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ABSTRACT: In an age of rapid acceleration toward next-
generation energy storage technologies, lithium—sulfur (Li—S)
batteries offer the desirable combination of low weight and high
specific energy. Metal—organic frameworks (MOFs) have been
recently studied as functionalizable platforms to improve Li—S
battery performance. However, many MOF-enabled Li—S tech-
nologies are hindered by low capacity retention and poor long-term
performance due to low electronic conductivity. In this work, we
combine the advantages of a Zr-based MOF-808 loaded with sulfur
as the active material with a graphene/ethyl cellulose additive,
leading to a high-density nanocomposite electrode requiring
minimal carbon. Our electrochemical results indicate that the
nanocomposites deliver enhanced specific capacity over conven-
tionally used carbon/binder mixtures, and postsynthetic modifica-
tion of the MOF with lithium thiophosphate results in further improvement. Furthermore, the dense form factor of the sulfur-loaded
MOF—graphene nanocomposite electrodes provides high volumetric capacity compared to other works with significantly more
carbon additives. Overall, we have demonstrated a proof-of-concept paradigm where graphene nanosheets facilitate improved charge
transport because of enhanced interfacial contact with the active material. This materials engineering approach can likely be
extended to other MOF systems, contributing to an emerging class of two-dimensional nanomaterial-enabled Li—S batteries.
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B INTRODUCTION

Societal demands for lighter, more sustainable, and higher-
performing energy storage devices necessitate the development
of post-lithium-ion battery technologies. A strong candidate
has emerged in lithium—sulfur (Li—S) batteries as result of the
high theoretical energy density (2600 W h kg™' and 2800 W h
L") and low cost of sulfur." However, Li—S batteries face key

We and others have previously demonstrated that metal—
organic frameworks (MOFs) are capable of mitigating capacity
fade and improving sulfur utilization by retaining sulfur species
within the electrode architecture.”™'* However, MOFs also
have several drawbacks that restrict their use in batteries
including their electronically insulating nature and low density.
Employing sulfur-loaded MOFs (denoted as “@S”), in which
the pore space is packed with sulfur, rather than MOFs

issues including severe capacity loss due to polysulfide physically mixed with sulfur (denoted as “+S”), improves

dissolution and low electrode conductivity, which limit
performance and prevent wide-scale adoption of the
technology.” In addition, low sulfur conductivity results in
poor utilization, which can be partly mitigated by the inclusion
of conductive additives to the cathode architecture such as

-8
For

carbonaceous, inorganic, or polymeric materials.’
efficient electron transfer, these additives must exhibit good
interfacial contact with sulfur and the electrolyte to enable
efficient battery cycling. The development of conductive
materials with suitable morphologies and the ability to
sequester sulfur could dramatically improve such interfaces
within the electrode and have a significant impact on energy

storage capabilities.
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volumetric density but limits electrochemical access to sulfur.
Previously reported approaches address this problem by
. . . . 15-18
increasing the ratio of conductive carbon nanotubes,
graphene oxide,'”™** or polymer®*® additives to the sulfur-
loaded MOF composite electrode, limiting the utilizable mass
of the active material. Others have reduced the MOF particle

EEIAPPLIED, s

Received: May 27, 2020
Accepted: July 22, 2020
Published: August S, 2020

https://dx.doi.org/10.1021/acsami.0c09622

37173 ACS Appl. Mater. Interfaces 2020, 12, 37173-37181


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Avery+E.+Baumann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julia+R.+Downing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Burns"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+C.+Hersam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="V.+Sara+Thoi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.0c09622&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09622?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09622?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09622?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09622?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09622?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/12/33?ref=pdf
https://pubs.acs.org/toc/aamick/12/33?ref=pdf
https://pubs.acs.org/toc/aamick/12/33?ref=pdf
https://pubs.acs.org/toc/aamick/12/33?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c09622?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Scheme 1. Illustration of Sulfur Loading Procedure in Representative MOF-808 (Top) and Cartoon Representations of
Different Electrode Compositions Highlighting the Volumetric Density Afforded by the Various Components (Bottom)
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size to maximize interparticle contact, but this strategy can also
exacerbate polysulfide leaching in MOFs with poor host—guest
interactions with sulfur.”'>'****> Herein, we offer a unique
approach to improve both electrode conductivity and sulfur
utilization by using a graphene/ethyl cellulose (GEC)
nanocomposite additive.

