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Revisiting the HKUST-1/S Composite as an Electrode for Li-
S Batteries: Inherent Problems That Hinder Its Performance

Jorge de Haro*,” Almudena Benitez*,” Alvaro Caballero,*™ and Julian Morales*®

A composite formed by the HKUST-1 metal-organic framework
(MOF) and sulfur (S) was studied as an electrode for Li-S
batteries. For preparation, a simple milling procedure in
ethanol, to facilitate its homogeneity, was used instead of melt
diffusion. Different instrumental techniques were used to
characterize the structural, morphological and textural proper-
ties of the compound. The results revealed a MOF with a high
degree of purity, a high specific surface area and a dual
micropore and mesopore system. Although capacity retention
is good, losing 0.88 mAhg™' per cycle, capacity values are low,
200 mAhg™" at 100 cycles recorded at C/10 rate. Furthermore,
the electrode only gives a moderate electrochemical perform-
ance at intermediate current rates. In parallel, a review was

Introduction

Among the alkali metal-based batteries, Li-S has one of the
highest specific capacities and theoretical energy densities,
1675 mAhg™" and 2500 Whkg™', respectively. These values are
surpassed by the Li-air battery, but the major design difficulties
of this technology hamper its implementation in the short
term.? Although the challenges for commercial-scale produc-
tion of Li-S batteries are not so severe, there are still difficulties,
among which is the solubility of polysulfides in the electrolyte
formed in the early stages of the electrochemical process. These
salts can shuttle from the cathode to the anode, causing loss of
active material and severe limitations of cell efficiency and cycle
life.”! Several strategies have been used to alleviate this
shortcoming, usually based on using S additives. The most
common additives are capable of trapping polysulfides in their
cavities, an illustrative example is porous carbons,® or by
electrostatic interaction with polar species, an illustrative
example is metal oxides.”” Metal-organic frameworks (MOF)
are materials that meet both conditions, with a system of pores
available to trap polysulfides and the polarity of the M—O bonds
favours the electrostatic interaction, showing interesting con-
ditions for energy storage systems.'” This property was
confirmed by the pioneering work of Tarascon et al." on MIL-
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carried out of the reported results of this MOF for this
application. Although better performances of the HKUST-1 MOF
have been published for this application, in some cases, the
lack of experimental data to confirm them and serious doubts
about the actual content of S in the composite bring the results
into question. Only by increasing the additive content, working
with low S loading, increasing the measurement voltage
window and lowering the current rate can the electrode deliver
higher capacities. The inherent problems of this MOF and
others with similar properties are indeed their insulating
character since the textural properties are adequate for S
impregnation and absorption of the polysulfides formed.

100(Cr) MOF, although the S—MOF composites gave moderate
performances. Subsequently, numerous articles have reported
expanding this application to other MOFs with different metallic
element and ligands.">™'7 Special attention has been paid to
the so-called HKUST-1, a MOF of Cu and benzene-1,3,5-
tricarboxylic acid (BTC) as the ligand, due to its ease of
preparation, a pore system available for S impregnation and
unsaturated metal sites to anchor polysulfides."® To our knowl-
edge, since the first report in 2013 on applying HKUST-1 in Li-S
batteries,'” at least three more articles have been published,
either comparing the behavior with other MOFs?® the
influence of particle size on cell performance®®” or prepared as a
thin film combined with carbon nanotubes.”

Table 1 shows some properties of the electrodes prepared
using HKUST-1 as the impregnation system for S. The first
observation is an evident heterogeneity in the test conditions,
both in terms of electrode preparation and electrochemical
measurements. When working with carbons as impregnation
systems, better conductors than MOFs, the most common
electrode composition is 80:10:10. A reduction in composite
content is justifiable to increase the carbon black content, but a
60% reduction, as in ref.”” is excessive, as is the 40% in ref,""”
since the advantage of Li-S technology over Li-ion, the greater
storage energy, is seriously affected. Furthermore, in the latter
case, S loading is too small, below 0.5 mgcm™, an important
parameter that should be indicated in the experimental section
of any article on this topic. Another property, the S percentage
mixed with the MOF is unsettled. This property is usually
quantified using thermogravimetric measurements (TG), taking
advantage of the S sublimation between 170-300°C. In this
system, and extendable to other MOFs, the decomposition of
the ligand may partly overlap with that of S sublimation,
hindering an accurate knowledge of the S content in the
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Table 1. Selected properties of Li-S cells made from HKUST-1/S composites reported in the literature. All composites were prepared by melt diffusion except

