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ABSTRACT 

We report a low cost, simple method to fabricate reduced graphene oxide (rGO) optical sensors 

from recycled batteries. The rGO nanosheets were exfoliated by electrochemical method under the 

assistant of electric arc using 5% KOH or NaOH electrolytes. The rGO nanosheets show interlayer 

distances ranging from 3.98 to 6.22 Å, and thicknesses from 0.62 to 6.00 nm, corresponding from 

1 to 10 layers, respectively, determined from X-ray diffraction (XRD), atomic force microscopy 

(AFM), and transmission electron microscopy (TEM) measurements. Selected area electron 

diffraction (SAED) measurement indicates that rGO nanosheets content Miller-Bravais indices of 

(1-210) and (0-110) planes, and the hexagonal diffraction pattern of (0-110) plane of graphene 

sheets with d-spacing of 2.13 Å. Low defect densities in exfoliated rGO nanosheets were 
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confirmed by ID/IG ratios ~ 0.16 to 0.18 via Raman. The rGO nanosheets exfoliated in NaOH 

electrolyte have 19.35% lower oxygen content compared to those exfoliated in KOH electrolyte 

inspected from XPS spectra. The performance of the rGO optical sensors is controlled by defects 

created from oxygen functional groups formed during exfoliation process. The responsivity and 

response (rise) time of NaOH-exfoliated rGO sensor are 0.46 A/W and 2.3 s, respectively. These 

values are 21% (for responsivity) larger and 35% (for rise time) smaller than those of KOH-

exfoliated rGO sensor. The best-in-class of high gain were demonstrated in this study for the rGO 

optical sensors prepared from disposed graphite rods. The results demonstrate how disposed 

batteries can be recycled to produce photodetectors and other optoelectronic devices using cheap 

and relatively nontoxic methods. 

Keywords: Reduced graphene oxide; Electrochemical exfoliation; Electric arc; rGO optical 

sensors; Disposed batteries 

  



 3 

1. Introduction 

Graphene oxide (GO) has high potential in upcoming applications of electronic and 

optoelectronics devices [1-4] due to its tunable band gap from 0.11 to 3.0 eV [5]. Electrically 

insulating GO [6] can be converted to semi-conductive reduced graphene oxide (rGO) [7] using 

thermal, chemical, and photothermal reduction for applications in energy storage, electronic 

devices, biosensors, electrochemical sensors, and light sensors [8-16]. The concentration of 

oxygen functional groups can vary the bandgap of rGO from 1.1 to 1.9 eV [17]. The 2D 

delocalization of electrons in rGO results in an electron mobility greater than 300 cm2 V−2 s−1 [18], 

much higher than typical organic semiconductors (< 1 cm2 V−2 s−1) [19]. Hummer’s methods are 

still the most widely used for GO synthesis due to its simplicity [20-22]. However, the strong 

oxidants such as KMnO4, H2SO4, H3PO4, H2O2, and HCl, it requires are harmful to the 

environment [23]. Therefore, electrochemical methods have been explored as an alternative 

method to fabricate graphene and graphene oxide because its electrolytes are not as toxic [24, 25]. 

Electrochemical exfoliation also opens up opportunities to recycle disposed graphite rods from 

batteries that constitute an abundant cheap resource. It was reported that around 2.4 billion batteries 

are disposed in the United State every year alone [26]. Moreover, manufacturing rGO sensors from 

disposed graphite is a potential pathway towards a high value circular economy that generates 

products from waste. 

 Photodetectors have wide applications in various industry, however, current technology based 

on semiconductor-photodetectors has drawbacks such as high cost, complicated manufacturing, 

toxicity, low operating temperature, and scarcity [27]. The figure of merit of optical sensors is 

typically based on their response as a function of input power and their response time. Abid et al. 

fabricated optical sensors on rGO film prepared by vacuum filtration with a response of 1×10−4 
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A/W in 1.5 s under the excitation of a 635 nm light source [10]. Using laser writing techniques, J. 

An and coauthors fabricated light sensors of rGO-ZnO composites. Their study recorded a high 

response of 3.24 A/W with a response time of 17.9 s under 365 nm light source excitation [28]. 

