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Highlights 

  Novel AuNPs functionalized reduced graphene oxide chemiresistive sensor 

  Binding of DTT‐AuNPs induced by Cr(VI) ion contributed to the sensor response 

  Sensitive and selective detection of Cr(VI) ion in water samples 
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Abstract 

Detection of highly toxic Cr(VI) is greatly desired. In the present study, a highly sensitive 

method for Cr(VI) detection by reduced graphene oxide (rGO) chemiresistor and 

1,4-dithiothreitol (DTT) functionalized Au nanoparticles (AuNPs) is reported. The detection 

strategy is based on the selective binding between DTT functionalized AuNPs1 located in 

rGO conductive channels and DTT functionalized AuNPs2 in solution through the formation 

of disulfides induced by Cr(VI) at acidic condition, which results in aggregation of DTT 

functionalized AuNPs2 on the rGO channels producing a readily measurable resistance 

change. The response of the chemiresistor is rapid and allows real-time monitoring of Cr(VI). 

Using this method, as low as 0.9 nM of Cr(VI) in water was detected with good selectivity. 

The proposed method has great potentials for monitoring of trace Cr(VI) in drinking water. 

Keywords: Cr(VI), Au nanoparticles, reduced graphene oxide, chemiresistor, electrical 

detection 
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1. Introduction 

Expanded applications of chromium in industries, such as stainless steel 

manufacture, chrome-plating, leather tanning, and pigment production, result in the 

increasing leakage risk of dissolved chromium species including trivalent chromium 

(Cr(III)) and hexavalent chromium (Cr(VI)) into water. Unlike Cr(III), an essential 

element state for normal functioning of the human body [1], Cr(VI) is highly 

carcinogenic, and can induce DNA damage, gene mutations, and chromosomal 

aberrations [2, 3]. The U.S. Environmental Protection Agency (EPA) has set the 

maximum contaminant level (MCL) for total chromium in drinking water at 100 ppb. 

Thus, monitoring of trace Cr(VI) in water is critical to prevent potential chromium 

poisoning. 

The traditional methods for detection of Cr(VI) include atomic absorption 

spectrometry, inductively coupled plasma-atomic emission spectrometry, inductively 

coupled plasma-mass spectrometry, and spectrophotometry [4-7]. These methods have 

several obvious shortcomings, such as needing expensive instruments, long analysis 

time due to complicated pretreatment procedures, or not enough sensitivity. 

Alternatively, several fast detection methods have been developed for the detection of 

Cr(VI), including electrochemical [1, 8], fluorescent [9], colorimetric [10], and 

surface-enhanced Raman scattering [11], with micromolar or nanomolar sensitivity. 

Despite these advancements, novel detection methods with simple operation, low cost, 

fast response, high sensitivity, and reliability are greatly needed. 

In recent years, carbon nanomaterials-based field-effect transistor (FET) and 

chemiresistor have attracted increasing use as transducers combined with sensing 
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elements for highly selective and sensitive, real-time response, and label-free detection 

capabilities [12-14]. Graphene, a two-dimensional carbon nanomaterial with single 

atom thickness, not only has excellent electron mobility, thermal conductivity, 

mechanical strength, and large surface-to-volume ratio, but also shows unique tunable 

ambipolar characteristics and extremely low thermal and electrical noise due to high 

conductivity and few surface defects. Additionally, graphene overcomes the limitation 

of almost inevitable metallic impurities present in carbon nanotubes, which 

compromises the response performance in sensing platforms [15]. These merits have 

made graphene an attractive channel material of FET/chemiresistor and also sensing 

element for the detection of various analytes [16-18]. 

Au nanoparticles (AuNPs) are usually used to immobilize recognition probes 

containing thiol, such as DNA-SH, glutathione, etc., on graphene/carbon nanotube in 

many sensing devices due to extreme affinity between Au and –SH [10, 19, 20]. The 

immobilization could greatly improve sensitivity and dynamic range in FETs due to 

higher probe density compared with other immobilization methods [10]. On the other 

hand, Dong et al. used DNA labelled with AuNPs as a reporter probe for detection of 

DNA, achieving a significant sensitivity enhancement [21]. Park et al. reported a 

highly sensitive detection method for DNA by the selective binding between the DNA 

capture probe located in electrodes gap and DNA-functionalized AuNPs in solution 

[22]. These results showed great advantages for using AuNPs to improve the sensors 

response. 

