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Abstract 
 
 The sensitivity, selectivity, and stability of an electrochemical sensor for detecting small 

biomolecules can be significantly upgraded through properly controlling the morphology and 

chemical structure of electrocatalyst. Herein, we fabricated a unique hierarchical 

nanostructure based on Cu@CuxO nanowires (NWs) array uniformly depositing with a layer 

of gold nanoparticles (2-3 nm) through a simple electroless deposition process. The Au-

Cu@CuxO NWs hybrid was successfully applied as a novel binder-free self-supported 

biosensor towards L-cysteine detection with low limit of detection (1.25 µM), wide linear 

detection range (1.25 µM to 1.94 mM), long-term stability (four weeks), and excellent 

selectivity. In addition, the hybrid-based sensor accurately detected L-cysteine in real samples. 

It was found that the obtained nanostructure with the formation of strong interaction between 

Au and Cu phase produces synergistic effects, which improve exposed electroactive site 

number, accelerate charge transfer rate, and increase surface area, thereby boosting the 
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sensing performance. The results open a potential way to develop electrochemical sensor for 

efficiently detecting not only L-cysteine but also other small molecules with high sensitivity, 

accuracy, stability, and cost-effectiveness in health care and disease diagnosis. 

 

Keywords: Copper-copper oxide nanowires; gold nanopartile layer; electrocatalyst; 

electrochemical biosensor. 

 

1. Introduction 

 In recent years, the development of electrochemical biosensors for food quality controlling, 

environmental monitoring, health care, and clinical diagnostics, has become a hot topic due to 

their ease of synthesis, low cost, fast response, reliability, and suitability for direct analyses. 

Owning to unique morphology, structure, and properties, metal nanomaterials have important 

role in producing efficient electrochemical biosensors with enhanced sensitivity and long-

term stability (Jana et al., 2018; Karmaoui et al., 2017; Thanh et al., 2018). Among various 

metal nanomaterials having high catalytic activity, good stability, abundant availability, and 

low cost, Cu-based nanostructures derived from Cu and copper oxides have been widely and 

successfully used (Billy and Co, 2018; Mierczynski et al., 2016). Mean Cu metal has been 

considered as the most common connector with excellent electrical conductivity for creating 

electronic nanodevices (Jason et al., 2016; Liang et al., 2019), CuxO semiconductor catalyst 

with a narrow band gap of 1.2-1.7 eV and physicochemical stability has been employed for 

diverse catalytic synthesis due to the partially filled d-orbitals from the Cu ion and the effect 

of the oxide ligand field on such partially filled d-orbitals (Gawande et al., 2012). Therefore, 

Cu-CuxO materials have exhibited interesting behaviors for electrocatalysis (Eilert et al., 

2017; Huan et al., 2017). The properties of these nanomaterials have been demonstrated to be 

highly dependent on size and morphology; therefore, proper synthesis and applications of 

well-defined CuxO-Cu nanostructures with specific morphology, such as nanoparticles, 
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nanoneedles, nanoribbons, nanosheets, and dendrites have been proposed (Peng et al., 2016; 

Ren et al., 2017). Needle nanostructures have been found to have high potential with many 

advantages over others, such as uniformity, large surface area, abundantly active site numbers, 

and easy synthesis (Li et al., 2017; Momeni et al., 2016). In particular, directly coupling them 

with a three-dimnensinal foam (3DF) structure can further enhance electrocatalytic activity, 

surface area, charge transfer, and stability (Liu et al., 2017; Wang et al., 2017). Recent 

development in electrocatalysis have indicated that the merging of a noble metal with a 

transition metal or its oxide phases (or both) into closely coupled heterostructure can 

impressively result in the alteration of catalytic activity, selectivity, and stability (Tran et al., 

