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Microjet engines have attracted significant research interest due to their fascinating capabilities to
pick up, transport, and release various microcargoes. Here, we show that artificially designed multilayer
graphene oxide (GO) flakes on a glass surface can be propelled by femtosecond laser irradiation, which
is attributed to the rapid expansion and ejection of gases during the photoreduction of the GO by a
femtosecond laser. The reduction of GO was characterized by Raman spectroscopy, Fourier transform
infrared spectroscopy, and X-ray photoelectron spectroscopy. The ejection of gases was confirmed by
the rising pressure in a vacuum chamber. The significant propulsion of GO flakes driven by femtosecond
laser irradiation provides considerable promise for the design and fabrication of practical laser-driven
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1. Introduction

After its rapid development during the last century, the jet engine
has already become an indispensable part of many activities in
our daily life. For example, they are used in industrial gas
turbines and jet aircraft, which have also laid the foundation
for the Space Age." The versatile microjet engine was created with
inspiration from the great advance of macroscopic machines,
and this engine has also attracted significant research interest in
the last decades, due to its fascinating capabilities to pick up,
transport, and release various micro/nanocargoes.> Currently,
the microjet engine has been used to design and build multi-
functional and intelligent microscale machines that manifest
great potential in the areas of drug delivery, cell separation,
microsurgery, lithography, and environmental remediation.
Among many structures, tubular microengines,® asymmetric
catalytic nanorods,* and spherical Janus micromotors® based
on bubble propulsion in the presence of hydrogen peroxide
(H,0,) have attracted considerable attention.

A tubular microengine was first introduced in 2009 by Solovev
et al.,® who fabricated a rolled-up microtube with a platinum (Pt)
inner shell as the catalytic surface. The inner layer served as a
chemical reaction chamber where the fuel of H,0, would be
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steering, short triggering time, and lack of toxicity.

catalyzed to produce gaseous oxygen, 2H,0, — 2H,0 + O,. The
gas bubbles were ejected from one opening of the tube, resulting
in a microjet engine that moved the microtube forward,
propelled by the bubble recoil force. Asymmetric catalytic
nanorods (dubbed rod-shaped nanoswimmers) have also been
developed by generating a local product gradient through
breaking down similar chemical fuels located on two sides,
and creating a self-diffusiophoretic or electrophoretic flux to
achieve directed motion. Taking Pt/Au nanorods as an example,”
the Pt side catalytically generated oxygen bubbles that emerged
in H,0, solution, leading to different hydrodynamic boundary
conditions on the Pt side as compared to the Au side. The Janus
micromotor is another important asymmetric microjet engine
with a spherical shape, and it has been thoroughly investigated
and designed to perform a wide variety of operations, from
incorporating novel metal to amorphous titanium dioxide
(am-Ti0,),® to catalyzing the decomposition of H,O, to the
light-driven photocatalytic reaction of hydrazine,” and from
biomedical applications to water purification.*®

All of the microjet engines mentioned above rely on
the catalytic reaction of toxic fuels that are incompatible with
living organisms and are harmful for environment. Additionally,
these engines can only perform in solution, where strong
Brownian motion will reduce the manipulations of microjet
engines and cause weak direction and velocity controllability
as well as long response time, resulting in limits to practical
applications."* Accordingly, a microjet engine that can operate
under arid conditions is therefore necessary to widen the range
of applications of available micromotors so that they can be used
on surfaces and in air, and to avoid the use of toxic fuels.'
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In this work, we present a microjet engine, based on the
distinct propulsion resulting from photoreduction of artificially
designed multilayer graphene oxide (GO) flakes. The microjet
engine moves on a dry glass substrate with a femtosecond laser
as the remote driver. The propulsion is derived from the rapid
ejection of gas during the photoreduction of oxygen-containing
functional groups on the basal plane of the GO. This new type
of GO-based microjet engine can be wirelessly and remotely
controlled at will with extremely high spatial and temporal
precision by regulating the “on/off”” switch and the intensity of the
laser, and it has potential applications in versatile micromachines.

