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Stable, reproducible, 
and binder‑free gold/copper 
core–shell nanostructures 
for high‑sensitive non‑enzymatic 
glucose detection
Hossein Siampour1, Sara Abbasian2, Ahmad Moshaii1,2* & Amir R. Amirsoleimani1

The core–shell non‑enzymatic glucose sensors are generally fabricated by chemical synthesis 
approaches followed by a binder‑based immobilization process. Here, we have introduced a 
new approach to directly synthesis the core–shell of Au@Cu and its Au@CuxO oxides on an FTO 
electrode for non‑enzymatic glucose detection. Physical vapor deposition of Au thin film followed 
by thermal annealing has been used to fabricate Au nanocores on the electrode. The Cu shells have 
been deposited selectively on the Au cores using an electrodeposition method. Additionally, Au@
Cu2O and Au@CuO have been synthesized via post thermal annealing of the Au@Cu electrode. This 
binder‑free and selective‑growing approach has the merit of high electrooxidation activity owing to 
improving electron transfer ability and providing more active sites on the surface. Electrochemical 
measurements indicate the superior activity of the Au@Cu2O electrode for glucose oxidation. The 
high sensitivity of 1601 μAcm−2  mM−1 and a low detection limit of 0.6 μM are achieved for the superior 
electrode. Additionally, the sensor indicates remarkable reproducibility and supplies accurate results 
for glucose detection in human serums. Moreover, this synthesis approach can be used for fast, highly 
controllable and precise fabrication of many core–shell structures by adjusting the electrochemical 
deposition and thermal treatment parameters.

Reliable, rapid and cost-effective blood glucose sensing is a significant challenge owing to worldwide grow-
ing diabetes  mellitus1,2. The sensitive glucose detection is also important for food, drug and environmental 
 monitoring3–5. Noticeable efforts have been dedicated to developing enzymatic glucose sensors with high sen-
sitivity and  selectivity6–9. However, there are some limitations to overcome, including high cost, complicated 
enzyme immobilization procedure, and low stability of the  enzymes10–12.

Currently, highly sensitive non-enzymatic glucose sensors with fast response time, low cost and high stability 
have attracted great  attentions13–15. Owing to high surface area and enhanced electrocatalytic properties, various 
metal and metal oxide nanostructures have been considerably used in the fabrication of non-enzymatic glucose 
 sensors16–19. However, some limitations of mono-material constructed electrodes obstruct their practical appli-
cation in glucose sensors. For example, noble metals such as Ag, Pt and Au exhibited excellent catalytic activity 
but suffered from some disadvantages, including high cost, surface poisoning, and low  selectivity20,21. On the 
other hand, transition metal oxides like  Cu2O, CuO, NiO and  Co2O3 are more interested due to their low cost, 
abundancy and high  stability22–25. However, their poor electrical conductivity and charge transfer ability are chal-
lenging issues in their  applications21,26. Accordingly, using metal oxides modified with metal  nanoparticles27–30 
and metal/metal oxide hybrid core–shell  structures18,31–33 seem to provide a significant improvement in glucose 
sensing performance. Among various nanostructures, Au@copper oxide core-shells are a promising candidate 
for glucose detection since excellent charge transfer ability of Au and superior electrocatalytic activity of copper 
oxides integrate to novel synergistic  properties34,35.

Synthesis of core shell structures is generally carried out by the solution-phase methods followed by their 
immobilization on a supporting electrode. It includes reducing metal ions in the presence of core seeds and 
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shape-directing additives. This approach suffers from hindering electrocatalytic activity due to existence of 
surfactant and binding additives. Accordingly, other fabrication methods especially those based on the direct 
deposition of core–shell structures on a conductive substrate are more  interested36–38.

