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most common electrochemical energy 
storage devices, being widely used for 
powering portable electronics and electric 
vehicles, thanks to their high energy and 
power density.[2] In view of the limited raw 
materials supply, however, sodium-ion 
batteries (SIBs) are attracting increasing 
interest due to the widespread abun-
dance of sodium (i.e., potentially lower 
cost), while sharing the operating princi-
ples with LIBs.[3] In this respect, SIBs are 
attracting special attention for large-scale 
energy storage devices.[4] The energy den-
sity of both LIBs and SIBs is limited by the 
volumetric capacity of the negative elec-
trode (usually referred to as anode) mate-
rial. This is especially true for SIBs, due to 
the lower specific capacity of, for example, 
hard carbon with respect to graphite.[5] 
Therefore, the development of high-per-
formance anode materials with long cycle 
life and high reversible capacity is a major 

task for the development of next-generation LIBs and SIBs.
Given the similar battery chemistries, various carbon-based 

materials,[6] alloy-type materials,[2a] and transition-metal oxides/
sulfides[7] have been extensively investigated for both LIBs and 
SIBs. Among these anode materials, transition-metal sulfides 
(TMSs, e.g., MnS, FeS2, MoS2, CuS, SnS2, and Fe7S8) with 
a conversion reaction mechanism exhibit highly reversible 
capacities and intrinsic safety for lithium and sodium storage.[8] 
Compared to their metal oxide counterparts, TMSs usually 
show faster reaction kinetics owing to their higher electronic 
conductivity and their better mechanical integrity, resulting 
from the smaller volumetric change.[5a,8a] Among the various 
reported TMSs, iron sulfides have been recognized as one of 
the most promising alternative due to their cost-effectiveness, 
high theoretical capacity (FeS: 609 mAh g−1, FeS2: 894 mAh g−1), 
abundance, and low toxicity.[6] Unfortunately, their practical 
application is still hindered by limited conversion rates and 
mechanical instability upon extended cycling. To address these 
issues, different strategies of rational structure design have 
been developed, including nano/microstructure engineering 
and decoration with conductive carbonaceous materials. For 
example, Shi  et  al. synthesized core-shell iron sulfides-carbon 
nanobiscuits using a hydrothermal method.[9] The as-obtained 
material showed high reversible capacities of 547 mAh g–1 after 
600 cycles for lithium and 531  mAh  g–1 after 1  000 cycles for 

Iron sulfides are promising materials for lithium- and sodium-ion batteries 
owing to their high theoretical capacity and widespread abundance. Herein, 
the performance of an iron sulfide-carbon composite, synthesized from a 
Fe-based metal–organic framework (Fe-MIL-88NH2) is reported. The material 
is composed of ultrafine Fe7S8 nanoparticles (<10 nm in diameter) embedded 
in a heteroatom (N, S, and O)-doped carbonaceous framework (Fe7S8@
HD-C), and is obtained via a simple and efficient one-step sulfidation process. 
The Fe7S8@HD-C composite, investigated in diethylene glycol dimethyl 
ether-based electrolytes as anode material for lithium and sodium batteries, 
shows high reversible capacities (930 mAh g−1 for lithium and 675 mAh g−1 
for sodium at 0.1 A g−1). In situ X-ray diffraction reveals an insertion reaction 
to occur in the first lithiation and sodiation steps, followed by conversion 
reactions. The composite electrodes show rather promising long-term cycling 
stability and rate capability for sodium storage in glyme electrolyte, while an 
improved rate capacity and long-term cycling stability (800 mAh g−1 after 300 
cycles at 1 A g−1) for lithium can be achieved using conventional carbonates.

1. Introduction

Over the past decades, the rising demand for sustainable ener-
gies has driven the development of highly efficient energy 
storage systems.[1] Lithium-ion batteries (LIBs) are among the 
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sodium storage. Moreover, Huang et al. developed a 3D porous 
composite composed of cobalt-doped iron sulfide hollow poly-
hedrons embedded in a reduced graphene oxide matrix via an 
etching/ion-exchange strategy, which exhibited an impressive 
sodium storage performance with a high specific capacity of 
662 mAh g–1 at 100 mA g−1.[8a] On the other hand, heteroatom-
doped (such as S-, N-, and/or O-doped) carbon matrices/layers 
can offer an efficient strategy to further improve the electro-
chemical performance of TMSs, by creating additional active 
sites and improving the electronic conductivity.[10] Specifically, 
He et  al. incorporated iron sulfide nanoparticles into N-doped 
graphene nanosheets, which achieved a high reversible capacity 
of 393 mAh g–1 over 500 cycles under 400 mA g−1 for sodium.[11] 
Despite such promising results, there is still a need for fur-
ther improvement of the iron sulfide-based materials for prac-
tical application, in particular with regards to the materials 
synthesis methods for easy production without performance 
compromises.

