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Abstract 

Laser reduction method for graphene has attracted significant interest in recent years, attributing 

to its distinctive advantages in selective and localized reduction, direct micro- nanoscale patterning, 

and no requirement for chemicals. Upon the laser irradiation, the precursor, typically graphene 

oxide or polyimide, is converted in situ into reduced graphene. This laser reduced graphene (LRG) 

has recently found its way into various applications including supercapacitor, sensor, field effect 

transistors, flat lens, lithium-ion batteries, water purification etc., due to its fascinating properties, 

such as large surface area, high electrical and thermal conductivity. This PhD project is dedicated 

to four correlated studies of LRG: (1) the investigation and summary of the most recent research 

progress on LRG; (2) the mechanism study of the laser reduction process; (3) the strain sensor 

application based on LRG doped with Au nanoparticles; (4) the biosensor application for RNA 

detection based on laser induced graphene.  

Firstly, recent research progress on the aspects of fabrication, properties and applications of LRG 

was reviewed. In these researches, different precursors, mainly graphene oxide (GO) film, GO 

solution and polymers, were employed for laser reduction. The mechanism of LRG formation, 

essentially involving with the three main theories: photochemical process, photothermal process, 

and a combination of both processes was investigated and concluded to be strongly related with 

the wavelength of the laser. Diverse strategies such as the adjustment of laser parameters, chemical 

doping, structure modulation and environment control, which are effective to tune the properties 

and performance of LRG had been summarized. A broad range of published applications based on 

LRG was reviewed and potential opportunities for new applications and their improved 

performances were also discussed. 

Secondly, the mechanism of this laser reduction was systematically investigated and studied to 

provide more profound insights into the overall process. The graphene oxide film was irradiated 

and effectively reduced by a fs laser (780 nm). After the laser treatment, the surface morphology, 

the degree of graphitization, crystal structure chemical components and electrical properties of 

LRG were characterized. It can be concluded that the two coexisting sub-processes during laser 
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reduction, namely the direct conversion of sp3 carbon into sp2 carbon and the removal of oxygen 

can be tuned by adjusting the laser parameters. The different oxygen-contained groups can also be 

selectively reduced by controlling the power of the laser. These findings improve the 

understanding of the fundamental mechanism of laser reduction and expand the vision to 

effectively tune the properties of LRG. 

Thirdly, laser reduced graphene sheets decorated with Au nanoparticles in situ (LRG/Au) were 

synthesized and applied for strain sensor application. In this study, the composites of HAuCl4 and 

GO were irradiated with a milliwatt fs laser (780 nm). It was revealed that both the reduction of 

graphene oxide and the nucleation and growth of the Au nanoparticles were enhanced due to the 

multi-stage interactions among the precursors and the laser. The strain sensor based on LRG/Au 

exhibits high sensitivity (gauge factor 52.5) in large strain range of 25.4% and good stability in 

500 cycles. It was demonstrated to detect human motions such as folding and unfolding of wrist 

and finger, indicating great potential for artificial skin and wearable electronics. Furthermore, the 

mechanisms underneath the improved strain sensing performance were explored from fundamental 

physical chemistry, electronic properties and mechanical mechanisms. 

In the end, a simple and inexpensive biosensor based on laser induced graphene (LIG) is explored 

for ultrasensitive RNA detection. The LIG was prepared from commercial polyimide by direct 

CO2 laser writing and patterned as the electrode of the biosensor for electrochemical measurement. 

The purified RNAs were adsorbed to the surface of LIG via graphene-RNA affinity, which hinders 

the access of the [Fe(CN)6]3-/4- system to the electrode surface and eventually results in a lower 

electrochemical response in the ferricyanide redox system. The LIG biosensor demonstrates good 

response and high sensitivity (10 fM) for RNA detection, showing strong potential for cancer 

detection and gene screening in practical. 
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1.1 Background and research aims 

Graphene is considered as an emerging material, due to its unique properties such as high 

conductivity, large surface area, good optical transparency and mechanical strength [1-4]. Various 

fabrication methods for graphene had been developed and reported, including mechanical 

exfoliation [5], epitaxial growth [6], chemical vapor deposition (CVD) [7] and the reduction of 

graphene oxide (GO) [8, 9]. Among these methods, the laser reduction method has drawn more and 

more attention due to its unique features [10-12]. As a very flexible method, it can easily fabricate 

various pattern design. Meanwhile, the whole process is chemical-free and do not need high 

temperature, which makes it very eco-friendly and compatible with temperature-sensitive 

processes. A broad range of applications based on the laser reduced graphene (LRG) had been 

reported such as supercapacitor [13, 14], humidity sensor [15], strain sensor [16], transistor [17], solar 

cells [18, 19], optical lens [20] etc.. 

The mechanism of laser reduction 

Most of the published studies in the literature have focused on employing laser reduction methods 

for different applications. However, the fundamental mechanism of laser reduction of graphene, 

which is critical to modulate properties of laser reduced graphene and eventually enhance the 

performance of its applications is not well understood. Current mechanism studies of laser 

reduction mostly attribute the laser reduction process to the photothermal effect, photochemical 

effect or a combined of both effects induced by the laser [21-23]. Essentially, the removal of the 

oxygen functional groups of graphene oxide (GO) was debated to result from the localized high 

temperature induced by the laser (photothermal theory), the direct bonding breakage between the 

carbon and oxygen atoms (photochemical theory) or both processes. Due to the difficulty to 

measure the instant temperature generated by the laser and the existence of the multiphoton 

absorption in the process, it is always challenging to directly prove the involvement of the 

photochemical and photothermal effects in the process. Furthermore, the reaction of different 

oxygen-containing groups, which can affect the specific properties of LRG, is also unclear in the 

reduction. For instance, the conductivity of LRG is highly affected by the C−O group attached to 

the basal planes and the selective modulation of the C−O groups can greatly adjust the conductivity 

of reduced GO [24, 25]. Therefore, instead of generally discussing whether the laser reduction is a 
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photothermal or photochemical process, systematic research is necessary to study the whole laser 

reduction process, learn how the different oxygen groups react in the process and provide a better 

understanding for its application. 

The modification of LRG for strain sensor 

Graphene is a very promising material for strain sensors applications, owing to its superior 

properties, such as high mobility, transparency and Young modulus [26, 27]. Compared with other 

graphene fabrication method, the laser reduction method shows the advantage of being an easy 

process for patterning and compatible with various flexible substrates [28, 29]. Tian et al. reported 

flexible strain sensor fabricated with LRG [30], which shows gauge factor (GF) from 0.11 to 9.49. 

However, as a result of the intensive π–π interaction of graphene, graphene sheets exhibit a strong 

tendency to restack together [31], which leads to the significant decrease of sensitivity of strain stain. 

Therefore, it is worthwhile to modify the LRG sheets to enhance the sensitivity of the strain sensor. 

The nanoparticles have been proved to be effective to insert between the graphene layers to avoid 

restacking in capacitor application [32]. After being inserted with nanoparticles, the restacking of 

LRG sheets would be avoided and the contact between sheets evolves from surface contact to point 

contact. This would make the conductivity of the strain sensor more sensitive to structure 

deformation, generated by the applied strain. This effective modification of LRG can be an 

efficient approach to enhance its performance for strain sensor applications.  

The biosensor based on laser induced graphene  

Due to its fascinating properties, such as large surface area, high electrical conductivity and 

electron mobility, graphene has recently found its way into a wide variety of biosensing for gene 

detecting and other biological analysis [33-36]. However, reliable and scalable fabrication methods 

for commercial graphene-based biosensors are highly expected for daily life applications [37]. The 

laser direct writing method for graphene, which shows great advantage of the roll-to-roll 

production and customized designed patterns, has attracted significant attention for its efficiency 

in the fabrication of graphene devices. In 2014, Lin et al. reported the fabrication of laser induced 

graphene (LIG) from commercial polyimide films simply with a CO2 infrared laser and the 

resulting porous LIG exhibits high electrical conductivity and specific surface area [38]. This 

excellent electronic conductivity and the porous structure (large surface area) of LIG facilitate the 

electrolyte accessibility to the electrode surfaces and hence are favorable for electrochemical 
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sensing [39]. Meanwhile, the abundant defects of LIG can enhance the heterogeneous electron 

transfer in the electrochemistry of sp2 carbons [40, 41]. All these features of LIG make it a promising 

candidature of electrochemical biosensing application for industrial production. 

As a promising fabrication method for graphene, the laser reduction method shows its advantage 

of being a green and efficient process. It is fundamental to study the mechanism of the laser 

reduction so that the properties of LRG can be improved and modulated specifically for the 

intended applications. Additionally, the modification of LRG is very promising to enhance the 

performance of strain sensor application. Beside the graphene oxide, it is also necessary to research 

the laser reduced graphene based on new precursors and wider application of LRG need to be 

explored. To distinguish different precursors involved in laser reduction, the laser reduced 

graphene was termed as laser reduced graphene oxide for the precursor of graphene oxide, or laser 

induced graphene for the precursor of polyimide. 

In this big data world, a wide range of chemical, biochemical and physical sensors have been 

developed for various applications such as healthcare, security and environmental monitoring, 

collecting all kinds of different data. The stretchable strain sensor is promising for applications in 

health monitoring and human motion detection. As the precursor of LRGO strain sensor, the GO 

is suitable for mass production and solution based industrial process and can be coated on various 

substrates. Biosensors are widely applied for disease diagnosis, environmental monitoring and 

food security. For the fabrication of this laser induced graphene biosensor, the commercial 

polyimide, which is ready for roll-to-roll production was employed as precursor for direct laser 

writing. Based on the laser reduction technology, a wearable multimodal sensor, which can monitor 

the movement of human (strain sensing) and analyze the chemical contents (biosensing), is 

promising in the future by combining sensors with different functions. 

Research aim   

The main purpose of this study is to provide a fundamental understanding of the laser reduction 

processing for graphene and explore the strain sensor and biosensor applications based on LRG. 

(i) Current mechanistic studies are focused on the involvement of the photochemical and 

photothermal effects, which are difficult to directly prove in experiment. It is necessary to 

understand the reaction of both carbon groups and different oxygen-containing groups in the whole 

process, which is critical for the properties of LRG and its modifications. (ii) The reported LRG 
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strain sensors demonstrate a relatively low sensitivity due to the natural restacking of graphene. It 

is worthwhile to modify the LRG sheets to enhance the sensitivity and linearity of the strain sensor. 

(iii) The graphene has been applied for various biosensor but low-cost, efficient and reliable 

fabrication for graphene is still demanded. Based on the commercial precursor of polyimide, the 

laser direct writing method for graphene is ready for roll-to-roll production and the methodology 

that includes magnetic nanoparticle-assisted analytes purification is promising for clinical 

applications. 

 

1.2 Outline of this Thesis 

In this work, the review of laser reduced graphene was conducted to investigate the current 

research topics and developments in this field and to recognize the research gaps that are necessary 

for future study. First, it is essential to understand the fundamental mechanism of this laser 

reduction. Furthermore, the modification of the laser reduced graphene oxide with gold 

nanoparticles was studied to enhance its performance for strain sensor application. Finally, another 

precursor, polyimide was applied for laser treatment. The fabricated laser induced graphene was 

applied as a biosensor for RNA detection due to the graphene-RNA affinity.  

In chapter 1, a brief introduction of the thesis was demonstrated. The background of the laser 

reduction method for graphene and research gaps were stated and highlighted. The research 

approaches in this study were also been summarized.  

In chapter 2, the recent research progress of the laser reduced graphene was reviewed. It mainly 

focused on the fabrication and properties of the laser reduced graphene and its applications. The 

corresponding review is presented in Chapter 2 as a peer-reviewed journal paper in Advanced 

Materials Technologies published by John Wiley and Sons. 

In chapter 3, the mechanism of the laser reduction was studied. The graphene oxide film was 

reduced by a fs laser (780 nm). It was concluded that both the direct conversion of sp3 carbon into 

sp2 carbon and the removal of oxygen occur and these two subprocesses can be tuned by adjusting 

the laser parameters. The different oxygen-contained groups can also be selectively reduced by 

controlling the power of the laser. The corresponding study is presented in Chapter 3 as a peer-
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reviewed paper in the journal Carbon published by Elsevier.  