2. Experimental
2.1 Materials

The GO suspensions (0.5 mg mL~ ') were purchased from Nanjing
XFNANO Materials Tech Co. Ltd, and the flakes in the suspension
were synthesized by modified Hummers method (the detailed
process has been described in the ESIt). The original GO suspen-
sions were slightly reduced by exposing the materials to an Hg
lamp with a duration time of 10 min at power of 500 W (see
Section 1 in ESIt for more detail). After reduction, 100 pL GO
dispersion with concentration of 1 x 107> mg mL™" was drop-
coated onto a cleaned glass substrate. Then, the prepared GO
sample was dried in vacuum at room temperature for 24 h to
remove the remaining solvent. A femtosecond laser with the
power of 2.8 W and duration of 3 ps was used to ablate the GO
flakes to fabricate a gas-flow channel, through a high numerical
aperture (60x, NA = 0.75).

2.2 Characterization

The chemical components of the GO samples before and after
femtosecond laser irradiation were investigated by Raman
spectroscopy, Fourier transfer infrared spectroscopy (FTIR),
and X-ray photoelectron spectroscopy (XPS). Raman spectra
were obtained using a custom-built Raman system equipped
with a 532 nm laser source and a long focus monochromator
(Horbia Jobin Yvon, 1250M). The FTIR spectra were recorded on
the Si substrate with a commercial Bruker FTIR spectrometer
(Nicolet iS50). XPS analysis was conducted using a VG Multilab
2000 spectrometer (Thermo Electron Corporation) with Al Ko
irradiation as the excitation source (300 W).

2.3 Optical experiments

The experiments involved laser irradiation and fluorescence
imaging of multilayer GO that were all observed with a custom-
built scanning confocal microscope. The experimental setup
has been described elsewhere,'*** and can also be found in the
ESI7 (Fig. S6). Specifically, the femtosecond laser (Mai Tai DeepSee,
Spectra-Physics) at the wavelength of 820 nm, pulse width of
70 femtoseconds, and maximum power of 2.8 W was used to
propel the GO flakes. Here, the duration of the femtosecond
laser used to irradiate the GO flakes was only 3 ps each time
with power of 210 mW, except for the last time when 350 mW
was used. The power of the femtosecond laser was gradually
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optimized from low to high until propulsion was observed.
When the power was too low (such as the power used in the
experiment was less than 185 mW), no obvious propulsion was
observed. However, when the power was too high (more than
350 mW), the flakes directly broke into fragments. Given that
the fluorescence of the GO materials excited by the femto-
second laser was extremely weak in our detection region (Fig. S4
in the ESIt shows the fluorescence spectra), the propulsion
trajectories were visualized by confocal fluorescence imaging
through a 405 nm continuum-wave (CW) laser. For the fluorescence
imaging, the excitation power was 0.2 mW, and the integration
time for each pixel was 1 ms.

3. Results and discussion
3.1 Preparation of GO flakes and their optical imaging

In order to effectively propel the GO flakes by femtosecond laser,
the sample was carefully designed. Firstly, the thick multilayer
GO flakes are beneficial for laser-driven propulsion because
additional gases are being ejected during photoreduction by the
femtosecond laser irradiation. In the experiment, the original GO
suspension was slightly reduced by Hg lamp irradiation, resulting
in the re-aggregation of GO and the formation of multilayer GO
flakes (the photograph and characterizations of the GO before
and after Hg lamp irradiation are presented and discussed in
the ESL,T Fig. S1 and S2, respectively). Secondly, it was optimal
for the GO flakes to be separated from each other and form
island-like structures. Hence, in the experiment, the GO sample
was prepared by drop-coating the diluted GO dispersion, rather
than the spin-coating method, which will form a nearly con-
tinuous film with a monolayer or few-layered GO (Fig. S3, ESIT).
Thirdly, the gas-flow channel was pre-designed and fabricated
to propel the GO flakes upon command. Here, the femtosecond
laser with high power was used to ablate the materials and form
the gas-flow channel.

Fig. 1a presents the optical image of the final GO sample
drop-coated onto the glass substrate. The multilayer GO flakes
have been efficiently separated from each other to form the
island-like structure (see Fig. S3 in the ESIt for more detail). To
obtain detailed information on these structures, Fig. 1b displays
the transmission image of the dashed region highlighted in Fig. 1a,
selected for the investigation of laser-driven propulsion. The lateral
dimensions of these two flakes are approximately 30 um, much
larger than that of the monolayer GO film (with a diameter of
1-5 um'?), indicating that these two GO flakes aggregated into
clumps composed of many small monolayer GO films. Specifi-
cally, the upper smaller one with thicker layers (with an average
thickness of approximately 216 nm) is more compactable, while
the bottom larger one with less layers has many valleys, hinting
that there are very few or even no GO films in some areas.
Fig. 1c presents the confocal fluorescence image of the GO
sample excited by a 405 nm CW laser. It can be determined that
the fluorescence intensity of the upper flake is much stronger
than that of the bottom one. There are two possible reasons for
this phenomenon. One is that the bottom flake has fewer GO
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Fig. 1 Characterization of the prepared GO sample. (a) Optical image of
GO drop-coated onto the cleaned glass; scale bar: 100 um. (b) Original
transmission image of a selected region that is highlighted in (a) by the
dashed square. (c) Confocal fluorescence image by 405 nm CW laser with
power of 0.2 mW. (d) Transmission image after femtosecond laser ablation
on the selected positions with the power of 2.8 W. (b—d) Scale bar: 20 pm.