Here, a new approach has been raised to directly fabricate the core–shell structures on a conductive electrode. 
Core–shell of Au@Cu and Au@CuxO have been constructed directly on an FTO electrode by incorporating 
physical vapor deposition, electrochemical deposition and thermal treatments. The results show selective deposi-
tion of Cu shell on the Au nanocores without any accumulation. The proposed direct and binder-free approach 
boosts the electron transfer ability and reaction capacity of the shell. Selective formation of core–shell without 
accumulation improves electrooxidation activity of the sensor due to providing more active site and facilitating 
glucose diffusion. In addition, high repeatability and controllability of fabrication processes are achieved. The 
results indicate the superiority of glucose oxidation activity of Au@Cu2O in comparison to Au@Cu and Au@CuO. 
Finally, a high sensitivity of 1601 μAcm−2  mM−1 and a low detection limit of 0.6 μM are obtained for Au@Cu2O.

Results
1. Characterization of Au nanocores

The fabrication approach of Au@Cu and Au@CuxO directly on the FTO substrate is illustrated schematically in 
Fig. 1. Initially, Au nanocores were fabricated via physical vapor deposition of different Au thin films followed 
by thermal annealing at 550 °C. To produce Au@Cu, a copper shell was electrochemically deposited on the Au 
core supported FTO substrate. The electrochemical deposition of the copper shell was performed under poten-
tiostatic mode in 1 mM  CuSO4 solution at room temperature. Eventually, to develop Au@Cu2O and Au@CuO, 
the as-prepared Au@Cu were annealed under the air atmosphere at 200 °C and 400 °C, respectively.

Figure 2 shows SEM images and size distribution histograms of the Au cores with various film thicknesses. 
A random array of well-separated Au nanocores are fabricated on the FTO substrate for all deposition thick-
nesses of 2.5, 5 and 10 nm. As indicated in Fig. 2, by the increment of the deposition thickness, the diameter of 
nanocores increases. For the deposition thicknesses of 2.5, 5 and 10 nm, the average diameters of Au nanocore 
are 38, 44 and 80 nm, respectively.

To obtain the optimum Au deposition thickness for core formation, the electrochemical behaviors of the Au 
nanocores with various thicknesses have been measured by cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS). The CV curves have been measured at the potential range from − 0.2 to 0.6 V in the solu-
tion (0.1 M KCl) containing redox couple of [Fe (CN)6]−3/−4 (2.5 ×  10−3 M), at the scan rate of 50  mVs−1. The EIS 
measurements have been carried out at the frequency range of 100 kHz to 0.1 Hz with 5.0 mV AC perturbation.

The CVs curves of the bare FTO and different core supported FTO electrodes are shown in Fig. S1. A pair 
of redox peaks is observed for the bare FTO with the anodic  (Epa) and cathodic  (Epc) current peak potentials of 
0.38 V and 0.06 V, respectively. The peak-to-peak separation potential (ΔEp =  Epa −  Epc) is obtained as 0.33 V for 

Figure 1.  Schematic illustration of the fabrication procedure of Au@Cu and Au@CuxO including physical 
vapor deposition of Au thin film, fabrication of the Au nanocore by thermal annealing, the electrochemical 
deposition of copper on the Au nanocore and the final thermal treatment.
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the bare FTO. Modification of the FTO electrode by Au nanocores leads to incrementing the intensity of current 
peaks and reducing ΔEp for all deposition thicknesses. The ΔEp is obtained as 0.23, 0.19 and 0.21 V for deposition 
thicknesses of 2.5, 5 and 10 nm, respectively. As is observed in Fig. S1a, the Au nanocores with 5 nm thickness 
exhibit the highest current intensity and lowest ΔEp.

Figure S1b of the electronic supplementary information (ESI) shows the Nyquist plots (EIS curves) of the 
bare FTO and the core supported FTO electrodes with various deposition thicknesses. For the bare FTO, a 
large electron-transfer resistance (identified as Ret) of 2.4 KΩ is observed indicating high resistance of the bare 
FTO surface against charge transfer. Modification of FTO electrodes by Au nanocores with 2.5 nm deposition 
thickness results in a notable decrease in Ret (0.8 KΩ). A further decrease in Ret (0.24 KΩ) is observed for Au 
nanocores with 5 nm deposition thicknesses indicating increment of the active surface area of the electrode. 
For the deposition thickness of 10 nm, the Ret of 0.4 KΩ is obtained. Considering the results of Fig. S1, the Au 
nanocores with 5 nm deposition thickness show the highest charge transfer performance and were selected for 
copper shell deposition in the following experiments.

