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ABSTRACT: Design and fabrication of multifunctional
porous structures play key roles in the development of high-
performance energy storage devices. Our experiments
demonstrated that nanostructured porous components, such
as electrodes and interlayers, generated from the protein-
directed self-assembly of nanoparticles can significantly
improve the battery performances. The protein-directed
assembly of nanoparticles in solution is a complex process
involving the complicated interactions among proteins,
particles, and solvent molecules. In this paper, we investigate
the effects of coating proteins and specific solvent environ-
ments on the assembled porous structures. Comprehensive dissipative particle dynamics (DPD) simulations have been
implemented to explore the molecular interactions and uncover the fundamental mechanisms in a gelatin-directed self-assembly
of carbon black particles under different solvent conditions. Our simulations show that compact triple-strand “rod-like”
structures are formed in water while loose curved “sheet-like” structures are formed in an acetic acid/water mixture. The
structural difference is mainly due to the redistribution of the charges on the gelatin side chains under specific acid-solvent
conditions. The strong and flexible “sheet-like” structures lead to a homogenous porous structure with high porosity and with
large functionalized surfaces. Our simulations results can reasonably explain the experimental observations; this work
demonstrates the great potential of DPD as a powerful tool in guiding future experimental design and optimization.

1. INTRODUCTION

The advanced energy storage devices (ESDs) are in great
demand due to the rapid development of portable electronics,
electric vehicles, and storage systems for solar and wind
energies.1−3 High energy-density rechargeable battery systems,
such as lithium-ion batteries, lithium−sulfur batteries, and
lithium−air batteries are of great interest in the development of
next-generation ESDs.4−9 However, there are still persistent
critical issues to be addressed, especially for the ultrahigh
energy battery systems.3,10,11 The notable volume change of
high-capacity electrodes such as silicon and sulfur, calls for
unique electrode architectures or fabrication processes in order
to stabilize the electrodes.12 More severely, the electrochemical
intermediates of sulfur (polysulfides) that are able to dissolve
in liquid electrolytes bring about a shuttle effect, which
significantly deteriorates the battery performance.2,13−17 To
resolve these issues, tremendous efforts have been devoted to
the fabrication of nanostructured porous electrodes enabling
fast ionic/electronic transport and buffering of volume
expansion.18−22 Meanwhile, functional battery interlayers
with rational porous structures have been demonstrated to
have good abilities to facilitate ionic transport and suppress the
diffusion/migration of polysulfides.23−28 Therefore, the gen-
eration of good and functional porous structures plays a vital
role in achieving high energy and power densities for ESDs.

A variety of strategies have been implemented in the
fabrication of porous structures for different battery
applications, but it remains challenging to rationally design
and fabricate a porous structure with the desired properties
and functionalities.21,29−32 Recently, Fu et al.19,23 reported
successful fabrications of a three-dimensional porous nano-
structured electrode and an interlayer through a protein-
directed self-assembly process. As reported, unique porous
structures with protein functionalized surfaces can facilitate the
ionic transport, increase the binding between electrode and
electrolyte, and effectively trap the dissolved polysulfides. The
overall electrochemical performance of the battery has been
greatly improved by employing these protein-based porous
structures. The work has demonstrated that the porous
structures generated from the protein-directed self-assembled
process pose great potential in the development of high-
performance ESDs. In addition, it was also found in
experiments that the final porous structures were strongly
dependent on the coating materials and the specific solvent
environments during fabrication.
Although porous structures from protein-coated nano-

particles have been fabricated and characterized in experi-
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ments,19,23 the picture of a protein-directed self-assembly
process under different conditions in a solution state is largely
unclear and difficult to measure in experiments. The assembly
process is complex and involves complicated interactions
among solvent molecules, proteins, and particles. Under-
standing the molecular scale interactions and the fundamental
mechanisms during a self-assembly process in the solution state
is significantly important for further design and optimization of
porous structures for battery applications. Simulations with
certain molecular details play key roles in uncovering the
molecular mechanisms involved in such complicated systems.
Among different simulation algorithms, the dissipative particle
dynamics (DPD) method is an effective mesoscale coarse-
grained simulation technique with reasonable accuracy and
efficiency. The DPD method has been proven to be a useful
approach to investigate the phase behavior of soft matter
systems.33−36 Recently, the DPD method has been successfully
employed to study the self-assembly process of micelles, fibers,
nanorods, vesicles.37−41 and polymer systems.42−46

In this work, we systematically investigate the self-assembly
process of protein-coated carbon black (CB) particles in the
solution state through comprehensive DPD simulations. We
will explore the effects from different coating materials
[polyvinylidene fluoride (PVDF) polymer or gelatin protein],
surface coating density, and solvent environments [N-methyl-
2-pyrrolidone (NMP), deionized (DI) water or acetic acid
(AA)/DI mixture], on the self-assembled structures. The
simulation results and conclusions may provide guidelines for
further improvement of the fabrication process and eventually
lead to better performance of ESDs.

