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3D Graphene Oxide Micropatterns Achieved by
Roller-Assisted Microcontact Printing Induced Interface

Integral Peel and Transfer

Peng Xiao, Shiyu Du, Tao Zhang, Nianxiang Qiu, Jiawei Zhang, Youju Huang,
Changjin Wan, Rainer Jordan,* Qing Huang, Zhaoping Liu, and Tao Chen*

Most fascinating applications of graphene-based devices are highly
dependent on the precise fabrication of patterned graphene microstructures.
While considerable progress of 2D patterning of graphene has been achieved
with various lithographic techniques, the realization of patterned 3D gra-
phene microstructures still remains a significant challenge. Here, a rapid and
highly scalable roller-assisted microcontact printing (RAUCP) strategy for the
fabrication of 3D graphene oxide micropatterns is reported. The facile RAUCP
allows for the robust negative duplication of 3D topologies of the microstruc-
tured stamp using chemically modified graphene as the inks. The patterned
3D graphene microstructures exhibit interesting properties of graphene itself
and allow for further functionalization of polymers to enable the potential
integration of the 3D patterned microstructures into next-generation 2D
Janus hybrid thin film for chemical sensors and other electronic devices.

1. Introduction

Graphene, a 2D honeycomb lattice of sp?-bonded carbon atoms,
has received considerable attention for its promising poten-
tial applications in sensors,l!l actuators,?! field-effect transis-
tors,1l photovoltaic devices, and graphene-based composite
materials,”! because of its unique physical, chemical, and
electronic properties. However, to take full advantage of the
unique properties of graphene for next-generation devices, a
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precise fabrication of patterned graphene
microstructures is needed. While impres-
sive progress in the development of 2D
patterning of graphene with various tech-
niques such as photolithography,®! inter-
layer lithography,® soft lithography, 72~
focused beam technique,® and direct
writing strategy °*P! has been achieved,
graphene patterning in 3D is a major
challenge. 3D graphene microstructures
demonstrate high specific surface and
hierarchically vertical geometries, in com-
parison to the 2D film, the anisotropic
3D microarchitectures have better perfor-
mance in electrode materials and other
electronic devices.'%b A precise, robust,
and scalable 3D micropatterning of gra-
phene would open the facile integration
of graphene to realize highly sensitive sensors!!!l and electrode
arrays.l'Z Until now, only few reports on the fabrication of
3D patterning of graphene microstructures can be found. For
instance, Seol and co-workers[!¥] reported on the 3D printing of
reduced graphene oxide (rGO) nanowire that could be realized
by local growth of graphene oxide (GO) using the meniscus
formed at the tip of a micropipette with following reduction
of GO. Nam and co-workers!!%l integrated graphene thin films
into 3D microstructured surfaces via the swelling, shrinking,
and adaption of a poly(dimethylsiloxane) (PDMS) stamp to
enable the transfer of microstructured graphene. Despite the
recent progress, the lack of robustness and scalability of the
approaches strongly limits their application for the integration
of graphene into novel high-performance devices.

Microcontact printing (uCP),l'l as a simple, versatile, and
inexpensive patterning approach, has been used widely to gen-
erate various 2D graphene thin film micropatterns.”<152% The
facile and robust soft lithography techniques were also extended
to replica molding,!'! microtransfer molding,'”) micromolding
in capillary,'¥ and solvent-assisted micromolding!**! for readily
realizing 3D micropatterns. However, these fabrication strate-
gies rely on crosslinkable polymers or ceramic precursors and
are as such not suitable for the integration of graphene. Based
on our long-term endeavor of surface patterning by robust uCP
methods,7¢1522%¢] herein we report our recent development
to fabricate 3D micropatterns with integrated graphene by the
new surface patterning technique of “roller-assisted micro-
contact printing” (RAuCP) using a GO dispersion as the ink.
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RAUCP is a significant advancement of microcontact printing
technique and a breakthrough of surface patterning new
strategy in fabricating 3D patterned graphene microstructures.
The RAUCP performed with apt rolling speed and force allows
for the negative duplication and transfer of the 3D topology of
stamp into 3D graphene profiles in a single step. Taking advan-
tage of the uCP process, the derived RAUCP can produce 3D
micropatterend graphene in a robust and facile fashion, which
is highly important for scalable and low cost developments for
next-generation graphene-based devices.

