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Abstract

Laser reduced graphene has been increasingly attracting broad attention owing to its unique
properties and potential applications in energy conversion and storage, flexible electronics,
optoelectronics and nanocomposites. In this study, we fabricated graphene sheets decorated with
Au nanoparticles in situ using milliwatt femtosecond laser reduction. Our findings revealed an
enhancement in both the reduction of graphene oxide sheets and the nucleation and growth of the
Au nanoparticles during the in-situ laser treatment. We consider the three stages of reactions,
namely, (i) the spontaneous redox reaction between HAuCls and graphene oxide, (ii) the laser-
induced decomposition of HAuCls and reduction of graphene oxide and, (iii) the localized surface

plasmon resonance enhanced photoreduction in the presence of Au particles. The resulting
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graphene/Au nanoparticle composite possesses charge mobility (946 cm? V'!s™), 10-fold that of
pure laser reduced graphene (94 cm? V!'s™!). Moreover, the Au nanoparticles formed densely and
evenly distributed square-lattice-like microcrack networks that ensured a linear resistance change
over the tested strain range. This microcrack network architecture enables the development of
flexible graphene/Au strain sensors with gauge factors up to 52.5, linear behaviour up to 25%
strain and excellent repeatability (over 500 cycles). This strain sensor was also demonstrated to
monitor human motions. Our findings leveraged the resistive properties of graphene/metal
nanoparticle composites with fundamental physical chemistry, electronic properties and
mechanical mechanisms, laying a critical step towards highly functional, low-cost, flexible and

wearable graphene-based electronics.

Keywords: Laser reduced graphene oxide, localized surface plasmon resonance, surface plasmon

enhanced reduction, strain sensor, flexible device

Introduction

Surface plasmon (SP), a collective electron oscillation along the surface of a metal, typically
observed in gold (Au) or silver (Ag), has been studied extensively for various advanced
applications [1] such as, surface plasmon resonance sensors [2] and surface enhanced Raman
scattering (SERS) [3]. Within a lifetime of 10 fs [4], the surface plasmon decays by photon
emission or by exciting energetic charge carriers, which rapidly thermalize with the metal lattice
at a time scale of a few picoseconds [5]. In the thermal decay, the metal nanoparticles can serve as
photothermal sources and perform as local nanoantennae to enhance the optical energy absorption
at a selected plasmon frequency [6]. Ratchford reported that before the thermalization of these hot
carriers, the loss of surface plasmons can induce charge transfer from the metal to the adjacent
semiconductors, generating a current or driving a chemical reaction [7]. This plasmon-induced
charge transfer process can be employed to improve photocatalysis, fabricate photodetectors, or
stimulate selective photochemistry.

Graphene has drawn tremendous attention due to its extraordinary properties including high
electrical and thermal conductivities, optical transparency, and high mechanical strength [8-10].
Among diverse fabrication methods of graphene [11, 12], laser reduced graphene oxide (LRGO)
has recently attracted significant interest [ 13-16], owing to its suitability for industrial production,

and localized treatment and patterning without the use of chemicals [17-19]. Based on the LRGO,



various applications have been demonstrated such as supercapacitors, sensors, field effect
transistors, solar cells and optical devices [20, 21]. Due to the facile fabrication and accessible
measurement of electrical signal, resistive sensors have become one of the most studied sensors.
[22] However, the quality of LRGO varies greatly, depending on the laser wavelength, pulse
frequency and power. Femtosecond laser induced LRGO has the advantage of refined spatial
resolution and low laser power demand, albeit the resultant LRGO graphenenity and conductivity
are typically low [19].

