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The scalable production of graphene nanosheets (GNS) at high quality is a critical 

milestone for various potential applications, including sensors[1], biosensors[2-4], 

nanoelectronics[5], nanocomposites[6], energy conversion and storage[7, 8], catalysis[9], and 

biomedical applications[10]. Among those applications, strain sensing is critically important in 

the context of structural health monitoring, since various types of damage (e.g., fatigue, 

cracks, impacts, and delamination, among others) can be detected and assessed based on 

strain measurements. As compared to conventional bulky and discrete strain sensors (e.g., foil 

strain gages and fiber optics), nanostructured materials are promising candidates for 

fabricating novel, highly sensitive, and flexible thin film-based strain sensors that can be 

deposited over large structural surfaces[1, 11]. While strain sensors based on zinc oxide[12, 13], 

carbon nanotubes (CNT)[14, 15], and metal nanowires[16, 17] have been proposed, GNS provides 
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tremendous opportunities for improving the properties of next-generation strain sensors[1, 11], 

in particular, by leveraging their nanostructured two-dimensional (2D) morphology and 

extraordinary mechanical and electrical properties[6, 18, 19]. 

Over the last decade, various methods have been introduced for the synthesis of GNS, 

including micromechanical exfoliation[20], chemical vapor deposition (CVD)[21], 

electrochemical exfoliation[22-24], the reduction of graphene oxide (GO)[25], and liquid-phase 

exfoliation (LPE) of bulk graphite in various solvents[26]. Although the bulk production of 

GNS by reduction of GO is a popular method[25, 27], the drastic conditions (i.e., the use of 

strong reducing agents or high temperatures) involved in the reduction process often introduce 

impurities or defects in the reduced GO (RGO), which affect the intrinsic properties of GNS. 

In addition, the synthesis of RGO chemically or thermally is time-consuming, laborious, and 

hazardous for the environment. While CVD is capable of producing almost defect-free GNS, 

the yield is low in terms of bulk production. In contrast, LPE of bulk graphite via sonication 

in various solvents[28, 29] to prepare GNS has attracted considerable attention due to its simple 

operations, low defects in the produced nanosheets, and minimal environmental impact[30].  

Recently, mixtures of solvents have been demonstrated as successful liquid phases to 

improve the yield and quality of GNS, as well as other (2DLMs) in LPE[31],[29]. The successful 

employment of N-methylpyrrolidinone (NMP) for liquid phase exfoliation of LMs have 

opened new directions in the synthesis and applications of 2DLMs[26, 32]. However, the defects 

generated in GNS during ultrasonication with NMP[33] degrade their quality and affect its 

intrinsic properies and, consequently, its applications. Exploring new solvents for LPE to 

obtain high yields of stable and high quality GNS remains essential. A previous study has 

shown that the stability of RGO dispersion can be significantly enhanced by adding a small 

amount of water to NMP [34]. Moreover, some recent studies [29, 35-37] have demonstrated how 

trace amounts of water in an NMP-water mixed solvent system improve the solvent quality 
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for LPE of LMs. Briefly, the presence of water plays an important role in solid-solvent 

interactions and stability of the dispersion of exfoliated nanosheets of LMs [37].  

 In this work, we report the effect of water as the co-solvent with NMP in LPE for 

improving the yield and quality of GNS while demonstrating how high-quality GNS can lead 

to higher performance paper-based graphene strain sensors. First, we synthesized low-defect 

few-layer GNS from graphite using a surfactant-free, efficient, and economical LPE process 

[29] by using a water-NMP mixed solvent. Second, we fabricated strain sensors by preparing 

an aqueous GNS dispersion and directly depositing it on paper. In short, using the high-

quality GNS prepared by water-assisted LPE (denoted as LPEGNS for the remainder of this 

article), their material properties were successfully translated to the bulk-scale, and the 

flexible graphene paper specimens exhibited improvements in electrical properties and 

piezoresistivity as compared to RGO-based sensors. In addition, this study also showed that 

the electrical conductivity and strain sensing performance of LPEGNS strain sensors could be 

further improved through post-fabrication thermal annealing. These results show promise for 

developing low-cost, flexible, and highly-sensitive GNS-based strain sensors. 

Figure 1 illustrates an overview of the experimental procedure employed for LPEGNS 

preparation, paper-based strain sensor fabrication, and strain sensing tests. First, LPEGNS 

was prepared from bulk graphite powder using a surfactant-free LPE technique[29], with water 

as the co-solvent with NMP (Figure 1a). To highlight the advantage of using LPEGNS for 

stain sensing, RGO nanosheets were also synthesized and used to fabricate strain sensors, and 

the results were compared. RGO was prepared using a combination of modified Hummers’ 

method[38] and thermal reduction. The detailed procedures of LPEGNS[29] and RGO 

preparations are described in the Experimental Section. The step-by-step fabrication of 

paper-based graphene (LPEGNS and RGO) strain sensors is exhibited in Figure 1b. In short, 

aqueous graphene suspensions prepared by ultrasonicating GNS in 
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polyoxyethylene(40)nonylphenyl ether (IGEPAL® CO890) were directly deposited onto 

standard printer paper. Then, air-dried graphene paper was cut to obtain smaller specimens 

onto which conductive electrodes were established for measurement purposes. One can 

observe from the photograph of fabricated sensors (Figure 1b-5) that LPEGNS and RGO 

were uniformly distributed and were well-integrated with paper fibers, and the incorporation 

of GNS did not compromise the flexibility of the pristine substrate (inset of Figure 1b-5). In 

this study, a cantilevered beam (Figure 1c-1) was used to compare the electromechanical 

performance of the RGO-based and LPEGNS-based sensors, while three-point-bending tests 

(Figure 1c-2) were conducted to further characterize their strain sensing response. 