that of the ref,®” which was made from S dissolved in CS,. The current collectors used were Al foil, except in ref.?”” where carbon paper was used.
S/MOF [%] Electrode composition® S Loading Long Term Cycling Ref.
Voltage window (@ C Cycles Rate
[%] [mgecm™] I\ [mAhg™]
40" 40:35:25 0.5 3.0-1.0 1498 500 170 C/20 ool
1100 210 1709
50®! 60:30:10 - 2.8-1.8 200 330 40 c/10 20
180 286 300 C/2
1050 710 704 c/10
- 70:20:10 1 2.8-1.7 900 450 50 C/5? e
1263 911 100 c/5
44979 ? ? 10 C
60" 75:15:10 - 29-16 495 230 20 c/10" =
230 200 100 c/5"
40 70:20:10 1.3 2.7-1.8 620 200 100 c/10 This work
[a] Composite: Carbon black: PVDF ratio. [b] Sulfur infiltrated by melt diffusion. [c] Composite prepared without heating. [d] Tabulated values without
experimental support in the text. [e] 40% S. [f] The data belongs to the same cell. The first twenty cycles were recorded at C/10 and the next eighty at C/5.

electrode after the composite preparation. We will come back  Results and Discussion
to this idea when discussing the TG results on our composite.

Regarding selecting the conditions of the electrochemical = The MOF crystal structure was examined by XR diffraction, the
measurements, the voltage window for the galvanic measure-  pattern of which can be indexed in the cubic system with space
ments has special relevance since the two stages in which the  group symmetry (SG) Fm3m,”” as shown in Figure 1a, in which
reaction between S and Li develop are well known and limited
between 2.8 and 1.8 V. Pseudo-plateaus are observed in the
discharge curve for values below 1.8V, which are sometimes
erroneously attributed to a special type of S confined in the (") PDF 04-0836 Cu )| Calcinated HKUST-1
pores. Its origin must be associated with redox reactions that ®
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Q
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affect the electrolyte, such as the reduction of LiNO; or another
component. This overcapacity raises serious questions about
the reliability of electrode performance. Values of over-
discharge capacities greater than 40% are obtained by
decreasing the voltage from 1.8 to 1.0 V. For somewhat
smaller decreases, up to 1.6 V,?" although the over-discharge
values decrease, they are still appreciable, around 10%. Side
reactions are also observed when charging the cell to values ®) o HKUST-1/S
above 2.8V, although the overcharge values are pronounced. e
We have been struck by the fact that in two of the articles 0 10 20 30 40 50 60 70 80
reviewed,”*?" tables appear that collect data on capacity values 20 (degrees)
and cycle number without connection to graphic representa-
tions and in contradiction to those set forth precisely in these
graphs. In both cases, it is striking that the electrode perform-
ance in the tabulated values is better than that deduced from
the graphical representations. Without ruling out a lapse from
the authors, we do not have a convincing explanation for this
divergence in electrode performance between tabulated and
graphically represented data.

These previous observations justify the need to delve
deeper into the behavior of the HKUST-1 MOF in Li-S batteries,

the main objective of this short review. This study may also be I lM
WA

of interest for MOFs based on other ligands and/or metals i
V\:hose tfhgrrlr;al |nstab|I|t2/ ovtercljaps fW»::]h tthhe SUbI;m:tlI)?;-lten;ptir- 0 600 1200 1800 2400 3000 3600
ature .o . If an accurate study of the : erme.a stability of the Raman shift (cm™)