2019; Yang et al., 2017). In this context, gold (Au) has shown very promising catalytic 

performance and efficiencies because of its unique geometric and electronic structures (Ulrich 

et al., 2018; Zhao et al., 2017). The hybridization of noble metal, such as Au nanomaterial, 

with Cu-based catalysts can alter geometry, morphology, structure of resulting materials, and 

then the Cu-CuxO surface ratio, which is evidenced as an important factor for the catalytic 

activity (Caldas et al., 2017; Konar et al., 2016). In addition, the formation of high interaction 

between Au-Cu effectively modulates electronic features and surface chemistry of 

semiconducting catalyst with more electroactive sites for the enhanced catalytic process (Tran 

et al., 2019).  Furthermore, the reaction kinetic can be greatly accelerated because the 

presence of an Au layer at Cu-CuxO boundary regions can efficiently improve hetero-

conductivity between Cu substrate and non-conductive CuxO catalyst. For instance, Mishara 

et al. explored an enhancement of conductivity, accelerated electron transfer, and catalytic 

properties of a nanocomposite based on CuO nanostructures and Au (Mishra et al., 2019). Some 

other previous reports (Abad et al., 2005; Yu et al., 2010) also demonstrated  that the 

combination of noble metal with Cu-CuxO hybrid not only display superior physicochemical 

behaviors but also better catalytic activity and stability. Therefore, it is expected that a unique 
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hybridization of Au nanocrystals with the Cu-CuxO nanoneedles on a 3DF may be a 

promising way to enhance the catalytic efficiency of electrochemical sensor.  

 L-cysteine (L-cys), an α-amino acid, plays a crucial role in biological systems as well as 

in food processing and medical production (Deng et al., 2009; Silva et al., 2013). This 

substance is important for metabolizing essential biochemicals. It has been applied as a 

radioprotective agent, a free radical scavenger, and a cancer indicator (Zhou et al., 2007). In 

addition, L-cys has also been added into antibiotic drugs for treatment of skin damages, and it 

has been utilized as an antioxidant in food production (Majd et al., 2013). Therefore, the 

sensitive and selective determination of L-cys is very important in biochemistry, 

pharmaceuticals, and clinical analysis. Some efforts have developed electrochemical sensors 

for L-cys detection (Sornambikai et al., 2017; Wang et al., 2015). Although enzymatic sensors 

have been commonly applied (Hassan et al., 2007; Singh et al., 2017), the high cost and 

unstable nature of enzymes are critical issues hindering sensor‘s practical applications 

(Ghanbari and Babaei, 2016; Wang et al., 2018). Another problem is that the use of polymer 

binder significantly reduces the charge transfer rate, obstruct the catalytic active sites, and 

prohibit electrolyte/reactant diffusion. In addition, the aggregation and dissolution of catalyst 

during the electrochemical operation significantly decrease catalytic activity, reproducibility, 

and stability. To address these issues, we developed a novel nanoarchitecture based on Au 

nanocrystals (2-3 nm) an a complex 1D Cu@CuxO nanowires arrays on 3DF. The synergistic 

effects from high interaction between Au-Cu provided more exposed active sites, large 

surface area, and good conductivity, thereby yielding outstanding catalytic behavior towards 

L-cys detection. 

 

2. Experimental  

2.1 Synthesis of Cu(OH)2 NWs-3DF 
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 In a typical synthesis procedure, 3D copper foam (3DF) was cut into 1 cm x 5 cm slice 

and cleaned by dipping for 15 min (with the help of sonication) in acetone, ethanol, and acetic 

acid in sequence. Then the 3DF was washed quickly with water until a pH of 7 was achieved. 

The resulting 3DF was then immersed in a mixture containing of 2.5 M NaOH and 0.13 M 

(NH4)2S2O8 at room temperature and gently stirred for 15 min. After the Cu(OH)2 nanoneedle 

arrays were uniformly grown on the 3DF, the sample was washed with water until a pH of 7 

was achieved followed by drying at 60 oC for 12 h.  