2. MATERIALS AND METHODS

2.1. Experimental Methods. For completeness, we have
redone our previous experiments23 including fabrication of the
CB nanocomposites with different coating materials and
characterization of the morphology and porosity of the final
self-assembled porous structures. The detailed descriptions of
the experiments are provided in the Supporting Information.
2.2. DPD Algorithm. The simulations presented in this

paper are based on the DPD method.34 The DPD is a
mesoscopic coarse-grained simulation method for soft

materials. In DPD simulations, a small group of atoms are
coarse-grained into a single bead and the dynamics of each
bead is governed by Newton’s equation of motion. The total
force Fi acting on bead i is calculated from three types of
pairwise forces:
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where aij is the maximum repulsion between beads i and j, the
value can be calculated from the liquid compressibility and
solubility (see eq 5 below); rîj is the unit vector and rij is the
distance between beads i and j; vij = vi − vj is the relative

velocity; = = −( )w r w r( ) ( ) 1ij ij
r

r
R D ij

C
is the weight func-

tion; σ is noise strength and γ is the friction coefficient, and
they follow a relation: σ2 = 2γkBT; kBT is the unit of energy,
and the standard values of 3.0 and 4.5 are used for σ and γ,
respectively; ζij denotes a random number with zero mean and
unit variance. All the variables are nondimensionalized in the
DPD simulations by the mass of solvent beads m0, the cut-off
distance rC, and energy unit kBT.

2.3. Coarse-Grained Models. In this paper, we simulate
the self-assembly of PVDF- or gelatin-coated CB particles in
different solutions. Figure 1 shows the schematic representa-
tions of different types of coarse-grained beads for all the
components that have been studied in our simulations.
Specifically, two water molecules are grouped into one DPD
bead and denoted as type (W) (Figure 1a). As a result, the

Figure 1. Schematic representation of molecular structures and the coarse-grained DPD models for (a) water, (b) CB particles, (c) AA molecules,
(d) NMP molecules, (e) PVDF monomer, and (f) chemical structure of gelatin. In the following figures, unless otherwise stated, the color codes
are the same as this figure.
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effective volume of a DPD bead is ∼60 Å3. Accordingly, the
interaction cut-off distance rC ≈ 5.65 Å. CB particles are
constructed as a sphere with a diameter of 3.0 by setting the
DPD bead (CB) on a FCC lattice with a lattice constant of α =
0.34 nm. The CB particles are modeled as rigid body
throughout the simulations (Figure 1b). For solution
molecules, each AA molecule is grouped into one bead (A)
(Figure 1c), and each NMP molecule is treated as two beads
connected by a spring force with a force constant of 100. The
NMP molecule is represented as the DPD bead type (NMP)
(Figure 1d).
The PVDF polymer (−[C2H2F2]n−) is modeled as bead-

spring chains that consist of 9 consecutive beads (P). One
monomer of the PVDF polymer has an effective volume of
∼60 Å3.47 Therefore, each bead represents one monomer
−[C2H2F2]− (Figure 1e). The gelatin structure is more
complicated as shown in Figure 1f. The chemical structure of
gelatin is arranged in the following sequence: -Ala-Gly-Pro-
Arg-Gly-Glu-4Hyp-Gly-Pro-.48 In our model following the
mapping procedures in refs,49,50 glycine with an effective
residue volume around 60 Å3 will be treated as a single bead51

and denoted as the skeletal bead (S). Accordingly, the −NH−
CH2−CO− structure connecting adjacent residues will be
represented as skeletal beads (S) as well. In addition, proline
and hydroxyproline are modeled as skeletal beads (S) bonded
to a side bead (T). Arginine is a positively charged side chain
and is mapped as three connecting beads, where the positively
charged bead (H) is attached to a noncharged side bead (T)
and then connected with the skeletal bead (S). The negatively
charged glutamic acid is modeled as a skeletal bead (S)
connected with a negatively charged bead (H). Therefore, a
typical structure of gelatin is represented as 9 connected
skeleton beads (S) plus some side-chain beads (T) or (H).
Two consecutive beads (i and j) in PVDF and gelatin are

connected by a spring force FB = Kb(rij − r0)rîj, where Kb and r0
are the spring constant and equilibrium bond length,
respectively. Here, Kb = 100, r0 = 0.6rC is used for gelatin49

and Kb = 20, r0 = 0.85rC is used for PVDF.42 The harmonic
angle style potential Uθ = Kθ(θ − θ0)

2 is applied on two
consecutive bonds for both gelatin and polymer chains, where
Kθ, θ, and θ0 are the bending constant, inclination angle, and
equilibrium angle. For three consecutive skeleton beads (S) of
gelatin or three consecutive PVDF beads (P), the bending
constant and equilibrium angle are set as Kθ = 6 and θ0 = 180°
to keep the chain structures. For the angle between the S−S
bond and S−T bond on gelatin, the parameters chosen as Kθ =
4.5 and θ0 = 90° were taken for the skeleton beads and side-
chain beads of gelatin. Gelatin chains and polymer chains were
anchored to the surface of a CB nanoparticle by a spring force
with Kb = 200, r0 = 0.2. Counterions were added to neutralize
the system in the simulation, and represented as bead (e).
2.4. Force-Field Parameters. In this work, the con-

servative interaction parameter between the same type of
particles is set to aij = 25kBT/rC, and for two beads of different
types (e.g., A-type beads and B-type beads), the repulsive
parameters can be calculated as34

χ= +a a 3.497AB AA AB (5)

where aAB is the repulsive parameters between A-type beads
and B-type beads and χAB is the Flory−Huggins interaction
parameter. The value of χAB will depend on the solubility
parameter of each component, the temperature, and the
average volume of the beads:52

χ δ δ= −
V
k T

( )AB
bead

B
A B

2

(6)

where Vbead is the average volume of a DPD bead; δA and δB
are the solubility parameters of bead type A and B, respectively.
The repulsive parameters implemented in this work are either
calculated from eqs 5 and 6 or adopted from published
papers.49,53 A summary of all repulsion parameters is presented
in Table 1 below.