MOF is not performed, the TG technique is not the most

adeqyate to calculate the actual S content of the composite Figure 1. (a) XRD pattern of HKUST-1 MOF (red line), after heating in an O,
and it would be necessary to resort to others that do not  atmosphere (blue line), and sulfur composite (black line). (b) Raman
present this shortcoming. spectrum of HKUST-1.
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only the most intense reflections have been indexed. The XRD
pattern reflects a satisfactory degree of purity for the synthe-
sized compound.*** Raman spectroscopy was used as a
complementary technique for structural characterization. Fig-
ure 1lb shows the spectrum recorded between 100 and
2000 cm™'. Between 750 and 1800 cm™', the spectrum is
dominated by modes associated with the organic ligand. The
bands at 1610 and 1006 cm™' are associated with the vibration
modes of the C=C bond in the benzene ring. The peaks at 826
and 740 cm™ are attributed to the out-of-plane bending of the
ring C—H bond and out-of-plane bending of the ring,
respectively. The doublet at 1550 and 1460 cm™' is assigned to
C—O bond symmetric and asymmetric stretching vibrations,
respectively. The peaks of the low-frequency region (range 100-
600 cm™'") are associated with Cu (Il) interaction with ligands
and their interpretation is more complex due to the presence of
vibrational modes that directly involve the bond between Cu
(I) and the ligands. The most outstanding contributions are a
doublet with an intense peak at 502 cm™' and a very weak peak
at 448 cm™', a weak, widened beak around 275cm™' and a
complex contribution with two distinct peaks at 193 and
177 cm™". The good spectrum agreement with that published
by other authors®®2® confirms the high degree of purity of the

synthesized compound.

The SEM image of Figure 2a shows the octahedral shape of
the compound’s crystals, reflecting its structural framework.
The size ranges from approximately 15 to 20 um. The size is

larger than when the compound synthesis is performed without
29]

29]

hydrothermal treatment.!

Figure 2. SEM images of HKUST-1 (a) and sulfur composite (b). (c) Mapping
of the elements C, O, S and Cu obtained from the EDS spectrum of SEM
image b.
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The surface area and pore structure of a material capable of
acting as an electrode in Li-S cells play important roles in its
electrochemical behavior. These properties were determined
from N, adsorption measurements. The adsorption/desorption
isotherm of the compound is shown in Figure 3a. Up to relative
pressures P/P,=0.4, the shape of the adsorption isotherm
conforms to Type | in the BDDT classification, typical of
microporous solids. The steepest increase in adsorption volume
at higher relative pressures and the hysteresis cycle observed in
the desorption isotherm reveal a change in the shape of the
Type IV isotherm, typical of mesoporous solids. Therefore, the
shape of the isotherm suggests that the compound has a dual
system of micropores and mesopores. Table 2 shows the values
of the textural parameters obtained from evaluating the
adsorption data. Although the calculated value for the specific
surface Sger, 825 m?>g™, is intermediate to that measured by
other authors, 692""® and 1140 m*g~",%” the total pore volume
(V) is greater, 0.505cm’g”', compared to 0333 and
0.420 cm*®g™" in references™ and,®” respectively. The surface
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Figure 3. (a) N, adsorption/desorption isotherms and (b) Pore size distribu-
tion obtained from the DFT model for HKUST-1.

Table 2. Textural parameters obtained from the N, adsorption isotherms.
Sample Seer [M*G7'] Smicro M?g7'T Vo Iem’g™] Vi [em*g 7]
HKUST-1 825 730 0.505 0.368
HKUST-1/S 18 N 0.107 -
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values and the volume adsorbed by the micropores (Vi co)
reach high values, 88 and 72%, respectively, values that
demonstrate the importance of the compound’s micropore
system. The presence of S causes significant changes in the
textural properties of the composite. The shape of the nitrogen
adsorption-desorption isotherm shifts to Type II, characteristic
of non-porous materials, Figure 3a (the small hysteresis loop
can be associated to an interparticle mesopore system®"),
Furthermore, a sharp drop in the adsorbed volume values is
observed and the surface area and pore volume significantly
decrease to 18 m?>g~" and 0.107 cm®g™", respectively. This is the
usual behavior observed when the material is impregnated with
S.5233 Figure 3b shows the analysis of the pore size distribution
for HKUST-1 carried out using the density functional theory
(DFT) model. Four peaks appear in this plot for sizes less than
5 nm, three well defined with values of 1.8, 2.5 and 4.0 nm,
which confirm the dual nature of the compound in terms of its
pore system.

