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Abstract: 

The existence of point defects, holes, and corrugations (macroscopic defects) induce high catalytic potential in 

graphene and its derivatives. We report a systematic approach for microscopic and macroscopic defect density 

optimization in excimer laser-induced reduced graphene oxide (LIRGO) by varying the laser energy density and 

pulse number to achieve a record detection limit of 7.15 nM for peroxide sensing. A quantitative estimation of 

point defect densities was obtained using Raman spectroscopy and confirmed with electrochemical sensing 

measurements. Laser annealing (LA) at 0.6 Jcm-2 led to the formation of highly reduced GO by liquid phase 

regrowth of molten carbon with the presence of dangling bonds, making it catalytically active. Hall-effect 

measurements yielded mobility of ~200 cm2V-1s-1. An additional increase in the number of pulses at 0.6 Jcm-2 

resulted in deoxygenation through the solid-state route, leading to the formation of holey graphene structure. 

The average hole size showed a hierarchical increase, with the number of pulses characterized with multiple 

microscopy techniques, including SEM, AFM, and TEM. The exposure of edge sites due to high hole density 

after ten pulses supported the formation of proximal diffusion layers, which led to facile mass transfer and 

improvement in detection limit from 25.4 mM to 7.15 nM for peroxide sensing. However, LA at 1 Jcm-2 with 1 

pulse, resulted in a high melt lifetime of molten carbon and the formation of GO characterized by a high 

resistivity of 3x10-2 Ω-cm, which was not ideal for sensing applications. The rapid thermal annealing technique 

using a batch furnace to generate holey graphene results in structure with uneven hole sizes. However, holey 

graphene formation using the laser annealing technique is scalable with better control over hole size and 

density. This study will pave the path for cost-efficient and high-performance holey graphene sensors for 

advanced sensing applications.  
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I. Introduction 

Graphene and graphene derivatives have attracted significant interest for advanced sensing applications due to 

their high surface area to volume ratio. Reduced graphene oxide (rGO) exhibits high chemical stability, charge 

transport properties, and potential active sites, which are necessary for electrochemical sensing applications. 

The surface or interfacial defects present or introduced in rGO by fabrication or post synthesis are not 

detrimental for such applications as they serve as active sites for electrocatalytic reactions. The vacancy 

formation in graphene structure disrupts the σ and π bonding in carbon atoms located in the vicinity, leaving 

them under coordinated with dangling bonds, hence making the surface highly reactive1. In the case of Li-ion 

batteries, divacancies can act as sites for intercalation of Li ions2. Defects in graphene also act as sites for 

adsorption of gas molecules during gas sensing, making them efficient gas sensing materials. Dangling bonds in 

graphene can be introduced by a two-step process. The initial step involves the oxidation of graphene, leading 

to the formation of graphene oxide (GO). The presence of oxygen functionalization reduces the amount of sp2 

bonding, which degrades the electrical properties. The later step involves the reduction of GO to form rGO. 

This reduction introduces active carrier concentration and enhances mobility in these films. The thermal route 

for reduction of GO is not commercially viable as the conventional furnace-based thermal reduction of GO 

exposes the whole substrate to high temperatures, leading to electrode degradation. The chemical routes make 

use of highly toxic and hazardous chemicals; unwanted chemical impurities may adversely affect the catalytic 

properties3.  

Reduction of GO with laser is referred to as a ‘green route’ as it is environmentally safe. Studies comparing the 

properties of GO reduction using femtosecond, nanosecond (ns), and continuous-wave laser have shown that 

rGO obtained with ns laser pulses exhibits superior properties4. Notably, the non-equilibrium excimer laser-

based GO reduction offers multiple advantages compared to the conventional reduction process. The adiabatic 

heat flow allows selective patterning of GO while maintaining the substrate at ambient temperatures. It has a 

high degree of spatial and temporal control with scale-up capabilities for wafer-scale integration5. In addition, 

the defect densities obtained in these films can be modulated by varying laser energy density, photon energy, 



4 
 

and the number of laser pulses. Laser reduction of GO is necessary for manufacturing supercapacitors, sensors, 

and transistors6. Previous works have shown the formation of micro-supercapacitor devices with good cyclic 

stability, and energy storage capacities of hydrated CO2 laser reduced GO films6. The conversion of polymers to 

graphene by infrared laser was discovered in 2014 7. Researchers have reported the conversion of organic 

materials like wood, bread, potato, and coconut flakes to graphene with CO2 laser6. Recently, the laser-based 

technique has been also utilized to synthesize bactericidal graphene coatings on face masks with advanced 

sensing capabilities7. Recent studies by Narayan et al. demonstrated the ability to melt carbon and Si-based 

materials by the laser annealing (LA) route with control over the penetration depth and undercooling 8,9. 

Previous reports have shown the presence of ferromagnetism, p to n-type change in behavior, and high mobility 

in laser-induced rGO (LIRGO) films fabricated by liquid-phase regrowth of molten carbon under low 

undercooling conditions10. These properties arise due to the removal of the oxygen functional group, resulting 

in the occurrence of dangling bonds.  

For superior electrochemical sensing, the use of holey graphene has gained traction. Moreover, the presence of 

holes results in enlargement of the contact between the electrode and the electrolyte, leading to shortening of the 

distance for ion/mass transport 11. The exposed edges also improve the sensing performance owing to the fact 

that the electron distribution at the edge is different from that in basal plane; the free electrons at the edge are 

often localized and unpaired, making them chemically more reactive. Defects in rGO are also beneficial for 

sensitive and selective detection of various biologically significant chemicals such as methylxanthines, H2O2, 

and oxygen12. Hydrogen peroxide (H2O2) is the byproduct of several metabolic reactions in biological systems. 

In addition, it is closely related to cell proliferation, oxidative stress, physiological pathways in the human body; 

moreover, it often regulates the overall basal metabolic rate13. Its efficient quantitative estimation in body fluids 

and cell cultures can be a promising tool for the early detection of acute health problems. H2O2 levels are 

effective biomarkers for diagnosing cell death and cancer growth, cardiac aberrations, and genetic/somatic 

diseases linked to cerebral disorders (e.g., Alzheimer’s disease and Parkinson’s disease) 14–16. Therefore, 

efficient methods for selective in vitro and in vivo sensing of H2O2 are required. Over the years, several sensing 

https://www.sciencedirect.com/topics/engineering/graphene-oxide
https://www.sciencedirect.com/topics/engineering/supercapacitor
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techniques like electrochemical (e.g., cyclic voltammetry and linear sweep voltammetry), enzymatic, chemical 

and spectroscopy have demonstrated accurate evaluation of H2O2 levels. Compared to other approaches, 

voltammetric studies are observed to be more precise, explanatory, and cost-effective17. A few previous studies 

report a < 1 nM detection limit (LOD) for H2O2 sensing; non-enzymatic H2O2 sensing has demonstrated 

sensitivity in the micro – millimolar range18 – 22.   