The electrostatic interactions between charged beads are
modeled using the “smeared charge” approach with the Slater-
type charge density distribution which has an exponential
decay. This model can remove the divergence of the
Coulombic interactions at r = 0.54,55
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Here, λ is the decay length of the charge. The pairwise
electrostatic force Fij

E between charged particles i and j at short
range with a truncation of 3.0 in real space can be computed as
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At long range, the electrostatic interaction of smeared
charges reduces to the Coulombic potential and the standard
Ewald summation with the integer cut-off 16 in reciprocal
space. The value of λ is chosen such that the reciprocal of the
decay length β = 1/λ = 0.929. The charge distribution on the
protein side chains is determined from the pH values of the
solution and will be discussed later.
For mixed solvents such as the AA/DI mixture in this study,

the conventional DPD method has significant drawbacks in
predicting the physical properties.56 It is due to the fact that
the repulsive parameter aij is calculated by solubility parameter
δ, where the contribution of hydrogen bonds is implicitly
included based on the Hansen approach. Recently, Kacar and
de With57 have solved this problem by adding a Morse
potential term VMorse(r) = D0[e

−2ϵ(r−r0)−2 e−ϵ(r−r0)] to the
conservative DPD potential to explicitly model the hydrogen
bond interactions between mixture solvent beads (A and W in
this work). Here, D0 and ϵ represent the depth and width of
the potential, and r0 is the hydrogen bond equilibrium
distance. The value of ϵ is set as 2. The cut-off value for the
hydrogen bond is taken as the same as that of the nonbonded
cut-off of DPD potential. We have performed all-atom
molecular dynamics simulations of a AA/DI mixture with a

Table 1. Interaction Parameters in Terms of kBT/rC
between Different Beads Used in the Simulations, All
Symbols Are the Same as Those Used in Figure 1

A CB H S T W e P NMP

A 25 25 40 33 25 61 61
CB 25 40 33 25 62 62 25 25
H 25 33 33 25 25
S 25 33 30 30
T 25 38 38
W 25 25
E 25
P 25 25
NMP 25
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weight ratio of 8:2, the hydrogen bond equilibrium distance is
estimated from the radial distribution functions (RDFs)
between the center of mass of the hydrogen bond molecules
as r0 = 0.45. The value of D0 was estimated from the potential
differences of the mixture and the pure components56 as D0 ≈
12kBT.
2.5. Simulation Set Up. Three self-assembly systems:

PVDF-coated CB particles (PVDF/CB) in NMP, gelatin-
coated CB particles (gelatin/CB) in DI water, and gelatin-
coated CB particles (gelatin/CB) in an AA/water (AA/DI)
mixture were prepared through PACKMOL58 according to the
experimental conditions. PVDF/CB in the NMP solvent was
simulated with the standard DPD method. Gelatin/CB in DI
water and gelatin/CB in the AA/DI mixture solvent were
simulated using the modified DPD algorithm with electrostatic
force and Morse potential included (Section 2.3). In our
simulations, the velocity-Verlet integration algorithm is used to
update the positions of each bead, and the integration time
step Δt is set to 0.02τ, here τ = r m k T/c 0 B is the time unit in
our simulations. All the variables in DPD simulations are
nondimensionalized by the cut-off distance rC, bead mass m0,
and energy kBT. The size of the simulation box is 48rC × 48rC
× 48rC, which contains a total of 331 776 beads with the
number density of ρ = 3/rC

3. All simulations were performed in
the NVE ensembles, and the periodic boundary conditions are
adopted in all three directions. The DPD units can be
converted into SI units based on the mapping scheme:

= × =r 60 3 5.65 ÅC
3 , m0 ≈ 60 g/mol, and τ ≈ 2.8 ps. All

simulations in this work were carried out by using the
LAMMPS59 for 500 000 timesteps. Three independent
realizations in each case were performed for statistical
consistency.

3. RESULTS AND DISCUSSION

Our previous experiments23 demonstrated that the final porous
structures are highly dependent on both the coating materials
and solvent environments. (Please see the Supporting
Information for related descriptions and discussions.) The
molecular interactions and self-assembly behaviors of coated
particles in different solvents play critical roles in the
determination of the final porous structures after evaporation.
Therefore, we perform a series of DPD simulations to
systematically explore the fundamental mechanisms involved
in the self-assembly of PVDF- or gelatin-coated CB particles.
Mimicking the experimental conditions, three cases with
different coatings and different solvents have been imple-

mented: (1) PVDF/CB in NMP; (2) gelatin/CB in DI water;
and (3) gelatin/CB in the AA/DI mixture. In each case we run
three independent realizations for statistical consistency. All
realizations yield similar results, therefore only one of the
realizations is shown in the following sections for each case.

3.1. DPD Studies on PVDF-Coated CB Particles in
NMP. We first setup our simulations to study the self-assembly
of PVDF-coated CB particles in NMP (the simulation details
can be found in the Materials and Methods section). The
number of the coating PVDF chains is varied from 1 to 3 to
account for the weak interaction between PVDF and CB.
Figure 2 shows the equilibrium snapshots of the systems at the
end of the simulations. As shown, the PVDF-coated particles
are well dispersed in the simulation box regardless of the
coating number. In addition, we did not observe any assembled
structures throughout the simulations. NMP is well known as a
good organic solvent to disperse CB in the experiment, which
is in good agreement with the observations from the
simulations.

3.2. DPD Studies on Gelatin-Coated CB Particles in DI
Water. The experiments (see Figure S1 and associated
discussions in Supporting Information) indicated that in DI
water the interactions between gelatin and CB are weak and a
large amount of gelatin chains cannot be attached on the CB
particle surface. Therefore, a small number (1−3) of gelatin
chains are attached on the particles in our DPD simulations. As
shown in Figure 1, a typical structure of gelatin contains two
charged functional residues (arginine and glutamic acid) on
side chains, both of which are denoted as (H) beads in our
coarse grained model. The distribution of charges on the
residues is sensitive to the pH value of the solvent. In this work
the values of the charges are determined by the pKa values of
amino acids and the pH values according to ref 60.

