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ABSTRACT

High throughput manufacturing of regenerable nanomaterial-based flexible electronics represents an ex-
treme challenge. Here we demonstrate a rapid and eco-friendly assembly and regeneration of nanoma-
terial networks (films) on a hydrophobic polymer substrate (i.e., polydimethylsiloxane) from a sonicated
dispersion of hydrophobic nanoparticles in water. The self-limiting sono dip coating (SDC) assembly is
characterized by an ultrafast withdrawal speed (16 m/min, one to five orders of magnitude greater than
that of existing nanomaterial dip-coating processes) and insensitivity to substrate geometry. It is applica-
ble to a wide range of hydrophobic nanomaterials, from graphene to carbon nanotubes and poly (methyl
methacrylate) nanoparticles. The sono healing method requires only 1 min sonication in water to regen-
erate graphene/polydimethylsiloxane strain sensors. Furthermore, the SDC can be combined with other

Self limiting

nanomaterial deposition methods (e.g., electroplating) to build heterostructures and integrated devices.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Nanomaterial-based flexible electronics (NFEs) that integrate
the functionality of nanomaterials and the flexibility of polymer
substrates promise to revolutionize a wide range of industries,
from electronics [1-3] and energy [4-6] to healthcare [7,8]. The
potential health and environmental concern of releasing nanoma-
terials and polymers into the environment and the use of toxic
solvents and agents in the manufacturing process presents a sig-
nificant challenge for next-generation manufacturing technologies.
Eco-manufacturing represents an important trend for the advanced
manufacturing of NFEs, in which researchers not only consider the
technical challenges of integrating two drastically different compo-
nents in a high throughput manner, they also address the issues
related to the energy consumption, health and environmental im-
pacts over the entire device lifecycle. On the one hand, it is nec-
essary to achieve high-rate, eco-friendly, and low-cost nanomanu-
facturing. Development of high-throughput assembly methods (e.g.,
dip coating [9], drop coating [10], spin coating [11], and meniscus-
assisted assembly [12]) represents a major thrust forward in ef-
forts using bottom-up strategies. The question how to recycle these
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NFEs towards the end of their lifecycle, preventing the release of
nanomaterials and polymer waste into the environment, remains
critical. While self-healing methods have drawn significant atten-
tion in recent years [13-17], their practical applications are lim-
ited and a strategy for repair and regeneration, similar to the
ones widely used in repairing damaged metals and ceramics at the
macroscopic scale [18], is lacking.

In this paper, we have combined an interfacial energy design
of a nanomaterial-polymer-solvent system with a sono-matter in-
teraction mechanism, to achieve ultrafast assembly and healing of
a nanomaterial network on a polymer substrate using deionized
(DI) water as the solvent. This research resulted in the invention
of an ultrafast but self-limiting sono dip coating (SDC) method and
the creation of a new sono-healing protocol. Unlike the traditional
dip-coating assembly process, where the withdrawal speed and as-
sembly efficiency are restricted by the slow solvent evaporation.
In this SDC method, the film is directly formed in the solution.
And because the assembled nanomaterial film is hydrophobic, wa-
ter will not stick to the film during the withdrawal, and therefore,
the evaporation process is eliminated. As a result, the withdrawal
speed of SDC can reach 16 m/min_ which is 1 to 5 orders of magni-
tude higher than any other nanomaterials dip-coating system [19-
25] and at least an order of magnitude higher than the maximum
speed of commercial desktop dip-coaters [26]. Because of the elim-
ination of the evaporation process, cyclic dip coating can be per-
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formed continuously to control the thickness and coverage of the
assembled film. We have found that the assembly is a self-limiting
process; the assembled film thickness and resistance quickly reach
a plateau. Importantly, the nanomaterial network that was dam-
aged after mechanical deformations can recover its conductivity
and regenerate its functionality through a simple, one-minute-long,
sono-healing treatment. Further, the assembly method can be inte-
grated with other manufacturing processes, making it suitable for
fabricating integrated circuits and realizing a wide range of func-
tionalities. As a proof-of-concept, we have demonstrated the elec-
troplating of MXene and Ni on the graphene-coated PDMS sub-
strate, for electromagnetic interference (EMI) shielding and a solid-
state flexible capacitor. This work paves the way towards rational
design and eco-manufacturing of large scale, integrated, reusable,
and affordable flexible electronics.