Metal–organic frameworks (MOFs) are a novel class of 
highly ordered porous materials, based on the coordination of 
inorganic metal ions/clusters and organic ligands.[12] MOFs fea-
ture large surface area, ultrahigh porosity, and abundant active 
sites, making them a suitable substrate for various applications, 
like drug delivery,[13] gas adsorption and separation,[14] or mole-
cular sensing.[15] In energy storage,[16] several literature reports 
demonstrated that MOFs are ideal template precursors for the 
synthesis of composites materials consisting of porous carbon 
and metal or metal sulfide/oxide particles[17] because they can 
inherit the morphology of their parent compounds.[18] The 
carbon matrix generated during thermal treatment of MOFs in 
inert atmosphere acts as an electrically conductive path toward 
the electroactive particles, which, in turn, thanks to their nano-
size, efficiently improve the structural stability of the anode  
and facilitate the diffusion of ion/electrons. Therefore, MOF-
derived materials are particularly promising for high power 
battery applications.[19] Among the possible candidates,  
Fe-MOFs have been widely investigated as precursor for 
the synthesis of composites including iron sulfides, oxides, 
and selenides. For example, uniform peapod-like Fe7Se8@C 
nanorods were synthesized by selenidation of hydrothermally 
prepared Fe-MOFs.[19] The composites showed an outstanding 
rate performance for sodium storage with a high specific 
capacity of 218 mAh g−1 after 500 cycles at 3 A g−1. Similarly, Cho 
and co-workers reported a spindle-like porous α-Fe2O3 material  
obtained by employing Fe-MOFs (Fe-MIL-88) as parental com-
pound, which showed superior Li storage performance.[7a] 

Despite these interesting reports, facile synthesis methods to 
fabricate such high-performance iron-based electrode materials 
from Fe-MOF precursors, which are applicable for both Li and 
Na storage, are still missing.

In this work, we report the efficient and simple syn-
thesis of spindle-like Fe7S8 nanoparticles embedded in 
heteroatom(N, S, and O)-doped porous carbonaceous frame-
works (Fe7S8@HD-C), starting from a Fe-based MOF (denoted 
as Fe-MIL-88NH2) precursor. The Fe-MIL-88NH2 parental 
compound is synthesized with iron (III) nitrate nonahydrate 
(Fe(NO3)3∙9H2O), 2-aminoterephthalic acid (NH2BDC), and 
polyvinylpyrrolidone (PVP) in a mixture of N,N-dimethylforma-
mide (DMF) and ethanol as solvent via a reflux condensation 
method. The resulting product is successfully transformed into 
Fe7S8@HD-C via a one-step sulfidation process. When used as 
Li and Na storage material, the Fe7S8@HD-C composite shows 
excellent electrochemical performance with high reversible 
capacities, superior rate capabilities, and long cycling stability. 
In addition, the reaction mechanism and structural evolution 
are investigated by means of in situ X-ray diffraction (XRD), 
revealing that intercalation takes place during the initial Li/Na 
uptake, before the conversion process.

2. Results and Discussion

2.1. Material Synthesis and Characterization

The synthesis of the spindle-like Fe7S8@HD-C nanohybrids is 
illustrated in Scheme 1. As described above, the Fe-MIL-88NH2 
precursor was prepared by a facile reflux condensation method 
with Fe(NO3)3∙9H2O, NH2BDC and PVP in a solvent mixture 
of DMF and ethanol. The final product Fe7S8@HD-C was then 
obtained via a simple one-step sulfidation. It is constituted by 
iron sulfide nanoparticles uniformly embedded in a carbo-
naceous framework, which forms upon carbonization of the 
organic ligands of the MOF.

The crystal structures of Fe-MIL-88NH2 and Fe7S8@HD-C 
were examined by XRD. The XRD pattern of the synthesized 
Fe-MIL-88NH2 in Figure S1, Supporting Information confirms 
the typical crystalline structure of Fe-MIL-88.[14a,20] The XRD 
pattern of the Fe7S8@HD-C composite is displayed in Figure 1. 
The reflections can be assigned to the standard Fe7S8 hexagonal 
phase structure (JCPDS NO. 24-0220), in which the four main 
peaks at 30.0°, 34.0°, 44.0°, and 53.3° reflect the (200), (203), 
(206), and (220) planes, respectively. No obvious impurity 

Scheme 1.  Schematic illustration of the synthesis procedure for the Fe-MIL-88NH2 precursor and the resulting product, that is, Fe7S8@HD-C composites.
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phases could be detected. The nature of the carbon component 
in Fe7S8@HD-C was characterized by Raman spectroscopy 
(Figure S2, Supporting Information). Two strong peaks located 
at 1 380 and 1 570 cm–1 are observed, which correspond to the 
D-band (disordered sp3-type carbon) and G-band (graphitic 
sp2-type carbon), respectively.[21] In addition, the specific surface 
area and pore size distribution of Fe7S8@HD-C were evalu-
ated from N2 adsorption-desorption isotherms by multipoint 
Brunauer–Emmett–Teller (BET) analysis. The BET results 
evidence the specific surface area of Fe7S8@HD-C being only 
ca. 23 m2 g−1 (Figure S3a, Supporting Information). The pore 
size distribution does not evidence any peculiar pore structure/
hierarchy (Figure S3b, Supporting Information). The moderate 
porosity of Fe7S8@HD-C is in line with other MOF-derived 
materials previously reported by our group.[16]

The carbon and iron sulfide content in the Fe7S8@HD-C 
composite were estimated by thermogravimetric analysis (TGA) 
measurements in oxygen (Figure S4a, Supporting Informa-
tion). The TGA curve exhibits multiple steps upon heating 
from room temperature to 800 °C. The first (small) weight loss 
from room temperature up to between 100 and 105 °C can be 
attributed to the release of adsorbed species like, for example, 
water. This is followed by a weight increase between 130 and 
320 °C, which can be assigned to the partial conversion of Fe7S8 
to FeSO4, followed by complete oxidation into Fe2O3 upon fur-
ther temperature ramping.[22] The finding of Fe2O3-related 
reflections in the diffractogram of the powder recovered from 
the TGA test (Figure S4b, Supporting Information) corrobo-
rates this thermal decomposition pathway. According to this, 
the weight percentage of Fe7S8 in the composite is calculated 
to be about 58%. The material was also analyzed via induc-
tively coupled plasma optical emission spectroscopy (ICP-OES), 
revealing a sulfur excess with respect to the Fe7S8 stoichiometry 
(Table S1, Supporting Information). This may be attributed to 
additional S-containing species, as later seen by X-ray photo-
electron spectroscopy (XPS) analysis.