Previous studies focused on holey graphene synthesis using CO2 lasers (wavelength (λ) = 10,600 nm). The limit 

of resolution for the patterning process is directly proportional to wavelength of the laser that is used. Excimer 

lasers, which provide a smaller wavelength than other candidate lasers, possess the advantage of higher 

resolution, thus making the miniaturization and complex patterning process of LIRGO films feasible. This is the 

first study to report on the synthesis of holey graphene films using an ArF excimer laser (wavelength (λ) = 193 

nm). In this study, we systematically evaluated the effect of laser energy density and the number of laser pulses 

on the formation of laser-induced rGO by utilizing these films for H2O2 electrochemical sensing. Further, we 

studied the variation of electron transfer kinetics as a function of film defect density. Finally, we demonstrated 

the applicability of this synthesis technique on flexible substrates for wearable sensing. The processing method 

described in this study has a high potential of technology transfer and scale up as the semiconductor industry is 

almost exclusively utilizing excimer lasers for patterning schemes. 

II. Experimental 

 

1) Pulsed laser deposition and laser annealing 

The substrate utilized for this study was As-doped n-type <111> Si with a resistivity of ~0.005 Ω-cm, which 

was supplied by General Semiconductor (Hauppauge, NY). The a-C coatings were deposited on Si using pulsed 

laser deposition (PLD). Subsequently, laser annealing of the a-C coatings was performed using an ArF laser (λ 

=193 nm, 20 ns) with single and multiple pulses at an energy density in the range of 0.4–1.2 J/cm2 at ambient 

temperature and pressure. 

 



6 
 

2) Instrumental methods 

The electrochemical reduction was carried out on rGO films using the three-electrode configuration with an 

electrochemical workstation (Metrohm DropSense SPELEC, Oviedo, Spain). Raman studies were carried out 

using a 632 nm laser confocal micro-spectrometer (Horiba, Kyoto, Japan). The X-ray diffraction studies (XRD) 

were performed using a Rigaku Smart Lab X-ray diffractometer (The Woodlands, TX, USA) in Bragg-Brentano 

mode. The film microstructure was assessed by using a Verios 460L scanning electron microscope (FEI, 

Hillsboro, OR). The electrical behavior (Hall effect measurements) of a-C and r-GO films was studied using an 

HMS-3000 Hall measurement system (Ecopia, Anyang, South Korea). Details on the experimental parameters 

are provided in the ESI file. 

III. Results and Discussion: 

i. Fabrication and electrochemical study of LIRGO samples  

(a) SEM study of fabricated rGO thin films 

Fig. 2 (a) shows the SEM image of a-C thin film after laser irradiation at 0.4 Jcm-2. It seems that the surface 

layer melted (appears bright in color) and formed rGO, whereas the bulk is still a-C, which appears dark in 

color. The rGO formed at this energy density is flat as well as free of ripples and wrinkles, as observed from the 

AFM surface scan (Fig. S1 (a)). The rGO formed at 0.4 Jcm-2 exhibited low roughness and an absence of 

ripples. The surface roughness for LIRGO at 0.4 Jcm-2 varied between 4-7 nm; the high flatness of rGO films 

formed at 0.4 Jcm-2 can be attributed to ultrafast melt quenching. Further, increasing the energy density to 0.6 

Jcm-2 resulted in the formation of a rGO film with surface undulations (Fig. 2(b)). The Kikuchi pattern acquired 

from the liquid phase regrown rGO film is depicted in the Fig. 2(b) inset. The melt phase regrowth ensures 

{0002} epitaxial graphene on the {111} Si substrate. The high magnification image of LIRGO formed at 0.6 

Jcm-2 confirmed the formation of ripples (Fig. 2(c)). Ripples may occur if the underlying a-C below rGO melts. 

Additionally, if the silicon substrate surface below the carbon film melts, then the silicon surface ripples can be 

incorporated into the graphene film, resulting in a graphene film with ripples. The melting of silicon under the 

oxide layer with a nanosecond pulse width laser has been verified previously23. For device-related applications, 
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the presence of ripples and wrinkles is undesirable as ripples and wrinkles contain numerous traps and defect 

centers and degrade the electrical characteristics. However, for electrochemical applications, the presence of 

corrugations (i.e., wrinkles, ripples, and crumples) increases the surface area of the sheet, resulting in better 

sensing efficiency. The higher surface roughness present at 0.6 Jcm-2 was further quantified using AFM (Fig. 

S1 (b)). The surface roughness varied between 30-50 nm.  

Fig. 2(d) illustrates the structure after laser annealing at 0.6 Jcm-2 with 5 pulses. Notably, the structure shows 

the presence of nanoholes, which was not observed after 1 pulse. The formation of nanoholes is highlighted 

with yellow arrows. Interestingly, a higher hole density is observed along the ripples. The nanoholes can be 

formed by the coalescence of a large number of carbon vacancies, resulting in the enormous amount of dangling 

bonds needed for catalytic applications. The further increase in the number of pulses up to 10 (Fig. 2(e)) results 

in increase of hole size and density increase. The HRSEM image (Fig. S2 (a)) reveals an average hole size of 

220±38 nm. The AFM (Fig. S2 (b)) also confirmed the formation of nanoholes. Further investigation of the 

AFM surface scan also revealed the presence of wrinkles. Wrinkles can result from the generation of thermal 

stress between the substrate and film during cooling. Studies have shown that topological defects like 

dislocation dipoles induce wrinkling. Finally, with 15 pulses the holes connect, resulting in film breakage. The 

film breakage exposed the substrate and <111> Si substrate; the corresponding Kikuchi pattern from the 

substrate is depicted in an inset to the Fig. 2(f) inset. Fig. S3 shows the SEM micrograph after laser annealing at 

1 Jcm-2, revealing a further rise in wrinkle and ripple density as compared to that from irradiation at 0.6 Jcm-2. 

The SEM results suggest the possibility of excellent electrochemical properties due to defects in these films.  