To improve the compound characterization, its weight loss
curve was recorded in a dynamic N, and O, atmosphere. In
both conditions, the thermogravimetric curves, Figure 4, show
two weight losses. The first begins at room temperature and
ends at temperatures slightly above 100°C. The low temper-
ature suggests water loss, in good agreement with the
compound’s ease of absorbing water from the air. The
calculated loss is around 26.4% in N, and 28.5% in O,. Under an
N, atmosphere, the second stage of weight loss starts at around
200°C and continues up to 500°C, the measured temperature
limit. The total loss is 32.2% and is more pronounced between
300 and 400°C. In O, atmosphere, this stage also begins at
around 200°C, but starting at 300°C, the weight remains
virtually constant. The weight loss is greater by 41.4%. The
compound decomposition in O, atmosphere was studied by Lin
et al.B* The amount of water lost in the first stage is somewhat
lower, around 21%. These data, together with the difference in
weight loss found in our measurements, are consistent with the
easiness of compound hydration. The weight loss measured in
the second stage, around 42%, is like that observed in our

—— HKUST-1 N,
——HKUST-10,
—— HKUST-1/S N,

200 300 400

Temperature (°C)

100 500

Figure 4. TG curves of HKUST-1 recorded in N, and O,, and the HKUST-1/S
composite in N, atmosphere.
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work. The proposed formula for the synthesized MOF was
Cu;[(BTC),(H,0);]-nH,0. The loss of the three coordination H,O
molecules would mean a loss of around 8.5%. Therefore, the
rest would correspond to the H,O of hydration, not directly
bound to Cu®*" ions. The problem of this compound is the
virtual equivalence in the interaction forces of both types of
water molecules within the structural framework of the Cu-BTC
system, hence, they cannot be differentiated using thermal
measurements.

Lin et al.®* identified CuO formation as an expected phase
resulting from decomposition in O, atmosphere. The decom-
position reaction in a nitrogen atmosphere should lead to
different phases. We have not found data that identify the
phases formed in an N, atmosphere, so the XRD pattern of the
resulting product after heating to 500°C was recorded, Fig-
ure 1a. The pattern demonstrates the formation of Cu metal
(Pattern Diffraction File, PDF #04-0836). Oxidized phases such as
CuO, expected according to the initial valence of Cu in the
compound structure, and Cu,0, are not detected. Neither is the
C formation clearly detected unless the pattern scale is
expanded. Under these conditions, a very weak widened peak
is observed in the region in which the (002) plane of graphite
should appear, between 20 and 30° 20, depending on the
degree of crystallinity.”® Consequently, the carbon formed is
virtually amorphous. The formation of Cu would be a conse-
quence of reducing gases release (CO, CH, ...) or of C itself
formed in the pyrolysis process. In summary, the reactions that
would take place when heating the compound to 500°C would
be:

0, atmosphere : Cu;[(BTC),(H,0);] - nH,0(s) + 0,(g)

. CuO(s) + (n + 3) H,0(g) + CO,(g) M

N, atmosphere : Cu;[(BTC),(H,0);] - nH,0(s) + N,(g)
— Cu(s) 4 (n+ 3) H,0(g) +C )

(s, amorphous) + unidentified gases

The stability of the MOF increases by about 50°C when
heating is carried out in an N, atmosphere.

The XRD pattern of the HKUST-1/S composite is shown in
Figure 1a. The main peaks of the MOF are maintained, and the
reflections of S appear in its orthorhombic structure allotropic
form. These results show that the wet grinding process barely
affects the structure of both components. The grinding process
affects the particle morphology more, with a tendency to break
and lose the octahedral shape, as shown in Figure 2b. The
mapping of C, O, Cu and S obtained from the EDS spectrum is
shown in Figure 2c. From these images, it is worth noting the
homogeneous distribution of S. The actual S content of the
composite was obtained from its TG curve in N, atmosphere,
Figure 4. Compared with the MOF curve, several differences
should be highlighted, namely: (i) a lower H,O content, around
2.3%, just one molecule of water of hydration and (ii) a weight
loss of around 42% between 150-300°C, assigned to S
sublimation.®® Between 300 and 500°C, the shape is identical
to that described for the MOF with a weight loss of around

© 2020 Wiley-VCH GmbH
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30.8%. The S content is below 51%, calculated from the pore
volume by the formula Wy (%) = (ps-V/(ps-V+ 1) X 100, where ps
is the density of sulfur (~2.07 gcm™) and V the pore volume of
the carbon matrix (0.505 cm®g™").*” Consequently, there are still
empty cavities available for the mobility of the species formed
in the electrochemical reaction.