= ± + ± −Q 1/(1 (10 ))K(pH p )a (9)

where the positive sign accounts for basic amino acids (such as
arginine on gelatin) and negative sign accounts for acidic
amino acids (such as glutamic acid on gelatin).61 According to
this equation, arginine has a positive charge, while glutamic
acid has a negative charge. As indicated in Figure 3a. The
overall charge on each chain is neutral. Figure 3b−d show the
equilibrium structures as the number of gelatin coating changes
from one to three. As illustrated, clear self-assembled “rod-like”
structures are formed in all three cases. The number of gelatin
coatings also affects the structure details. As shown in Figure
3b, small solitary clusters and several “rod-like” segments are
formed with only 1 gelatin chain coated onto the CB surface.

Figure 2. DPD simulations of the PVDF-coated CB particle assembly in NMP. The equilibrium distribution of CB particles with (a) 1 PVDF chain
coating, (b) 2 PVDF chains coating, and (c) 3 PVDF chains coating. NMP beads are not shown for clarity.
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The length of the “rod-like” segment is short and some of the
segments are connected through a small aggregate. When the
gelatin coating number is increased to two, as illustrated in
Figure 3c, the length of “rod-like” segments is increased, and all
segments are connected by a few ball-like clusters. As the
gelatin coating is further increased, as shown in Figure 3d for
three gelatin coating, longer rods with less branches are
formed.
3.3. DPD Studies on Gelatin-Coated CB Particles in

the AA/DI Mixture. The situation changes dramatically in the
AA/DI mixture at pH = 2. First of all, according to eq 9
glutamic acid has zero charge, but arginine remains positively
charged. Consequently, the net charge of the gelatin is no
longer neutral, but positive charged in acid solution. It is well
known that AA is an effective denaturant helping to open up
the protein structures and expose protein functional
residues.19,23,62 As a result, we expect stronger gelatin−CB
interactions and more gelatin chains on each particle surface.
Therefore, in the AA/DI mixture we study the assembly of CB
particles with three, four, and six gelatin coatings. Figure 4
shows the self-assembled structures at equilibrium states for
each case. As shown, different from the gelatin/CB in the DI
water system, “sheet-like” structures are formed in AA/DI
solution. As the gelatin coating is increased, the sheet surface
becomes larger, thinner, and more curved.
Simulations demonstrate that the assembly structures of the

CB particles strongly depend on the coating materials and
solvent environments. To further characterize the different
structures, we calculate the RDFs of CB particles for all the

cases. The RDF is defined as =
π ρΔ

g r( ) d r
r r
( )

4
n

2 , where dn(r) is

the ensemble averaged number of particles around a referenced
particle within the volume of a shell from r → r + Δr; ρ = N/V
is the number of particles per unit volume; V is the volume of
the system and N is the total number of particles in the system.
As shown in Figure 5a, the RDF for PVDF/CB in NMP is flat,

indicating that the particles are well dispersed in solution and
there is no clear assembled structures. However, for all gelatin/
CB systems as clearly shown in Figure 5, the distributions peak
at rpeak ≈ 3.8 indicates the accumulation of particles. For
gelatin/CB in DI water, the distribution peak gpeak ≈ 90 is
observed when there is only one gelation coating. When the
coating number is increased, the peak value is slightly
decreased to ∼75. For gelatin/CB in the AA/DI mixture, the
rpeak values shift slightly to the right, and the gpeak values are
much smaller compared with the DI water cases. The larger
value of rpeak indicates that the particles are more loosely
packed, and the assembled structures outspread more at a
smaller value of gpeak. Figure 5b,c illustrate the structural details
for the two gelatin/CB systems. As is shown, in DI water, the
“rod-like” strings are always triple-strand and the CB particles
are closely stacked together. In the AA/DI mixture, the
outstretched “sheet-like” surfaces are mostly formed with single
layer loosely packed CB particles. These structural features are
consistent with the corresponding RDF distributions.

Figure 3. DPD simulations of the gelatin-coated CB particle assembly
in DI water. (a) Charge distribution on gelatin side chains in DI
water. The equilibrium distribution of CB particles with (b) 1 gelatin
coating, (c) 2 gelatin coating, and (d) 3 gelatin coating. Water beads
are not shown for clarity.

Figure 4. DPD simulations of the gelatin-coated CB particle assembly
in the AA/DI mixture. (a) Charge distribution on gelatin side chains
in the AA/DI mixture. The equilibrium distribution of CB particles
with (b) 3 gelatin coating, (c) 4 gelatin coating, and (d) 6 gelatin
coating. Water and AA beads are not shown for clarity.