2. Material and methods
2.1. Materials

The SYLGARD™ 184 (PDMS) was provided by Dow Corning
Corp. Graphene grade M5 (~5 pm in lateral dimension and 6-
8 nm in thickness, ~120 to 150 m?/g) was purchased from XG-
Sciences. The multi-walled carbon nanotube (outer diameter: 50—
80 nm, CAS# 99685-96-8) was purchased from US Research Nano-
materials, Inc. MoS; and h-BN were purchased from Sigma-Aldrich.
The carbon black (Asbury nano 24) was purchased from the Asbury
Cabons Inc. The graphene oxide (GO) was prepared according to
the modified Hummers method [27]. The as-prepared graphene ox-
ide was dried by heating at 80 °C for 48 h. All chemicals used were
purchased from Sigma-Aldrich and used as received without fur-
ther purification. Then, the graphene oxide was annealed at 800 °C
for 4 h under the argon/H, (85/15) atmosphere. The XRD patterns
for as-prepared GO and rGO are shown in Fig. S1 in the Supple-
mentary Information. Ti3C;Ty MXene was synthesized by the se-
lective etching of Al form Ti3AlC, powder using the approach re-
ported in our previous work [28]. The experimental details can be
found in the Supplementary Information.

2.2. Sono dip-coating assembly

In all cases, the sonication was performed using an ultrasonic
cleaner (JP-010S) sonicator with a frequency of 40 kHz and a cham-
ber size of 150 mm x 135 mm x 10 mm. The output power is
60 W and the sono energy is determined by the ratio of the output
power to the cross-sectional area of the chamber. All the assembly
processes were taken under 50 °C. There are two reasons why we
choose 50 °C as the assembly temperature. (1) The sonication will
generate energy and increase the temperature during the assembly
process. We found 50 °C is a proper temperature that the sonicator
can maintain. (2) the higher exfoliation temperature for graphene
shows a more stable solution [29]. Briefly, the nanomaterials with
various weights added into 100 ml DI water in a beaker, and the
solution was sonicated for 1 h before the assembly. The rotation
speed is fixed at 60 rpm to get a fixed period of 1 s. In each as-
sembly cycle, the real assembly time (0.5 s) is defined as the time
frame between the sample’s bottom arriving and leaving the nano-
materials solution, as marked in Fig. 2b.

2.3. Nickel plating

For the Nickel plating, 3 g of ammonium nickel (II) sulfate hex-
ahydrate (> 98%) was dissolved in 100 ml DI water and sonicated
for 10 min to obtain a clear solution. The graphene/PDMS was con-
nected to the negative electrode of the power station (EVENTEK™
KPS3010DF), and the positive electrode was connected to a Ni plate

Applied Materials Today 22 (2021) 100956

and then inserted the Ni plate into the solution. A 5 V bias was ap-
plied until the full coverage of Ni on the graphene surface, which
can be easily identified through the color contrast. The hybrid
Ni/graphene/PDMS was pulled up once the plating process com-
pleted.

2.4. MXene plating

The MXene solution was used as-synthesized with a concentra-
tion of 2 mg/ml. 100 ml solution was added into a 100 ml beaker,
and the graphene/PDMS was connected to the positive electrode of
the power station. The negative electrode was connected to the so-
lution and far away from the sample. A 15 V bias was applied for
5 min then the plated sample was pulled out slowly and dried in
air for 24 h.

2.5. Fabrication of MXene/graphene/PDMS supercapacitor

For the flexible supercapacitor, PVA-KOH gel electrolyte was
prepared by dissolving 3 g of PVA (weight-averaged molecular
weight M,, 146,000-186,000, 99% hydrolyzed) powder in 40 ml
of DI water at 90 °C under vigorous stirring. 3 g of KOH (>85%)
was dissolved in 10 ml of DI water at room temperature and then
added into the PVA solution. The mixed solution was cooled down
to room temperature and poured into a rolled PET mold with a
fixed cylinder MXene/graphene/PDMS as the inner electrode. The
solution was frozen overnight and thawed at room temperature for
1 h, and then a homogenous gel was achieved. A piece of rectangu-
lar MXene/graphene/PDMS was cut and rolled onto the surface of
the prepared gel, and a Kapton tape encapsulated the whole de-
vice. The dimensions of the prepared PVA/KOH electrolyte were
5, 10, and 12.7 mm for the inner diameter, outer diameter, and
height, respectively. The fabrication of the graphene/PDMS refer-
ence device follows the same procedure except replacing the MX-
ene/graphene/PDMS electrodes with graphene/PDMS electrodes.

