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Reversible Copper Sulfide Conversion in Nonflammable
Trimethyl Phosphate Electrolytes for Safe Sodium-lon

Batteries

Huihua Li, Huang Zhang, Thomas Diemant, R. Jiirgen Behm, Dorin Geiger,

Ute Kaiser, Alberto Varzi,* and Stefano Passerini*

Rechargeable sodium-ion batteries are considered promising candidates for low-
cost and large-scale energy storage systems. However, the limited energy density,
cyclability, and safety issues remain challenges for practical applications. Herein,
investigation of the Cu, gS/C composite material as the negative electrode active
(conversion) material in combination with a concentrated electrolyte composed
of a 3.3 M solution of sodium bis(fluorosulfonyl)imide (NaFSI) in trymethyl
phosphate and fluoroethylene carbonate (FEC) as the additive is reported on.
Such a combination enables the stable cycling of the conversion-type Cu; gS/C
electrode material for hundreds of cycles with high capacity (380 mAh g ). Both
the salt (NaFSl) and the additive (FEC) contribute to the formation of a stable
NaF-rich solid electrolyte interphase (SEI) on the anode surface. A full cell using
the Na3V,(PO,);/C cathode also demonstrates stable cycling performance for
200 cycles with a promising Coulombic efficiency (CE) (99.3%). These findings
open new opportunities for the development of safer rechargeable sodium-ion
batteries.

1. Introduction

Recently, large-scale energy storage tech-
nologies are receiving increasing interest
as they are considered key technologies
for the exploitation of renewable energy
sources. Although lithium-ion batteries
(LIBs) have dominated the portable elec-
tronics and electric vehicles field in recent
years, their successful introduction in the
market of large-scale stationary energy
storage is restricted due to the limited
lithium and, especially, cobalt availabil-
ity"! In this regard, alternative battery
chemistries that are cost-effective and
based on abundant elements, such as
Zn-ion batteries (ZIBs) and sodium-ion
batteries (SIBs), attract great interest.
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Z1IBs have, potentially, high energy density

(1218 Whkg™!) and intrinsic safety.””

However, they still suffer from limited
energy efficiency and a short lifespan. Thus, SIBs are emerging
as the most promising alternative to LIBs due to the natural
abundance and low cost of sodium, as well as the similar chem-
ical properties of Li and Na.l*! Indeed, the electrochemical per-
formance of SIBs has been remarkably improved benefiting
from the fast development of new high-performance electrode
materials. For example, various classes of materials have been
investigated for sodium storage such as layered transition metal
oxides, Prussian blue analogues,”’ and polyanionic com-
pounds!® for the positive electrode (cathode), and carbon,”!
alloying-type metals,’® and conversion-type materials for the
negative electrode (anode). With regard to high-capacity anode
materials for SIBs, metal sulfides/oxides have attracted particu-
lar interest due to their high theoretical capacity based on the
conversion reaction mechanism.”) Among them, transition
metal sulfides (TMSs, e.g., Cu,S,'% Fe,Sg, 'V SnS,, 12 MoS,, 1!
Ni3S,") have demonstrated enhanced reversible capacities
for sodium storage due to the weaker M—S ionic bond compared
to the M—O bond, resulting in higher ionic conductivity and
faster reaction kinetics."! Copper sulfides (Cu,S), as typical
members of the TMS family, have been widely investigated
in applications for solar cells,'® photocatalysis,!'”) gas sen-
sors, ™ and electrochemical energy storage.’® For example,
digenite Cu, S could well serve as the anode material for both
LIBs and SIBs.!™!
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Meanwhile, electrolytes play a crucial role with regard to bat-
tery performance and safety too. Current SIB electrolyte research
focuses mainly on volatile, flammable, and voltage-sensitive sol-
vents, namely, carbonate or ether-based electrolytes.*” This
means that, analogously to LIBs, SIBs may suffer from risk of
fire in case of accident or misuse (e.g., overcharge). This risk
may even be higher than in LIBs, considering the highest reac-
tivity of sodium metal. To address the safety issue of batteries,
the simplest yet widely investigated strategy is to use ionic liquids
or solid-state electrolytes. However, the low ionic conductivity at
room temperature of the former and the high electrode/electro-
Iyte interfacial resistance of the latter may affect their practical
application.”") Consequently, it is very important to develop safe,
nonflammable liquid electrolytes with comparable ionic conduc-
tivity and interfacial resistance as obtained for the current
organic carbonate electrolytes. As reported in the literature, flu-
oroethers,””  fluorophosphite,”® and organosilicon com-
pounds® have been investigated as nonflammable solvents
for LIBs. Moreover, the low-molecular-weight phosphate-based
solvents with high solubility of Li and Na salts are particularly
promising as they could enable an ionic conductivity comparable
to that of carbonate-based electrolytes. As a matter of fact, triethyl
phosphate (TEP),*®! trimethyl phosphate (TMP),**! dimethyl
methyl phosphonate (DMMP),*” and diethyl ethyl phosphonate
(DEEP)™® have been reported as electrolyte solvents that are
compatible with carbon-based electrodes in both LIBs and
SIBs. In particular, TMP appears to be the most appropriate
choice for safe electrolytes due to its low viscosity (2.3 mPas),
high dielectric constant (21.6), wide liquid temperature range
(between —46 and 197 °C), and chemical stability.*>** In the
electrolyte, the phosphorous atoms of TMP can act as a trap
for hydrogen radicals, which are the initiators of chain reactions
leading to combustion.**) However, the decomposition of TMP
at a low operating potential does not result in the formation of a
stable solid electrolyte interphase (SEI) film on the anode’s sur-
face, which hinders its use with low-voltage anode materials.>%
In this respect, film-forming additives have been incorporated
into the electrolytes to suppress TMP decomposition.*® It
was proven that the use of a fluoroethylene carbonate (FEC) addi-
tive can enhance the electrochemical compatibility of TMP with
the anode, enabling reversible Na storage in hard carbon anodes
for intrinsically safe SIBs.*! For example, Zeng et al. reported
the TMP-based electrolyte with FEC additive to be completely
nonflammable.®® Hard carbon electrodes showed high revers-
ible capacity and capacity retention in TMP+FEC. The excellent
electrochemical performance mainly comes from the formation
of a stable SEI film, which effectively hinders unfavorable side
reactions. High salt concentrations have been shown to be prom-
ising for the stabilization of TMP-based nonflammable electro-
lytes for hard carbon anode materials, benefiting from the
formation of stable anion-derived SEI films on the electrode.l*"]
For example, Liu et al. used a hard carbon anode and a nonflam-
mable TMP electrolyte to construct an intrinsically safe Na-ion
battery. In this case, an increased molar ratio of NaClO,/TMP
and the addition of an SEI film-forming additive FEC was proven
to be beneficial.*! Similarly, a highly concentrated NaN(SO,F),/
TMP electrolyte facilitates the formation of a robust inorganic
passivation film, allowing reversible sodium insertion/extraction
in hard carbon, while having flame-retardant properties.***!
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However, most of the reports on TMP-based nonflammable elec-
trolytes focus only on hard carbon/graphite anodes. There are
rare results reported on conversion-based materials in TMP elec-
trolytes for SIBs.