Recently, we reported a  colorimetric assay (100 nM limit of detection) for Cr(VI) based 

on the change of color of DTT functionalized AuNPs in solution from red to purple as a result 

of aggregation induced by Cr(VI) at acidic condition [23]. In the present study, we further 

develop a sensor using reduced graphene oxide (rGO) chemiresistor with DTT functionalized 
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AuNPs as a recognition element for the detection of Cr(VI). The present sensor exhibited at 

least 100 times lower limit of detection for Cr(VI) than the colorimetric technique with a 

response time of approximately 50 s and good selectivity against commonly found cations in 

water.  

2. Experimental 

2.1 Material 

Chloroauric acid (HAuCl4·4H2O) was purchased from Shanghai Chemical Reagent 

Co. Ltd (Shanghai, China). 1-Pyrenemethylamine, 3-aminopropyltriethoxy silane, and 

sodium 2-mercaptoethanesulfonate were purchased from Sigma-Aldrich (USA). DTT 

(Biotechnology grade) was purchased from Jingkehongda Biotechnology Corp. 

(Beijing, China). Milli-Q® ultrapure water (18.2 MΩ) was used in all experiments. GO 

powder was purchased from Nanjing XFNANO Materials Tech. Co. Ltd (Nanjing, 

China). 0.5 mg/mL GO suspension was prepared by sonication at 250 W for 2 h using 

GO powder, followed by centrifugation at 300 g for 2 h with an Anke TGL-16G 

centrifuge (Shanghai, China). The supernatant was collected and centrifuged at 2200 g 

for 2 h. The pellet was collected and redispersed in DI water to form a uniform 

suspension with a concentration of ~50 μg/mL, measured by a colorimetric method 

referring to a known concentration GO suspension. 

2.2 Fabrication of electrochemically derived rGO chemiresistor 

Sensing devices were microfabricated on a SiO2/Si wafer according to our previous 

report [24]. Each device contained five Au interdigitated electrode units, and each 

interdigitated electrode unit consisted of ten pairs of 200 μm long Au fingers separated 

by a 3 μm gap, as source and drain electrodes. The device was cleaned sequentially 

with acetone and piranha solution (a mixture of H2SO4 and 30% H2O2 (3:1 v/v), highly 

corrosive) followed by DI water and drying with N2 after each step, and then incubated 
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with 3-aminopropyltriethoxy silane for 30 min after which the device was rapidly 

washed with plenty of DI water and dried with N2. Five μL of GO suspension (50 

μg/mL) was casted onto the fingers of the interdigitated electrode for 1 h, which was 

kept in a high humidity container to prevent drying of the GO suspension, followed by 

washing with DI water. The assembled GO sheets on the interdigitated electrode were 

reduced by a CHI 660D electrochemical workstation (Shanghai Chenhua, China) with 

a standard three electrodes system, where the interdigitated electrode was used as a 

working electrode, a Pt wire as a counter electrode, and an Ag/AgCl as a reference 

electrode. The electrochemical reduction was carried out in 100 mM PB (pH 7.4) by 

repeatedly sweeping the potential from 0 V to -1.5 V at a scan rate of 100 mV/s. The 

electrochemically reduced GO was annealed at 150 oC for 1 h in ambient air and was 

characterized by Raman spectroscopy (Fig. S1). The significant increase of the ID/IG 

ratio showed the successful reduction of GO [25]. 

2.3 Preparation and functionalization of AuNPs 

Two different diameters AuNPs1 and AuNPs2 were prepared by the reduction of 

chloroauric acid with sodium borohydride and trisodium citrate as reducing agent, 

respectively, according to previous methods [23, 26]. The average diameters of 

AuNPs1 and AuNPs2 were ~6.5 nm and ~20 nm, respectively (Fig. S2 and S3). DTT 

functionalized AuNPs2 (DTT-AuNPs2) was prepared by mixing 1 mL AuNPs2 (1.5 

nM) with 10 μL of 10 mM DTT and 10 μL of 20 mM 2-mercaptoethanesulfonate 

(prepared in deionized water deoxygenated by bubbling nitrogen for 30 min). After 

incubation for 1 h, the mixture was centrifuged at 10000 rpm for 30 min. The red 

precipitate was washed, recentrifuged, and finally dispersed in 1 mL sulfuric acid 

solution (1.5 mM, pH 2.5). 