MOF-808 was selected for this study as a representative
MOF to demonstrate the efficacy of our composite strategy
because it is easily synthesized and highly porous and features a
large number of functionalizable sites on its coordinatively
unsaturated Zr metal node.”® The framework itself is
electronically insulating and does not have any electrochemical
features that compete with Li—S cycling. The morphologies of
sulfur-loaded MOFs and graphene nanoflakes afford cathode
slurries with more compact volumes than conventional sulfur-
mixed MOF formulations (Scheme 1). These sulfur-loaded
MOF and graphene nanoflake composites, denoted as “MOF-
808@S/GEC”, present a promising opportunity to utilize
versatile MOF chemistries in devices without sacrificing
volumetric performance.

In conventional Li—S cathode slurry formulations, an
additive weight of 20—30% conductive carbon and polymer
binder is needed for sufficient electrical conductivity and slurry
adhesion to the current collector, restricting the amount of
active material that can be loaded into each electrode.”””**
Utilizing a more conductive carbon material with enhanced
interfacial contact has the potential to decrease the mass ratio
of carbon to active material. Graphene has historically garnered
attention in the field of nanotechnology™ for its high
conductivity,” flexibility,”’ and mass producibility.”* These
properties make graphene a strong candidate to replace
conventional, amorphous carbon black (Super-P) as a
conductive material in battery construction. Meanwhile, ethyl
cellulose, a benign polymer additive commonly used in food
production, has been identified as an effective stabilizer for top-
down graphene synthesis via liquid phase exfoliation.”® The
result of this synthetic approach is a GEC nanocomposite
powder that can be readily redispersed in a variety of solvents,
enabling functional inks and coatings.
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In previous work, we have demonstrated favorable perform-
ance of GEC nanocomposites in cobalt-free lithium ion battery
cathodes.”** In these cases, the graphene nanosheets improve
charge transport because of their increased conductivity
compared to incumbent conductive additives, while ethyl
cellulose promotes conformal interfaces between graphene and
cathode particles, leading to high volumetric capacity. These
results motivated the exploration of GEC in a Li—S battery
system, particularly utilizing MOFs as a unique host material
for sulfur. Additionally, process innovations were implemented
in the graphene synthesis for this work to facilitate scalable
production of GEC materials with high graphene loading,
making this approach broadly applicable to future studies.

B RESULTS AND DISCUSSION

MOF-808 samples were prepared solvothermally (described in
the Supporting Information), activated to remove residual
solvent, and subsequently loaded with sulfur by a melt
diffusion process at 155 °C to form MOF-808@S (Scheme
1). Sulfur content in the prepared MOF-808@$S samples was
determined using thermogravimetric analysis (TGA), wherein
sulfur is eliminated at temperatures <350 °C. In samples with
initial mass loading ratios of 1:1 or 3:2 S/MOF by mass, we
achieve sulfur loadings of 57 and 74%, respectively. While the
characteristic features of the MOF remain unchanged (Figures
S2 and S$3), it is worth noting that we also observe evidence of
unloaded sulfur in both the TGA and X-ray diffraction pattern
in the sample with 74% sulfur loading (“MOF-808@S-high”,
Figures S1 and S2), likely because of excess sulfur on the
external MOF surface. Qualitative energy-dispersive spectros-
copy (EDS) was used to evaluate sulfur uptake into individual
MOF crystals (Figure S4). Uniform distribution of the oxygen
Kal and zirconium Lal signal is observed, complying with the
expected chemical composition of MOF-808. Additionally,
concentrated sulfur penetration into the particle is detected
and demonstrates successful volumetric uptake of sulfur in the
MOF-808@S particles. These characterization results are in
agreement with other reports of sulfur-loaded MOFs."*~**
Previously, we explored a functionalized MOF-808 with
node-bound lithium thiophosphate (“LPS”) guest molecules.'’
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Figure 1. (a) Vial containing GEC powder used to prepare cathode slurries. (b) SEM of spin-coated graphene film prepared using material from
(a) after thermal pyrolysis of ethyl cellulose. (c) AFM of individual drop-casted graphene flakes from (a) after thermal pyrolysis of ethyl cellulose;
average of square root of the flake area is 138.7 nm, with an average maximum flake thickness of 4.02 nm. SEM images of composite samples
containing (d) MOF-808@$ with 57% S and dried slurries of (e) MOF-808@S/GEC, (f) MOF-808+S/SP-75. Graphene is observed as rectangular
flakes in (e), while Super-P particles are visible as smaller spheres in (f). The scale bar represents 1 ym in (b,c), 250 nm in (d), and 500 nm in (e,f).