 

2.2 Synthesis of Au-Cu@CuxO NWs-3DF 

 For preparing the Au-Cu@CuxO NWs-3DF hybrid, the Cu(OH)2 NWs-3DF was firstly 

reduced to Cu NWs-3DF at 200oC in a flow of Ar gas (100 sccm) and H2 gas (50 sccm) for 80 

min. A heating rate of 3 oC⋅min-1 was used to increase temperature to reaction condition. After 

the reaction finished, the system was fast cooled to room temperature under Ar flow (100 

sccm). Subsequently, the sample was removed and immediately immersed in 1 mM HAuCl4 

solution for 1 min to allow Au electroless depositing on sample (Scheme 1). The obtained 

Au-Cu@CuxO NWs-3DF was carefully washed with water before being dried under a flow of 

N2 gas. 
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Scheme 1. Schematic illustration for fabrication of Au-Cu@CuxO NWs-3DF hybrid. 

 

3. Results and Discussion 

3.1 Morphological studies 

 Scheme 1 shows the fabrication strategy of the Au-Cu@CuxO NWs-3DF hybrid. In this 

context, 3DF was first oxidized to produce Cu2+ ions, which were then converted to uniform 

Cu(OH)2 NWs, well attaching on the skeleton surface of 3DF due to the simultaneous effect 

of oxidant agent ((NH4)2S2O8) and base (NaOH) (Kar et al., 2017). A reduction process of 

Cu(OH)2 NWs in H2 at 200 oC for 80 min generated Cu NNs, which were then converted to 

the Au-Cu@CuxO NWs-3DF through a subsequent galvanic reaction and oxidation process 

during immersion in the Au precursor (Thanh et al., 2016). FE-SEM was used to evaluate the 

typical morphology and structure of the Cu(OH)2 NWs-3DF, Cu NWs-3DF, and Au-

Cu@CuxO NWs-3DF materials. Figure 1a shows FE-SEM image of the Cu(OH)2 NWs-3DF 

hybrid with a uniform and porous structure. The skeleton surface of 3DF is completely 

covered by Cu(OH)2 nanoneedle arrays with the diameter in the range from 70 to 80 nm (Figs. 

1b and c). In the case of the Cu NWs-3DF hybrid, the uniform and porous characteristics are 
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similar to that of the Cu(OH)2 NNs-3DF (Fig. 1d). However, the Cu NNs displays 

interconnected flexibility and a rough surface, suggesting a better porosity than Cu(OH)2 

NWs-3DF (Figs. 1e and f). Particularly, the Au-Cu@CuxO NWs-3DF hybrid exhibits an 

extremely rough and highly porous morphology on the skeleton surface of the 3DF (Fig. 1g). 

In this regard, the Cu nanoneedles are thoroughly coated with vertical layer-like CuxO 

nanostructures to create uniform hetero-nanobrush architecture (Figs. 1h and i). Such 

obtained characteristics can result in a highly porous feature and large specific surface area 

with the enhanced active site number,  flexible, short, and diverse channels for the mass 

transfer and ion diffusion, and improved interfacial contact area, promising with regard to its 

use for electrochemical reactions. 

 

Figure 1. SEM images at different magnifications of (a-c) Cu(OH)2 NWs-3DF; (d-f) Cu 

NWs-3DF; and (g-i) Au-Cu@CuxO NWs-3DF hybrid.  
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 TEM analysis was used to characterize the insight into nanostructure of the Au-Cu@CuxO 

NWs. The typical morphology of the Au-Cu@CuxO NWs exhibited a Cu nanoneedle surface 

fully coated with thorn-like CuxO nanostructures (Figs. 2a and b). HR-TEM images clearly 

indicated the crystal structure of the CuxO phase, in which the lattice fringes with d spacing of 

∼2.45 nm, 0.21 nm, and 0.274 nm correspond to the d(111) and d(200) crystal plane of Cu2O, 

and d(110) crystal plane of CuO phase, respectively, indicating that CuxO has a 

polycrystalline nature with multi-crystal domains (Fig. 2c). At the same time, HAADF-STEM 

analysis reveals the relative position of the elements within the nanoneedle structure due to 

the atomic number (Z)-based contrast. In this regard, because of the difference in the electron 

penetration efficiency of Cu, Au, and CuxO phases, STEM image clearly shows that the grey 

Cu nanoneedle with diameter of around 100 nm is uniformly covered by a layer of very small 

Au nanostructures, which form faint shell with white dots homogeneously distributed on the 

grey Cu nanoneedle core (Fig. 2d). In addition, the growth of vertical CuxO nanothorns on Cu 