2. Characterization of Au@Cu and Au@CuxO structures

Figures S2 and 3 show SEM images of the copper electrochemically deposited on the bare and the Au nanocore 
electrodes before and after thermal annealing processes. As shown in Figs. S2 and 3a, the growth pattern, shape 
and surface coverage of the deposited copper considerably differ for the bare and the Au core electrodes. For bare 
FTO, sparse cubic Cu nanostructures with a mean size of about 200 nm are formed on the electrode. In the case 
of the Au core electrodes, considering the contrast between the inner Au cores and the outer shell confirms the 
formation of the Cu shell on the Au nanocores. To get a better insight, backscattering electron (BSE) image of 
Au@Cu has been recorded, as shown in Fig. 3b. All the Au cores are encapsulated in uniform Cu shells. In fact, 
the epitaxial nucleation of Cu on the Au surface occurs due to epitaxial growth of Au core and Cu  shell39–41. In 
addition, the higher surface energy of the Au nanocores compared to the FTO defect sites leads to the competi-
tive deposition of Cu on the Au  surface42,43. Therefore, the proposed method results in the direct and binder free 
formation of a dense array of Au@Cu structure with the size distribution range of 20–60 nm.

Thermal treatment of Au@Cu was carried out at the temperature of 200 °C and 400 °C to construct Au@
Cu2O and Au@CuO, respectively. Figure 3c–f shows SEM and BSE images of thermally treated Au@Cu. Thermal 
treatment in the air atmosphere induces changes in the shell structures owing to the oxidation of the Cu  shell44,45. 
This causes that the sizes of Au@Cu2O and Au@CuO increase relative to the original Au@Cu.

To verify the selective deposition of Cu shell on Au nanocores, the chronoamperometry measurement was 
utilized since the details of the transient current can be obtained by this  method43,46. Figure S3 illustrates the 
transient current–time curves during deposition of Cu on the bare and the core supported FTO electrodes. In the 

Figure 2.  SEM images and size distribution histograms of Au nanocores fabricated by thermal annealing of Au 
thin films with different deposition thicknesses of (a) 2.5 nm, (b) 5 nm and (c) 10 nm.
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case of the bare FTO, both nucleation and growth processes are observable. In the early stages of deposition, the 
current increases due to the formation of the Cu nucleus on the bare FTO. For later times, the current decreases 
due to the FTO surface coverage by Cu nanostructures resulting in appearance of a peak in the current–time 
curve. For the core supported FTO electrode, the absence of the current peak relating to the nucleation process 
confirms direct and selective deposition of Cu on Au  cores43.

On the other hand, the formation of core–shell can also be investigated by Vis–NIR spectroscopy via changes 
of surface plasmon resonance (SPR) due to formation of Cu shell on Au  core47,48. The Vis–NIR absorption spectra 
of Cu deposited on the bare and core supported FTO electrodes and the corresponding oxide forms are shown 
in Fig. 4. For Au nanocores, a plasmonic peak at the wavelength of 570 nm is observed. Deposition of Cu on 
the nanocores leads to two fold increment of the intensity, the redshift of the plasmonic peak to 683 nm and no 

Figure 3.  SEM and BSE images of (a,b) the copper deposited on the Au nanocore at the potential − 0.45 V for 
600 s in 1 mM CuSO4 electrolyte solution, (c,d) the as-prepared Au@Cu at the temperature of 200 °C and (e,f) 
the as-prepared Au@Cu at the temperature of 400 °C.
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splitting spectra indicating the formation of spherical Au@Cu49. The decrement of peak intensity and further 
redshift of plasmonic peak wavelength to 695 nm and 724 nm are observed by the formation of Au@Cu2O and 
Au@CuO, in agreement with previous  reports34,49–53.

In the case of the Cu/FTO and their oxide states, no SPR peak is observed and only a broad absorption band 
in the range of 480–800 nm, associated with the bandgap of  Cu2O and CuO, is  recognized34,53,54.