In this work, we report for the first time the reversible
conversion of a copper-sulfide material in a nonflammable
phosphate-based electrolytes for safe and high-energy SIBs.
The metal-organic framework (MOF)-derived Cu,gS is used
as the active anode material in combination with an electrolyte
consisting of 3.3 M sodium bis(fluorosulfonyl)imide (NaFSI) in
TMP with 5wt% FEC as additive. The results demonstrate that
a NaF-rich SEI is formed, allowing a stable conversion reaction.
The Cu;gS/C anode has a promising electrochemical perfor-
mance with high reversible capacity, excellent rate capability, and
long cycling stability. Full Na-ion cells featuring Na;V,(PO4);/C
as the positive electrode show excellent cycling stability
over 200 cycles, supporting our strategy to develop safer SIBs.

2. Results and Discussion

2.1. Material Synthesis and Characterization

Figure 1a schematically shows the facile solution-based synthesis
route used to synthesize the Cu-1,3,5-benzenetricarboxylic acid
(BTC) precursor followed by its direct sulfidation and carboniza-
tion yielding to the Cu; gS/C composite. The crystal structure of
the precursor was identified by powder X-ray diffraction (XRD), as
shown in the representative powder diffractogram in Figure S1,
Supporting Information, which demonstrates the Cu-BTC to pos-
sess a cubic structure.??! After sulfidation of Cu-BTC, the XRD
pattern of the final composite (see Figure 1b) evidences the for-
mation of the digenite Cu;gS phase (JCPDS NO. 24-0061), in
which the four main peaks located at 27.7°, 32.1°, 46.1°, and
54.6° reflect the (111), (200), (220), and (311) planes, respectively.
No diffraction peaks from the Cu-BTC and S precursors are
detected, indicating that the Cu-BTC was completely converted
into Cu;gS and no crystalline sulfur precursors remained
after the high-temperature treatment (characteristic S peak
20 =23°). In addition, no evident carbon-related peak could be
found in the XRD pattern, probably due to the low crystallinity
of the carbonaceous framework. Raman spectroscopy was used
to analyze the nature of the carbon, as shown in Figure S2,
Supporting Information. The two broad peaks located at 1380
and 1535 cm ™! are characteristic of the D and G bands of disor-
dered carbon and graphitized carbon, respectively, indicating that
the carbonaceous network is not fully graphitized."*'" In addi-
tion, the specific surface area and pore size distribution of
Cu-BTC and Cu,; gS/C were determined from N, adsorption—
desorption isotherms by multipoint Brunauer—Emmett-Teller
(BET) analysis (Figure S3, Supporting Information). Specific sur-
face areas were determined to be ~795.8 m” g~ ' for Cu-BTC and
20.2m?* g ' for Cu, gS/C (Figure S3a,b, Supporting Information).
The pore size distribution results demonstrate that the Cu-BTC
exhibits a micro-mesoporous structure, whereas the Cu;gS/C
composite has mostly a macroporous character (Figure S3c,d,
Supporting Information). Thermogravimetric (TGA) analysis of
the Cu;S/C composite was conducted by heating in O, from
30 to 1000 °C (Figure S4a, Supporting Information) to determine
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Figure 1. a) Schematic illustration of the synthetic procedure used to obtain the Cu-BTC precursor and the final Cu, gS/C composite. b) Powder XRD
pattern of Cu; §S/C. c—h) Morphological and structural features of the Cu; §S/C composite. (c,d) SEM images of Cuq3S/C. (e—-g) High-resolution TEM
(HR-TEM) images of Cu, ¢S/C with different magnifications. (h) Elemental maps of Cu, §S/C by SEM-EDX.

the Cu, S and carbon content. The combustion product collected
after the TGA measurement was characterized by XRD
(Figure S4b, Supporting Information) and determined to be CuO.
According to this, the weight percentage of Cu, gS in the compos-
ite is estimated to be ~67% (see the Supporting Information for a
detailed discussion of the combustion mechanism and calcula-
tions). Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to further characterize
the morphology and structure of the Cu-BTC and Cu,;gS/C.
As previously mentioned, the Cu-BTC precursor has a cubic
(fcc) crystallographic structure and aggregates into octahedrons
with a uniform size of about 400 nm (Figure S5, Supporting
Information). As shown in Figure 1c,d, the Cu, gS/C composite
maintains the parental morphology of Cu-BTC. The