The Fe7S8@HD-C composite elemental composition and 
surface chemistry were characterized by XPS. The survey 

spectrum (Figure 2a) corroborates the presence of only the 
expected elements, that is, Fe, C, O, S, and N. No other 
elements were identified. The chemical state of the main 
elements was further investigated by detail spectra. The 
C1s detail spectrum (Figure  2b) is dominated by a peak at 
284.6  eV, which is due to graphitic sp2-C. Further peaks at 
285.5 and 288.3  eV are attributed to CO/CS/CN and 
CO species, respectively.[23] In the N 1s region (Figure 2c), 
the characteristic peaks of pyridinic, pyrrolic, and graphitic N 
are detected at 398.3, 400.5, and 401.4 eV, respectively. A broad 
feature at higher binding energy (404.5 eV) can be related to 
oxidic N species.[24] The S 2p detail spectrum (Figure 2d) was 
fitted by introducing peak doublets of five S species. The first 
two contributions (at 161.5/162.7 and 162.7/163.9  eV) can be 
attributed to sulfide (S2-) anions occupying fivefold and six-
fold sites in non-stoichiometric Fe7S8.[25] The third doublet 
at 163.8/165.0  eV is assigned to S atoms in the heteroatom-
doped carbonaceous framework (CSC). The two other 
doublets at higher binding energy both originate from oxi-
dized S species (166.0/167.2 eV SOx (x < 4) and 168.2/169.4 eV 
SO4).[6,22] The O 1s detail spectrum (Figure  2e) reveals the 
presence of three peaks, which are mainly ascribed to OFe 
(530.0  eV), OC (531.3  eV) and OC (532.9) moieties.[26] It 
may be noted that the SOx/SO4 species, which are visible 
in the S 2p spectra, may contribute to the OC peak too. 
Finally, the Fe 2p detail spectrum (Figure 2f ) is dominated by 
two broad peaks at ≈711.0 (2p3/2) and 724.0 eV (2p1/2), which 
are due to oxidized Fe atoms. It is difficult to discriminate 
between Fe2+ and Fe3+ species in XPS measurements, since 
both have a similar chemical shift.[27] In addition, a much 
smaller peak doublet located at 707.0/720.1  eV corresponds 
to metallic Fe, which may result from the partial reduction 
of Fe2+ during the sulfidation process at high temperature. 
Taken together, the XRD and XPS results confirm the pres-
ence of Fe7S8 and of heteroatom (N, S, and O)-doped carbo-
naceous frameworks, indicating the successful synthesis of 
the targeted nanocomposite via the one-step sulfidation of 
Fe-MIL-88NH2.

The morphology of Fe-MIL-88NH2 and Fe7S8@HD-C was 
also investigated by scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). The precursor par-
ticles show a uniform spindle-like structure with an average 
diameter/length of 185.0/485.0  nm (Figure 3a,b). The overall 
morphology is almost maintained after sulfidation with a slight 
shrinkage in particle size, as shown in Figure 3c. The surface 
of the particle becomes very rough, however. The micro-nano 
structure of Fe7S8@HD-C was further characterized by high-
resolution transmission electron microscopy (HR-TEM). The 
iron sulfide nanoparticles have in average a particle size of 
ca. 10  nm and are homogeneously embedded in the carbon 
matrix, constituting the spindle-like composite, as illustrated 
in Figure  3d,e. The lattice fringes are around 0.26  nm, which 
matches well with the d-spacing of the (203) planes of pyrrho-
tite Fe7S8 (Figure 3f). The elemental mapping result of Fe7S8@
HD-C (Figure  3g) demonstrates the presence of Fe and S in 
the spindle-like carbonaceous frameworks. In addition, the 
uniform distribution of N, S, and O within the spindle-like 
nanocomposites indicates homogenous distribution of the 
heteroatom-doped carbon.

Figure 1.  Powder XRD pattern of Fe7S8@HD-C.
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Figure 3.  Morphological and structural features of the Fe-MIL-88NH2 precursor and the Fe7S8@HD-C composite. SEM images of a,b) Fe-MIL-88NH2 
and c) Fe7S8@HD-C. d–f) HR-TEM images of Fe7S8@HD-C with different magnification. g) Elemental mapping images of Fe7S8@HD-C.

Figure 2.  XPS spectra of the as-obtained Fe7S8@HD-C powder. a) Survey spectrum and high-resolution detail spectra in the b) C 1s, c) N 1s, d) S 2p, 
e) O 1s, and f) Fe 2p region.
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2.2. Lithium versus Sodium: The Storage Mechanism

Diethylene glycol dimethyl ether (DEGDME)-based electro-
lytes have been reported to be compatible with transition metal 
oxides and sulfides, providing high cycling stability and revers-
ibility.[28] Thus, the Fe7S8@HD-C composites were first inves-
tigated in DEGDME electrolytes for both sodium and lithium 
storage. While NaPF6 was used as salt to investigate the sodium 
storage, due to the limited solubility of LiPF6 in DEGDME, 
LiFSI was used in the case of lithium.