Flexible strain sensors utilizing graphene are receiving increased attention for their
tremendous potential in health monitoring, artificial skins, robotic sensors, and human-machine
interfaces [23, 24]. Tian et al. reported a graphene strain sensor with a gauge factor (GF) of 9.49
(strain up to 10%) by directly reducing GO film with a light-scribe DVD burner [25]. Carvalho et
al. demonstrated a low-cost laser-induced graphene strain sensor with a GF of 40 and strain only
up to 1.5% by ultraviolet irradiation of commercial polyimide [26]. Besides the pure graphene,
Ren and coworkers reduced GO films doped with Ag nanoparticles with a 450 nm laser, which
resulted in a LRGO/Ag strain sensor exhibiting nonlinear relationship between strain and the
relative resistance change (GF of 183 within strain 0%—8%, GF of 475 within strain 8%—14.5%)
[26]. This nonlinearity, which makes the calibration process complex and difficult, is considered
as one of the major drawbacks of resistive type strain sensors [27]. Thus, further investigation into
the laser reduction method is imperative to develop the flexible strain sensor with wide detection
range, high sensitivity and a more linear behaviour. The crack in the graphene strain sensor was
considered to be the main mechanism to induce the resistance change [25]. We hypothesize that
the key factor for a graphene-based strain sensor to offer good linearity over a large strain range
relies on the control of the cracks in the graphene film, where the cracks function as the
displacement-determined resistors. Dense and evenly distributed cracks in high quality graphene
films will significantly improve the performance of strain sensors.

Herewith, we introduce a new class of LRGO/Au strain sensors by simultaneously reducing
GO film mixed with HAuCl4 solution with a femtosecond (fs) laser. Our strain sensor shows high
sensitivity (GF 52.5), excellent stretchability (strain up to 25.4%), full-range linear behaviour and
excellent stability (500 testing cycles and consistent operation over 1 year). Furthermore, we
investigated the underlying mechanisms of the improved strain sensing performance of the
LRGO/Au composites formed by laser treatment. The localized surface plasmon resonance (LSPR)
of the Au nanoparticles enhanced the reduction of GO. Moreover, the emergence of Au
nanoparticles between graphene sheets enhances the generation and propagation of film
microcracks by serving as the strain concentration spots. Both the enhanced reduction of GO and

the increased microcracks contribute to the excellent performance of the LRGO/Au strain sensor.

3



Results and Discussion
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Figure 1 The schematic of the mixing of GO with HAuCls or Ag nanoparticles (a), the fabrication process of
the sensor (b), the test of strain sensor (c), and the application of monitoring human motion (d). The inset
of image (d) shows the photograph of the strain sensor. (e¢) The TEM image of GO/Au, the inset is the
enlarged image. The scale bar is 500 nm and its inset is 20 nm. (f) The SEM images of GO/Au partly treated
by laser with the bird’s eye view. The scale bar is 1 ym. Its inset is the overall SEM image of laser treated
area with scale bar of 1 um. (g) The TEM image of LRGO/Au and its zoom-in image, the scale bar is 5 nm.

(h) The comparion of Au4f XPS spectra of GO/Au and LRGO/Au (power 5 mW, scan speed 5 um/s).

Figure 1(a) schematically illustrates the mixing of GO solution with HAuCls or Ag nanoparticles
(NPs). The fabrication process of the sensor is shown in Figure 1(b) and the detailed description
presented in the experimental section. To test the sensor, the resistance is measured subject to
variations in strain, as in Figure 1(c). We demonstrated practical applications of the as-fabricated
strain sensors in monitoring human motions and gestures by attaching the sensor onto the finger

or wrist, Figure 1(d).



Figure 1(e) shows the TEM image of GO/HAuCls mixture when drop cast onto the PDMS
substrate. The size of the NPs on the GO sheets ranges from tens of nanometers up to around 1
um. The inset shows the magnified image of a small NP of about 50 nm. An EDX analysis (Figure
S1(a)) of these NPs reveals the amount of elemental Au is much greater than chlorine (atomic
concentration 98% Au, 2% Cl), indicating that a part of AuCls” was reduced to Au and these NPs
are a mixture of HAuCly precipitates and Au. The aromatic conjugated domains are hypothesized
to act as electron-donating sources to reduce Au>* to Au nanoparticles after the mixture of HAuCly
and GO [28]. Therefore, redox reactions between GO and HAuCl4 can spontaneously take place
without external stimuli, which is consistent with our observation.