(b) Electrochemical behavior of LIRGO films fabricated using varying laser parameters 

We aimed to investigate the response of laser-induced rGO films towards electrochemical H2O2 reduction via 

the cyclic voltammetry (CV) technique. The LIRGO films produced under variable energy densities and laser 

pulse conditions were used as probes for voltammetric H2O2 sensing. Before electrocatalysis, the stability and 

reversible behavior of modified electrodes were studied against ferricyanide redox species as shown in Fig. S4.  

The overall reaction for H2O2 reduction is: 



8 
 

    (1) 

The LIRGO electrode fabricated at energy densities 0.4, 0.6, and 1.0 Jcm-2 are referred to as E0.4, E0.6, E1.0. Fig 

S5 and Fig. 3 depict the voltammograms of rGO coated Si electrodes in 0.5 M PBS (pH 7.2) containing 0.1 M 

KCl over serially diluted concentrations of H2O2 (0.21 nM – 65 mM) at a scan rate of 30 mV s-1 within the 

potential window of 0.3 – -0.8 V. The CV curve for the electrode E0.4 did not show a significant electrochemical 

response towards the reduction of H2O2 over the entire range, except a feeble increase in the cathodic current of 

~ 0.35 μA at higher concentrations (1.8 mM) (Fig S5a – b). However, an apparent non–linear increase in peak 

current was observed along with the forward scan for higher concentrations. The low current may be attributed 

to mere surface melting when annealed at 0.4 Jcm-2 (as observed from SEM imaging) (Fig. 2(a)). The electrode 

E0.6 demonstrated a peak current of ~ 1.2 μA on successive addition of H2O2 solution. Equivalent amplification 

in the current responses was recorded at -0.1 V, upon individual addition of 0.20 nM – 60 mM H2O2 

concentrations as shown in Fig. 3a. The calibration plot of peak current versus concentration evidenced a 

relatively broad linear detection spectrum from µM to several mM (Fig. 3i). The high detection limit achieved 

may be due to the surface undulations in the rGO film as discussed under microscopic characterization (SEM).  

The CV responses on electrode E1.0 also showed an increase in the reduction current after the subsequent 

addition of H2O2 solutions (Fig. 3b). Here, the increase in the faradic current for the reverse sweep was less 

proportional to the H2O2 concentration and lower, as evident from the corresponding calibration plot (Fig. 3ii 

inset). The limit of detection for this E1.0 was around 1.7 mM, which is ~100x higher than the electrode E0.6. 

Additionally, the sensitivities of 0.1943 ± .006 μA mM− 1, 0.1534 ± 0.014 μA mM−1 were recorded for E0.6, E1.0 

electrode films. The catalytic sensitivities and LOD obtained for these films are summarized in Table 1. 

Considering the significant results obtained for electrochemical reduction with the electrode E0.6, the effect of 

the number of laser pulses at 0.6 J cm-2 was investigated. Fig. 3 (a, c, and d) shows the voltammograms 

recorded on rGO films deposited with an increasing number of laser pulses (1, 5, and 10). The polarization 

curves recorded for different electrodes (referred to as E1 pulse, E5 pulse, and E10 pulse) showed remarkable 
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differences in electrochemical behavior towards H2O2 reduction as evident from Fig. 3c-d. The typical 

voltammetric response on E1 pulse showed a significant increase in cathodic current (around 1.2 µA) at a potential 

value of ~ 0.15 V upon injecting successive H2O2 concentrations from 0.21 nM – 60 mM. For E5 pulse and E10 

pulse, current amplification was higher as compared to that monitored on E1 pulse. Along with the improvement in 

current signals, dynamic shifts in potential were also observed; E5 pulse showed a noticeable gradual deviation 

from -0.14 V to a relatively lower potential of -0.11 V, while E10 exhibited a more detectible transition to an 

even lower potential of -0.9 V on the subsequent addition of H2O2. Further, the corresponding calibration plots 

(Fig. 3 (i, iii, iv)) yield the limit of detection for electrode films E1, E5 and E10 as 25.4 M, 1.2 M, and 7.15 

nM. The sensitivities of differently modified electrodes (E1 pulse, E5 pulse, E10 pulse) were estimated as 0.1943, 

0.202, and 0.2353 mA M-1 cm-2, respectively 24. Electrode E10 shows a higher sensitivity as well as detection 

limit in comparison to E5 pulse and E1 pulse.   

Further, voltammograms were recorded on the electrodes E1 pulse, E5 pulse, and E10 pulse at different scan rates (2 to 

300 mV/s) using 1.8 mM H2O2 in 0.1 M PBS solution to analyze the role of surface or diffusion processes in the 

propagation of reaction kinetics. Fig. 4 shows the increments in cathodic peak currents for E10 increased linearly 

with the advancing scan rates as evident from Fig. 4a, while the rest of the electrodes (E1 pulse and E5 pulse) had a 

much lower current response and did not exhibit any direct correlation with different scan rates (Fig. S6). Based 

on the slope for E10 pulse (shown in Fig. 4b), the diffusion coefficient of H2O2 was calculated as 1.71 x 10-4 cm 2 

/s using the Randles-Sevcik equation (eq. 3). For E1 pulse and E5 pulse, the values were very low due to non-linear 

and relatively less steep calibration curves. Thus, the electrochemical reduction process was observed to be 

diffusion controlled in liquid for E10 pulse, whereas E1 pulse and E5 pulse exhibited surface-controlled electrode 

kinetics. 

                                                 (3) 
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ii. Defect and structural characterization 

The Raman, AFM, TEM, XRD, XPS, and Hall effect measurements were performed to get further insight into 

the effect of defect chemistry on the electrochemical sensing behavior in the synthesized rGO samples. 

(a) Raman spectroscopy 

Graphene and its derivatives exhibit well-known Raman signature peaks. Defect-free graphene and graphite 

exhibit a sharp G peak at ~1570 cm-1 with the presence of weak or no D peak (Fig. 5 (a)) 25. The D peak arises 

due to a combination of disordered regions and point defects centered at ~1350 cm-1 26. The D peak intensity 

rises with increasing point defect concentration. Studies have also demonstrated the appearance of the D’ peak 

at higher defect concentrations. The D’ peak occurs at 1620 cm-1. The proton beam irradiated graphene also 

exhibits unique f peaks centered at 1450 and 1560 cm-1 27. At higher wavenumbers, graphene exhibits a 2D peak 

at 2740 cm-1, D+G peak at 2940 cm-1, D+D’, and 2D’ breathing modes 28. 

