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The storage and release of hydrogen has become the most crucial factor relating to the practical
utilization of hydrogen energy, which is an extremely promising alternative energy carrier for future use.
In this study, we employ steered molecular dynamics (SMD) to investigate the adhesion competition
between polythiophene (PT) and hydrogen on single-walled carbon nanotubes (SWCNTs) in depth.
Utilizing this adhesion competition, PT chains assembled with SWCNTs can be regarded as a nanorobot
to remove gas molecules attached to the surfaces of the tubes. The release ratio of H, could be
improved to approximately 100% under high pressure when PT chains were introduced into the system
to occupy the entire van der Waals (VdW) interaction space of the tubes. Remarkably, adhesion
interactions between SWCNTs with different diameters and PT can be further utilized to guide the
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movement of nanorobots on SWCNT surfaces, consequently recovering the system storage capacity.
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1. Introduction

Hydrogen energy is regarded as the most promising alternative
energy source to relieve energy crises and environmental
pollution, which are two large stumbling blocks preventing
social development,' because it can be obtained at low cost
and can produce high energy upon combustion with no air
pollution.>® However, the storage and transport of hydrogen
are the main barriers when it comes to practical utilization.>°
In 1997, Dillon et al. first accomplished a milestone work in
which SWCNTs were used to condense high-density hydrogen,
and it was confirmed that H, was adsorbed physically on the
SWCNTs."" After that, the storage of hydrogen on CNT-based
materials has been investigated through extensive experimental
and theoretical studies.”>™"” As a lot of scientific effort has been
made in this direction, hydrogen storage based on tubular
porous materials at room temperature has continuously
improved in recent years. However, these enhancements of
hydrogen storage capacities are achieved through increasing
the binding energy between hydrogen and the storage
system,'®'® which will eventually lead to further difficulties
relating to hydrogen desorption. Additionally, a working
environment with high pressure or low temperature will also
result in difficulties when desorbing H, from SWCNT storage
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These simulation results are highly expected to shed new light on the application of nanorobots.

systems. Common methods for releasing all hydrogen
molecules involve heating and depressurizing storage systems,
and, to our knowledge, there have been almost no investigations
into the release of H, without changing the system temperature
or pressure.

Polythiophene is a conjugated polymer with excellent
mechanical properties due to its combination of backbone
stiffness and aromaticity,”®*" and it has been preliminarily
demonstrated to exhibit strong adhesion to various
materials.?>® Therefore, it is usually considered an effective
adhesive. Interestingly, when PT encounters tubular porous
materials, such as SWCNTs and boron nitride nanotubes,
adhesion competition will arise between PT and any other
adsorbing material, providing novel inspiration for the release
of gas molecules and recovering the storage capacities of
tubular porous materials.

In this work, this adhesion competition, which might also
apply to other gas molecules, such as N, and CO,, adsorbed on
SWCNT-based materials, is illustrated and applied to H, release
from SWCNTs and the recovery of the H, storage capacity of a
SWCNT system to investigate the underlying mechanism.
Deep insight into the details of the adhesion of both PT and
hydrogen to SWCNTs is gained based on steered molecular
dynamics (SMD) simulations. Based on adhesion competition
between PT and hydrogen on SWCNTs, PT chains assembled
with SWCNTs could be regarded as a nanorobot to release
hydrogen from a CNT storage system under high pressure.
Moreover, the storage ability of the system can be recovered
upon further utilizing adhesion interactions between PT and
SWCNTs with different diameters.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Computational methods

All of the initial models were built using the software package
Materials Studio, and the all-atom model®” was applied in the
simulations, which allowed each atom to possess a particular
site and mass. SWCNT models, namely (10, 10) and (15, 15),
were adopted in our simulation, with diameters of around
1.36 nm and 2.34 nm, respectively. The (10, 10) carbon nano-
tube consisted of 20 unit-cells while the other had 50 unit-cells.
The former SWCNTs were used to store hydrogen, for the
reason that the highest physisorption energy would be obtained
using SWCNTs with a diameter range of 10-20 A,'®?* while the
latter was used to remove the PT chains. The polymerization
degree of the PT chains is 15 in this work. It is worth noting that
the length of the PT chains was comparable to that of (10, 10)
SWCNTs, which is beneficial for hydrogen release (Fig. S1 and
S2, ESIT). Both the SWCNTs and PT chains were built along the
Z direction, as shown in Fig. 1a and b. The simulation boxes
were cuboid with 1000 H, molecules inside. To evaluate the
hydrogen storage capacity under a pressure of 10 MPa at
various temperatures, a series of box sizes was built based on
the ideal gas law, pV = NkgT, where p is the gas pressure, Vis the
system volume, N is the number of gas molecules, kg is the
Boltzmann constant, and 7 is the gas temperature.

