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ABSTRACT: 12 

Two-dimensional (2D) transition metal carbides and nitrides, named MXene, appear promising 13 

application prospects in sensor filed. Metal nanoparticles, especially bimetallic nanoparticles, 14 

are the superior nanocatalyst, which process excellent features due to the high specific surface 15 

area and synergistic catalytic capacity. Using ultrathin MXene nanosheets as the natural 16 

reducing agent and support, we prepare the shape-controlled Au-Pd bimetallic nanoparticles via 17 

a self-reduction process at room temperature in a short time, which can well enhance the 18 

catalytic performance and are benefit for the acetylcholinesterase immobilization. Based on 19 

their desired properties, we propose a disposable electrochemical biosensor for the detection of 20 

organophosphorus pesticide using the multi-dimensional nanocomposites (MXene/Au-Pd) as 21 

the functional platform. Under the optimized conditions, our fabricated biosensor exhibits a 22 

favorable linear relationship with the concentration of paraoxon from 0.1 to 1000 μg L−1, with 23 

a low detection limit of 1.75 ng L−1. Furthermore, the biosensor can be applied for paraoxon 24 

detection in pear and cucumber samples, providing an effective and useful avenue for the 25 

applicability of novel 2D nanomaterials in biosensing field. 26 

Keywords: Multi-dimensional nanocomposites; Ultrathin MXene nanosheets; Au-Pd 27 

nanoparticles; Electrochemical biosensor; Paraoxon. 28 

29 
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1. Introduction 30 

With the development of living standard and science technology, a great numbers of 31 

researchers have captured great interest in environmental contaminants. As one of the major 32 

pollutants, pesticide can pose a potential threat for human and non-human species health due to 33 

the illegal usage or process [1]. Among them, organophosphorus pesticides (OPs) are one kind 34 

of compounds generally containing phosphorus element, which are mainly used for the control 35 

of plant diseases, pests, and parasitic weeds [2-4]. Although some high toxic OPs have been 36 

disabled or replaced by biodegradable chemicals, the residue problems caused by them still 37 

exist in agricultural products and environment. What’s more, some OPs can be oxidized into 38 

highly toxic pesticides. For example, parathion can be gradually transformed into paraoxon in 39 

the environment [5, 6], whose toxicity can cause far greater threats for human health than the 40 

original compounds. Therefore, it is of great value to establish the rapid and on-site analysis 41 

methods for OPs and their derivatives. As a typical analysis method, the electrochemical 42 

biosensor has been widely applied for the rapid and sensitive detection of pesticides. To improve 43 

the performance of electrochemical biosensor, various nanomaterials, such as graphene and 44 

metal nanoparticles, have been adopted to heighten the sensitivity, reliability, and accuracy. 45 

Since the successfully exfoliation of graphene in 2004 [7], novel species of two-dimensional 46 

(2D) layered nanomaterials have been discovered gradually, including hexagonal boron nitride 47 

(h-BN) [8, 9], transition metal dichalcogenides (TMDs) [10, 11], black phosphorus (BP) [12, 48 

13], metal-organic frameworks (MOFs) [14, 15], metal oxides [16, 17], and so on. Among them, 49 

transition metal carbides and nitrides nanosheets, labelled as MXene, have been regarded as a 50 

promising 2D nanomaterial in various research fields [18]. MXene can be obtained by the 51 



4 

selective etching of A element using HF-based chemical method from its raw Mn+1AXn (MAX), 52 

where M represents an early transition metal, A is mainly a group IIIA or IVA element, and X 53 

stands for C or N element [19]. The obtained layered MXene processes favorable conductivity, 54 

hydrophilic surface, excellent mechanical stability, and rich surface chemical groups [20], 55 

which endows its wide application in energy storage [21], electromagnetic interference 56 

shielding [22], catalysis [23], and sensor [24]. Up to now, the sensors based on layered MXene 57 

have been used for the analysis of hydrogen [25-27], biomolecules [28-30], volatile gases [31, 58 

32], and environmental pollutants [33-38]. Due to the high toxicity and risk of HF, Ghidiu et al. 59 

[39] proposed a simple method using lithium fluoride (LiF) and hydrogen chloride solution 60 