layers, such as the right part with many valleys. The other is
that the oxygen-containing functional groups in the upper flake
may be much more abundant as compared to the bottom one,
because the boundary of the oxidized carbon atom regions
has been regarded as the origin of GO’s fluorescence.>"® The
fluorescence spectra for different areas have been recorded and
are displayed in Fig. S5, ESI,{ which are in good agreement with
previous studies."”” In the experiment, the upper flake was
selected to demonstrate the laser-driven propulsion. In order
to propel the upper flake away from the bottom flake, the
femtosecond laser with high power of 2.8 W was used to ablate
the upper GO flake to form the gas-flow channel. As shown in
Fig. 1d, the ablation was along the right side of the upper flake,
leading to the formation of some holes or valleys. As discussed
below, these holes and valleys will form the channel to eject the
gases that are produced during photoreduction, resulting in
the significant propulsion of the upper GO flake towards the
upper-left direction.

3.2 Propulsion of GO flakes

The sequences of confocal fluorescence images for the two
multilayer GO flakes after each time of femtosecond laser irradia-
tion are presented in Fig. 2, where the ordinal numbers on the
top right denote the times of irradiation. Apparently, distinct
displacements between the two flakes can be observed. The
upper smaller GO flake shows significant propulsion toward
the upper-left direction under the laser power of 210 mW, and
the geometry of the flake also exhibits sharp change, especially
from the 8th to 16th irradiation. However, the bottom larger
GO flake continuously remains in the center of the images,
as highlighted by the yellow dashed lines. The geometry of this
flake remains mostly unchanged during femtosecond laser
irradiation. When increasing the power of the femtosecond
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laser to 350 mW, the two flakes were directly broken, and this
occurred during the 21st irradiation, as shown in Fig. 2l. To
verify that the displacements were driven by the femtosecond
laser rather than the CW laser (which was used to take fluores-
cence images), we irradiated the same flakes with a 405 nm laser
using the same averaged power and duration time after each
time of femtosecond laser irradiation. No obvious displacement
can be observed after 30 times of irradiation (the fluorescence
image arrays of CW laser irradiation between the 10th and 11th
time of femtosecond laser irradiation can be found in the ESL}
Fig. S7). Undoubtedly, these displacements are attributed to the
femtosecond laser-driven propulsion of the GO flakes.

To quantify the displacement, we defined the geometric
boundary of the flakes through fluorescence thresholds, and
calculated the geometric centres, named U and B for the upper
and bottom ones, as shown in Fig. 3a (the detailed information
associated with the calculations can be found in Section 5 of
the ESIt). According to the scale of each pixel, the displace-
ments of U and B were calculated and are presented in Fig. 3b
and c, respectively. From the 1st to 6th irradiation, no obvious
displacements occurred to either flake. Subsequently, almost
linear displacements can be observed (i.e., from the 7th to
17th irradiation) for the upper smaller flake, and the displace-
ments have been up to 1 pm for each time of irradiation,
even though it stopped moving the last three times of irradia-
tion (i.e., the 18th to 20th). Additionally, distinct fluorescence
halos and trails can be observed opposite to the moving
direction. However, for the bottom flake, no distinct displace-
ment has occurred. More examples and movies of the propul-
sion of laser-driven GO flakes can be found in the ESI7 (Fig. S12
and Videos).