SEM images of the untreated and laser-treated GO/HAuCls composite film, Figure 1(f),
show an obvious step between the laser treated area and the untreated area. This step is likely
caused by laser burning, thermally removing a part of the GO sheets from the top surface [29].
Figure 1(f) clearly shows that before laser treatment, the Au NPs were sparsely distributed on the
GO top layer, whilst after the laser treatment, the density of the Au NPs has been tremendously
increased accompanied with a morphology change. The inset image reveals that the size of the
nano Au particles on the top surface after the laser treatment varied from tens to about 400 nm,
suggesting some NPs have merged into larger sizes.

HRTEM image of Au NP on LRGO/Au film, Figure 1(g), shows that the rough surface
edges of NPs in the GO/Au mixture, Figure 1(e), have become smooth after the laser treatment,
indicating the undergoing of thermal annealing. The measured lattice spacing is 0.23 nm, close to
the lattice spacing (0.236 nm) corresponding to the spacing of the (111) crystal plane of face-
centered cubic gold [30]. Figure 1(h) illustrates the peak fitted Au 4f XPS spectra of GO/Au and
LRGO/Au (5 mW). The Au’4fs, (87.4 eV) and Au’4f;» (84 eV) peaks represent the binding
energies of reduced Au particles, while Au**4fs» (90.2 eV) and Au**4fs, (86.4 eV) peaks
correspond to the binding energies of Au ions [31, 32]. For the mixture of GO/HAuCl4, both the
peaks of Au’ and Au®* are observable, confirming the existence of both reduced Au particles and
Au ions. For LRGO/Au, only the peak of Au® can be observed. It can be concluded that all the Au
ions on the surface were reduced to Au’ particles with laser treatment, and the initial spontaneous

reduction of Au*" only converted a fraction of the Au®" in the mixture.

Laser reduction of GO/Au
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Figure 2 The SEM images, Io/lc in Raman and conductivity of LRGO/Au with different Au contents. (a) The
SEM images of the LRGO/Au with average laser power of 5 mW and 7 mW at a scan speed of 20 uym/s.
The scale bar is 300 nm. (b) The SEM images of the LRGO/Au with average laser power of 3 mW at a scan
speed of 5 um/s and 1 um/s. The scale bar is 300 nm. (c) The SEM images of the LRGO/Au 1 and the Ip/lc
in Raman spectra and conductivity of LRGO/Au with different Au content of 0.25, 0.5, 1, 1.5 and 3. The

scale bar of SEM image is 1 ym and its inset is 100 nm.

The surface morphology of LRGO/Au can be modulated by adjusting the laser power and scanning
speed of the femtosecond laser. Figure S2(a-b) shows the SEM image of LRGO/Au as a function
of the laser power and scanning speed. Increasing the laser power from 5 mW to 7 mW, the sparsely
distributed Au nanoparticles on the top surface of LRGO/Au turn to be denser and larger in size,
as shown in Figure 2(a). From Figure 2(b) it is clear that decreasing the laser scanning speed from
5 um/s down to 1 um/s also enhances the density of Au nanoparticles. Figure 2(c) and Figure S2(c)
demonstrate the SEM image of LRGO/Au under various quantity ratios (0.25, 0.5, 1, 1.5, 3) as
well as their In/Ic of Raman spectra and conductivity. The LRGO/Au 0.25 and LRGO/Au 0.5 show
the partial removal of the surface, exposing some Au nanoparticles. For LRGO/Au 1 and
LRGO/Au 1.5, the GO on the top surface was completely burned away and numerous Au
nanoparticles emerged. The significant structural modifications can be reflected in their Raman
spectra of GO and LRGO/Au (0.25, 0.5, 1, 1.5, 3). For LRGO/Au (0.25, 0.5, 1, 1.5, 3), the band
intensity ratio (Ip/Ig) which indicates the degree of disorder in the graphene-structure decreases
greatly compared to that of GO. The conductivity of LRGO/Au is enhanced to 837 S/m (for
LRGO/Au 0.25), 5 orders of magnitude larger than that of GO. For the Au concentrations studied,



the conductivity of LRGO/Au varies from 32 to 837 S/m. This improved conductivity well agrees

with fewer observed structural defects in the Raman spectra.