The representative ultraviolet-visible (UV-vis) absorption spectra of LPEGNS 

dispersions prepared with varying water mass fractions (mw) exhibit a peak at 266 nm (Figure 

2a), which is consistent with previous reports[26, 31] and show no major alteration or oxidations 

in the LPEGNS structures during exfoliation[26]. The photographs of LPEGNS dispersions as 

a function of mw are presented in Figure S1 (Supporting Information). The optimal mw for 

exfoliation of graphite and the exfoliated concentration were evaluated by a systematic UV-

vis spectroscopic study of the LPEGNS dispersions at different mw (Figure 2b), and the 

absorption coefficient and exfoliated concentration of LPEGNS was evaluated at 660 nm by 

the filtration and weighing method (detailed in the Section S1, Supporting Information)[26]. 

Figure 2b indicates that the exfoliated concentrations of LPEGNS increased initially with the 

increase of mw, and optimal mw was found to be 0.2 – 0.3. In this study, the LPEGNS 

obtained at mw = 0 and mw = 0.2 have been distinguished as LPEGNS-1 and LPEGNS-2, 

respectively. The final concentration of LPEGNS-2 obtained after centrifugation was 0.43 mg 

mL-1, which was almost 2.5 times that of LPEGNS-1 (Figure 2b). The stability of the 

LPEGNS-2 dispersion was further examined by UV-vis. Figure 2c shows a representative 

photograph of the LPEGNS-2 dispersion after 18 months showing Tyndall effect, and Figure 
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2d shows the stability of the LPEGNS-2 dispersion as a function of time, indicating that the 

LPEGNS-2 dispersion remained stable even after 18 months. The high yield and exceptional 

stability of LPEGNS-2 dispersion may be attributed to the favorable graphite-water/NMP 

interactions and stabilization of exfoliated nanosheets by water-NMP heteroassociation 

(Section S4, Figures S7 and S8, supporting information) [37]. 

Micro-Raman spectroscopic analysis was performed to study the defect densities of 

LPEGNS and RGO. The defect analysis by Raman spectroscopy is thoroughly discussed in 

Section S2 (Supporting Information). Both LPEGNS-1 and LPEGNS-2 showed three typical 

peaks assigned as D, G, and 2D peaks at 1340, 1577, and 2692 cm-1, respectively (Figure 2e), 

which are consistent with previous reports[26, 39]. The D and G bands are due to structural 

imperfections in the carbon basal plane[40] (or topological defects[41]) along the edges and sp2 

carbon bond stretching of the E2g mode[40], respectively. The 2D peak is the overtone of the D 

peak and is typically used to estimate the number of layers in graphene[42]. The shapes and 

positions of the 2D peaks of LPEGNS-1 and LPEGNS-2 samples suggested single- and few-

layer graphene structures[42].  

In general, the defect densities of graphitic materials can be estimated from the 

intensity ratio of the D to G peaks [I(D)/I(G)][43]. The estimated I(D)/I(G) values for LPEGNS 

and RGO are summarized in Table S1 in Supporting Information. The average I(D)/I(G) was 

found to be 0.68 and 0.51 for LPEGNS-1 and LPEGNS-2 respectively, thereby indicating that 

the addition of optimal amounts of water reduced the defect densities in LPEGNS-2. 

According to previous studies,[41] the I(D)/I(G) values for graphite is between 0.2 to 0.7, 

which implies that LPE by sonication in a water-NMP solvent system led to negligible defects 

in LPEGNS-2 as compared to defects caused by oxidation (average I(D)/I(G) ≈ 1)[41, 44]. 

Moreover, in all the cases, the I(D)/I(D') values (Table S1) remain less than 4.5, implying that 

the defects in the as-produced graphene nanosheets mainly existed along the edges, thereby 
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excluding vacancies and sp3 type defects[41, 45]. In contrast, RGO shows a I(D)/I(G) value 

around ~ 1.08, indicating the presence of higher defect densities caused by oxidation (Figure 

2e). Figure 2f clearly shows that a larger I(D)/I(G) corresponds to a larger full-width half-

maximum of the G peak FWHM(G), which indicates that a larger defect density corresponds 

to higher FWHM(G), and these results are also consistent with previous reports[33]. The 

correlation between I(D)/I(G) and FWHM(G) were also used to evaluate defect densities in 

GNS[33], where the lower values of I(D)/I(G) and FWHM(G) of LPEGNS-2 indicated that the 

water-NMP co-solvent (mw = 0.2) approach caused fewer defects to LPEGNS during 

sonication as compared to using pure NMP (Figure 2f). The Raman I(D)/I(D') analysis 

(Table S1) demonstrated that the defects generated in LPEGNS during the exfoliation process 

were mainly edges or topological defects by nature, rather than oxidative defects[41]. The 

defects in LPEGNS were also estimated from the chemical purity and C/O ratio by X-ray 

photoelectron spectroscopy (XPS) analyses (Figure S2, S3b, and S3d in the Supporting 

Information). The absence of any oxidized carbon in the exfoliated graphene layers was also 

supported by XPS analysis. The C/O ratio of LPEGNS were estimated as a function of mw 

and is presented in Table S2 and Figure S3 b, d  . The C/O ratio of LPEGNS-2 was found to 

be 29.96 which is appreciably higher than the previously reported C/O ratio (6.95 to 21.11) of 

graphene nanosheets produced by various reduction methods of graphene oxide [46-53]. The 

high C/O ratio of LPEGNS-2 clearly suggests that oxidation did not take place on the 

graphitic structure during exfoliation. The trace amount of oxygen observed in XPS wide scan 

spectra (Figure S2b) of both LPEGNS-2 and bulk graphite powder might have appeared due 

to exposure to air[54, 55] (Section S3 in Supporting Information). 