In chapter 4, to modify the reduced graphene oxide with gold nanoparticles, the composites of 

HAuCl4 and graphene oxide were irradiated with a milliwatt fs laser (780 nm). The interactions in 

the process were systematically analyzed. The strain sensor fabricated with laser reduced graphene 

doped with Au nanoparticles demonstrates high sensitivity (gauge factor 52.5) in large strain range 

of 25.4% and good stability in 500 cycles. The corresponding research is presented in Chapter 4 

as a manuscript prepared for future publication. 

In chapter 5, the commercial polyimide was reduced by a CO2 laser (10.6 µm) and the biosensor 

based on the reduced graphene were applied for RNA detection, showing a high sensitivity (10 

fM). The corresponding research is presented in Chapter 5 as a manuscript prepared for future 

publication. 

In chapter 6, the investigations and major experiment results in this thesis were concluded and 

potential research outlook was illustrated for future study.  
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Chapter 2  Review of the literature  

 

2.1 Introduction 

Chapter 2 is a literature review of the recent developments of laser reduced graphene. The 

distinctive features of the laser direct-writing of graphene were discussed in the literature. It mainly 

focused on the precursor material for laser reduction, the mechanisms of laser reduction, and the 

diverse range of applications of this technology. 

 

 

 

2.2 Contributions 

Chapter 2 is included as it appears in Adv. Mater. Technol. 2018:1700315. This chapter is wholly 

my own work with the exception of the contributions by Dr Erik Streed, A/Prof. Mirko Lobino, 

Dr Shujun Wang, Prof. Robert T. Sang, Prof. Ivan S. Cole, Prof. David Thiel and A/Prof. Qin Li 

in the advisory capacity. 
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Chapter 3  Tuning the sub-processes in laser reduction of 

graphene oxide by adjusting the power and scanning speed of 

laser  

3.1 Introduction 

Chapter 3 is a mechanism study of the laser reduction method for graphene. The graphene oxide 

film was irradiated and effectively reduced by a fs laser (780 nm). We systematically investigated 

and discussed the mechanism of this laser reduction process. It was concluded that both the direct 

conversion of sp3 carbon into sp2 carbon and the removal of oxygen coexist during laser reduction 

and these two sub-processes can be tuned by adjusting the laser parameters. By controlling the 

power of the laser, the different oxygen-contained groups can be selectively reduced.   

 

 

3.2 Contributions 

Chapter 3 is included as it appears in Carbon 2019:141:83-91. This chapter is wholly my own 

work with the exception of the contributions by Dr Shujun Wang, Dr Ben Haylock, Jasreet Kaur, 

Dr Philip Tanner, Prof. David Thiel, Prof. Robert Sang, Prof. Ivan S Cole, Prof. Xiangping Li, 

A/Prof. Mirko Lobino, A/Prof. Qin Li in the advisory capacity. 
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Supplementary Information 

Tuning the sub-processes in laser reduction of graphene oxide by 

adjusting the power and scanning speed of laser 
Zhengfen Wan a, b, Shujun Wang a, b, Ben Haylock c, Jasreet Kaur a, Philip Tanner a, David Thiel 

b, Robert Sang c, Ivan S Cole d, Xiangping Li e, Mirko Lobino a, c, Qin Li a, b,* 
a Queensland Micro- and Nanotechnology Centre, Griffith University, Nathan, QLD 4111, Australia 

b School of Engineering and Built Environment, Griffith University, Nathan, QLD 4111, Australia

c Centre for Quantum Dynamics, Griffith University, Nathan, QLD 4111 Australia

d Advanced Manufacturing and Fabrication, RMIT University, Melbourne, VIC 3000, Australia 

e Institute of Photonics Technology, Jinan University, Guangzhou 510632, China 

Table S1 the parameters of the laser used in the experiment 

Center Wavelength 780 nm 

Pulse width  70 fs 

Repetition rate 50 MHz 

Max. laser power 13 mW 

Laser spot 2 µm 

Table S2 the crystal length versus laser power and laser scanning speed 

La(nm) 

(standard 

error) 

5 

µm/s 

2 

µm/s 

1 

µm/s 

0.5 

µm/s 

0.2 

µm/s 

0.1 

µm/s 

3 mW 

11.97 

(0.15) 

12.27 

(0.17) 

12.43 

(0.07) 

12.97 

(0.10) 

12.94 

(0.05) 

13.16 

(0.11) 

5 mW 12.27 12.85 12.96 13.17 13.71 13.77 
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(0.20) (0.08) (0.15) (0.10) (0.05) (0.09) 

7.5 mW 

12.69 

(0.05) 

13.57 

(0.10) 

13.83 

(0.03) 

13.93 

(0.08) 

14.09 

(0.02) 

14.23 

(0.10) 

10 mW 

12.99 

(0.05) 

13.58 

(0.10) 

14.12 

(0.11) 

14.09 

(0.09) 

14.46 

(0.11) 

14.37 

(0.14) 

13 mW 

14.51 

(0.06) 

14.47 

(0.08) 

14.66 

(0.08) 

14.70 

(0.26) 

14.66 

(0.09) 

14.86 

(0.10) 

 

Table S3 the Raman ID/IG ratio of LRGO versus laser power and laser scanning speed 

ID/IG 

(standard 

error) 

5  

µm/s 

2  

µm/s 

1  

µm/s 

0.5 

µm/s 

0.2 

µm/s 

0.1 

µm/s 

3 mW 

1.40 

(0.018) 

1.37 

(0.02) 

1.35 

(0.008) 

1.30 

(0.005) 

1.29 

(0.009) 

1.28 

(0.01) 

5 mW 

1.37 

(0.022) 

1.30 

(0.008) 

1.29 

(0.014) 

1.27 

(0.01) 

1.22 

(0.005) 

1.22 

(0.008) 

7.5 mW 

1.32 

(0.005) 

1.23 

(0.009) 

1.21 

(0.003) 

1.20 

(0.007) 

1.19 

(0.002) 

1.18 

(0.008) 

10 mW 

1.29 

(0.005) 

1.23 

(0.009) 

1.19 

(0.009) 

1.19 

(0.008) 

1.16 

(0.008) 

1.17 

(0.011) 

13 mW 

1.15 

(0.005) 

1.16 

(0.006) 

1.15 

(0.007) 

1.14 

(0.022) 

1.15 

(0.007) 

1.13 

(0.009) 

 

Table S4 XPS chemical state components of GO and LRGOs with different laser power 

Sample C−C sp2 C−C sp3 C−O C=O COOH CC  CO CC / CO  
284.5 eV 285 Ev 

(±0.2) 
286.6 eV 

(±0.2) 
287.6 eV 

(±0.2) 
288.6 eV 

(±0.2) 
C−C 
sp2+ 

C−C sp3 

C−O+C
=O+CO

OH 

 

GO 23.44% 27.09% 34.78% 9.98% 4.72% 50.53% 49.47% 1.02 

LRGO-3 49.60% 6.09% 36.38% 4.32% 3.61% 55.69% 44.31% 1.26 
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mW 

LRGO-5 
mW 

47.12% 7.12% 36.32% 5.40% 4.04% 54.24% 45.76% 1.19 

LRGO-
7.5 mW 

52.94% 5.06% 33.80% 4.00% 4.20% 58.00% 42.00% 1.38 

LRGO-
10 mW 

51.80% 4.25% 34.73% 5.25% 3.96% 56.05% 43.95% 1.28 

LRGO-
13 mW 

58.23% 5.57% 26.57% 5.18% 4.45% 63.81% 36.19% 1.76 

 

Table S5 layer distance and crystalline size based on XRD 

Sample 

(002')  

Position  

(2θ) 

Layer distance 

(Å ) 

GO 11.92 7.43 

LRGO-3 mW 11.4 7.77 

LRGO-5 mW 11.25 7.87 

LRGO-7.5 mW 11.49 7.71 

LRGO-10 mW 11.35 7.81 

LRGO-13 mW 11.23 7.89 

 

Table S6 XPS chemical state components of GO and LRGOs with different scan speed 

Sample C-C sp2 C-C sp3 C-O C=O COOH Pi-Pi* CC  CO CC / CO  
284.5 eV 285 Ev 

(±0.2) 
286.6 

eV 
(±0.2) 

287.6 
eV 

(±0.2) 

288.6 
eV 

(±0.2) 

290.2 
eV 

(±0.2) 

C-C 
sp2+ C-
C sp3 

C-
O+C=O
+COOH 

 

LRGO-7.5 
mW 

5um/s 
52.61% 3.71% 33.45% 3.43% 4.41% 2.39% 56.32% 41.29% 1.36 

LRGO-7.5 
mW 

2um/s 
57.07% 4.12% 28.92% 2.75% 4.81% 2.33% 61.19% 36.48% 1.68 

LRGO-7.5 
mW 

1um/s 
54.13% 8.78% 25.14% 5.13% 4.58% 2.24% 62.91% 34.85% 1.81 
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Figure S1 (a) The image of GO film (yellow color) with LRGO (black area, 1 mm×1 mm). (b) The laser 

patterned figures on GO film, lines array, the scale bar is 100 μm.  (c) The GO sample for thickness 

measurement under the microscopic (the scale bar is 20 μm). 
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Figure S2 Survey X-ray photoelectron spectra of GO and LRGOs fabricated with laser power of 3 mW, 5 

mW, 7.5 mW, 10 mW and 13 mW at laser scanning speed of 5 μm/s. 

 

a  b  c  



Chapter 3 Tuning the sub-processes in laser reduction of graphene oxide by adjusting the power and scanning speed of laser 

45 

  

 

 Figure S3 (a) The Raman spectra of GO and LRGOs fabricated at laser scanning speed from 0.1 μm/s to 

5 μm/s with constant laser power of 5 mW (1 accumulation). (b) The Raman spectra of GO and LRGOs 

fabricated at constant laser scanning speed of 0.2 μm/s with laser power from 3 mW to 13 mW (1 

accumulation). (c) Raman spectrum of LRGO (13mW, 0.2 μm/s, 10 accumulations). (d) Raman spectrum 

of LRGO (13mW, 0.2 μm/s, 30 accumulations). 
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Figure S4 XRD analysis of GO and LRGOs at different laser power with scaning speed 5 μm/s. 
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Figure S5 Peak fitted C1s XPS spectra of LRGOs fabricated at laser power of 7.5 mW with different scan 

speed (a) 2 μm/s (b) 1 μm/s. 

a b
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Figure S6 (a) Illustration of the LRG conductivity measurement procedure. (b) The photograph of the sample for 

conductivity test  

 

Figure S7 Graphic illustration of the calculative method for LRG conductivity (L,length of LRGO; W, width of 

LRGO; T, thickness of LRGO; S, the area of LRGO) 

 

 

a

 

b
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Table S7 Conductivities of LRGO with different scanning speeds at power of 5 mW 

Scanning 

speed 

 

Energy 

density 

 

Resistance 

before laser 

irradiation 

Resistance after laser 

irradiation 

L 

 

W 

 

T  

 

Conductivity 

 

(µm/s) (mJ/µm2) (MΩ) (MΩ) (µm) (µm) (nm) (S/m) 

2 1.25 480 353 688 1.06 97 19.0 

1 2.5 510 108 502 1.31 96 36.9 

0.5 5 1000 125 647 1.81 93 30.7 

0.2 12.5 505 110 694 2.42 73 35.7 

0.1 25 700 61 640 3.25 71 45.5 
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Chapter 4  Wearable strain sensors formed by simultaneous 

reduction of graphene oxide and HAuCl4 under milliwatts NIR 

femtosecond laser 

4.1 Introduction 

Chapter 4 is an application study for strain sensor based on the laser reduced graphene. The strain 

sensor was fabricated by reducing graphene oxide film mixed with HAuCl4 with a fs laser and the 

strain sensor shows high sensitivity (GF 52.5), excellent stretchability (strain up to 25.4%), linear 

behaviour and good stability (500 cycles). The LRGO/Au strain sensor was demonstrated to detect 

human motions such as folding and unfolding of wrist and fingers which indicates the enormous 

potential for artificial skin and wearable electronics. Furthermore, we explored the mechanisms 

behind the improved strain sensing performance from fundamental physical chemistry, electronic 

properties and mechanical mechanisms. 