Figure 3 shows the peak fitted C1s XPS spectra of GO, GO/Au, LRGO and LRGO/Au. The spectra
of GO and GO/Au in Figure 3(a-b) show an increase in C-O bond after mixing GO with HAuCls,
suggesting the Redox reaction between GO and HAuCls, where GO is oxidized. The XPS results
of LRGO treated at the laser power of 3 and 5 mW (scan speed 5 um/s) in Figure S3(a) and Figure
3(c) reveal that only a small amount of oxygen content (about 5%) was removed. In contrast, the
same laser treatment (3 or 5 mW with scan speed 5 um/s) on GO/Au resulted in significantly
improved oxygen removal as shown by the Cls high resolution scan in Figure S3(b) and Figure
3(d). Table S1 in Supporting Information lists the atomic concentration percentage of all chemical
states of GO, GO/Au, LRGO and LRGO/Au in the XPS spectra. The CC refers to the sum of C—C
sp? and C—C sp’ and the CO is the combination of C—O, C=0 and COOH. Figure 3(e) shows that
the percentage ratio of the CC bond to the CO bond (CC/CO) rises from 0.80 (GO/Au) to 2.85
(LRGO/Au 5 mW), which is more than two-fold increase than the system containing only GO,
1.19 (LRGO 5 mW). This data illustrates the superior of the LRGO/Au binary system in removing

oxygen under mW femtosecond laser treatment.

It can be concluded that after the incorporation of Au nanoparticles, the reduction of GO is
significantly improved, which may result from the LSPR of Au nanoparticles. The LSPR of Au or
Ag nanoparticles derives from the photo-induced collective oscillation of conduction band
electrons [33], which can participate in the reaction or produce heat by self-collision [34]. It was
reported that, as highly active photocatalysts, the hot electrons excited by the LSPR of noble
nanoparticles are injected into the conduction band of GO, resulting its reduction [35]. Also, most
of the hot electrons transfer their energy to heat by electron—electron or electron—phonon collisions
[33]. The resulting photothermal effect contribute to the enhanced reduction of GO. The surface
plasmon absorption of Au nanoparticles can be tuned over a broad range, from 517 to 575 nm by
adjusting size [36], and from 600 to 873 nm by changing the particle geometry [37]. Since the
wavelength of our laser is 780 nm and the Au nanoparticles are irregularly shaped, as seen in
Figure 2(c), the enhanced oxygen removal can be ascribed to the LSPR of the reduced Au
nanoparticles. Moreover, the intense thermal effect induced by the LSPR can also melt Au

nanoparticles, resulting in the merging of small nanoparticles into larger sizes.
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Figure 3 (a-f) Peak fitted C1s XPS spectra of GO (a), GO/Au (b), LRGO treated with 5 mW laser (c),
LRGO/Au treated with 5 mW laser (d). (e) The ratio of the percentage of CC bond to that of CO bond with
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Figure 4 summarizes the reactions in the LRGO/Au formation process. When GO was mixed with
HAuCls in solution, a redox reaction occurred where HAuCls was partially reduced to Au
nanoparticles and GO was oxidized, as shown by the XPS data in Figure 1(h) and 3(b). The
reduction potential of AuCls™! (0.76V vs. SCE, saturated calomel electrode) is higher than that of
GO (0.48 V vs. SCE) [38, 39]. During laser reduction on the film of GO intercalated with the
mixture of HAuCly precipitates and Au NPs, the decomposition of HAuCls to Au and the partial
reduction of GO occurs simultaneously by the photoreduction of the laser. Zhao et al. proposed
that the HAuCls was reduced to Au nanoparticles due to the multiphoton process of the 800 nm
femtosecond laser [40]. Thermal decomposition of HAuCls to Au occurs at a temperature above
160 °C [41]. Meanwhile, the reduction of GO results from both the photochemical and
photothermal effects of laser [20, 42]. Therefore, the decomposition of HAuCl4 and the reduction
of GO are attributed to both laser induced photothermal and photochemical effects. Unique to the
binary composite film of GO/ HAuClys as the population of Au NPs increased under the laser
treatment, the laser reduction effect on GO magnified owing to the LSPR effect. The LSPR has
been reported to enhance the photothermal efficiency [43, 44] as well as to induce charge transfer
for the photochemical reaction [45]; both mechanisms could be at play, contributing to the
significantly enhanced photothermal and photochemical effects in the laser reduction process for
reducing HAuCls to Au NPs and GO to LRGO. These photo-reduced Au nanoparticles will
continually boost the entire reduction process, which eventually results in the highly reduced GO
and dense Au nanoparticles on the surface. Figure S3(c) illustrates the XPS of GO/Au and
LRGO/Au treated with 5 mW laser at different scan speeds. The LRGO/Au demonstrates a high
degree of oxygen removal at scan speeds of 5 pm/s, 10 pum/s and 20 pum/s. After mixing with Au
nanoparticles, the high reduction efficiency of GO can be achieved with an increasing laser scan