As mentioned in the Introduction, confirming the S content
of the composite was done by analyzing the thermogravimetric
measurements recorded in an N, atmosphere (Figure 4). MOFs
are compounds with low thermal stability due to the low
pyrolysis temperature of the organic ligand, a temperature that
can overlap with the sublimation of the composite S, which
generally takes place between 150-300 °C; hence the need for a
comparative study between the thermal stability of the pristine
MOF and the composite. Table 3 shows weight loss values at
different temperatures of the HKUST-1/S system reported in the
literature along with those obtained in this work. This dual
thermal study was performed in all of them, except for Mao
et al.,”" which only included the TG curve of the composite.
The composite loses 40% of weight up to 265°C, assigned to
the S, followed by 14.7% assigned to the MOF. Since pristine
MOF loses around 48%, the results of the thermal study raise
serious doubts about the actual composition of the composite.
The composite MOF/S described by Zhou et al.*” was prepared
with a 1:1 weight ratio, so it should lose 50% assignable to S. A
50% weight loss was reached at about 380 °C. Considering that
the composite loses 65.5% of its weight, the MOF would only
lose 15.5%, far from the 25% that should be observed since
pure MOF loses more than 50%. Consequently, the weight loss
values differ markedly from the composition used in the
preparation and raise serious doubts about the actual capacity
values of the electrode. A similar problem was shown by the
results published by Baumann et al.”? In this case, the TG curve
is described in five stages associated with the loss of solvent
adsorbed physically (<120°C) and chemically (120-200°C), S
adsorbed physically (190-180°C) and chemically (280-310°C),
and MOF decomposition (310-400 °C). This model is based on a
so-called “coordination modulation method” proposed by

Table 3. Weight loss values (in %) of HKUST-1 and HKUST-1/S composite
reported in the literature. The values found in this work have also been
included for comparison.

Temperature range Samples Reference

°C MOF MOF/S

25-150 233 23 This work
150-300 - 42.5

300-500 34.1 24.5; 25.3%

200-330 27 40.0 fel

330-600 44.6 27.9; 28.39

150-280 - 27 (201

280-600 50.5 38.5

140-265 - 40.0 2

265-500 - 14.7

25-200 15 - =

200-400 48 -

25-190 - 12

190-310 (Sphysr Schem) - 39.5

310-340 - 18.6

[a] Value calculated considering the thermal behavior of the pristine MOF.
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Wang et al®® to explain the different morphologies of the
HKUST-1 when three types of modulators are used, sodium
formate, sodium acetate and triethylamine. These compounds
are very different from the solvents (H,0) or S present in the
composite, so the analogy is highly questionable. As for the S
content, around 40%, we do not understand the phrase which
appears in the article “a typical S weight loading of ~65%, as
determined by thermogravimetric analysis (Table S4)”; hence, the
capacity values collected in Table 1 are misleading. When the
processes of S sublimation and MOF decomposition occur at
different temperatures, the thermogravimetric technique is
indeed appropriate to quantify the actual content of S in the
composite. This requirement is met in the TG curves recorded
in our work, (Figure 4) and that of Wang et al." In the latter,
the percentage of S, 40%, coincides with that used to prepare
the composite. In our composite, the S used was also 40%. The
weight loss is slightly higher, 42.5%, either because it is
somewhat hydrated or when it is ground and recovered it from
the jar, the MOF/S ratio may have changed slightly. As expected
in both cases, the calculated MOF weight loss is consistent with
that obtained from the TG curve (see Table 1).

The cyclic voltammetry (CV) curves of the HKUST-1/S
composite recorded at 0.05 mVs™' a scan rate in the 1.7 to 2.7 V
range are shown in Figure 5a. Two asymmetric reduction peaks
at 2.3 and 2.03V, the latter very wide, are assigned to the
various stages of sulfur reduction. The first peak is generally
attributed to the opening of the S; ring followed by the
formation of long-chain polysulfides (Li,S,, 4 <x<8) and the
second is associated with a greater reduction of these
polysulfides to short-chain polysulfides (Li,S, and Li,S).%**” The
oxidation process in the Li-S battery also occurs in two stages.
The anode sweep shows a broad, asymmetric peak centred at
ca. 2.4V, attributed to the observed inverse reactions on the
reduction curve. The slowness of these reactions causes a
polarization, a significant overlap of both stages and, as a result,
the appearance of a widened and asymmetric peak. In the