 

 

 

4.2 Contributions 

Chapter 4 is included as a manuscript prepared for future publication. This chapter is wholly my 

own work with the exception of the contributions by Dr Shujun Wang, Dr Ben Haylock, Zhiqing 

Wu, Dr Khoa-Nguyen Tuan, Dr Hoang-Phuong Phan, Prof. Robert Sang, A/Prof. Mirko Lobino, 

Prof. David Thiel, A/Prof. Qin Li in the advisory capacity. 
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Wearable strain sensors formed by simultaneous reduction of 

graphene oxide and HAuCl4 under milliwatts NIR femtosecond 

laser 
Zhengfen Wan a, b, Shujun Wang c, Ben Haylock a, d, Zhiqing Wu a, b, Khoa-Nguyen Tuan a, 

Hoang-Phuong Phan a, Robert Sang d, Mirko Lobino a, d, David Thiel b, Qin Li a, b,* 
a Queensland Micro- and Nanotechnology Centre, Griffith University, Nathan, QLD 4111, Australia 

b School of Engineering and Built Environment, Griffith University, Nathan, QLD 4111, Australia

c Centre for Clean Environment and Energy, Griffith University, Gold Coast, QLD 4222, Australia 

d Centre for Quantum Dynamics, Griffith University, Nathan, QLD 4111 Australia 

Abstract 
Laser reduced graphene is increasingly attracting wide attention owing to its unique properties and 

potential applications in energy conversion and storage, flexible electronics, optoelectronics and 

nanocomposites. In this study, we synthesized graphene sheets decorated with Au nanoparticles in 

situ with laser reduction. During the reduction process, we discovered synergetic effects which 

significantly improved the electronic properties of the binary systems, thereby enabling us to 

fabricate highly sensitive and stretchable strain sensors. We found that both the reduction of 

graphene oxide sheets and the nucleation and growth of the Au nanoparticles are enhanced during 

the in-situ laser treatment, as a result of three stages reactions, namely, the natural redox reaction 

between HAuCl4 and graphene oxide, the decomposition of HAuCl4 and reduction of graphene 

oxide and, the localized surface plasmon resonance enhanced photoreduction in the presence of 

Au particles. The resulting graphene/Au nanoparticles composite possesses charge mobility (946 

cm2 V−1 s−1), 10 times higher than that of the laser reduced graphene (94 cm2 V−1 s−1) without the 

decoration of metal particles. Moreover, the Au nanoparticles improve the efficiency of generation 

and propagation of microcracks under mechanical deformation. As a result of the two effects, 

graphene/Au strain sensors with gauge factors up to 52.5, stretching ability up to 25% and excellent 

cycle stability (more than 500 cycles) are successfully developed and used for monitoring human 

motions. This study addressed the improved piezo-resistivity of graphene/metal nanoparticle 

composites from fundamental physical chemistry, electronic properties and mechanical 
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mechanisms, which are critical for the development of highly functional, low-cost, flexible and 

wearable graphene-based electronics. 

 

Keywords: Laser reduced graphene oxide, Au nanoparticles, localized surface plasma resonance, 

strain sensor 
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Introduction 

The flexible strain sensor has received growing attention due to its enormous potential for 

applications in health monitoring, artificial skins, robotic sensors, and human-machine interfaces 
[1-3]. The conventional strain sensor typically composed of metals or semiconductors, converting 

mechanical strain into electrical signals for piezoresistive effect, demonstrates limited sensing 

range (<5%). It is challenging to develop strain sensors that are highly stretchable yet maintain 

high sensitivity, as well as repeatable and durable under cyclic loading [4]. To improve the 

performance of the strain sensor, various nanomaterials such as carbon nanotubes [5], metallic 

nanostructure [6, 7], graphene [8], were introduced for the novel stretchable strain sensor to improve 

its sensitivity. Graphene is a strong candidate to achieve high performance of strain sensor, 

considering its excellent electrical and mechanical properties [9, 10]. Among diverse production 

methods of graphene, there has been a growing interest in laser reduced graphene oxide (LRGO) 
[11-14], since graphene oxide (GO) can be facilely reduced and patterned at micro- and nanoscale 

simultaneously using laser without chemical reducing agents [15-17]. Tian et al. reported a graphene 

strain sensor with a gauge factor of 9.49 (strain up to 10%) by directly reducing GO film with a 

light-scribe DVD burner [18]. Carvalho et al. demonstrated a low-cost laser-induced graphene strain 

sensor with gauge factor 40 and strain only 1.5% by ultraviolet irradiation on commercial 

polyimide [19]. Besides the pure graphene, Ren et al. reduced the GO film doped with Ag 

nanoparticles with a 450 nm laser. The fabricated LRGO/Ag strain sensor exhibited the nonlinear 

relationship between strain and the relative resistance change (the GF is183 with strain 0%−8%, 

while 475 with strain 8%−14.5%) [20]. This nonlinearity, which makes the calibration process 

complex and difficult, is considered as one of the main drawbacks of resistive type strain sensors 
[21]. Thus, further research based on this facile laser reduction method is required to develop the 

flexible strain sensor with wide strain range, high sensitivity and excellent linear behaviour. 

Furthermore, more detailed investigations are necessary for a thorough understanding of the 

fundamental mechanisms of the interactions between laser and materials, and the underlying 

mechanisms for the improved strain sensing performances. Overall, for graphene-based stretchable 

electronic devices including strain sensors, doping with metal nanowires, or other highly 

conductive nanocarbons such as CNTs and graphene scrolls to improve their conductivity and 

connectivity is the general approach for improving their performances [22].     
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Herein, we fabricated LRGO/Au strain sensor by simultaneously reducing GO film mixed with 

HAuCl4 with a fs laser and the strain sensor shows high sensitivity (GF 52.5), excellent 

stretchability (strain up to 25.4%), linear behaviour and excellent stability (500 cycles tested and 

lasted for 1 year). The LRGO/Au strain sensor was demonstrated to detect human motions such as 

folding and unfolding of wrist and fingers which demonstrates its significant for artificial skin and 

wearable electronics. Furthermore, we explored the mechanisms behind the improved strain 

sensing performance of in situ laser treatment derived LRGO/Au composites from fundamental 

physical chemistry, electronic properties and mechanical mechanisms. Briefly, three main 

interactions were identified in the whole process: firstly, the redox reaction between GO and the 

AuCl4
-1 in solution; then the laser simultaneously induced the decomposing of HAuCl4 to Au and 

reduction of GO; finally, the localized surface plasmon resonance (LSPR) of the reduced Au 

nanoparticles further enhanced the reduction of HAuCl4 and GO. Meanwhile, the emergence of 

Au nanoparticles between graphene sheets enhances the generation and propagation of film 

microcracks by acting as the strain concentration spots. Both the enhanced reduction of GO and 

the promoted mechanical microcracking under strain contribute to the excellent performance of 

LRGO/Au strain sensor. We also verified the versatility of the method to other metal 

nanoparticle/GO binary systems such as silver/GO composite. Especially for the LSPR enhanced 

GO reduction and the enhancement of microcrack by metal particles, we applied Ag nanoparticles 

as a reference. Ag nanoparticles were directly mixed with GO for laser treatment also resulting in 

an enhanced reduction of GO and promoted microcrack generation and propagation. In this case, 

GF of LRGO/Ag can reach to 133 within strain up to 24.7%.   

Experiment  

Method 

GO was prepared using the modified Hummers method [23, 24]. The GO was dispersed in water 

with a concentration of 2.4 g/L. For the mixture of HAuCl4 and GO, 420 mg HAuCl4 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 
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and GO is termed as GO/Au. The laser treated mixture of HAuCl4 and GO is termed as LRGO/Au. 

The GO mixed with various weight of HAuCl4 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 AgNO3 and polyvinylpyrrolidone [25]. The size of the Ag particles is about 30 nm. 

The Ag colloidal dispersion with a silver concentration of 1 g/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.  

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 was deposited on the films with a sputter. The gap between the electrodes is 

around 1000 µm. 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 

µm diameter), was employed for reduction. 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 

optical micrographs were obtained with a microscope from ProSciTech, camera 

UCMOS05100KPA. Raman spectra were acquired with Raman Spectrometer Renishaw Invia 

(using 514 nm excitation wavelength and a 50× objective, acquisition parameters: 0.05 mW power, 

10 s exposure time, 3 accumulations, and 2400 l/m gridding). Peak fittings of the Raman data were 

carried out using the WiRE3.3 software. The x-ray photoelectron spectroscopy (XPS) 
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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.). 

Results and Discussion 

 

Figure 1 The Schematic of the mixing of GO with HAuCl4 or Ag nanoparticles (a), the fabrication process of 

the sensor (b), the test of strain sensor 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 view. The scale bar is 1 μm. Its inset is the overall SEM image of laser treated area with scale 

bar 1 μm. (g) shows the magnified image of the laser treated GO/Au with scale bar 1 μm. The scale bar of 

the inset is 100 nm. (e) The TEM image of LRGO/Au and its enlarged image, the scale bar is 5 nm. (h) The 

peak fitted XPS of Au4f of GO/Au and LRGO/Au (power 5mW, scan speed 5 μm/s). 

Figure 1(a) schematically illustrates the mixing of GO solution with HAuCl4 or Ag nanoparticles. 

The fabrication process of the sensor is shown in Figure 1(b) and the detailed description presented 
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in the experimental section. Figure 1(c) shows the test of a strain sensor, measuring the resistance 

with varied strains. By attaching the strain sensor on the finger or wrist, it was demonstrated to 

monitor the human motion based on the change of resistance of the sensor in Figure 1(d) and its 

inset shows the photograph of the strain sensor. Figure 1(e) shows the TEM image of the particles 

on the GO sheets with sizes ranging from tens of nanometers to around 1 µm. The inset shows the 

magnified image of a small nanoparticle of about 50 nm. According to the EDX result of these 

particles shown in Figure S1, the amount of the Au element is much greater than the element of 

chlorine (atomic concentration 98% Au, 2% Cl), indicating that part of AuCl4
- was reduced to Au 

and these particles are a mixture of HAuCl4 and Au. It has been proposed that after the mixture of 

HAuCl4 and GO, the aromatic conjugated domains act as electron-donating sources to reduce Au3+ 

to Au nanoparticles [26], therefore redox reactions between GO and HAuCl4 can spontaneously take 

place without external stimuli, which is consistent with our observation. Figure 1(f) shows the 

SEM images of the mixture of GO and HAuCl4 that was partly treated using the laser. The average 

diameter is 107 nm and the size distribution has been demonstrated in Figure S2 (c). The bird-

view image shows an obvious step between the laser treated area and the untreated area. This step 

is likely caused by the laser burning, thermally removing part of the GO sheets on the top surface 
[27]. Figure 1(f) clearly shows that before laser treatment the Au nanoparticles were sparsely 

distributed on the GO top layer, whilst after the laser treatment, the density of the Au nanoparticles 

has been tremendously increased accompanied with morphology changes. The inset of Figure 1(f) 

reveals that the morphology of the film was tremendously modified after laser treatment. It is 

revealed that the numerous nanoparticles, which appear on the top surface after the laser treatment, 

demonstrate varied sizes from in the tens to about 400 nm and some particles combine, merging 

into larger sizes. The EDX result of the particles was shown in Figure S2 (d), which verifies the 

content of the Au element. Figure 1(g) displays the HRTEM images of laser treated GO/Au. 

Compared to the nanoparticles of GO/Au shown in Figure 1(e), the rough surface edges of 

nanoparticles have become smooth after the laser treatment, indicating the undergoing of thermal 

annealing. The measured lattice spacing is 0.23 nm, which is close to the lattice spacing, 0.236 nm, 

corresponding to the spacing of the (111) crystal plane of face-centered cubic gold [28]. Figure 1(h) 

illustrated the peak fitted Au 4f XPS spectra of GO/Au and LRGO/Au (5 mW). The Au04f5/2 (87.4 

eV) and Au04f7/2 (84 eV) peaks represent the binding energies of reduced Au particles, while 
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Au3+4f5/2 (90.2 eV) and Au3+4f7/2 (86.4 eV) peaks represent the binding energies of Au ions [29, 30]. 