2.6. Characterizations

The contact angle measurement was conducted using a go-
niometer (SEO Contact Angle Analyzer, Alpha 1). SEM images were
taken using a Hitachi S-4800 SEM. The electrical properties were
measured by using a Keithley 2400 source meter. The sheet re-
sistance was tested by a four-probe method. The resistance mea-
surements were conducted through the two-probe method. Briefly,
samples were cut into a size of ~ 25 mm x 5 mm x 1 mm, and
silver paint was applied to both ends of the samples and dried for
24 h before the tests. The sensing behavior and long-term stabil-
ity testes of the strain sensors tests were performed using a Psy-
lothch uTS test system together with a Keithley 2400. A rectangu-
lar sample was fixed on the two clamps of the tensile tester sys-
tem with a 10 mm gap. For the sensing behavior under different
strains, in order to keep the same testing period, the strain speeds
of 0.5, 1.0, 2.0, 4.0, 10.0 and 20.0 pm/s were used for the strains of
0.25, 0.5, 1, 2, 5 and 10%, respectively. For each strain, the sample
was cycled 10 times. The resistance change during the stains was
recorded synchronously. The long-term stability testing was per-
formed under the strain of 1% with a speed of 1 pm/s. The optical
images were taken using an Olympus BX51M optical microscope.
The thickness of the assembled film was characterized by a com-
mercial confocal laser scanning microscope (VKx 1100, Keyence,
Osaka, Japan). EMI shielding performance was calculated using S-
parameters (The calculation details are in the Supplementary In-
formation). S-parameters were measured using a vector network
analyzer (VNA; 8720ES, Agilent) with a WR-90 rectangular waveg-
uide in the X band (8.2—12.4 GHz). The capacitance was measured
by an LCR meter (GW Instek LCR-6100). The specific capacitances
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Fig. 1. Schematic of assembly and healing processes. (a) Schematic of the particle assembly at the water-substrate interface driven by low interfacial energy and weak
sono wave. (b) Water contact angle on the assembled graphene film surface. (c) Water contact angle on the PDMS surface. (d) Schematic of the healing process where
stacked particles are reorganized into a film; Particles prefer to stay on the surface of polymer substrate and be reorganized by the forces generated by weak sono wave. (e)
Schematic of the SDC process and a graphene film assembly on PDMS. (f) Schematic of the mixed deformation processes and the resultant damaged graphene network on
PDMS. The SEM image shows the delamination and cracks (pink regions) on graphene film. (g) Schematic and SEM image of the healed sample by applying the sono-healing.

of the cylinder capacitor were calculated by normalizing the capac-
itance to the inner surface area of PVA electrolyte.

3. Results and discussion
3.1. Assembly and healing mechanism

As shown in Fig. la-d, the combined interfacial energy and
sono-matter interaction mechanism can be applied for both, the
assembly and healing processes. Here, we simply use spherical par-
ticles to represent the nature of network arrangement during as-
sembly and healing while two dimensional (2D) flakes and one
dimensional (1D) tubes/wires will enable additional mechanisms,
e.g., stacking and entanglement, for network evolvement. First, we
design a nanomaterial-solvent-polymer system with higher inter-
facial energies for solvent-polymer and solvent-nanomaterials and
lower interfacial energy for nanomaterial-polymer to meet the
thermodynamic principle that the formation of the nanomaterials-
polymer interface is energetically favorable (Fig. 1a). We use
graphene-water-polydimethylsiloxane (PDMS) as a demonstration
system. The contact angles of water on graphene film (assem-
bled on PDMS) and water on pure PDMS are shown in Figs. 1b
and 1c, respectively. The contact angle measurements demonstrate
the hydrophobic nature of the graphene and PDMS, along with
the corresponding higher interfacial energy, between water and
graphene (¥ water-graphene = 13.89 mJ/m?), as well as between wa-
ter and PDMS (¥ waterppms = 38.84 mjJ/m?). The interfacial en-
ergy between graphene and PDMS (¥ graphene-poms = 11.62 mJ/m?)
is calculated to be the lowest suggesting that the assembly pro-
cess is energetically preferred (see Supplementary Information for
detailed calculation and, Tables S1 and S2 for different nanoma-
terial systems). Secondly, a weak sono field is introduced to en-
hance the nanomaterial-polymer collision and nanomaterial dis-
persion through the acoustic force [30], the streaming flow [31,32],
and the microjets generated by the collapse of cavitation [33]. It is
also important to note that the weak sono field-induced forces can
also reorganize the assembled nanomaterial network [34], which
is the key mechanism for healing the nanomaterial network after
damage (Fig. 1d).