2.4 Assembly of AuNPs1 on rGO conductive channel 
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The interdigitated electrode with the electrochemically derived rGO was incubated 

with 8 mg/mL mPEG-SH (Mr = 350 Da) for 1 h to passivate bare Au fingers, followed 

by incubation with 1 mg/mL 1-pyrenemethylamine in dry dimethylformamide  for 30 

min, washed with dimethylformamide and 10 mM PB (pH 7.4). Then the interdigitated 

electrode was incubated with AuNPs1 for 1 h, which led to adsorption of AuNPs1 on 

the rGO conductive channel by electrostatic interaction. The resulting rGO with 

AuNPs1 was further incubated with 2 mM DTT solution for 1 h to obtain rGO with 

DTT-AuNPs1 channel, followed by washing with DI water. 

2.5 Characterization 

Morphological characterization of sensing channels was performed with a FEI 

nanoSEM 450 SEM (Eindhoven, The Netherlands). Raman spectra of rGO were 

obtained by a DXR Raman spectrometer (Thermo Fisher Scientific, USA) with an 

excitation wavelength of 532 nm. Transmission electron microscope (TEM) images of 

AuNPs were obtained by a FEI Tecnai G2 20. Size distribution and Zeta potentials of 

AuNPs were analyzed by a Malvern Zetasizer nano-ZS90 (Worcestershire, UK). 

2.6 Sensing procedures 

For the electrical measurement, a 200 μL volume PDMS chamber was attached onto the 

rGO with DTT-AuNPs1 sensing channels. The channels were exposed to 100 μL 

DTT-AuNPs2 (1.5 nM) in 1.5 mM sulfuric acid solution (pH 2.5) until the resistances in the 

channels were stable, followed by addition of 10 µL Cr(VI) (prepared in DI water) into the 

chamber. The drain current (Ids) versus drain voltage (Vds) or Ids versus time (t) at a fixed Vds 

were obtained by a Keithley 2602B digital source meter (Shanghai, China). 

3. Results and Discussion 

To construct the chemiresistor, GO was casted onto the interdigitated electrode, followed 

by the electrochemical reduction. The reduced GO was used as conductive channels between 
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Au fingers of the interdigitated electrode in the chemiresistor. The rGO channels were 

functionalized with 1-pyrenemethylamine, followed by adsorption of small diameter AuNPs1 

(~6.5 nm) through electrostatic interaction, and then modification with DTT. The Au fingers 

were passivated with mPEG-SH to prevent affinity binding of DTT and DTT-AuNPs2 in 

solution. Each step of the rGO channels modification was confirmed by monitoring the 

change of the resistances in the channels based on the Ids-Vds curves (Fig. S4).   

A high resolution SEM was used to characterize the distribution of AuNPs1 on the rGO 

channel. As shown in Fig. 1a, a few large nanoparticles, derived from aggregation of adjacent 

AuNPs1, were observed; however, monodisperse AuNPs1 couldn’t be found due to poor 

image at high magnification. On the other hand, Energy-dispersive X-ray analysis showed 

that there was a high content (9.84%) of Au on the rGO channels (total content of C, O, Si, 

and Au was 100%) (Fig. S5). In order to obtain high quality SEM images of AuNPs1, large 

diameter AuNPs2 (~20 nm) were directly deposited on the rGO channels to increase their 

conductivity. In this case, AuNPs1 on the rGO channels were clearly observed, with a high 

density and more uniform distribution compared with the AuNPs2 (Fig. 1b). Further 

modification with DTT didn’t lead to additional measurable change in the distribution of 

AuNPs1.  

Fig. 2 shows the detection strategy of Cr(VI) with the rGO chemiresistor in conjunction 

with DTT functionalized AuNPs. When the rGO with DTT-AuNPs1 channel is exposed to 

only DTT-AuNPs2 or Cr(VI) solutions, the channel don’t undergo any change and thus no 

response is produced. However, when the channel is exposed simultaneously to DTT-AuNPs2 

and 0.5 μM Cr(VI) solutions, DTT-AuNPs2 aggregate on the rGO channel due to the selective 

binding between DTT-AuNPs1 located in the rGO channel and DTT-AuNPs2 in solution 

through the formation of disulfide bond (S-S). The aggregated DTT-AuNPs2 fill the 

electrodes gap and then improve the electron transfer, resulting in an increase of the 
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conductivity of the rGO channel. 

