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ABSTRACT: Decoupling the ion motion and segmental relaxation is significant for “Locked” anions facilitate Li* hopping
developing advanced solid polymer electrolytes with high ionic conductivity and high ] &
mechanical properties. Our previous work proposed a decoupled ion transport in a novel
protein-based solid electrolyte. Herein, we investigate the detailed ion interaction/transport
mechanisms through first-principles density functional theory (DFT) calculations in a vacaum

RN
\

H
W/ “locked” anions

space. Specifically, we study the important roles of charged amino acids from proteins. Our : N a; IRTCT
results show that the charged amino acids (i.e., Arg and Lys) can strongly lock anions (ClO,”). )

When locked at a proper position (determined from the molecular structure of amino acids), 0 S

the anions can provide additional hopping sites and facilitate Li* transport. The findings are Bl e .
supported from our experiments of two protein solid electrolytes, in which the soy protein 5::: .
(with plenty of charged amino acids) electrolyte shows much higher ionic conductivity and 2] s

lower activation energy in comparison to the zein (lack of charged amino acids) electrolyte. 7748 48 S0 1925w

1000/T (K'")

S olid polymer electrolytes (SPEs) are a promising class of wt % showed an obvious decoupled ion transport behavior.'

electrolytes that are characterized by safety and exceptional Another idea is that the ions can move easily in rigid polymers
mechanical performance compared to their liquid counter- such as polycarbonate, polystyrene, efc. even though the
parts."”> When coupled with a lithium (Li) metal, solid-state segmental relaxation is restricted, and the decoupling degree is
batteries have the potential to achieve significantly higher increased with the fragility of the polymers. In these polymer
energy density (>S00 Wh/kg) in comparison to that of systems, the ion motion occurs in the loose structure because
advanced Li-ion batteries (200—250 Wh/kg).3’4 However, of the frustration in packing of rigid chains.""'? In addition,
unmodified SPEs such as poly(ethylene oxide) (PEO)/Li salt through self-assembling of liquid crystalline molecules,
suffer from extremely low ionic conductivity (1077-107° s/ anisotropic ion motion pathways have been formed to
cm) at room temperature,s’6 which restricts them from broad decouple the ion motion and segmental relaxation.' >
applications under mild conditions. It is widely established that However, the ionic conductivity of those reported electrolytes
the ionic conductivity is determined by the density of mobile is still extremely low (<107 S/cm at room temperature);
Li* in a polymer matrix.” The mobility of Li* is associated with therefore, new electrolyte materials with decoupled ion

transport are greatly needed for achieving higher ionic
conductivity.

Our previous work'” reported a novel soy protein solid
electrolyte showing a high room-temperature ionic conductiv-
ity (~107° S/cm), an excellent modulus (~1 GPa), and an
extremely high Li* transference number (0.94). We performed
molecular simulations to study the interactions between
LiClO, and protein in solutions. We found that the anions
(ClO,4™) were strongly adsorbed by the positively charged side
groups of specific amino acids (i.e, Lysine (Lys) and Arginine
(Arg)) because of the electrostatic interactions; the Li* was

the continuous coordination/decoordination between the ions
and the polar groups of the polymer, along with the segmental
motions.” Therefore, the core strategy to increase the ionic
conductivity is to create more amorphous phase above the
glass transition temperature to promote the migration of Li’,
but unfortunately, this strategy deteriorates the mechanical
strength and results in hazards such as short circuiting.” As
such, decoupling the ion motion from the segmental relaxation
is the key for developing advanced SPEs with both high ionic
conductivity and good mechanical strength.

