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ABSTRACT: Custom electrochemical cells are necessary for
fundamental in situ characterization experiments and applied
transport studies of next-generation batteries. Limited data on the
chemical compatibility of nonaqueous battery electrolytes and
engineering materials frustrate experimental progress across
laboratories. In this work, we evaluate the compatibility of
epoxy-based adhesives and 3D printing resins with nonaqueous
battery electrolytes. Materials compatibility requires not only
mechanical and chemical stability but also the absence of
electroactive dissolution products. We show that some adhesives
can generate electroactive products that may cause experimental
artifacts. The combined findings guide the material selection
process for experimental electrochemists and offer a new protocol
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for future materials compatibility testing to capture previously overlooked effects.

1. INTRODUCTION

Decades of coordinated research and development have led to
the commercial success of lithium-ion batteries. However,
further improvements in cost, density, safety, and lifetime are
still needed to reach the full potential of lithium-ion and
“beyond lithium” in grid-scale and vehicle applications.
Advanced characterization is key to mechanistic understanding
that enables improved materials and devices. However, in situ,
in operando, and combined online-electrochemical techniques
almost always demand custom experimental setups due to
variation between characterization tools and laboratory
environments. Material selection for such setups is made
challenging by limited published chemical compatibility data
for battery electrolytes with engineering materials. Open data
on chemical compatibility would prevent researchers across
laboratories from repeating experimental errors to greatly
improve the pace of scientific progress.

Hardware/fixtures surrounding electrochemical cells for in
situ characterization must satisfy demanding design criteria
including: chemical and electrochemical stability; resistance to
leaks of electrolyte, oxygen, or moisture; and avoidin%
interference, e.g., transparent to specific wavelengths."”
Techniques requiring transparency often employ Kapton,
quartz, or borosilicate windows that necessitate an additional
adhesive, commonly epoxy-based, to create a leakproof seal.””
Epoxies can also be used as an insulating layer to control the
geometry or surface area of an active material,”® and to offer
structural support to otherwise brittle or flexible materials.”*
They are further used as insulating or adhesive layers in
microelectrodes where electroactive materials are embedded in

© 2020 American Chemical Society

7 ACS Publications

15948

epoxy and then polished flat”'® and as sealants for micro-

electrode arrays'' and microbatteries.

The capacity of additive manufacturing (3D printing) for
rapid prototyping and complex geometries can greatly facilitate
cell design for in situ characterization.'” 3D printing can
fabricate and prototype novel electrode geometries''* as well
as testing apparatus, including cell holders'® and novel flow
cells.'">'” The rapid prototyping capabilities of 3D printing are
of particular value to flow cells, enabling optimization of flow
geometries without the time and expense of retooling. The
wide range of polymer chemistries accessible by additive
manufacturing affords researchers many options for material
selection, each with advantages and potential disadvantages.
Among additive manufacturing technologies, fused deposition
has popularity for its low cost and ease of setup. However,
printed thermoplastics such as polylactic acid and acrylonitrile
butadiene styrene are limited by thermal compatibility and
poor layer resolution that can result in high porosity and
electrolyte leakage.'® Stereolithography uses ultraviolet (UV)
light to cure a photopolymer, often acrylate-based, layer-by-
layer. It benefits from a much finer layer and spot resolution
but suffers from a more limited palette of useable resins.
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Despite their importance, materials selection and compat-
ibility for both adhesives and 3D resins are largely determined
on an ad hoc basis. To the best of our knowledge, very few
studies on material compatibility thus far have been presented.
In one notable example, Channon et al. reported 24 h stability
data for two UV-cured resins in several common solvents, but
none that are ordinarily used in battery applications.'” There is
a clear need for easily accessible data on material compatibility
between common engineering materials and nonaqueous
battery electrolytes.

In this work, we present a study of materials compatibility in
four common aprotic solvents and two battery electrolytes:
propylene carbonate (PC), a common solvent for sodium ion
batteries; ethylene carbonate—dimethyl carbonate (EC:DMC),
the industry standard for lithium ion batteries; acetonitrile
(MeCN), widely used for redox flow battery and cyclic
voltammetry applications; and dimethoxyethane (aka mono-
glyme, DME), which has shown promise in beyond-lithium-ion
batteries including lithium—sulfur, solvates, lithium metal, and
magnesium ion. We evaluate compatibility of UV-cured
polyurethane acrylate resin for 3D-printing applications and
common adhesives capable of room-temperature cure. The
effectiveness of these materials to resist chemical decom-
position by nonaqueous electrolytes is presented here in the
form of four-week-long storage tests and electrochemical
sensing of dissolved products.