Based on these principles, we have developed an ultrafast and
self-limiting SDC technique, as shown in Fig. le. Because of the
choice of hydrophobic substrate and nanomaterials, the contact an-
gle of the water-based solution is higher than 90°. Unlike the tra-
ditional dip-coating process where the deposition happens at the
frontier of the solid (substrate)-liquid-vapor contact line and is
driven by the solution evaporation, the assembly of SDC occurs at
the solid-liquid interface in the solution instead. The combination
of the lower interfacial energy of the nanomaterial-polymer inter-
face and the enhanced collision between the nanomaterial and the
polymer through a weak sono field (0.3 W/cm?) guarantees a rapid
assembly of nanoparticles. The withdrawal speed can be as high
as 16 m/min for the current design, which is orders of magnitude
higher compared to the existing dip-coating processes for nano-
materials (see Supplementary Information for detailed comparison
and Table S3) and at least 16 times higher than the upper speed
limit of most commercial dip-coaters (50-1000 mm/min, Table S4,
Supplementary Information). Furthermore, the substrate with as-
sembled nanomaterial film is withdrawn from the solution with-
out evaporation of extra solvent during the process, as both PDMS
and nanomaterials are hydrophobic. Therefore, a cyclic dip coating
can be performed continuously to control the coverage and thick-
ness of the nanomaterial film. As an example, the scanning elec-
tron microscope (SEM) image of the continuous graphene film as-
sembled on the PDMS substrate (0.5 mg/ml, 200 cycles, 9.6 m/min
of withdrawal speed) is shown in Fig. 1e. The PDMS surface is fully
covered by graphene flakes. The detailed assembly process and the
mechanism of SDC, along with and its scalability to different ma-
terials, scales, and substrate geometries, will be discussed in Fig. 2.

The healing process also utilizes these two principles. The dif-
ference is that no nanomaterial is required in the solution (pure
DI water), as shown in Fig. 1d. While energetically, nanomaterials
tend to stay on the polymer substrate rather than going back to
the solution, the forces induced by the weak sonication help re-
organize the damaged nanomaterials network. In comparison, the
same sample in Fig. 1e is damaged through randomly mixed de-
formations (stretching, bending, and twisting), leading to stacks of
flakes and exposed PDMS areas (pink regions in Fig. 1f) due to the
delamination and reorganization of graphene flakes. After 1 min of
sono-healing treatment (0.3 W/cm?) in DI water, the network can
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Fig. 2. The schematic and assembly capability of SDC. (a) Schematic of the customized dip coater for SDC. (b) Displacement of the polymer substrate with respect to time
in one assembly cycle. (c) The comparison of the highest deposition rate (HDR) versus withdrawal speed between this work and traditional dip coating. (d) Assembly of
different nanomaterials, i.e., graphene, reduced graphene oxide, MoS,, h-BN, carbon nanotubes, carbon black, and PMMA nanoparticles. (e) Microscale assembly of graphene

into the word “nova”.

(f) Graphene assembly on a 3D macro-patterned PDMS surface. (g) A multilayer graphene/PDMS composite through alternating spin-coating and SDC.

The inset shows the optical image of the cross-sectional view. (h) Sheet resistance versus dipping cycle under different solution concentrations. (i) The sheet resistance of
six different locations under two different dipping modes; the “500” means that the substrate goes through 500 dipping cycles continuously, and the “250 + 250" means
that the substrate is turned upside down after 250 cycles and runs another 250 cycles; the inset shows the defined six regions on the assembled samples. (j) The simulated

assembly distribution over the substrate under different dipping cycles.

be recovered (Fig. 1g). The functionality of a hybrid device can be
regenerated, and a proof-of-concept demonstration of a healable
strain sensor will be further explored in Fig. 3.