In recent years, a number of studies have successfully
fulfilled the decoupled ion transport by developing “polymer-

in-salt” systems, frustrated fragile polymers, and liquid- Received: July 24, 2021
crystalline macromolecules. In a polymer-in-salt system, an Accepted:  September 20, 2021
enormous quantity of Li salts dissolve in a relatively small Published: September 23, 2021

quantity of polymers, such that the Li* ions migrate
independently from the surroundings. For example, a poly-
(acrylonitrile)-based electrolyte with salt concentrations >60
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Figure 1. Fully relaxed structure of the anion and the peptide chain with different amino acid side groups in one unit cell for (a) Lys and (b) Arg.
The distance of interacting hydrogen and oxygen atoms are labeled (in A). (c) Radial distribution function between anion and the positively
charged amino acid group. gci_niys)(r) denotes the RDF from the N atom (—NH;*) of Lys side chain, and gCI_C(AIg)(r) is the RDF from the C
atom (—HNC(NH,),") of Arg side chain. Cl is the chlorine atom in ClO,".

Table 1. Charge Distribution of ClO,” and Positively Charged Side Groups (unit: lel)

Lys Arg
[Cl0,] charge [NH,] charge [cl0,] charge [HNC(NH,), ] charge
Cl 6.89 N1 -2.10 Cl 6.89 C 1.64
01 -1.96 H1 1.00 01 —-1.92 N1 —1.68
02 -191 H2 1.00 02 —-191 N2 -1.70
03 -1.96 H3 0.46 03 -1.97 N3 —-2.31
04 —-1.92 04 —1.95 H1 1.00
H2 1.00
H3 1.00
H4 0.45
HS 1.00
Total —0.86 0.36 —0.86 0.40

less intensively adsorbed by the oxygen atoms in the protein
backbones. The strength of the protein—ClO,™ interaction and
the number of adsorbed ClO,” were obviously increased by
properly manipulating the protein structure only. Considering
these findings, we proposed that in a solid protein electrolyte
the backbone oxygen atoms acted as the coordinate sites for
Li* hopping while the oxygen atoms on immobilized ClO,~
provided additional coordinate sites and facilitated the Li
hopping. Interestingly, this hopping mode is not only different
from the classic coupled ion transport in polymers but also
enlightens a new and positive role from the anions. However,
the simulations were performed in a solution state, and direct
evidence for the ion transport in solid electrolytes is missing.

In the current work, we use first-principles density functional
theory with the climbing image nudged elastic band (CI-NEB)
method'® to explore the atomic-level ion transport mechanism
in the protein electrolyte in a vacuum space (see the
Supporting Information for computational details). Also, the
density functional theory and the ab initio molecular dynamics
(AIMD) simulations were performed to study the electrostatic
interactions between anions and the positively charged amino
acids. Although these kinds of calculations have been broadly
applied to investigate the ion diffusion of solid organic or
inorganic electrolytes such as PEO, Li,S—P,S; glass, solid-
electrolyte interface, etc.,'” ™' the ion diffusion mechanisms in
a protein have not been explored before. We design two short
peptide chains based on two positively charged amino acids
(Lys and Arg) to study the interactions with ions. Both Lys
and Arg are broadly present in soy protein. The results show
that both Lys and Arg peptide chains have greater binding
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energies with ClO,” than Li" in a vacuum space, indicating the
capability of the peptides for immobilizing the anions. More
significantly, ClO,~ is steadily “locked” by the Arg peptide
chain with a proper distance to the backbone and provides
favorable intermediate hopping sites. As a result, the energy
barrier for Li* diffusion is significantly reduced from 0.74 to
0.37 eV. In contrast, for Lys peptides the energy barrier
remains nearly unchanged because of the longer distance
between “locked” ClO,” and the backbone. The results
demonstrate that both the charge and structure of protein
amino acids play important roles in locking the anions,
decoupling the Li" hopping from the segmental motion, and
promoting Li* transport.