For the mixture of GO and HAuCl4, both the peaks of Au0 and Au3+ can be observed, 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 the Au ions on the surface were reduced to Au particles with 

laser treatment, which suggests that the initial spontaneous reduction of Au3+ only converted a 

fraction of the Au3+ in the mixture, and the following laser treatment has completed the Au3+ 

reduction, which may contribute to the significantly increased amount of Au nanoparticles 

observed on the GO surface. 

Laser reduction of GO/Au 

 

Figure 2 (a)The SEM images of the LRGO/Au with average laser power of 3 mW, 5 mW and 7 mW at a 

scan speed of 20 μm/s. (b) The SEM images of the LRGO/Au with average laser power of 3 mW at a scan 

speed of 20 μm/s, 5 μm/s and 1 μm/s. (c) The SEM images of the LRGO/Au with different Au content of 

0.25, 0.5, 1, 1.5 and 3 and their ID/IG and conductivity. 

Figure 2(a-b) shows the SEM image of LRGO/Au as a function of laser power and laser scanning 

speed. Increasing the laser power from 3 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). Figure 
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2(b) illustrates that the decrease of laser scanning speeds from 20 µm/s to 1 µm/s) also enhances 

the density of Au nanoparticles. It can be concluded that the surface morphology of LRGO/Au can 

be modulated by adjusting the laser power and scanning speed of the fs laser. Figure 2(c) 

demonstrates the SEM image of LRGO/Au (0.25, 0.5, 1, 1.5, 3) and their ID/IG 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 were demonstrated. With increasing 

the initial concentration of HAuCl4, the GO/Au 3 indicates some large particles with the size of 

several micrometers and a small amount of material on the surface was removed. 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 (ID/IG) which indicates the 

degree of disorder in the graphene-structure decreases greatly, compared to that of GO. The 

conductivity of LRGO/Au can be enhanced to 837 S/m (for LRGO/Au 0.25), 5 orders of magnitude 

larger than that of GO. With the different concentration of Au, the conductivity of LRGO/Au varies 

from 32 to 837 S/m. This improved conductivity agrees with the fewer structural defects in the 

Raman spectra. 

Figure 3 shows the peak fitted C1s XPS spectra of GO, GO/Au, LRGO and LRGO/Au. Figure 

3(a-b) shows the spectra of GO and GO/Au. It can be noticed that the oxygen components increase 

after mixing GO with HAuCl4. Figure 3(c) and (e) show the C1s of LRGOs fabricated with 3 mW, 

5 mW (scan speed 5 µm/s) and their curve-fits. The XPS results of LRGO treated at the laser power 

of 3-5 mW, reveal that only a small amount of oxygen contents (about 5%) was removed. Figure 

3(d) and (f) shows the C1s of LRGO/Au fabricated with 3 mW, 5 mW (scan speed 5 µm/s) and 

their curve-fits. Table S1 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 sp2 and C−C 

sp3 and the CO is the combination of C−O, C=O and COOH. As shown in Figure 3(g), the ratio of 

the percentage of the CC bond to that of the CO bond (CC/CO) rises from 0.80 (GO/Au) to 2.85 

(LRGO/Au 5 mW), which is much higher than 1.19 (LRGO 5 mW), illustrating that the LRGO/Au 

has a more notable removal of oxygen contents than that of LRGO at the same laser power. In 

these processes, 1) after mixing GO with HAuCl4, the percentage of CO increased from 49.38% 

(GO) to 55.5%; 2) after laser treatment on GO without Au nanoparticles, the percentage of CO 



Chapter 4 Wearable strain sensors formed by simultaneous reduction of graphene oxide and HAuCl4 under milliwatts NIR femtosecond laser   

60 

was reduced to 45.74% (5 mW), which shows limited reduction; 3) after laser treatment on GO 

with Au nanoparticles, the GO film was reduced to 25.99% (5 mW), indicating the great 

enhancement of reduction. It can be concluded that the surface plasma resonance of Au 

nanoparticles is the major factor resulting in the great reduction of GO. After the incorporation of 

Au nanoparticles, the reduction of GO is 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 [31], which can participate in the reaction or produce heat 

by self-collision [32]. It was reported that the surface plasmon absorption of Au nanoparticles 

redshifts from 517 to 575nm with increased size from 10 to 100 nm [33]. Meanwhile, the shape of 

gold nanoparticles also produces a pronounced effect on the surface plasma absorption spectrum, 

which can cause a shift from 600 to 873 nm [34]. Considering that the wavelength of the laser is 

780 nm, the enhanced oxygen removal can be ascribed to the LSPR of reduced Au nanoparticles. 

The intense thermal effect induced by the LSPR may also melt Au nanoparticles and results in the 

merging of small particles 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 3 mW laser (c), 

LRGO/Au treated with 3 mW laser (d), LRGO treated with 5 mW laser (e), LRGO/Au treated with 5 mW 

laser (f). (g) The ratio of the percentage of CC bond to that of CO bond with different samples. 

Based on the results discussed above, three main interactions are summarized in the entire process, 

as shown in Figure 4. In the stage of mixing GO with HAuCl4 in solution, the HAuCl4 was partly 

reduced to Au nanoparticles, resulting from the redox reaction between GO and the AuCl4
-1. The 

reduction potential of AuCl4
-1 (0.76V vs. SCE, saturated calomel electrode) is higher than that of 

GO (0.48 V vs. SCE) [35, 36]. Therefore, the growth of Au nanoparticles after nucleation may 

involve a galvanic-reaction-like process, in which the reduction of AuCl4
-1 occurs on the Au nuclei 

by the electrons donated from GO [29]. In the reduction process of AuCl4
-1, the GO was oxidized, 

corresponding to the XPS result that the GO mixed with HAuCl4 demonstrates a higher percentage 

of oxygen components than that of pure GO. In the laser reduction on the film of GO mixed with 

HAuCl4: the decomposition of HAuCl4 to Au and the partial reduction of GO occurs 

simultaneously by the photoreduction of the laser. Zhao et al. proposed that the HAuCl4 was 

reduced to Au nanoparticles due to the multiphoton process of 800 nm femtosecond laser [37]. The 

thermal decomposition of HAuCl4 to Au occurs at a temperature above 160 °C [38]. Meanwhile, 

the reduction GO was attributed to both photochemical and photothermal effects of laser [39, 40]. It 

(g) 
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can be concluded that the decomposition of HAuCl4 and the reduction of GO are attributed to that 

both photothermal and photochemical effects of the laser. In the end, the LSPR of the reduced Au 

particles contributes to a further enhanced the photoreduction of HAuCl4 and GO. The LSPR was 

reported to enhance the photothermal efficiency [41, 42] and induce the electron-hole pairs for the 

photochemical reaction [43]. The LSPR of Au nanoparticles induces intense photothermal and 

photochemical effect for the further decomposition of HAuCl4 to Au nanoparticles and the 

reduction of GO. 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 S4 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 with a scan speed of 5 µm/s, 

10 µm/s, 20 µm/s. After mixing with Au nanoparticles, the reduction efficiency of GO can be 

improved by increasing scan speeds. 

 

 

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 nanoparticles were also mixed with 

GO for laser treatment. Figure 5(a) shows the TEM image of the mixture of GO/Ag. The Ag 

nanoparticles are about 30 nm. Figure 5(b-d) shows the SEM image of the Ag-doped GO sample. 

Figure 5(b) shows the SEM image of partially reduced GO/Ag at a low magnificent. The notable 
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morphology contrast between the laser treated area and untreated area can be noticed. Figure 5(c) 

is the magnified SEM image of GO/Ag, illustrating the aggregation of Ag nanoparticles into 

several hundreds of nanometers among the GO. Figure 5(d) is the magnified SEM image of 

LRGO/Ag, illustrating the partly sunken surface of the film, which may result from the exposure 

of air trapped inside the GO/Ag during film fabrication after part of the GO material on the surface 

was burned away by the laser. Figure 3s shows the EDX of particles of LRGO/Ag, verifying the 

content of silver in the film. 

 

Figure 5 (a) The TEM image of GO/Ag, the scale bar (a) 100 nm. (b-d) The SEM images of partially 

reduced GO/Ag (b), the magnified SEM image of GO/Ag (c), the magnified SEM image of LRGO/Ag (d). 

Figure 6 illustrates the XPS of GO/Ag and LRGO/Ag (power 5 mW, scanning speed 5 µm/s). 

Similar to the result of LRGO/Au, the LRGO/Ag also demonstrates a great removal of oxygen 

with laser power of 5 mW. It was reported that the localized plasmon resonance frequency of Ag 

nanoparticles with varied sizes (approximately 40 to 120 nm) and shapes, can be shifted from 400 

nm to 700 nm [44]. The enhanced removal of oxygen components of LRGO/Ag may also result 
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from the LSPR of Ag nanoparticles mixing among GO sheets. It can be noticed that the LSPR of 

Ag nanoparticles remove a small part of the GO, revealing the partly sunken areas on the surface. 

However, the LSPR effect of Ag nanoparticles is still intensive enough to enhance the reduction 

of GO. 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. 

Hence it is evident metal nanoparticles can be applied for the improvement of laser reduction of 

GO and the LSPR is a reasonable mechanism for the enhanced reduction.  

The Raman spectra of GO (a), LRGO (5mW) (b), LRGO/Au (5mW) (c), LRGO/Ag (5mW) (d) 

and their fitting as shown in Figure S5. The Raman spectra display D-band (1355 cm−1) indicating 

defects in the plane structure of graphite due to the presence of oxygen-containing groups [45], the 

G-band (1604 cm−1) corresponding to an E2g mode of graphite [46], the N band (1540 cm−1) 

attributing to the amorphous sp2 banded carbon [47, 48]. The band intensity ratio (ID/IG) of these 

samples was illustrated in Figure 5(c). After being treated with laser (5 mW), the ID/IG of LRGO 

(1.35) slightly decreases compared to that of GO (1.37). While an obvious decrease of ID/IG to 

1.17(LRGO/Au), 1.22 (LRGO/Ag) can be noticed, suggesting a larger average size of the sp2 

domains of LRGO/Au and LRGO/Ag than that of LRGO [49]. This expanded size of sp2 domains 

is consistent with the improved reduction of LRGO/Au and LRGO/Ag as shown in the XPS results. 

Figure 5(d) shows the carrier mobility of GO, LRGO and LRGO/Au deduced from the Hall effect. 

The carrier mobility of LRGO reaches to 94 cm2 V−1 s−1, higher than that of GO (11 cm2 V−1 s−1), 

due to its fewer defects/impurities and larger graphitic sp2 domains after laser reduction [50]. The 

carrier mobility of LRGO/Au was further improved to 946 cm2 V−1 s−1, attributed to the enhanced 

reduction of GO and the effective bridging of Au nanoparticles between reduced GO sheets. 

However, the LRGO/Ag demonstrates low carrier mobility of 10 cm2 V−1 s−1, which may result 

from Ag nanoparticles induced gaps between LRGO sheets and the incompact contacts between 

Ag nanoparticles and LRGO sheets.  
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Figure 6 (a-b) The XPS spectra of GO/Ag and LRGO/Ag (5 mW). (c) The ID/IG of GO, LRGO, LRGO/Au 

and LRGO/Ag. (d) The carrier mobility of GO, LRGO, LRGO/Au and LRGO/Ag. 

 

The strain sensor application 
The resistance of LRGO, LRGO/Ag and LRGO/Au on the flexible substrate were measured under 

varied strains. A crucial factor to evaluate the performance of the strain sensor is the gauge factor 

(GF), which is defined as the relative change of resistance per strain. 

GF = (∆R/R()/ε	

In which, the ΔR=R-R0, where R0 is the initial resistance and R is the resistance under strain. 

ΔR/R0 is the relative change in resistance and ε is the mechanical strain. 

Figure 7(a) presents the I-V tests of the LRGO under different strains with two-probe measurement. 

It can be observed that there is only a minor shift of current (resistance) under various strains. 

Figure 7(b) illustrates the relative resistance change of LRGO under different strains, which is 
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quite linear. After fitting, the GF of the LRGO can be calculated to be about 0.1 with a strain range 

up to 21%. For LRGO sensor, the resistance between neighboring graphene sheets is determined 

by their overlap areas and the contact resistances and the slide of graphene sheets results in the 

resistance change under strain [18]. Figure 7(c) shows the two-probe test of LRGO/Au under varied 

strains. The current of LRGO/Au decreased markedly with the increase in strain because of the 

increased resistance of LRGO/Au. Figure 7(d) shows the relative resistance change of LRGO/Au 

under various strains. The GF of the LRGO/Au sensor is calculated to be 52.5 under the strain 

range of 0%−25.4%. Similarly, the current of LRGO/Ag demonstrates a great decrease with 

increasing the strain, resulting from the increased resistance of LRGO/Ag as shown in Figure 7(e). 