Extensive transmission electron microscope (TEM) measurements were performed to 

determine the morphology of exfoliated LPEGNS-2, as shown in Figs. 2g and S3. The 

statistical size analysis of LPEGNS-2 from TEM images revealed that the majority of the 
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exfoliated LPEGNS-2 are characterized by a lateral dimension of ~ 0.5 – 2.0 μm (Figure S4). 

The number of layers in LPEGNS-2 were estimated from high-resolution TEM (HRTEM) 

images by carefully observing the edges of the nanosheets[26] (Figure S3c), where mono-layer 

and few-layer structures were observed in LPEGNS-2, which is consistent with Raman 

analysis. The thickness of the LPEGNS-2 was also analyzed by atomic force microscopy 

(AFM). AFM image of graphene (Figure S6) show small nanosheets of LPEGNS-2 with a 

thickness of 2 – 4 nm, suggesting few (4 – 8) layered nanosheets. HRTEM and corresponding 

fast Fourier transform (FFT) images (Figures 2h and S3d) show the hexagonal regular 

crystalline structure of LPEGNS-2, suggesting no severe distortions in crystallinity[26]. In 

contrast, TEM images of RGO (Figure 2i) clearly exhibit hole-like defects introduced by the 

chemical modification that occurred during its preparation. 

To demonstrate the importance of using high-quality GNS to obtain enhanced bulk 

materials with favorable performance attributes, thin film strain sensors were fabricated and 

tested. Figs. 3a and 3b show the representative nominal resistance time histories of RGO-

CO890 and LPEGNS-2-CO890 paper sensors, respectively; the plots also include their 

average unstrained resistance values and standard deviations. It was found that samples 

fabricated with RGO possessed significantly higher resistance than their LPEGNS-based 

counterparts. The inferior bulk electrical conductivity of RGO-based sensors could be mainly 

attributed to the structural defects in the nanosheets that were inevitably introduced when 

removing the oxygen-containing groups (Figure 2h). Furthermore, upon closer examination 

of the resistance time histories over a period of 500 s (insets of Figures 3a and 3b), RGO-

CO890 paper sensors exhibited a higher noise floor. Here, the root-mean-square (RMS) noise 

(RRMS) of the nominal resistance data were calculated using Equation 1,  

  (1) 
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where Ri represents the measured resistance data as a function of time (t), whose average is 

denoted by Rave, and n is the total number of measurements included. It should be mentioned that 

Rave is also regarded as the nanocomposite’s unstrained nominal resistance. The calculated RMS 

noise values for the two sample sets tested are listed in Figs. 3a and 3b, which confirmed that the 

RGO-CO890 sensors were characterized by significantly higher noise. It is hypothesized that 

RGO-CO890 graphene paper nanocomposites contained unstable or defective conductive 

pathways, which could be more susceptible to external stimuli (e.g., changes in ambient 

temperature, humidity, and light), resulting in considerable variations (or noise) in their electrical 

resistivity.  

The strain sensing performance of RGO and LPEGNS was also compared. Figs. 3c 

and 3d show the resistance changes of RGO- and LPEGNS-2-based samples when subjected 

to applied strains, respectively. The electromechanical response of RGO-CO890 samples 

could be barely detected because of the dominant effects of noise during applied strains 

(Figure 3c). On the other hand, one can observe from Figure 3d that the resistance of 

LPEGNS-2-based sensors increased in tandem with increasingly applied tensile strains and 

without any phase lag. During the unloading process, the paper sensors’ resistance decreased 

simultaneously and returned to their initial unloaded resistance. The piezoresistivity of 

graphene paper could be primarily contributed by the disturbance of electrically conductive 

pathways in the nanocomposite under applied strains. In particular, portions of deposited GNS 

could experience strain-induced rigid-body motion (along with the paper fibers) to become 

physically and electrically disconnected (during applied tensile strains), which would disrupt 

the originally formed conductive network and impede electrical current flow. As a result, the 

bulk electrical resistance of the nanocomposite would increase correspondingly. When tensile 

strains were removed, the paper fibers restored to their previous configurations, enabling 

LPEGNS-2 to re-establish the initial percolation network, reducing bulk film resistance to its 
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initial value. The assumption of elastic behavior of paper is valid given that only small strains 

were applied and that no residual strains (or permanent deformation) were observed after the 

tests. However, for RGO-based specimens, since the conductive network itself was unstable 

and that RGO was sensitive to ambient effects, the nanocomposite’s piezoresistivity was 

unreliable, if detectable at all. Therefore, the superior quality of LPEGNS-2 versus RGO is 

crucial for manufacturing paper-based thin films with favorable strain sensing properties.  