Associated with the propulsion, the fluorescence intensities
of both flakes are dramatically enhanced during the femto-
second laser irradiation. The averaged fluorescence intensities
for the two flakes are also presented in Fig. 3b and c, respectively.
The enhanced results are also induced by femtosecond laser
irradiation rather than CW laser, due to no apparent changes
occurring during CW laser irradiation with the same averaged
power and duration time, as presented in Fig. S7, ESL.f During
the first 10 times of irradiation, the fluorescence intensities
of the upper flake are almost linearly enhanced, from 4 to 29.5.
The fluorescence intensity subsequently plateaued, and then it
rapidly decreased. Compared to the small flake, the fluorescence
of the large flake remained unchanged during the first 12 times
of irradiation, and then it is sharply enhanced. The different
fluorescence variations between the upper and bottom flakes
mainly resulted from the difference in their thickness.

3.3 Proposed mechanism

The mechanism interpreting both the evolution of fluorescence
intensities and laser-driven propulsion of GO flakes is pre-
sented in Fig. 4. Here, we ascribe the enhanced fluorescence
to the laser-induced photoreduction and the formation of
quantum-dot-like GO fragments. The propulsion of the GO
flake is attributed to the rapid expansion and ejection of the
gases that were produced during photoreduction. In order
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Fig. 2 Confocal fluorescence images showing the two multilayer GO flakes after femtosecond laser irradiation; the ordinal numbers on the top right
denote the times of irradiation. (a) The initial fluorescence intensity without irradiation. (b—k) The fluorescence images after different times of irradiation
with the power of 210 mW. (1) Fluorescence image following the 20th time of irradiation while the laser power of 350 mW is applied. The fluorescence
boundary of the bottom GO flake has been highlighted by yellow dashed lines. Confocal fluorescence images were taken using a 405 nm CW laser with

the power of 0.2 mW; scale bar: 10 pm.

to illustrate the experimental results, the photoreduction processes
for the multilayer GO flakes are divided into three steps here.

3.3.1 First step. At the first step (i.e., from the 1st to 6th
irradiation for the upper flake), the femtosecond laser with
high peak power will break the uppermost few layers of GO
to form quantum-dot-like GO fragments."®"® These fragments
show strong fluorescence emission, which has also been
observed by Sokolov and co-workers.*® Thus, the fluorescence
intensity will be dramatically enhanced, as shown in Fig. 3b for
the first 6 times of irradiation of the upper flake. The femto-
second laser will simultaneously reduce the oxygen-containing
functional groups and produce gases (such as H,O, CO,, and
CO). At this step, the produced gases are most likely to eject from
the upper space, as illustrated in Fig. 4b. Therefore, the recoil
force is perpendicular to the glass substrate, and no significant
displacement can be observed. Additionally, the newly formed
quantum-dot-like GO fragments will load at the surface of the
uppermost few layers, and no distinct fluorescence halos and
trails can be observed.

3.3.2 Second step. At the second step, the femtosecond laser
will continue to reduce and break the deeper layer of GO, as shown
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in Fig. 4c. The pre-formed GO fragments on the uppermost layers
will be broken into even smaller fragments, which will quench the
fluorescence, as observed by the Kuno group.” The newly formed
quantum-dot-like fragments continue to strongly emit fluorescence,
which will enhance the fluorescence intensity. Thus, the competition
between these two processes will increase. As shown in Fig. 3b,
from the 6th to 10th irradiation, the fluorescence continues to be
enhanced. However, from the 11th to 19th, the fluorescence inten-
sity is almost maintained at a plateau level, indicating that a
balance between the two processes has been established. The
even smaller fragments on the uppermost layers form a densi-
fication layer, which will prevent the gases from being released
from the upper space. As a consequence, there is a dire need for
a new channel that will be used to eject produced gases.

In the experiment, this channel is artificially designed by
using the femtosecond laser with high power to ablate the flake
and change the morphology, layer thickness, and the chemical
components of GO around the flake. The deep valleys formed
by the ablation of a surrounding wall are used as channels
for the ejecting gases, as presented in Fig. 1d. In this case, the
recoiling force arising from the ejecting gases will overcome the

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The displacements and fluorescence intensities varied with laser
irradiation times. (a) The boundaries of two multilayer GO flakes have been
highlighted by dashed lines, according to the threshold values for fluores-
cence intensities, and the geometric centres have been marked as U and B
for the upper and lower GO flakes, respectively. Scale bar: 10 um. (b and ¢)
The averaged displacements and fluorescence intensities for the U and B
flakes varied with femtosecond laser irradiation.

friction between the GO and the glass substrate and propel the
flake into motion. Furthermore, the newly formed quantum-dot-
like GO fragments will be either follow the gas jet or recoil in the
opposite direction, as illustrated in Fig. 4d, resulting in fluores-
cence halos and trails around the flake, as shown in Fig. 2e-k.
During this step, the well-oxidized GO flakes with strong fluores-
cence will produce much more gases, leading to the strong
recoiling force and large displacements. As a consequence, the
upper thick GO flake with strong fluorescence will undergo
significant propulsion, while the bottom thin flake with weak
fluorescence shows no obvious changes.