speed.
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Figure 4 The schematic illustration of reactions of GO/Au in the whole process

To verify the role of LSPR in laser induced GO reduction, Ag NPs of 30-nm diameter were also
mixed with GO for laser treatment, as shown by the TEM image in Figure S4(a). Figure S4(b-d)
shows the SEM image of the Ag-doped GO sample. Figure S4(b) shows the SEM image of
partially reduced GO/Ag at a low magnification. A notable contrast in morphology between the
laser treated area and untreated area is observed. Figure S4(c) shows a magnified SEM image of
GO/Ag, where aggregation of Ag nanoparticles into several hundreds of nanometers among the
GO is seen. The magnified SEM image of LRGO/Ag Figure S4(d) is illustrates the partly sunken
surface of the film, which may result from the exposure of air trapped inside the GO/Ag during
film fabrication after a part of the GO material on the surface was burned away by the laser. Figure
S4(e) shows the EDX of particles of LRGO/Ag, verifying the content of silver in the film.
The XPS comparison of GO/Ag and post-treatment LRGO/Ag (power 5 mW, scanning speed
5 um/s), Figure 5(a-b), also showed significantly enhanced removal of C-O bonds, similar to that
of LRGO/Au. The localized plasmon resonance frequency of Ag nanoparticles can also be tuned
to cover a broad range by varying their sizes and shapes, for instance, from 400 to 700 nm in one
study [46]. The pre-formed Ag NPs appeared to concentrate more photothermal energy, since our
SEM investigation observed uniformly distributed ‘holes’ a few micrometer apart on the
LRGO/Ag film, which is an indication of locally intensified thermal ablation. The XPS analysis
suggests that the LSPR effect of Ag NPs has enhanced the removal of C-O bond, similar to
LRGO/Au.
From the Raman spectra of GO (a), LRGO (5mW) (b), LRGO/Au (5mW) (c), LRGO/Ag
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(5mW) (d) shown in Figure S5, the band intensity ratio (Ip/Ig) is extracted as the indictor for the
degree of graphitization, displayed in Figure 5(c). After being treated with laser (5 mW), the In/Ig
of LRGO (1.35) only slightly decreased compared to that of the parent material, GO (1.37). The
introduction of metal NPs has induced a considerable decrease of Ip/Ig, namely 1.17 for LRGO/Au
and 1.22 for LRGO/Ag, suggesting a larger average size of the sp?> domains of LRGO/Au and
LRGO/Ag than that of LRGO [47].

Figure 5(d) shows the carrier mobility of GO, LRGO, LRGO/Au and LRGO/Ag (all subjected
to 5 mW power and at 5 um/s scanning speed) obtained from the Hall effect measurement. The
carrier mobility of LRGO reaches 94 cm? V! s7!, much larger than that of GO (11 cm? V! s!),
due to fewer defects/impurities and larger graphitic sp’> domains after laser reduction [48]. It’s
worth noting that the carrier mobility of LRGO/Au was further improved to 946 cm?> V! 57!,
attributed to the enhanced reduction of GO and the effective bridging of Au nanoparticles between
reduced GO sheets. On the other hand, the LRGO/Ag exhibits a lower carrier mobility of 10 cm?
V! 57!, which may result from Ag nanoparticles induced gaps between LRGO sheets and the
incongruent contacts between Ag nanoparticles and LRGO sheets. The different result of
LRGO/Ag and LRGO/Au might be caused by the better matching between the LSPR frequency
of Au nanoparticles with the laser, than that of Ag nanoparticles. Evidently, metal nanoparticles
can be applied for the improvement of laser reduction of GO and the LSPR is a reasonable

mechanism behind the enhanced reduction.
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treated with 5 mW laser.