The thiophosphate moiety improves sulfur utilization and Li—
S cyclability through the reversible formation of S—S bonds.*
We expect that loading sulfur within the LPS-MOEF-808, rather
than just physically mixing LPS-MOEF-808 and S, enables
greater chemical interaction between the thiophosphate and
sulfur species inside the porous framework. Sulfur-loaded LPS-
MOF-808 samples were prepared and characterized in an
analogous manner to the aforementioned MOZF-808@S
samples, resulting in samples with 32 and 59% incorporated
sulfur species by mass for loading ratios of 1:1 and 3:2 S/MOF,
respectively (Figure S1). We attribute the differences in sulfur
loading from the MOF-808@S and LPS-MOEF-808@S to the
incorporated LPS guest molecule, which takes up the pore
space that could otherwise be occupied by sulfur. The sample
with only 32% sulfur will be referred to as “LPS-MOF-808@S5-
low.” For further discussion, the MOF-808@S (57% S) and
LPS-MOF-808@S (59% S) samples will be directly compared
because of their nearly identical mass percent of encapsulated
sulfur.

As previously mentioned, the synthesis of the GEC
nanocomposite has been reported for other applications,
namely, printed electronics’” and lithium ion batteries.”**
However, further optimization of the shear mixing parameters
enables us to maximize the relative weight fraction of graphene
to ethyl cellulose in the GEC powder to ~1:1, which is
essential to minimize the overall slurry mass while maintaining
a high amount of the conductive material in the GEC
nanocomposite. In brief, top-down exfoliation of bulk graphite
was implemented via inline shear mixing with ethyl cellulose in
a pilot-scale manufacturing process. After purifying shear-
mixed GEC dispersions by centrifugal postprocessing,
graphene nanosheets of controlled size and thickness were
stabilized with ethyl cellulose in a dry powder (Figure 1a).
Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) indicate successful synthesis of large, thin
few-layer graphene flakes after pyrolytic decomposition of ethyl
cellulose (Figure 1b,c). TGA of the GEC sample is shown in
Figure S5; this work was carried out using a GEC powder that
was 53% graphene and 47% ethyl cellulose by weight (~1:1
graphene to ethyl cellulose ratio). The high surface area of
these graphene nanosheets lends itself to high-quality flake-to-
flake contacts in a percolating film (Figure 1b). Detailed flake

size distributions from AFM (Figure 1c) are also provided in
Figure S6.

Following synthesis and characterization of the various
component materials, MOF composite slurries were prepared
using GEC as the only additive contributing to the electronic
conductivity (via graphene, as a source of carbon) and cathode
stability (via ethyl cellulose, eliminating the need for an
additional polymer binder). The superior electronic con-
ductivity of the graphene nanoflakes (250 S cm™)*" compared
to Super-P (5-30 S cm™"),*® a conventionally used carbon
black additive, allows lower weight fractions of the graphene
additive (10% by mass) compared to Super-P composites
(typically 15% bgr mass) for efficient electron delivery to the
sulfur species.1 39 In addition, the expected enhanced
interfacial contact between GEC and sulfur-loaded MOF
enables the omission of poly(vinylidene difluoride) (PVDF), a
common polymeric binder used in electrode fabrication that is
typically 10% of the slurry mass.””*

SEM images of dried slurries clearly show that the MOF-
808@S particles and the graphene flakes are in intimate
contact and well-distributed throughout the mixture (Figure
le). In contrast, images of dried slurries composed of Super-P/
PVDF (“MOEF-808@S/SP-90”) at the same mass loading
exhibit tentatively discernible carbon particles (~40 nm
spheres)”® intermittently in contact with the sulfur-loaded
MOF particles (Figures S7 and S8). Only when the Super-P/
PVDF content is increased to 25% by mass (“MOF-808@S/
SP-75”), are the small Super-P particles visibly in contact with
MOF-808@$ throughout the slurry (Figures 1f, S7, and S8).
EDS analysis of the MOF-808@S/GEC composite slurries
(Figure S4) also show strong sulfur Kal penetration
throughout the sample in addition to a consistent distribution
of oxygen and zirconium. In future studies, liquid in situ
transmission electron microscopy may be particularly useful to
even better visualize how sulfur undergoes conversion within
the MOF during cycling."'