3.3.3 Third step. After the deepest GO layer (or the layer that
made contact with the substrate) had been reduced and broken
by the femtosecond laser, the quantum-dot-like fragments
decreased, resulting in fluorescence quenching, as shown in
Fig. 3b for the 18th-20th irradiation. Due to the decay or even
disappearance of produced gases, the flake stopped moving.

3.4 Gas ejection from bulk GO materials

Here, further evidence for the rapid ejection of gases from GO
flakes has been provided by measuring the rising pressure in a

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Schematic representation of the laser-driven propulsion of
multilayer GO flakes. (a) The prepared GO sample with many layers
stacking together. (b) A few uppermost layers of GO underwent photo-
reduction and produced gases that ejected from the upper space. (c) The
intermediate layers underwent photoreduction and produced gases
that ejected from the side edge, leading to propulsion of the GO flake.
(d) The formation of fluorescence halos and tails during the propulsion
of the GO flake.

vacuum chamber during femtosecond laser irradiation. A 2 mL
GO suspension with the concentration of 0.5 mg mL™" was
drop-cast onto a cleaned and dry glass substrate. The sample
was heated to 323 K in a drying box for 1 h to desorb water
vapour and the remaining solvent. The process was repeated
10 times. Measurements were taken in a small chamber
(approximately 150 mL volume) with a vacuum of approxi-
mately 1 x 102 Pa. Fig. 5 presents the variation in the chamber
pressure with the times and powers of irradiation, and shows
that the chamber pressure immediately increases as the laser
irradiation is applied to the GO sample. For low power (2.0 W), the
increase in pressure is observed to be linear with the irradiation
times, indicating that persistent gases are produced during laser
irradiation. Nevertheless, under high power (2.8 W), the pressure
reaches the maximum value after six times of irradiation, and
then it is maintained, indicating that the GO had been completely
reduced and no more gases were produced.

By filling the chamber with pure nitrogen (approximately
400 Torr), the determination of producing species by quartz
enhanced photoacoustic spectroscopy (QEPAS) was performed.
By comparing the QEPAS signal with and without femtosecond
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Fig. 5 The pressure of produced gases varied with the times and powers
of femtosecond laser irradiation.
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laser irradiation (Fig. S13, ESIf), both H,O and CO, were
clearly confirmed. Other products were also analysed by gas
chromatography-mass spectrometry (GC-MS). However, the exact
chemical structures for the products are still under analysis (see
Section 7 in the ESIt for more detail).

3.5 Characterization after femtosecond laser irradiation

To systematically explore the photoreduction of GO flakes,
Raman, FTIR, and XPS were adopted for sample characteriza-
tion before and after femtosecond laser irradiation. As shown
in Fig. 6a, two main peaks in the Raman spectra at 1336 and
1586 cm ' are assigned to D and G bands, corresponding
to ordered sp®>bonded carbon and disordered sp® bonds in
the C-C bonds, respectively. The intensity ratio of the D to
G band (Ip/Ig) can be used to denote the disorder degree and
averaged size of the sp” fragments.>"** The Ip/I; value increasing
from 1.75 to 2.06 after irradiation can be explained by the presence
of smaller but more numerous sp” fragments and the removal of
oxygen-containing functional groups. The crystalline size of the sp>
fragments can be estimated according to the empirical Tuinstra—
Koenig relationship L, (nm) = C/(Ip/I;), where C is constant.”® It
can be concluded that the sp* size was reduced from 2.5 to
2.1 nm,** which is consistent with the formation of quantum-
dot-like fragments after femtosecond laser irradiation.