NW with the mean thickness of ∼50 nm is also observed with light-grey color. Together with 

STEM, the EDS area color mapping indicates the formation of a unique core-shell 

nanostructure of Au-Cu@CuxO NWs (Figs. 2e-g). The detailed structure was also obtained 

from the EDS line profiles for a Au-Cu@CuxO NW (Figs. 2h-k), in which the Cu signal is 

primarily distributed at the core region, while the Au signal is mainly positioned at NW’s 

surface to form an inner shell, which is coated by an outer shell of vertical CuxO thorns.  
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Figure 2. (a and b) TEM and (c) HR-TEM images of the Au-Cu@CuxO NWs; (d) High 

contrast TEM images of the Au-Cu@CuxO NWs; EDS color mapping of the Au-Cu@CuxO 

NWs for (e) Cu, (f) Au, and (g) O; (h) STEM image of the Au-Cu@CuxO NWs along with 

line mapping profile of (i) Cu,  (j) Au, (k) O. 

 

3.2 XRD, BET, and XPS analyses 

  Figure 3a shows the typical XRD patterns of the Cu NWs and Au-Cu@CuxO NWs 

materials.  In the case of Cu NWs, the diffraction peaks located at 2θ of 43.2o, 50.4o, and 

74.1o, are corresponding to the crystalline lattices of the Cu metal (Elzey et al., 2011). The 

XRD pattern of the Au-Cu@CuxO NWs shows that in addition to the specific characteristics 

of Cu, other peaks appearing at 2θ of 32.5, 36.4, 38.6, 53.6, 57.8, 66.1, and 67.7o are relate to 

the d(110), d(002), d(111), d(020), d(202), d(11-3), and d(220) lattice of the CuO phase, 
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respectively (Zhao et al., 2013). The formation of Cu2O phases is also confirmed with the 

availability of specific peaks at 29.5, 35.5, 42.2, 48.9, 61.5, and 71.9o, consistent with d(110), 

d(111), d(200), d(220), d(221), and d(311) crystal plane, respectively. In particular, two small 

peaks at 45.8, and 63.6o are indexed as the d(200) and d(220) crystal plane of the fcc Au 

phase (Kar et al., 2014),  further indicaing the formation of Au-Cu@CuxO NWs 

nanoarchitecture.  

 

Figure 3. (a) XRD patterns of the Au-Cu@CuxO NWs and Cu NWs materials; (b) BET 

surface area of Cu(OH)2 NWs, Au-Cu@CuxO NWs and Cu NWs materials (inset: Pore 
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distribution curves); (c) XPS spectrum of the Au-Cu@CuxO NWs; High resolution XPS 

spectra of (d) Cu2p, (e) O1s, and (f) Au4f in the hybrid material. 

 

 The N2 adsorption-desorption isotherms for studying the specific surface area and porosity 

of the materials are presented in Fig. 3b, which is discussed in detail in Supporting 

Inofrmation. The chemical composition of the Au-Cu@CuxO NWs material was further 

explored by XPS analysis. The survey XPS spectrum indicates the presence of binding energy 

for Cu2p, O1s, and Au4f at 934, 530, and 76 eV, respectively (Fig. 3c). The high resolution 

XPS spectrum of Cu2p shows three doublets, which are ascribed to binding energy of Cu2+2p, 

Cu+2p, and Cuo2p at (932.8 and 952.7eV), (933.9 and 953.9 eV), and (935.2 and 955.2 eV), 

respectively, consistent with the presence CuO, Cu2O, and Cu phase in Cu@CuxO NW 

structure (Fig. 3d). The appearance of satellite peaks for Cu2+2p3/2 and Cu2+2p1/2 at around 

942 and 963 eV, respectively, further indicated the availability of CuO phase with the 

existence of an unfilled Cu3d9 shell of Cu2+ (Jin et al., 2017).  Figure 3e shows the high 

resolution spectrum of O1s, which can be fitted by two peaks with binding energy at 529.7 

and 531.1 eV, attributed to the Cu-O and adsorbed oxygen on surface of material, respectively 