Small Struct. 2021, 2, 2100035 2100035 (3 of 12)

microstructure of Cu;gS/C was further characterized by TEM.
As shown in Figure 1ef, the Cu; ¢S nanoparticles with an average
size of ~8 nm are homogeneously embedded in the carbon matrix.
The high-resolution TEM image in Figure 1g shows the lattice
fringes of the (111) and (200) planes with a d spacing of 3.2
and 2.7 A, respectively. The energy dispersive X-ray spectroscopy
(EDX) mapping shown in Figure 1h further shows the uniform
distribution of C, O, S, and Cu in the Cu;gS/C composite.

2.2. Physicochemical Properties of TMP-Based Nonflammable
Electrolytes

Electrolyte flammability can deeply affect battery safety. To verify
the flammability of the TMP-based electrolytes, a direct ignition
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85U8017 SUOWWOD 3AeaID 3|qedt|dde aup Aq peusenob are saone YO ‘8sh o Sa|ni Joj A%eiq 178Ul UO A8]IA UO (SUONIPUCD-PUB-SWRILIY™A8 | 1M Afe.d 1[BuUO//:SdNY) SUONIPUOD PUe swie | 8y} &8s *[2202/TT/#0] uo Ariqiauliuo A8|im ‘aiBojouyos | 4 18U Jeynsiey Aq SE000TZ0Z 11SS/Z00T OT/I0pW00 A8 1M AeIq Ul juo//Sdny wouy papeojumoq ‘g ‘TZ0Z ‘29078892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

(a) 33mNaFSIinPC __ (b)

www.small-structures.com

Temperature (°C)

60 55 50 45 40 35 30 25 20 15 10 5 0

10 1 1 1 1 1 1 1 1 1 1
—u— 3.3 mNaFSlin PC
—u— 3.3 m NaFSl in TMP
< "~ —=u—3.3 m NaFSl in TMP+FEC
3.3 M NaFSLinTMP £ Sk
- ™ N
(/2] \.\ \l\.\
£ .\. Na e
= u \l L
.‘? \l\ \. -\.
2 13 T T
- I\. Pt
3 '§' i
3.3 M NaFSI in TMP+FEC '§ BN
)
°-1 T T T T T T T
30 31 32 33 34 35 36 37

During Ignition After Ignition

1000/T (K™)

Figure 2. Physicochemical properties of the electrolytes. a) Flame test of glass fiber separators soaked with the electrolytes. b) Temperature-dependence

ionic conductivity of the electrolytes.

experiment was performed. Figure 2a and Supporting Videos 1,
2, 3 show the flammability of 3.3 M NaFSI-PC, 3.3 M NaFSI-TMP,
and 3.3 M NaFSI-TMP+FEC. The images as well as the movies
clearly indicates that, even when in direct contact with the flame,
the TMP-based electrolytes do not ignite, whereas the conven-
tional carbonate electrolyte burns spontaneously after ignition.
This result confirms the strong fire retardancy effect of TMP
even with the FEC additive. The ionic conductivity of 3.3 M
NaFSI-PC, 3.3 M NaFSI-TMP, and 3.3 M NaFSI-TMP+FEC, mea-
sured at temperatures between 0 and 60°C are shown in
Figure 2b. The 3.3 M NaFSI-TMP electrolyte exhibits the lowest
ionic conductivity at almost any temperature. The addition of
FEC (3.3M NaFSI-TMP+FEC) leads to a remarkable increase
of the conductivity at all temperatures (in particular,
1.5mScm™' at room temperature and 0.5mScm™" at 0°C).
Finally, the 3.3 M NaFSI-PC electrolyte achieves a conductivity
value at 60°C comparable to that of 3.3 M NaFSI-TMP+FEC,
which drops at 0°C below that of the 3.3 M NaFSI-TMP electro-
lyte. The temperature-dependent ionic conductivity of all electro-
Iyte systems is described by the Vogel-Tamman-Fulcher (VTF)
equation (Figure S6, Supporting Information). The VTF param-
eters for this system are shown in Table S1, Supporting
Information. Based on the VTF fitting, the activation energies
of the electrolytes were calculated to be 0.055, 0.088, and
0.076eV for 3.3M NaFSI-PC, 3.3M NaFSI-TMP, and 3.3M
NaFSI-TMP+FEC, respectively. Therefore, FEC has clearly a
beneficial effect with regard to ionic transport in the electrolyte.

The ion coordination in the TMP- and carbonate-based electro-
lytes was studied using Raman spectroscopy (Figure 3a,b). On
the basis of the deconvolution analysis (Figure 3a), the Raman
spectrum of neat TMP shows two peaks at 737 and 753 cm™!
corresponding to the symmetric P—O—C stretching. #* The
intensity of these two peaks gradually decreases and their posi-
tions shift as the Na salt concentration increases from 1 to 3.3 m.
Meanwhile, a new peak at 746 cm ™' emerges in the TMP-based
electrolytes due to the symmetric P—O—C stretching of

Small Struct. 2021, 2, 2100035 2100035 (4 of 12)