The interaction between Cr(VI) and thiol species, such as cysteine and glutathione, 

has been extensively studied in the past decades.[27, 29-31]. At acidic condition, Cr(VI) 

is present mainly in Cr2O7
2- form with strong oxidation ability. Generally, the 

formation of Cr(VI)-thioester intermediate with a large formation constant (1.4 x 103 

M-1 at 25oC) was considered to be an initial step, followed by subsequent electron 

transition to form Cr(Ⅲ) and oxidized thiol species [27]. Hence, the selective binding 

between DTT-AuNPs1 located in the rGO channel and DTT-AuNPs2 in solution in 

presence of Cr(VI) should be attributed to similar reaction processes, i.e. 

Cr(VI)-DTT-AuNPs intermediates were firstly formed, followed by the formation of 

disulfides between DTT-AuNPs1 and DTT-AuNPs2, leading to the aggregation of 

DTT-AuNPs2 on the rGO channel. 

To prove that the electrical response of the rGO chemiresistor with DTT-AuNP1 

was induced by Cr(VI), the rGO with DTT-AuNPs1 channel was exposed to 

DTT-AuNPs2 solution in absence and presence of Cr(VI). As shown in Fig.3, there 

was almost no change in the resistance of the channel when it was exposed to 

DTT-AuNPs2 solution in absence of Cr(VI). On the other hand, when 10 nM Cr(VI) 

was further added into the DTT-AuNPs2 solution, there was a 5.8% decrease of the 

resistance compared with the original resistance. Further, in addition of 200 nM 

Cr(VI), the channel produced a 17.8% decrease in the resistance. In fact, the response 

could also be observed using DTT-AuNPs1 instead of DTT-AuNPs2 in the solution, 

but a lower signal was achieved by the measurement. Therefore, DTT-AuNPs2 with 

large diameter was used to obtain higher sensitivity in following experiments. 

Three comparison experiments were carried out to explore the role of DTT-AuNPs1 and 

DTT-AuNPs2 in the detection of Cr(VI) by the rGO chemiresistor. In the first experiment 
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rGO with DTT-AuNPs1 channel was exposed to Cr(VI) in absence of DTT-AuNPs2. As 

shown in Fig. 4, a small response (circle) was observed, which should be attributed to the 

direct interaction between Cr(VI) and DTT-AuNPs1 [27]. In the second test the rGO without 

DTT-AuNPs1 channel was incubated with DTT-AuNPs2 and Cr(VI). A larger response 

(triangle) was obtained compared with the first, which is ascribed to aggregation of 

DTT-AuNPs2 in the solution induced by Cr(VI) due to insufficient electrostatic repulsion 

between DTT-AuNPs2 with negative charges. In comparison, when the rGO with 

DTT-AuNPs1 channel was incubated simultaneously with DTT-AuNPs2 and Cr(VI), the 

sensor gave the most response (star). 

From the above results, we can conclude: (1) Cr(VI) played a critical role in 

inducing the binding between DTT-AuNPs1 located in the rGO channel and 

DTT-AuNPs2 in solution and the response signal being the basis for the detection of 

Cr(VI); (2) a higher Cr(VI) detection sensitivity was obtained by the simultaneous use 

of DTT-AuNPs1 and DTT-AuNPs2 compared to using only DTT-AuNPs1 or 

DTT-AuNPs2; (3) the increased resistance change response with the concentration 

validated the potential of the rGO chemiresistor for quantitative measurement of Cr(VI) 

concentration in water. 

As an additional confirmation of the Cr(VI) induced aggregation of DTT-AuNPs2 

on the rGO with DTT-AuNPs1 channels, SEM images of the rGO channels before and 

after exposure to DTT-AuNPs2 in absence and presence of Cr(VI) were obtained. As 

shown in Fig. 5a and 5b, when the channels were incubated with DTT-AuNPs2 for 10 

min, no DTT-AuNPs2 were observed on the rGO channels (Fig. 5a), indicating there 

was no binding between DTT-AuNPs1 located in the rGO channel and DTT-AuNPs2 

in solution. However, when 0.5 μM Cr(VI) was further added, a great deal of 

DTT-AuNPs2 aggregated on the channels (Fig. 5b). EDX analysis showed that the 
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content of Au on the rGO channels increased from 9.84% following AuNPs1 

adsorption to 11.95 % after aggregation of DTT-AuNPs2 in presence of Cr(VI). These 

findings confirmed that Cr(VI) induced the aggregation of DTT-AuNPs2 on the rGO 

channels through the selective binding to DTT-AuNPs1. 