(a) (b) ooy
—— 1% Cycle
L 2" Cycle = Fitting
<
0.2
£ S 200 f
[= % :
g 00 N
8 ! P Ao
0.2 s 7 "VW"{R“ w070 o3
i Ry 3360 ® Q,
o 16 1.8 2.0 22 24 26 2.8 3.0 U M .
. : . i : . : . 0 100 200 300
Voltage (V) Zre | Q2
c) 2.
© 100th cycle 15t cycle (d:);, [ 100
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Figure 5. Cyclic voltammetry curves of HKUST-1/S composite recorded at
0.05 mVs™ (a) and EIS measurements at open circuit voltage (OCV) (b).
Galvanostatic curves recorded at C/10 (c). Variation in the discharge capacity
and coulombic efficiency as a function of the number of cycles (d).
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second cycle, the shape of the curves undergoes little
significant change, proof of the reversibility of electrochemical
reactions. Figure 5b shows the Nyquist plot of the impedance
spectroscopy test performed at the open-circuit voltage (OCV)
using HKUST-1/S electrode. The behavior of the cell is
associated with an equivalent circuit of the type R.(R,Q,)Q,
consisting of an electrolyte resistance R, (3.36 Q2) at high
frequency in series with the R,Q, element (R,=90.7 Q). In the
medium-high frequency range the semicircle is assigned to the
resistance and capacitance of electrode/electrolyte interphase,
including the solid electrolyte interphase (SEl) layer formed at
the electrodes surface. The last element in the low-frequency
region (Q,) can actually account for the diffusion of lithium ions
at the electrode/electrolyte interphase, being a constant phase
element (CPE) that is similar to an ideal capacitive element but
has an angle absolute phase of less than 90°. The Nyquist plot
resembles the one published by Mao et al.?” for a S/HKUST-1
with a S content similar to ours. The expected R, value would
be around 90 2, comparable to the one calculated here.

The galvanostatic charge and discharge curves recorded at
0.1C (1C=1675mAg™") in the 2.6-1.8V potential range are
shown in Figure 5c for some of the measured cycles. All
discharge curves exhibit two typical pseudo-plateaus, consis-
tent with the two-stage mechanism of the electrochemical Li-S
reaction reflected at the two peaks of the voltammetric curves
(Figure 5a). A sharp drop in potential is observed on moving
from the first to the second due to the slow formation of Li,S,/
Li,S, the reason for the separation between the two peaks of
the cathodic scan of the CV curve.*>* For the same reason, the
charging process begins with a strong polarization that
decreases the difference in potential of the two reverse
processes, and therefore, the two peaks in the anode scan are
not well resolved (Figure 5a). The values of the capacity
supplied by the cell as a function of the number of cycles are
shown in Figure 5d. The value of the first discharge was
620 mAhg™', less than 40% of theoretical. Several causes are
possible, from the insulating nature of the compound its
conductivity is around 1078 Scm™"™ much lower than that of
carbon black 107" Scm™',* to its ease of hydration. In fact, in
the first study carried out on using MOF as an S additive for an
electrode for Li-S batteries, the so-called MIL-100Cr,"" obtained
from a Cr (lll) salt and benzene-1, 3, 5-tricarboxylic acid, to
achieve an acceptable electrochemical response, it was neces-
sary: (i) to degas the MOF at 170°C; (ii) to perform the
composite formation with molten S at 155°C; (iii) add 50%
carbon black (CB) and (iv) set the voltage window at 1.0-3.0V,
and resulted in the presence of especially perceptible side
reactions in the discharge process. In the second cycle,
Figure 5d, the discharge capacity decreased significantly and
was around 400 mAhg™. In subsequent cycles, the decrease in
capacity was moderated and in cycle 10, it was 280 mAhg™". At
100 cycles the capacity was 200 mAhg™', showing a clear
improvement in capacity retention (loss of 0.88 mAhg™' per
cycle). The marked drop in capacity when passing from the first
to the second cycle is reflected in a strong polarization between
the respective discharge curves (see Figure 5¢); once the cell is
in operation, it requires additional time to stabilize and the
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electrolyte is distributed homogeneously in the active mass of
the cathode. From cycle 10, the cell stabilizes, as do both the
polarization between the curves and the loss of capacity. Similar
reasoning can be applied to charge curves. In fact, the
coulombic efficiency, the ratio between the value of the charge
and the discharge, deviates from 100% in the first cycles. The
trend is to approach 100% after the first cycles, indicative
behavior that the “shuttle” effect has little impact. The electro-
chemical properties in Li-S batteries of this HKUST-1 MOF are
somewhat better than that of the Cr-based MOF in ref.!™ with
CB values of 12.5%, equal current rate, 0.1 C, but greater
voltage window, between 1 and 3 V. The discharge capacity of
this electrode in the first cycle was 500 mAhg™'; in the second
cycle, it dropped to 370 mAhg ™' and in the last measured cycle,
62, 160 mAhg~', showing worse capacity retention (loss of
capacity per cycle 3.44 mAhg™).