Quantum dots in WS2 integrated on rGO coated on cotton textiles illustrated a response of 5.2×10−3 

A/W under 1.57 s with a 405 nm illumination source [29]. Bonavolontà et al. fabricated rGO 

optical sensors on n-type Si substrate and obtained 0.2 A/W with a response time of 1.9 s under 

685 nm illumination source [30]. Plasmonic nanoparticles have been confirmed to enhance the 

absorption of UV-VIS light [31], and its integration in rGO demonstrated a superior performance 

of optical sensors. Singh et al. attached plasmonic Au nanoparticles to GO and obtained extremely 

high response of 10 A/W with ultra-short time of 2.5×10−5 s under 405 nm illumination [32]. 

 This work highlights the procedure to exfoliate rGO nanosheets in KOH or NaOH electrolyte 

using a specially designed electrochemical cell with electrodes that are able to move freely in the 

vertical direction as shown in Fig. 1. With the assistance of an electric arc in liquid, the rGO 

nanosheets were exfoliated directly on to the cathode (video, Supplementary 1). The rGO 

nanosheets were then utilized to fabricate rGO optical sensors. 

2. Experimental details 

Graphite rods collected from disposed Zn batteries shown in Fig. 1 underwent a cleaning process: 

(i) rinsing under water, (ii) grinding to sharpen the end as illustrated in Fig. S1, Supplementary 2. 

(iii) Rinsing graphite rods again under water, (iv) sonication in acetone, IPA and DI water. All 

rods were then rinsed in air at 80 oC for 24 hours. The rGO samples were exfoliated in 5% KOH 

(> 85%, Chemicals Duksan, South Korea) or 5% NaOH (>99%, Merck, Germany) electrolytes 

using the electrochemical setup in Fig. S2(a), Supplementary 2. Dilute 5% KOH and 5% NaOH 

are used due to their two advantages. First, dilute KOH and NaOH are cheaper and less toxic than 
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other strong oxidizing chemicals. Second, the products of the electrochemical reaction are H2 and 

H2O, relative safety to environment and human body.   The cathode was connected to the graphite 

rod, while the anode was connected to stainless steel. The voltage was kept at 60.0 V during the 

experiment. Video of the exfoliation process is shown in Supplementary 1. The rGO solution in 

Fig. S2(b) was then filtered using vacuum filtration, followed by rinsing in air. The rGO powder 

was obtained in Fig. S2(c). 

 

Figure 1. Schematic illustration of rGO recycling and rGO sensor fabrication. 

 The surface topography of rGO was examined via field emission scanning electron microscopy 

(FE-SEM), and its elemental composition determined by energy dispersive spectroscopy (EDS) 

(S-4800 FESEM Hitachi). Transmission electron microscopy (TEM) has the potential to clarify 
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the crystallinity as well as morphology of nanomaterials and has been extensively used to study 

rGO nanosheets (TEM: JEM-3010, JAPAN). 

 

Figure 2. (a) rGO films prepared by vacuum filtration method, (b) SEM cross-section of rGO film 

deposited by vacuum filtration method. The film thickness is determined to be ~ 120 nm; Inset of 

(a) and (b) The shadow mask for fabrication of resistivity sensors, and the rGO resistivity sensor 

with Ti/W electrodes, respectively. (c) and (d) SEM images of rGO exfoliated in KOH and NaOH 

electrolytes, respectively, (e) and (f) AFM images and the thicknesses of rGO exfoliated in KOH 

and NaOH electrolytes, respectively. 

 The rGO film thickness was measured using atomic force microscopy (AFM) (MFP-3D AFM, 

US), and the chemical groups and defects in rGO samples were investigated via Fourier-transform 
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infrared spectroscopy (FTIR) (NICOLET 6700, Thermo) and Raman spectroscopy (XploRA 

PLUS, Horiba) with a 532 nm (2.33 eV) excitation source, respectively. The phase identification 

of rGO was analyzed using X-ray diffraction (XRD) (EMPYREAN, Panalytical), using Kα 

radiation (λ= 1.5406 Å). The XPS spectra were measured via JPS-9030 Photoelectron 

Spectrometer (JEOL) using K X-ray and analyzed by built-in software Specsurf 1.9.6. Charging 

effects were removed by considering C 1s at 284.8 eV and shifting the rest of the peaks 

accordingly. 