3.2. Sono dip-coating assembly

The ultrafast SDC assembly is realized through a customized
slider-crank mechanism (Fig. S2, Supplementary Information),
printed using a Lulzbot TAZ 6 Desktop 3D Printer and driven by
a linear DC motor, as shown in Fig. 2a. A representative displace-
ment versus time curve is shown in Fig. 2b. The corresponding
average withdrawal speed (the same as the dipping speed in the
current design) is 9.6 m/min at the angular velocity of 60 rpm
(the calculation details can be found in Supplementary Informa-
tion). The displacement of the specimen is shown in the blue curve
in Fig. 2b. The maximum average withdrawal speed can reach
16 m/min through this design with a maximum angular speed of
100 rpm. It is important to notice that, this speed limit is deter-
mined by the current combination of the motor and the slider-
crank mechanism and is not the upper-speed limit of the SDC
method. Further improvement can be achieved by adjusting the
motor and the design of the mechanism. There is a possibility that

the true speed limit may be determined by the fluid shearing ef-
fect caused by the rapid movement of the substrate in the solution,
which is worthy of further exploration. Fig. S3 shows film thickness
versus dipping cycles with a solution concentration of 0.5 mg/ml
and a withdrawal speed of 9.6 m/min suggests a rapid deposition
during the first 100 cycles and film thickness reaches a plateau
(~140 nm) after 400 cycles. We have also compared the withdrawal
speed and the highest deposition rate (HDR) between SDC and tra-
ditional dip coating, as shown in Fig. 2c and Table S3, Supplemen-
tary Information. HDR = c*h/t*, where h is the deposited film thick-
ness, ¢* is a concentration correction factor (defined as the actual
solution concentration divided by 1 mg/ml), and t* is defined as
the time to complete a 3 cm long sample (which is the same sam-
ple size in our SDC assembly). The HDR of our work is calculated
based on 10-cycle assembly (at withdrawal speed of 9.6 m/min,
and concentration of 0.5 mg/ml) which leads to a 75 nm thick
graphene film (Fig. S3, Supplementary Information). Our work not
only has the highest withdrawal speed (1 to 5 orders of magni-
tude higher), but also has the highest HDR (1 to 4 orders of mag-
nitude higher) compared to that of the traditional nanomaterial
dip coatings. To obtain a reasonable comparison, we have chosen
the nanomaterials with similar dimension compared to graphene
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Fig. 3. Sono-healing and regeneration of damaged flexible devices. (a-c) The lightening of a diode with the original, damaged, and regenerated graphene/PDMS resistor,
respectively. (d) A representative resistance changing under various strains from 0.25 to 10% for the same graphene/PDMS specimen with different statuses: original, damaged,
and regenerated. (e) The relative resistance (AR/RO) for original and regenerated graphene/PDMS under various strains; the inset shows that the relative resistance increases
monotonically up to 10% strain. (f) The healing coefficient (Rr/R0) versus the damage degree (Rd/RO) of randomly damaged samples. (g) The response of the bending of the
index finger under different angles using an as-assembled graphene/PDMS strain sensor. Insets show the bending and extending movements of the index finger.

nanosheets in the thickness direction, and therefore, graphene ox-
ide (GO) [19], single-walled carbon nanotubes (SWCNT) [9,21,22],
double-walled nanotubes (DWCNT) [23], BaTiO3 nanosheets [24],
and MXene (Ti3C,Tx) [25] were chosen. The detailed information
can be found in Table S3 in the Supplementary Information.

In addition to the ultrafast withdrawal speed, SDC has sev-
eral other unique characteristics. First, it can be generalized to a
wide range of inorganic and organic particles with different ge-
ometries. In Fig. 2d, we show a collection of nanomaterials assem-
bled on a PDMS substrate, including inorganic nanomaterials, e.g.,
2D graphene, reduced graphene oxide (rGO), molybdenum disul-
fide (MoS;), boron nitride (h-BN), 1D multi-walled carbon nan-
otubes (MWCNTSs), OD carbon black (CB), and organic poly(methyl
methacrylate) (PMMA) nanoparticles. For comparison of all nano-
materials, the withdrawal speed, the solution concentration, and
the dipping cycle were set as 9.6 m/min, 0.5 mg/ml, and 200 times,
respectively. The SEM images of the assembled films (graphene,
rGO, MWCNT, and CB) can be found in Fig. S4 in the Supplemen-
tary Information. Secondly, we have also demonstrated the highly
accurate and selective assembly of graphene on a micropatterned
PDMS surface, forming a word “nova” with a line width of 5 pm.
The pattern is defined through a photolithography process (Fig. 2e
and Fig. S5, Supplementary Information), demonstrating the com-
patibility of SDC with microfabrication technologies. Thirdly, SDC is
not sensitive to surface geometries, and a continuous assembly of