2. EXPERIMENTAL SECTION

2.1. Fabrication. Selected adhesives were Hysol 9462
(Loctite), S-ton epoxy (Devcon), Gorilla S min epoxy (Gorilla
Glue, Inc.), MarineWeld (JB Weld), and 406/19 (Lord Corp).
Adhesive compositions are based on the manufacturer-supplied
safety data sheets. All candidates are two-part adhesives with
an epoxy resin and curing agent. Gorilla Glue, Hysol, Devcon,
and MarineWeld have similar formulations with a bisphenol A-
epichlorohydrin-based polymer and an aliphatic polyamine
curing agent, a standard for most epoxies. The first three use an
alicyclic polyamine, whereas MarineWeld uses a chain
polyamine. Devcon, Hysol, and MarineWeld employ additional
additives in the curing agent to increase cure rate and
hardening. In contrast, Lord involves a proprietary combina-
tion of methyl methacrylate and epoxy-based resins, which
results in a faster cure rate. Fillers such as silica and titanium
dioxide can be used to improve performance, including cure
rate, adhesion, modulus and chemical resistance.””*' In this
study, Lord and Hysol both contain silica, whereas Marine-
Weld contains TiO,.

Samples were mixed and cured at room temperature
according to manufacturer specifications. For additive
manufacturing, a clear 405 nm UV Resin (Anycubic) was
printed at a 50 pm layer height with an LCD-based 3D printer
(Anycubic, Photon). After rinsing printed cubes in isopropyl
alcohol, the cubes were tested as printed (“green”) or cured
under a 405 nm UV lamp using a custom-built reflective
chamber. 3D printed samples are referred to as UV followed by
the cure duration in minutes, where UV 0 refers to the green
resin.

Polytetrafluoroethylene (PTFE) and Viton fluoroelastomers
were used as controls for null and high swelling cases, as PTFE
is known to have excellent chemical resistance and Viton has
poor compatibility with esters and polar organic solvents.

2.2, Soaking. Solvents were propylene carbonate (98%,
Sigma-Aldrich), acetonitrile (99.5%, Beantown Chemical), 1,2-

dimethoxyethane (>99.0%, Honeywell), ethylene carbonate
(98%, Sigma-Aldrich), and dimethyl carbonate (99%, Bean-
town Chemical). EC and DMC were mixed in a 1:1 weight-by-
weight solution. All solvents were dried for a minimum of 72 h
over 4 A molecular sieves.”> EC and DMC were mixed in a 1:1
weight-by-weight solution. Electrolytes were 1 M sodium
perchlorate (98%, Sigma-Aldrich) in PC and as-formulated LP
30 (Gotion), which reports 1 M LiPF4 in 50:50 vol:vol EC:
DMC.

Samples were soaked for 24 h, 1 week, and 4 weeks and
weighed at each interval. Prior to weighing, samples were dried
to remove excess solvent. Any physical changes such as
swelling, delamination, or fracturing in solvent were observed
by optical inspection. Mechanical durability was evaluated by
applying mild and moderate applied forces using the tip of a
pair of tweezers. Mild and moderate forces were calibrated on a
scale to approximately 50 + 10 g and 250 + S0 g, respectively.
Samples that deformed under pressure were deemed
“softened”, whereas samples that disintegrated in the solvent
or broke apart under mild pressure were deemed “failures”.
Three replicates were tested for each material—solvent
combination.

2.3. Electrochemistry. The electroactivity of dissolution
products was evaluated via voltammetry. Five-hundred milli-
gram epoxy samples were soaked for 1 week in 15 mL of LP
30. Samples were then removed from vials, and the remaining
electrolyte was added to an electrochemical cell with Li
reference and Pt wire counter electrodes separated by fine
mesh glass frits (Chemglass) and a glassy-carbon working
electrode in a rotating-disk electrode (RDE) ensemble (Pine).
Cyclic voltammetry of the electrolyte was performed on the
RDE between 1.5 and 4 V vs Li/Li* and at 0, 400, 900, and
1600 rpm rotation rates. All voltages presented in this work are
given vs the Li/Li* reference.