2. Results and Discussion

2.1. Roller-Assisted Microcontact Printing

The procedure to fabricate 3D graphene micropatterns by
RAUCP is outlined in Figure 1a—d. A flexible PDMS stamp with
a 3D topography (for example a grid structure) is inked with a
dispersion of GO flakes (lateral size =5 um, =1.1 nm thickness;
Figure 1a, Figure Sla,b, Supporting Information) in ethanol. The
GO ink can spread smoothly along the micropatterned PDMS
surface with good wettability, forming a homogeneous liquid

a
Inking \ Evaporation 4

L D

'a\
M‘h\)iiﬂﬁ

www.MaterialsViews.com

membrane. After ethanol evaporation, GO flakes spontane-
ously self-assemble into a thin continuous film that renders its
3D surface topography (Figure 1b). We have reported previously
that micropatterned GO with an average thickness of less than
10 nm could be easily transferred in a normal uCP from the GO
inked PDMS stamp onto the silicon wafer’? (Figure S2a, Sup-
porting Information) because of the strong hydrogen bonding
interactions between the hydrophilic GO and the hydroxylated
silicon substrate, and interactions between the layered GO flakes
within the film (polar, 7—r interactions and hydrogen bonding;
Figure S1c, Supporting Information).?!l The stamp covered with
the continuous GO film is then placed on a substrate (SiO,) as
in a standard WCP process but additionally a roller is applied
(Figure 1c) to enable complete transfer of the 3D patterned GO
film onto the substrate before the stamp is removed (Figure 1d).
We found that for a successful graphene film transfer by the
RAUCP, the PDMS stamp must be relatively thin (less than
2 mm) to provide a sufficient stamp flexibility and to induce a
viscoelastic deformation of the PDMS stamp by the rollerl?? to
reduce the PDMS-GO interaction and to facilitate the stamp
removal without rupturing the delicate 3D profile of the GO film.

With this simple procedure, RAUCP readily allows the
transfer of continuous graphene films with maintained 3D
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Figure 1. Fabrication of 3D patterned graphene microstructures by roller-assisted microcontact printing (RAUCP). a—d) Schematic illustration of RAUCP
process. Stamp inking with a a) GO dispersion, b) solvent evaporation, c) microcontact printing assisted by a roller (=5 mm in diameter, =10 cm in
length, and d) the final demoulding transfer of the GO film from stamp onto silicon wafer with maintained 3D profile with velocity =1.1 mms™' and
pressure =3.7 kg. e) Optical image of GO film with cubic architectures. Inset: photograph of the transferred GO film with 3D profile to show its macro-
scopic lateral size. f) The enlarged optical image of (e). g) Raman spectra of characteristic peaks for the 3D GO cubic structures and GO background
corresponding to (f). h) 3D AFM visualization of the cubic structures with an average height around 850 nm. Typically, the aforementioned cubic
microstructure is fabricated employing a velocity =1.1 mms™ and pressure =3.7 kg during RAUCP with GO concentration of =3 mg mL™".
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Figure 2. Transfer mechanism of RAUCP. a) Schematic illustration of transferring GO film microprofiles from a PDMS stamp onto an adhesive tape
by the Geim-method. b) AFM scan of the transferred 3D GO microtopography with a height of about 900 nm. c) Schematic illustration of the transfer
of a GO film from a flat PDMS stamp by RAuCP. d) AFM scan of the transferred GO film with a thickness of =40 nm with its typical roughness (inset:

section analysis along dashed line).

e) The mechanism analysis of the replica demoulding process and simulation curves obtained with Materials

Studio software. f) The successful transfer of 3D GO microstructured film with respect to the dependence of the rolling speed and applied pressure
(GO concentration is about 3.0 mg mL™"). The error bars are the standard deviation for the rolling speed and applied pressure.

microtopography on cm? areas as illustrated by the photo-

graph in the inset of Figure le and detailed optical microscopy
images (Figure 1e,f). Locally recorded Raman spectroscopy on
the GO cube (blue) and GO background (black) revealed the
typical characteristic peaks of GO. Investigation of the GO film
topography by atomic force microscopy (AFM) showed the 3D
microtopography of the graphene with protruding hollow cubes
of =850 nm height (Figure 1h) and the characteristic wrinkled
structure of interconnected GO flakes forming the continuous
film (Figure S1d, Supporting Information).