2.2.1. Lithium Storage Mechanism

Figure 4a shows the initial four cyclic voltammetry (CV) 
curves at a scan rate of 0.05 mV s–1 in LIB half cells in the 
potential range from 0.01 to 3.0 V. The CV curves show mul-
tiple features, some of which disappear after the first cycle, 
clearly evidencing a substantial transformation of the mate-
rial upon consecutive lithiation–delithiation cycles. Galva-
nostatic charge–discharge (GCD) voltage profiles of Fe7S8@

HD-C half-cells were also recorded at 0.1 A g–1 in the voltage 
range of 0.01 to 3.0  V. The first five cycles are displayed in 
Figure  4b. The plateaus observed in the voltage profiles 
correspond very well to the peaks observed in the CV. The 
Columbic efficiency (CE) in the first cycle is 69.3%. After-
ward, the CE stabilizes at about 96% which is, however, rela-
tively low.

To clarify the electrochemical reaction mechanism of 
Fe7S8, in situ XRD measurements were performed during the 
first (de)lithiation process. The XRD patterns (48 scans) and 
the first galvanostatic discharge and charge profile recorded 
simultaneously are displayed in Figure  4c,d. The first dis-
charge profile can be divided into two regions, highlighted 
in the waterfall XRD panel by different colors. The XRD 
patterns of region 1, which ranges from OCV to 1.5 V (from 
scan 1 to scan 4, Figure 4d; Figure S5, Supporting Informa-
tion), show that the peaks of Fe7S8 located at 30.0° and 33.9° 
gradually decrease upon lithiation. At the same time, peaks 
associated to Li2FeS2 (≈28.4° and 39.2°, JCPDS No. 36-1088) 
gradually evolve (Figure S5a, Supporting Information). This 
is attributed to the first lithiation reaction of Fe7S8 to form 

Figure 4.  Lithium storage performance and mechanistic analysis of Fe7S8@HD-C-based electrodes in 1  m LiFSI- DEGDME. a) CV profiles of the initial 
4 cycles at a scan rate of 0.05 mV s–1 in the potential range from 0.01 to 3.0 V. b) Voltage profiles of the initial five cycles at 0.1 A g−1. c) Initial (dis-)
charge profile. d) Waterfall plot of the XRD patterns recorded consecutively during (dis-)charge (scans 1–48). Selected regions of the waterfall plot:  
e,f) region 2: scans 5–32; g) region 3: scans 33–44 and region 4: scans 45–48.
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Li2FeS2 (Equation  1).[29] Fe0 is also formed to balance the 
reaction’s stoichiometry (Figure S5b, Supporting Informa-
tion). Upon deep lithiation, that is, in the second region, the 
reflections of Li2S (≈27.0° and 44.8°, JCPDS: 26-1188) gradu-
ally appear (see Figure 4d,e), while the peaks of Li2FeS2 dis-
appearing (Figure  4e) and those of Fe° further increasing 
(Figure 4f ), indicating a conversion reaction between Li2FeS2 
and Li+ to form Li2S and metallic iron (Equation 2).[5b] Mean-
while, the lithiation of carbon at low potential (<0.5 V) must 
also occur (Equation  3).[30] However, no carbon-related fea-
tures could be detected in the XRD spectra, implying a 
poorly ordered nature of the carbonaceous framework. 
During the following delithiation process, in region 3 (from 
0.01 to 2.2  V, scans 33–44, Figure  4g), the peaks of Li2S 
become weaker and nearly disappear. At the same time, the 
peaks of Li2FeS2 gradually re-emerge, resulting from the 
conversion reaction between Li2S and Fe0 to form Li2FeS2 
(Equation  5).[9] For the subsequent charge up to the cut-off 
potential of 3.0 V, that is, region 4 (from 2.2 to 3.0 V, scans 
45–48), the peaks of Li2FeS2 completely disappear. However, 
the signal of Fe7S8 could not be observed, suggesting that 
the original phase is not recovered. According to the pre-
vious studies, the result can be ascribed to the formation of 
Li2−xFeS2 (Equation 6).[31,32]. Overall, the reaction mechanism 
can be summarized as follows:

Discharge:
Region 1

Fe S 8Li 8e 4Li FeS 3Fe
OCV 1.5 V, Insertion / conversion

7 8 2 2
0

( )
+ + → +
−

+ −

� (1)
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Li FeS 2Li 2e 2Li S Fe
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2 2 2
0

( )
+ + → +

−

+ −

� (2)
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6 6 x xx
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−

+ −
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2Li S Fe Li FeS 2Li 2e
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−

+ −
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Li FeS Li FeS Li e
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2 2 2 2 x x
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< < − −
−

+ −
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2.2.2. Sodium Storage Mechanism

The sodium storage properties of Fe7S8@HD-C were also 
investigated in DEGDME, as illustrated in detail in Figure 5.  
Figure  5a shows the CV curves of a Fe7S8@HD-C electrode 
collected with 1 m NaPF6-DEGDME, which substantially differ 

from those recorded upon lithiation (compare Figures  4a 
and  5a). Nonetheless, there is a substantial transformation of 
the material upon consecutive sodiation-desodiation cycles. 
In fact, the cathodic peaks in the second scan show a slight 
shift to lower potential, suggesting changes in the desodiation 
process after the initial (de)sodiation, which might go along 
with a structural reorganization after the first cycle. After the 
second cycle, the following CV curves exhibit no obvious peak 
shift, demonstrating the good reversibility of sodium uptake/
release of Fe7S8@HD-C. GCD tests were also performed 
using a current density of 0.1  A  g–1 in the potential range of 
0.01–3.0  V (vs  Na/Na+). The initial discharge/charge specific 
capacities were 815 and 612  mAh  g–1, respectively, resulting 
in a CE of 78.4% (Figure 5b). After the first cycle, the CE rap-
idly approaches 100%, indicating the highly reversibility of Na 
storage in the Fe7S8@HD-C compared to Li.