3. RESULTS

3.1. Soak Tests. Propylene Carbonate. Both green and
cured UV resin showed excellent stability in PC with less than
0.1% weight change over 4 weeks, on-par with PTFE. All
adhesives underwent some degree of swelling within PC,
indicated by weight increases as shown in Figure la. Hysol
showed a slower initial increase, but after 4 weeks, Hysol, Lord,
and MarineWeld all swelled by 5.5—7%. As summarized in
Table 1, the Lord epoxy also softened after 1 week but still
maintained mechanical integrity over the full testing interval.
Devcon and Gorilla Glue both increased by approximately 11%
over 4 weeks, but Gorilla Glue exhibited mechanical failure.
Samples disintegrated as early as 1 week into testing. As
expected, Viton swelled immediately in the PC, as shown in
Figure 1b. Its weight increased by 80%, and it was easily
damaged with handling after 24 h of soaking. Consistent with
expectations, PTFE showed very small changes, increasing by
less than 0.5% over the course of 4 weeks in all solvents.

Ethylene Carbonate/Dimethyl Carbonate. Because they
are both composed of carbonate esters, EC:DMC showed
similar trends to PC but exhibited more limited compatibility.
All resins swelled to some degree with EC:DMC, as shown in
Figure 2, and these increases were more significant than with
PC. Although the 3D printing resin appeared stable in PC with
minimal weight changes, the green material showed weight
changes of 12% after 4 weeks and developed cracks at the
surface, as seen in Figure 3c. As summarized in Table I,
postprint curing greatly improved stability, reduced the weight
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Figure 1. (a) Average weight change for materials in propylene
carbonate (PC) after 24 h, 1 week, and 4 weeks in solution. Inset
shows exceptional weight change for Viton. (b) Viton before and after
soaking.

Table 1. Summary of Compatibility between All Materials
and Solvents/Electrolytes”

EC/ Lp PC/
material PC DMC MeCN DME 30 NaClO,
PTFE A A A A
3D resin (green) A B D D
3D resin (30 min) A C B
3D resin (90 min) A A B/C B A A
Loctite Hysol B B B B C B
Lord 406/19 C C C C C C
JB Weld B C A B C C
Gorilla Glue C D C D
Devcon B C D D
Viton D D C C

“A = less than 2% change over 1 month, no significant change in
properties; B = 2—10% change over 1 month, with mild to no
mechanical degradation; C = greater than 10% change and/or
mechanical degradation in 1—4 weeks; D = significant changes or
failure within 24 h.

gain to less than 2%, and prevented crack formation. Hysol
showed the lowest weight gain of all adhesives over 4 weeks of
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Figure 2. Average weight change for materials in 1:1 ethylene

carbonate:dimethyl carbonate (EC:DMC) after 24 h, 1 week, and 4
weeks in solution.

exposure. The weight gain remained under 8%, whereas the
other adhesives exceeded 10%, although rates of change varied
between all the materials. The Lord and Hysol epoxies
softened after 24 h and 1—4 weeks, respectively, but both still
maintained mechanical integrity over the full testing interval.
MarineWeld developed a crumbly texture and disintegrated
after 4 weeks. Gorilla Glue epoxy remained rigid but cracked
and broke apart easily after 1—7 days of testing in EC:DMC, in
a more accelerated failure mechanism compared to PC.
Devcon swelled at a similar rate to Gorilla Glue, but remained
stable after 1 week; however, at 2 weeks, it showed signs of
bending and breakage. Viton swelled immediately in the
EC:DMC, increasing by 28% and becoming easily damaged
with handling after 24 h. Materials that can last on the order of
weeks in PC may fail in the order of days in EC:DMC and
more significant weight changes exceeding 10% can be
expected. As with PC, the use of Viton as a gasket material
should be avoided.

Dimethoxyethane. DME caused weight loss for many of
the materials and a high degree of mechanical failure, as shown
in Figure 3a and Table 1. The green 3D printing resin
underwent shrinkage and significant geometric deformation
after 24 h, as seen in Figure 3b, whereas the cured resin
showed increased weight. After 4 weeks, the 30 min-cured
resin showed the formations of cracks and material peeling at
the surface, as shown in Figure 3¢, but no loss in mechanical
strength or integrity. Increasing the cure time to 90 min did
not significantly decrease the weight change, 5.6 vs 6.2% on
average, but did reduce the formation of cracks on the cube
surface. UV curing results in additional cross-linking of acrylate
chains, and extended curing beyond the manufacture
recommendations may be needed to maintain the stability of
UV-cured resins in 3D printed parts for certain solvents, as the

https://dx.doi.org/10.1021/acs.iecr.0c02121
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Figure 3. Average weight change for materials in dimethoxyethane
(DME) after 24 h, 1 week, and 4 weeks in solution. (b) Deformation
of uncured resin after 24 h. (c) Crack formation on cured resin after 4
weeks.