The structure and composition characterizations of the Au@Cu core–shell and its oxide forms have been car-
ried out by XRD, as shown in Fig. S4. XRD patterns could confirm the structure and composition of electrodes. 
XRD patterns of the bare and Au core supported FTO electrodes are also shown in the figure. The pattern of the 
FTO bare electrode shows several peaks at 2θ = 27.1°, 34.06°, 39°, 52.8°, 55.1°, 62°, 65.8°, 72° and 79.15°, which 
are assigned to the tetragonal structure of the FTO electrode. In the case of the Au nanocores, two diffraction 
peaks of 38.4° and 44.9° are attributed to the (111) and (200) planes of the face-centered cubic (FCC) structure 
of Au. For Au@Cu, the appearance of diffraction peaks at 2θ = 44°, 52.1° and 75° corresponds to (110), (111), 
and (200) planes indicating the formation of FCC crystalline Cu structure. For the Au@Cu2O, XRD peaks at 
2θ = 37.3° and 43.2° of the (111) and (200) planes confirm the formation of  Cu2O shell due to thermal treatment 
of Cu shell at the temperature of 200 °C. Also, diffraction peaks at 2θ = 32.4°, 36°, 38.5°, 49.7°, 58.7° are assigned 
to the (110), (− 111), (111), (− 202) and (202) planes of CuO at the temperature of 400 °C.

As a supplementary characterization, the Raman study was performed on the Au@CuxO nanostructures 
where CuO and CuO phases are  anticipated45,55. Figure S5 shows Raman spectrums of Au@Cu2O and Au@CuO 
nanostructures. For the Au@Cu2O case, five peaks have been observed at 213, 305, 420, 514, and 626  cm−1. The 
Raman spectrum of Au@CuO shows three peaks at 286, 342, and 620  cm−1. This result indicates that the  Cu2O 
and CuO phases were acquired using the thermal processing agreeing well with the XRD results.

3. Electrocatalytic properties of Au@Cu and Au@CuxO towards glucose oxidation

The electrocatalytic activity of the fabricated electrodes was studied by cyclic voltammetry in 0.1 M NaOH solu-
tion containing 1 mM glucose at the scan rate of 50  mVs−1, as shown in Fig. 5a. The bare and Au core supported 
FTO electrodes show no activity toward glucose oxidation in the studied potential range. A considerable glucose 
oxidation peak is followed for the Au@Cu and its oxidated forms. The precise mechanism for copper-based 
electrooxidation of glucose in the alkaline medium has not been thoroughly interpreted. Based on the latest 
proposed mechanism, the formation of a couple of adsorbed hydroxyl ions and the p-type CuO semiconductor 
cooperate in oxidation of glucose, which could be explained with the following  reactions56,57:

Although CuO species catalyze the oxidation process of glucose according to the above equation, the charge 
transfer ability is also a critical issue. As shown in Fig. 5a, Au@Cu2O/FTO shows higher reaction rates, consid-
erably higher current, and a more negative peak potential shift than the other electrodes. The EIS studies were 
additionally used to compare the conductivity properties of electrodes. EIS measurements were performed in the 
frequency range from 100 kHz to 0.1 Hz at 0.55 V. As shown in the Nyquist plots of Fig. 5b, the smallest semicircle 
diameter and consequently the lowest charge-transfer resistance is obtained for Au@Cu2O. Regarding the results 
of Fig. 5a,b, the Au@Cu2O exhibits superior performance for glucose sensing applications. Consequently, this 
electrode was applied for more glucose sensing studies.
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Figure 4.  Vis–NIR spectrum of (a) Aucore supported FTO electrode, Au@cu, Au@cu2O and Au@CuO FTO 
electrodes and (b) Cu/FTO,  Cu2O/FTO and CuO/FTO electrodes.
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Figure 5c shows the effect of scan rate on the glucose oxidation efficiency of the Au@Cu2O electrode. The 
anodic current is considerably enhanced by increasing of the scan rate. The increment of the scan rate from 10 
to 100  mVs−1 directs to the small shift of the peak potential from 0.45 to 0.57 V, indicating the rapid electron 
transfer of the electrode for glucose oxidation process. As indicated in Fig. 5d, the linear dependency of the peak 
current  (Ip) versus the square root of scan rate confirms a diffusion-controlled process due to the rapid electron 
transfer through the Au@Cu2O electrode.