(Devadoss et al., 2014). The high resolution spectrum of Au4f displays three separated 

components, in which the peaks at 83.6 and 87.2 eV are from Auo4f, and the peak at 85.3 eV 

is from Auδ+4f (Fig. 3f) (Tchaplyguine et al., 2015). In order to observe the shifting of Cu2p 

and Au4f binding energies after hybridization, the XPS spectra of pure Cu NWs and Au 

nanoparticles were investigated (Figs. S2a and b). The shifting of the binding energy for 

Cu2p and Au4f is consistent with the charge transfer between two metallic phases, leading to 

the alternation of surface chemistry for each, including ionization energy and vacant-orbital 

numbers (Wong et al., 2017). These are important factors for Au-Cu interaction, because the 

creation of metallic bonding is resulted from the electrostatic appealing force between 

conduction electrons and positively charged metal ions. In this regard, Figures S2c and d 
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suggest a strong interaction between Au and Cu due to the significant shift of the Cu2p and Au4f 

binding energies in the hybrid as compared with pure Cu NWs and Au NPs. The positive shift of 

Au4f binding energy implies that the Au nanodots transfer electrons to the Cu@CuxO NWs, 

leading to the modulation of the d-band center in electronic structure of Au as well as Cu (Wong et 

al., 2017). The emergence of the prominent peaks of Auδ+ ions displays as advantageous 

electroactive sites and enhances the affinity between catalyst with reactant, thereby 

contributing the enhanced catalytic performance of hybrid in electrochemical reactions 

(Thanh et al., 2017). 

 

3.3 Electrocatalytic properties towards L-cys oxidation 

 The electrocatalytic activity of the Au-Cu@CuxO NWs-3DF electrode was investigated for 

L-cys oxidation in 0.1 M PBS solution. A significant difference in the absence and presence 

of 1 mM L-cys is revealed from the CV measurment (Fig. 4a). In this regard, there is no peak 

current in blank PBS solution, whereas a clear peak appears at around +0.6 V in the presence 

of 1 mM L-cys, indicating the effective oxidation of such biomolecule on the electrode‘s 

surface. However, the disppearance of a reduction peak during cathodic scan implies the 

irreversible process of L-cys oxidation with a slow kinetic on the electrode’s surface (Ge et al., 

2012). The oxidation peak at the Au-Cu@CuxO NWs-3DF hybrid shows higher current along 

with negative potential as compared to those of bare 3DF, Cu(OH)2 NWs-3DF, and Cu NWs-

3DF (Fig. 4b). The superior performance of the Au-Cu@CuxO NWs-3DF is further supported 

by measuring  amperometry at +0.6 V, in which its current response is around 2.65 mA, much 

higher than bare 3DF (0.83 mA), Cu(OH)2 NWs-3DF (1.28 mA), and Cu NWs-3DF (2.05 

mA) (Fig. 4c). The EIS was investigated to evaluate the charge transfer behavior at catalyst-

electrolyte interface of different electrodes, since it is considered as a critical factor 

influencing on the catalytic behavior of the materials (Fig. 4d). In this context, the Au-

Cu@CuxO NWs-3DF electrode exhibits a smaller semicircle at high frequency region as 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
  

13 
 

compared to other electrodes, suggesting a significant improvement of heterocharge transfer 

ability in its structure. This may be due to its hierarchical porous architecture with Au-

intergrated effect resulting in the improved charge transfer possibility. The enhanced catalytic 

performance of the Au-Cu@CuxO NWs-3DF electrode can be explained by some main reason 

as follow: Firstly, the combination of Au with Cu-CuxO nanoneedle significantly creates an 

alternation of the electronic properties for each other, thereby synergisticaly affecting the 

electroactive site number and charge conductivity of the resulting hybrid material. Secondly, 

the formation of a 3D hierarchical structure can offer the enhanced surface area with more  

exposed active sites, avoid undesirable interface, and  reduce inner resistance by self-

supported ability without using polymer binders and conductive additives. The high density of 

the macro- and mesopores easily endorse reactant/electrolyte accesses into the active sites of 

catalyst, thereby favorable for the fast charge transfer, reactant’s adsorption, and 

ion/electrolyte penetration. At the same time, the growth of Cu NWs through a direct reaction 

of 3DF can lead to great adhesion to the substrate and ensure the good electrical contacts as 

well as mechanical behavior of the hybrid, further contributing its superior performance for 

long-term L-cys oxidation. 
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Figure 4. (a) CV curves of Au-Cu@CuxO NWs-3DF in 0.1 M PBS solution, with and without 