Measuring the electrochemical properties was completed
with the study of the electrode’s rate capability. The current
densities were progressively increased starting at C/10 and
continuing at C/8, C/5, C/2 and 1 C. The last stage was to return
to the initial value, 0.1 C to analyze the cell’s recoverability. The
discharge/charge curve of the first cycle for each current
density is shown in Figure 6a. The profiles are like those
described in Figure 5c. It is worth noting the increase in
polarization between the charge and discharge curves with
increasing current density is due to the sluggish reaction
between Li and S. This obstacle leads to a decrease in capacity
with increasing current density. The capacity values at the
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Figure 6. (a) Galvanostatic curves recorded at different current density for
HKUST-1/S composite as the cathode in Li-S cells. (b) Rate performance.
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different current densities used are shown in Figure 6b. The five
cycles recorded at C/10 served to stabilize the cell. The average
capacity values for the remaining current densities were 250,
230, 200, 170 and 70 mAhg™" at C/8, C/5, C/3, C/2 and 1C,
respectively. Decreasing capacity with increasing current den-
sity is the expected behavior. For this electrode, numerical
values show that the cell responds reasonably well for
moderate current densities, up to C/2, but the response is less
satisfactory for higher densities. However, despite this draw-
back, when cycling back to C/10, the cell delivers initial-like
values with high capacity retention. Regarding the values of the
coulombic efficiency, the behavior is like that for the data on
prolonged cycling, Figure 5d. For the different current densities,
the tendency is to reach values close to 100% as the number of
cycles increases.

Conclusions

Although it is difficult to establish comparisons between the
performance of our electrode and those published by other
authors, in Table 1, given the differences in the composition
and preparation of the composite and in the measurement
conditions, some observations can be made on the advantages
and disadvantages of using HKUST-1 MOF as a Li-S battery
electrode compared to other MOFs with similar properties. To
obtain reasonably high values of capacity it is required to: (i)
decrease S content in the electrode and increase the CB to
improve conductivity; this option negatively affects S loading;
(i) use low current densities, and (iii) increase the potential
window, thereby enhancing side reactions that would affect the
electrolyte stability. This was the strategy followed in the first
study of this material for this application."” Although in later
reports, the electrode performance was improved, increasing
the content of S and the tendency to reduce the potential
window;?>?? however, experimental measurements to confirm
this are lacking. In addition, serious doubts arise about the
actual S content since it was extracted from thermogravimetric
measurements in which the weight loss of the composite
overlaps with the sublimation of S. Although our capacity
values are lower than those obtained by Wang etal,' the
most reliable of those reviewed in Table 1, the amount of S in
the electrode is higher, more than double; double the current
density used and the voltage window, appropriate so that the
only observable electrochemical reaction is between Li and S. In
addition, the melt diffusion method was not used for S
impregnation in favour of simply ball milling under wet
conditions (ethanol). Although the HKUST-1 MOF, in addition to
its ease of preparation, has a high porosity and specific surface
area suitable for impregnating S and trapping polysulfides, its
insulating character, as occurs with S, considerably hinders the
mobility of charge carriers and does not enhance the electro-
chemical reaction kinetics. The result is a low performance for
this type of battery. For other MOFs with a similar problem, it is
foreseeable that they will not be ideal for application in Li-S
batteries, although a revision would be necessary to confirm
this opinion.

Eur. J. Inorg. Chem. 2020, 1-10 www.eurjic.org

Experimental Section

HKUST-1 preparation

3.6 mmol (869.62 mg) of Cu(NO,),-3H,0 (Sigma-Aldrich) were
dissolved in 18 mL distilled water and 4 mmol (840.56 mg) of 1,3,5-
benzenetricarboxylic acid (Sigma-Aldrich) were dissolved in 18 mL
of ethanol. These solutions were mixed with stirring for 30 min. The
resulting solution was transferred to a 100 mL Teflon-coated
stainless-steel autoclave and heated at 120°C for 12 hours.”” The
suspension was washed three times with water and once with
ethanol and centrifuged at 3500 rpm for 15 min. The resulting solid
was dried in a vacuum oven at 80°C overnight. Under these
conditions, the compound acquires a dark blue colour.