Fig. 5 (a, b) shows the Raman spectra of laser irradiated a-C films at varying energy densities from 0.4- 1.0 

Jcm-2. The spectra were normalized with respect to the intensity of the G peak for the sake of comparison. 

Laser annealing a-C at 0.4 Jcm-2 (Fig 5(a)) yields a noticeable change in the Raman spectrum compared to 

pristine a-C (Fig. 5(c)). The peak fitting was carried out based on the above-discussed formalism. The G peak 

for a-C that was laser annealed at 0.4 Jcm-2 was centered at 1575 cm-1 (very close to the G peak of graphite), 

which indicates the formation of sp2 crystalline regions after laser annealing. The a-C films annealed at energy 

density 0.6 Jcm-2 showed a significant blue shift compared to the equilibrium graphitic G peak position. The 

stress buildup in these films can be estimated as 4.1cm-1/GPa 29. This value signifies the abundance of defects 

in the films irradiated at high energy density, which are ideal for electrocatalytic applications. The Raman 

spectra of rGO films synthesized at different energy densities have been fitted to the D4 peak (~1200 cm-1), D 

peak (1360 cm-1), D” (1500 cm-1), G peak (1580-1600 cm-1), and D’ peak (1620-1630 cm-1) as shown in Fig S7. 

Laser annealing at 0.6 Jcm-2 results in an increased Id/Ig ratio as compared to 0.4 Jcm-2, suggestive of more 

reduction in these films. The increased Id/Ig ratio reflects an increased number of sp2 domains with reduced 

cluster size in the structure.  The films obtained at 0.6 Jcm-2 are more reduced as compared to the films obtained 
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at 0.4 Jcm-2; only surface melting occurs at 0.4 Jcm-2, resulting in an incomplete reduction. The higher degree of 

reduction with increased Id/Ig ratio is in agreement with previously reported studies 30, 31. The films annealed at 

0.6 Jcm-2 also show sharp 2D, D+G, and 2D’+G peaks. The presence of a 2D’ peak visible after LA at 0.4 Jcm-

2 may be a result of sp3 bonded carbon present beneath the melted layer. The Id/Ig ratio increases further with the 

increase in the number of laser pulses at 0.6 Jcm-2, indicative of significant reduction. Table 2 depicts the 

increase in the Id/Ig ratio at 0.6 Jcm-2 with an increasing number of pulses. Notably, the presence of a 2D’ peak 

after 10 pulses at 0.6 Jcm-2 indicates the formation of a high amount of disorder in these films, which is due to 

surplus carbon vacancy formation that coalesces to form nanoholes. 

Cancado et al.32 performed a detailed study to quantify the defects in graphene induced by Ar ion irradiation 

using Raman spectroscopy and demonstrated that the Id/Ig ratio of graphene films varies with the distance 

between the defects, LD. Interestingly, the maximum attainable Id/Ig ratio varies with the Raman excitation 

wavelength used to perform the study. Specifically, Id/Ig refers to the ratio of the area of D peak to that of G 

peak. Defect formation in graphene occurs in three stages. Initially in stage I, the Id/Ig ratio increases with 

increasing defect density until it reaches a high point where the structure is termed as nanocrystalline graphene 

due to the formation of nanodomains33, afterwards in stage II, the Id/Ig ratio starts to decrease with increasing 

defects. Here, the graphene structure starts to collapse, and oxygen starts entering into the lattice. Finally in 

stage 3, the Id/Ig approaches zero, and the structure is completely amorphized. In this study, the Id/Ig ratio was 

~1 for 0.4 Jcm-2 annealed sample and increased to 2.5 at 0.6 Jcm-2. However, the ratio started to decrease after 

annealing at energy densities >0.6 Jcm-2, indicating the onset of stage II and the formation of graphene oxide. 

This trend is demonstrated in Fig. S8.  

The Tuinstra–Koenig (TK) relation is used to estimate the relative number of defects in the graphene film. In 

stage I, the nano-crystallite size (La) along the graphene basal plane is given by: 

La= (2.4*10-10)* *(Id/Ig)
-1        (4) 

where λ is the wavelength of the Raman laser used for excitation.  
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 Defect density in graphene is given by: 

         (5) 

The quantitative measurements obtained from Raman analysis have been summarized in Table 2. 

(b) X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) 

The XRD results from the as-deposited a-C thin film and LIRGO synthesized at varying laser annealing energy 

densities are shown in Fig 6(a). The broad a-C peak was found to be centered at ~14.5o, indicative of a loosely 

packed structure. A peak at 25.58o appears after laser annealing a-C at 0.4 Jcm-2, illustrating the formation of 

rGO by liquid phase regrowth of molten carbon with the presence of an a-C peak. The presence of an a-C peak 

further confirms the fact that only surface melting occurred. The FWHM of the rGO peak was calculated to be 

0.1298. The observed (002) peak corresponds to an interlayer distance of 0.35 nm. By utilizing the Scherer 

equation (L (nm) = 0.1386/β  ), the average crystallite size of the rGO formed by liquid-phase regrowth of 

molten carbon was calculated to be around 65.58 nm. This value is twice that obtained from Raman 

measurements and indicates the possibility of different crystallite sizes in the center and edge of the sample, 

possibly due to higher cooling rates at the edges as compared to the center. The large crystallite size shows the 

possibility of the use of LIRGO formed at 0.4 Jcm-2 for solid-state devices.  After laser annealing at 1 Jcm-2, the 

peak at 25.58o left shifts to 20.5o, which is attributed to oxygen incorporation in the rGO interlayers that leads to 

expansion along the c-axis. By utilizing the Scherer equation, the crystallite size was calculated to be around 56 

nm.  The excimer laser-induced rGO is formed by liquid-phase regrowth of a-C resulting in closed packed 

structure along the basal plane compared to rGO synthesized by chemical routes. The XRD of rGO reported is 

consistent with previous studies on rGO synthesized by non-equilibrium flash joule heating, excimer laser, and 

microwave radiation10,33–35. 