 The rGO sensor fabrication procedure is as follows: (i) deposit rGO film using vacuum filtration 

technique shown in Fig. 2(a). In this process, dry rGO powder is distilled in DI water at a 

concentration of 3 mg rGO/1 ml DI, then 5 ml rGO solution is dropped on the acetate cellulose 

filter (pore size of 0.22 µm) under vacuum to form rGO membranes with a thickness of ~ 120 nm 

determined from SEM cross-section measurement shown in Fig. 2(b). (ii) The electrodes of sensors 

are formed using a shadow mask shown in the inset of Fig. 2(a) with the electrode distance of 50 

µm. The samples are then loaded into a sputtering chamber to deposit Ti/W (~ 30 nm/200 nm). Ti 

and W metals are chosen because they are cheap as compared with Au. The electron affinity of 

rGO was reported at 3.4 eV [32], so Ti layer (with the work function of 4.3 eV) lowers the Schottky 

barrier of Ti/rGO interface. Besides the low price, W is used as a capping layer to protect Ti layer 

from damaging and oxidizing. The I-V and I-t characteristics are measured using the Ossila Source 

Measure Unit P2005A2 (Ossila, UK). The excitation light sources are a violet laser with  = 405 

nm and a red laser with  = 650 nm. 

3. Results and discussion 

Figure 2(c and d) shows the SEM images of rGO, illustrating the stacking of rGO nanosheets with 

some overlaps and wrinkles. Their AFM measurement in Fig. 2(e and f) indicates thickness 
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ranging from 0.62 to 6.00 nm, corresponding to one to ten layers with an average diameter of ~ 

200 nm. 

 

Figure 3. (a) and (b) EDS mapping of the composition of samples exfoliated in NaOH and KOH, 

respectively. (c) – (f) Bright field TEM image, dark field TEM image, SEAD pattern, and the high-

resolution TEM image of KOH exfoliated sample, respectively. (g) – (j) Bright field TEM image, 

dark field TEM image, SEAD pattern, and the high-resolution TEM image of NaOH exfoliated 

sample, respectively. Inset of Figs. 3(f) and (j) show the crystalline space analysis of the positions 

marked on the same figures. 
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 EDS mapping shown in Fig. 3(a and b) illustrates the presence of K and Na atoms on the 

exfoliated rGO, indicating that K and Na atoms are still attached onto the rGO sheets after they 

intercalate into the graphite and the exfoliated graphite rod to form the rGO layers. The C 

concentration in NaOH exfoliated sample is significantly higher than that in the KOH sample, and 

the opposite is also observed for O concentration. Fig. 3(a and b) shows an even distribution of K 

and Na atoms without any agglomeration on rGO nanosheets. The alkaline doping using other 

methods showed a tendency to form alkaline particles on graphene sheets because of the lack of 

active sites to interact with these atoms [33]. 

 

Figure 4. (a) XRD, (b) FTIR, and (c) Raman spectra of rGO exfoliated in KOH and NaOH 

electrolytes from disposed graphite rods. (d) The decomposition of D and G Raman peaks shown 

in Fig. 4(c). 
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 The TEM images and profile analysis of rGO nanosheets are shown in Fig. 3(c - j). The bright 

field and dark field TEM images of both samples shown in Fig. 3(c and d), and Fig. 3(g and h) 

indicate that the rGO nanosheets have mixed structures of single as well as multilayers. The SEAD 

images shown in Fig. 3(e and i) reveal the same diffraction rings at 1.23 and 2.13 Å, corresponding 

to Miller-Bravais indices of (1-210) and (0-110) planes, respectively [34]. The spacing of 2.13 Å 

in both samples confirm the hexagonal diffraction pattern of (0-110) plane of graphene sheets. 

High resolution TEM images shown in Fig. 3(f and j) combined with the crystalline space analysis 

of the position within 8 layers indicate that the d-spacing between 2 layers of graphene is 3.75 Å.  

 The crystal structure of rGO samples is verified in Fig. 4(a). A strong and sharp diffraction peak 

is observed at 26.5o, corresponding to the small interlayer distances (3.37 Å) of multilayer rGO 

nanosheets and graphite. The emergence of peaks at 14.3 and 22.3o in KOH and NaOH samples 

indicates that oxygen functional- and epoxy groups are introduced in between consecutive layers. 