graphene can be achieved on complex macro-patterned 3D PDMS
substrates (with pillars and curved features), as shown in Fig. 2f
and Fig. S6 in the Supplementary Information. In contrast, in tra-
ditional dip coating, the surface geometry may affect the unifor-
mity/continuity of the assembly, because it changes the solution
wetting and the evaporation rate [35-37]. Fourth, the ultrafast na-
ture of the assembly method enables the capability of building a
hierarchical structure for further functionalization. As a proof-of-
concept, we stacked 20 layers of assembled graphene/PDMS com-
posite within 1 mm thickness by alternating PDMS coating and
graphene assembly, as shown in Fig. 2g and Fig. S7 in the Supple-
mentary Information. Each PDMS layer with controlled thickness
is fabricated by spin-coating the mixed monomer and curing agent
and then cured at 120 °C for 5 min.

Lastly, SDC is a self-limiting assembly process that guarantees
the uniform assembly of nanomaterials on the polymer substrate.
The self-limiting effect is identified with the increased dipping cy-
cles and across the entire substrate. In Fig. 2h, a sharp decrease
of sheet resistance (at different solution concentrations) happens
after the first 100 cycles and the curves start to flatten out after
200 cycles, reaching a plateau after 500 cycles. This trend is simi-
lar to the variation of the thickness of assembled graphene film, as
shown in Fig. S3 in the Supplementary Information. The compar-
ison among different curves shows that the concentration of so-
lution has little influence on the sheet resistance after 200 cycles,
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suggesting a self-limiting process. While a continuous conductive
network can form already after 10 dipping cycles in the solution
of 2.0 mg/ml, which corresponds to 5 s exposure to the solution,
it is difficult to achieve a good uniformity of the film. This is be-
cause the bottom part of the substrate may be immersed in the
solution longer than the top, leading to a thickness gradient, as
shown in Fig. 2b. However, the self-limiting nature of the process
eventually increases the uniformity of the film over the substrate
with the increased number of dipping cycles. It is confirmed by
the sheet resistances measured in six different locations, which
shows similar values under two different dipping modes (Fig. 2i).
In mode one, the substrate went through 500 dipping cycles con-
tinuously, and in mode two, the substrate was turned upside down
after 250 cycles and finished at 500 cycles. For each mode, six dif-
ferent regions show similar sheet resistances, and for each region,
the values from two modes are also similar. The reported sheet re-
sistances in Fig. 2h are the average values of six different locations
of the samples. The film thickness dependence on the number of
dip-coating cycles in 0.5 mg/ml solution is shown in Fig. S3 in the
Supplementary Information. After 500 cycles, the thickness of the
film also reaches a plateau of 140 nm. A probabilistic approach is
adopted to explain this self-limiting mechanism [38], and the sim-
ulation result is presented in Fig. 2j. y* = 1 and y* = 0 are the
dimensionless coordinate values at the lower and upper ends of
the substrate, respectively. §* is the dimensionless surface coverage
(density) and 8* = 1 means complete coverage. We assume that
the probability of a particle attaching to the substrate after collid-
ing with it, is a function of the particle’s head-on (perpendicular
to the substrate), and sideways velocity (parallel to the substrate)
components upon impact, and the soft polymer surface that can
absorb the kinetic energy is the preferred surface for nanomaterial
assembly. This probability function would be expected to be de-
fined by the chosen nanomaterial solution and the substrate mate-
rial. For the current solution concentration during the current cy-
cle, and the set sonication conditions, this probability would imply
a certain frequency, f (1/(m2es)) at which the substrate’s exposed
area is capturing the particles. Intuitively, this frequency is pro-
portional to the solution concentration, ¢ (kg/m3) resulting from
the previous dip, f = ac, where o (m/(kg.s)) is the proportionality
constant. Depending on the particle size and mass, for one layer
of nanoparticles, there is a maximum surface density that can be
achieved. As the surface density towards the lower end approaches
its maximum with further dips, the substrate’s exposed area will
shrink enough to allow the upper regions to catch up. Eventually,
a uniform layer of nanoparticles will stick to the substrate before
further layers start forming (100 cycles, red curve). The parameter
o can be modeled as a decreasing function of the number of layers,
which asymptotically approaches zero at infinity, thereby eventu-
ally preventing further growth.