In the previous colorimetric analysis with DTT functionalized AuNPs, the optimized 

response was obtained at pH value ranging from 2.3~2.7. Here, similar results were obtained, 

i.e. DTT-AuNPs2 formed aggregates even in absence of Cr(VI) at pH below 2.3 producing a 

large background signal, whereas the sensor gave low sensitivity at pH over 2.7. Therefore, 

the solution was kept at pH 2.5 with 1.5 mM sulfuric acid solution for the detection of Cr(VI) 

in water. Salt could induce aggregation of AuNPs due to screening effect [28]. We found that 

DTT-AuNPs2 suspension was stable for 2 h when the salt (NaCl) concentration was less than 

5 mM. Considering ~10 fold dilution of the sample in the sensing procedures, the present 

sensor could allow the maximum concentration of 50 mM for salt in the original water sample, 

which is higher than found in common clean water. Although temperature could accelerate the 

binding between DTT-AuNPs1 and DTT-AuNPs2 in presence of Cr(VI), DTT-AuNPs2 

became unstable above 40 oC, resulting in a high background signal. Therefore, all 

measurements were performed at room temperature. 

Fig. 6 shows the real-time response of the rGO with DTT-AuNPs1 channels incubated with 

DTT-AuNPs2 at a fixed source-drain voltage (Vds = 0.1 V) upon addition of DI water and 

different concentration Cr(VI). While there was no change in the current (Ids) after addition 

of DI water, the sensor produced definitive increase of the Ids upon exposure to as low as 0.9 

nM Cr(VI), indicating that the addition of Cr(VI) resulted in an increase of the conductance of 

the rGO channels. Further, the response signal increased with the increase of Cr(VI) 

concentration. There was a good linear relationship between the response ((I-I0)/I0) and 

logarithmic value of Cr(VI) concentration (y = 0.0233ln(x) + 0.0361, R2 = 0.996). The lowest 
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concentration detected was 0.9 nM, which was at least three orders of magnitude lower than 

the MCL (~1.9 μM) enforced by the U.S. EPA for total chromium in drinking water. [18] 

Even considering that the sample added in the cell was diluted ~10-fold, the response signal 

was sufficient to detect MCL Cr(VI) levels in drinking water. Moreover, the sensor had a fast 

response time (~50 s) and is attributed to a rapid binding between DTT-AuNPs1 and 

DTT-AuNPs2 induced by Cr(VI) at acid condition. 

Table 1 compares the analytical performance of the present rGO chemiresistive sensor to 

other methods for the detection of Cr(VI). The 0.9 nM LOD of the present sensor was 

superior than the lowest LOD reported for fluorescence (9.6 nM), colorimetric (1 nM), 

luminescence (24 nM), SERS (600 nM), SPRLS (20 nM), CV (30 nM), DPV (40 nM), 

impedimetric (30 nM), amperometric (3.8 nM), and potentiometric (63 nM) methods but 

higher than that of SSWV (0.06 nM), ASV (0.09 nM), and photoelectrochemical (0.1 nM) 

detection methods. The improved LOD for ASV, SSWV, and the photoelectrochemical 

methods can be attributed to the use of an accumulation step to enrich Cr(VI) in sample 

solution prior to the detection and increasing the incubation time could efficiently enhance the 

detection sensitivity of the present sensor. Compared with ASV and SSWV, the present sensor 

has advantages of 1) a short response time (less than 50 s compared to 20 to 300 s) and thus 

allowing a real-time monitoring and 2) a wider dynamic range (0.9 to 800 nM compared to 

0.5 to 50 nM) for the quantification of Cr(VI). Further, the sensor has a higher sensitivity 

compared to the traditional detection methods of AAS, ICP-AES, ICP-MS, and 

spectrophotometry. 