In addition, the electrical and electromechanical properties of LPEGNS-2-CO890 

paper sensors were further characterized and improved. Here, the specimens were fabricated 

in a more controlled manner by using a syringe to deposit a controlled amount of solution 

onto paper. The process was repeated to deposit multiple thin layers of LPEGNS-2-CO890 

film. Moreover, samples were also thermally annealed after being air-dried at room 

temperature. Figure 4a presents the nominal resistance of a representative sample set before 

and after annealing. As more layers of LPEGNS-2-CO890 film were deposited, the resistance 

of the non-annealed specimens decreased accordingly, and it tended to plateau when large 

numbers of layers were fabricated. This result indicates that the electrical conductivity of the 

LPEGNS-2-based paper sensors can be readily tuned by controlling the number of deposition 

cycles performed. Besides, post-fabrication annealing was able to ubiquitously enhance the 

conductivity of all samples, yielding ~ 23% decrease in their nominal resistance, regardless of 

the number of layers deposited. It was assumed that annealing could remove residual water 

and ethanol molecules that would otherwise be trapped in the nanocomposite post-fabrication. 

Therefore, annealing could improve LPEGNS-to-LPEGNS contacts, thereby forming a more 

integrated network with increased electrically conductive pathways and reduced contact 

impedance.  

Furthermore, to investigate the electromechanical performance of LPEGNS-2-CO890 

paper sensors, they were subjected to three-point-bending tests (Figure 1c-2). Figure 4b 
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shows the change in resistance of a representative annealed specimen subjected to applied 

strains; similar strain sensing response was observed for non-annealed samples, as is shown in 

Figure S9. It was confirmed that LPEGNS-2-CO890 paper sensors possessed stable, 

reversible, and repeatable piezoresistivity. 

This study also characterized the strain sensitivity or gage factor (GF) of the graphene 

paper sensors from the measured resistance and applied strain time histories using Equation 

2[56], 

  (2) 

where Rn represents normalized change in resistance, which is computed using the specimen’s 

change in resistance (∆R) with respect to its nominal resistance when strain (∆ɛ) was applied. 

Figure 4c plots Rn of representative 14- and 30-layer samples as a function of applied tensile 

strains. One can observe an approximately exponential resistance changing trend, which 

indicates that strain transfer in the conductive networks of the nanocomposite might depend 

on strain levels. In particular, at higher strain level, tensile strains could more effectively be 

transferred in the nanocomposite to induce more significant changes in its bulk resistance. 

However, in order to evaluate GF, their normalized resistance change versus strain raw data 

was fitted with a linear function, considering only data for which applied strains were larger 

than 25% of value of applied peak strain; the fitted least-squares regression lines are shown in 

Figure 4c. The average GFs and their standard deviations of non-annealed and annealed 

sample sets are summarized in Figure 4d. Although GFs of the non-annealed samples did not 

show strong dependency with respect to the number of layers, those of the annealed films 

were found to increase as more layers were deposited (except the anomaly of the 26-layer 

case, which was attributed to experimental error). In addition, annealing was able to improve 

the GFs for samples that included more than 14 layers. It is hypothesized that, by releasing 
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trapped water and ethanol molecules during annealing, strains could be more effectively 

transferred to the GNS network and cause more significant changes to the configuration of the 

conductive pathways. Moreover, since nominal resistance (i.e., Rave) of the paper sensors 

decreased after annealing (i.e., the denominator in Equation 2 became smaller), the same 

amount of strain-induced resistance change would result in higher GF for annealed samples.  

 This study also investigated the potential of using the proposed method for fabricating 

GNS-paper sensors with different and more complicated geometrical patterns. Figure S10 

shows three different coil patterns created by selectively depositing the GNS-based solution 

on paper. Here, the line width was 2 mm, and each pattern was formed by depositing 8 layers 

of film. It can be seen that the deposition was uniform throughout the entire pattern. The 

ability to fabricate different and complex patterns suggest that this technique can be used for 

designing and creating nanocomposite thin films suitable for being used, for example, 

aspassive radio frequency identification (RFID) antennas. It is anticipated that inkjet printing 

or other solution-based casting techniques can be further employed to autonomously deposit 

GNS-based solutions to create these patterns.  

In situ Raman spectroscopy of LPEGNS-2-CO890 at variable strain was performed to 

examine the effects of strain on the hexagonal graphene layers (Figures 5a, 5b, and S11). 

Figure 5a clearly shows that there is a shift in the G mode frequency of LPEGNS-2 under 

applied strain. An LPEGNS-2 film on paper substrate is sufficiently sensitive to respond to 

small strain (0.02 %), which also implies the high quality (low-defect) of LPEGNS. Despite 

its irregular trend, the G mode shows an overall blue-shift over the entire strained graphene. 

The irregularity might be due to the nonuniform strain distribution over the LPEGNS-2 layers. 

This nonuniformity could be attributed to the consequence of van der Waals interactions 

between the paper substrate with graphene nanosheets[57]. On the other hand, an overall 

decreasing trend is observed in the ID/IG profile with increasing strain (Figure 5b), which 

implies that applied strain does not introduce defects or deformations in graphene layers. The 
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effect of strain on LPEGNS was also investigated by scanning electron microscope (SEM) 

measurements (Figure 5c, 5f). It is noted that no significant deformation due to strain could 

be observed in SEM images at both high (Figure 5d, 5f) and low magnifications (Figure 5c, 

5e). 

In summary, we have demonstrated the low-cost preparation of GNS-based paper 

strain sensors by leveraging the superior quality of GNS, which were produced through 

scalable and surfactant-free liquid exfoliation of graphite powders in a water-NMP co-solvent 

system. The proposed LPE process enabled the enhancement of exfoliation yield (8.6%). 