3.3. Sono-healing of damaged films

Advanced manufacturing technology to repair and regenerate
NFEs will be crucial for sustainable and affordable applications of
NFEs. Here, using graphene-PDMS devices, we demonstrate that
sono-healing not only recovers the nanomaterials network but also
regenerates the device functionality. The healing process was per-
formed by putting the damaged graphene/PDMS devices back to
pure DI water with sonication for 1 min. Considering the complex
deformation in the practical applications of an NFE device, we used
a combined stretch-twist method to initiate the network damage.
We first demonstrated the regeneration of the function as a resis-
tor, as shown in Fig. 3a-c. The lightening of a diode with original,
damaged, and regenerated graphene/PDMS resistor, is compared.
The recovered light intensity is the direct evidence of function re-
covery. The SEM images in Fig. 1e-g also indicated the damage and
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reconstruction of the conductive network. We have also demon-
strated the regeneration of more complicated strain sensing capa-
bility, as shown in Fig. 3d-f. Fig. 3d tracks the resistance change
under various strains from 0.25 to 10% for the same specimen with
different statuses: original (blue), damaged (purple), and regener-
ated (orange) statuses. The baseline or initial resistance (Ry) in-
creases from 217 kQ (Rg,, original) to 4683 k2 (R4, damaged),
and then recovers to 302 k2 (Rg,, regenerated). Although Rq; is
slightly higher than Ry, their sensing behavior and gauge factor
are very similar, as shown in Fig. 3e. The relative resistance (AR/Ry,
where AR=R-Ry; R and R, represent the resistance after deforma-
tion and the initial resistance of the strain sensor, respectively) was
plotted as a function of time. The inset shows that the relative re-
sistance (R and Ry were defined as the peak resistance and the
initial resistance of the strain sensor in the last cycle under each
strain, respectively) under different strains increases monotonically
up to 10 %. However, for the damaged sample, the relative resis-
tance increases nonmonotonically when the strain exceeds 5 %, in-
dicating the instability of the damaged sample (Fig. S8, Supple-
mentary Information). Gauge factors (GF) have been determined by
fitting the linear region corresponding to 8.2 and 7.2 for the orig-
inal and regenerated samples, which indicates the excellent recov-
ery. The sono-healing can accommodate a wide range of damage
as shown in Fig. 3f. Ry/Ry is defined as the damage degree, where
Ry is the sample resistance after random stretching and twisting.
Correspondingly, we have defined a healing coefficient R;/Rq (R; is
the regenerated resistance). Healing coefficient R;/Ry = 1 means
full regeneration (red dash line, Fig. 3f). It is interesting to note
that for damage degree less than 10, full regeneration or even en-
hanced conductive network (R;/Ry <1) can be realized. For more
severe damage (e.g., R4y/Ry = 26.6), the healing process can recover
the resistance close to its original resistance (R;/Ry = 3.2). At last,
as a proof of concept, a graphene-PDMS flexible sensor is attached
to the index finger to detect the gesture of the finger (Fig. 3g), and
the long-term stability of the strain sensor under 1 % strain is ex-
plored (Fig. S9, Supplementary Information). It demonstrates the
stability of the flexible sensor.