The mechanism of direct laser writing of rGO onto GO films involves photoreduction and thermally assisted 

structural rearrangement 4. The XPS fitting of the C-1s peak for LIRGO synthesized at 0.6 Jcm-2 is depicted in 

Fig. 6(b). The Gaussian fitting was performed by considering C-C (sp2), C-C (sp3), C-OH, C-O-C, and C=O 
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bonds at 284.5, 285.1, 285.7, 286.7, and 288 eV, respectively. The sp2/sp3 ratio was determined to be 0.7. The 

empirical equation reported for computing the C/O ratio for rGO based materials from XPS is 36: 

    (6) 

The C/O ratio was calculated to be 5.2 for LIRGO synthesized at 0.6 Jcm-2. The C/O ratio after multiple laser 

pulses was not quantifiable as the presence of nano and microholes resulted in stray signals from the Si 

substrate and the oxide present on top of it. 

(c) Hall Effect 

Fig.7 (a) portrays the majority charge carrier concentration of a-C films annealed at different laser annealing 

energy densities. The electron carrier concentration is at a maximum at 0.4 Jcm-2 (~ -1x10-21 /cm3). 

Interestingly, laser annealing at 0.4 Jcm-2 results in n-type conductivity; however, a-C has p-type conductivity. 

As evidenced from SEM and Raman characterization, after laser annealing at 0.4 Jcm-2, there is only surface 

melting. The relation  has to be satisfied, where  is the electrical conductivity,  is the concentration 

of free electrons, and  is the electron mobility. The high values of n and  suggest low mobility, which perhaps 

is due to incomplete melting. At 0.6 Jcm-2, the LIRGO film shows a slightly lower charge carrier concentration 

than 0.4 Jcm-2; it is still high compared to the a-C film, which exhibited a carrier concentration of 10-15/cm3. The 

recorded mobility values were low (~ 200 ). 

The low mobility values can be explained from the observations associated with SEM analysis; the films at 0.6 

Jcm-2 showed the presence of defects such as ripples and wrinkles. These defects are not ideal for electron 

mobility as these defects act as traps and scattering centers for free electrons, limiting the mobility of electrons. 

At 0.8 Jcm-2, a further drop in the electron carrier concentration and mobility was recorded compared to those 

recorded for the 0.6 Jcm-2 films. From the XRD analysis, at higher laser energy densities, oxygen starts entering 

the interlayers, leading to structure expansion. The Raman analysis also indicated the start of GO formation. 

Hence, the observed decrease in values can be attributed to higher defect scattering in the structure along with 

increased wrinkling and rippling. Raman spectroscopy showed a high reduction of films at 0.6 Jcm-2. The 
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reduction of GO occurs by the removal of the oxygen functional group. The removal of oxygen can result in a 

dangling bond. If the presence of oxygen is considered as a lattice site, then the removal of oxygen present in 

the a-C film can generate 2 electrons for conduction as depicted in equation (7): 

Oo +0.5O2+2e’; K1= [ e’2PO2
0.5   (7) 

Due to high reduction at 0.6 Jcm-2, optimized values of mobility, resistivity, and carrier concentration were 

achieved even though the structure showed the presence of ripples (Fig. 7(b)).  

Further, the effect of number of laser pulses at 0.6 Jcm-2 on the electrical behavior of fabricated films was 

investigated as shown in Fig 7(c, d). Notably, the mobility decreased with an increase in the number of pulses. 

However, there is not a significant drop in conductivity, suggesting an increase in carrier concentration with the 

number of pulses. The increase in carrier concentration can be understood if the rGO film has surplus dangling 

bonds. The SEM study indicated the formation of nano and microholes, whereas the Raman study indicated 

higher reduction with increased pulses. This result suggests the removal of the oxygen functional group as well 

as the formation of carbon vacancies, coalescing to form nanoholes. Both carbon vacancies and/or removal of 

the oxygen functional group lead to the presence of dangling bonds. Yet, there is significant deterioration in 

mobility due to holes and wrinkles that cannot be neglected. The film mobility dropped to ~100  after 10 

pulses. However, this situation is ideal for electrocatalytic applications as the drop in mobility is compensated 

by the high active carrier concentration necessary for high reactivity. The Hall effect measurements were not 

carried out after 15 pulses as we observed significant film degradation. The exact values of mobility and 

resistivity are tabulated in Table 3. 

(d) AFM and TEM  

The 2D AFM surface scan of rGO fabricated at 0.6 Jcm-2 after 5 laser pulses is depicted in Fig. 8(a). The 

presence of wrinkles, ripples, and microholes is evident. The formation of disclination and dislocations in the 

structure induces wrinkling37. The presence of holes is highlighted with black arrows. The average size of the 

microholes was 150±40 nm. Interestingly, the majority of microholes formed were observed on the hillocks. 
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Simulation studies 46 have shown that the hillock regions of ripples in graphene are highly strained, making 

bond breaking and vacancy coalescence in such regions easier. 

Previous studies have indicated the high crystalline nature of the rGO films obtained by laser annealing at 0.6 

Jcm-2 pulse. The synthesized rGO exhibited a sharp SAED spot pattern along the [ ] zone axis without the 

presence of any vacancies10. The formation energy of a mono-vacancy in graphene is very high (~8eV), 

whereas di- and multivacancy formation are thermodynamically more favorable yet not feasible with 1 pulse of 

energy from the ArF laser. However, multiphoton absorption can lead to multivacancy generation. This can be 

achieved by irradiating rGO with multiple pulses. Fig. 8(b) is a low magnification image of the rGO flake 

formed after irradiation at 0.6 Jcm-2 with 3 pulses, which was collected on the sample grid after ultra-sonication 

for TEM structural investigation. Fig. 8(c) illustrates the HRTEM micrograph of LIRGO obtained at 0.6 Jcm-2- 

3 pulses.  The image demonstrates a combination of strong (dark), grey, and bright contrast areas on the sheets 

at 5 nm scale, possibility due to the presence of monolayer to multilayered regions as previously observed by 