(HCl) as the alternative reagents to prepare MXene. After the appropriate sonication and 61 

centrifugation, the ultrathin MXene nanosheets can be obtained. However, only few report [40] 62 

pay attention about the application of ultrathin MXene nanosheets in environmental pollutions. 63 

Recently, researchers tend to prepare electrochemical sensors based on nanocomposites with 64 

different dimensions to obtain the desired analytical performance [3]. 2D nanomaterials (e.g. 65 

graphene and TMDs) have always been used as the platform for the growth of various noble 66 

metal nanoparticles [41-44]. As the superior zero-dimensional (0D) catalyst, metal 67 

nanoparticles, especially bimetallic nanoparticles, can bring the promising features due to their 68 

high specific surface area and synergistic catalytic capacity [45]. Among them, gold-palladium 69 

bimetallic nanoparticles (Au-Pd NPs) are the typical bimetallic nanoparticles. However, the 70 

growth of Au-Pd NPs usually depends on reducers, such as polyvinyl pyrrolidone [46], sodium 71 

borohydride [47, 48], and ascorbic acid [49]. Besides, harsh conditions, such as high 72 

temperature [46, 49], long time, or certain potential for electrochemical deposition [50, 51] are 73 
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necessary, making the application of the bimetallic nanoparticles limited. Therefore, it is 74 

meaningful to investigate the eco-friendly self-reduction template for one-step growth of Au-75 

Pd NPs on the surface of 2D nanosheets without extra reducing agent. At present, researchers 76 

[35, 36, 52] have successfully synthesized single metal nanoparticles (e.g. Ag or Au NPs) on 77 

the surface of MXene by a simple self-reduction method, which provides a possibility for the 78 

self-reduction of Au-Pd NPs. 79 

In this study, bimetallic nanoparticles (Au-Pd NPs) were prepared by self-reduction on the 80 

surface of ultrathin MXene (Ti3C2Tx) nanosheets. The obtained multi-dimensional 81 

nanocomposites (MXene/Au-Pd) exhibits superior conductivity and stability, which are 82 

beneficial for the electron transfer and enzyme immobilization. By combination of disposable 83 

screen-printed electrode (SPE), we fabricated a high-performance enzymatic biosensor for the 84 

rapid detection of OPs using the MXene/Au-Pd nanocomposite-based electrochemical platform 85 

(Figure 1). Herein, we selected paraoxon as the model pesticide due to its high toxicity and 86 

potential conversion from other OPs. Results showed that our enzymatic biosensor is easy-87 

prepared, environment-friendly, and high sensitive, which provides a useful way for the rapid 88 

detection of paraoxon in agricultural products. 89 

2. Experimental 90 

2.1.  Preparation of Ti3C2Tx nanosheets 91 

MXene nanosheets were obtained through selectively etching the Al layers of MAX phase. 92 

Briefly, Ti3AlC2 powder (MAX phase) was etched in LiF and HCl solution for 24 h at the 93 

temperature of 35 ºC. After the centrifugation, the obtained mixture was washed with deionized 94 

water repeatedly, until the pH was closed to 7.0. Later, 1.0 g of the obtained material was 95 
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dispersed into 100 mL of water with the sonication for 1 h. The stable Ti3C2Tx nanosheets 96 

suspension was collected after the centrifugation (3500 rpm) for 1 h. Finally, MXene suspension 97 

with a concentration of 5.4 mg mL−1 was obtained. 98 

2.2.  Fabrication of enzymatic biosensor 99 

Before the modification, the SPE was sonicated in deionized water for 2 min. After that, 10 100 

μL of MXene suspension (diluted with deionized water into 1.0 mg mL−1 before use) was drop-101 

cast on the electrode surface. Then, the MXene modified SPE (SPE/MXene) was dipped in the 102 

mixture of HAuCl4 and PdCl2 to prepare Au-Pd NPs on the surface of MXene via a self-103 

reduction method (SPE/MXene/Au-Pd). Then, the cross-linking agent (0.25% GA, 10 μL) was 104 

coated on the surface of MXene/Au-Pd nanocomposites (SPE/MXene/Au-Pd/GA). After that, 105 

10 μL of AChE (0.2 U μL−1) in 2.0% BSA (1:1) was immobilized onto electrode surface 106 