Dispersions of as-exfoliated LPEGNS remained stable for up to 18 months, even at high 

concentrations (0.43 mg mL-1). Furthermore, the exfoliation process also reduced defect 

densities in GNS. To assess the benefits of different GNS and how these material properties 

translated to larger length-scales, strain sensing validation tests were conducted. The 

LPEGNS-based strain sensors, fabricated by depositing and drying dispersed aqueous 

solutions on standard printer paper, exhibited higher electrical conductivity, lower noise floor, 

and more stable electromechanical response as compared to their RGO-based counterparts. In 

addition, post-fabrication thermal annealing was capable of improving the electrical and 

electromechanical properties of the LPEGNS paper sensors. These results pave way for future 

practical developments and applications of these nanocomposites as strain sensors for 

structural health monitoring. 

 

Experimental Section  

Materials: Graphite (-325 mesh, 99.995 % pure) microcrystalline powders were purchased 

from Alfa Aesar. N-methylpyrrolidinone (NMP, 99% extra pure) was from Acors Organics. 

Polyoxyethylene (40) nonylphenyl ether (average Mn ~ 1982, branched) (IGEPAL® CO890) 
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and ethanol were obtained from Sigma Aldrich and Fisher Scientific, respectively. All 

chemicals were used as received. Deionized (DI) water was used in all of the experiments. 

GNS preparation: Figure 1a summarizes the entire experimental method employed for 

exfoliation of each material. We used the same 14 mL centrifuge tubes throughout the 

experiments to avoid material loss due to transfer. Here, 50 mg of each material were 

measured and placed in 14 mL centrifuge tubes with an initial concentration 5 mg mL-1 for 

exfoliation. The materials were bath sonicated (Elma sonic P60H) for 6 h and at a fixed 

nominal power and frequency of 100 W and 37 kHz, respectively. The positions of each 

sample tube were interchanged every 30 min to subject the mixtures to uniform power 

distribution. The water of the bath sonicator was replaced with normal cold water every 30 

min to minimize temperature increase during sonication, and temperature was maintained 

between 27 – 37 oC. Sample dispersions were left overnight after sonication, followed by 

centrifugation at 3,000 rpm for 30 min using a Hettich EBA20. The top 75% of the colloidal 

supernatant was first collected. Then, the supernatant was kept undisturbed for 24 h for 

further precipitation, if any, and the upper 67% portion of the colloidal supernatant was used 

for characterization. Every experiment was repeated for five times to obtain statistically 

representative results and to account for experimental error. 

RGO synthesis: In a typical preparation, 0.1 g of natural graphite was suspended in 100 mL of 

H2SO4, followed by stirring, using a magnetic stirrer, at 300 rpm for 2 h until a visually 

homogeneous black solution formed. Then, KMnO4 of different quantities was slowly added 

to the solution and further stirred for another 2 h at room temperature. After that, the 

temperature was gradually raised and then maintained for 2 h in a water bath (IKA-HS7 

digital). When the reaction completed, the product was removed from the heat source, 

allowed to cool to room temperature, and then poured into 350 g of ice containing 5 mL of 

35% H2O2 (i.e., to prevent precipitation of insoluble MnO2). The mixtures were then 
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centrifuged (at 24,500 rpm and for 30 min) to obtain crude solid (Beckman, Avanti J-25). The 

solid was removed and then bath-sonicated in 60 mL of DI water for 30 min (IKA-HS7 

digital). The material was bath-sonicated again by adding 30 mL of HCl, and the dispersion 

was centrifuged (24,500 rpm and 30 min). Furthermore, the collected solid was removed and 

then bath-sonicated in 60 mL of ether for 30 min. Purified GO was then obtained by 

collecting the centrifuged solid. Finally, exfoliation of GO was conducted by heating it (~ 10 

oC min-1) to 1,000 oC in an inert Ar atmosphere. After thermal reduction, RGO was obtained. 

Paper-based strain sensor fabrication: First, 0.5 mg mL-1 GNS (RGO and LPEGNS) was 

added to 0.5 wt% CO890 aqueous solution (Figure 1b-1). Here, a water-based solution was 

preferred over organic solvents (e.g., NMP) so as to avoid damaging the cellulose structure of 

paper fibers or compromising the mechanical properties of the paper substrates. The mixture 

was then subjected to 2 h of high-energy probe sonication (3 mm tip, 150 W, 22 kHz) for 

dispersing GNS (Figure 1b-2). Second, using disposable pipettes, 6 mL of GNS-CO890 

solution was deposited to cover a 12×2.5 cm2 rectangular area on paper, as is shown in Figure 

1b-3. The surface tension of the solution was found sufficient to confine the solution within 

the rectangular area and, hence, ensured that the amount of GNS deposited in each paper 

specimen was the same. It should be noted that the deposition was conducted on a horizontal 

platform, on which the GNS-CO890 solution could be uniformly distributed. After being air-

dried at room temperature overnight, the GNS paper was cut to form 14×1 cm2 specimens 

(with 1 cm margins on both the longitudinal ends of the specimen), as is shown in Figure 1b-

4. Figure 1b-4 also illustrates the technique for establishing electrodes, where copper tape 

strips were sandwiched between two layers of conductive silver paste so as to minimize 

contact resistance. Here, the gage length was 30 mm. On the other hand, to improve the ease 

of fabricating LPEGNS-based samples, ethanol was added to 0.7 mg mL-1 LPEGNS-CO890 

dispersed solutions (5:1 sonicated solution-to-ethanol by volume), and the mixture was then 
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subjected to cold bath sonication for 30 min. The fast evaporation of ethanol could accelerate 

the integration of GNS with the paper fibers. In addition, a syringe was used to deposit the 

dispersed LPEGNS-CO890/ethanol solution to form 60×2 mm2 thin rectangular strips on 

paper. After the samples fully dried, electrodes were attached as shown in Figure 1b-4, and 

the gage length was 20 mm. Moreover, post-fabrication thermal annealing was performed by 

subjecting the dried LPEGNS-based samples to annealing at 180 oC for 1 h in vacuum using a 

vacuum oven (ADP300C, Yamato Scientific America). It should be noted that all electrical 

measurements were performed after annealed sample sets cooled down to room temperature 

overnight.  