The relative resistance change of LRGO/Ag under different strains was shown in Figure 7(f). The 

GF of the LRGO/Ag sensor is 64 under the strain range of 0%−15.3%, and 133 in the range of 

15.3%−24.7%.  

 



Chapter 4 Wearable strain sensors formed by simultaneous reduction of graphene oxide and HAuCl4 under milliwatts NIR femtosecond laser   

68 

 

Figure 7 (a,c,e) The I-V curves under different strain of LRGO (a), LRGO/Au (c) and LRGO/Ag (e). (b,d,f) 

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 8(a-c) shows the microscopic images of LRGO, LRGO/Au and LRGO/Ag under strains of 

10% (first left) and their magnified microscopic images under strains of 5%, 10% and 20%. For 

the strain above 25.4%, the LROG/Au film breaks away from the PDMS substrate. Figure 8(a) 
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(first left) illustrates the cracks of LRGO, which are mostly formed in the transverse direction to 

the stretching force. Figure 8(b-c) (first left) illustrates that the cracks of LRGO/Au grow in both 

transverse directions to the force and the direction of force, but the fractures of LRGO/Ag develop 

in more random directions.  

Figure 8(d-e) shows the magnified microscopic images of LRGO/Au and LRGO/Ag, illustrating 

the nanoparticles on the edge of cracks. Figure 8(f) is the schematic illustration of cracks of 

LRGO/metal nanoparticle film. Compared to the LRGO, these increased cracks of LRGO/metal 

nanoparticles may result from the introduction of Ag or Au nanoparticles between LRGO sheets. 

Due to the localized intense thermal induced by LSPR of metal nanoparticles, the metal 

nanoparticles thermally etch the adjacent GO sheets and create numerous pores, which function as 

the initiating points for the cracking of the GO sheets [31].  

The introduction of Au or Ag nanoparticles between graphene sheets increases the conductive 

paths, enhancing the conductivity of the LRGO/Au film. Moreover, the Au and Ag nanoparticles 

intensifies localized photothermal effects, thereby increasing the formation of microcracks. Both 

effects contribute to the significantly improved strain sensitivity. The different cracking behaviours 

between LRGO/Au and LRGO/Ag may be due to the fact that the Au nanoparticles grow and 

merge into the LRGO sheets in the laser reduction process, while the Ag nanoparticles were 

synthesized before being mixed with GO. The Au nanoparticles may bridge the LRGO sheets 

better than Ag nanoparticles, forming more compact connections. It can also be noted that with 

increasing the strain from 5% to 20%, all the three samples demonstrate expanded cracks, which 

result in the increase of the electrical resistance under mechanical deformation. 
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Figure 8 (a-c) The microscopic images of LRGO(a), LRGO/Au (b), LRGO/Ag (c) under different applied 

strains: 10% (first left), 5% ( second left), 10% (second right) and 20% (right). The scale bar is 100 µm 

(first left) and 20 µm ( second left, second right, right). (d-e) The magnified microscopic images of 

LRGO/Au (d) and LRGO/Ag (e) with a scale bar of 10 μm. (f) The schematic illustration of cracks of 

LRGO/Metal nanoparticles. 

Due to its excellent flexibility and sensitivity, the LRGO/Au demonstrates the high potential of 

applications in wearable sensors for monitoring human activities. Here, we assembled a LRGO/Au 

sensor to monitor the wrist and finger movements with the relative resistance change, where R0 is 

the initial resistance and R is the real-time resistance. Figure 9(a) shows a real-time response of 

the sensor with the movement of the wrist. Figure 9(b) shows the response of the sensor while 

moving the finger to press the mouse. Clear relative resistance change can be observed when the 
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wrist or finger performs different gestures. And after more than 500 cycles, the LRGO/Au strain 

sensor still demonstrates excellent stability and repeatability, as shown in Figure 9(c-d). These 

results demonstrate that the LRGO/Au strain sensor is sensitive enough to monitor the movement 

of the human body and is suitable for future wearable applications. For comparison, strain sensors 

based on graphene material were listed in Table 1. It can be concluded that the LRGO/Au strain 

sensor demonstrate a high gauge factor within a wide strain range and good linearity. 

 

Figure 9 (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. 

 

 

Table 1. Performance Comparison of Various Laser Reduced Graphene Strain Sensor. 

 

Material Strain range Gauge factor Reference  

Laser reduced GO 10% 9.49  [18] 
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Laser induced graphene 1.5% 40  [19] 

Laser reduced GO 5% 11 (0−2.5% strain);  

92 (2.5−4.5% strain); 

673 (4.5−5% strain) 

 [51] 

Laser reduced GO/PSa)  250(0−1.05% strain); 

725 (1.05%−3.5% strain) 

 [52] 

Laser reduced GO/Au 25% 52.5 this work 

      a) PS: polystyrene 

 

Conclusions 
We have studied the laser treatment on the composites of HAuCl4 and GO and investigated the 

mechanisms underlying the improved strain sensing performance of LRGO/Au. Three main 

interactions of HAuCl4 and GO were concluded: firstly, the redox reaction between GO and the 

HAuCl4; then the laser induced decomposing of HAuCl4 to Au and reduction of GO; finally, the 

LSPR of the reduced Au nanoparticles further enhanced the reduction of HAuCl4 and GO. It is 

also illustrated that the LSPR of noble metals such as Au or Ag can universally enhance the 

reduction degree of GO with a laser. Both enhanced GO reduction and metal nanoparticle insertion 

have increased the carrier mobility by an order of magnitude (946 cm2 V−1 s−1) in comparison the 

LRGO alone (94 cm2 V−1 s−1). Meanwhile, the introduction of Au or Ag nanoparticles between 

graphene sheets raises the generation and propagation of film microcracks. Owing to the 

augmented conductivity of LRGO/Au and the increased mechanical microcracks under strain, the 

strain sensor of LRGO/Au shows a high GF of 52.5, excellent stretchability with strain up to 25.4% 

and good stability within 500 tested cycles and lasted for 1 year. Additionally, the LRGO/Au strain 

sensors were demonstrated to detect human motions such as folding and unfolding of wrist and 

finger, indicating the enormous potential for artificial skin and wearable electronics. The 

LRGO/Ag sensor also shows a high GF of 64 in the strain range of 0%−15.3%, while the GF is 

133 in the range of 15.3%−24.7%. 
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Supplementary Information 

 

Figure S(1) the EDX of particles of GO/Au. 

  

 
Figure S2 (a-b) The SEM images of GO/Au (a) and LRGO/Au (b). (c) The size distribution of Au 

nanoparticles on the surface of LRGO (5 mW, 5 μm/s). (d) The EDX of LRGO/Au, the inset is the SEM 

image of the tested area with scale bar 2 μm. 

(c) 

(a) (b) 

(d) 
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Figure S3 (a-b) The EDX of LRGO/Au, the inset is the SEM image of the tested area with scale bar 1 μm. 

 

Table S1 XPS chemical state components of GO, GO/Au, LRGO and LRGO/Au with different laser power. 

Sample C−C sp2 C−C 
sp3 

C−O C=O COOH CC  CO CC / CO  

284.5 eV 285 eV 286.6 
eV 

287.6 
eV 

288.6 
eV 

C−C sp2+ 
C−C sp3 

C−O+C=O
+COOH 

  

(±0.2) (±0.2) (±0.2) (±0.2) 
GO 22.80% 27.83% 35.61% 9.35% 4.42% 50.62% 49.38% 1.03 

GO/Au 23.99% 20.50% 40.85% 8.17% 6.49% 44.50% 55.50% 0.80 
LRGO-3 mW 47.21% 8.36% 37.22% 3.88% 3.32% 55.57% 44.43% 1.25 

LRGO/Au-3mW 50.24% 10.92% 24.95% 7.27% 6.61% 61.16% 38.84% 1.57 

LRGO-5 mW 47.99% 6.26% 36.25% 4.84% 4.65% 54.26% 45.74% 1.19 
LRGO/Au-5mW 56.85% 17.16% 13.62% 3.78% 8.59% 74.01% 25.99% 2.85 

 

Table S2 XPS chemical state components of GO/Ag and LRGO/Ag with 5mW laser power. 

Sample C−C 
sp2 

C−C 
sp3 

C−O C=O COOH CC  CO CC / 
CO  

284.5 
eV 

285 Ev 286.6 
eV 

287.6 
eV 

288.6 
eV 

C−C sp2+ 
C−C sp3 

C−O+C=
O+COOH 

  

(±0.2) (±0.2) (±0.2) (±0.2) 
GO/Ag 25.15% 22.11% 42.22% 6.73% 3.79% 47.26%	 52.74%	 0.90 

LRGO/Ag-5mW 58.34% 19.55% 13.80% 3.84% 4.47% 77.89%	 22.11%	 3.52 
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Figure S4 The XPS spectra of GO/Au and LRGO/Au (5mW) with different scan speeds. 

 

 

Figure S5 (a-d)The Raman spectra of GO (a), LRGO (5 mW, 5 μm/s) (b), LRGO/Au (5 mW, 5 μm/s) (c), 

LRGO/Ag (5 mW, 5 μm/s) (d), and the fitted curve. 
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Chapter 5  Laser direct writing of electrochemical biosensor for 

femtomolar miRNA detection 

5.1 Introduction 

Chapter 5 is an application study for biosensor based on the laser induced graphene. The laser 

induced graphene was prepared by direct laser writing on commercial polyimide, showing great 

advantage of the roll-to-roll production and customized designed patterns. The electrical properties, 

structure chemical components and surface morphology of the laser induced graphene were 

studied. Due to its unique properties, such as large surface area and high conductivity, the biosensor 

based on the laser induced graphene demonstrates good response and high sensitivity (10 fM) in 

RNA detection, showing strong potential for cancer detection and gene screening. 

 

 

5.2 Contributions 

Chapter 5 is included as a manuscript prepared for future publication. This chapter is wholly my 

own work with the exception of the contributions by Dr Muhammad Umer, A/Prof. Mirko Lobino, 

Prof. David Thiel, Prof. Nam-Trung Nguyen, Dr Muhammad J. A. Shiddiky, A/Prof. Qin Li in the 

advisory capacity. 
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Abstract 
Laser induced graphene from commercial polyimide (PI) has attracted significant attentions due 

to its unique properties such as large surface area, high conductivity and suitability for roll-to-roll 

productions. We report a simple and inexpensive biosensor based on laser induced graphene for 

sensitive micro ribonucleic acid (miRNA) detection. In this study, the laser induced graphene was 

prepared by direct laser writing on commercial polyimide. The properties and surface morphology 

of the laser induced graphene can be regulated by adjusting the laser parameters. More importantly, 

the laser reduction of PI also introduced nitrogen doping in the porous graphene, improving its 

conductivity and likely affinity to nucleic acids. With the computer-aided design system, the laser 

induced graphene was patterned as electrode for electrochemical biosensing. The target miRNA 

related to preeclampsia of pregnant women was magnetically collected using conventional 

magnetic isolation and purification steps. The miRNAs adsorbed on the surface of graphene 

electrode via graphene-miRNA affinity interaction hinders the access of the [Fe(CN)6]3-/4- system 

to the electrode surface, producing a lower electrochemical response. Our assay demonstrates an 

excellent detection sensitivity as low as 10 fM with high specificity and good reproducibility. The 

laser induced graphene biosensor presented here demonstrates high sensitivity, indicating great 

potential applications in clinical disease diagnostics. 

Key word: Laser induced graphene, biosensor, miRNA detection 
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Introduction 
In the recent decade, graphene has been one of the major interesting research subjects for 

electrochemical biosensor due to its direct absorption of small RNA molecules (~22 nucleotides). 

These microRNAs (miRNAs) are regarded as important biomarkers for cancer and other diseases 
[1, 2]. Compared to the conventional approach of using recognition and transduction layers in 

biosensing [3, 4], the direct adsorption of target miRNA substantially simplifies the detection 

method by avoiding the complex chemistry underlying each step of the sensor fabrication [5-7]. 