Na*t-solvated TMP molecules. These changes demonstrate the
strong interaction between TMP molecules and Na' ions.**]
As shown in Figure 3b, the Raman spectrum of FSI™ contains
two peaks at 1221 and 1226 cm™" arising from the contact ion
pairs (CIPs; FSI™ coordinated with one Na™ ion) and aggregates
(AGGs; FSI~ coordinated with two or more Na™ ions), respec-
tively.®> In the diluted electrolyte (1 M NaFSI-TMP), most of
the FSI™ is either free (1212 cm™') or in solvent-separated ion
pairs (1217 cm '), with small amounts of CIPs and AGGs.*®
As the Na salt concentration increases from 1 to 3.3 M, the signals
of CIPs and AGGs increase, whereas those of the free FSI™ and
solvent-separated ion pairs decrease. Due to the small amount of
FEC addition, negligible changes of AGGs are observed in 3.3 M
NaFSI-TMP+FEC. Representative Na™ cation solvated species in
the diluted (1 M) and concentrated (3.3 M) solutions are schemat-
ically shown in Figure 3c. In the diluted electrolyte, a stable sol-
vation structure around Na* is recorded with three or fourfold
coordination; however, free TMP and FSI™ are present.[35'36]
However, in the concentrated electrolyte system, almost all
TMP and FSI~ strongly coordinate to Na™ cations.

2.3. Electrochemical Performance

The electrochemical properties of the Cu; gS/C anode in TMP-
and carbonate-based electrolytes are compared in Figure 4.
Figure 4a and Figure S7, Supporting Information, show the
cyclic voltammograms (CVs) of Cu;gS/C electrodes recorded
at a scan rate of 0.05mV s~ between 0.01 and 3.0V (vs Na't/
Na) in the various electrolytes. The CV curves evidence compa-
rable electrochemical behavior, with the typical signatures of
copper sulfide conversion reaction with sodium. Galvanostatic
charge—discharge (GCD) voltage profiles of the Cu,; gS/C half-
cells were also recorded at 0.1 Ag™" in the same voltage range
(Figure 4b and Figure S8, Supporting Information). Despite
the higher initial capacity, the Cu;gS/C electrodes tested in
the 3.3 M NaFSI-PC and 3.3M NaFSI-TMP electrolytes show

© 2021 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 3. Raman spectra of 3.3 M NaFSI-PC, 3.3 M NaFSI-TMP, and 3.3 M NaFSI-TMP+FEC: a) 720-780 cm™" region and b) 1200-1250 cm ™" region.
c) Schematic illustration representative of the Na™ environment in the diluted (i.e., 1 mol L™") and concentrated (i.e., 3.3 mol L™") electrolytes.

an obvious fading in the first 20 cycles. In contrast, the electrode
tested in the TMP-based electrolyte + FEC additive exhibits very
stable cycling. The electrode delivered initial sodiation and des-
odiation capacities of 617 and 431 mAh g~ ', respectively, corre-
sponding to an initial CE of 70%. After the first cycle, the Cu; gS/
Cin 3.3 M NaFSI-TMP~+FEC displays almost overlapping voltage
profiles, indicating the high cycling stability. This is further con-
firmed by the long-term cycling measurement at a current den-
sity of 0.1 Ag™" (Figure 4c), in which the reversible Na storage
capacity (CE of ~99.5%) of Cu; ¢S/C in 3.3 M NaFSI-TMP+FEC
is stable at 365 mAh g™ ! after 140 cycles, which is substantially
higher than that observed in 3.3 M NaFSI-PC (57 mAh g™ ' after
140 cycles) and 3.3 M NaFSI-TMP (207 mAh g~ " after 120 cycles).
These results indicate that FEC can significantly enhance the
cycling performance of the conversion-type Cu;gS/C electrode
in the nonflammable TMP electrolyte, acting as a highly efficient
SEI-forming additive. Apart from its excellent cycling stability,
the Cu; ¢S/C in 3.3 M NaFSI-TMP+FEC also exhibits good rate
performance. As shown in Figure 4d,e, the electrode exhibits dis-
charge capacities of 441, 392, 309, 221, and 138 mAhg™" at
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current densities of 0.1, 0.2, 0.5, 1, and 2A g™", respectively.
When going back to 0.1 and 0.2A g™, a capacity comparable
to the initial values is recovered by the Cu;gS/C electrode.
Differently, the electrodes show an inferior performance in
the 3.3M NaFSI-PC and 3.3M NaFSI-TMP electrolyte
(Figure S9, Supporting Information). Finally, long-term cycling
tests at a relatively high current density of 1 A g~* were also per-
formed for 200 cycles (after 10 cycles at 0.1 A g! for activation)
in different electrolytes (Figure 4f). The cell with the 3.3Mm
NaFSI-TMP+FEC electrolyte can still deliver 213 mAh g™ after
200 cycles, corresponding to a relatively low capacity loss of about
0.1% per cycle. In contrast, the Cu;gS/C electrodes in 3.3 M
NaFSI-PC and 3.3 M NaFSI-TMP show fast fading with remain-
ing capacities of only 26 and 50 mAh g™ after 200 cycles, respec-
tively. To further understand the influence of the electrolyte
composition on the electrochemical performance, the voltage
profiles of Cu;gS/C in 3.3M NaFSI-PC, 3.3M NaFSI-TMP,
and 3.3M NaFSI-TMP+FEC are displayed in Figure S10,
Supporting Information. In the first 50 cycles, the characteristic
features of copper sulfide entirely disappear in 3.3 M NaFSI-PC