2.2. Transferring Mechanism of RAUCP

For a successful, defect-free transfer of the 3D graphene micro-
topography from the elastic PDMS stamp onto the substrate,
one can enhance the adhesion interaction between the GO film
and the receiving target or, alternatively, decrease the interac-
tion between the stamp and the GO film. Inspired by the first
example of peeling and transferring of graphene from graphite
using an adhesive tape reported by Geim and co-workers,23]

Adv. Mater. Interfaces 2016, 1600867
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we used a commercial tape to enhance the adhesion energy
between the GO and the target substrate to quickly peel
the GO film from the stamp in a kinetic control of adhesion
(Figure 2a).”Y The AFM scan in Figure 2b indicates the suc-
cessful transfer of a continuous 3D GO film with cubic topog-
raphy and pattern height around 900 nm, which demonstrates
the feasibility of this method. However, further use and appli-
cation of the transferred pattern on a tape is rather limited. In
a recent report by Xie and co-workers,?? vanadium disulfide
(VS,) nanosheets were readily transferred from a cellulose
membrane to arbitrary substrates with the aid of a roller. This
transfer process can also be understood as a rolling-induced
increase of the adhesion energy between VS, and the target,
which inspired us to apply this roller-assisted process for the
GO film transfer with thicker GO films (=40 nm) from planar,
unpatterned PDMS stamps onto silicon substrates (Figure 2¢,d).
In contrast to a flat stamp, some area of the structured stamp
cannot have a direct contact with the receiving target, resulting
in selective patterns and/or incomplete 3D transfer under this
operation condition employed on a flat stamp (Figure S2b,c,
Supporting Information). Considering the viscoelastic behavior
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of PDMS,[' we induce considerable deformation on the GO
inked elastomer which results in incomplete film transfer
with a considerable number of cracks (Figure S3, Supporting
Information). The deformation of the stamp that effectively
decreases the interfacial interaction between PDMS and contin-
uous GO film plays a significant role in the transfer procedure.
Toward exploring the details of transferring process, relation-
ships of different interface energy were first simulated by molec-
ular simulation using COMPASS force field as implemented in
Materials Studio software (Figure S4, Supporting Information).’!
Figure 2e shows the schematic models of the rolling process with
the three competing interfacial energies defined as Eppys_go domi-
nated by the deformation of the stamp, Eco o and Esypsrae—co
dominated by the applied pressure during the transfer process.
In the simulation model, the transfer process can be divided
into two parts, which contain the rolling-induced deformation
(Eppms-co and Ego.go) and pressure-induced enhancement of
the adhesion energy (Esupstateco’ and Eco’_co’). Upon the rolling-
induced strained deformation from 0% to 18%, Eppys_go decreases
from =570 to =450 kcal mol™, while Egq_go increases from =500
to =530 kcal mol™. This results in the separation of GO thin film
with PDMS stamp. On the other hand, as the increase of rolling
pressure from =2.6 to =27.0 MPa, the adhesion energy of both
Esubstraecor and  Eqorgor experiences a prominent increase,
showing final values from =390 to =480 and =230 to
=400 kcal mol ™!, respectively. This causes the enhanced adhesion of
the GO thin film with target substrate. Eventually, GO nanosheets
are highly inclined to be an integrity, which is robust enough to
break the PDMS-GO interface and interacts strongly with a
receiving target and thus allows the successful transfer of a contin-
uous 3D patterned GO microarchitecture onto the target substrate.
Based on the simulation results, we can now control the
RAUCP process by optimization of the transfer parameters such
as the applied pressure and rolling speed of roller to realize the
3D graphene micropatterns transfer with a high achievement
ratio. With hundreds of trial-and-error cycles we found that slow
rolling speed and apt pressure improved the adhesion of the
GO film to the silicon substrate and at the same time allowed
a defect-free removal of the stamp (Figure S5 and Figure S6,
Supporting Information). Phase diagram in detail as shown in
Figure 2f shows the dependence of pressure on rolling velocity.
As the rolling speed increases from 0.1 to 2 mms™!, the pres-
sure should increase correspondingly (from =1.8 to =3.8 MPa)
to induce sufficient stamp deformation as well as adhesion force
for successful transfer of 3D GO micropatterns. The key concept
for the successful transfer criteria is that under a certain rolling
velocity, the applied pressure value should be larger than that of
the transition region. Otherwise, below the critical pressure value,
the 3D transfer may fail, resulting in selective patterns or partial
3D microstructures transfer. Furthermore, based on the phase
graph, we have further tested the graph through lots of transfer-
ring experiments, indicating that the regions are well-defined.