For SWCNTs, PT, and H,, the atom types were adopted using
the PCFF force field,>® and the force cut-off distance was
1.2 nm. All MD simulations were performed with the LAMMPS
(Large Scale Atomic/Molecular Massively Parallel Simulation)
software package.”® Periodic boundary conditions were
applied in all directions, and the time step was set as 0.5 fs.
All simulations were conducted in the NVT ensemble using the
Nosé-Hoover thermostat®®*' to maintain the desired
temperature.

In our analysis, H, molecules adsorbed by SWCNTs were
divided into two groups. Those molecules with a distance to the
axis of (10, 10) SWCNTs of less than 6.8 A were considered as
inside the SWCNTs. For the reason that the VAW radius of
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carbon atoms was 1.7 A and the closest distance between
hydrogen molecules and the SWCNT surface was approximately
3 A2 the molecules that were within 4.7 A of the SWCNT
surface were regarded as being adsorbed on (10, 10) SWCNTSs.
To directly count the number of hydrogen molecules, we set
several regions and dynamic groups separated by a series of
radii from the axis of the (10, 10) SWCNT. The number of
hydrogen molecules in each region was counted every time
step, averaged over a simulation time of 0.5 ns when the system
was in equilibrium. Each simulation was performed more than
7 times via randomly assigning different initial velocities to
all atoms.

3. Results and discussion
3.1 Details of PT chain and hydrogen adhesion on SWCNTs

Deep analysis of adhesion between PT chains and SWCNTs was
conducted under a hydrogen atmosphere using SMD in which
conformational changes were considered. In our work, when
the system reached equilibrium, the PT chains were detached
from the outer and inner surfaces of both (10, 10) and (15, 15)
tubes, respectively. As shown in the insets of Fig. 2a and b
(Fig. S3, ESIY), the PT chains were dragged at a constant moving
speed away from the SWCNT surface along the axial direction of
the tube by a virtual spring. During the detachment process, a
reaction coordinate®® was assumed to compute the potential of
mean force (PMF, AG) based on Jarzynski equality.>* The
detaching force was calculated based on the first derivative of
PMF, and the adhesion force (AF) was defined as the maximum
detaching force.

The simulation results of PMF and the detaching force are
demonstrated in Fig. 2 and Table 1. It is observed that PT chains
exhibit strong adhesion to both the outer and inner surfaces of
SWCNTs. For the PT-(10, 10) SWCNTSs system, the free energy
change (AG) values are 61.7 kcal mol* and 120 kecal mol " for
the outer and inner surfaces, respectively, in the detaching
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Fig. 1 The initial model consisting of hydrogen, (10, 10) SWCNTSs, and PT

chains. (a) A top view and (b) side view. (c) A snapshot of the simulation box

(side view) after a simulation time of 0.5 ns. Blue, yellow, and red represent H, C, and S atoms, respectively.
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Fig. 2 The potential of mean force profiles and detaching force curves of PT-SWCNTs systems for the (a and c) outer and (b and d) inner surfaces of (a

and b) (10, 10) and (c and d) (15, 15) tubes.

Table1l Energy change and adhesion force values for each system during
the desorption of PT

Energy AG AE TAS

(kcal mol™) (kcal mol™")  (kcal mol™") (kcal mol™") AF (pN)
(10, 10) CNTspye  61.7 85 23.3 99.4
(15,15) CNTspy  84.4 99.5 15.1 108
(15, 15) CNTs;, 107 132.3 25.3 166.9
(10, 10) CNTs;, 120 152 32 188.5

process, which are attributed to different interfacial adhesion
forces between the PT chains and the tubes. Compared to PT
atoms outside the tube, more carbon atoms from (10, 10)
SWCNTs interact with PT atoms inside the tube within the force
cut-off distance, causing the larger adhesion force on the inner
surface, as shown in Table 1. In addition, the corresponding
interaction energy changes of the hydrogen molecules with
SWCNTs are both less than 10 keal mol ™" in these aforementioned
adhesion processes. Furthermore, adsorption and desorption
are a pair of reversible processes. Therefore, the PT chains
would spontaneously wrap around and insert into the SWCNTs,
driving away hydrogen due to adhesion competition at the tube
surfaces. In addition, the entropy decrease during adsorption
indicates that PT chains would probably be aligned in an
orderly manner on the tube surface; the entropy change can
be obtained from the formula:

AG = AE - TAS 1)

564 | Mater. Adv., 2022, 3, 562-569

where AE is the potential energy change and AS is the entropy
change.