Figure 5. Details of the self-assembled structures. (a) RDF of CB
particles for each simulated case. (b) Compact triple-strand “rod-like”
structures formed for gelatin/CB in the case of DI water. (c) Loose
curved “sheet-like” structures formed for gelatin/CB in the case of the
AA/DI mixture. All solvent and gelatin beads are not shown.
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3.4. Solvent and Charge Effects on Final Self-
Assembled Structures. Both the solution and the redis-
tribution of the charges on gelatin side chains may contribute
to the structural differences for gelatin/CB systems. To
differentiate the effects, we have studied the assembly of
pure CB particles in the DI water and AA/DI mixture. The
final self-assembled structures of bare CB particles in both
solutions are illustrated in Figure 6a. As shown in the inset,

large irregular agglomerations were formed in both solvent
conditions. Moreover, both RDF profiles showed similar peaks
at the similar locations (marked by green dashed squares and
denoted as the 1st peak and 2nd peak). The 1st peak in the
AA/DI mixture is slightly shifted to the right because the AA
molecules have stronger attraction with the CB particle (see
Table 1). Both RDF profiles and morphologies in Figure 6a
indicate that the self-assembled structures from these two
solvent environments are statistically similar, suggesting that
the structural difference is not because of the interactions from
different solvent molecules. To clarify the effect from the
charges, we arbitrarily set the charges on the side chain of
gelatin to zero and re-ran the case for six gelatin-coated CB
particles in the AA/DI mixture. As shown in Figure 6b, all the
particles accumulate into a cylindrical structure. Based on
Figure 6, the dominant factor leading to the “sheet-like”
structures is the charge redistribution on the side chains under
different solvent environments.

Our DPD simulations show that distinctive structures are
formed with different coatings in different solutions. The
structures at the solution state will directly impact the final
porous structures at the solid state after evaporation. Our
simulation results show that the PVDF-coated CB particles are
well dispersed in NMP as illustrated in Figure 7a, therefore
during evaporation the accumulation of CB particles is random
and uncontrollable (see Figure 7d), in the end large cracks may
appear at different locations (see Figure S1a in Supporting
Information). For gelatin-coated CB particles in DI water,
interconnected and closely packed “rod-like” structures are
formed (see Figure 7b). As illustrated in Figure 7e, during the
drying process, the rods can easily break into sticks and
randomly stack together. More importantly, due to the weak
interactions between gelatin and CB particles, excessive
amounts of free gelatins are in the solution and become
solid blocking the porous structures after evaporation. As a
result, the porosity is extremely low in this case (∼12% see
Figure S1b in Supporting Information). For gelatin-coated CB
particles in the AA/DI mixture, the particles assemble into
curved “sheet-like” structures. These structures are stable and
flexible because of the strong gelatin−gelatin interactions. It is
most likely that those curved sheets will form homogeneous
porous structures (porosity of ∼45% see Figure S1c in the
Supporting Information) with large channels as demonstrated
in Figure 7c after evaporation. Additionally, as indicated in
Figure 4c,d, the large sheet surfaces are covered with numerous
charges (shown in red color), producing repelling forces
during evaporation, which will further stabilize the self-
assembled structure. As shown in Figure 7f, a well-maintained
structure will be obtained even at a dry state. The
homogeneous porous structures with functionalized surfaces
work especially well as an interlayer between the cathode and
the separator in Li−S batteries. As demonstrated by the
simulations and experiments in ref 23, the resulting interlayer
provides more pathways for Li+ transport, and the function-
alized surfaces effectively trap the polysulfides suppressing the
“shuttle” effects.

4. CONCLUSIONS

Our experiments show that the final porous structures of the
CB particles strongly depend on the coating materials and
solvent environment. Coating the CB particles with gelatin
proteins and dispersing them in an AA/DI mixture result in a
homogeneous porous structure with high porosity. The

Figure 6. Solvent and charge effects on self-assembled structures in
solution. (a) RDF of pure CB particles’ self-assembled structures in
water (I) and in the AA/DI mixture (II). Inset shows the structures at
the equilibrium state. (b) Self-assembled structure when charges on
gelatin are set to zero in AA solution. All solvent beads are not shown.

Figure 7. Schematic illustration of the structures in the solution state (a−c) and in dry state (d−f) after evaporation.
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accumulation of protein-coated particles in solution is a
complex and protein-directed self-assembly process, which
involves complicated interactions among solvent molecules,
proteins, and CB particles. Here, we have implemented the
comprehensive DPD simulations to investigate the self-
assembly processes of CB particles with different coatings
(PVDF or gelatin) at different solutions (NMP, DI water, or
AA/DI mixture). Our DPD simulations show that PVDF-
coated CB particles are well dispersed in the organic NMP
regardless of the coating density. Gelatin-coated CB particles
result in triple-strand and compact “rod-like” structures in DI
water, while gelatin-coated CB particles in the AA/DI mixture
lead to thin and curved “sheet-like” structures. The
redistribution of the charges on gelatin side chains under
different solvent environments plays key roles in the
determination of the assembled structures. The structures in
solution directly impact the final porous structures after
removal of the solvent. The simulation results are able to
reasonably explain the experimental observations. Both
simulation and experiments demonstrate that homogeneous
high porosity structures with functionalized surfaces can be
obtained through a protein-directed self-assembly process
under appropriate conditions, and DPD simulations represents
a powerful tool in guiding future experimental design and
optimization. Finally, in DPD coarse graining several atoms
into one bead and grouping intermolecular forces into several
short-range forces make the simulations efficient and especially
suitable for study of mesoscale self-assembling processes.
However, due to the coarse graining the detailed molecular
interactions dictating the process cannot be explicitly explored,
and this information can be further investigated in future work
using molecular simulations.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsome-
ga.9b01078.

Detailed experimental descriptions and SEM images of
morphologies for the porous structure formed with
different coating materials under different solvents
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: katie_zhong@wsu.edu (W.Z.).
*E-mail: jin.liu2@wsu.edu (J.L.).

ORCID
Weihong Zhong: 0000-0002-1232-4147
Jin Liu: 0000-0002-0839-5153
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by NSF under grant number CBET
1604211, the work was also supported by USDA NIFA 2015-
67021-22911 and NSF CMMI 1463616. Computational
resources were provided in part by the Extreme Science and
Engineering Discovery Environment (XSEDE) under grant no.
MCB170012.