2.3. Morphological Control of 3D Patterned Graphene
Oxide Microstructures

The morphology of the transferred 3D graphene microprofiles
can be further tuned by the variation of the GO concentration
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in the dispersion used as the ink. With a concentration
of =3 mg mL™! and a grid-structured PDMS stamp, the RAUCP
results in a 3D GO layer forming hollow microcups (Figure 3a).
A steady decrease of the GO concentration of the ink results
in thinner GO layers of decreasing stability, which causes a
transition of the final microarchitectures from turned cups
to open double-walled boxes (Figure 3a—d). Importantly, the
critical thickness of the box or collapsed one is about 610 nm
with the critical concentration of =2 mg mL~!. The box struc-
tures are formed by the collapse of the suspended upper GO
film (Figure 3e). Interestingly, the height of the box walls is
linearly dependent on the GO ink concentration (Figure 3f).
As apparent from the cross-section analysis of the AFM scans
(Figure S7, Supporting Information), all 3D GO arrays have
a continuous GO background, indicating an integral material
with ordered embossment. Further investigations of the 3D GO
microarray by scanning electron microscopy (SEM) (Figure 3g,h
and Figure S8, Supporting Information) revealed that the large
and uniform array is flexible and can be detached from the sup-
porting substrate without losing its integrity.

To demonstrate the universality of RAUCP, stamps with
various structures and structural dimensions were used for
the fabrication of patterned 3D GO microarrays on a large
scale (Figure S9, Supporting Information). Readily, arrays of
dots, grids, rings, and lines could be easily fabricated and all
with a continuous GO film forming the profile (Figure 4a—d,
Figure S10, Supporting Information). Notably, highly concen-
trated GO ink and line shaped stamps resulted in 3D arrays
with heights on the submicrometer scale (Figure 4e,f). With
dilution of the GO ink, line arrays of adjustable spacing and
heights can be produced with the same stamp (Figure 4g—i). It
is noted that the minimum features of 3D graphene patterns
depend strongly on the lateral size of GO nanosheets. In our
system, the minimum size could be achieved successfully
around 2 um (Figure 4h,i and Figure S11, Supporting Informa-
tion). However, it is supposed that 3D GO feature size could
be minimized to submicron level with appropriate GO sheets
sizes. Furthermore, we found that even macroscopic objects
can be reliably transformed into 3D GO reliefs. This is demon-
strated by the use of various coins as a master to cast the PDMS
stamp, which in turn is then used to produce 3D GO patterns
by RAUCP (Figure S12, Supporting Information).

2.4. Fabrication of 2D Janus Hybrids and Their Electrical
Performance for Flexible Electronics

Since GO as well as graphene can be readily functionalized
by various chemical reactions,?%2% the chemical and physical
properties of the 3D GO micro- and macroreliefs, fabricated by
RAUCP, can be broadly tuned. Especially the functionalization
by a defined polymer layer such as a polymer brush is of high
technological interest.l””] For the grafting of polymer brushes
onto carbonaceous material, the self-initiated photografting
and photopolymerization (SIPGP) is the most direct and effi-
cient method as it is applicable to a wide variety of vinyl mono-
mers and does not require an initiator precoating.[282-47¢29]
As an example, a 3D GO array featuring open boxes with a
wall height around 180 nm (Figure 5a) was grafted with a

Adv. Mater. Interfaces 2016, 1600867
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Figure 3. 3D patterned graphene microprofiles with controlled shapes (PDMS features: grid-shaped size =4.5 pm, =10 um spacing, and =1 um in
depth). a) AFM scan of an array of hollow upside-down boxes transferred by RAUCP using a GO ink concentration of C = 3 mg mL™", b) with lower
GO concentration (C =2 mg mL™") the same process results in partly collapsed structures and further decrease of the concentration results in open

double-walled boxes at¢) C=1.5and d) C=1mgmL™".

