6h as a sulfur host material operate effectively
across a range of E/S ratios from 12.1 to 5.2 (Figure 4e). A
high specific capacity of 432 mAh g−1 at 0.2 C was achieved
under lean electrolyte conditions (5.2 μL mg−1) and a high
sulfur loading (9.9 mg cm−2). Under the same conditions, the
cells retained 66.8% of their initial specific capacity after 50
cycles at 0.2 C (Figure S24a) and 60.6% after 100 cycles at 1 C
(Figure S24b). This indicates that PB@6h significantly
improves the slow kinetics and operational efficiency of the
sulfur cathode. This underscores the clear advantages of the as-
prepared frameworks in improving the electrochemical
performance of Li−S batteries and enabling high sulfur
utilization in lean-electrolyte environments. When comparing
its performance, PB@6h has the potential to compete with
commercial Li-ion batteries and outperforms previously
reported sulfur host materials for Li−S batteries (Table S4).
Furthermore, three Li−S coin cells using PB@6h powered a
yellow LED, whereas PB@0.2h could not, highlighting PB@
6h’s superior performance as a sulfur host material (Figure
S25).
Our research introduces highly porous concave nanocube

structures of CoFe2O4, derived from a Prussian blue analogue,
as effective sulfur host materials for high-performance Li−S
batteries. We studied the impact of morphological changes,
such as surface area and pore volume distribution, on Li+
diffusion during charging and discharging. By measuring Li+
diffusion coefficients using CV and GITT, we found that
increased pore volume and surface area enhanced lithium

polysulfide conversion and Li+ diffusivity. Operando Raman
spectroscopy confirmed that porosity defects on the catalyst
surface lowered the reaction barriers, speeding up sulfur
reduction. The optimized CoFe2O4 nanocubes (i.e., PB@6h)
demonstrated outstanding cycling performance, with a minimal
capacity fading rate of 0.05% per cycle at 2 C. It achieved a
high capacity of 4.1 mAh cm−2 with a sulfur loading of 5.5 mgS
cm−2 and a specific capacity of 432 mAh g−1 at 0.2 C even with
a low E/S ratio of 5.2. This performance surpasses that of
conventional Li-ion batteries, highlighting the potential of
porous defect engineering in sulfur host materials for
advancing Li−S battery technology.
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