■ REFERENCES
(1) Fan, X.; Sun, W.; Meng, F.; Xing, A.; Liu, J. Advanced Chemical
Strategies for Lithium−Sulfur Batteries: A Review. Green Energy
Environ. 2018, 3, 2−19.
(2) Chen, L.; Shaw, L. L. Recent Advances in Lithium−Sulfur
Batteries. J. Power Sources 2014, 267, 770−783.
(3) Scrosati, B.; Hassoun, J.; Sun, Y.-K. Lithium-Ion Batteries. A
Look into the Future. Energy Environ. Sci. 2011, 4, 3287−3295.
(4) Hou, C.; Tai, Z.; Zhao, L.; Zhai, Y.; Hou, Y.; Fan, Y.; Dang, F.;
Wang, J.; Liu, H. High Performance Mno@C Microcages with a
Hierarchical Structure and Tunable Carbon Shell for Efficient and
Durable Lithium Storage. J. Mater. Chem. A 2018, 6, 9723−9736.
(5) Le, K.; Wang, Z.; Wang, F.; Wang, Q.; Shao, Q.; Murugadoss, V.;
Wu, S.; Liu, W.; Liu, J.; Gao, Q.; et al. Sandwich-Like Nico Layered
Double Hydroxide/Reduced Graphene Oxide Nanocomposite
Cathodes for High Energy Density Asymmetric Supercapacitors.
Dalton Trans. 2019, 48, 5193−5202.
(6) Idrees, M.; Batool, S.; Kong, J.; Zhuang, Q.; Liu, H.; Shao, Q.;
Lu, N.; Feng, Y.; Wujcik, E. K.; Gao, Q.; et al. Polyborosilazane
Derived Ceramics - Nitrogen Sulfur Dual Doped Graphene
Nanocomposite Anode for Enhanced Lithium Ion Batteries. Electro-
chim. Acta 2019, 296, 925−937.
(7) Du, W.; Wang, X.; Zhan, J.; Sun, X.; Kang, L.; Jiang, F.; Zhang,
X.; Shao, Q.; Dong, M.; Liu, H.; et al. Biological Cell Template
Synthesis of Nitrogen-Doped Porous Hollow Carbon Spheres/Mno2
Composites for High-Performance Asymmetric Supercapacitors.
Electrochim. Acta 2019, 296, 907−915.
(8) Tian, J.; Shao, Q.; Dong, X.; Zheng, J.; Pan, D.; Zhang, X.; Cao,
H.; Hao, L.; Liu, J.; Mai, X.; et al. Bio-Template Synthesized NiO/C
Hollow Microspheres with Enhanced Li-Ion Battery Electrochemical
Performance. Electrochim. Acta 2018, 261, 236−245.
(9) Liu, M.; Liu, Y.; Yan, Y.; Wang, F.; Liu, J.; Liu, T. A Highly
Conductive Carbon−Sulfur Film with Interconnected Mesopores as
an Advanced Cathode for Lithium−Sulfur Batteries. Chem. Commun.
2017, 53, 9097−9100.
(10) Lee, H.; Yanilmaz, M.; Toprakci, O.; Fu, K.; Zhang, X. A
Review of Recent Developments in Membrane Separators for
Rechargeable Lithium-Ion Batteries. Energy Environ. Sci. 2014, 7,
3857−3886.
(11) Marom, R.; Amalraj, S. F.; Leifer, N.; Jacob, D.; Aurbach, D. A
Review of Advanced and Practical Lithium Battery Materials. J. Mater.
Chem. 2011, 21, 9938−9954.
(12) Idrees, M.; Batool, S.; Zhuang, Q.; Kong, J.; Seok, I.; Zhang, J.;
Liu, H.; Murugadoss, V.; Gao, Q.; Guo, Z. Achieving Carbon-Rich
Silicon-Containing Ceramic Anode for Advanced Lithium Ion
Battery. Ceram. Int. 2019, 45, 10572−10580.
(13) Zeng, P.; Huang, L.; Han, Y.; Zhang, X.; Zhang, R.; Chen, Y.
Reduced Shuttle Effect of Lithium−Sulfur Batteries by Using a Simple
Graphite-Modified Separator with a Preformed Sei Film. ChemElec-
troChem 2018, 5, 375−382.
(14) Kang, W.; Deng, N.; Ju, J.; Li, Q.; Wu, D.; Ma, X.; Li, L.;
Naebe, M.; Cheng, B. A Review of Recent Developments in
Rechargeable Lithium−Sulfur Batteries. Nanoscale 2016, 8, 16541−
16588.
(15) Manthiram, A.; Fu, Y.; Chung, S.-H.; Zu, C.; Su, Y.-S.
Rechargeable Lithium−Sulfur Batteries. Chem. Rev. 2014, 114,
11751−11787.
(16) Peng, H.-J.; Huang, J.-Q.; Cheng, X.-B.; Zhang, Q. Review on
High-Loading and High-Energy Lithium−Sulfur Batteries. Adv. Energy
Mater. 2017, 7, 1700260.
(17) Zhou, G.; Li, F.; Cheng, H.-M. Progress in Flexible Lithium
Batteries and Future Prospects. Energy Environ. Sci. 2014, 7, 1307−
1338.
(18) Chao, Y.; Jalili, R.; Ge, Y.; Wang, C.; Zheng, T.; Shu, K.;
Wallace, G. G. Self-Assembly of Flexible Free-Standing 3d Porous
Mos2-Reduced Graphene Oxide Structure for High-Performance
Lithium-Ion Batteries. Adv. Funct. Mater. 2017, 27, 1700234.