e) The section illustration of morphology transition. f) Wall height of the boxes as a function

of the GO concentration of the ink solution. g) Partially detached microbox array illustrating the flexibility and robustness of the array. h) Detailed
SEM micrograph showing the bottom and top side of the box array fabricated by RAUCP with a rolling pressure of =3.7 kg and velocity of =1.1 mms™".

poly(N,N-dimethylaminoethylmethacrylate) (PDMAEMA)
brush by SIPGP. The added brush layer increased the wall
height from original 180 to 400 nm and the walls became
noticeably broader (Figure 5b,c). The polymer brush coating
also significantly changed the wetting properties of the 3D GO
array with a water contact angle of 74 + 2° (native) to 28 + 1°
for the GO-PDMAEMA brush composite (Figure 5d). It is note-
worthy that with this approach, only one side of the GO film
is functionalized by the brush and therefore, Janus-type 3D
microstructured reliefs are produced.’%! The additional brush
layer further stabilizes the relief and allowed a complete detach-
ment from the support (Figure Se, Figure S13a,b, Supporting
Information). The free-standing 3D GO reliefs are highly flex-
ible, yet robust enough to fold without rupture (Figure S13c,d,
Supporting Information).

Since the SIPGP is a photografting reaction using UV light,
the GO layer is grafted with the polymer as well as converted
to rGO which is a good conductor.?!! This is evidenced by
conductivity measurements of the 3D GO relief and the GO-
PDMAEMA hybrid. While the first is an isolator, the latter
displays a linear I~V curve on Au electrodes with thickness of
about 50 nm spaced by 550 um indicating an ohmic contact

Adv. Mater. Interfaces 2016, 1600867
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(Figure 5f,g). Due to the specific features of the Au electrodes
on glass target, the hybrid can spread smoothly and tightly
along the target surface. The rGO-PDMAEMA had a maximum
current of =0.53 mA at the bias of —1.0 and 1.0 V which calcu-
lates to a conductivity of 1325 S m™!. Transient response by sus-
tained voltage pulses of a width of 1 s and amplitude of 0.5 V is
shown in Figure 5h, which exhibits a good reproducibility. The
promising electrical properties, together with the 3D shaping of
the rGO film and the functionalization with a broad variety of
polymer brushes are an ideal combination for the development
of functional materials for various (bio)sensor applications and
actuators.

3. Conclusion

In summary, we reported a new, rapid, facile, and highly
scalable direct surface patterning strategy of roller-assisted
microcontact printing (RAuCP) for the preparation of pat-
terned graphene films in 3D. This new technique, assisted by
a roller during uCP, can entirely allow the robust duplication
and transferring of GO film with 3D negative topologies of
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Figure 4. AFM images of 3D patterned graphene microstructures with various shapes.
a,b) Dotted arrays, PDMS features: grid-shaped size =2.5 um, =5 um spacing, and =1 um in
depth. c) 3D view of dotted arrays. d) Grid arrays, PDMS features: cubic-shaped size =10 um,
=4.5 wm spacing, and =1 um in depth. Various line arrays fabricated by line-shaped stamp with
different width. e) PDMS features: Line-shaped size =10 um, =10 um spacing, and =1 um in
depth, f) line-shaped size =5 pum, =5 um spacing, and =1 um in depth. Low concentration of

less than 1.5 mg mL™", g) 20, h) 10, and i) 5 um.

the stamp microstructures during the uCP. RAuCP is a sig-
nificant advancement of microcontact printing technique and
a breakthrough of surface patterning new strategy in fabri-
cating 3D patterned graphene microstructures. Taking advan-
tage of the uCP process, the derived RAuCP can produce 3D
micropatterend graphene in a robust fashion with low cost.
Our patterning technique is readily suited for use in auto-
mated printing machines and has the potential to fabricate
other various 2D functional materials in 3D on a wide range
of substrates with controlled size, shape, and morphology.
The patterned 3D graphene microstructures allow for further
functionalization of polymers to enable the integration of the
3D patterned microstructures into next-generation 2D Janus
hybrid thin film for chemical sensors and other electronic
devices.