1 mM L-cys at a scan rate 50 mV/s; (b) CV curves of different electrodes in 0.1 M PBS 

solution containing 1 mM L-cys; (c) Amperometric curves of different electrodes in 0.1 M 

PBS solution containing 1 mM L-cys at an applied potential of +0.6 V; (d) EIS result of 

different electrodes in 0.1 M PBS solution containing 1 mM L-cys in the frequency range 

from 0.01 Hz to 105 Hz; (e) CV curves of Au-Cu@CuxO NWs-3DF in 0.1 M PBS solution + 

1 mM L-cys at various scan rates; and (f) Amperometric curves of Au-Cu@CuxO NWs-3DF 

in 0.1 M PBS solution containing 1 mM L-cys at different applied potentials. 
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 The kinetic of the L-cys oxidation on Au-Cu@CuxO NWs-3DF surface was investigated 

by CV at different potential scan rates (Fig. 4e). The results show that the current response is 

proportional to the square root of the scan rate with a linear equation of ����� =

10.246

�

� + 2.7761  and a correlation coefficient (R2) of 0.99069 (Inset in Fig. 4e), 

confirming that the L-cys oxidation at Au-Cu@CuxO NWs-3DF surface obeys a diffusion 

controlled process. The electrooxidation mechanism of L-cys  can be proposed as the 

following equations (1)-(3) (Gao et al., 2005; Premlatha et al., 2018). 

Cu@Au@CuO-active site + RSH � Cu@Au@CuO-active site⋅⋅⋅RSH  (1) 

Cu@Au@CuO-active site⋅⋅⋅RSH  � Cu@Au@CuO-active site⋅⋅⋅RS* + H+ + e-  (2) 

2Cu@Au@CuO-active site⋅⋅⋅RS*�2Cu@Au@CuO-active site + RS-SR  (3) 

(RSH = L-cys) 

 In another regard, to find the optimized value of the applied potential for L-cys detection, 

the influence of different applied potentials on the amperometric response of the Au-

Cu@CuxO NWs-3DF electrode was investigated (Fig. 4f). The applied potential of +0.6 V 

was found to produce the highest current response; therefore, it was chosen for subsequent 

amperometric experiments. The detection range, LOD, and sensitivity of the Au-Cu@CuxO 

NWs-3DF towards L-cys are explored by the amperometry through continuous addition of 

different L-cys concentrations into 0.1 M PBS solution (Fig. 5a). It was found that the Au-

Cu@CuxO NWs-3DF displays an excellent sensitivity of 2945 µA cm−2 mM−1 to L-cys 

oxidation and a wide linear detection range from 1.25 µM to 1.94 mM, which is consistent 

with a regression equation of ����� = 2.945����� + 0.1733 and a correlation coefficient 

(R2) of 0.99877 (Fig. 5b). Besides, a low LOD value of 1.25 µM (S/N = 3) was realized (inset 

in Fig. 5a), along with a fast response time of 10 s (Fig. 5c). As compared with L-cys sensors 

reported in earlier studies (Table S1), the Au-Cu@CuxO NWs-3DF exhibits better behavior 
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with regard to LOD, detection range, and sensitivity. Selectivity is also an important 

parameter for evaluating the practical potential of the sensor because the oxidation process of 

interferents may happen at a potential value similar to L-cys. To investigate the selectivity of 

the Au-Cu@CuxO NWs-3DF towards L-cys detection, the amperometry was carried out with 

an initial addition of 1 mM L-cys followed by subsequent addition of 0.05 mM DA, 0.05 mM 