In order to investigate the sodium storage mechanism 
and structural evolution of Fe7S8@HD-C composite in more 
detail, in situ XRD measurements during the (de)sodiation 
process were performed. Figure 5c shows the initial galvano-
static (dis-)charge profile, while the corresponding XRD pat-
terns are presented in Figure 5d. The first cycle can be divided 
into four different regions. During the initial sodiation (region 
1, from OCV to 0.95 V), the two peaks centered at 33.9° and 
44.0° (Figure  5e) both shift to lower 2θ values and gradually 
disappear, indicating an expansion of the crystal structure as 
a result of Na uptake into Fe7S8 (Equation  7). Different from 
the lithiation process, the sodiation results in the formation 
of NaxFe7S8, that is, the formation of Fe0 does not occur.[5b,8a] 
In region 2 (from 0.95 to 0.01  V, Figure  5f), a broad peak 
belonging to cubic Na2S (≈38.9°, JCPDS No. 23-0441) and a 
new shoulder peak of Fe0 (≈42.6°, JCPDS No. 34-0529) appear, 
resulting from the conversion reaction of NaxFe7S8 into Na2S 
and metallic Fe0 (Equation  8).[6] Additionally, the sodiation/
de-sodiation of carbon at low potential cannot be excluded 
(Equations 9 and 10).[3a,33] Unfortunately, as in the case of Li, 
it could not be directly proven via in situ XRD. For the sub-
sequent charge up to the cut-off potential of 1.31  V (referred 
to region 3: from 0.01 to 1.31  V, that is, the anodic peak at 
1.37  V in CV), the intensities of Fe0 and Na2S peaks gradu-
ally decrease (Figure  5g), indicating the conversion of Na2S 
and Fe0 back to, presumably, Na2FeS2 (Equation 11). When the 
electrode is polarized further to 3  V (region 4, scans 43–53, 
Figure  5h), a small signal of Fe7S8 appears at 33.9°, coupled 
with the intensity decrease of the reflection related to metallic 
Fe. According to previous studies and the previous analysis of 
CV profiles, the result is attributed to the two-step conversion 
reaction of Na2FeS2 into Fe7S8 (Equations  12 and  13).[9,32a,34] 
It should be noted that Na2FeS2 could not be detected, sug-
gesting a low crystallinity or an amorphous structure of the 
material.[8a] Meanwhile, the Na2S could still be detected at the 
fully charged state, indicating that the conversion is not fully 
completed. In conclusion, the first-cycle (de)sodiation reac-
tion mechanism of Fe7S8@HD-C can be briefly described as 
it follows:

Discharge:
Region 1

Fe S Na e Na Fe S OCV 0.95 V, Insertion7 8 7 8x x x ( )+ + → −+ − � (7)

Small Methods 2020, 4, 2000637



www.advancedsciencenews.com www.small-methods.com

2000637  (7 of 12) © 2020 The Authors. Small Methods published by Wiley-VCH GmbH

Region 2

Na Fe S 16 Na 16 e 8Na S 7Fe
0.95 0.01 V,Conversion

7 8 2
0x xx

( )
( ) ( )+ − + − → +

−

+ −

� (8)

C Na e Na C Below 0.3 V, Insertion Carbonx x x ( )( )+ + →+ − � (9)

Charge:
Region 3

Na C C Na e
Below 0.3 V,De insertion Carbon

x xx

( )( )
→ + +

−

+ −

� (10)

2Na S Fe Na FeS 2Na 2e
0.01 1.31 V,Conversion

2
0

2 2

( )
+ → + +

−

+ −

� (11)

Region 4

Na FeS Na FeS Na e
0.5 0.8,1.31 3.0 V,De insertion

2 2 2 2 x x
x

x

( )
→ + +

< < − −
−

+ −

� (12)

4Na FeS 3Fe Fe S 8Na 8e
1.31 3.0 V,Conversion

2 2
0

7 8

( )
+ → + +

−

+ −

� (13)

2.3. Electrochemical Performance

2.3.1. Lithium Storage Performance

First, Fe7S8@HD-C was investigated as negative electrode for 
LIBs. Figure 6a shows the long-term cycling stability at high 
current density (1 A g–1) in 1 m LiFSI-DEGDME and 1 m LiPF6-
EC/DEC with 2 wt% VC. In DEGDME electrolyte, Fe7S8@HD-C 
shows a satisfactory cycling stability during the initial cycles. 
However, an obvious capacity decay is observed upon prolonged 
operation to 300 cycles. On the contrary, the material shows a 
reversible capacity of ca. 800 mAh g–1 without obvious capacity 
decay when cycled with the conventional carbonate electrolyte 
(1 m LiPF6-EC/DEC+2 wt% VC), which was then used for the 
further investigation. In order to further understand the effect 
of electrolytes on the cycling performance, the voltage pro-
files (1st, 2nd, and 50th cycles) of Fe7S8@HD-C in both 1  m 