The interlayer distances are correspondingly 6.22 Å (2 = 14.3o) and 3.98 Å (2 = 22.3o), 

respectively. The chemical groups in rGO samples were identified in Fig. 4(b). The main peak 

centers are located at 1118.5, 1639.4, 2848.4, 2917.8, and 3459.7 cm−1, which can be related to C-

O, C=C , C-H (2848.4, 2917.8 cm−1), and -OH stretching respectively [35]. The Raman spectra of 

the same samples and the devolution of their G peaks are shown in Fig. 4(c and d), respectively. It 

is seen that the edge deformation in rGO nanosheets exfoliated in KOH and NaOH electrolytes is 

less than that in GO fabricated by Hummer’s method [10], illustrated by the fact that the ID/IG 

ratios of NaOH-rGO sample and KOH-rGO sample are 0.16 and 0.18, respectively. Fig. 4(d) 

shows the devolution of D and G peaks illustrated in Fig. 4(c). The G peak (1562.9 cm−1) is from 

the in-plane vibrations of sp2 carbon atoms. The amount of disorder in rGO nanosheets is 

deconvoluted into two separate disorder peaks: D (1338.7 cm−1) from the intervalley scattering, 
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and D’ (1587.2 cm−1), from intravalley scattering for both samples [36, 37]. The fact that the 

intensity of D’ band of KOH sample is 26.7% higher than that of NaOH sample indicates that less 

defects can be obtained in rGO prepared in NaOH electrolyte. The results are in agreement with 

those in SEAD measurement shown in Fig. 3(e and i). Small intensity of D” band was observed in 

both samples because of the presence of a small amount of amorphous carbon in the disposed 

graphite rode [36]. 

Table 1. Core peaks of C 1s, K 2p, and Na 1s of KOH and NaOH after the deconvolution. The 

unit is eV. 

Peaks  KOH sample NaOH sample references 

C 1s C-C, C-H 284.8 284.8 [38] 

 C-O 286.7 286.3 [39] 

 C=O 287.7 287.9 [39] 

 O-C=O 289.0 292.7 [39] 

 C-Na  282.9 [40] 

 C-K 282.8 - [40] 

K 2p 3/2 K 2p 3/2 295.0 - [41] 

 K 2p 1/2 297.8 - [41] 

Na 1s Na-O - 1071.7 [42] 

 Na-C - 1074.2 [43] 

 Figure 5(a) shows wide-scan X-ray photoelectron spectroscopy (XPS) spectra of rGO 

nanosheets exfoliated in both KOH and NaOH. Both samples were dispersed in water, followed 

by sonication and coated on SiO2/Si substrate before they were loaded into the XPS chamber. All 

peaks are calibrated by placing the C 1s peak at a binding energy of 284.8 eV and shifting the rest 
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of the peaks accordingly. The shift of peaks in XPS measurement is due to sample charging effects. 

For wide-scan XPS spectra, the strongest peak is C 1s at 284.8 eV in both samples, and the O 1s 

peaks is determined at 532.9 eV, which can be due to the overlap of aliphatic C-OH peak (532.9 

eV), aromatic C-OH peak (533.6 eV), and Si-O peak (532.62 eV)[38]. The atomic percent of the 

NaOH sample is 75.53% C, 14.72% O and 9.75% Na, calculated based on the intensity of C 1s, O 

1s, Na 1s peaks in the wide-scan spectra shown in Fig. 5(a). The atomic percent is determined to 

decrease to 59.27% for C, increase to 34.07% for O, and be 6.66% for K in KOH sample. The 

present of Na and K peaks in the wide-scan XPS spectra indicate that these alkaline metal elements 

were absorbed on rGO nanosheets. 

 

Figure 5. XPS spectra of rGO exfoliated in KOH and NaOH electrolytes. (a) Survey scan, (b) high 

resolution spectra of C 1s of KOH and NaOH samples, (c) K 2p of KOH sample, and (d) Na 1s of 

NaOH sample. 

 The atomic percentage of oxygen in NaOH sample is lower than that in the KOH sample 

suggesting that number of oxygen functional groups replaced by Na atoms are more than those 
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replaced by K atoms, referring to an effectively partial reduction of GO layers during the 

exfoliation process in NaOH electrolyte. Alkaline dopants were reported to increase the 

conductivity by 10 times as compared to undoped GO [44]. The results are in agreement with the 

EDS mapping shown in Fig. 3(a and b). The core level of C 1s, K 2p, and Na 1s peaks were 

deconvoluted as shown in Fig. 5(b - d) and Table 1, using Gaussian–Lorentz line shape and a 

Shirley background with an uncertainty of the core position of 0.05 eV. C 1s peaks are 

deconvoluted to 5 peaks, including C-C, C-H, C-O, C=O, O-C=O peaks [39, 40]. The increase in 

magnitude of the C-O peak in the KOH sample indicates that the exfoliation strongly oxidizes 

graphene sheets via the C-O bond. A small binding energy at 282.9 and 282.8 eV shown in Fig. 