KCl, 0.05 mM urea, 0.05 mM AA, 0.05 mM UA, and 0.5 mM L-cys. The concentration of 

these interferents is consistent with their level in the normal human body. Figure 5c shows 

that mean L-cys with 1 mM and 0.5 mM at first time and final time of addition, respectively, 

shows an obviously sharp current increment; DA, KCl, urea, AA, and UA produce minor 

current responses in the 0.1 M PBS solution. The similar selectivive behavior of this sensor 

towards 1 mM L-cys detection in the presence of 0.5 mM glucose, 0.5 mM glycine, 0.5 mM 

H2O2, 0.5 mM citric acid, and 0.5 mM oxalic acid is also presented in Fig. S2, further 

indicating its excellent selectivity towards L-cys without influence of coexising biomolecules. 

The reproducibility of the Au-Cu@CuxO NWs-3DF was examined by measuring the 

oxidation of 1 mM L-cys through five different electrodes (Fig. 5d). The relative standard 

deviation percentage (RSD%) was found to be 1.53%, suggesting that Au-Cu@CuxO NWs-

3DF has excellent reproducibility. In another regard, the good stability of this sensor was also 

confirmed with a current retention of  94.6% over a period of four weeks stored (Fig. 5e). 

These results clearly indicate that the Au-Cu@CuxO NWs-3DF exhibits not only good 

catalytic activity but also respectable durability and stability for L-cys detection, highly 

potential for a practical application.   
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Figure 5. The amperometric response of Au-Cu@CuxO NWs-3DF by adding various L-cys 

concentrations with regular intervals of 50 s at +0.6 V; (b) Effect of interferents on the 

performance of Au-Cu@CuxO NWs-3DF towards L-cys detection in 0.1 M PBS solution; (c) 

Amperometric current vs L-cys concentration; (d) Stability and (e) reproducibility of Au-

Cu@CuxO NWs-3DF; (f) Practical application of Au-Cu@CuxO NWs-3DF for detecting 

known L-cys concentrations in blood serum spiked PBS solution. 
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 To prove the real application of the Au-Cu@CuxO NWs-3DF, a human serum sample was 

used for the L-cys detection. In a procedure, current intensity is achieved after injecting a 

certain amount of human serum into 0.1 mM PBS contaning known L-cys concentration at the 

applied potential of +0.6 V. The accuracy of L-cys determination by Au-Cu@CuxO NWs-

3DF in a human serum–spiked PBS solution was compared to the known value of L-cys 

concentration, as presented in Fig. 5f and Table S2. The recovery and RSD% values for 

detecting L-cys are found in the ranges of (101 to 109%) and (1.7 to 4.3%), respectively, 

demonstrating the suitable accuracy and good reliability of the Au-Cu@CuxO NWs-3DF for 

nonenzymatic L-cys detection.  

 

4. Conclusion 

 In this work, we sucesffuly fabricated a novel porous hybrid of Au-Cu@CuxO NWs-3DF 

owning large electroactive surface area, excellent conductivity, and good stability. The hybrid 

exhibits a great advantage for L-cys detection with excellent sensitivity of 

2945 µA cm−2 mM−1, low LOD of 1.25 µM, and a wide linear detection range of 1.25 µM to 

1.94 mM. In addition to good reproducibility and stability, the hybrid also demonstrates the 

accurate detection of L-cys in real samples, implying its prospective ability towards practical 

sensing application. The enhanced sensing performance of the hybrid is due to the unique 

interaction between small Au and Cu to offer an intrinsic modulation of electronic properties 

and surface chemistry for each, which enhance electroactive site number and conductivity, 

thereby leading to a synersitic effect to accelerate the oxidation of L-cys. At the same time, 

the formation of a favorable hierarchical 3D nanoarchitecture with large surface area and high 

mechnical propertiesh improves electrolyte penetration, ion diffusion, mass transfer, and 

charge transfer ability. The outstanding performance of the Au-Cu@CuxO NWs-3DF towards 
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L-cys detetion opens a novel door for developing effective self-supported catalyst in 

electrochemial sensing applications. 
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