Optimization of sensor parameters. The applied potential and concentration of NaOH solution have 
notable impacts on the sensing performance of non-enzymatic glucose sensors. Therefore, to raise the glucose-
sensing performance, the utilized potential was studied in a range from 0.2 to 0.6 V by measuring the ampero-
metric current of the sensor under the subsequent addition of 0.5 mM glucose. As shown in Fig. S6a, ampero-
metric current increases notably from the applied potential of 0.2 to 0.55  V and then decreases. Hence, the 
potential of + 0.55 V was selected as the optimized potential in the following experiments. Figure S6b shows the 
effect of various NaOH concentrations on the current response of the Au@Cu2O electrode under the subsequent 
addition of glucose at the potential of + 0.55 V. As can be seen, the amperometric currents are the same for all 
NaOH concentrations after the first addition of glucose. The difference becomes more distinguishable after the 
addition of more glucose. Finally, the highest current response is obtained for 0.1 M NaOH concentration.

To investigate the sensing properties, the amperometric response of the Au@Cu2O electrode was recorded 
at potential of + 0.55 V in 0.1 M NaOH solution under the subsequent addition of glucose with different con-
centrations, as shown in Fig. 6a. A fast response time of 5 s is observed for reaching the steady state current 
value. The corresponding calibration curve of Fig. 6b illustrates two linear ranges from 5 μM to 2.1 mM and 
from 2.1 to 7 mM. For the first linear range, the sensitivity and the limit of detection (LOD) are acquired as 
1601 μAcm−2  mM−1 and 0.6 μM, respectively. The equation of 3σb/s was used to calculate the detection limit, 
where σb is the standard deviation of the blank solution and s is the slope of the calibration curve line, respec-
tively. A sensitivity of 327 μAcm−2  mM−1 is determined for the linear range of 2.1 mM–7 mM. Table 1 shows the 

Figure 5.  (a) The CV curves of different electrodes in present of 1 mM glucose in 0.1 M NaOH solution at scan 
rate of 50  mVs−1. (b) Nyquist plots of EIS spectra of different electrodes in the frequency range from 100 kHz 
to 0.1 Hz at the applied potential of 0.55 V. (c) The CV curves of the Au@Cu2O electrode at different scan rates 
in 0.1 M NaOH with 1 mM glucose. (d) Calibration curve of anodic peak currents versus the square root of the 
scan rate.
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comparison of the sensing properties of our proposed Au@Cu2O electrode with some recently reported non-
enzymatic glucose sensors. Considering the results of Table 1, the superiority of the sensing performance of the 
Au@Cu2O electrode is confirmed, specifically as regards sensitivity, LOD, and response time. This remarkable 
sensing performance is originated from three reasons: (1) excellent charge transfer due to direct deposition of 
core on the surface of the bare electrode compared to other conventional core–shell stabilization methods, (2) 
higher reaction capacity of shell layer as a result of direct deposition and selective growth and (3) existence of 
more accessible active sites for electrochemical reactions.

Selectivity, reproducibility and stability tests. A major challenge of non-enzymatic glucose sensing 
devices is their anti-interference ability which affects the sensing performance in real sample monitoring. In 
order to verify the selectivity of the Au@Cu2O electrode, the sensor response was measured in the presence of 
some electroactive species in 0.1 M NaOH solution at the potential of + 0.55 V. The amperometric response was 
recorded under the addition of 0.5 mM glucose and interfering species including 0.02 mM UA, 0.1 mM AA, and 
0.1 mM lactose, 0.1 mM sucrose, 0.1 mM mannose, 0.1 mM fructose, as shown in Fig. S7a. The results show a 
negligible current response for interfering species in comparison to that of glucose. These results suggest afford-
able performance of the Au@Cu2O electrode for the detection of glucose in real samples.