ACS Omega Article

DOI: 10.1021/acsomega.9b01078
ACS Omega 2019, 4, 10216−10224

10222

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsomega.9b01078
http://pubs.acs.org/doi/abs/10.1021/acsomega.9b01078
http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01078/suppl_file/ao9b01078_si_001.pdf
mailto:katie_zhong@wsu.edu
mailto:jin.liu2@wsu.edu
http://orcid.org/0000-0002-1232-4147
http://orcid.org/0000-0002-0839-5153
http://dx.doi.org/10.1021/acsomega.9b01078


(19) Fu, X.; Wang, Y.; Zhong, W.-H.; Cao, G. A Multifunctional
Protein Coating for Self-Assembled Porous Nanostructured Electro-
des. ACS Omega 2017, 2, 1679−1686.
(20) Fu, X.; Wang, Y.; Tuba, J.; Scudiero, L.; Zhong, W.-H. Small
Molecules Make a Big Difference: A Solvent-Controlled Strategy for
Building Robust Conductive Network Structures in High-Capacity
Electrode Composites. Small Methods 2018, 2, 1800066.
(21) Rehman, S.; Khan, K.; Zhao, Y.; Hou, Y. Nanostructured
Cathode Materials for Lithium−Sulfur Batteries: Progress, Challenges
and Perspectives. J. Mater. Chem. A 2017, 5, 3014−3038.
(22) Wang, F.; Wu, X.; Li, C.; Zhu, Y.; Fu, L.; Wu, Y.; Liu, X.
Nanostructured Positive Electrode Materials for Post-Lithium Ion
Batteries. Energy Environ. Sci. 2016, 9, 3570−3611.
(23) Fu, X.; Li, C.; Wang, Y.; Scudiero, L.; Liu, J.; Zhong, W.-H.
Self-Assembled Protein Nanofilter for Trapping Polysulfides and
Promoting Li+ Transport in Lithium−Sulfur Batteries. J. Phys. Chem.
Lett. 2018, 9, 2450−2459.
(24) Huang, J.-Q.; Zhang, Q.; Wei, F. Multi-Functional Separator/
Interlayer System for High-Stable Lithium-Sulfur Batteries: Progress
and Prospects. Energy Storage Mater. 2015, 1, 127−145.
(25) Zhang, A.; Fang, X.; Shen, C.; Liu, Y.; Seo, I. G.; Ma, Y.; Chen,
L.; Cottingham, P.; Zhou, C. Functional Interlayer of Pvdf-Hfp and
Carbon Nanofiber for Long-Life Lithium-Sulfur Batteries. Nano Res.
2018, 11, 3340−3352.
(26) Liu, Y.; Qin, X.; Zhang, S.; Liang, G.; Kang, F.; Chen, G.; Li, B.
Fe3O4-Decorated Porous Graphene Interlayer for High-Performance
Lithium-Sulfur Batteries. ACS Appl. Mater. Interfaces 2018, 10,
26264−26273.
(27) Peng, Y.; Zhang, Y.; Wang, Y.; Shen, X.; Wang, F.; Li, H.;
Hwang, B.-J.; Zhao, J. Directly Coating a Multifunctional Interlayer
on the Cathode Via Electrospinning for Advanced Lithium−Sulfur
Batteries. ACS Appl. Mater. Interfaces 2017, 9, 29804−29811.
(28) Liu, M.; Yang, Z.; Sun, H.; Lai, C.; Zhao, X.; Peng, H.; Liu, T.
A Hybrid Carbon Aerogel with Both Aligned and Interconnected
Pores as Interlayer for High-Performance Lithium−Sulfur Batteries.
Nano Res. 2016, 9, 3735−3746.
(29) Dong, C.; Gao, W.; Jin, B.; Jiang, Q. Advances in Cathode
Materials for High-Performance Lithium-Sulfur Batteries. iScience
2018, 6, 151−198.
(30) Shi, Z.; Jia, C.; Wang, D.; Deng, J.; Xu, G.; Wu, C.; Dong, M.;
Guo, Z. Synthesis and Characterization of Porous Tree Gum Grafted
Copolymer Derived from Prunus Cerasifera Gum Polysaccharide. Int.
J. Biol. Macromol. 2019, 133, 964−970.
(31) Liu, M.; Meng, Q.; Yang, Z.; Zhao, X.; Liu, T. Ultra-Long-Term
Cycling Stability of an Integrated Carbon−Sulfur Membrane with
Dual Shuttle-Inhibiting Layers of Graphene “Nets” and a Porous
Carbon Skin. Chem. Commun. 2018, 54, 5090−5093.
(32) Wu, N.; Xu, D.; Wang, Z.; Wang, F.; Liu, J.; Liu, W.; Shao, Q.;
Liu, H.; Gao, Q.; Guo, Z. Achieving Superior Electromagnetic Wave
Absorbers through the Novel Metal-Organic Frameworks Derived
Magnetic Porous Carbon Nanorods. Carbon 2019, 145, 433−444.
(33) Español, P.; Warren, P. B. Perspective: Dissipative Particle
Dynamics. J. Chem. Phys. 2017, 146, 150901.
(34) Groot, R. D.; Warren, P. B. Dissipative Particle Dynamics:
Bridging the Gap between Atomistic and Mesoscopic Simulation. J.
Chem. Phys. 1997, 107, 4423−4435.
(35) Xu, G.; Huang, Z.; Chen, P.; Cui, T.; Zhang, X.; Miao, B.; Yan,
L.-T. Optimal Reactivity and Improved Self-Healing Capability of
Structurally Dynamic Polymers Grafted on Janus Nanoparticles
Governed by Chain Stiffness and Spatial Organization. Small 2017,
13, 1603155.
(36) Chen, P.; Huang, Z.; Liang, J.; Cui, T.; Zhang, X.; Miao, B.;
Yan, L.-T. Diffusion and Directionality of Charged Nanoparticles on
Lipid Bilayer Membrane. ACS Nano 2016, 10, 11541−11547.
(37) Taniguchi, Y.; Takishita, T.; Kobayashi, Y.; Arai, N.; Kawai, T.;
Nakashima, T. Amphiphilic Self-Assembly of Semiconductor Nano-
crystals with Heterogeneous Compositions. EPL 2017, 118, 68001.
(38) Tan, H.; Wang, W.; Yu, C.; Zhou, Y.; Lu, Z.; Yan, D.
Dissipative Particle Dynamics Simulation Study on Self-Assembly of