HKUST-1/S composite preparation

135 mg of HKUST-1 MOF were mixed with 90 mg of S. The mixture
was prepared in an agate mortar and was subsequently ground in a
planetary ball mill (Restch PM100, Retsch GmbH, Haan, Germany) at
300 rpm for 3 hours and changes of rotation every 15 min. The wet
milling process was carried out using ethanol as a dispersant agent.

Electrode preparation

The positive electrodes were prepared by mixing 70 wt.% of the as-
prepared HKUST-1/S composite, 20 wt.% of the conductive agent
(Super P carbon, Timcal), and 10 wt.% of polyvinylidene fluoride
(PVDF 6020, Solvay) as a binder in N-methyl-2-pyrrolidone (NMP,
Sigma-Aldrich) in a manual mortar until a homogeneous slurry was
formed. Then, the slurry was cast on Al foil (50 um thickness) using
a doctor blade collector for the carbon-sulfur composites of Li-S
cells.* After drying, the electrodes were punched into 13 mm
diameter discs (1.33 cm? geometric surface). The cathode discs
were then further dried in a vacuum oven (Buchi, Flawil, Switzer-
land) at 45°C for 2 h. The S loading was ca. 1.3 mgcm 2 The
diagram shown in Scheme 1 summarizes the sequential steps used
for preparing the Li-S cells based on HKUST-1/S composite.

Material characterization

The structural and textural properties of the as-fabricated materials
were analyzed by different characterization techniques. X-ray
diffraction (XRD) was used to study the structures and the patterns
were obtained through a Bruker D8 Advance diffractometer
equipped with a Cu Ko source (.=1.5406 A) at 40 kV and 40 mA
over the 5 to 80° 26 range at a 1.05 s per step rate with a 0.04° step
size. Pattern Diffraction File database was used for the identification
of crystalline phases. Raman spectra were recorded with a confocal
Raman spectrometer (Raman Renishaw; InVia Raman Microscope). A
frequency-doubled Nd:YAG laser at 532 nm (second harmonic
generation) was used for excitation. Thermogravimetric analysis
was carried out using a Mettler Toledo-TGA/DSC with a heating rate
of 5°C min~' under an N, or O, atmosphere from 30 to 800°C.
Sample morphologies were investigated using a JEOL JSM-7800F
scanning electron microscope (SEM). The SEM was coupled to a
microanalysis system for obtaining the energy-dispersive X-ray
spectra (EDS). Nitrogen adsorption-desorption isotherms were
obtained on an Autosorb iQ/ASiQwin (Quantachrome Instruments,
Anton Paar GmbH, Graz, Austria). Specific surface areas were
determined by the Brunauer-Emmett-Teller (BET) method. Total
pore volumes (V;) were determined according to the amount
adsorbed at a relative pressure (P/P,) of 0.995. Pore size distribu-
tions were calculated using the density functional theory (DFT)
method applied to the adsorption branch of the isotherms. The
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Scheme 1. Schematic diagram for the preparation of HKUST-1/S composite as a cathode for Li-S batteries.

micropore surface area and volume were estimated using the t-plot
method.

Electrochemical measurements

The electrochemical behavior of the working electrode was studied
in coin-type CR2032 cells, assembled inside an Ar-filled glove box
(M-Braun 150, M-Braun, Garching, Germany). Lithium metal foil (Li,
Gelon Lib, Qingdao, China, 15.6 mm diameter and 0.25 mm thick)
served as the counter and reference electrodes. Polyethene
membrane (PE, 25 um thick, Celgard 2400, Charlotte, NC, USA) was
used as a separator. The electrolyte was 1 M LiTFSI with 0.4 M LiNO,
ona 1:1 (v:v) solution of DME:DOL. Cyclic voltammetry (CV) curves
and electrochemical impedance spectroscopy (EIS) were recorded
using an Autolab PGSTAT-204 (Metrohm, Herisau, Switzerland).
Impedance spectrum was recorded at the open circuit voltage
(OCV) condition, by applying an alternative voltage signal of 10 mV
amplitude within the 500 kHz to 0.1 Hz frequency range. Galvano-
static cycling tests were performed on an Arbin BT2143 (Arbin
Instruments, College Station, USA) within the 1.8-2.6 V potential
window.
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