According to our previous work,"® the Li* transference
number of the soy protein electrolyte was determined to be
0.94; the MD simulation in solution indicated that the
positively charged amino acids, Lys and Arg, may provide
attraction to anions (ClO,”). In this study, we design two
peptide chains using these two amino acids as the building
blocks as described in the computational methods. It is noted
that Histidine (His) is not studied here because of its trivial
content in the soy protein, even though it is also positively
charged."”® The ionic interactions were investigated by both
DFT calculation and AIMD simulations based on a model
system consisting of one peptide chain and one free anion
close to the positively charged group in a vacuum space. The
DFT fully relaxed constructed models are shown in Figure
lab. Two bonds are generated between the oxygen atoms
from ClO,” and hydrogen atoms from the positively charged
side groups, ie, Ol---H1 and O2--H2 bonds, the pairwise
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Figure 2. Top view of the different Li* binding positions and the corresponding binding energy, E,, for (a) Lys and (b) Arg.
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Figure 3. (a) Optimized Li* diffusion pathway without anion for Lys peptide and (b) the energy profile associated with Li* diffusion; (c) optimized
Li* diffusion pathway without anion for Arg peptide and (d) the energy profile associated with Li* diffusion. The distances of the functional group
to the backbone are also shown, which are calculated from the coordinates of the nitrogen atom of the —NH;" group and carbon atom of
—HNC(NH,)," to the averaged fitted line of all the backbone atoms. Note that only the Li* trajectories are shown.

distance of which are labeled alongside. The unequal bond
lengths for the Lys peptides in Figure la are because the
nitrogen atom and hydrogen atom at the end of the R group
tend to have a straight lineup with the oxygen atom. The
charge distribution of each atom in the entire system is
calculated by Bader analysis® as shown in Table 1. The
binding hydrogen atoms, namely, H1 and H2, are polarized to
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be —1.00 lel charged. The total charges for CIO,™ in Lys and
Arg systems are both —0.86 lel. Both Lys and Arg have
positively charged side groups; the total charges for e-amino
group (—NH;") of Lys and guanidino group (—HNC(NH,),")
of Arg are 0.36 and 0.40 lel, respectively. The charge values are
smaller than 1.00 lel, because they are not fully polarized in the
vacuum space.

https://doi.org/10.1021/acsjpclett.1c02412
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Figure 4. (a) Optimized Li* diffusion pathway in Lys peptides with the —NH;* group. The distance between the anion and the peptide backbone is
shown, which is calculated by the coordinates of chlorine atom to the averaged fitted line of all the backbone atoms. (b) Energy profile for the Li*
diffusion along the BI—A1—B2 pathway. (c) Optimized Li* diffusion pathway in Arg peptides. (d) Energy profile for the Li* diffusion along the
B1—A1-B2 pathway. (e) Experimental measurements of ionic conductivity at different temperatures for soy protein and zein protein-based solid
electrolytes. The activation energies are calculated from the Arrhenius equation. (f) Comparison of the calculated energy barriers for the two
peptides (Lys and Arg) with or without the ClO,” anion, the activation energies from experiments are also included for comparison.

The AIMD simulations were carried out by using the fully
relaxed structure. The results show that there exists a stable
interaction between CIO,™ and the positively charged group in
vacuum at 333 K. Figure lc shows the radial distribution
functions (RDFs) of the chlorine atom of ClO,” from the N
atom of e-amino group and C atom of the guanidino group.
The r value at the RDF peak indicates the statistical stable
distance. For the Lys case, the statistical stable distance
between the chlorine atom of ClO,™ and the nitrogen atom of
the —NH," group is ~3.4 A; this result is very close to the one
obtained in a water environment by Willow and Xantheas.”
For Arg, the statistical stable distance between the chlorine
atom of ClO,” and carbon atom of the —HNC(NH,)," group
lies at ~4.1 A. Figure lc also shows that Lys has a higher
maximum height of RDF than Arg, indicating a stronger ionic
interaction between ClO,” and the —NH;" group. This is
because the e-amino group has a smaller size and has geometry
more like that of sphere, while the guanidino group is known
to have a wider and planar structure which may cause the
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positive charge to be not as concentrated as the e-amino group.
The ionic interaction energies for the e-amino group and
guanidino group with respect to the anion are 2.73 and 2.58
eV, respectively. These results all indicate that the e-amino
group has a stronger ionic interaction with ClO,".