To investigate the rGO chemiresistive sensor specificity, the sensor response to 

Cr(VI) was compared to that for other common metal ions found in water at identical 

concentrations (100 nM). The current (Ids) was monitored when different metal ions 

(Na+, K+, Ca2+, Ni2+, Zn2+, Pb2+, Al3+, Fe3+, Cr3+, Mn2+, and Hg2+) were added to the 
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solution chamber, respectively. As shown in Fig. 7, the sensor showed very low to no 

responses to Na+, K+, Ca2+, Ni2+, Zn2+ and Pb2+ ions, since these ions didn’t induce the 

binding between DTT-AuNPs1 and DTT-AuNPs2. Al3+ and Fe3+, however, produced a 

small response. The response to Fe3+ may be attributed to its’ oxidation action, 

resulting in the binding between DTT-AuNPs1 and DTT-AuNPs2, similar to that 

induced by Cr(VI). The response to Al3+ can be ascribed to the binding between Al3+, a 

strong Lewis acid, and –SH, a strong Lewis base. Cr3+ with same charges as Al3+ and 

Fe3+ produced a very small response due to the weak interaction between Cr3+ and 

–SH. The sensor shows an obvious response to Hg2+, which was attributed to the high 

affinity between Hg2+ and –SH. The response to Mn2+ is presently not understood and 

further study is needed to comprehend the principle. In general, the present method for 

Cr(VI) is competent for relatively clean water samples such as drinking water and is not 

suitable for wastewater due to potential interferes of other metal ions such as Al3+, Fe3+, 

Mn2+, and Hg2+.  

The reproducibility of the sensor was evaluated. Three sensing devices were 

prepared in different batches (each device contained five same sensing channels, i.e. 

sensors) to detect Cr(VI) of 10 nM and 200 nM standard solutions. The RSDs of five 

sensors within one device were 9.2% and 6.8% while the RSDs between the devices, i.e. 

batch to batch variability, was 15.2% and 12.6% for the samples, respectively. These results 

showed that the present sensing devices could be fabricated repeatedly by the described 

protocol. 

To evaluate the applicability of the present method for practical application, the 

sensor was applied to detect Cr(VI) concentration of local tap  and reservoir water . 

The initial detection showed no presence of chromium including Cr(III) and Cr(VI) in 

the samples with ICP-AES (PerkinElmer Optima 2000DV). Cr(VI) standard solution 
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was spiked in the samples with the final concentrations of 10 nM and 200 nM, and then 

detected by the sensor with the sensing procedures. The recoveries ranged from 

95.3~126.0% and the RSDs ranged from 5.4% to 14.6% (Table 2). A relatively high 

recovery for the tap water sample spiked with 10 nM Cr(VI) might be ascribed to the 

interference of Fe3+ from release from the iron water pipe. 

To further investigate if the sensor responded to other oxidizers, we checked the 

response of the present sensor to H2O2, which is a stronger oxidizer than Cr(VI) based 

on the redox potentials (1.77 V versus 1.33 V). As shown in Fig. 8, the sensor elicited 

an obvious response only above 7 μM H2O2 concentration and the sensitivity was at 

least 100 times lower than that for Cr(VI). Colorimetric analysis with DTT-AuNPs2 

gave similar results, i.e. lower sensitivity for H2O2 than for Cr(VI) (Fig. S6). This 

finding indicated that the Cr(VI)- DTT functionalized AuNPs intermediate played an 

important role in the sensitive detection of Cr(VI) by the rGO chemiresistor using DTT 

functionalized AuNPs. 

4. Conclusions 

We have fabricated a rGO chemiresistive sensor by using DTT functionalized 

AuNPs as recognition element for highly sensitive detection of Cr(VI) in drinking 

water. The detection is based on the selective binding between DTT-AuNPs1 located 

in rGO conductive channel and DTT-AuNPs2 in solution in presence of Cr(VI), which 

results in aggregation of DTT-AuNPs2 on the rGO channel leading to a measurable 

resistance change. The present sensor shows fast response and allows it to carry out 

real-time monitoring of Cr(VI). The lowest detected concentration is 0.9 nM. The 

proposed platform has a great potential for monitoring trace Cr(VI) in environmental 

water samples. We are exploring a similar strategy to detect Hg2+ ion by using two 

complementary DNAs with T–T mismatches for functionalization of AuNPs1 and 
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AuNPs2, respectively. Because of high specificity of T–Hg2+–T coordination, [32, 33] 

the Hg2+ sensor will have a high sensitivity and selectivity. 
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Table 1 Comparison between the rGO chemiresistor to other methods for the detection of Cr(VI)a 

Detection 

method 
Sensing/recognition material 

Acc. 

time 

Linear range 

(nM) 

LOD 

(nM) 
Ref. 