5(b) can be assigned to the C-Na bond in the NaOH sample and the C-K bond in the KOH sample, 

respectively [40], indicating that alkaline atoms were doped on rGO nanosheets effectively. 

Because the K 2p peak is clearly separated to C 1s peak in the wide-scan XPS spectra and the 

observation of K 2s peak, the deconvolution of K 2p peak is conducted in Fig. 5(c), with a binding 

energy at 295.0 eV, and 297.8 eV for K 2p3/2 and K 2p1/2, respectively. Na 1s peak is 

deconvoluted in Fig. 5(d), showing a specific Na-O bond at 1071.7 eV [42]. New and strong peak 

observed at 1074.2 eV is due to the absorption of Na on graphene sheets, denoted Na-C bond [43]. 

The 1.2 eV shift of the Na 1s peak was also observed in another study when Na was absorbed on 

the C-ring of tetracyanoquinodimethane[43]. The present of K 2p, C-K bonds, Na 1s and C-Na 

bonds confirms the intercalation of K and Na atoms into graphite during the electrochemical 

exfoliation assisted by an electric arc. 

 Figure 6(a-d) shows the current – time characteristics of resistive optical sensors fabricated 

from rGO nanosheets exfoliated in KOH and NaOH electrolytes. Their photoresponse in terms of 

change in current is measured at a constant intensity of incident light having the wavelengths of 
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405 and 650 nm. The wavelengths of 405 nm and 650 nm are chosen to understand the effects of 

oxygen functional groups on the band gap of rGO because its band gap may vary from 1.9 eV 

(652.5 nm) to 3.0 eV (413.3 nm) [5, 17]. The sensor stability and repeatability in response to the 

photocurrent is calculated using the formula:  

 Iph = Ilight – Idark (1) 

where Iph is photocurrent, Ilight is light current, and Idark is dark current.  

 

Figure 6. (a – d) Current – time characteristics for several cycles as light is turned on and off with 

the excited wavelength of 405 nm and 650 nm, the voltage applied between two electrodes are 0.5 

– 2.0 V, and the power of the light is 45 mW/cm2. 
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 The values of Iph as a function of time and wavelength are illustrated in Fig. 7(a), showing that 

at bias voltages ranging from 0.5 to 2.0 V, Iph significantly increases at excited wavelength of 405 

nm, and gradually increases at that of 650 nm. The lower currents at excited light source of 650 

nm resulted from photons with insufficient energy, only generating free photo-generated charges 

in rGO films having the band gap Eg  1.91 eV. In contrast, 405 nm laser (photon energy E of 

3.07 eV) can excite electrons in all rGO films that have the band gap ranging from 0.11 to 3.0 eV 

[17]. To investigate the performance of rGO sensors, photocurrent, response time (rise and fall), 

and responsivity are investigated in Fig.  7(b – e), respectively. High photocurrents of 43.43 µA 

for NaOH-exfoliated sensor and 36.18 µA for KOH-exfoliated one are obtained at voltage of 2.0 

V and excited wavelength of 405 nm shown in Fig. 7(b). The linear relationship of Iph – V curves 

is observed in both devices at  = 405 nm.  The slope of the NaOH-exfoliated sensor is higher than 

that of the KOH-exfoliated one, indicating low sheet resistivity of rGO film fabricated from 

NaOH-exfoliated rGO nanosheets. The results are confirmed by the low densities of defects in 

rGO nanosheets which are believed to be due to oxygen functional groups, investigated in Fig. 4 

(d) and Fig. 5 (b). These defects can trap the photo-generated carriers in rGO film. The current in 

this case should be from swift transportation of the photo-generated charges from rGO to metal 

electrodes. At  = 650 nm, the non-linear I-V curves are observed in bias voltages ranging from 

1.0 to 2.0 V in both sensors shown in Fig. 7(b), namely the saturation regions of photocurrents 

observed in the previous study [32]. The saturation current of NaOH-exfoliated rGO sensor is 

81.5% higher than that of KOH-exfoliated rGO one, probably due to the low defect density of 

NaOH-exfoliated rGO nanosheets. 
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Figure 7. (a) Comparison of the temporal photocurrent response of KOH- and NaOH-exfoliated 

sensors at bias voltages ranging from 0.5 V to 2.0 V, (b) Iph – V characteristics of KOH- and 

NaOH-exfoliated sensors at excited wavelengths of 405 nm and 650 nm, (c) and (d) Rise time and 

fall time of KOH- and NaOH-exfoliated sensors as a function of bias voltages, excited by the 

wavelengths of 405 nm and 650 nm, respectively, (e) Responsivity – voltage curves of KOH- and 

NaOH-exfoliated sensors excited by the wavelengths of 405 and 650 nm, and (f) Benchmarking 

of responsivity versus rise time of rGO and GO photosensors. The dash line is used to compare 

the results in this study to those in literatures. 