To probe the Li* binding sites of the two peptides, we
perform a series of structural relaxations by randomly selecting
the initial positions of Li* along the peptide chains. The results
show that Li* is always attracted by oxygen atoms in the
peptide bonds. It is known that oxygen and nitrogen atoms are
likely to bind Li" because they are negatively charged; however,
nitrogen atoms are usually fully bonded with carbon and
hydrogen, making the oxygen atoms more likely to bind Li".
Figure 2 shows three different Li* binding positions, which are
applicable for both systems: B1 and B2 represent the binding
sites in the backbone oxygen atoms (only the oxygen atoms on
one side of the chain are studied here, while these below the
chain are similar), and Al represents the binding sites
associated with the ClO,” anion. The binding energies

https://doi.org/10.1021/acsjpclett.1c02412
J. Phys. Chem. Lett. 2021, 12, 9429-9435
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(calculated from eq 1 in the Supporting Information) between
Li* and ClO,” (ALl site), which are 1.07 and 0.94 eV for Lys
and Arg, respectively, are greater than that between Li* and
backbone oxygens, Bl (average 0.79 eV) and B2 sites (0.77
eV), because Li* binds with two oxygen atoms of ClO,™.
Interestingly, if we compare with interactions between ClO,~
and charged amino acids (2.73 and 2.58 eV for Lys and Arg,
respectively), we find that the interaction strength is more than
three times stronger. The comparison indicates that ClO,~
anions can be strongly “locked” by the positively charged side
groups while Li* jons move more freely.

The Li* diffusion pathway and the corresponding energy
barrier in the absence of ClO, are investigated by the
climbing image nudged elastic band (CI-NEB) method.'® The
CI-NEB method forces the climbing image to converge to the
saddle point and provides a better estimate of the energy
barrier than the standard NEB method. The optimized Li*
diffusion pathways are illustrated in Figure 3a,c. As shown for
both peptides, Li* directly hops from B1 site to B2 site, while
all the other atoms are allowed to relax near their local
minimum-energy position. The corresponding energy profiles
are plotted in Figure 3b,d. For both cases, each point in the
plot represents an image along the diffusion pathway. In the
figures, the energy (y axis) is calculated relative to the total
energy of the system at the Bl site, and the diffusion
coordinate (x axis) is normalized between initial position (B1
site) and final position (B2 site). The overall trend of energy
profiles along the diffusion pathway is almost the same for both
Lys and Arg (Figure 3b,d), because the backbone structures of
the two peptide chains are identical except for the side-chain
structure. However, the energy barrier for Lys (0.84 eV) is
slightly greater than that of Arg (0.74 eV). This is because the
—NH," group of Lys is closer to the peptide backbone (5.59
A) than the —HNC(NH,)," group of Arg (6.45 A), as shown
in Figure 3a,c, which possibly intervenes the Li* diffusion along
the peptide chain. The values of the energy barrier for Li*
diffusion among backbone oxygen atoms are smaller than the
values calculated for some crystalline PEO-based electrolytes
(0.87—1.1 eV),”"**~% which indicates that the oxygen atoms
on the backbone of peptides or proteins are able to act as the
hopping sites for Li*.

‘When the CIO,™ anion is introduced into the two systems, it
is attracted by the positively charged groups, i.e, —NH;" and
—HNC(NH,)," groups. For the —NH;" case, as shown in
Figure 4a, Li* first hops from Bl site to Al site and
subsequently to B2 site; the energy barrier for this diffusion
pathway is 0.84 eV from the energy profile in Figure 4b.
Further investigation shows that the —NH;" group on Lys
peptide may be deprotonated by the ClO,~ and Li* ion pair,
causing the anion to escape (see Figure S2 in the Supporting
Information). In this case, Li* will bind with ClO,” again.
Further investigation in this respect is needed in future work.
The B1—A1—B2 hopping pathway is also achieved by the Arg
peptide chain as shown in Figure 4c. The energy barrier is
determined to be 0.37 eV in Figure 4d, which is lower than
that of the Lys peptides; the Li* diffusion distance of the Lys
peptides is longer than that of the Arg peptides, resulting in the
higher energy barrier. More importantly, we compare the
energy barriers for the cases with and without the presence of
ClO,". As shown in Figure 4f, the energy barrier for Lys with
or without ClO,” is identical, which is 0.84 eV. However, the
energy barrier for Arg is substantially decreased from 0.74 to
0.37 eV when ClO," is present. This suggests that a faster Li"
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diffusion is achieved along the B1—A1—B2 pathway of the Arg
case, in which the “locked” ClO,” provides a favorable
intermediate hopping site. However, because of the greater
anion—backbone distance (8.14 A for Lys and 6.48 A for Arg
in Figure 4a,c), the BI—A1—B2 diffusion pathway is longer; as
a result, we do not observe noticeable reduction of the energy
barrier for the Lys case. These results indicate that the ClO,~
residence in a proper distance to the backbone promotes the
Li* hopping mechanisms, decoupling the Li* hopping from the
segmental motion.