(SPE/MXene/Au-Pd/GA/AChE) and dried at 35 ºC in the oven for 30 min. 107 

2.3.  Inhibition Measurements 108 

Paraoxon is deemed as the inhibitor of AChE, which can lessen the output of corresponding 109 

hydrolysis product (thiocholine, TCh), consequently causing the weaker oxidation current. In 110 

actual testing, the inhibition rate (I, %) of the AChE-based biosensor usually has the linear 111 

correlation with the logarithm of paraoxon concentration (lgC), which can be recorded as I = 112 

algC + b. The typical current-time curve can be employed to test the current response of the 113 

prepared SPE/MXene/Au-Pd/GA/AChE biosensor. The inhibition rate of paraoxon was 114 

calculated as the formula I = (I0–I1) / I0 × 100%, where I0 and I1 represent the current response 115 

before and after the inhibition of paraoxon, respectively. 116 

3. Results and discussion 117 
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3.1.  Characterization of ultrathin Ti3C2Tx nanosheets 118 

The morphology and chemical structure of the MXene nanosheets was studied by SEM, TEM, 119 

and AFM. As shown in Figure 2a-c, the obtained nanomaterials after LiF-HCl treatment appear 120 

typical sheet-like structure with horizontal dimensions of 457 ± 86 nm. The thickness of 121 

nanosheets is 1.5 ± 0.3 nm, indicating the successful LiF-HCl induced delamination. In order 122 

to further evaluate the etching status, we compared the XRD pattern of the prepared nanosheets 123 

with that of origin MAX. Figure 2d shows that the non-basal plane peak of Ti3AlC2 (the most 124 

notable peak at 2θ≈39°) [19] disappears after the treatment, proving that the Al layers are totally 125 

etched away. In addition, some diffraction peaks of Ti3C2Tx, such as (002), (004), and (0010) 126 

peaks, tend to be broadened, weak, and shift to lower angles. All of these demonstrate that the 127 

ultrathin Ti3C2Tx nanosheets are prepared successfully. 128 

3.2.  Characterization of SPE/MXene/Au-Pd 129 

As shown in Figure S1a, the surface of SPE was covered with MXene nanosheets, which 130 

forms into the uniform and rough film. Then, the MXene nanosheets-based SPE (SPE/MXene) 131 

was soaked into Au3+-Pd2+ mixture to grow bimetallic nanoparticles. In order to obtain the 132 

favorable Au-Pd NPs, we optimized the growth time and the concentration ratio of Au3+-Pd2+ 133 

mixture. Firstly, we set different immersion time from 0 s to 10 min in 5 mM Au3+-Pd2+ mixture 134 

(the concentration ratio of Au3+ to Pd2+ is 1:1). As illustrated in Figure S1, the nanoparticles can 135 

grow on the surface of MXene nanosheets immediately, and the size of nanoparticles is about 136 

30~80 nm only after a self-reduction reaction time of 5 s (Figure S1b). As time goes on, the 137 

density and size of nanoparticles on MXene film become greater. After 5 min, the nanoparticles 138 

appear homogeneous distribution on the surface of MXene nanosheets (Figure S1g). The 139 
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energy dispersive spectrometer (EDS) mapping images (the growth time is 5 min) shows the 140 

distribution of Au, Pd, Ti, and C elements on the surface of the electrode (Figure S1i), 141 

indicating the successful in-situ growth of Au-Pd NPs on MXene nanosheets. To make it clear, 142 

differential pulse voltammetry (DPV) was used to compare the current response of electrodes 143 

in different growth time. From Figure 3a, the current response gradually increases until 5 min. 144 

After that, the current response decreases, which is probably due to the overcrowded NPs 145 

influence the electron transfer kinetics. In view of the NPs morphology and DPV response, we 146 

chose 5 min as the optimized growth time for Au-Pd NPs. 147 

Then, we optimized different concentration ratios of Au3+-Pd2+ precursor mixture. As the 148 

increasing concentration ratio of Pd2+ in the precursor mixture, the bimetallic nanoparticles 149 

become big and rough (Figure S2a-d), and the atomic ratio of Pd element in Au-Pd NPs goes 150 

higher (Figure S2f). Compared with the pure Pd2+ solution (Figure S2e), the introduction of 151 