Mayer et al38. Perhaps the brighter-looking regions may also represent the ripple formations in the sheet. The 

presence of many dark circular-looking spots represents nano-holes. The inset (green box) shows a high 

magnification image of one such nanohole. The average nanohole size observed was 2.0±0.5 nm. The inset (red 

box) indicates the presence of carbon atoms with a pure hexagonal orientation matching up with graphite atomic 

spacing values. Fig. 8(d) illustrates the FFT of the multi-layer rGO exhibiting hexagonal pattern38.  The amount 

of disorder within the structure was higher as compared to that after 1 pulse. From the FFT, the average 

measured distance from the center to the first observed spot is ~4.7 nm-1; the further away spot measures 8.13 

nm-1, which is consistent with the standard graphene FFT pattern. 

iii. Structure-property correlation 

The structural characterization revealed that the LIRGO films fabricated with variable energy densities have 

vast structural differences such as the absence or presence of ripples, wrinkles, oxygen in the interlayers, holes, 

and sp2 clusters. Therefore, the obtained results provide a gateway for systematic defect modulation in these 

films. An energy density <0.4 Jcm-2 is not sufficient for melting of a-C films as evidenced experimentally. The 
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surface melting threshold for a-C on a Si substrate can be calculated using the equation    Here, 

ΔT denotes the difference between the substrate temperature and melting temperature of amorphous carbon, RL 

denotes the reflectivity of the amorphous carbon (=0.3), and D is the diffusivity of amorphous carbon at room 

temperature39. Eth was calculated to be 0.42 Jcm-2. Laser annealing at 0.6 Jcm-2 led to the formation of highly 

crystalline rGO, with a sharp XRD peak at 25.5°. In comparison, the XRD peak obtained after chemical 

reduction using a sodium-ammonia solution was broad and centered at 23°, suggesting the structure was not 

fully closed pack (possibly due to the presence of surface functional groups) 40. The LIRGO at 0.6 Jcm-2 also 

shows the presence of surface corrugations. Macdonald et al. 41,42 demonstrated the direct relationship between 

nanoscale irregularity/roughness of the electrode with non-faradic as well as capacitive current variations in the 

double layer. Here, the asymmetric surface topology contributes to enhancement in the real as well as the 

geometric surface area of the electrode, which is eventually responsible for non-ideality in charge transfer 

effects and diffusion at the electrode/electrolyte interface. In this study, the C/O ratio of rGO achieved was ~5, 

demonstrating the moderate reduction achieved in these films. Previous studies have demonstrated that the C/O 

ratio in GO reduced by ArF excimer laser can be varied from 3.8 to 15.6 10. This finding suggested the need for 

multiple pulses intended for further reduction. The reduced GO films obtained in this study have comparable 

Raman with those recently reported in the literature. However, it is important to note that the good sensing 

behavior of GO films in current study is due to high reduction as well as the presence of holes in the film. 

Multiple pulses at 0.6 Jcm-2 resulted in the formation of nano and microholes. The holes are formed due to the 

deoxygenation process, resulting in higher reduction52. A similar structure has also been observed by Lima et 

al.53 after laser reduction of GO by a 1064 nm laser. The higher deoxygenation signifies a higher amount of 

reduction in these films. The formation of holes also suggests solid-state reduction after 5 pulses. This result can 

be explained by rGO formation after 1 pulse by liquid phase regrowth of molten carbon with very high 

electrical and thermal conductivity. Hence, the successive shots are unable to melt the formed rGO, and 

reduction proceeds through the solid-state route. This result also explains the increase in wrinkling observed 
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after an increasing number of laser pulses at 0.6 Jcm-2. The regions with holes expose the highly reactive edge 

sites. The surface and edge defects in nanomaterials are recognized as highly active and unstable centers since 

they are comprised of uncoordinated valences or reactive dangling bonds, which regulate the electrocatalytic 

properties. With the increasing number of pulses (~10), the hole density increases, reaching a maximum value 

after which the film starts tearing apart. The detailed laser-solid interaction simulations of these transformations 

have been reported previously45.  

The laser annealing at a higher energy density of 1 Jcm-2 also induced surface undulations in the rGO structure, 

confirming the formation of rGO by liquid phase regrowth of molten carbon. However, the high melt lifetime 

leads to high film stress as well as films with low conductivity and mobility due to oxygen creeping into the 

loosely packed structure as characterized by XRD and Hall effect measurements. The rGO films synthesized at 

1 Jcm-2 exhibit a high surface area; the electrical properties are below the required values, disrupting the 

stability of current flow and thus showing suboptimal efficiency. Further, the effective electrochemical surface 

area (ECSA) for E10 pulse electrode was obtained as 0.01133 cm-2 using Equations 8 and 9, which was the highest 

among the films (details in ESI file). 

      (8) 

      (9) 

Moreover, the optimal electrochemical activity was achieved by balancing the defect density and conductivity. 

It has been demonstrated in previous reports that increasing the defect density can lead to a higher density of 

states, which leads to faster kinetics. We calculated the charge transfer kinetics using the equation: 

𝑘0 = 2.18(𝛼𝑛𝐹𝐷/𝑅𝑇 )1/2𝑒−[(𝛼2𝐹/𝑅𝑇) 𝑛△EP ]        (10) 

On comparing the defect densities recorded from the Raman studies, it is observed that the rate constants are 

directly proportional to the number of defects. Therefore, the LIRGO film with greater defect density showed 

faster electrochemical kinetics. 
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Hydrogen peroxide undergoes reduction when it comes in contact with defects that are present in rGO film. 

Notably, the defects present in these films have a high localized electron concentration. The defects such as 

holes and wrinkles also provide a higher surface contact area which leads to a shortening of the distance for 

ion/mass transport further facilitating the reduction of H2O2. The active surface area termed electroactive 

contact surface area (ECSA) and the charge transfer kinetics calculations shown above are in agreement with 

the above-discussed mechanism. It is interesting to note that if the GO is not completely reduced, it has higher 

oxygen content present on defect sites then there is a possibility of oxygen transfer from GO to H2O2 resulting 

in oxidation rather than reduction of H2O2. The less reduced graphene films at 0.4 Jcm-2 exhibited a remarkable 

rise in anodic current at higher potential was obtained along with feeble cathodic component, due to oxidation 

of H2O2 by consuming available oxygen from the GO.  