Strain sensor application

The electrical resistance of LRGO, LRGO/Ag and LRGO/Au on the flexible substrate (i.e. PDMS)
was measured under applied strains and the gauge factors (GF) were calculated.
GF = (AR/Ry) /¢

where, the AR is the resistance change; Ry the initial resistance; ¢ the strain.

Figure 6(a) and (b) present the I-V curves and the relative resistance change (AR /R,y) of the LRGO
under different strains measured with the two-probe configuration, respectively. It is clear that
LRGO is almost insensitive to strain, with an extremely small GF of about 0.1 over a wide strain
range up to 21%. For the LRGO sensor, the resistance between neighboring graphene sheets is
determined by their overlapping areas and the contact resistances, while the sliding of graphene
sheets is the dominant mechanism resulting in resistance change under strain [25]. Figure 6(c)

shows the response of the LRGO/Au sensor under varied strains. The current of LRGO/Au

12



decreased markedly with the increase in strain, which is directly resulted from the increase in the
resistance of LRGO/Au. Figure 6(d) plots the relative resistance change of LRGO/Au under strains
ranging from 0% to 25.4%, corresponding to a large GF of 52.5 throughout the strain range of
0%—25.4%, which is extraordinary for a flexible strain sensor. The strain sensing performance of
LRGO/Ag shows higher sensitivity, however, with two linear regimes, namely GF=64 in strain

range of 0%—15.3%, and GF=133 in the range of 15.3%—24.7%, Figure 6(e-f).
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The relative resistance change under different strains: (b) LRGO, The GF was 0.1 under 21% strain. (f)
LRGO/Au, the GF was 52.5 under 25.4% strain. (d) LRGO/Ag, the GF was 64 under 15.3% strain, 133

under 24.7% strain.

Figure 7(a-c) shows the microscopic images of LRGO, LRGO/Au and LRGO/Ag under strains of
5%, 10% and 20%. It can be noted that as the strain increased from 5% to 20%, all the three
samples demonstrate expanded cracks, which extended the conducting paths and increase the
electrical resistance under mechanical elongation. For the strain above 25.4%, the LRGO/Au film
peels off the PDMS substrate. Figure 7(a) illustrates the cracks of LRGO, which are mostly formed
in the transverse direction with respect to the stretching force. Figure 7(b-c) illustrates that the
density of the cracks on LRGO/Au is much higher in comparison to LRGO. In addition, the cracks
of LRGO/Au developed in both transverse and longitudinal directions, forming a lattice of cracks.
An examination of the LRGO/Ag film shows the fractures were developed in somewhat random
fashion. The modified cracks in the LRGO/metal NPs systems is likely due to the localized intense
thermal effect that was induced by LSPR of metal NPs. The metal NPs thermally etch the adjacent
GO sheets and create numerous pores, which could function as the initiating points for the
formation of cracks [33]. The magnified microscopic images of LRGO, LRGO/Au and LRGO/Ag
in Figure S6 illustrate the development of cracks under strain.

Figure 7(b) shows the schematic conductive path of LRGO/Au with cracks under an applied
strain of 10%. The emerged microcracks on the film reshape the conductive path and affect the
resistance [49]. The different cracking behaviours between LRGO/Au and LRGO/Ag may be due
to the fact that the Au NPs were formed and merge into the LRGO sheets in the laser reduction
process, while the Ag nanoparticles were synthesized a priori. The distribution of Au nanoparticles
in the composite film is much more uniform than that of Ag NPs in LRGO sheets. Therefore, the
cracks in LRGO/Au film are in a regular lattice format. When the film is stretched in uniaxial
direction, the cracks perpendicular to the stretching direction expanded, while those in the parallel
direction mostly closed off gradually. The denser the cracks are, the smaller the displacement is
under the same stress. If this widening of the cracks occurs in a more evenly distributed manner,
then the chance of break-off of the weakest link is reduced, and this is the primary reason for the
emergence of multiple GF ranges. The closing-off of some of the cracks in the direction parallel
to the stretching may reduce the resistance change, but likely has a positive effect on maintaining
a reasonable conductivity under large strain. Compared to the expansion of cracks of LRGO and
LRGO/Au, the cracks of the LRGO/Ag do not only expand with the increased strain but also break
into isolated islands, which could completely alter the conductive path and result in its nonlinear