 It was suggested that the photoconductive effect is the dominant mechanism of photocurrent 

generation in rGO-based photodetectors [45]. The general process should be (i) generation of 

carriers by absorption of the incident light, (ii) transport of carriers and (iii) extraction of carriers 

via the external circuit. All of these factors impact the response time and the photocurrent of the 

photodetectors. The rise time (t1) is calculated from 10 to 90% amplitude of the dark current, and 
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recovery (fall) time (t2) is from 90 to 10% amplitude of light current shown in Fig. 7(c) for  = 

405 nm, and Fig. (d) for  = 650 nm. At  = 405 nm, the rise times of NaOH-exfoliated rGO sensor 

are from 1.89 s (at 0.5 V) to 2.31 s (at 2.0 V), about 30% smaller than those of KOH-exfoliated 

rGO one shown in Fig. 7(c). The fall times are from 3.31 to 5.60 s for sensors exfoliated in NaOH 

electrolyte and from 4.73 to 5.92 s for ones exfoliated in KOH electrolyte. It is clear that rise time 

and fall time increase ~ 2 – 3 times when the excited wavelength increases from 405 to 650 nm, 

observed in both sensors shown in Fig. 7(d). The fact that the rise time of NaOH-exfoliated rGO 

sensor is smaller than that of KOH-exfoliated rGO sensor may originate from structure defects, 

which can capture the photo-generated carriers, as discussed in Raman spectra shown in Fig. 4(d) 

and XPS spectra shown in Fig. 5.   

 Fig. 7(e) shows the responsivity of NaOH- and KOH-exfoliated sensors, which is calculated 

from [32]:   

 𝑅 = 𝐽𝑝ℎ𝑃   (2)  

where 𝐽𝑝ℎ and P are the photocurrent density and the power of the incident light, respectively. The 

responsivity of 0.46 A W−1 of NaOH-exfoliated rGO sensors (at V = 2.0 V and  = 405 nm) is 

17.4% higher than that of KOH-exfoliated rGO ones. These results are compared with those in the 

previous studies shown in the benchmark in Fig. 7(f) with an observed deviation of 4 orders of 

magnitude. The highest response (10 A/W) is from reference [32] because the plasmonic gold 

nanoparticles enhance light adsorption in the visible region. The devices fabricated in this study 

have highest performance as compared to others that do not use expensive materials [10, 28-30]. 

Figure 7(f) indicates that the optical sensors fabricated from NaOH-exfoliated nanosheets are the 

best-in-class in terms of response time and sensitivity. 

4. Conclusion 
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An inexpensive price, convenient recycling method to manufacture rGO from graphite rods of 

Disposable Zinc batteries was successfully researched. The rGO samples prepared by 

electrochemical method under the assistant of electric arc showed superior properties of low defect 

density, illustrated by low ID/IG at 0.16 – 0.18, exfoliated in KOH and NaOH solutions. The rGO 

nanosheets have a thickness of 0.62 to 6.00 nm, corresponding to one to ten layers, determined 

from AFM and TEM measurements. The hexagonal diffraction pattern of (0-110) plane of 

graphene sheets in response to d-spacing of 2.13 Å was observed in both samples from SEAD 

measurement. XPS spectra illustrated that the oxidation of rGO exfoliated in NaOH electrolyte is 

19.35% less than that exfoliated in KOH electrolyte, strongly affecting the response of the rGO 

optical devices. The sensitivity, response time, and recovery time were determined as 0.38 A/W, 

3.1 s, and 5.9 s, respectively for KOH-exfoliated rGO sensor. These values were 0.46 A/W, 2.3 s, 

5.6 s, respectively for NaOH-exfoliated rGO one. The best-in-class of high gain were demonstrated 

in this study for the rGO optical sensors prepared from disposed graphite rods.  
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