Strain sensing test setup: A commercial foil strain gage (GF of 2.13 ± 1% at room 

temperature) was installed on the beam and parallel to the graphene paper sensors using 

epoxy for measuring induced strains. In contrast, double-sided tape and Kapton tape were 

employed for affixing the GNS paper sensors onto the test beam, since epoxy might affect the 

intrinsic electrical properties of these specimens. The interface was strong and reliable enough 

that no slippage was observed during the tests. However, it should be mentioned that strain 

transfer by tape should be less effective than epoxy. This also means that the strain sensing 

results, such as the GF estimates, would be lower and more conservative. Then, quasi-static 

strain was applied uniformly to both the GNS paper sensor and strain gage by gently placing 

weights onto the free end of the beam (Figure 1c-1). Here, two Keysight 34465A digital 

multimeters (DMM) were employed to simultaneously measure the electrical resistance of the 

GNS paper sensor and strain gage. Both DMMs were controlled by a Keysight BenchVue 

program, which also recorded all the data. To conduct the three-point-bending tests on 

LPEGNS paper sensors, a Test Resources 150R load frame was employed to apply multiple 

cycles of compressive loading (max displacement: 2 mm; load rate: 1 mm min-1) at the mid-

span of the steel plate (Figure 1c-2). The samples and strain gage were affixed onto the 
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backside (i.e., tension face) of the steel plate. Similarly, two DMMs and the BenchVue 

software were used for data acquisition. 

Material characterization: Ex situ characterization of the starting materials and as-produced 

samples was performed by absorbance spectroscopy, TEM, XPS, and micro Raman. 

Absorbance spectra of exfoliated dispersions were recorded using a JASCO V676 UV-Vis-

NIR spectrophotometer in an identical pair of quartz cuvette with a path length of 1 cm.  

Baseline correction was done using corresponding solvents during every spectral 

measurement. Cold-field emission Cs-corrected TEM (JEOL ARM-200F, Japan) with 200 kV 

accelerating voltage was used. Carbon-coated copper grids (400 mesh) were used for TEM 

sample preparation. XPS (VG ESCALAB 250, Thermo Fisher Scientific, UK) was performed 

using a monochromatic Al Kα X-ray radiation (10 kV and 10 mA). The source power was set 

to 72 W, and pass energies of 200 eV for survey scans and 50 eV for high-resolution scans 

were used. Raman scattering studies were performed at room temperature with a JASCO 5100 

spectrometer = 533 nm). The thin films for XPS and Raman analysis were prepared on Si 

wafer and dried in a hot air oven at 60 oC.  

 

Supporting Information  

Experimental details and additional materials analysis. This material is available from the 

Wiley Online Library or from the author. 
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Figure1. (a) LPEGNS-2 was prepared from bulk graphite powder by a surfactant-free LPE 

using water as the co-solvent with NMP. (b) The graphene paper strain sensors were 

fabricated using a multi-step solution-based process. (b-1) graphene nanosheets were 

dispersed by subjecting graphene and CO890 solution mixture to (b-2) 2 h of ultrasonication. 

(b-3) Sonicated solution was uniformly deposited on printer paper. (b-4) Electrodes were 

established on both ends of completely dried specimens. (b-5) A photograph of an assembled 

RGO-CO890 and LPEGNR-2-CO890 (light grey) paper sensor are shown; the inset shows the 

graphene paper sensor was highly flexible. (c-1) A graphene paper sensor and a foil strain 

gage were both affixed onto an Al cantilevered beam, whose electrical resistances were 

measured using digital multimeters (DMM). The inset is a photograph of the test setup. 

Quasi-static strain was applied by loading the free-end of the beam using weights. (c-2) 

Schematic illustration of three-point-bending tests; the left and right insets show the backside 

of the steel plate and when it was loaded in the load frame, respectively.  
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Figure 2. (a) UV-visible spectra and (b) concentration profiles of LPEGNS dispersion in 

NMP-water mixed solvent show mw-dependent behavior. (c) An LPEGNS-2 colloidal 

dispersion (three-times diluted) generates the Tyndall effect even after 18 months from its 

preparation, and this is referenced to the pristine solvent of 8:2 NMP/H2O. (d) The 

concentration profile of LPEGNS-2 dispersion as function of time. For (a), (b), and (d), all the 

absorption spectra were recorded using six-time diluted graphene dispersions, whereas, the 

concentrations of exfoliated dispersions are original. (e) Raman spectra of LPEGNS and RGO. 

(f) I(D)/I(G) versus FWHM(G) profiles of LPEGNS show statistically significant differences. 