iv. Significance of results obtained 

Rapid thermal annealing (RTA) using a batch furnace is a well-established method for holey graphene 

synthesis. In this method, the temperature of the furnace is ramped at a high rate for reduction of GO. The 

reduction results in CO2 gas liberation, which is liberated by piercing of the surface and the formation of 

holes48,49. This method needs significant efforts for control of the hole size and density as the hole size range is 

too large (10-250 nm). However, holey graphene formation using the laser annealing technique is scalable with 

tunable hole size and density. Furthermore, the defect modulation in graphene with excimer laser irradiation is a 

topic of significant research for catalysis applications. Recently, the defects induced in graphene formed on the 

surface of SiC upon irradiating SiC with an ArF laser (6.5 eV photon energy) were studied using conductive 

AFM surface maps50. The study observed the formation of carbon vacancies in these films after multiple laser 

pulses and various other defects including Stone–Wales defects50. The current study verifies the formation of 

carbon vacancies after multiple laser pulses. Further, the observation of the preferential formation of vacancies 

and holes on ripples and wrinkles in this study will have significant implications on the control of hole densities 

for electrocatalysis applications.  
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This is the first work to report the electrochemical properties of a-C film reduced with an ArF laser. One of the 

previous studies focused on the fabrication of highly porous graphene from Bakelite polymer with 1064 nm 

laser energy for use as electrodes in supercapacitors51,52. The exceptional properties observed were attributed to 

the nanosecond pulse width of the laser due to the capability for high heat accumulation during nanoseconds as 

compared to picoseconds. The GO fabricated from Kapton® polymers with infrared laser irradiation also 

demonstrated a porous structure. The utility of these films in electrocatalysis has been verified51-53. We were 

able to achieve a low LOD of 7.15 nM in our study. To the best of our knowledge, the LOD for H2O2 sensing 

performed using LIG fabricated with a CO2 laser has been in the mM range.  Zhang et al.53 reported the 

electrochemical performance of a Pt-decorated LIG electrode (Pt/LIG), a low-cost non-enzymatic sensor, which 

exhibited a detection limit of approximately 0.1 mM and a sensitivity of 248.4 mA mM−1cm−2.  The LOD 

reported for carbon nanotube-modified laser-induced graphene was 0.5 mM54. Prussian blue-modified 

laser-induced graphene exhibited a LOD of 0.26 µmol L−1 55. Further, in our study we were able to obtain a 

correlation between the defect density and electron transfer kinetics in LIRGO films. Until now, very few 

studies have reported this relation for graphene films56. Our results will be important for further optimizing 

structure of graphene for advanced sensing. The LIRGO formed on Si in our study showed no degradation 

under 532 nm Raman measurement; hence, this robust sensor can be deployed in regions with intense radiation 

without the need for sophisticated packaging, enabling a cost-effective approach for advanced electrochemical 

sensing10, 57.  To translate the findings of the experiment to commercial-scale repeatability of the experiments is 

important. The repeatability of samples was confirmed by performing repeated H2O2 sensing experiments with 

samples prepared after a span of two months. The a-C films deposited by pulsed laser deposition were thin and 

uniform hence, the initial laser pulse showed rGO formation with reproducible properties. The flatness of the 

laser annealed rGO films originates from the homogeneity in the melt front during regrowth. The Repeatability 

was confirmed until 10 pulses at 0.6 Jcm-2. The comparison of typical sensitivity, linear response range, and the 

LOD values for rGO based H2O2 sensors reported in the literature and those obtained here are summarized 

in Table 4.  

https://www.sciencedirect.com/science/article/pii/S0925400518302582?casa_token=Z7rOBTXwReEAAAAA:LVNfrRQaueHPNmdtbpKMX-39AjesuDJ0TiAFF93WejLU6ac6p7P2540FLp1q0Of2rakAOeBkCx0#tbl0005
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To understand the interference of other biomolecules within the potential window of H2O2 sensing, 

electrochemical sensing of was performed using a mixture containing 100 µM of uric acid, ascorbic acid, 

acetaminophen, dopamine, glucose, and ethanol   along with H2O2 (Fig 9 (a)). A well-defined H2O2 reduction 

around -0.1 – -0.2 V (vs. Ag/AgCl) along with a gradual increase in signal upon rising the H2O2 concentration 

from 10 to 100 mM was observed. The results show that other analytes exhibit a separate broad signal and do 

not introduce any drift or changes in the H2O2 peak. Considering the requirement of the sensor to be flexible 

and easily wearable, we have further extended this study by fabricating rGO on flexible and optically 

transparent plastic substrates using laser-based processing. Fig. 9(b, d) shows the transparent and flexible 

nature of the plastic substrate on which rGO films were fabricated. Fig. 9 (c) shows the plastic substrate coated 

with a thin a-C layer. Fig.9 (e) demonstrates the laser-irradiated rGO formation on a strip of PE substrate. The 

attached video of graphene coated plastic substrates attached to hand serves as a proof of concept of 

applicability of our study for wearable sensing. The aspects such as strain to failure, and stretchability necessary 

to translate this fabricated product into real life application is a part of an ongoing study and will be reported 

elsewhere. 

IV. Conclusions 

This study offered a detailed insight into the diversity in electrochemical behavior of rGO thin films with major 

and minor structural modulations. The feasibility of electrochemical H2O2 sensing using a rGO working 

electrode fabricated by laser annealing route was verified. The best catalytic response towards electrochemical 

reduction was shown by LIRGO synthesized at 0.6 Jcm-2 with 10 pulses due to the presence of holes. A single 

pulse at laser annealing density (0.4 Jcm-2> Ed) leads to surface melting of the a-C thin film and the formation 

of closed packed rGO with dangling bonds. The bonds act as active sites for the reduction of H2O2.  However, 

the bulk still shows the presence of a-C, deteriorating the sensing activity. On the other hand, the LIRGO 

synthesized at a higher energy density (1 Jcm-2) also exhibited poor sensing behavior due to the incorporation of 

a high amount of oxygen in the lattice, which is attributed to the high melt lifetime of molten carbon before 

solidification. The LIRGO synthesized at 0.6 Jcm-2 with 1 pulse showed a good response towards H2O2 sensing 
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due to the optimum amount of reduction and complete melting. However, after a single pulse at 0.6 Jcm-2, the 

reduction takes place through the solid-state route. The deoxygenation resulted in a holey graphene structure 

with exposed edge planes. Here, the presence of dangling bonds due to reduction and at edge defects improved 

the limit of detection by several orders of magnitude (µM to nM). Further, we also demonstrated the successful 

implementation of rGO film fabrication on flexible plastic substrates, with excimer laser reduction opening up 