We employed X-ray photoelectron spectroscopy (XPS) to
examine the binding energies of constituent chemical species
of the prepared electrode slurries. Spectra for C 1s, S 2p, and
Zr 3d regions were collected for each sample to gather
information about the GEC, sulfur, and MOF components of
the slurry (Figure 2). For this study, three samples were
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Figure 2. Physicochemical analysis of cathode materials via XPS, highlighting differences in C 1s, S 2p, and Zr 3d features for (a—c) MOF-808@S/
GEC, (d—f) MOF-808@S/SP-90, and (g—i) MOF-808+S/SP-75 samples. Characteristic sp* bonding consistent with graphene is observed for the
MOF-808@S/GEC C 1s spectrum, while only sp* bonding character is observed for the MOF-808@S/SP-90 and MOF-808+S/SP-75. Evidence of
constituent CH,-CF, bonds in the PVDF molecular structure and 7—7* delocalization is present in the “SP” C 1s spectra. The S 2p and Zr 3d
spectra confirm chemical environments are similar in the MOF-808@$S and MOF-808+S samples but differ when mixed with either GEC or Super-

P/PVDF to make the slurry composite.

investigated: MOF-808@S/GEC (Figure 2a—c), MOF-808@
S/SP-90 (Figure 2d—f), and MOF-808+S/SP (Figure 2g—i).
In the C 1s spectra of MOF-808@S/GEC (Figure 2a),
constituent sp” and sp® peaks characteristic of graphene and
ethyl cellulose are identified at ~284 and ~285 eV,
respectively, which are qualitatively consistent with our
previous report.42 These C 1s spectra are also in agreement
with previously identified features of MOF-808, where the
carboxylate feature of the organic linker is also observed.*>**
The position of the orange peak associated with sp* bonding in
the GEC sample has a different position than the orange C—C
peaks in the C 1s spectra of the slurries prepared with Super-
P/PVDF (Figure 2d,g) because of the contribution of C—O
bonds in the ethyl cellulose molecular structure in the GEC
sample. There are other key differences in the C 1s spectra for
the Super-P/PVDF samples; in particular, no sp® peak is
observed, which is expected for amorphous carbon, while a
small peak emerges at ~286 eV corresponding to —(CH,—
CF,)— monomers in the molecular structure of PVDE.*
Additionally, 7—z* delocalization characteristic of CF, in
(—CH,—CF,—), is distinguishable at ~291 eV.** Further
analysis via Raman spectroscopy (Figure S9) confirms the
presence of graphene in the MOF-808@S/GEC specimens.
In the S 2p spectra, for all samples, we observe spin—orbit
splitting that yields distinct S 2p,,, and S 2p;,, peaks with the
binding energy of the S 2p;,, peaks in the range 163—165 eV
and the corresponding S 2p,, peaks in the range 164—166 eV,
which is indicative of an S oxidation state (Figure 2b,e)h).
Additionally, a small feature at 168—170 eV is observed in all
samples that we attribute to oxidized sulfur. While the S 2p
spectra are similar for the three samples, they are not identical.
A noticeable peak shift is observed for the S 2p;, fitted peaks
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between the GEC and Super-P/PVDF-containing samples,
where the S 2p;,, peak falls at ~163.5 eV for the MOF-808@
S/SP-90 (Figure 2e) and the MOF-808+S/SP-75 (Figure 2h)
samples, but is shifted by almost 1-164.5 eV for the MOEF-
808@S/GEC sample (Figure 2b). Because the peak positions
are consistent for MOF-808@S/SP-90 and MOF-808+S/SP-
75, we attribute the observed difference in the MOF-808@S/
GEC to the choice of the cathode additive (SP or GEC) and
not the sulfur loading procedure.