(g) TEM and (h) HRTEM images of LPEGNS-2. (i) TEM image of RGO, the red circles 

show defects caused by oxidation. 
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Figure 3. Representative unstrained nominal resistance time histories of (a) RGO-CO890 and 

(b) LPEGNS-2-CO890 paper sensors are shown. The corresponding insets show closer 

examinations of resistance fluctuations over a 500-s window for evaluating noise floor. The 

electromechanical responses of an RGO- (c) and LPEGNS-2-CO890 paper sensor (d) are 

overlaid with the applied strain pattern (measured using the foil strain gage).  
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Figure 4. (a) Average nominal resistance of non-annealed and annealed LPEGNS-2-CO890 

paper sensors was plotted with respect to the number of layers. The corresponding normalized 

decrease in resistance of all samples is also shown. (b) Representative resistance change of an 

annealed 30-layer LPEGNS-based sample when subjected to the three-point-bending test, 

which is overlapped with the applied strain pattern (acquired from strain gage). (c) 

Representative normalized resistance changes of an annealed 14- and 30-layer LPEGNS-

based specimen during one loading cycle. The fitted least-square regression lines show well 

approximation of the actual responses. (d) The average GFs and their standard deviations (as 

error bars) of non-annealed and annealed LPEGNS-based paper sensors that were fabricated 

with different numbers of layers. 
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Figure 5. Effect of strain on the LPEGNS-2-CO890 on paper substrate. (a), (b) Raman 

spectroscopic analysis, (a) mean of the G mode frequency and (b) mean of I(D)/I(G) as 

fucntions of applied strain. The error bars are the standard deviations. (c) to (f) SEM images 

of LPEGNS-2-CO890 before strain (c),(d) and after 0.1 % strain (e), (f).  
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Graphene nanosheets (GNS) are produced from graphite by a liquid phase exfoliation (LPE) 

using water-N-methylpyrrolidinone (NMP) co-solvent system. The present solvent system 

enhances the exfoliation and the stability of the GNS dispersion, thereby lowering the defects 

in the GNS.  High-quality LPEGNS enabled the production of higher performance (signal-to-

noise ratio, strain sensitivity, conductivity, and stability) as compared to the conventional 

RGO. 
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Section S1. UV-visible spectroscopy 

 At appropriate water mass fractions (mw), black dispersions of LPEGNS (Figure S1) 

were obtained. Systematic UV-visible spectra of LPEGNS dispersions were recorded as 

functions of mw. The concentration of the LPEGNS dispersions were evaluated by filtration 

and weighing method[1], which, from the absorbance values at 660 nm, allowed for the 

estimation of absorption coefficient, α, (at 660 nm [1]) to be 1658 mL mg-1 cm-1 for LPEGNS. 
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This leads to the measurement of dispersed concentrations using the Lambert–Beer law, A/l = 

αC, where, A/l is the absorbance per cell length. The as-prepared LPEGNS dispersions were 

found to be highly stable for 18 months. The stability of the LPEGNS-2 dispersion as a 

function of time was examined by estimation of dispersion concentration using UV-visible 

absorption spectroscopy (Figure 2d). 

Section S2. Micro Raman spectroscopy 

The Raman spectra were recorded at 10 randomly selected spots on the specimen, 

which was deposited on a Si wafer. All measurements were performed at ambient temperature. 

The G peak was fitted with a Guassian function, and this was performed for all of the spectra 

to obtain FWHM(G); these fits exhibited an average r2 = 0.98). The intensity ratios of 

I(D)/I(G) and I(D)/I(D') and Guassian fittings were obtained after a careful baseline correction.

  

Section S3. X-ray photoelectron spectroscopy (XPS) 

 XPS was performed on LPEGNS-2 (Figs. S2a and S2b) and bulk graphite powder 

using the same dispersing media (8:2 NMP/water). Graphite as well as LPEGNS-2 show a 

characteristic C(1s) peak at 286 eV (Figure S2a and S2b). The binding energy for graphitic 

carbon was found to be consistent with previous reports [1]. The XPS wide scan spectrum for 

LPEGNS-2 as well as graphite powder (Figure S2b) show peaks at 533 eV, which correspond 

to O(1s).  The low intense oxygen peaks in LPEGNS-2 and graphite powder might have 

appeared due to exposure to air.  To confirm this hypothesis, XPS wide scan spectrum of 

blank Si-wafer was recorded, and the results show a O(1s) peak at 533 eV along with a C(1s) 

peak at 285 eV. Previous studies showed that trace amounts of airborne volatile organic 

compounds could be adsorbed onto the surfaces of Si-SiO2 [2, 3], graphite, and analogous 

materials [4] due to exposure to air. Overall, these results show that our method produced 

single and few layers of graphene nanosheets without any chemical modification. The peaks 

observed (Figure S2a) can be attributed to residual NMP trapped on the graphene surface[1]. 

This idea was confirmed by similar observation in the XPS analysis of bulk powder graphite, 

which were prepared as films by dispersing in the same solvent. We observed slight 

broadening of the peaks associated with graphitic C, which might be due to the intercalation 

of solvent molecules during drying of the films[1]. 

 

Section S4. Mechanism of the water-assisted liquid phase exfoliation  
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The stabilization of the exfoliated nanosheets of LMs is one of the challenging tasks in 

LPE. In mixed solvent systems the solvent-solvent interactions can play significant role in the 

exfoliation process of layered materials by iinfluencing the solvent-solute interactions. Figure 

S7 represents the effect of solvents on the stabilization of exfoliated nanosheets by the 

formation of (NMP.2H2O)n clathrate aggregates due to water-NMP hetero-association. The 

water-NMP hetero-association directly influence exfoliation by preventing the recombination 

of exfoliated layers and the bulky (NMP.2H2O)n aggregates are able to provide inter-sheet 

repulsive forces and separate the nanosheets with non-overlapping Leonard-Jones (L-J) 

potentials (Figure S7a). On the other hand, at higher mw (> 0.5), the excess water molecules 

undergo self association rather than hetero-association with NMP molecules. In this molecular 

arrangement, NMP molecules hide completely in water molecular network and cannot interact 

with hydrophobic LMs[5] (Figure S7b). Consequently, highly water rich region is unable to 

produce high liquid exfoliation of LMs due to adverse solid-liquid interaction and the 

disruption of (NMP.2H2O)n aggregates. Previous studies suggested that aqueous surfactant 

solutions are better exfoliating agents at pre-micellar than post-micellar region[6]. At pre-

micellar region the hydrophobic tails of surfactant molecules can interact with hydrophobic 