Figure 5.  Sodium storage performance and mechanistic analysis of a Fe7S8@HD-C electrode with 1 m NaPF6- DEGDME. a) CV profiles of the initial 
4 cycles at a scan rate of 0.05 mV s–1 in the potential range from 0.01 to 3.0 V. b) Voltage profiles of the initial five cycles at 0.1 A g−1. c) (Dis-) charge 
profile. d) The corresponding waterfall plot of the consecutively recorded XRD patterns (scans 1–53). Selected regions of the waterfall plot: e) region 
1: scans 1–8; f) region 2: scans 9–33; g) region 3: scans 34–42; h) region4: 43–53.
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LiFSI-DEGDME and 1 m LiPF6-EC/DEC with 2 wt% VC are 
plotted in Figure S6, Supporting Information. It can be clearly 
seen that in ether-based electrolyte the characteristic plateaus 
entirely disappear in the first 50 cycles, resulting in a rapid 
capacity fading. Although the exact reason is not known to date, 
the solubility of polysulfides (PS) intermediates (Li2Sn) in the 
ether electrolyte may be responsible for the observed behavior. 
In particular, if the conversion of iron sulfide in not completely 
reversible, elemental sulfur may be generated upon cycling. 
This would then cause the formation of long chain PS that are 
highly soluble in ethers.[35] Despite notoriously undergoing 
nucleophilic attack by PS, the carbonate electrolyte displays in 
our case improved stability and CE, suggesting only minor dis-
solution of PS. Figure S7, Supporting Information shows the 
initial four CV curves at a scan rate of 0.05 mV s–1 between 0.01 
and 3.0 V. The results demonstrate the similar electrochemical 
behaviors with DEGDME-based electrolyte, with intercalation 
and subsequent multistep conversion reaction mechanisms. 
To confirm the electrochemical reaction mechanism of Fe7S8@
HD-C electrode in 1 m LiPF6-EC/DEC with 2 wt% VC, in situ 
XRD measurements were also performed during the first lithi-
ation process. Figure S8, Supporting Information reports the 
electrode has the similar first lithiation reaction mechanism 
in 1 m LiFSI-DEGDME and LiPF6-EC/DEC with 2 wt% VC. To 
explore the effect of cut-off voltage on the capacity, fresh cells 
were also discharged/charged in the narrower voltage range of 
0.01–1.5  V at 0.1  A  g–1 in 1 m LiPF6-EC/DEC with 2 wt% VC, 
as displayed in Figure S9, Supporting Information, however, 

delivering a specific capacity of only ca. 200 mAh g–1 mostly due 
to Li insertion in the carbonaceous framework. Figure S10a, 
Supporting Information reports the cycling performance and 
corresponding CE at 0.1 A g–1 for 100 cycles. As clearly seen, an 
improved reversible capacity of 1 078 mAh g–1 is obtained after 
100 cycles. Meanwhile, the CE increases to about 99% in the 
first ten cycles and reaches 99.4% after 100 cycles. The initial ten 
GCD profiles are displayed in Figure S10b, Supporting Infor-
mation. The first lithiation and delithiation specific capacities 
are 1 389 and 1 016 mAh g–1, respectively, resulting in an initial 
CE of 73.1%, slightly higher than the one in DEGDME electro-
lyte (69.3%). After the first cycle, the subsequent profiles almost 
overlap each other, demonstrating an excellent reversibility of 
the Fe7S8@HD-C composite electrodes. Interestingly, the few 
selected GCD profiles, taken every 10 cycles out of the initial 
100 cycles (Figure S10c, Supporting Information), show a slight 
increase of the capacity with increasing cycle number. This is 
explained by the activation of the electrode material after the 
initial cycles (incomplete de-conversion reactions) and/or the 
reversible formation/dissolution of polymeric gel-like species 
constituting the SEI.[36,37] An ex situ SEM image recorded on the 
electrode after 100 cycles (Figure S11, Supporting Information) 
demonstrates that the morphology of the Fe7S8@HD-C com-
posite was still retained, indicating that the heteroatom-doped 
carbon framework can efficiently buffer the volume variation 
upon multiple (de)lithiation processes. The rate performance 
of Fe7S8@HD-C electrode was also evaluated at various current 
densities (Figure 6b,c). The average specific capacities obtained 

Figure 6.  Lithium storage performance of Fe7S8@HD-C. a) Cycling performance at 1.0 A g−1 for 300 cycles in 1 m LiFSI-DEGDME and 1 m LiPF6-EC/
DEC with 2 wt% VC. b) Rate performance at various current densities in 1 m LiPF6-EC/DEC with 2 wt% VC. c) Galvanostatic discharge–charge profiles 
at different current densities in 1 m LiPF6-EC/DEC with 2 wt% VC, ranging from 0.1 to 10.0 A g−1 for selected cycles (i.e., the 5th, 15th, 25th, 35th, 45th, 
55th, and 65th).
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are 967, 847, 756, 689, 614, 425, and 247 mAh g–1 at 0.1, 0.2, 0.5, 
1, 2, 5, and 10 A g–1, respectively. When the current density is 
decreased again to 0.1  A  g–1, the initial specific capacity value 
is almost entirely recovered. The lithium storage performance 
of the Fe7S8@HD-C composite is comparable and even supe-
rior to previous iron sulfides reported in the literature (see list 
in Table S2, Supporting Information). Actually, Fe7S8@HD-C 
shows a superior lithium storage performance in terms of rate 
capability and cycling stability compared with the large majority 
of materials reported so far.