In all of the Zr 3d spectra, the Zr 3ds,, and Zr 3d;,, peaks
are discerned at 182—184 and 184—186 eV, respectively
(Figure 2¢,fi), and are in general agreement with previously
reported values for MOF-808.”>***" However, it should again
be noted that there is noticeable peak shift between the
different samples, where the binding energy of the Zr 3ds,,
peak is ~182.5 eV for the Super-P/PVDF-containing samples
(Figure 2£i), but nearly 1 eV higher (183.4 eV) for the GEC
sample (Figure 2c). Consistent with our discussion above, we
conclude that the choice of mixing or volumetrically loading
sulfur into the MOF has a negligible effect on the positions of
the Zr 3d features, while the choice of the carbon source in the
slurry (GEC or SP) has a more profound effect. We postulate
that the improved interfacial contact between MOF-808@S
particles and GEC lead to electrostatic charge shifts, resulting
in the positive shifts in the S and Zr electron binding energies
and the negative shift in C 1s sp® and sp” binding energies from
reported GEC spectra (~1 eV lower).*” Further studies using
density functional theory (DFT) calculations would be helpful
to pinpoint the mechanisms behind these electrostatic charge
shifts, drawing upon prior DFT-enabled insights regarding
adsorption mechanisms between graphene, sulfur, and long-

chain polysulfides.*”
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Armed with physicochemical analyses of our materials
indicating successful sulfur uptake within the MOF host and
good contact between GEC and sulfur-loaded MOF, we
proceeded with electrochemical characterization. Electrodes
were prepared by casting the various slurries onto carbon paper
supports, as described in the Supporting Information.
Galvanostatic cycling experiments were conducted using a
charge/discharge rate (“C-rate” where 1C = 1680 mA g') of
C/2 to evaluate the performance of the different materials and
slurry formulations. For cycling discussion, unless otherwise
stated, the slurry composition is fixed to 90% MOZF-808@S
and 10% carbon/binder additives. Additionally, all cathode
formulations used in this study are provided in Table S1.

The cells prepared with MOF-808@S/GEC cathodes deliver
an average capacity of 688 + 56 mA h g™! for their first cycle
and 409 + 10 mA h g ! after completing 100 cycles, a
significant improvement over cells containing MOF-808@S/
SP-90, which delivered an average of 500 + 7 and 214 + 30
mA h ¢! in the first and 100th cycle, respectively (Figure 3).
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Figure 3. (ab) Representative cycling performance of composite
electrodes at a cycling rate of C/2 (840 mA g™'). LPS-MOF-808@S/
GEC cells are better able to utilize sulfur, resulting in higher
deliverable capacities than the MOF-808@S/GEC cells. The MOEF-
808@S/SP-90 cells at the same loading of active material are not able
to deliver substantial capacities. Error bars represent one standard
deviation.

Only when the SP content is increased to 25% by mass (MOF-
808@S/SP-75), are the galvanostatic cycling results compara-
ble to the MOF-808@S/GEC data (Figure S10), suggesting
that the quality of the electronic contact between the carbon
and MOF particles is critical. These drastic performance
differences highlight the superior ability of GEC to enhance
cyclability at low mass loading compared to SP. Furthermore,
cathodes constructed with GEC exhibit improved capacity
retention compared to those containing Super-P/PVDF—59.4
versus 51.2%, respectively—indicating that GEC is able to
mitigate migration of polysulfide species slightly better than
Super-P/PVDF (Figure S10).

Functionalization of MOF-808 showed further enhancement
in cycling performance. The LPS-MOF-808@S/GEC cells
outperformed their unfunctionalized counterparts with initial
and final capacities of 858 + S1 and 685 + 18 mA h g7/,
respectively, and a capacity retention of 79.8% (Figure 3,
triplicate data shown in Figure S10). The cycling results for
LPS-MOF-808@S/GEC cells demonstrate both sulfur uti-
lization and capacity retention are improved compared to the
MOF-808@S/GEC cells. We attribute these differences in
performance to chemical interaction of the thiophosphate
moiety with both sulfur and polysulfides in the cell.
Furthermore, the LPS-MOF-808@S/GEC cells deliver capaci-
ties that are just slightly diminished from the values of LPS-
MOF-808+S/SP-75 (prepared using 75% LPS-MOF-808+S
and 25% Super-P + PVDF by mass) achieved in our previous
report (~1070 mA h g™') in the first cycle at C/2."