© 2021 The Authors. Small Structures published by Wiley-VCH GmbH
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0.1A g™ in the beginning as an activation step).
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and 3.3M NaFSI-TMP, leading to a rapid capacity fading.
Although the exact reason is unknown, formation of polysulfides
cannot be entirely excluded, especially in the PC-based electro-
lyte.?”) In contrast, the low binding energy of sodium polysul-
fides with FEC may restrict their dissolution. This would be
in line with the superior electrochemical performance of
Cu;8S/C in  the 33M NaFSI-TMP+FEC  electrolyte.
Furthermore, a comparison of the electrochemical performance
of Cu;gS/C with that of hard carbon (BELLFINE LN0001, AT
Electrode, see the Experimental Section in the Supporting
Information) in 3.3M NaFSI-TMP+FEC is reported in
Figure S11, Supporting Information. The Cu; gS/C clearly pos-
sesses a higher specific capacity than the hard carbon, both per
unit of weight and volume. The sodium storage performance of
Cu, gS/C is comparable and even superior to that of previous
copper sulfides reported in the literature (see list in Table S2,
Supporting Information). Overall, the aforementioned electro-
chemical performance tests clearly demonstrate the highly
reversible electrochemistry of Cu;gS/C electrodes in the opti-
mized nonflammable TMP-based electrolytes, which could be
very promising for the fabrication of safe and high-energy SIBs.

2.4. Mechanism and Interface Investigation

To learn more about the electrochemical reaction mechanism and
the structural evolution of Cu; ¢S/C in the 3.3 M NaFSI-TMP+FEC
electrolyte, in situ XRD measurements were performed during the
first sodiation/desodiation cycle. The voltage profile and the corre-
sponding XRD patterns (126 scans) upon the first galvanostatic
discharge—charge cycle are shown in Figure 5a,b. Looking at
the XRD patterns, the first cycle can be divided into four different
regions. As the sodiation process begins (region 1, from open-
circuit voltage (OCV) to 1.91 V), the two peaks at 27.7° and 32.1°
(Figure S12a, Supporting Information) gradually shift to lower
angles (27.5° and 31.9°), indicating the crystal structure expansion
as a result of Na™ insertion into Cu; ¢S (Equation (1)). Upon fur-
ther sodiation (region 2 from 1.91 to 1.45V, Figure 5c), two new
peaks at 32.5° and 39.3° appear, which can be attributed to the
(311) and (321) crystal planes of a Na;Cu4S, phase (JCPDS NO.
71-1292) in agreement with Equation (2) and previous literature
reporting the Na;Cu,S, phase formation upon Na™ uptake into
CuyS.%® Finally, at even lower voltage values (region 3 from
1.45 t0 0.01 V, Figure S12b, Supporting Information), two new dif-
fraction peaks appear at 23.5° and 38.9°. These can be attributed to
the (111) and (220) crystal planes of Na,S (JCPDS No. 23-0441),
which is the final product of the conversion reaction (Equation (3)).
At the same time, the intense characteristic peak of Cu® (43.5°,
JCPDS No. 04-0836) appears, which corroborates the complete
conversion reaction of Cuy ¢S into Cu® and Na,S. Sodiation and
desodiation of carbon at low potential (<0.3 V) may also occur
(Equation (4) and (5)).'"] However, due to the low crystallinity
of the carbonaceous framework, no obvious carbon-related peaks
are detected in the XRD patterns. Upon desodiation (region 4 from
0.01 to 3.0'V), the peaks of Na,S and Cu° gradually vanish and a
weak peak at 32.5° emerges, confirming the re-formation of the
Na3Cu,S, phase (Figure 5d, Equation (6)). Meanwhile, the features
corresponding to Na,S and Cu® are still detected even at full
state of charge, indicating that the complete desodiation is not
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achieved during the in situ XRD measurement. To visualize the
evolution of the morphology and structure of Cu,;gS/C upon
cycling, detailed ex situ SEM and TEM investigations were con-
ducted after 100 cycles (Figure S12c,d, Supporting Information
and Figure 5ef). The ex situ SEM images (Figure S12cd,
Supporting Information) demonstrate that the octahedral particle
morphology of the Cu; §S/C composite is still well retained. The
TEM image in Figure Se also confirms the retained particle mor-
phology without substantial structural deterioration, indicating that
the carbon framework can efficiently buffer the volume variation
upon multiple (de)sodiation cycles. Figure 5f shows an HR-TEM
image of Cu,;gS/C after 100 cycles. Only one new phase with a
d spacing of 7.31 A, indexed to the Na;Cu,S, (JCPDS NO. 71-1292)
phase, can be observed. The result is consistent with the in situ
XRD results, which furthermore evidence that the original Cu, gS
phase cannot be recovered. Overall, the first-cycle (de)sodiation
reaction process of Cu;gS/C in 3.3 M NaFSI-TMP+FEC can be
summarized as follows:
For discharge
Region 1

Cu; ¢S+ xNa't + xe™ — Na,Cu;gS (OCV — 1.91V, insertion)
1)

Region 2

Na,Cu; ¢S + Nat + e~ — NazCuyS, )

(1.91 — 1.45V, insertion/conversion, notbalanced)
Region 3

Na3;CuyS, +5Nat +5e~ — 4Na,S

3
+4Cu® (1.45—0.01V, conversion) Gl

C+xNat +xe” — Na,C (below0.3V, insertion (carbon))
(4

For charge
Region 4

Na,C — C+xNa" +xe” (below0.3V, deinsertion (carbon))
()
4Na,S + 4 Cu® — Na;Cu,S, + 5Na*

+5e” (0.01 —3.0V, conversion) ©

The chemical composition and the abundance of functional
groups on the surface of the Cu, gS/C electrodes was also studied
by X-ray photoelectron spectroscopy (XPS) to gain more informa-
tion about the SEI. Figure 6a (and Figure S13, Supporting
Information) shows the results of measurements performed
on electrodes after the first full sodiation in the different electro-
Iytes. For comparison purposes, also shown are the XPS results
gained on a pristine electrode, which is the starting point of our
discussion. The C 1s detailed spectrum of the pristine electrode
shows four peaks at 284.8, 286.2, 288.5, and 290.9 eV. The first
peak is assigned to C—C/C—H species (284.8 eV), including the
conductive carbon additive/framework in the electrode mate-
rial. ™! The second one (286.2 eV) is a convolution of the contri-
butions from C—O species and the CH, groups of the PVDF