3.4. Building integrated devices

To further build integrated circuits or functional devices, the
capability of the SDC to integrate with other manufacturing pro-
cesses is critical. As a proof of concept, we have demonstrated
the combination of SDC with electroplating to fabricate hierar-
chical devices for enhanced functionalities in which Ni and MX-
ene layers were deposited on top of graphene/PDMS, respectively
(Fig. 4a). It is important to note that graphene here acts as an elec-
trode, cathode for Ni, and anode for MXene deposition. We first
demonstrated the deposition of Ni from ammonium nickel (II) sul-
fate hexahydrate solution. Ni is an important electrode [39], cat-
alyst [40], and EMI shielding metal [41]. Fig. 4b shows a uniform
Ni film (the silver-white region) formed on the graphene surface.
SEM images of the top (Fig. 4c) and cross-sectional views (Fig. 4d)
show a densely packed Ni layer (~500 nm thick). We have also
demonstrated the integration of MXene (Ti3C,Tx; Tx represents the
surface terminations), a vital member of the 2D materials family
with extremely high electrical conductivity and hydrophilic surface
[42]. Because the MXene surface is negatively charged in the so-
lution [43], graphene/PDMS is used as the anode. After the de-
position of MXene, the substrate color changed to light purple,
as shown in Fig. 4e. Similar to graphene assembly, most MXene
flakes are parallel to the PDMS substrate, as shown in Figs. 4f
and 4g. To validate the potential applications of these hierarchical
devices, we have demonstrated two functions. Depositing Ni and
MXene can significantly increase the conductivity of the assem-
bled layer leading to ultrathin flexible EMI shielding materials. As
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Fig. 4. Integrated hierarchical devices. (a) Schematic of the electroplating process for Ni and MXene coating (left) and the multilayer structure (right). (b) Digital image of
Ni/graphene/PDMS. (c,d) Surface and cross-sectional morphologies of deposited Ni film. (e) Digital representation of MXene/graphene/PDMS. (f,g) Surface and cross-sectional
morphologies of deposited MXene film. (h) EMI shielding performance for the integrated hierarchical structures in the X-band (8.2-12.4 GHz). (i) Dependency of capacitance
on frequency for two different flexible solid-state electrochemical capacitors using graphene/PDMS and MXene/Gr/PDMS as the electrodes, respectively.

shown in Fig. 4h, in comparison with average EMI shielding effec-
tiveness (SE) (see Supplementary Information) of 0.4 dB for PDMS
sheet (1 mm thick) and 4.9 dB for graphene (~ 100 nm for each
graphene layer)/PDMS 20-layer sheet in the X-band (8.2-12.4 GHz),
1 pum thick MXene on graphene/PDMS increased the average EMI
SE to 25.7 dB, and 500 nm thick Ni on graphene/PDMS shows
average EMI SE of 49.8 dB. Both of them meet the commercial
standard for EMI shielding (EMI SE > 20 dB). Although this value
of MXene film is relatively lower than the samples prepared by
some well-optimized coating techniques [28] (e.g. ~40 dB for 1 pm
thick filtered film), we believe the performance can be further im-
proved by optimizing the SDC process and electroplating param-
eters. More importantly, our process provides a new route mak-
ing functional multilayer coatings. Another example is a solid-state
flexible electrochemical capacitor utilizing the excellent conductiv-
ity and large surface area of MXene and graphene. Two electrodes,
MXene/graphene/PDMS and graphene/PDMS, were compared using
PVA/KOH gel as the electrolyte. The dependency of the capacitance
on frequency under the bias of 1 V is shown in Fig. 4i. The spe-
cific gravimetric capacitance of the MXene/graphene/PDMS device
is calculated as 75.4 mF/g, which is around 10 times the value for
graphene/PDMS devices (7.5 mF/g) at the frequency of 10 Hz.

4. Conclusions

We have demonstrated a new affordable and eco-friendly
manufacturing concept that encompasses the lifecycle of
nanomaterials-based flexible electronics from high-throughput
device fabrication to device repair and regeneration. The devel-
oped method enables the interfacial energy driven assembly of
hydrophobic particles on a hydrophobic substrate from aqueous
dispersions in water, assisted by the kinetic energy of sono-
matter interaction. This unique strategy transforms the dip-coating
technology into a fast, high-throughput and eco-friendly SDC
manufacturing process with a low energy consumption. The
sono-healing method can be used to repair damaged films and
nano-devices. This work not only establishes a novel strategy
for assembly and repair of nanomaterial films, but also opens a
new field of research. The SDC process can be integrated with
other deposition technologies. As a proof of concept, we showed
the integration of SDC with electroplating and deposited nickel
and Ti3C;Txy MXene films onto graphene. Those hybrids showed

excellent electromagnetic interference shielding ability and very
good electrochemical performance. We believe this manufacturing
concept will inspire further technology innovation in the advanced
manufacturing of nanomaterial-based devices.
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