Amphiphilic Hyperbranched Multiarm Copolymers with Different
Degrees of Branching. Soft Matter 2015, 11, 8460−8470.
(39) Nie, S.; Zhang, X.; Gref, R.; Couvreur, P.; Qian, Y.; Zhang, L.
Multilamellar Nanoparticles Self-Assembled from Opposite Charged
Blends: Insights from Mesoscopic Simulation. J. Phys. Chem. C 2015,
119, 20649−20661.
(40) Hu, S.-W.; Sheng, Y.-J.; Tsao, H.-K. Self-Assembly of
Organophilic Nanoparticles in a Polymer Matrix: Depletion
Interactions. J. Phys. Chem. C 2012, 116, 1789−1797.
(41) Yang, Y.; Chen, P.; Cao, Y.; Huang, Z.; Zhu, G.; Xu, Z.; Dai, X.;
Chen, S.; Miao, B.; Yan, L.-T. How Implementation of Entropy in
Driving Structural Ordering of Nanoparticles Relates to Assembly
Kinetics: Insight into Reaction-Induced Interfacial Assembly of Janus
Nanoparticles. Langmuir 2018, 34, 9477−9488.
(42) Khani, S.; Jamali, S.; Boromand, A.; Hore, M. J. A.; Maia, J.
Polymer-Mediated Nanorod Self-Assembly Predicted by Dissipative
Particle Dynamics Simulations. Soft Matter 2015, 11, 6881−6892.
(43) Shi, R.; Qian, H.-J.; Lu, Z.-Y. Computer Simulation Study on
the Self-Assembly of Unimodal and Bimodal Polymer-Grafted
Nanoparticles in a Polymer Melt. Phys. Chem. Chem. Phys. 2017,
19, 16524−16532.
(44) Ma, S.; Hu, Y.; Wang, R. Amphiphilic Block Copolymer Aided
Design of Hybrid Assemblies of Nanoparticles: Nanowire, Nanoring,
and Nanocluster. Macromolecules 2016, 49, 3535−3541.
(45) Ma, S.; Hu, Y.; Wang, R. Self-Assembly of Polymer Tethered
Molecular Nanoparticle Shape Amphiphiles in Selective Solvents.
Macromolecules 2015, 48, 3112−3120.
(46) Ortiz, V.; Nielsen, S. O.; Discher, D. E.; Klein, M. L.; Lipowsky,
R.; Shillcock, J. Dissipative Particle Dynamics Simulations of
Polymersomes. J. Phys. Chem. B 2005, 109, 17708−17714.
(47) Tang, Y.-h.; He, Y.-d.; Wang, X.-l. Investigation on the
Membrane Formation Process of Polymer−Diluent System Via
Thermally Induced Phase Separation Accompanied with Mass
Transfer across the Interface: Dissipative Particle Dynamics
Simulation and Its Experimental Verification. J. Membr. Sci. 2015,
474, 196−206.
(48) Thakur, S.; Govender, P. P.; Mamo, M. A.; Tamulevicius, S.;
Thakur, V. K. Recent Progress in Gelatin Hydrogel Nanocomposites
for Water Purification and Beyond. Vacuum 2017, 146, 396−408.
(49) Vishnyakov, A.; Talaga, D. S.; Neimark, A. V. DPD Simulation
of Protein Conformations: From α-Helices to β-Structures. J. Phys.
Chem. Lett. 2012, 3, 3081−3087.
(50) Sun, H.; Chen, L.; Gao, L.; Fang, W. Nanodomain Formation
of Ganglioside Gm1 in Lipid Membrane: Effects of Cholera Toxin-
Mediated Cross-Linking. Langmuir 2015, 31, 9105−9114.
(51) Perkins, S. J. Protein volumes and hydration effects. The
calculations of partial specific volumes, neutron scattering match-
points and 280-nm absorption coefficients for proteins and
glycoproteins from amino acid sequences. Eur. J. Biochem. 1986,
157, 169−180.
(52) Maiti, A.; McGrother, S. Bead−Bead Interaction Parameters in
Dissipative Particle Dynamics: Relation to Bead-Size, Solubility
Parameter, and Surface Tension. J. Chem. Phys. 2004, 120, 1594−
1601.
(53) Lee, K.; Lim, H. J.; Yang, S. J.; Kim, Y. S.; Park, C. R.
Determination of Solubility Parameters of Single-Walled and Double-
Walled Carbon Nanotubes Using a Finite-Length Model. RSC Adv.
2013, 3, 4814−4820.
(54) Vaiwala, R.; Jadhav, S.; Thaokar, R. Electrostatic Interactions in
Dissipative Particle DynamicsEwald-Like Formalism, Error Anal-
ysis, and Pressure Computation. J. Chem. Phys. 2017, 146, 124904.
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