required degree of cross-linking must be optimized for any
build geometry or application. Modification to the resin
formulation may also improve stability. Commercially available
high-temperature resins have been shown to improve chemical
resistance over baseline formulations in some solvents,
including acetonitrile.'” MarineWeld showed the best stability
of any adhesive and was the only epoxy to swell rather than
shrink. It showed an initial change of 5% in the first 24 h and
remained stable over 4 weeks of testing without changes to
texture or mechanical stability. Hysol and Lord both showed
severe weight losses greater than 10% over 4 weeks but
remained rigid and mechanically stable throughout testing.
Gorilla glue and Devcon epoxy, on the other hand, both failed
within 24 h. The deterioration of the Gorilla glue samples
made accurate measurement more difficult, resulting in very
high deviation for weight change, whereas the Devcon softened
and completely broke apart in the solvent, preventing any
measurement. These epoxies should be avoided for applica-
tions with wetted contact in ether-based solvents. Viton
showed less swelling with DME than other solvents and
maintained integrity after 24 h but disintegrated after 1 week of

15951

exposure. Caution should be used when employing Viton in
seals and frequent checks or replacement may be necessary.
Acetonitrile. MeCN showed similar compatibility trends to
DME, as summarized in Table 1. The green 3D printing resin
increased in weight by less than 1% but showed significant
geometric deformation after 24 h and was removed from
testing. The cured resin increased in weight by 10% over 4
weeks, as shown in Figure 4, and showed the formations of

-20 -10 0 10 20 30
I I I
PTFE L [:l 24 hours
N D 1 week
UV o < 4 weeks
N 0 Fail
UV 30 — < Fal
uv 90 El
N =
Hysol [ = |
Lord E
) N iH
MarineWeld H
. ] =
Gorilla Glue I<:]IH
. <
Devcon
] I
Viton
| < | |
-20 -10 0 10 20 30
Weight Change (%)

Figure 4. Average weight change for materials in acetonitrile (MeCN)
after 24 h, 1 week, and 4 weeks in solution.

cracks at the surface after 4 weeks of soaking. Additional curing
did not change the rate of mass changes but did reduce the
severity of crack formation. Hysol and Lord underwent 2.5 and
5.3% mass loss, respectively, over 4 weeks but remained
mechanically stable throughout testing, although Hysol
softened after 1 week of testing. Devcon completely broke
apart during the first 24 h in the solvent, whereas Gorilla glue
increased by 3.8% and failed after 1 week, having exhibited
both mechanical failure and softening. Viton changed by less
than 1% and maintained good mechanical integrity after 24 h,
but underwent significant mechanical degradation following 1
week of exposure, a clear sign that weight change alone is not a
sufficient metric for evaluating compatibility.

Electrolytes. Because electrolyte salts can have additional
interactions with resin chemistry, soak tests were conducted in
characteristic sodium and lithium-ion battery electrolytes. On
the basis of solvent compatibility, the 90 min cured UV resin,
Hysol, Lord, and MarineWeld were tested. Comparison of PC
and 1 M NaClO, in PC showed comparable weight changes
over the first week and an additional 2—5% increase versus
neat PC after 4 weeks, as shown in Figure Sa. As summarized
in Table S1, no adhesive underwent failure, but Lord softened
within 24 h of soaking in sodium-based electrolyte as
compared to 1 week in neat PC and MarineWeld softened
after 4 weeks. Comparison of LP 30, which uses EC:DMC as a

https://dx.doi.org/10.1021/acs.iecr.0c02121
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Figure S. Average weight change for materials after 24 h, 1 week, and
4 weeks in (a) 1 M Sodium Perchlorate in PC and (b) LP 30.

solvent, to neat EC:DMC showed a trend of greater than 5%
additional weight change for the adhesives at each time step, as
shown in Figure Sb. Hysol showed the worst compatibility in
LP30; it softened significantly and broke after 1 week
compared to after 4 weeks in neat EC:DMC, and was the
only material with increased physical or mechanical degrada-
tion in LP30 compared to neat EC:DMC, as summarized in
Table S1. The UV resin displayed similar changes in both
electrolytes compared to the neat solvents, showing promise
for UV cure-based 3D printing of novel architectures as long as
cure times are optimized. Decreased stability in the presence of
LiPF, but not NaClO,, is consistent with the known instability
of the PF, anion.””** Regardless of the mechanism, differences
between salts and neat solvents highlight the specificity of
chemical compatibility for battery applications.