FTIR was performed to further elucidate the removal of
oxygen functionalities from the reduced GO. As shown in
Fig. 6b, the band between 2800-3600 cm ™" is attributed to the
O-H stretching vibration arising from hydroxyl groups, the bands
at 1730, 1620, and 1050 cm ™' can be described as the stretching
modes of the C=0, C=C, and C-O groups, respectively, and the
peaks located at 1420 and 1200 cm ™ are assigned to the bending
vibration of C-OH groups as well as the C-O asymmetric
stretching vibration of an epoxy group,** respectively. The
decrease or even disappearance of hydroxyl, epoxy, and carbonyl
groups strongly indicates that reduction occurred during laser
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Fig. 6 Sample characterizations before and after femtosecond laser
irradiation. (a) Raman spectra. (b) FTIR absorption spectra. (c) XPS survey
spectra of a GO sample. (d) C1s XPS spectra of a GO sample.
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irradiation. Here, we also used XPS to quantify the degree of
reduction. The C/O ratio can be calculated from the atomic
percentages obtained from the survey XPS spectra, as shown in
Fig. 6¢c. The C/O ratio increased from 2.30 to 4.09 after femto-
second laser irradiation, revealing the reduction of oxygen-
containing functional groups from the GO basal plane.”?
Fig. 6d presents the Cls deconvolution spectra of GO before
and after irradiation. The spectra can be curve-fitted into four
peak components with binding energy at approximately 284.8,
287.0, 287.9, and 290.2 eV, corresponding to the C—C/C-C,
C-O (hydroxyl and epoxy), C—O0 (carbonyl), and O—C-O (carboxyl)
species, respectively.”® The results reveal the increase and
broadening of the sp® carbon peak, which was due to the
removal of functional groups and the formation of small
quantum-dot fragments.

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDS) were also performed to reveal the variation of oxygen
functional groups before and after femtosecond laser irradiation.
AFM shows that the thickness of the monolayer GO decreased
from 1.5 nm to 1.1 nm (Fig. S15, ESIY) after irradiation, indicating
the reduction of oxygen functional groups. According to the
EDS analysis, the relative atomic content of elemental O
decreased from 24.30% to 14.76%, which further indicates
the presence of oxygen-containing functional groups and their
reduction after femtosecond laser irradiation (see Section 8 in
the ESIt for more detail).

Designing and building new and powerful microscale motors
and propulsion modes is a critical step toward the future of
intelligent microvehicles and micromachines. It is essential to
precisely control the speed and direction of artificial nanomotors
so that they can accurately perform various tasks and diverse
applications."* The controllability of the microjet engine based
on the photoreduction of GO can be realized by designing the
geometric shape of multilayer GO flakes and optimizing laser
irradiation parameters, respectively. In this work, the geometry
of multilayer GO flakes was created by the re-aggregation of a
slightly reduced GO suspension. The specific and uniform
geometric shape with desired gas-flow channels may be achieved
by further self-assembly approaches.?”*®

As previously described in this study, a femtosecond laser
with an extremely high power density can also be used as an
ablation laser to design gas-flow channels. Moreover, although
the CW laser cannot effectively propel the GO flakes due to the
slow gas production and weak recoiling force, it can be used to
reduce GO to form a compact film. However, by optimizing the
irradiation power and duration time of the femtosecond
laser,* the direction of a GO-based microjet engine can be also
controlled as required. Beyond a new type of microjet engine,
GO can be used as the fuel to fill a shaped nanostructure as
well, such as microtubules with a high-transmission shell or
a turbine-like micro-rotor,>® to power these micromachines
through laser irradiation with a remote control. Although some
fragments may accumulate in the micromachines, this problem
can be solved by ultrasonic treatment. Furthermore, using
higher oxidation GO with many oxygen-containing functional

This journal is © The Royal Society of Chemistry 2018
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groups may produce a greater quantity of gases during the
photoreduction, and more effectively propel the GO flakes.

4. Conclusions

In this work, we present the propulsion of a laser-driven
GO-based microjet engine that can be efficiently powered by
femtosecond laser irradiation within an extremely short time
(3 ps). The propulsion originates from the rapid gas expansion
and ejection of GO flakes during the photoreduction of oxygen-
containing functional groups. This new type of GO-based
microjet can be fabricated by drop-casting a GO dispersion onto
a glass substrate and artificially designing gas-flow channels by
femtosecond laser ablation. Compared to traditional micro-
motors performing in aqueous solution using toxic H,O, as the
fuel, the GO-based microjet uses no toxic materials and can
operate on a dry glass surface. The laser-driven process also allows
us to power the microjet with wireless steering, fast triggering
response, and precise motion control. This new type of microjet
holds considerable promise for the design and fabrication of
practical light-driven micromachines with a wide range of impor-
tant future applications ranging from microelectromechanical
systems (MEMS) to versatile microrobotic devices.
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