© 2021 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 5. Reaction mechanism analysis of Cu;gS/C-based electrodes in 3.3 m NaFSI-TMP+FEC. a) First sodiation/desodiation voltage profile.
b) Waterfall plot of the XRD patterns recorded consecutively during (dis-)charge (scans 1-126). Selected regions of the waterfall plot: c) region 2, scans
3-7. d) region 4, scans 92-126. e,f) (HR)-TEM images of the Cuy 3S/C composite recorded after 100 cycles in 3.3 m NaFSI-TMP +FEC.

binder, whereas the third and fourth peak can be assigned to
C=O0 species and the CF, groups of the PVDF binder, respec-
tively.?? The spectrum in the S 2p region is dominated by
two peak doublets, which are attributed to Cu; gS (S 2p;, peak
at 162.1 eV) and C—S—C species in the carbonaceous framework
(S 2ps2 peak at 164.2 eV), respectively.'"'”) In addition, the two
smaller peak doublets at higher binding energy are attributed to
oxidized S species (sulfites or equivalent species at 166.7 and
167.9 eV) and sulfates (168.8 and 170.2 eV).*”) The O 1s spec-
trum contains two peaks, which are mainly assigned to C=0
(531.8 V) and C—O (533.3 eV) moieties. It may be noted that
the O atoms of oxidized S species will most probably also con-
tribute to the first peak.*”) Finally, the F 1s spectrum shows a
single peak at 687.9 eV due to the PVDF binder.

The measurements of the cycled samples demonstrate for all
electrolyte formulations the formation of a stable SEI layer after

Small Struct. 2021, 2, 2100035 2100035 (8 of 12)

the first sodiation. More precisely, the disappearance of the fea-
tures due to CuygS in the S 2p (and Cu 2p; cf. Figure S13,
Supporting Information) spectra indicates the surface layer to
be ticker than 4 nm (when assuming an inelastic mean free path
of about 2 nm and taking into account the detection angle of 45°).
Instead, oxidized S species dominate the spectra in the
S 2p range. Most interestingly, however, undecomposed FSI™
(S 2p3/2 peak at 170.3 eV)*! is only detected for the sample with
3.3 M NaFSI-TMP+FEC, whereas features due to (partly) decom-
posed FSI™ (S 2p3,, peaks at ~167 eV and =169 eV) are observed
in all cases. This finding seems to indicate a stabilization of FSI™
in the SEI layer formed by cycling in NaFSI-TMP+FEC, and
indeed the FSI -related peak doublet is still present in the S
2p spectrum after prolonged cycling (10 cycles; Figure S14,
Supporting Information). The comparison of the results in the
C 1s range shows a smaller amount of C—C/C—H species for

© 2021 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 6. XP spectra of the C1s, S 2p, F Ts, and P 2p regions, collected from the pristine electrode and Cu, 3S/C electrodes after the first sodiation in 3.3 M
NaFSI-PC, 3.3 M NaFSI-TMP, and 3.3 M NaFSI-TMP+FEC electrolytes at 0.1 Ag’1.

the NaFSI-TMP+FEC sample, while the amount of C—O and
C=0 species is between that of NaFSI-TMP and NaFSI-PC.
The analysis of the spectra in the O 1s range is complicated
by the presence of Na KLL Auger features (at =536 eV). The F
1s spectra of all cycled samples show two peaks at 684.2 and
687.9eV, which can be assigned to NaF (684.2eV)* and
FSI™ (687.9 eV),*!] respectively (the latter presumably together
with partial decomposition products in which the S—F bond is
still intact). While FEC or its reaction products might also have
a small contribution to the second peak, PVDF should not play a
role anymore after SEI formation (cf. also the disappearance of
the related peak at 290.9 eV in the C 1s spectra). A comparison of
the peak intensities reveals the presence of a much larger
amount of NaF in the SEI layer of the 3.3m NaFSI-
TMP+FEC sample. Furthermore, even after ten cycles the
NaF-rich inorganic SEI layer can be still identified on the surface
of the Cu;gS/C electrode cycled in 3.3m NaFSI-TMP+FEC
(Figure S14, Supporting Information). Finally, it may be noted
that the inclusion of TMP (and its decomposition products) in
the SEI layer is corroborated by the detection of a P 2p peak dou-
blet (P 2ps,, peak at 133.9 eV) for the TMP-containing electro-
lytes.[**) For the TMP-based electrolyte with FEC additive, the
content of NaF increases, indicating that the preferential
defluorination and decomposition of FEC helps in generating
a NaF-rich SEL”>* Taken together, the SEI layer of the
Cu, gS/C electrodes in 3.3 M NaFSI-TMP+FEC after cycling con-
tains a smaller amount of organic compounds and more NaF,
suggesting a dense inorganic SEI layer. Furthermore, the
FSI” decomposition seems to hindered by FEC addition.
Overall, these XPS results demonstrate that FEC in TMP electro-
lytes favors the formation of a stable SEI layer, thus effectively
suppressing decomposition of FSI™ and TMP and increasing
the reversibility of the electrode.
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2.5. Sodium Full-Cell Performance