Without the tedious functionalization process of the electrode, the target miRNAs were directly 

adsorbed on the surface of bare graphene electrode via graphene-miRNA affinity interaction. 

Subsequently, the adsorbed miRNAs could be electrochemically detected with a [Fe(CN)6]3−/4− 

redox system. This new graphene-miRNA affinity interaction could be an effective platform for 

detecting miRNA-based biomarkers in molecular diagnostics of diseases.  

 

Various methods for graphene fabrication such as mechanical exfoliation [8], epitaxial growth 
[9], chemical vapor deposition (CVD) [10] and the reduction of graphene oxide (GO) [11-13] have 

been investigated. Reliable and scalable fabrication methods for commercial graphene-based 

biosensors are in great demand to bridge the existing gap between research laboratory and practical 

applications in daily life [14]. The laser direct writing method for graphene has attracted significant 

attention for its efficiency in fabricating graphene devices, showing great advantage for roll-to-

roll production and customized patterning. Lin et al. reported the fabrication of laser induced 

graphene (LIG) from commercial polyimide (PI) films simply using a CO2 infrared laser [15]. The 

resulting porous LIG exhibits high electrical conductivity and specific surface area and can serve 

as both active electrodes and current collectors for the application of micro supercapacitors. With 

a similar procedure of laser treatment on Kapton polyimide (PI), LIG has been used in various 

applications, including electrochemical sensor [16, 17], nitrogen sensor [18], strain sensor [19], and 

sound sensor [20]. Due to the excellent electrical conductivity and the large surface area of the 

porous structure, LIG can facilitate the electrolyte accessibility to the electrode surfaces and hence 

is favorable for electrochemical sensing [21]. Also, due to the rich presence of defects of LIG, the 

heterogeneous electron transfer in the electrochemistry of sp2 carbons are tremendously enhanced 
[22, 23]. In addition, direct writing of electrochemical sensors can be integrated with other printed 
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electronic devices (e.g., microsupercapacitors, thin film batteries, and printed electronics). With 

one-step fabrication using computer aided laser scribing technique, the LIG is an ideal material of 

electrochemical biosensing for miRNA detection. 

 

Herein, we developed a one-step, low-cost and efficient electrochemical biosensor for 

detecting miRNA by direct laser writing on commercial PI under ambient conditions. The 

properties of LIG fabricated under different laser power and scan speeds were characterized with 

scanning electron microscopy (SEM), Raman spectroscopy, x-ray photoelectron spectroscopy 

(XPS) and the measurement of sheet resistance. The LIG derived from the PI show a high degree 

of reduction with good graphene quality. The LIG was then employed as electrode for sensing the 

miRNA. The synthetic miRNA was extracted, isolated and purified prior to being applied to the 

LIG electrode of biosensor. The differential pulse voltammetry (DPV) in the [Fe(CN)6]3-/4- redox 

system was monitored to detect the amount of absorbed miRNA. The LIG biosensor demonstrates 

high sensitivity (10 fM) due to the graphene-miRNA affinity interaction, showing great potential 

for cancer detection and gene screening. 

Experiment 

Materials and apparatus 
The DUPONT Kapton HN Film Tape (polyimide, 125-µm thickness) was adopted for laser 

treatment. Potassium ferrocyanide [K4Fe (CN)6] and Potassium ferricyanide [K3Fe (CN)6] were 

purchased from Chem-Supply Pty Ltd (Australia). The phosphate buffer saline (PBS) tablets were 

purchased from Fisher Scientific (Australia) and were dissolved with deionized water. All 

solutions were prepared with Milli Q water system with resistivity 18.2 MΩ · cm. Analytical-grade 

reagents and chemicals were used in the experiment, unless mentioned otherwise. 

 

The scanning electron microscopy (SEM) images were obtained using JEOL JSM-7001F, 

equipped with the energy-dispersive X-ray spectroscopy (EDX) system. Raman spectra were 

acquired with Raman Spectrometer Renishaw Invia (using 514-nm excitation wavelength and a 

50× objective, acquisition parameters: 0.05 mW power, 10 s exposure time, 3 accumulations, and 
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2400 l/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. 

 Fabrication of the Biosensor 
A pulse CO2 laser cutter system (Rayjet 300 with laser peak power 80 W, wavelength of laser 10.6 

µm, laser frequency 5000 Hz) was employed to treat the PI sheet under ambient conditions. The 

beam size of laser was roughly around 70 µm. The pulses per inch (PPI) setting corresponding to 

the laser pulses per inch can be adjusted 1-1000. The laser system was equipped with X–Y control 

stage with maximum scan speed 180 cm/s.  

 

The laser induced graphene was patterned with three parts: electrode contact area (4 mm×4	

mm	square), connection wire (8 mm×0.5	mm	rectangle) and sensing area (circle with a diameter 

of 1 mm). The electrode contact area was applied to connect the working electrode of the 

workstation, the connection wire was covered with tape as passivation layer while the sensing area 

was dipped into the aqueous solution for testing. Laser power, scan speed and PPI were optimized 

to 32 W, 108 cm/s, and 1000 respectively. Corel draw software was employed to design the 

electrode pattern on PI sheet. All the laser scribing experiments were performed under ambient 

conditions. 

miRNA extraction Probe Hybridization and Magnetic Isolation 
All buffers and solutions used in miRNA purification procedures were prepared in UltraPure™ 

DNase/RNase-Free Distilled Water (Invitrogen). For this work we used hsa-miR-486-5p 

previously shown to be a strong biomarker for differentiating early stage pregnant women at risk 

of developing preeclampsia later in term from the healthy pregnant women. Seven different 

concentrations (10 nM-10 fM) of synthetic miR-486-5p (22bp, Table 1) were prepared in nuclease 

free water. An amount of 50 ng total exosomal miRNA was adjusted up to 10 µL with nuclease 

free water. Target miRNA was magnetically purified as described earlier with slight modifications 
[24]. Briefly, 10 µL of specific target miRNA concentration or total exosomal miRNA was mixed 
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with 15 µL of 10 µM biotinylated complementary capture probe (CP, Table 1) and 10 µL 5X SSC 

buffer (pH 4). The mixture was incubated for one hour at R.T. Dynabeads MyOne™ Streptavidin 

C1 (Thermofisher, Australia) were prepared as per manufacturer’s instructions. Beads were 

washed 2 times with 1x binding and wash (B&W) buffer (2x B&W buffer: 10 mM Tris-HCl (pH 

7.5), 1 mM EDTA, 2 M NaCl), 2 times with solution A (0.1 M NaOH, 0.05 M NaCl) for 2 minutes, 

and one time with solution B (0.1 M NaCl). Washed beads were finally resuspended in 35 µL of 

solution B and mixed with target-probe mixture from the previous step. Bead target-probe mixture 

was incubated for 30 minutes at R.T. with gentle shaking followed by two times washing with 1× 

B&W buffer and one time with 50 µL 5× SSC buffer to remove excess unbound probes. Target 

miRNA bound beads were finally resuspended in 20 µL 5× SSC buffer. Captured target miRNAs 

were released from capture probes by heating at 95°C for 5 minutes and supernatant containing 

released miRNAs were separated magnetically from the beads. 

 

Table 1. The sequence of miRNA and its capture. 

Name Sequence 

hsa-miR-486-5p UCCUGUACUGAGCUGCCCCGAG 

Biotinylated capture probe Biotin-CTCGGGGCAGCTCAGTACAGGA 

 

Electrochemical Measurement 
All electrochemical measurements were performed on a CH1040C electrochemical workstation 

(CH Instruments, BeeCave, TX, USA) equipped with the three-electrode system consisting of laser 

induced graphene working electrode of 1-mm diameter, an Ag/AgCl (with saturated KCl) 

reference electrode and a platinum wire counter electrode. All measurements were performed at 

room temperature. Differential pulse voltammetry experiments were conducted in 10 mM 

phosphate buffered saline (PBS) solution containing 2 mM [K3Fe (CN)6] and 2 mM [K4Fe (CN)6] 
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electrolyte solution. DPV signals were obtained with a potential step of 4 mV, pulse amplitude of 

50 mV, pulse width of 50 ms and pulse period of 500 ms. 

 

For synthetic miRNA samples, 10 µL of miRNA sample with different concentrations as 

mentioned above were adsorbed on laser induced graphene surface. The miRNA solution was 

dispensed on top of the LRG sensing area and incubated at 25 °C for 20 minutes in an Eppendorf 

Thermomixer with continuous shaking (300 rmp). The electrodes were then rinsed with PBS and 

dried prior to perform DPV measurements. 

 

The relative DPV current changes due to the adsorption of miRNA samples were calculated 

with the following Equation 1. 

I-./0123. =
(I405./26. − I5089/.)

II405./26.
×100% 

where the baseline current (IBaseline) is the DPV signal without miRNA absorption, and the samples 

current (ISample) is the DPV signal with miRNA absorption.  

 

Results and Discussion 

 

Figure 1 The schematic of the LIG biosensor for miRNA detection. (a) The fabrication process of LIG 

biosensor, the image of the laser writed electrode (left), the Raman spectra of the LIG (middle) and the 

SEM image of the LIG with scale bar 1 µm (right). (b)The purified target miRNA were absorbed onto the 
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surface of LIG electrode. (c)The electrochemical test with LIG working electrode and the typical differential 

pulse voltammetric signals indicates that the LIG adsorbed with miRNA produces lower DPV currents in 

comparison to the bare LIG electrode. 

 

Figure 1 schematically shows the fabrication process of the biosensor with LIG electrode, 

absorption of the purified target miRNA, and the electrochemical test of the LIG as working 

electrode. Details of these three processes were described in experimental sections. The electrodes 

pattern can be directly written by the computer-controlled laser system, Figure 1(a). After laser 

writing, the darker laser irradiated area is clearly differentiated from the non-irradiated one (light 

orange). Carbonization is clearly shown in the image of the laser written electrode.  

 

After the irradiation with a CO2 laser, the commercial PI film was converted into porous 

graphene, which is termed as laser induced graphene (LIG). The Raman spectra of LIG with laser 

power 32 W (fluence 16.6 J cm-2) and scan speed 108 cm/s (energy density 42.3 J cm-2) and of PI 

sheet are shown in Fig. 1. The Raman spectrum of PI shows no obvious peak while that of LIG 

shows three prominent peaks, including D, G and 2D: the D-band (∼1350 cm−1) is derived from 

defects in the plane structure of graphite due to the presence of oxygen containing groups [25]. The 

G-band (∼1600 cm−1) is induced by an E2g mode of graphite associated with the stretching motion 

of sp2 carbon atoms [26] and the 2D Raman band (∼2700 cm−1) originates from the second order of 

zone-boundary phonons [27]. The formation of the graphitic domains is attributed to laser treatment 

on PI sheet, which triggers depolymerization, carbonization and eventually graphitization [21].  

 

The SEM image of LIG exhibits porous structures resulting from the rapid liberation of 

gaseous products. These porous structures increase the accessible surface areas, facilitating the 

electrolyte penetration into the active surface [15]. As mentioned in the experimental section, the 

target miRNAs were firstly hybridized with complementary biotinylated probes. Subsequently, the 

hybrids were captured through magnetic beads and the captured miRNAs were released by heating 

and eventually isolated by applying magnetic field. These purified miRNAs were directly drop-

cast onto the LIG electrode for absorption, Figure 1(b). Figure 1(c) shows the LIG electrode was 

used as the working electrode in the electrochemical test. For comparison, the released miRNAs 
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mentioned above were drop-casted onto the LIG electrode. The LIG with miRNA shows a 

decreased DPV current compared to that of bare LIG. This is because the miRNAs were adsorbed 

onto LIG electrode via miRNA-graphene affinity interaction, covering the effective surface and 

blocking the [Fe(CN)6]3-/4- redox system. 

Material  
Various laser parameters were investigated and adjusted to achieve successful graphitization of PI 

while not incinerating all the material. Figure 2(a) shows that when the laser parameters (laser 

power and laser scanning speed) in the orange region were applied, no obvious carbonization 

occurs in the PI film. While for the laser parameters in the light green area, the whole PI material 

would be burned away. Several laser parameters between these two regions were evaluated in the 

experiment. The study indicated that with the increase of laser power, the laser scanning speed 

also need to be increased to achieve good graphitization and avoid total burning of PI. To provide 

a more universal guidance to adjust the properties of LIG by changing the parameters of the laser, 

the energy density, ranging from 31.7 to 56.4 J cm-2, can be calculated by the following equation. 