Au3+ in the precursor mixture can efficiently promote the growth of Pd NPs on MXene 152 

nanosheets, probably due to the lower reduction potential of Au3+ than that of Pd2+. When the 153 

concentration ratio of Au3+ to Pd2+ is 1:2, the DPV response gets the maximum (Figure 3b). 154 

Given all that, we chose the concentration ratio of 1:2 for Au3+-Pd2+ precursor. The SEM and 155 

EDS images in Figure 4a, c display the morphology and elemental mapping analysis of 156 

bimetallic nanoparticles on the surface of MXene nanosheets at high magnification under the 157 

optimized conditions, indicating the successful preparation of Au-Pd NPs on the surface of 158 

MXene nanosheets. Besides, we compared the XRD patterns of MXene before/after the growth 159 

of Au-Pd NPs. From Figure 4b, the main peaks of MXene/Au-Pd nanocomposites are 160 

consistent with that of MXene, together with the (111) planes of Au and Pd (2θ≈40°), as well 161 
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as the (200) plane of Au (2θ≈45°) in the JCPD card, which further verifies the formation of Au-162 

Pd NPs. 163 

3.3.  Electrochemical response of enzymatic biosensor 164 

Electrochemical impedance spectroscopy (EIS) was used to study the electron transfer 165 

properties of the different modified SPEs. From Figure 5a, all of the EIS curves appear a typical 166 

semi-circle or straight line in the high/low frequency scope. It is clear that SPE/MXene (pink 167 

line) has very small semicircle diameter of EIS curve compared with bare SPE (gray line), 168 

which is due to the excellent conductivity and favorable electron transfer kinetics of this sheet-169 

like nanomaterials. After different modifications, the EIS curves display different semicircle 170 

diameters. When Au-Pd NPs were generated on MXene nanosheets, the SPE/MXene/Au-Pd 171 

(purple line) has a relatively large electron-transfer resistance. A report [53] states that metal 172 

NPs can boost the removal of surface functional groups and reduction of the early transition 173 

metal elements of MXene. It might be the reason why the self-reduction of Au-Pd NPs 174 

somewhat affects the original properties of MXene nanosheets. After modified AChE, the 175 

semicircle diameter of the biosensor (SPE/MXene/Au-Pd/GA/AChE) has a significant increase, 176 

indicating the effective immobilization of enzyme. Figure S3 displays the CV response of the 177 

different modified SPEs in 0.1 M KCl solution containing 5.0 mM K3[Fe(CN)6]. After modified 178 

with MXene/Au-Pd nanocomposites, the reduction peak is obviously higher than that of bare 179 

SPE, indicating the excellent electrochemical conductivity of the prepared nanocomposites. 180 

Interestingly, the Au-Pd metallic nanoparticles can well ameliorate the CV curve of 181 

SPE/MXene, which could not form the typical oxidation-reduction couples in 5.0 mM 182 

K3[Fe(CN)6] solution. After immobilized AChE, the CV response become weaker. All of above 183 
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match with the EIS measurement results (Figure 5a). 184 

After that, we studied the DPV response of the obtained biosensor (SPE/MXene/Au-185 

Pd/GA/AChE) in the absence/presence of ATCh. From Figure S4, the prepared biosensor has 186 

an obvious oxidation peak around 0.45 V, which is owning to the hydrolysis of ATCh. To verify 187 

the better electrochemical performance of our biosensor after the modification of Au-Pd NPs, 188 

we tested the electrochemical response of the different electrodes towards ATCh via an 189 

amperometric titration under 0.45 V. From Figure 5b, the current response of our enzymatic 190 

biosensor (green line) is much higher than that of other enzyme-free electrodes with the addition 191 

of ATCh, indicating the high electrocatalytic activity of the fabricated biosensor. Besides, the 192 

bimetallic nanoparticles modified electrode (pink line) has the same current response trend as 193 

AChE-modified biosensor (green line), verifying the internal catalytic function of Au-Pd NPs. 194 

Compared with none-bimetallic nanoparticles modified enzymatic biosensor 195 

(SPE/MXene/GA/AChE, purple line), our biosensor appears the higher current signal, 196 

indicating the favorable synergistic catalysis effect of Au-Pd NPs and AChE. 197 

3.4.  Paraoxon detection 198 

As described above, paraoxon can inhibit the activity of AChE, consequently causing the 199 

weaker electrochemical signal. Therefore, the concentration of paraoxon can be calculated 200 

through the inhibition rate of AChE. Here, the amperometric method was adopted for the 201 

electrochemical detection of pesticide. Before the experiment, the inhibition time and substrate 202 