Reproducibility and stability are other vital parameters for assessing the efficiency of a sensor. The reproduc-
ibility of five prepared electrodes was investigated by recording the current response for 1 mM glucose in 0.1 M 
NaOH solution. The relative standard deviation (RSD) of 3.8% for five prepared electrodes indicates an excel-
lent reproducibility of the sensor owning to purposed processes for fabrication of the core–shell structure. In 

Figure 6.  (a) Amprometric response of the Au@Cu2O electrode after successive addition of glucose into 0.1 M 
NaOH. (b) The current response versus glucose concentration for this electrode.

Table 1.  Comparison of electrochemical performance of recently reported non-enzymatic glucose sensor. 
GCE: glassy carbon electrode; CPE: carbon paste electrode; RD: rhombic dodecahedral; RGO: reduced 
graphene oxide; NPs: Au nanoparticles; NWs: nanowires; CF: copper foam.

Electrode Potential (V)
Reference 
electrode

Linear range 
(mM)

Sensitivity 
μAcm−2  mM−1 LOD (μM) Response time References

Au@Cu2O/
Nafion/GCE 0.5–0.6 Ag/AgCl 0.05–2 715 18 – 34

Cu-Cu2O/GCE 0.55 SCE 0.002–4 1446 1.4 ∼ 1.3 58

Cu2O-RD/GCE 0.6 Ag/AgCl 0.1–8.4 1104.3 0.639 – 59

Barnyardgrass-
like CuO/Cu2O

0.4–0.5 Ag/AgCl 0.05–2 1281 16.7 – 60

Cuboctahedral 
 Cu2O/GCE 0.5–0.6 Ag/AgCl 0.005–12 309 3.5 – 61

3D Cu@Cu2O/
GCE 0.6 Ag/AgCl 0.001–17.12 194.88 54 – 62

Cu2O/RGO 0.6 Ag/AgCl 0.1–9 813.713 0.44 – 63

Cu@Cu2O/GCE 0.55 Ag/AgCl 0.05–8 – 15 – 64

AuNPs@
CuONWs/Cu2O/
CF

0.21 Ag/AgCl 0.0028–2 1619 0.9 < 5 65

Au@Cu2O/FTO 0.55 Ag/AgCl 0.005–2.1
2.1–7

1601
327 0.6 ~ 5 This work
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addition, the stability of the sensor was also investigated by monitoring of current response for one month. As 
shown in Fig. S7b, the sensor indicates good stability with remaining about 92% of its initial current response 
after one month.

Practical utility of the sensor in real sample analysis. As a real application test, three serum samples 
with known glucose concentrations of 4.8, 4.26, and 5.63 mM were evaluated by the Au@Cu2O sensors (one elec-
trode per sample). The chronoamperometry method at the voltage of + 0.55 V was employed for 20 mL NaOH 
solution (0.1 M, pH = 13) under stirring. A 200 μL of each serum sample was separately added to the 20 mL 
NaOH solution for each sample test and then the current response was recorded. Finally, the glucose concentra-
tion was calculated utilizing the equation of y = 1.601 x + 0.132 (which was obtained from the first linear range of 
the sensor calibration curve) with x and y as the glucose concentration (mM) and the measured current (mA), 
respectively. The results were compared with the referenced values obtained by a biochemical analysis method, 
as showed in Table S1. The obtained results are in fine agreement with the data from the biochemical analysis 
with less than 3.4% deviation. Moreover, the recovery test results show the proper performance of the fabricated 
electrode. Accordingly, this new proposed process for the fabrication of core–shell structure has excellent poten-
tial for the assay of glucose in real samples.

Conclusions
In summary, we have developed a novel approach that produces Au@Cu and Au@CuxO nanostructures directly 
on FTO electrodes. The Au core nanoparticles were synthesized by the physical vapor deposition followed with 
a thermal treatment. Also, Cu shell structures are easily deposited and grown on the Au cores by electrochemi-
cal deposition. The developed electrode has unique properties including fast, highly controllable and precise 
fabrication scheme. Surface plasmon were observed from these nanostructures, which confirm constituting 
core–shell structure. Additionally, Au@Cu2O and Au@CuO have been controllably fabricated via post thermal 
annealing of Au@Cu. Electrochemical properties of different core–shell structures toward glucose oxidation have 
been investigated. Based on the electrochemical measurements, Au@Cu2O indicates the highest electrocatalytic 
activity regarding oxidation of glucose. The Au@Cu2O electrode depicts a high sensitivity of 1601 μAcm−2  mM−1, 
a low detection limit of 0.6 μM and two linear response ranges between 5 μM–2.1 mM and 2.1–7 mM. Also, the 
sensor indicates remarkable reproducibility and supplies accurate results for glucose detection in human serums. 
The results propose useful new ideas for developing core–shell structures with different morphology and sizes 
by adjusting electrochemical deposition and thermal treatment parameters.