𝐿𝑎𝑠𝑒𝑟	𝑒𝑛𝑒𝑟𝑔𝑦	𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑙𝑎𝑠𝑒𝑟	𝑒𝑛𝑒𝑟𝑔𝑦

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒	𝑙𝑎𝑠𝑒𝑟	𝑠𝑐𝑎𝑛𝑛𝑖𝑛𝑔	𝑎𝑟𝑒𝑎
 

The Raman spectra of LIG samples fabricated with various laser power from 8 W (fluence 4.1 J 

cm-2) to 64 W (fluence 33.2 J cm-2) and laser scanning speed from 36 to 162 cm/s were acquired, 

Figure 2(b). Figure 2(c) demonstrates that the band intensity ratio of D band and G band (ID/IG), 

reflecting the degree of disorder in the graphene-structure [28], can be adjusted from 1.46 to 0.9. 

The larger laser power combined with coordinating scanning speed results in a reduced ID/IG value, 

which illustrates the adjustable defects density and structure of LIG. The crystalline size in the 

axis (La) can be obtained from ID/IG using the equation [29], Figure 2(d): 

𝐿O(𝑛𝑚) = (2.4×10TU()×𝜆W
X×(

𝐼Z
𝐼[
)TU 

where 𝜆Wis the wavelength of the Raman laser 𝜆W = 514	𝑛𝑚.  
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Figure 2 (a)The correlation of laser power with laser scan speed to achieve laser graphitization. (b) The 

Raman spectra of LIG fabricated at various laser parameters. (c) The dependence of ID/IG of LIG on laser 

power. (d) The dependence of crystal length of LIG versus laser power.  

 

Figure 3(a-h) shows the SEM images of LIG irradiated under various laser writing conditions, 

indicating three main morphologies: first, the foam-like arrays in the shape of laser pulse spots 

were revealed for LIG (laser power 8 W, scan speed 36 cm/s); second, the porous structure with 

pores size of a few micrometres, which could be caused by the rapid emission of gas produced in 

the photothermal effect of laser on PI sheet, Figure 3 (b-f); and third, the grass-like materials 

covered on the top of the porous structure, which is attributed to the further laser ablation on the 

top surface, leaving the residues with grass-like structure, as shown in Figure 3 (g-h).  Figure 3(i-

j) shows the cross-section SEM images of the LIG irradiated with laser power 24 W and laser 

scanning speed of 90 cm/s. We noticed that the laser irradiated region protrudes from the PI 

substrate, which could result from the rapid heating of laser irradiation and the consequent 

outgassing. The protruded structure is roughly 15 µm above the top surface of PI while the 
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thickness of LIG is about 20 µm. Figures 3 (k-l) show the cross-section SEM images of the LIG 

irradiated with laser power of 56 W and laser scanning speed of 144 cm/s. The thickness of the 

laser treated area roughly decreased by 62 µm (the total thickness of PI is about 125 µm) while the 

thickness of LIG is about 38 µm. This reduction of thickness could be attributed to the laser 

induced burning effect, removing the mass of the PI and produced LIG on the top surface [30].  

 

The following conclusions can be drawn. First, the heat generated by the laser performs the 

carbonization of the PI, accompanied by gasification of the top layer materials. Second, the heat 

generated is directly proportional to the laser power exerted per time per area. Third, the gas 

production and emission rate in the gasification process is responsible for the morphology 

difference between the LIG fabricated with various laser parameters. 

 

 

Figure 3 (a-h) The magnified SEM images of the laser treated PI with different laser parameters. (a) P= 8 

W ,S= 36 cm/s, scale bar 10 μm; (b) P= 16 W ,S= 54 cm/s, scale bar 1 μm; (c) P= 24 W ,S= 90 cm/s, scale 

bar 1 μm; (d) P= 32 W ,S= 108 cm/s, scale bar 1 μm; (e) P= 40 W ,S= 108 cm/s, scale bar 1 μm; (f) P= 48 

W ,S= 144 cm/s, scale bar 1 μm; (g) P= 56 W ,S= 144 cm/s, scale bar 1 μm; (h) P= 64 W ,S= 162 cm/s, 

scale bar 1 μm; (i-l) The cross-section SEM images of the LIG at varied laser parameters. (i-j) P= 24 W ,S= 
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90 cm/s, scale bar 10 μm; (k-l) P= 56 W ,S= 144 cm/s, scale bar 100 μm (k) and 10 μm (l). 

Figure 4(a) shows the XPS spectra of LIG fabricated at different laser power and laser 

scanning speed. The corresponding trend of the percentage of carbon, oxygen and nitrogen with 

laser power were plotted in Figure S3. We concluded that the percentage of carbon, oxygen and 

nitrogen components can also be adjusted by changing the laser parameters. After the laser 

treatment, the percentage of carbon components can increase from the original 53.5% in PI to 84% 

in LIG while the percentage of oxygen and nitrogen components can decrease to 12% and 4%, 

indicating the effective laser reduction of PI. Figure 4(b) shows the C/O ratio can be increased 

from 1.38 (PI) to 7.0 (LIG 32 W) and the C/N ratio can be enhanced from 6.98 (PI) to 21.11 (LIG 

32 W).  

Figure 4(c-d) shows the high resolution C1s XPS spectrum of the PI before and after the laser 

scribing process, respectively. The C1s spectrum are deconvoluted into several peaks including: 

sp2 hybridized carbon (C−C sp2 284.5 eV), sp3 hybridized carbon (C−C sp3 285.3 eV), 

epoxide/hydroxyl (C−O 286.6 eV), carbonyl (C=O 287.6 eV) and carboxyl (COOH 288.6 eV). 

We noticed that after laser treatment, the oxygen components (mainly the C−O and COOH 

components) were greatly decreased and the dominant peak in the carbon spectrum is the C−C sp2. 

Table S4 provides the atomic concentration percentage of chemical state components of PI and 

LIG (32 W) in the XPS spectra. The percentage of C−C sp2 increased from 36.04% to 58.58% and 

the ratio of percentage of CC bond to that of CO bond rises from 2.47 (PI) to 4.96 (LIG 32 W), 

which reveals a significant improvement of the percentage of the C−C sp2 and the effective 

removal of oxygen components after laser treatment. Figure 4(e) shows the high resolution O1s 

XPS spectrum of PI and LIG (32 W). After laser reduction, the C−O (533.2 eV) peak becomes 

more dominant than C=O (531.8 eV), corresponding to the result of the C1s spectrum in LIG that 

the C−O became the major oxygen component.  

 

More importantly, the intensity of the N1s peak was also significantly altered after laser 

irradiation. As shown in Figure 4(f), for the untreated Kapton polyimide, only one symmetric peak 

at 400.4 eV exists in the fitting spectrum of the N1s, which agrees well with the previous reported 

results [31]. While the N1s spectrum of the laser treated PI can be deconvoluted into two peaks 
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including: at 400.4 eV (pyrrolic-N; N-5), the nitrogen atom typically sitting on the edge site of the 

aromatic rings, connects with two sp2 carbon neighbours, and it has unbonded valence electron, 

providing vacancies for electrons; at 401.3 eV (graphitic-N; N-Q), the nitrogen atom replaces the 

carbon atom in the graphitic carbon plane, bonding with three sp2 carbon neighbours and holding 

a free electron [32, 33]. Figure S4 shows that the percentage of graphitic N varies from 2.8% to 4.3% 

with the energy density ranging from 31.7 to 56.4 J cm-2. The percentage of N-Q varied from 2.4% 

to 4.5% and the percentage of N-5 was adjusted in a range from 1.6% to 4.4%, as shown in Figure 

S5. The ratio of the percentage of N-Q to that of N-5 was modulated from 0.77 to 1.91 by adjusting 

the laser power. The high temperature induced by the laser triggered the graphitization process of 

the PI and some carbon atoms in the graphene skeleton plane were replaced by the nitrogen atom. 

The effective N-doping into the graphitic structure facilities the excess electron in carbon 

framework, attributing to the high ion diffusion and electronic conductivity [34].  
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Figure 4 (a) Survey X-ray photoelectron spectra of PI and LIG fabricated with laser power of 8 W, 16 W, 24 

W, 32 W, 40 W, 48 W, 56 W and 64 W. (b) The dependance of C/O ratio and C/N ratio on laser power. (c-

d) Peak fitted C1s XPS spectra of PI (c) and LIG 32 W (d). (e-f) High resolution O1s(e) and N1s(f) XPS 

spectrum of PI and LIG 32W. 

 

Figure 5(a) shows the sheet resistance of LIG and ID/IG at different energy density of laser. It 

can be noticed that the sheet resistance of LIG decreases until it becomes saturated within the 
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energy density from 31.7 to 56.4 J cm-2. Compared to PI, which could be considered as insulator 

(Rs >> 30 MΩ/sqr), the sheet resistance of LIG can reach a value as low as 115 Ω/sqr, indicating 

the great potential application for laser direct-writing electrode. Meanwhile, the change of the 

sheet resistance follows the trend of the corresponding ID/IG value, which indicates the graphitized 

degree of LIG. The data suggest that the graphitization of LIG has a major influence on the 

conductivity of LIG. Figure 5(b) shows an application of the LIG conducting circuit directly 

written by the laser. A light-emitting diode (LED) bulb is connected to the LIG lines with silver 

paste. The LED bulb glows after applying voltage to the circuit, indicating good conductivity of 

LIG for electrode application. 

 

Figure 5 (a)The dependence of the sheet resistance and ID/IG of LIG on laser energy density. (b) The 

laser dierctly writting the conducting circuits for lighting the LED bulb. 

 

The mechanism of laser induced graphene has been widely discussed to be a photothermal 

process, a photochemical process or a combined photothermal and photochemical process [35]. 

Considering the long wavelength (10.6 µm) of the CO2 laser used in the experiment, the reduction 

of PI is mainly caused by the photothermal effects of the laser irradiation [25]. The absorbed photons 

from the laser can excite a vibrational mode in the polymer and be thermalized within 

approximately 10-12 s [36]. The extremely high temperatures (>2500 °C) induced by the CO2 laser 

could easily break the bonds including C−O, C=O and C−N bonds [15], which involves a variety of 

depolymerization reactions and formation of various ablation products [31].  
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Based on the above results, the LIG fabricated with a laser power of 32 W and a scanning speed 

of 108 cm/s ( fluence 16.6 J cm-2; energy density 42.3 J cm-2) was employed for the fabrication of 

electrode in the electrochemical test, due to its high graphitization(ID/IG: 1.04) and massive 

removal of oxygen component (C/O ratio: 7.0), low sheet resistance (232 Ω/sqr) and porous 

morphology. For comparison, the extracted and purified miRNAs were directly dropcast onto the 

surface of LIG electrode and were incubated at room temperature before conducting test. Figure 

6(a) illustrates the differential pulse voltammetric current changes of LIG with respect to the 

miRNA. We noticed that the LIG electrode with miRNA demonstrates a much lower level of 

current than that of bare LIG electrode. There is an approximately 63% relative current decreases 

for the LIG with miRNA, in comparison to that of LIG. This is because the miRNA were adsorbed 

on the LIG electrode surface due to the graphene-miRNA affinity, partially blocking of the 

electrode surface and retarding the access of the [Fe(CN)6]3-/4- system to the electrode surface. This 

physisorption between individual nucleobases and the graphene is attributed to the Van Der Waals 

interactions, which strongly involves the polarizabilities of the individual nucleobases [37]. The 

repetition analysis was also conducted, and each sample was measured for three times. We noticed 

that both the bare LIG and LIG with miRNA show good repetition, indicating a stable experiment 

system and reproducible analysis. 

 

The electrochemical measurement of LIG with no-template control (NTC) and negative 

control (pure 5XSSC) were also performed to verify the selective isolating of the target miRNA 

by the capture probes. Instead of the target capture probe, the no-template capture probe was 

applied in the miRNA isolation process. These captured miRNAs were then employed as no-

template control in the following electrochemical test. Similarly, the pure 5XSSC solution was 

directly applied to the surface of LIG for incubation under the same conditions as negative control. 