To verify the simulation results, we fabricate the protein-
based solid electrolytes from two natural proteins: soy protein
and zein (see the Supporting Information for experimental
details). Soy protein has greater contents of Lys and Arg
compared with zein; the contents of Lys/Arg are 6.3%/7.7%
and 0.1%/1.4% for soy protein and zein, respectively.">*” Then
we measure the ionic conductivities at different temperatures;
as shown in Figure 4e, the ionic conductivities are much higher
for the electrolyte from soy protein. In addition, we also
calculate the activation energy for ionic conduction according
to the Arrhenius equation:

o = o,exp(—E,/RT) (1)

where o is the ionic conductivity, T is the absolute
temperature, o, is the pre-exponential factor, R is the gas
constant, and E, is the activation energy. By fitting the data to
eq 1, the activation energy of the soy protein-based electrolyte
is 0.393 eV, which is significantly lower than that of the zein-
based electrolyte (1.128 eV). We compare the simulation and
experiment results in Figure 4f. The activation energy from soy
protein-based electrolytes is comparable to the energy barrier
from the Arg case with ClO,”. However, the activation energy
of the zein protein-based electrolyte is much higher because of
the lack of Arg residues. The experiment results demonstrate
the importance of the positively charged amino acids to reduce
the activation energy and facilitate the Li" hopping.

In summary, we performed ab initio DFT calculations to
explore the ion transport mechanisms in protein-based solid
electrolytes. We designed two short peptides based on two
positively charged amino acids (Lys and Arg) and investigated
the impacts from Lys and Arg on ion interactions and
diffusions. Our calculations show that the binding energy
between cations (Li*) and backbone oxygen atoms (~0.8 eV)
is similar to Li'—O binding in PEO-based solid electrolytes;
however, the binding energy between anions (ClO,”) and
charged amino acids is significantly higher (~2.6—2.7 eV). The
electrostatic interactions can strongly lock ClO,”, and the
immobilized CIO,~ can potentially provide additional hopping
sites facilitating Li* diffusion. The structural details of the
amino acids also play important roles. For example, the Arg
residue is able to lock ClO,™ at an appropriate position, such
that the oxygen atoms from ClO,” are close to the backbone
oxygen atom and provide additional hopping sites facilitating
Li* diffusion. This effect significantly reduces the Li* diffusion
energy barrier from 0.74 to 0.37 eV. However, the locked
ClO,” for the Lys case is not close enough to the backbone.

The capability of charged residues to lock ClO,~ to provide
additional hopping sites for Li* diffusion is crucial for
decoupling the Li" transport from segmental movements.
Without sacrificing the mechanical properties, the ionic
conductivity can be improved by proper design of the
protein-based solid electrolytes. Moreover, the findings are
also supported from our experiments by comparing the
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performances of two proteins: soy protein (with plenty of
charged amino acids) and zein (lacking in charged amino
acids). The ionic conductivity is significantly higher and the
activation energy is much lower for the soy protein-based solid
electrolyte in comparison to the zein protein-based solid
electrolyte. The simulations and experiments presented in this
Letter yield fundamental insights on the decoupled ion
transport mechanisms, and provide guidance on design and
optimization for protein-based solid electrolytes with advanced
performance.
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