The existence of two distinctive adhesion performances
provides a feasible method for entirely removing H, molecules
stored both inside and outside of SWCNTs with the lowest
number of PT chains. Compared with the system above, the
free energy changes in the PT-(15, 15) SWCNTs system are
84.4 kcal mol™" and 107 kcal mol™" for outer and inner
surfaces, respectively. Based on the same reasoning, the tube
surfaces in this system show a higher adhesion force than the
outer surfaces of (10, 10) SWCNTs. This adhesion force differ-
ence results in adhesion competition between different
SWCNTs and PT, thus providing a novel way to control the
movement of PT chains on tube surfaces. Taking advantage of
the adhesion competition between PT and hydrogen on
SWCNTs, we conceive of a complete program, first utilizing
the assembly of PT chains with SWCNTs to construct a
nanorobot to remove H, molecules from tube surfaces and
then controlling the nanorobot to leave the surfaces.

3.2 Hydrogen release using PT chains

We first simulated the storage of hydrogen using (10, 10)
SWCNTs at three representative temperatures, 77 K, 273.15 K,
and 300 K, to ascertain changes in the hydrogen release
behavior with temperature. For all systems, the environmental
pressure was maintained at 10 MPa through varying the box
size. The model configuration was similar to the model
depicted in Fig. 1, but without PT chains in the box. The H,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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molecules were placed more than 10 A from the SWCNTs to
ensure that few interactions existed between them at the
beginning, and all these H, molecules quickly diffused in the
box within 1 ps. After 250 ps, the H, molecules reached a
relatively stable state and were partly bound to the inner and
outer surfaces of the SWCNTs.

The final snapshots of the adsorption states at different
temperatures are shown in Fig. 3a-c. It is easily observed that
the number of adsorbed H, molecules decreases with an
increase in temperature. The total number of adsorbed hydrogen
molecules distributed along the SWCNT radius is depicted in
Fig. 3d. A radius distance of 11.5 A to the axis of the SWCNTs is
selected as the critical size for hydrogen adsorption on SWCNTs.
The weight percentages of adsorbed H, molecules based on the
total mass are calculated to be 6.50%, 1.20%, and 1.02% at 77 K,
273.15 K, and 300 K, respectively, in this work, which are
comparable to the existing literature.">>*° In other words, the
release ratio is 84.31% when the temperature increases from
77 K to 300 K at a constant pressure of 10 MPa. It is noteworthy
that there is still around 15.69% residual hydrogen adsorbed on
SWCNTs at 300 K, as exhibited in Fig. 3c. This residual gas
results in wasted storage space, and the complete release
of hydrogen requires a further increased temperature or
reduced pressure, which is inconvenient for the application of
hydrogen storage using CNT-based systems in strict working
environments.

Subsequently, PT chains were introduced into the SWCNT
system above to further release hydrogen at 300 K and 10 MPa.
As illustrated in Fig. 1a and b, the new system consisted of
1000 H, molecules scattered in several areas, (10, 10) SWCNTs,
and a set of PT chains that were distributed along the tube axis.
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Fig. 3 (a—c) Final snapshots (top view) of the adsorption states of hydrogen
at different temperatures. (d) The numbers of hydrogen molecules adsorbed
by (10, 10) SWCNTs under 10 MPa at different temperatures.
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The minimum distance between a single chain and its
neighbor chains was within the VAW cut-off radius and the
closest distance from the carbon atoms of SWCNTs to the
sulfur atoms of PT chains was about 5 A. These configurations
were constructed for the reason that pre-existing interactions
between them gave rise to the introduction of PT chains into
the tube quickly. Simulations were performed on a series of
storage systems with different numbers of PT chains, and six
representative samples, with the introduction of 1, 2, 3, 4, 8,
and 12 chains, respectively, were analyzed to gain more insight
into the hydrogen release performance.

During the initial pre-equilibration time of 2 ns, PT chains
were fixed to allow the hydrogen molecules to fully diffuse over
the entire simulation box at 300 K and 10 MPa. Hydrogen
molecules were counted when H, adsorption reached saturation
on (10, 10) SWCNTSs, and the number of adsorbed molecules was
comparable to that in the aforementioned initial system without
PT chains. Subsequently, the PT chains were freed to generate a
new equilibrium scenario in the following 2.5 ns. As manifested
in Fig. 1c, PT chains converged into a bundle at the beginning
before entering the tube owing to the stronger attraction
between these chains compared to between the chains and
SWCNTs. Thereafter, all of the PT chains gradually approached
the end-face of the tube and started to increasingly interact with
the SWCNTSs. It is noticed that PT chains spontaneously move
into the tube, mainly along the axial direction of the SWCNTs,
due to their strong adhesion force with the tube.