behavior as strain sensor. When the strain is lower than 15.3%, GF = 64, and the GF reaches 133
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within the strain range of 15.3%—24.7%. This sensing performance is attributed to the structure
change of the conductive network within the LRGO/Ag strain sensor. Under the strain below
15.3%, microcracks were developed between stacked LRGO flakes, contributing to the GF = 64.
Since the Ag nanoparticles were simply mixed with the GO flakes, which is different from the in-
situ fabricated Au nanoparticles, the connections between Ag nanoparticles and LRGO flakes are
unconsolidated. When a large external strain of more than 15.3% is applied, parts of the contacts
between Ag nanoparticles and LRGO flakes were separated, restricting the charge transport. These

disconnections result in a large increase in resistance and the big GF =133 of the strain sensor.
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Figure 7 (a-c) The microscopic images of LRGO(a), LRGO/Au (b), LRGO/Ag (c) under different applied
strains: 5% (left), 10% (middle) and 20% (right). The scale bar is 100 pm. The Shematic conductive path
of LRGO/Au under the strain of 10% was shown in Figure (b) (middle).

Due to its excellent flexibility and sensitivity, the LRGO/Au possesses significant potential for
application in wearable sensors for monitoring human activities, as demonstrated by the videos in
Supporting Information. Here, we assembled a LRGO/Au sensor to monitor the wrist and finger

movements with the relative resistance change, where Ry is the initial resistance and R is the real-
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time resistance. Figure 8(a) shows a real-time response of the sensor with the movement of the
wrist. Figure 8(b) shows the response of the sensor while moving the finger to press a computer
mouse button. Clear relative resistance change can be observed when the wrist or finger performs
different gestures. After more than 500 cycles, the LRGO/Au strain sensor still demonstrated
excellent stability and repeatability, Figure 8(c-d). The stretchability and high sensitivity in the

LRGO/Au demonstrate its promise for ubiquitous wearable sensing applications.
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Figure 8 (a-b) Detection of human motions. The sensor assembled on the wrist (a) and finger (b). (c-d)

Relative resistance change at cycling test, demonstrating excellent stability.

Other related publications for wearable strain sensor were listed in Table 1. Compared to other
reports, the simple laser direct writing method shows great advantage of facile and flexible
manufacture. The fabricated LRGO/Au strain sensor shows a good linearity with GF 64 within the
strain range of 25.4%. It demonstrates great potential for integrated wearable devices in motion

monitor and health management.

Table 1. Performance comparison of wearable strain sensor”
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Material Performance Reference
Au nanowire GF 6.9 in the strain range of 0%—5%; [50]
GF 9.9 for the strain < 50%;

Maximum strain range 350 %

Au nanowire Maximum GF 1365; [51]
Maximum strain range 80%

Graphene GF about 1 with strain of 15% [52]

LRGO GF 9.49 in strain range of 10 % [25]

LRGO/Au GF 52.5 in strain range of 25.4% this work

LRGO/Ag GF 4 in strain range of 0%—15.3%; this work

GF 133 in strain range of 15.3%—24.7%

Conclusions

We presented a facile, one-step laser treatment on the composites of HAuCls and GO to fabricate
wearable LRGO/Au strain sensor, which shows a high GF of 52.5 and excellent linearity in a large
strain range up to 25.4%, as well as good stability within 500 tested cycles. Importantly, we found
that under low power near-infrared (NIR) laser treatment (780 nm femtosecond), the LSPR of the
reduced Au nanoparticles further enhances the reduction of GO, producing higher graphenity,
likely due to a combination of photothermal and surface plasmon-induced charge transfer. Our
results demonstrated that the LSPR of both Au or Ag can unequivocally enhance the reduction
degree of GO with a standard laser system. The enhancement in the reduction of GO and in-situ
formation and insertion of these noble metal nanoparticles markedly increased the carrier mobility
by an order of magnitude (946 cm? V! s!) in comparison to the LRGO alone (94 cm? V! s71).
Moreover, the introduction of Au or Ag nanoparticles between graphene sheets increases the
generation and propagation of film microcracks. Both the augmented electrical properties and the
increased mechanical microcracks under strain contribute to the improved performance of
LRGO/Au strain sensor. The LRGO/Au strain sensors were demonstrated to detect various human
motions such as folding and unfolding of wrist and finger, highlighting their significant potential