Comparing the MOF-808@S/GEC and MOF-808+S/SP-75
cycling results with and without LPS functionalization, the
thiophosphate moiety enhances capacity delivery by 24.7%
(~170 mA h g™" out of 688 mA h g”') in the MOF-808@S$
cells, whereas the MOF-808+S cells only increase by 11.5%
(~110 mA h ¢! out of 960 mA h g'). This capacity
enhancement from LPS incorporation is even more drastic in
cells prepared with the LPS-MOF-808@S-low/GEC sample
(with only 32% by mass sulfur), which yields an average
capacity of 940 + 12 mA h g™', an increase in capacity of
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Figure 4. Cross-sectional profiles of carbon paper electrodes coated with (a) MOF-808+S/SP-75, (b) MOF-808@S/GEC, and (c) LPS-MOF-
808@S/GEC slurries (scale bar is 20 ym). Comparisons of (d) gravimetric and (e) volumetric capacity based on the slurry highlighting the denser
form factor of the MOF-808@S/GEC compared to MOF-808+S/SP-75 composite electrodes. Rate capability performances from C/2 to 4C
expressed (f) gravimetrically based on slurry mass and (g) volumetrically based on the slurry thickness. The sulfur-loaded MOF cells suffer at rates

above 2C because of mass transport limitations.
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36.6% (Figure S10). The capacity enhancement suggests the
functional group has a greater impact on sulfur utilization in
the sulfur-loaded MOF compared to MOF physically mixed
with sulfur.

We next investigate how the morphologies of the slurry
components influence the volumetric performance of these
cells. SEM images of MOF-808@S/GEC and LPS-MOF-808@
S/GEC cathodes (Figures 4a—c, S11) display more dense
slurry coatings compared to MOF-808+S/SP-75 cathodes,
with average volumetric loadings calculated in Table S2. From
these measurements, it is evident the sulfur-loaded MOF
samples exhibit superior packing efficiency on the cathode
surface, important for maximizing volumetric output of the
cell. We demonstrate this effect in Figure 4d,e, where MOF-
808@S/GEC delivers much less capacity per gram of slurry
than the conventional MOF-808+S/SP-75 cathode but exhibits
comparable performance when examined per cubic centimeter
of slurry coating. Similarly, comparing LPS-MOF-808@S/
GEC and MOF-808+S/SP-75 cell performances in Figure 4e
highlights the significant improvement in volumetric capacity
delivery to nearly 900 mA h cm™, achievable using our
optimized formulation. We note that our results represent a
proof-of-concept as our measurements only account for the
slurry thickness and do not include dimensions of the carbon
paper current collector. Translation of these slurries to foil
current collectors and manipulation of the areal sulfur loading
extent would further improve the total volumetric output of
the electrode.

Additional electrochemical experiments provide insight into
the limitations of the sulfur-loaded MOF cells. In rate
capability experiments, increasing C-rate decreases capacity
delivered with each incremental step (Figure 4f,g). LPS-MOF-
808@S/GEC cells perform well at moderate C-rates, but
capacities are markedly decreased as the rate is increased above
2C. This drop in performance at high charge rate is also seen
for all of the other cells containing sulfur-loaded MOFs (Figure
S12). We attribute this effect to inhibited diffusion inside the
sulfur-loaded MOFs, which limits mass transport and thus, the
ability to cycle effectively at higher rates. In the MOF-808+S/
SP-75 composite, sulfur exists outside the MOF and is less
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dependent on mass transport within the cathode at high C-
rates than the sulfur-loaded MOF cells (regardless of slurry
composition), enabling effective cycling. This hypothesis is
confirmed by the nonplateau behavior in the discharge curves
of sulfur-loaded MOFs compared to sulfur-mixed MOF cells in
Figure S13.*7°" We further evaluated electrochemically
controlled diffusion processes using cyclic voltammetry
(Figures S14 and S15, Table S3) and galvanostatic intermittent
titration technique (GITT) experiments (Figure S16, Table
S4). Both scan-rate dependence cyclic voltammograms and
GITT discharge profiles generally show the MOF-808@S/
GEC and LPS-MOF-808@S/GEC cells exhibit slower
diffusion than the MOF-808+S/SP-75 cell, although significant
variations in electrode architecture may also contribute to
these results, as discussed more thoroughly in Tables S3 and
S4.