(ATCh) concentration of the prepared biosensor were optimized by comparing the inhibition 203 

rate of AChE in the presence of paraoxon (20 μg L−1). As shown in Figure S5a, the inhibition 204 

rate tends to increase with the increase of inhibition time. After 10 min, the inhibition rate 205 
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reaches saturation. Then, the concentration of ATCh is optimized with the inhibition time of 10 206 

min. When the concentration of ATCh is 1.0 mM, the maximum inhibition rate appears (Figure 207 

S4b). From the above, the optimized inhibition time and substrate concentration are chosen as 208 

10 min and 1.0 mM, respectively. 209 

Under the optimized conditions, the amperometric response declined obviously with the 210 

increase of the concentration of paraoxon (Figure 6a). When paraoxon concentration is from 211 

0.1 to 1000 μg L−1 (i.e., 0.36−3634 nM in mol representation), the corresponding inhibition rate 212 

has a linear relation with the logarithm of its concentration. By fitting, the linear equation of 213 

paraoxon is I = 23lgC + 20 (R2 = 0.9837), where I represents the inhibition rate and C represents 214 

the paraoxon concentration. The linear equation was also analyzed by linear least-square 215 

regression with the relevant results reported with confidence interval for 95% probability 216 

(Figure 6b). Based on the triple signal-to-noise ratio, the detection limit is calculated to be 1.75 217 

ng L−1 (i.e., 6.36 pM in mol representation). The DPV responses of the fabricated biosensor for 218 

paraoxon have the same decreasing tendency, which is recorded in Figure S6. Compared with 219 

the other MXene-based biosensors, our proposed biosensor has the comparable analytical 220 

performance for pesticide detection (Table S1). 221 

3.5.  Selectivity, interference, and stability study 222 

To investigate the selectivity of the fabricated biosensor, the inhibition rates of other three 223 

OPs, including ethyl-paraoxon, ediphenphos, and fenitrothion are compared with that of 224 

paraoxon (20 μg L−1). From Figure S7a, the inhibition rate for ethyl-paraoxon, ediphenphos, 225 

and fenitrothion are 51.7%, 23.2%, and 17.6%, respectively, which are all lower than that of 226 

paraoxon, implying the favorable selectivity of our biosensor towards the model pesticide. 227 
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The interference study was assessed by comparing the amperometric signal with/without the 228 

addition of some possible interferents. The corresponding results are present in Figure S7b. 229 

For 5 mM of metal ions (i.e. K+, Ca2+, Zn2+, and Mg2+), there is a slight current change, which 230 

means that the usual electroactive species cannot cause the obvious interference for the 231 

fabricated biosensor. Phenol has been extensively used as the pesticide intermediate in the 232 

process of synthesis and has the homologous structure of OPs. Therefore, we investigated the 233 

interference of 100 mM of phenol for the prepared biosensor. It is clear that the interference of 234 

phenol is negligible, indicating the satisfying selectivity for target pesticide. To make the real 235 

agricultural product samples analysis possible, we explored the potential sample interferences, 236 

such as ascorbic acid and glucose. Results show that the only ascorbic acid (100 mM) can 237 

generate obvious current increase. This is due to the change of pH value induced by ascorbic 238 

acid, which is distinctly different from the optimized condition for the prepared biosensor. 239 

In addition, we discussed the interference of the dissolved organic matter (DOM) in 240 

agriculture runoff. Herein, the local lake water was selected as the tested sample. The collected 241 

lake water was filtrated with 0.45 μm filter membrane as the prepared DOM solution, of which 242 

the concentration of the dissolved organic carbon (DOC) was 8.04 mg L−1. Then, the DOM 243 

solution (2 mL) was diluted with 0.01 M PBS into 10 mL and tested the amperometric signal 244 

in the presence of ATCh. Results show that the interference of DOM is negligible (Figure S7b), 245 

indicating the favorable anti-interference property of our prepared biosensor. 246 