Sodium-ion full cells were assembled using presodiated Cu, gS/C
as the negative electrode, Na3V,(PO,);/C as the positive elec-
trode, and 3.3 M NaFSI-TMP+FEC (Figure 7a) as the electrolyte.
It is well known that Cuy gS/C, like all TMSs, has a relatively high
operational potential. Therefore, coupling this type of anode
material with a high-voltage cathode could compensate for the
voltage loss at the full-cell level. However, currently, the choice
of stable sodium-based high-voltage cathodes is still very limited.
Therefore, in this work, the classical Na;V,(POy)3/C was used as
the cathode material. Before the full-cell assembly, the Cu, gS/C
anode was precycled in a sodium half-cell to compensate for the
irreversible charge consumption in the initial cycles. As shown in
Figure 7b, the Na||Na;V,(PO,);/C half-cell delivers a reversible
capacity of 108 mAh g™ at 0.12A g™, while the Na||CuyS/C
half-cell displays a reversible capacity of 400mAhg™' at
0.1Ag '. The full cell was tested in the voltage window of
0-3.6 V. Figure 7c shows the typical charge/discharge profile
of the full cell, which delivered charge/discharge capacities of
101/100 mAh g™ (based on the mass of Na;V,(PO,);/C) at
0.12A g '. To better highlight the individual contributions of
the anode and cathode to the dis-/charge profiles of the full cells,
their potential profiles were recorded versus a sodium reference
electrode (see Figure S15, Supporting Information). The compar-
ison of the cathode and full-cell voltage profile nicely displays that
the capacity of the cathode is fully exploited, as could be expected
by the cathode-limited cell balancing. Moreover, the full cell
exhibits an outstanding long-term cycling performance with
84mAhg ' and a CE of 99.3% after 200 cycles at 0.12A g ".
The ex situ SEM images recorded postmortem on the Cu, gS/C
electrode after 200 cycles in full-cell configuration (Figure S16,
Supporting Information) confirm the stability of the Cu;S/C

© 2021 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 7. Electrochemical performance of a Cuy gS/C||Na3V,(PO,);/C full cell within the 0-3.6 V voltage window in the 3.3 m NaFSI-TMP+FEC electro-
lyte. a) Schematic illustration of Cuy §S/C||Na3V2(PO4)3/C full cells. b) Characteristic charge/discharge profiles of Na||Na3V,(PO,);/C and Nal|Cu, ¢S/C
half-cells. c) Galvanostatic discharge—charge profile of the full cell at 0.12Ag™". d) Long-term cycling performance at 0.12 Ag™". The capacity values in

panels (c) and (d) are given with respect to the Na3V,(PO,);/C weight.

composite material, as previously observed in the half-cell. These
results once more confirm that combining conversion anodes
and nonflammable electrolytes is a valuable strategy to achieve
safe rechargeable SIBs.

3. Conclusion

In summary, the reversible conversion reaction of MOF-derived
Cu, gS/C in nonflammable phosphate-based electrolytes is dem-
onstrated. A concentrated TMP electrolyte using NaFSI salt and
FEC additive enables stable cycling of the Cu; gS/C anode, with
high reversible capacity and rate performance. Full-cell measure-
ments, based on a Na3V,(PO,); cathode and a Cu;gS anode,
revealed a highly stable cycling performance with negligible
capacity fading over 200 cycles. The excellent electrochemical
performance is enabled by the NaF-rich SEI derived from both
the salt and the FEC additive. This design strategy can be
extended to various conversion materials and nonflammable
electrolytes, providing a promising prospect to the further devel-
opment of high-energy and safe rechargeable SIBs.

4. Experimental Section

Chemicals:  Cu(NOs);,-3H,0  (98.0-103%) and sulfur powder
(S, 99.98%) were purchased from  Sigma-Aldrich. 1,3,5-
Benzenetricarboxylic acid (98%) was obtained from Acros Organics.
Polyvinylpyrrolidone (PVP, K30, M,, = 44 000-54 000) was purchased from

Small Struct. 2021, 2, 2100035 2100035 (10 of 12)

PanReac AppliChem. Methanol (98.5%) was obtained from VWR. All
chemicals were directly used as received without further purification.

Synthesis of Cu—BTC Precursor. Cu(NO;3),-3H,0 (0.9¢g) and
polyvinylpyrrolidone (0.4g; PVP, K-30) were dissolved into methanol
(50 mL) to form solution A. 1,3,5-Benzenetricarboxylic acid (0.43 g,
H3BTC) was dissolved into methanol (50 mL) to form solution B. After
stirring A and B for 30 min, solution B was slowly added into solution
A under continuous stirring in 10 min, and then the resulting solution
was kept at room temperature for 24 h. Finally, the precipitate
(Cu-BTC) was collected via centrifugation, washed with methanol, and
dried at 80°C overnight.

Synthesis of Cu gS/C Composite Anode Material: The Cuy 3S/C compos-
ite was synthesized by a one-step sulfidation and carbonization process of
the Cu-BTC precursor. Cu—BTC and sulfur powder (in a mass ratio of 1:5)
were put downstream and upstream in the same crucible in a tube furnace
and heated to 500 °C (heating ramp: 2 °C min~") for 2 h under argon flow.
After natural cooling to room temperature, the Cu, 3S/C black powder was
collected.

Synthesis of NasV, (PO,);/C Composite Cathode Material: The
Na3V,(PO,4)3/C composite was obtained via a sol-gel method, as
described earlier.®® Typically, CH;COONa-3H,O (VWR, >99%),
NH4H,PO, (Alfa Aesar, >99%), NH,VO; (Sigma-Aldrich, >99%), and cit-
ric acid monohydrate (C¢HzO7-H,0) (Alfa Aesar, >99%) were dissolved in
deionized water and dried at 80 °C. After grinding, the obtained precursor
was pretreated at 350 °C for 6 h and then calcined at 800 °C for 12 h under
argon flow. After cooling, the final NasV, (PO4)3/C composite was
obtained.