LMs and prevent the recombination of exfoliated nanosheets while at post-micellar region 

those hydrophobic tails hide inside the micells allowing exfoliated nanosheets overlap. In this 

context, it is rational to assume that, the (NMP.2H2O)n aggregates formed act as the surfactant 

molecules at the pre-micellar region and the hydrophobic NMP molecules possibly interact 

directly with the hydrophobic LMs surface (Figure S8).  
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Table S1. Defect parameters of as-exfoliated LPEGNS-1 and LPEGNS-2 evaluated from 

micro Raman spectral data. Full width half maximum (FWHM) for G band, intensity ratio of 

D and G band (I(D)/I(G)) and intensity ratio of D and D' band (I(D)/I(D')). Raman spectra 

were recorded on random 10 spots on the sample deposited on Si wafer. 

 

Sample spots FWHM(G) I(D)/I(G) I(D)/I(D') 

LPEGNS-1 

1 29.69 0.88 2.92 

2 30.62 0.95 2.89 

3 28.04 0.92 3.94 

4 30.30 0.89 2.97 

5 28.60 0.86 3.25 

6 28.03 0.86 4.00 

7 27.63 0.76 4.07 

8 28.90 0.88 4.03 

9 28.66 0.83 3.00 

10 28.60 0.82 3.71 

LPEGNS-2 

1 27.76 0.67 3.37 

2 26.53 0.55 3.09 

3 28.16 0.66 3.87 

4 28.76 0.62 3.95 

5 29.40 0.68 3.79 

6 31.59 0.71 3.95 

7 27.34 0.55 4.42 

8 28.45 0.65 3.50 

9 30.66 0.71 3.48 

10 33.13 0.75 3.70 
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Table S2.  C/O ratio analysis from C1s (at%) and O1s (at%) in X-ray Photoelectron 

Spectroscopy (XPS) of LPEGNS-2 as a function of mw. 

mw C1s (at%)  O1s (at%)  C/O 

0 90.21  9.79  9.21 

0.1 95.43  4.57  16.64 

0.2 96.77  3.23  29.96 

0.3 96.17  3.83  25.11 

0.4 97.56  2.44  39.98 

0.5 62.73  37.27  1.77 

0.6 57.47  42.53  1.74 

0.7 57.1  42.9  1.85 

0.8 53.15  46.85  1.13 

0.9 43.14  56.86  0.76 

1 46.2  53.8  0.86 
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Figure S1.  Photograph of GNS dispersions exfoliated in water-NMP mixed solvents.  

Different water mass fractions (mw) are labeled on the corresponding vial in the figure.  

 

 

 

Figure S2.  XPS of LPEGNS-2 (a) and RGO (c) with corresponding XPS wide scan spectra 

(b) and (d) respectively. The XPS wide scan spectrum of LPEGNS-2 is compared with that of 

graphite bulk powder and blank Si-wafer to observe the nature of the peak for oxygen. 
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Figure S3. (a) Raman spectra, (b) wide scan XPS of LPEGNS as functions of mw in water-

NMP mixed solvent systems. The wide scan XPS of blank Si-wafer is also shown as reference. 

(c) I(D)/I(G) and (d) C/O ratio as obtained from XPS of LPEGNS for different water mass 

fractions (mw). The error bars in (c) assign the standard deviations of I(D)/I(G) values 
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Figure S4.  (a – c) TEM pictures, (d) HRTEM image and inset: corresponding fast Fourier 

transform (FFT) image of LPEGNS-2. The red arrows in (c) are showing the distinct layers of 

LPEGNS-2. 

 

 

Figure S5.  Statistical size analysis of LPEGNS-2. Here, L, W and N are the flake length, 
width and number of layer per nanosheets, respectively.  
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Figure S6.  AFM image and section height profiles of LPEGNS-2  
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Figure S7.  Schematic presentation of the effect of solvents on the stabilization of exfoliated 

materials. (a) The stabilization of the exfoliated nanosheets by (NMP.2H2O)n aggregates 

formed by hetero-association between water and NMP molecules under favourable solid-

liquid interaction preventing the Leonard-Jones interaction between exfoliated layers. (b) The 

overlapping of layers by Leonard-Jones interaction at highly water rich region due to the 

disruption of water-NMP aggregated structures and unfavourable solid-liquid interaction.  
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Figure S8. Hetero-association between water and NMP molecules at 2:1 mole ratio and 

formation of (NMP.2H2O)n aggregates. The figure also schematically shows how the 

aggregates behave like amphiphilic molecules to create inter sheet repulsive force.  
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Figure S9. Representative resistance change of a non-annealed 30-layer LPEGNS-based 
sample when subjected to the three-point-bending test, which is overlapped with the applied 
strain pattern.  

 

 

 

Figure S10. Different geometrical patterns were created by manually and selectively 

depositing 8 layers of GNS-CO890/ethanol solution on printer paper.  
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Figure S11. Representative insitu Raman spectra of LPEGNS-2-CO890 on paper substrate as 

functions of varying strain (mentioned in figure).  
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