3.2. Electrochemistry/Electroactive Product Forma-
tion. For any wetted materials in contact with electrolyte,
chemical stability is as important as mechanical stability. Cyclic
voltammetry was performed in neat LP30 and LP 30 after
soaking Lord, Hysol and UV resin. We found that Lord epoxy
produced an electroactive product that was reduced at
approximately 2 V, as seen in Figure 6a. The reduction
current was consistent with a mass-transfer limited process, as
shown by the linear relationship between current and square
root of the rotation rate, as seen in Figure 6b. The linearity of
the Levich plot strongly supports the presence of a soluble
product leached or generated from the epoxy during soaking.
The presence of such products should deter the use of Lord in
applications with extended wetted contact and sensitive
electrochemical measurements, especially at low potentials.

4. DISCUSSION

The results of weight changes and material degradation are
summarized in Table 1 and Table S1. Materials with an A
represent excellent stability (<2% change). B represents good
short-term stability but diminished long-term stability (<10%

(a)
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Figure 6. Electroactive product analysis for LP 30 electrolyte exposed
to select materials for 1 week. (a) Cyclic voltammetry between 1.5
and 4 V at 0 rpm, and (b) Levich analysis of current at 1.5 V at 0, 400,
900, and 1600 rpm.

change over 4 weeks) and some softening or mechanical
degradation. C represents significant deformation and caution
needed, with more than 10% change and/or mechanical
degradation in 1—4 weeks. Material-solvent combinations with
a D rating exhibited massive deformation or failure within 24 h
and are not recommended. Weight gains are indicative of
solvent uptake, whereas weight losses are indicative of material
dissolution. For applications with short contact periods (<24
h) or minimal wetted contact areas, materials that scored B or
C could be acceptable, whereas cells intended for long-term
testing or repeated exposure should be limited to materials
with A or B scores. The target application will also determine
the tolerance to minor swelling or deformation is acceptable.
For instance, in microfluidic devices where high dimensional
precision is of utmost importance, geometric variations like
swelling are not acceptable, whereas cells for in situ
spectroscopy may tolerate such deformation. Although trade-
offs will still need to be evaluated on a case-by-case basis, the
compatibility data presented here better inform that decision-
making process.

Here we show the promising stability of UV-sensitive 3D
printing resins for applications with electrochemical testing of
nonaqueous chemistries, especially in PC. Optimization of cure
increased the durability in all solvents. This points to the
significant impacts of postprint curing on materials compati-
bility in 3D printing, and different geometries of printed parts
may require additional cure-time optimization. Improved

https://dx.doi.org/10.1021/acs.iecr.0c02121
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durability may also be achieved through the use of altered resin
formulations, some of which are already available from
manufacturers for other technical applications, such as high-
temperature operation.

The poor performance of Gorilla Glue, which does not
include any additives, suggests that adhesives with additional
hardeners and fillers will have improved chemical resistance,
but the specific combination will still be system-dependent.
This study also highlights that material compatibility is not
transferable across nonaqueous solvents. For instance, Devcon
exhibited moderate stability in carbonate solvents, but failed
immediately in both MeCN and DME. Additionally, differ-
ences between neat solvents and electrolyte salts add another
layer of specificity to compatibility requirements.

Mass changes and mechanical stability are not the only
relevant compatibility parameters for electrochemical devices:
the nature of degradation species must also be studied and
considered. Evidence of electroactive dissolution products
from at least one common adhesive suggests that this
overlooked phenomenon can cause misleading results or
unintended contamination.

5. CONCLUSIONS

Before mechanistic understanding of materials degradation can
be achieved, materials compatibility with nonaqueous battery
electrolytes must be quantified and benchmarked. A priori
understanding of material compatibility can accelerate the
development of novel reactor designs for many battery
technologies. Here, we present the manner in which many
common engineering materials exhibit unacceptable stability in
nonaqueous battery electrolytes and solvents through mechan-
ical degradation and the introduction of electroactive products
into sensitive systems. The strong performance of acrylate-
based 3D-printing resins in nonaqueous battery solvents is
exciting because additive manufacturing enables ultrarapid
prototyping and fully custom cell geometries. Furthermore,
optimizing UV cure-time can improve chemical stability.
Furthermore, although mechanical degradation is easily
observed, generation of electroactive products is also possible
and may cause experimental artifacts. It is important to screen
for such effects in systems with sensitive electrochemical
measurements. Future device fabricators may use the findings
presented here to guide their material selection and as a
launching point for understanding the interactions between
engineering materials and nonaqueous solvents.
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