The residual hydrogen configurations for these 6 samples
are illustrated in Fig. 4. As expected, the PT chains are indeed
aligned in order on the tube surfaces. It is also found that the
PT chains prefer to enter the tube, as the adhesion of PT chains
to the inside of the tube is stronger than to the outside, as
presented in Table 1, which can also be easily predicted based
on the binding energy between them (Fig. 5b). In addition, only
3 PT chains at most are able to enter inside the tube, while the
others wrap around the tube because of the limited inner space
in (10, 10) SWCNTs, as demonstrated in Fig. 4d-f. In both
cases, PT chains occupy the positions where hydrogen
molecules were located and drive away most residual H,

Fig. 4 Snapshots (end-face of the tube) of residual hydrogen on SWCNTs
with an increasing number of chains: (a) 1, (b) 2, (c) 3, (d) 4, (e) 8, and (f) 12
PT chains.
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adsorbed on the tube as a result of adhesion competition. Additionally, the hydrogen release performance is enhanced
The hydrogen release ratios along the radial direction of the as the number of chains increases, because more and more H,
SWCNTs for these six systems are summarized in Fig. 5a. It is space on tube surfaces is occupied by polymer chains after
observed that the release ratios present a downward trend adhesion competition, as shown in Fig. 4, which is confirmed
along the radial direction of the tube for all the systems. based on the binding energy increase shown in Fig. 5b.
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This enhancement converts from nonlinear to approximately
linear when the number of chains is more than three.
Eventually, the hydrogen release ratio is close to 100% when
12 PT chains are introduced into the system (inset of Fig. 5b),
indicating that 12 PT chains are sufficient to occupy the entire
VdW interaction space of (10, 10) SWCNTSs, as demonstrated in
Fig. 4f.

For SWCNTs in the diameter range of 10-20 A, due to the
orderly arrangement of PT chains on the tube surface, the
number of PT chains that would be enough to occupy
the entire VAW interaction space of the tube can be derived
(details in the ESIT) as follows:

90
Nouwt = —34 (2)
arcsin d+6.8
90
A 7768

where N, and Nj, are the numbers of PT chains outside and
inside the tube, respectively, and d is the diameter of the
SWCNTSs. For the case of (10, 10) SWCNTSs, our calculations
predict that Ny, is 9.38 and N;, is 3, consistent with the
simulation results in this work.

3.3 Removing PT chains via adhesion competition

To recover the hydrogen storage capacity of (10, 10) SWCNTs,
it was necessary to remove the PT chains from the tube.
Considering that the evolution of the system is towards a
reduction in free energy to achieve a more stable state, we
introduced (15, 15) SWCNTs into the above system to remove
the chains from the (10, 10) SWCNT surface. For simplification,
hydrogen was assumed to be completely desorbed from the
(10, 10) SWCNTSs system. As depicted in Fig. 6a, the distance
between the adjacent ends of the two tubes was set to about
20 A in the initial stage. As (15, 15) SWCNTs approached (10, 10)
SWCNTs gradually, the large-diameter tube interacted with the
PT chains first because the PT chains were a little longer than
(10, 10) SWCNTs. When the aforementioned distance was
reduced to around 5 A, both SWCNTs were fixed at the same
time. Subsequently, the PT chains completed their transfer
spontaneously within the next 150 ps.

As illustrated in Fig. 6c, when the new system reaches
equilibrium, seven chains adhere in an orderly manner to the
outside of (15, 15) SWCNTs, and two chains enter inside this
tube. All of the PT chains adsorbed on the outer surface of
(10, 10) SWCNTs transfer spontaneously to both the inner and
outer surfaces of (15, 15) SWCNTs due to adhesion competition.
This situation is because the interfacial adhesion forces of PT
chains on the outside and inside of (15, 15) SWCNTs are 108 pN
and 166.9 pN, respectively, higher than on the outside surface of
(10, 10) SWCNTs (99.4 pN), as shown in Table 1. Driven by the
stronger adhesion, the system achieves a more stable state in
which the total binding energy between 12 PT chains and
SWCNTs increases by about 300 kcal mol ™' from the initial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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state, as demonstrated in Fig. 6d. Furthermore, the AF between
the PT chains and the inner surface of the (10, 10) tube, which is
higher than that between the PT chains and (15, 15) SWCNTs,
keeps three PT chains from transferring to the thicker tube, as
expected. In the same way, these three chains could be removed
by a smaller tube that exhibits stronger AF with the PT chains
due to the deeper VAW potential well’” inside the tube caused by
forcefield overlap.

4. Conclusions

In summary, a detailed investigation into adhesion between PT
chains and SWCNTs under a hydrogen atmosphere is carried out
based on SMD simulations. Based on adhesion competition, a
novel method is proposed, introducing PT chains into a SWCNT-
based hydrogen storage system to construct a nanorobot which
can remarkably improve the hydrogen release capacity. The
release ratio of hydrogen is improved to approximately 100% at
10 MPa when 12 PT chains are introduced to (10, 10) SWCNTSs. In
particular, taking advantage of the adhesion interactions invol-
ving SWCNTs with different diameters, these PT chains can be
spontaneously removed to recover the system storage capacity.
The inspiring simulation results presented in this work are
expected to improve hydrogen energy utilization from SWCNT-
based storage systems.
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