4. Experimental Section

Materials: General chemicals in chemical reagent grade were used as
received from Sinopharm Chemical Reagent. Ethanol and deionized water
were used as rinsing solvents. N,N-dimethylaminoethylmethacrylate was
obtained from Alfa Aesar China (Tianjin) Co., Ltd, which was purified

wileyonlinelibrary.com
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by neutral Al,O; column and dried with a 0.4 nm
molecular sieve at room temperature for 3 d. PDMS
stamps with grid, cubic, and line-shaped structures
were fabricated from Sylgard 184 (the ratio between
component A and B was 1:10) at 70 °C for 2 h on
a silicon master. PDMS stamp was used without
any pre-treatment. Silicon wafers were cleaned in a
mixture of H,0,/H,SO, (1:3,v/v) at 80 °C (“piranha
solution”) for 2 h and washed thoroughly with Milli-
Q-grade water (Caution: Piranha solution reacts
violently with organic matter!).

Preparation of Homogeneous Dispersion GO
Aqueous Solution: GO sheets were synthesized by
a modified Hummers’ methodB? and exfoliation
of graphite oxide was achieved by a strong
ultrasonication method. The obtained brown
dispersion was then washed and centrifuged to
remove any unexfoliated graphite oxide.

Preparation  of 3D  Patterned  Graphene
Microarchitectures by RAUCP: The PDMS stamp
was inked by exposing the stamp features to an
ethanol solution of GO until the solvent dried. A
roller was employed to roll across the structured
PDMS with slow velocity and apt pressure. The
operation parameters were systematically adjusted
by conducting amounts of experiments. The
pressure was measured by a platform balance,
which can reach the accuracy of 1 g. The velocity
was measured by a stopwatch and ruler.

SIPGP: The patterned 3D GO microstructures
substrate was submerged in =2 mL of distilled
and degassed monomer and irradiated with a UV
lamp with a spectral distribution between 300 and
400 nm distribution (intensity maximum at A =
365 nm with a total power of =240 mW cm™2) for
required time of about 50 min. Following
SIPGP (M. Steenackers, A. Kuller, S. Stoycheva,
M. Grunze, R. Jordan, Langmuir2009, 25, 2225.),
the functionalized films were exhaustively rinsed
with ethanol following ultrasonication for several
minutes in order to remove any physisorbed
PDMAEMA.

Fabrication of Freestanding Patterned Films: The patterned polymer
brushes grafted 3D patterned GO microarchitectures were cleaved from
the silicon surface by immersing the silicon wafer in NaOH solution
(1 m) overnight.

Characterization: AFM images were taken by a multimode AFM
(Being Nano-Instruments, Ltd) operating in the contact and/or tapping
mode using silicon cantilevers (spring constant: 0.15 Nm™, resonant
frequency: 12 KHz for cantilever of contact mode, spring constant:
3-40 Nm™', resonant frequency: 75-300 KHz for cantilever of tapping
mode). Static water contact angles were measured at room temperature
using the sessile drop method and image analysis of the drop profile.
The instrument (OCA-20, Dataphysics) used a charge-coupled device
camera and an image analysis processor. The water (Milli-Q) droplet
volume was 3 pL, and the contact angle was measured after the drop
was stable on the sample. For each sample, the reported value was the
average of the results obtained on three droplets. Optical images were
acquired by polarized optical microscopy (Olympus, BX 51TF Instec
H601). The Raman scattering measurements were performed at room
temperature on a Raman system (inVia-reflex, Renishaw) with confocal
microscopy. The solid-state diode laser (532 nm) was used as an
excitation source with a frequency range of 3200-1000 cm™'. Electrical
measurements of devices were performed with a semiconductor
parameter analyzer (Keithley 4200). Field emission scanning electron
microscope images were obtained with a FE scanning electron
microanalyzer (Hitachi-S4800, 4 kV).

Adv. Mater. Interfaces 2016, 1600867
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Figure 5. Polymer brushes functionalized 3D graphene architectures and properties characterization. a) AFM scan of GO ring structures. b) PDMAEMA-
functionalized rGO ring structures. c) AFM height profiles of the ring height before and SIPGP. d) Water contact angle values of the 3D GO ring
structures before and after SIPGP. e) Optical image of free-standing PDMAEMA-functionalized rGO film with 3D ring architectures transferred onto
glass substrate. f) Optical image of free-standing PDMAEMA-functionalized RGO ring structures transferred onto the patterned Au electrodes surface
for further electrical measurements. g) Schematic of GO and polymer grafted GO, current-voltage curves of the free-standing 3D ring structures and
polymer functionalized ones in air. h) I-t and v—t curves of transient response, at 1 s for each cycle.
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