2.3.2. Sodium Storage Performance

The sodium storage performance of Fe7S8@HD-C was also 
investigated in 1 m NaPF6-DEGDME, as presented in detail in 
Figure 7. The rather stable cycling upon the initial 100 cycles 

at 0.1  A  g–1 (Figure  7a) demonstrates the high performance 
of this electrode material. The high CE of more than 100% 
points to an instability of SEI formed in glyme-based electro-
lyte, which was commonly observed also in other previous 
reports.[5b,38] The rate performance of Fe7S8@HD-C was 
probed with increasing current densities from 0.1 to 10 A g–1 
(Figure 7b,c). The material shows reversible capacities of 595, 
568, 544, 517, 476, 401, and 326 mAh g–1 at 0.1, 0.2, 0.5, 1, 2, 
5, and 10  A  g–1, respectively. Remarkably, a specific capacity 
of 586 mAh g–1 can be recovered when the current density is 
reduced back to 0.1 A g–1, corroborating the high rate capability 
and reversibility. Furthermore, the long-term cycling stability 
after the rate performance test was evaluated at 1 A g–1 for 200 
cycles, with no obvious capacity loss observable (Figure  7c). 
Figure 7d shows the results of an additional long-term cycling 
test of the Fe7S8@HD-C electrode at a relatively high current 
density of 2 A g–1 for 320 cycles (after 3 cycles at 0.1 A g–1 as 

Figure 7.  Sodium storage performance of Fe7S8@HD-C-based electrodes in three-electrode cells employing Na as reference and counter electrodes 
in 1 m NaPF6-DEGDME. a) Cycling performance for 100 cycles at a current density at 0.1 A g−1. b) Galvanostatic discharge–charge profiles at dif-
ferent current densities, ranging from 0.1 to 10.0 A g−1 for selected cycles (i.e., the 5th, 15th, 25th, 35th, 45th, 55th, and 65th). c) Rate performance 
at various current densities, ranging from 0.1 to 10.0 A g–1. d) Cycling performance at 2 A g−1 for 320 cycles (after 3 cycles at 0.1 A g–1 in the begin-
ning as activation step).
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activation step). The electrode displays excellent cycling sta-
bility with a reversible capacity of ca. 480  mAh  g–1 from the 
5th to 320th cycle without obvious capacity decay. The cycling 
performance of Fe7S8@HD-C was also investigated in 1 m 
NaPF6-EC/DEC with 2 wt% FEC at a current density of 2 A g−1 
for 300 cycles, as presented in Figure S12, Supporting Infor-
mation. In the carbonate electrolyte, Fe7S8@HD-C shows an 
obvious capacity decay, probably as result of the poor com-
patibility of the Na metal counter electrode, as evidenced in 
a previous paper by our group.[28a] Comparison with previous 
studies on similar Fe7S8 or Fe7S8-based composites evidences 
the outstanding electrochemical performance of Fe7S8@HD-C 
as sodium host (see Table S3, Supporting Information). To 
examine the mechanical integrity of the material upon (de)
sodiation, the morphology evolution of the Fe7S8@HD-C 
composite in the electrode was checked by SEM after the rate 
performance test (Figure S13, Supporting Information). The 
SEM images demonstrate that the Fe7S8@HD-C compos-
ites retain their original structure of the active material after 
repeated (de)sodiation cycles, indicating that the doped carbon 
matrix acts as a perfect buffer. Finally, the material was also 
tested in the voltage range of 0.01–1.5 V at 0.1 A g–1. As seen 
in Figure S14, Supporting Information, it initially delivers 
more than 300 mAh g–1, which is rather promising for appli-
cation in Na-ion batteries. Nevertheless, the CE needs must 
be improved to avoid the capacity fading observed in the first 
ten cycles.

3. Conclusion

Starting from the iron-based MOF of Fe-MIL-88NH2 as pre-
cursor, we have successfully synthesized Fe7S8@HD-C compos-
ites via a one-step sulfidation process. The Fe7S8 nanoparticles 
are uniformly embedded in S-, N-, and O-doped carbon-based 
networks that can facilitate electron transport and buffer the 
volume changes during charge/discharge, thus enabling an 
excellent Li and Na storage. Specifically, Fe7S8@HD-C shows 
excellent Li-ion storage capacity of 1  078  mAh  g–1 at 0.1  A  g–1 
after 100 cycles in carbonate electrolyte, together with an 
improved rate capability and a long cycling stability. Regarding 
Na-ion storage, the material exhibits a remarkable rate capa-
bility in DEGDME electrolyte, achieving a reversible capacity of 
326 mAh g–1 even at rather high specific currents (i.e., 10 A g–1). 
It also shows an excellent reversible capacity of 480 mAh g–1 at 
2 A g–1 after 320 cycles. In situ XRD results revealed some inter-
esting differences between the lithiation and sodiation mecha-
nisms. While the first reduction follows in both cases a two-step 
mechanism (insertion and conversion), they differ in so far as 
the two processes partially overlap in the case of lithium. Addi-
tionally, upon oxidation the initial Fe7S8 is recovered in the case 
of sodium, suggesting that the de-insertion of Li may be par-
tially irreversible. The reported results demonstrate that such 
a rationally designed composite, that is, iron sulfide nanopar-
ticles incorporated in a heteroatom-doped carbon matrix, can 
be used in high-performance electrodes for both lithium and 
sodium storage. This provides a strong incentive for further 
research on other transition metal sulfides as active materials 
for rechargeable batteries.

4. Experimental Section
Chemicals: Fe(NO3)3∙9H2O (98.0–101.0%) was purchased from Alfa 

Aesar. Sulfur powder (S, 99.98%) and NH2BDC (99%) were obtained 
from Sigma Aldrich Chemical Co. PVP (K30, Mw = 4  4000–5  4000) 
was purchased from PanReac AppliChem. Ethanol (96%) and DMF 
(99%) were obtained from VWR and Merck KGaA, respectively. All the 
chemicals were directly used as received without further purification.