the possibility of flexible and cost-effective biosensors. The ability of laser irradiation to synthesize holey 

graphene structures with tunable hole size holds great potential for environmental applications, including the 

adsorption of toxic gases as well as environmental pollutants such as dyes and heavy metal ions.  
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The supporting information includes experimental details, 2D and 3D AFM scans of LIRGO films, SEM 

images, CV curves for LIRGO film stability, fittings to the Raman spectra, Id/Ig plots, as well as CV and 

calibration plots at different scan rates for the E10 LIRGO film and calculations. 
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Fig. 1. Schematic illustration showing the synthesis of graphene-coated silicon working electrode for 

electrochemical hydrogen peroxide (H2O2) sensing, synthesized by depositing and irradiating amorphous 

carbon (a-C) thin films using an excimer laser inside a vacuum chamber (VC).  
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Fig. 2. SEM micrograph of a-C film after laser annealing at (a) 0.4 Jcm-2, (b) 0.6 Jcm-2 with inset depicting the 

Kikuchi bands confirming the formation of crystalline graphene, (c) 0.6 Jcm-2 at high magnification to highlight 

the presence of ripple formation; SEM micrograph of a-C film after laser annealing at 0.6 Jcm-2 with (d) 5 

pulses, (e) 10 pulses, (f) 15 pulses with inset depicting the Kikuchi bands from the <111> Si substrate. 
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Fig. 3. CV curves for LIRGO electrodes (a) E0.6, (b) E1.0, (c) E5 pulses, and (d) E10 pulses. Inset pictures to the 

figures a – d, represent the corresponding calibration plots Ip vs Conc (i – iv). 
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Fig. 4. (a) CV curves at different scan rates for E10 pulse, and (b) Scan rate vs ip for E10 pulse. 
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Fig. 5. (a, b) Raman spectrum of a-C and a-C after laser annealing at various energy densities, (c, d) Raman 

spectrum of unirradiated a-C and a-C laser irradiated with one and ten pulses at 0.6 Jcm-2.  
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Fig. 6. (a) XRD results before and after laser annealing of a-C at different energy densities, and (b) XPS spectra 

of LIRGO synthesized at 0.6 Jcm-2, indicating a minimum presence of oxygen in the structure after reduction. 
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Fig. 7. (a) Resistivity and mobility of an a-C film as a function of laser annealing densities, (b) carrier 

concentration as a function of laser annealing densities, (c) carrier concentration as a function of # of pulses, 

and (d) resistivity and mobility of the a-C film as a function of # of pulses. 
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Fig. 8. (a) 2D AFM surface scan of LIRGO film irradiated at an energy density of 0.6 Jcm-2 (5 pulses), (b) TEM 

micrograph of rGO flake obtained by the drop cast method at 0.6 Jcm-2 (3 pulses), (c) HRTEM of LIRGO 

formed at 0.6 Jcm-2 (3 pulses) insets depicting the hexagonal network of atoms (green box) and nanoholes 

(orange box), and (d) FFT of (c).  

 

 

 

 

 



37 
 

 

Fig. 9. (a) Square wave voltametric response of H2O2 (10 – 100 mM) in a mixture containing 100 µM (fixed 

concentration) of interfering analytes uric acid, ascorbic acid, acetaminophen, dopamine, glucose, and ethanol 

in PBS (0.1 M, pH 7.4). Images of optically transparent PE substrate: (b) uncoated and (c) coated with a thin a-

C film. Images of: (d) coated polyethylene substrate subjected to flexing, and (e) a strip of PE showing the 

formation of LIRGO from a-C on the portion subjected to laser irradiation. 
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Table 1. Table summarizing the sensing properties of rGO as a function of energy density and the number of 

shots. 

Laser Energy density 

(Jcm-2) 

# of pulses LOD Sensitivity 

(AmM-1cm-2) 

0.4 1 ~52.1mM  

0.6 1 25.4M 0.1943 

0.6 5 1.2M 0.2024 

0.6 10 7.15nM 0.2353 

1 1 1.7 mM 0.1534 
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Table 2. Summary of information obtained from Raman spectra of rGO films. 

Energy density (Jcm-2) Id/Ig La (nm) # of defects (cm-2) LD (nm) I2d/Ig 

0.4 1.04 36.82 1.5645E+11 14.12177 0.34 

0.6-1 pulse 2.5  15.32  3.76082E+11 9.108269 0.21 

0.6-10 pulses 3.12 12.27 4.7E11 8.153208 0.4 

0.8 2.1 NA   0.15 

1 1.8 NA   0.22 
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Table 3. Table summarizing the electrical properties of rGO as a function of energy density and the number of 

shots. 

Laser Energy density (Jcm-2) # of shots Resistivity  

(  
Mobility  

0.6 1 3.27E-4 

 

210 

 

5 3E-4 

 

148.2 

 

10 1.6E-4 98.16 
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Table 4. Comparison of PLA – rGO 2D films based electrochemical H2O2 sensor with other nanoscale sensors 

as reported in the literature. 

Working electrode Reduction 

Potential 

(vs 

Ag/AgCl) 

V 

Sensitivity Concentration 

Range 

LOD Ref 

PLA-rGO film 

0.6 Jcm-2 (10 

pulses) 

-0.09 0.235 μA/mM cm−2 

 

0.21 nM – 64 

mM 

 

7.15 nM 

 

this 

work 

 

PLA-rGO film 

0.6 Jcm-2 (1 pulse) 

-0.15 0.143 μA/mM cm−2 0.21 nM – 64 

mM 

1.2 mM this 

work 

MoS2/RGO FET 0.1 1 nA/pM cm−2 1 pM to 

100 nM 

~ 1pM 15 

Ceria nanoparticles 

(CNPs) 

-0.4 0.156 μA/mM/cm2 0.1 – 5 mM 0.1 pM 18 

FeSx/graphene -0.5 – 10 – 100 mM 500 pM 19 

Cyt c/GO–CNT -0.2 0.533 μA pM−1 cm−2 10 to 140 pM 27.7 pM 20 

nanocavity/Gr 0.3 1520 μA mM−1 cm−2 1 pM–10 μM 1 pM 22 

3D graphene petals 0.8 3.32 μA/mM cm−2 1 mM - 1 M – 58 

NRGO-MnO2 0.1 2081 μA/mM cm–2 0.4–121.2 μM 24 nM 59 
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