for use in artificial skin and wearable electronics.

17



Experiment

Method

GO was prepared using the modified Hummers method [53, 54]. The GO was dispersed in water
with a concentration of 2.4 g/L. For the mixture of HAuCls and GO, 420 mg HAuCls was added
into the 10 ml of GO solution (2.4 g/L). The solution was mixed with magnetic stir for 30 minutes
and the solution container was covered with alumina foil, avoiding light. The mixture of HAuCl4
and GO is termed as GO/Au. The laser treated mixture of HAuCls and GO is termed as LRGO/Au.
The GO mixed with various weight of HAuCls were treated with laser and denoted as LRGO/Au
X (X=0.25,0.5, 1, 1.5 or 3), where X signifies the times of the weight of the HAuCl4 precursor in
the GO solution to that in the aforementioned GO/Au solution. Silver nanoparticles were
synthesized with AgNOs and polyvinylpyrrolidone [55]. The size of the Ag particles is about 30
nm. The Ag colloidal dispersion with a silver concentration of 1g/L was mixed with the
aforementioned GO solution with ultrasound (ratio 1:1). The mixture of Ag nanoparticles and GO
is termed as GO/Ag. Polydimethylsiloxane (PDMS) SYLGARD 184 silicone elastomer was
purchased from Dow Corning GmbH for the fabrication of substrate. The PDMS substrate was
cleaned by isopropanol and pure water with ultrasound. After cleaning, the PDMS was dried at
60 °C for 1 hour and then treated with air plasma for 1 minute before usage.

The GO, GO/Ag, or GO/Au dispersion was drop-casted on the PDMS substrate. After being
dried at 60°C for 1 hour, the GO, GO/Ag, or GO/Au films were fabricated. For the fabrication of
strain sensors, after the fabrication of GO, GO/Ag, or GO/Au film, gold electrodes with a thickness
of about 150 nm were deposited on the films with a sputter. The gap between the electrodes is
around 1,000 um. Then a laser treatment was conducted in between the gaps under ambient
conditions. A 780 nm fs pulse laser (70 fs pulse width, 50 MHz repetition rate and spot size of 2
um diameter), was employed for reduction under ambient conditions. A silver paste (resin #186-
3616 from RS Components) was used to connect the electrodes of samples with electric wires for

electrical test.
Characterization

The scanning electron microscopy (SEM) images were obtained using JEOL JSM-7001F,
equipped with the energy-dispersive X-ray spectroscopy (EDX) system. The transmission electron

microscopy (TEM) images were acquired with TECNAI F20 equipped with EDX system. The
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optical micrographs were obtained with a microscope from ProSciTech, camera
UCMOSO05100KPA. Raman spectra were acquired with Raman Spectrometer Renishaw Invia
(using 514 nm excitation wavelength and a 50x objective, acquisition parameters: 0.05 mW power,
10 s exposure time, 3 accumulations, and 2400 I/m gridding). Peak fittings of the Raman data were
carried out using the WiRE3.3 software. The x-ray photoelectron spectroscopy (XPS)
measurement was performed with Kratos Axis ULTRA X-ray Photoelectron Spectrometer (with a
monochromated Al Ka radiation). The peak fitting of the XPS data was carried out using the
CasaXPS software.

The PDMS substrate with the LRGO device was mounted on a micrometre caliper, which
induced strain by controlling the length of the PDMS substrate. Electrical properties were
measured with a Model 6430 source meter (Keithley Instruments Inc.) and a B1505A Power

Device Analyzer (Agilent Technologies Inc.).
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