In this study, the fabricated biosensor was sealed and stored in the refrigerator at 4 °C when 247 

not in use. The storage stability of the biosensor was investigated the amperometric response 248 

of the biosensor in 0.01 M PBS containing 1.0 mM ATCh. Results indicate that the biosensor 249 
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can maintain 95% of the original response after seven days, illustrating the satisfying stability. 250 

3.6.  Analysis of real samples 251 

Recovery experiments are used to evaluate the applicability of the fabricated biosensor in 252 

agricultural products. Pears and cucumbers were selected as the real samples. Three spiking 253 

levels (5, 10, and 20 μg L−1) in blank samples were set in this experiment. To reduce the 254 

interferences in samples, 25 mg PSA and C18 were employed as the cleaning agents. The 255 

detailed pretreatment steps followed our recent reports [6]. As shown in Table S2, the 256 

recoveries of paraoxon in pear and cucumber samples are from 87.93% to 111.02%, with the 257 

relative standard deviations (RSDs) from 1.08% to 6.37% (n=3). The above results conformably 258 

reveal that our fabricated biosensor is of acceptable reliability and accuracy, making the 259 

practical analysis of paraoxon in agricultural products come true. 260 

4. Conclusions 261 

In summary, an AChE-based pesticide biosensor was fabricated for the electrochemical 262 

determination of OPs using MXene/Au-Pd nanocomposites as the functional platform. Here, 263 

Au-Pd bimetallic nanoparticles were synthesized through a self-reduction reaction on the 264 

surface of ultrathin MXene nanosheets, where MXene nanosheets act as the natural reductants 265 

and supports. Results indicate that the Au-Pd NPs are not only shape-controlled and easy-266 

prepared, but also of desired catalytic activity, which can cooperate with AChE to effectively 267 

catalyze the hydrolysis of ATCh. Besides, the MXene/Au-Pd nanocomposites possess superior 268 

conductivity and large specific surface area, which plays an important part for electron transfer 269 

and AChE immobilization. Using paraoxon as the model pesticide, the established biosensor 270 

shows wide linear range, low detection limit, favorable sensitivity, and real sample applicability, 271 
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which can broaden the application of ultrathin MXene nanosheets for environmental 272 

contaminants analysis. 273 
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Figure captions 435 

Figure 1. Schematic diagram of the preparation of MXene nanosheets and the enzyme-based 436 

pesticide biosensor using MXene/Au-Pd nanocomposites obtaining from a self-reduction 437 

strategy. 438 

Figure 2. (a) SEM, (b) TEM, and (c) AFM images of the MXene nanosheets. Inset of b is the 439 

horizontal dimension distribution, and inset of c is the highlight profile of the selected area of 440 

MXene nanosheets. (d) XRD analysis of the MAX (Ti3AlC2) and MXene (Ti3C2Tx nanosheets). 441 

Figure 3. DPV response of SPE/MXene/Au-Pd with (a) different growth time of Au-Pd NPs 442 

and (b) different concentration ratios of Au3+ to Pd2+ in 0.1 M KCl solution containing 5.0 mM 443 

K3[Fe(CN)6]. 444 

Figure 4. (a) SEM for SPE/MXene/Au-Pd. (b) XRD analysis of the MXene before/after the 445 

growth of Au-Pd NPs. (c) SEM image and corresponding elemental mapping analysis of Au, 446 

Pd, Ti, and C elements of the selected area for SPE/MXene/Au-Pd. 447 

Figure 5. (a) EIS of the different SPEs in 0.1 M KCl solution containing 5.0 mM K3[Fe(CN)6]. 448 

The frequency ranges from 10 kHz to 0.1 Hz, and AC amplitude is 10 mV. (b) Amperometric 449 

response of the different SPEs with the addition of ATCh in 0.01 M PBS (pH 7.4) at 0.45 V. 450 

Each arrow represents the addition point of 0.5 mM ATCh. 451 

Figure 6. (a) Amperometric response of SPE/MXene/Au-Pd/GA/AChE biosensor in 0.01 M 452 

PBS (pH 7.4) containing 1.0 mM ATCh after inhibition with different concentrations of 453 

paraoxon under the optimized conditions. (b) The corresponding calibration curve and its 95% 454 

confidence intervals of inhibition rate versus paraoxon concentration.  455 
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