Impedimetric Crown ethers/Au electrode 1 h 19~1.9x103 30 [1] 

Amperometric Cr(VI)-reductase cytochrome c3 / / 3.8 [34] 

CV Methylene blue/Au electrode / 100~5 x104 100 [8] 

CV AuNPs/TiO2 nanotubes / 100~1x105 30 [35] 

ASV Hg film/Ag electrode 20 s 0.5~50 0.19 [36] 

ASV HMDE 30 s 0.2~2 0.09 [37] 

SSWV AuNPs/GCE 300 s 0.19~23 0.06 [38] 

DPV AuNPs/SPCE / 400~3x104 40 [39] 

Potentiometric Diphenylcarbazide/CPE / 1x103~1 x104 63 [40] 

PEC graphitic carbon nitride 600 s 0.19~19 0.1 [41] 

Fluorescence N-doping GQD / 0~1.4 x105 40 [42] 

Fluorescence glutathione-AuNPs nanoclusters / 96~9.6 x103 9.6 [43] 

SERS alizarin red S-sensitized TiO2NPs / 600~1 x104 600 [44] 

SPRLS rhodamine B and KI / 40~320 20 [45] 

Colorimetric AgNPs / 1~1 x106 1 [46] 

Colorimetric Au nanorods / 100~2 x104 88 [47] 

Luminescence NaYF4:Yb3+, Er3+ nanoparticles / 70~1 x104 24 [48] 

Luminescence Cu nanoclusters / 200~6 x104 65 [49] 

Chemiresistor rGO with DTT-AuNPs / 0.9~800 0.9 
This 

work 

aAbbreviations: adsorptive striping voltammetry (ASV); photoelectrochemical (PEC); glassy carbon 

electrode(GCE); square wave voltammetry (SWV); hanging mercury drop electrode (HMDE); carbon paste 

electrode (CPE); Graphene quantum dots(GQD); screen-printed carbon electrode (SPCE); differential pulse 

voltammetry (DPV); stripping square wave voltammetry (SSWV); surface plasmon resonance light 

scattering (SPRLS); surface-enhanced Raman scattering (SERS) 
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Table 2 Analytical results of spiked real water samples by the proposed method (n = 4~5).  

Samples Spiked (nM) Found (nM) Recovery (%) RSD (%) ICP-OES (nM) 

Tap water 
10 12.6 126.0% 9.8 9.8 

200 194.6 97.3% 7.4 197.4 

Reservoir 

water 

10 10.6 106.0% 14.6 10.2 

200 190.6 95.3% 5.4 198.6 
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Figures captions 

Figure 1. SEM of rGO channel with AuNPs1 before (A) and after (B) deposition of 

AuNPs2 

Figure 2. Schematic diagram of the detection strategy of Cr(VI) with the rGO chemiresistor 

by using DTT-AuNPs. 

Figure 3. Ids-Vds curves of the rGO with DTT-AuNPs1 channels exposure to Cr(VI) in 

presence of DTT-AuNPs2 in 1.5 mM H2SO4 (pH 2.5). (1) Original, (2) DTT-AuNPs2, (3) 

DTT-AuNPs2 + 10 nM Cr(VI), (4) DTT-AuNPs2 + 200 nM Cr(VI). 

Figure 4 Response of the rGO with DTT-AuNPs1 channel exposed to Cr(VI) (circle), rGO 

channel exposed to DTT-AuNPs2 and Cr(VI) (triangle), and rGO with DTT-AuNPs1 channel 

exposed to DTT-AuNPs2 and Cr(VI) (star). The data were average value of 4~5 sensing 

channels.     

Figure 5 SEM of the rGO channels at different conditions. (A) rGO with DTT-AuNPs1 

channels exposure to DTT-AuNPs2, (B) rGO with DTT-AuNPs1 channel exposure to 

DTT-AuNPs2 and 0.5 μM Cr(VI) 

Figure 6 Real-time response of the sensor upon exposure to different Cr(VI) concentrations at 

fixed voltage (Vds =0.1 V). The concentrations in figure are the cumulative concentrations 

after sequential addition of Cr(VI). 

Figure 7 Real-time response of the sensor upon exposure to Cr(VI) and other metal ions (A) 

and relative current change of the sensor to 100 nM different metal ions (B). The 

concentrations labelled in figure are the cumulative concentrations after sequential addition of 

Cr(VI). Vds = 0.1 V 

Figure 8 Response of the present sensor to Cr(VI) (a) and H2O2 (b), (circle) Cr(VI), (square) 

H2O2 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 6 
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Figure 7 
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Figure 8 
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