Preparation of the Electrolytes: The TMP solvent used in this work was
purchased from Sigma-Aldrich. Before use, it was purified by redistillation
under vacuum. Battery-grade sodium (1) bis(fluorosulfonyl)imide (NaFSlI,
99.7%) was obtained from Solvionic. FEC and propylene carbonate (PC),
both battery grade, were purchased from BASF. All electrolytes were
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prepared in an argon-filled glovebox with H,O and O, content lower
than 0.1 ppm.

Materials Characterization: The crystalline structure of Cu—-BTC and
Cuy 3S/C was determined by means of XRD on a Bruker D8 Advance
instrument (Cu Ko radiation with a wavelength of 0.154nm). In situ
XRD measurements were performed using a homemade cell featuring
a Be disc as an X-ray window and current collector. The electrochemical
test was controlled using a potentiostat/galvanostat (SP-150, BioLogic).
The morphology and elemental composition of the materials was investi-
gated via SEM (ZEISS 1550VP) coupled with EDX (Oxford). TEM was con-
ducted on a Thermofisher Talos 200X. The Raman spectrum of Cu; 3S/C
was recorded using a confocal InVia Raman microspectrometer
(Renishaw) using 633 nm laser radiation. The specific surface area and
pore size distribution of Cu-MOF and Cu; 3S/C were determined from
nitrogen absorption—desorption isotherms (Autosorb-iQ, 3P instruments)
at 77 K. TGA was performed under O, flow (20 cc min™") using a heating
rate of 5°Cmin~"' (TGA-209 F, Netzsch). XPS was performed using the
PHI 5800 Multitechnique ESCA system with monochromatized Al Ko
(1486.6 eV) radiation at a detection angle of 45° and pass energies at
the analyzer of 29.35 and 93.9 eV for detail and survey spectra, respec-
tively. The main C 1s peak of C—C/C—H species was used for binding
energy calibration and set to 284.8 eV. The spectra were analyzed by a
peak-fitting software (CasaXPS) using a Shirley-type background and peaks
with a mixed Gaussian/Lorentzian shape. For the fit of the 2p spectra of P
and S, the expected peak intensity ratio (2:1) and spin-orbit splitting
(P2p=0.84¢eV, S 2p = 1.2 eV) were fixed. The liquid Raman spectra were
collected on a RAM Il FT-Raman module of a Bruker Vertex70v spectrom-
eter with a laser wavelength of 1064 nm for 1000 scans with a resolution of
2cm™. For these measurements the samples were sealed in glass tubes
containing argon gas. The ionic conductivity of the electrolytes was deter-
mined in sealed glass conductivity cells (Materials Mates 192/K1)
equipped with two platinum electrodes (cell constant of 1.0 4+0.1 cm),
using a Bio-Logic conductivity meter.

Electrochemical Measurements: The anodes were made by casting slur-
ries composed of Cu, gS/C, Super C65 (Imerys Graphite & Carbon), and
polyvinylidene fluoride (Solef 6020, Solvay) in a weight ratio of 70:20:10 in
N-methyl pyrrolidone (NMP, anhydrous, Sigma-Aldrich), onto a dendritic
copper foil (Schlenk, 99.9%, the thickness was 18 pm). After the initial
drying in an oven at 80 °C (2 h), disk electrodes (12 mm in diameter) were
punched and further vacuum-dried for 24 h at 80°C. The average active
material (CuqS/C) mass loading of each disk electrode was in the range
between 1.2 and 1.5 mg cm ™2 (the thickness was ~25 pm). The cathodes
were fabricated by mixing the Na;V,(PO,);/C with polyvinylidene fluoride,
and Super C65 in a weight ratio of 80:10:10 into a slurry using NMP. This
was coated onto Al foil and first dried at 80 °C overnight. Disk electrodes
(12 mm in diameter) were punched from this film and vacuum-dried for
24 h at 120 °C. These disc electrodes were pressed at 5 tons cm 2 for 10's
to increase electrode density for cell assembly. To match the negative and
positive electrode capacity in the full Na-ion cell, the average active mass
loadings of the anode and cathode were around 1.4 and 2.9 mgcm™,
respectively. This resulted in an anode:cathode capacity ratio of
~1.25-1.35 (cathode-limited).

The half-cell galvanostatic cycling tests were performed in CR2032 coin
cells, using CuqS/C or NazV,(PO4);/C as the working electrode, and
sodium metal foil (Acros, 99.5%) as counter electrode. As electrolyte,
3.3 M NaFSlI solution in TMP (including 5vol% FEC as additive), 3.3 m
NaFSlI in TMP, and 3.3 M NaFSI in PC were used for support in a glass
fiber membrane disk (GF/D, Whatman). For the Cu; 3S/C||Na3V,(PO,);/C
full-cell assembly, the Cu;gS/C electrode was precycled (ten cycles at
0.1Ag™") to compensate for the initial irreversible capacity. CV experi-
ments were conducted in three-electrode Swagelok-type cells on a
VMP3 potentiostat (Biologic Science Instruments) in the potential range
0.01-3.0V versus Na/Na*, using sodium metal (Acros, 99.5%) both as
counter and reference electrode. All cells were assembled in an argon-filled
glovebox (MBraun Labmaster; H,O and O, content <0.1ppm). The
galvanostatic cycling tests were performed on a Maccor 3000 battery
tester. All electrochemical tests were performed in climatic chambers at
a constant temperature of 20 4+ 1°C.
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