Methods
Chemicals and materials. Au metallic pellets (99.99% purity) that have been used in this study were 
bought from Kurt J. Lesker. Fluorine-doped tin oxide (FTO) sheets with 2.2 mm thickness and 15 Ωsq−1 surface 
resistance were obtained from Nanogostar Sepahan and used as the supporting electrode. Selection of FTO 
as the substrate instead of using common glassy carbon and screen-printed electrodes, is based on a number 
of advantages of FTO including cost, stability against thermal treatment, and optical transparency, which is 
required in optical characterization of Au@CuxO nanostructures. Copper sulfate  (CuSO4), potassium ferricya-
nide  [K3Fe (CN)6], potassium ferrocyanide  [K4Fe (CN)6], potassium chloride (KCl), sodium hydroxide (NaOH), 
glucose, and other interference species were acquired from Sigma-Aldrich. Milli-Q water (18.2 MΩcm) was 
employed throughout this work to prepare all solutions.

Instruments. All electrochemical experiments were followed through an Origalys (ElectroChem SAS, 
France) potentiostat/galvanostat system. The electrochemical measurements were executed in a conventional 
three-electrode cell with a modified working electrode, a platinum foil counter electrode and an Ag/AgCl ref-
erence electrode. The surface morphologies were described by a field emission scanning electron microscopy 
(FESEM), MIRA3 TESCAN-XMU. Composition evolutions of nanostructures were characterized using grazing 
incidence X-ray diffraction (XRD) with Cu- Kα radiation. The absorption spectra were recorded by Unico 4802 
UV–Vis-NIR spectrophotometer.

Fabrication of Au cores on the FTO substrate. To produce Au cores, Au thin film was evaporated 
on the FTO substrate. The physical vapor deposition parameters were according to a procedure described 
 previously43. After that, the Au cores were formed on the FTO substrate by annealing the Au film at 550 °C for 
10 h under the air  atmosphere43. To study the influence of Au film thickness on the charge transfer properties of 
the fabricated electrode, various thicknesses of 2.5, 5 and 10 nm have been deposited.

Fabrication of Au@Cu and Au@CuXO structures. To produce Au@Cu and Au@CuxO, a copper shell 
was electrochemically deposited on the Au core supported FTO substrate followed by thermal annealing at 
various temperatures. The electrochemical deposition of the copper shell was performed under potentiostatic 
mode in 1 mM  CuSO4 solution at room temperature. The deposition potential and deposition time were fixed 
at − 0.45 V and 600 s, respectively. Finally, to obtain Au@Cu2O and Au@CuO, the as-prepared Au@Cu were 
annealed under the air atmosphere at 200 °C and 400 °C, respectively.

Human serum samples preparation for glucose tests. Blood serums were acquired from three indi-
vidual males using the following method. Each blood sample was collected in an individual serum separator tube 
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and allowed to clot for 30 min at room temperature. Afterward, the samples were centrifuged at 3000 rpm for 
15 min to remove the clot. Ultimately, the resulting serums were stored at − 20 °C in refrigerator.

Ethical approval. All sample collection protocols were conducted according to the ethical principles of 
Tarbiat Modares University and the study was approved by the ethics committee of Tarbiat Modares University. 
All experiments and methods were executed under the relevant guidelines and regulations authorized by the 
ethics committee of Tarbiat Modares University. A written informed consent was obtained from the participants 
in the blood glucose tests.

Data availability
All data reported during this study are contained in this published article and its supplementary information file.
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