The differences in cycling performance prompted us to
explore further electrochemical differences among these
electrodes. Normalized galvanostatic capacity—voltage curves
shown in Figure Sa,b overlap for MOF-808@S/GEC and LPS-
MOEF-808@S/GEC curves, suggesting their cycling mecha-
nisms and redox equilibration potentials are similar; however,
differences arise in the analogous MOF-808@S/SP-90 cell. In
particular, significant polarization at a 50% state of discharge
(denoted AVy,) occurs in the MOF-808@S/SP-90 cells in
both the first and final cycle at C/2 (Figure S), indicative of
impeded Li*/e~ transport needed for cycling.””>* Only when
the Super-P/PVDF content is returned to 25% by mass in the
slurry formulation, are the voltage differences consistent with
the GEC cells. This observed electrode polarization results in
diminished energy output of the cell and highlights the deficits
of the MOF-808@S/SP-90 cathodes.

Further analysis using electrochemical impedance spectros-
copy (EIS) measurements collected from cells after cycling
provides insight into electrochemical differences resulting from
different slurry compositions (Figure Sef). The equivalent
circuit used to model impedance data is included with
representative Nyquist plots in Figure S17. R; is attributed
to the electrolyte solution resistance, affected by the
dissolution of ijonic species that increase the electrolyte

https://dx.doi.org/10.1021/acsami.0c09622
ACS Appl. Mater. Interfaces 2020, 12, 37173-37181


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09622/suppl_file/am0c09622_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09622?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09622?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09622?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09622?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c09622?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

viscosity, predominantly lithium polysulfides. All of the values
for sulfur-loaded MOF cells tested are similar to those reported
elsewhere.'>'® Additionally, it is worth noting that GEC-
containing cells exhibit lower R, values than Super-P/PVDF
cells (Figure 5d), supporting the claim that the GEC additive
plays a role in the suppression of polysulfide leaching.

R, is identified as the electrode surface resistance, caused by
both deposited sulfur species and electronically isolated islands
of the active material. The MOF-808@S/SP-90 cells exhibit
three times higher R, compared to the MOF-808@S/GEC
cells, implying that surface resistance is likely the key
contributor to the observed electrode polarization as discussed
above. In accordance with our previous discussion, the surface
resistance drops when the Super-P/PVDF content is increased
to 25% of the slurry mass for MOF-808@S/SP-7S.

A similar result is obtained for R;, assigned to charge transfer
resistance, in which the MOF-808@S/SP-75 cells have lower
resistance than the MOF-808@S/SP-90 cells after cycling. The
R; values are unexpectedly higher for the MOF-808@S/GEC
cells compared to MOF-808@S/SP-90 cells despite a smaller
electrode polarization. However, introduction of the thio-
phosphate moiety in LPS-MOF-808@S/GEC lowers the R;
value, suggesting the charge transfer resistance could be linked
to the accessibility of sulfur. This argument is supported by the
increased length of the galvanostatic charge/discharge curves
(Figure Sc), where the LPS-MOF-808@S/GEC cells utilize
more sulfur throughout the discharge process. These results
strongly suggest that the thiophosphate improves cyclability by
lowering charge transfer resistance, enabling more efficient
equilibration along both the upper and lower galvanostatic
discharge plateaus.

B CONCLUSIONS

In summary, our graphene nanoflake strategy improves the
utility of sulfur-loaded MOF samples for Li—S batteries by
improving both the conductivity and interfacial contact in the
cathode slurry. The electronic and morphological properties of
the GEC additive enable slurry formulations that employ a
lower mass of the carbon/binder additive, while also
significantly improving the volumetric density of the cathode
compared to conventional Super-P/PVDF composites. Ex-
tensive physicochemical characterization has been performed
on the MOF/GEC nanocomposite electrodes to identify
constituent species and investigate interactions between the
MOF, sulfur, and carbon/binder components. We further
demonstrate that loading sulfur into functionalized MOFs
enhances the effect of the functional group, here LPS, resulting
in Li—S cells that are able to better access constituent sulfur
and deliver higher capacities than the parent MOF/GEC
nanocomposite cells. While this work affords additional
opportunities for functionalized MOFs in electronic device
applications, there is still more to be understood with regard to
mass transport limitations in sulfur-loaded versus sulfur-mixed
MOF cells. Emerging research may also enable future efforts
developing conformal GEC coatings on the MOF particles to
enhance electrical conductivity of the cathode and permit
scalable processing. Nevertheless, this work presents an
exciting materials engineering direction to exploit the diverse
chemistry within MOFs and other porous frameworks for
advancing energy storage capabilities in electrochemical
devices.
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