Synthesis of Fe-MOF (Fe-MIL-88NH2) Precursors: Fe(NO3)3∙9H2O 
(5  mmol, 2.02  g), NH2BDC (5  mmol, 0.906  g), and PVP (3.5  g) were 
dissolved into solvent mixture (120 ml: 75 ml of DMF and 45 ml of ethanol) 
at room temperature under vigorous stirring to form a brown solution. 
Then, the solution was heated in an oil bath at 150 °C under reflux for 48 h. 
After cooling down to room temperature, the precipitate was collected via 
centrifugation and washed with distilled water and ethanol several times. 
Finally, the brown powder was dried at 80 °C overnight.

Synthesis of Fe7S8@HD-C Composites: Fe7S8@HD-C composites were 
synthesized by a one-step sulfidation process. Fe-MOF and sulfur powder 
(in a mass ratio of 1:5) were, respectively, put downstream and upstream 
of the crucible in a tube furnace, which was then heated to 700  °C 
(heating ramp: 5 °C min−1) for 4 h under N2 flow. After natural cooling 
down to room temperature, a black powder (Fe7S8@HD-C) was collected.

Materials Characterization: The crystal structure of Fe-MIL-88NH2 
and Fe7S8@HD-C was determined using XRD on a Bruker D8 Advance 
instrument (Cu-Kα radiation with a wavelength of 0.154 nm). In situ XRD 
measurements were performed in a home-made cell using a Be window 
as the current collector, with the potential controlled by a potentiostat/
galvanostat (SP-150, BioLogic). The morphological properties of all the 
samples were investigated via SEM (ZEISS 1550VP). TEM and elemental 
mapping were carried out on a PEI Talos-F200X operated at 200  kV. 
Raman spectra of Fe7S8@HD-C were recorded using a confocal InVia 
Raman microspectrometer (Renishaw) using 633 nm laser radiation. The 
BET specific surface area of the samples was derived from the nitrogen 
absorption−desorption isotherms (Autosorb-iQ, Quantachrome) at 77 K. 
TGA was carried out under an oxygen atmosphere with a heating rate of 
5 °C min−1 (TGA-209F, Netzsch). The Fe and S content in Fe7S8@HD-C 
were determined by ICP-OES. For this, the as-obtained Fe7S8@HD-C 
sample was dissolved in hot hydrochloric acid and investigated by 
means of a Spectro Arcos (Spectro Analytical Instruments) with axial 
plasma view. XPS spectra were recorded on a PHI 5800 Multitechnique 
ESCA system with monochromatized Al Kα (1  486.6  eV) radiation at a 
take-off angle of 45° using pass energies of 29.35 and 93.9  eV at the 
analyzer for detail and survey measurements, respectively. The dominant 
C1s peak of graphitic carbon (sp2-C) in the carbonaceous framework 
was used for binding energy calibration and put to 284.6 eV. The detail 
spectra were analyzed by a peak fit (CasaXPS) software using a Shirley 
background and peaks with Gaussian/Lorentzian peak shape. For the 
spin-orbit splitting S 2p peak doublets, the peak ratio (2:1) and splitting 
(1.2 eV) were fixed, and a common FWHM was used for the 2p3/2 and 
2p1/2 components of every doublet.

Electrochemical Measurements: The electrodes were prepared by 
casting slurries composed of Fe7S8@HD-C, polyvinylidene fluoride 
(Solef 6020, Solvay), and SuperC65 (Imerys Graphite & Carbon) in a 
weight ratio of 70:20:10 in N-methyl pyrrolidone (anhydrous, Sigma 
Aldrich) onto a dendritic copper foil (Schlenk, 99.9%). After the initial 
drying in an oven at 80  °C (3 h), disk electrodes (12 mm in diameter) 
were punched and further vacuum-dried for 24 h at 80  °C. The active 
material (Fe7S8@HD-C) mass loading of each disk electrode ranged 
between 1.2 and 1.5  mg  cm–2. The electrochemical tests for the 
characterization as lithium-ion electrode were assembled in CR2032 coin 
cell, using a lithium metal foil (Honjo metal) as counter electrode, 1 m 
LiPF6 solution in a 1:1 (volume ratio) mixture of EC and diethyl carbonate 
(including 2 vol. % vinylene carbonate as additive) or 1 m LiFSI solution 
in DEGDME as electrolyte, and a glass fiber membrane disk (GF/D, 
Whatman) as separator. The CV of lithium storage was carried out in 
three-electrode Swagelok-type cells with a VMP3 potentiostat (Biologic 
Science Instruments) in the voltage range, that is, 0.01−3.0  V versus 
Li/Li+ using a lithium metal foil (Honjo metal) as counter/reference 

Small Methods 2020, 4, 2000637



www.advancedsciencenews.com www.small-methods.com

2000637  (11 of 12) © 2020 The Authors. Small Methods published by Wiley-VCH GmbH

electrode. The sodium storage performance was tested in three-electrode 
Swagelok-type cells, using Na metal (Acros, 99.5%) as reference/counter 
electrodes, 1 m NaPF6 solution in DEGDME or 1 m NaPF6 solution in 
a 1:1 (weight ratio) mixture of EC and diethyl carbonate (including 
2 wt% fluoroethylene carbonate as additive) as the electrolyte, and 
GF/D as separator. The CV of sodium storage was obtained in three-
electrode Swagelok-type cells with a VMP3 potentiostat in the voltage 
range, that is, 0.01−3.0  V versus Na/Na+. All cells were assembled in 
an argon-filled glovebox with H2O and O2 content lower than 0.1 ppm. 
The galvanostatic cycling tests were performed on a Maccor 3000 battery 
tester in the potential range between 0.01−3.0 V. All measurements were 
performed in climatic chambers at a constant temperature of 20 ± 1 °C.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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