Figure 6(b) shows that the electrochemical signals of LIG involving with no-template control and 

negative control were similar to the bare LIG, indicating negligible signal difference (%Ir <10%). 

These results demonstrated the high specificity of the capture probes in selectively isolating of the 

target miRNA and the effective miRNA-graphene adsorption in subsequent electrochemical 

measurement. 
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Figure 6 (a) Differential pulse voltammetric current changes with respect to the miRNA. (b) DPV signal 

changes while performed on no-template control and negative control.  

To verify the sensitivity of the system, various concentrations of synthetic target miRNA 

ranging from 10 fM to 10 nM were adsorbed onto the LIG electrode surface for measurement. 

Figure 7(a) shows the DPV current changes with respect to the synthetic miRNA with varied 

concentrations from 10 fM to 10 nM. We noticed that compared to the baseline current of LIG, the 

relative current changes for these synthetic samples indicates a function of the concentration levels 

of miRNA presented in the sample. The DPV current generated in the [Fe(CN)6]3-/4- system 

increases with the increasing concentration of miRNA, Figure 7(b). The LIG electrode 

demonstrates good responds and high sensitivity. The limit of detection (LOD) can be as low as 

10 fM. This high sensitivity may be attributed to the large surface area and the high conductivity 

of LIG, which enhance the absorption of miRNA via the miRNA-graphene affinity interaction. 

 

Figure 7 (a) Differential pulse voltammetric current with respect to the synthetic miRNA with concentration 

from10 fM to 10 nM. (b) Differential pulse voltammetry signal changes respond to different concentrations. 
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Error bars represent the standard deviation of three independent experiments. 

 

Compared to other published materials for miRNA detections listed in Table 2, there is no 

immobilization of probe on the electrode surface or other complex fabrication methods in our 

approach. A simple laser direct writing method to fabricate biosensor with high sensitivity were 

demonstrated to detect miRNA with concentration as low as 10 fM. The precursor PI and the whole 

process is ready for roll-to-roll production, indicating great potential for commercial application 

in cancer detection or gene screen. 

Table 2. Performance Comparison of miRNA Biosensors Based on Various Materials. 

Electrode Material Sensitivity Reference  

Carbon nanotube  1 pM [4] 

Graphene/ZnO 4.3 pM [38] 

Gold 10 fM [2] 

Graphene/Fe2O3 1 fM [39] 

Graphene quantum dot 0.14 fM [40] 

Nano graphene oxide 1 pM [41] 

Laser induced graphene 10 fM this work 

 

 

Conclusions 
In conclusion, we fabricated electrochemical biosensors based on laser induced graphene for 

ultrasensitive detection of miRNA. After the laser treatment on PI, the ID/IG ratio of the LIG can 

be tuned from 1.46 to 0.9. The C/O ration can be greatly enhanced from 1.38 to 7.0, indicating 

effective elimination of oxygen components. The decomposition process involves both the 

graphitization and effective N-doping in the graphene skeleton, which contribute to the low 

resistance of LIG and likely the affinity with nucleic acids. With the laser direct writing technology, 

LIG with good conductivity and microporous structure was patterned as the working electrode for 

the electrochemical test. After hybridization, magnetically isolation and purification, the extracted 
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target miRNA was drop-casted onto the surface of LIG electrode for measurement. This LIG 

biosensor exhibits great sensitivity as low as 10 fM due to the graphene-miRNA affinity. Moreover, 

the LIG method shows a simple and cost-effective approach and is ready for industrial production, 

which is critical in real application. Therefore, this LIG biosensor demonstrates great potential 

applications for clinical disease diagnosis and gene detection. 
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Supplementary Information 

 

 

Figure S1 (a-h) The SEM images of the laser treated PI with different laser parameters. (a) P= 8 W ,S= 

36 cm/s, scale bar 10 μm; (b) P= 16 W ,S= 54 cm/s, scale bar 1 μm; (c) P= 24 W ,S= 90 cm/s, scale bar 1 

μm; (d) P= 32 W ,S= 108 cm/s, scale bar 1 μm; (e) P= 40 W ,S= 108 cm/s, scale bar 1 μm; (f) P= 48 

W ,S= 144 cm/s, scale bar 1 μm; (g) P= 56 W ,S= 144 cm/s, scale bar 1 μm; (h) P= 64 W ,S= 162 cm/s, 

scale bar 1 μm; 

 

Figure S2 The cross-section SEM images of the LIG at P= 32 W ,S= 108 cm/s (a), LIG at P= 48 W ,S= 

144 cm/s (b), scale bar 10 μm. 

 

 

(a) (b) 
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Laser Fluence 

𝐿𝑎𝑠𝑒𝑟	𝑓𝑙𝑢𝑒𝑛𝑐𝑒 =
𝑙𝑎𝑠𝑒𝑟	𝑝𝑢𝑙𝑠𝑒	𝑒𝑛𝑒𝑟𝑔𝑦

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒	𝑓𝑜𝑐𝑎𝑙	𝑠𝑝𝑜𝑡	𝑎𝑟𝑒𝑎
 

 

 

 

Figure S3 The atomic percentage of C,N,O of PI and LIG fabricated with varied laser parameters. 

 
Figure S4 The percentage of N-Q of LIG verse the energy density of laser.  
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Figure S5 The percentage of N-Q/N-5 and the ratio of N-Q/N-5 versus the power of laser. 

 

 

Table S1 XPS chemical state components of PI and LIG. 

Sample 

C-C sp2 C-C sp3 C-O C=O COOH 
C-C sp2/C-

C sp3 
C-C total C-O total 

C-C total/C-

O total 

284.5 eV 
285.3 Ev 

(±0.2) 

286.6 eV 

(±0.2) 

287.6 

eV 

(±0.2) 

288.6 

eV 

(±0.2)   

C-C sp2+ 

C-C sp3 

C-

O+C=O+C

OOH  

PI 36.04% 35.10% 15.07% 3.25% 10.54% 1.03 71.14% 28.86% 2.47 

LIG- 32 mW 58.58% 24.66% 11.45% 3.21% 2.11% 2.38 83.23% 16.77% 4.96 
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Chapter 6  Conclusions and perspectives 

Conclusions 

After the detailed investigation in the research area of laser reduction for graphene, the mechanism 

of the laser reduction, modification of LRG and applications of biosensor and strain sensor were 

studied in this thesis. The results can be summarized as following: 

 

1) the mechanism study of the laser reduction 

The GO film was reduced by a 780 nm fs laser with varied laser power and laser scanning speed. 

Two subprocesses were identified in the laser reduction process: the conversion of sp3 carbon into 

sp2 carbon and the removal of oxygen, both of which involve the photochemical and photothermal 

effects. These two subprocesses can be tuned by adjusting the laser parameters. The various 

oxygen-containing groups can be selectively reduced by tuning the laser power, which could be 

utilized to precisely control the functional groups of LRG for specific applications. This study 

offers a better understanding of the mechanism underlying the laser reduction, which contributes 

to the effective modulation of LRG and its applications. 

 

2) LRG doped with Au nanoparticles and its application for strain sensor 

After the mechanism study of laser reduction, the Au nanoparticles were doped into the LRG to 

modify its properties. The composites of HAuCl4 and GO were treated by a fs laser (780 nm). The 

interactions of HAuCl4 and GO under laser irradiation were analyzed. It was concluded that, under 

the laser irradiation, the localized surface plasma resonance of noble metals such as Au or Ag can 

universally improve the reduction degree of GO. The LRG/Au was employed for strain sensor 

application, which shows a high GF of 52.5, excellent stretchability with strain up to 25.4% and 

good stability within 500 cycles. The improved strain sensing performance of LRGO/Au is 

attributed to the better reduction of GO and the increased mechanical microcracks under strain, 

induced by the introduction of Au nanoparticles. 
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3) Laser induced graphene from polyimide and its application for biosensor 

Beside the GO, the commercial polyimide was employed for reduction with a CO2 laser. After 

laser treatment, both the graphitization and effective removal of oxygen components can be 

achieved and the effective N-doping in the graphene skeleton was noticed. A simple and cost-

effective approach for LIG biosensor which is ready for industrial production was demonstrated. 

With the laser direct writing technology, the LIG was patterned as a working electrode for RNA 

detection in the electrochemical test. The LIG biosensor exhibits great sensitivity as low as 10 fM 

due to the graphene-RNA affinity, showing great potential for clinical disease diagnosis and gene 

detection. 

 

Future Perspectives 

In this thesis, the mechanism of the laser reduction and the biosensor and strain sensor applications 

have been demonstrated. There are still numerous research aspects that need further exploration, 

including precursor and laser strategy, modification of LRG and applications.  

 

1. precursor and laser strategy 

Besides the graphene oxide and polyimide, many other materials, such as biomass or carbon dots 

can also be employed as a precursor for laser processing. The expansion of the precursor may 

attribute to outstanding properties, which are preferred by specific applications. As discussed 

above, the reduction process is strongly related to the parameters of the laser. The laser with 

features, such as small laser spot, ultrashort pulse or 3D printing can also be applied for reduction. 

Another advantage of the laser reduction method is that the laser can scribe sample full 

encapsulated with transparent material. Most of device package process happens after the device 

fabrication. Due to the existence of gaps on the material surface induced by laser process, it would 

be difficult for the sealing material to fully remove all the air, which might deteriorate the device 

performance in the long term due to the existence of oxygen and water. On the contrary, if the 

precursor was fully isolated with package material before laser reduction, it will not only provide 

better sealing but also provide a vacuum environment for laser reduction. 

 
2. Modification of LRG 
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As demonstrated in the thesis, the LRG in situ doped with Au nanoparticles indicates improved 

reduction degree and enhanced the performance of strain sensor. It can be concluded that combined 

with the strategies mentioned above, the LRG can also be effectively modified to enhance the 

performance of current applications. The efficient modification of LRG should be explored. For 

instance, if the conductivity of the laser graphene can be highly improved for electrical circuits, it 

would be so beneficial to develop complex customer design circuit with this flexible direct laser-

writing technology. 

 

3. Applications 

In this study, the LRG had demonstrated advanced performance in the application of the strain 

sensor and biosensor. Owing to the advantages of laser reduction method and unique properties of 

laser reduced graphene, it is worthwhile to explore broader applications, especially for the current 

research applications based on graphene or carbon material. Laser irradiation technique has 

recently been employed to induce phase transition in metastable transition metal dichalcogenides, 

contributing to high performance electrical contact for field-effect transistors [1-2], showing great 

potential for various applications. 



 

109 

References 

[1]   S. Cho, S. Kim, J.H. Kim, J. Zhao, J. Seok, D.H. Keum, J. Baik, D.H. Choe, K.J. Chang, 
K. Suenaga, S.W. Kim, Y.H. Lee, H. Yang, Science 2015, 349, 625. 

[2]   Y. Yu, G.H. Nam, Q. He, X.J. Wu, H. Zhang, Nat. Chem. 2018, 10, 638. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



110 

List of Abbreviation 

AFM Atomic Force Microscope 
CVD Chemical Vapor Deposition 
CO The Sum of C and O Bonding 
CC The Sum of C and C Bonding 
DPV Differential Pulse Voltammetry 
EDX Energy-dispersive X-ray Spectroscopy 
FET Field Effect Transistor  
GF Gauge Factor 
GO Graphene Oxide 
HRTEM High Resolution Transmission Electron Microscopy 
LIG Laser Induced Graphene 
LRG Laser Reduced Graphene 
LRGO Laser Reduced Graphene Oxide 
LSPR Localized Surface Plasmon Resonance  
MHM Modified Hummers Method 
NGQD N-doped graphene quantum dots
NTC No-template Control
PANI Polyaniline
PBS Phosphate Buffered Saline
PCE Power-conversion Efficiency
PDMS Polydimethylsiloxane
PEI Ulse Polyetherimide
PI Polyimide
PVA Poly(vinyl alcohol)
PPI Pulses Per Inch
PS Polystyrene
RGO Reduced Graphene Oxide
RH Relative Humidity
RNA Ribonucleic Acid
SCE Saturated Calomel Electrode
SEM Scanning Electron Microscope
TCR Temperature Coefficient of Resistance
TEM Transmission Electron Microscopy
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction
2D 2 Dimensional
3D 3 Dimensional




