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Abstract
Gold    nanorod  (AuNR)-decorated N-doped graphene (NG) was designed for the electrocatalytic detection of ascorbic acid 
(AA). The synergistic effect of NG with higher surface area, large number of binding sites for AuNRs, good conductivity 
and electrocatalytic activity, and AuNRs with higher surface area, faster electron-transfer ability, and special electrocatalytic 
performance achieves superior sensitivity for monitoring of AA. All kinds of spectral and morphological test methods were 
applied to characterize the prepared NG and AuNRs. Under the optimized pH, two wide linear relationships between the peak 
current and the AA concentration by differential pulse voltammetry (DPV) within the ranges of 5 ×  10–9 M to 1 ×  10–6 M, 
and 1 ×  10–6 M to 8 ×  10–3 M were observed, with a detection limit as low as 2.6 nM. In addition, high reproducibility, 
stability, and great potential in the quantification of AA in diluted real human serum were also achieved by the combined 
electrochemical sensor. All the results indicate that the AuNR/NG sensing interface can be used as a promising material in 
the field of electrochemical sensors.
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Introduction

After the discovery of graphene in 2004,1 the real, wide 
exploration of two-dimensional nanomaterials began. Gra-
phene is an exciting single-atom-thick sheet of  sp2-bonded 
carbon that is packed in a hexagonal honeycomb lattice.2–4 
Currently, N-doped graphene (NG) is appealing because the 
different dopant configurations of N (graphitic N, pyridinic 
N, pyrrolic N, nitrilic N, and oxidized N) can affect the local 
charge distribution, resulting in different electronic, cata-
lytic, and sensing properties.5 Theoretical and experimental 
studies both revealed that doping graphene with nitrogen is 
an effective way to modulate its electronic arrangement and 
chemical reactivity.6–8 C is substituted via N and a single 
pair of electrons, affecting  sp2 carbon  atoms9 and enhanc-
ing the conductivity and electrocatalytic activity.10,11 Chemi-
cal vapor deposition (CVD),12 plasma treatment,13 thermal 
annealing,14 and the hydrothermal  method15 are the main 
approaches for producing NG. Currently, the hydrothermal 
method is popular due to its simple operation. Ammonia,16 
pyridine,17 acetonitrile,18 and  urea19 are often used as nitro-
gen sources. When urea is used as the N precursor, it pos-
sesses good reduction capacity,20 and high nitrogen content 
is often obtained.21 At the same time, it has low toxicity and 
thus is beneficial for environmental protection.22 With these 
advantages, urea is an ideal N precursor for preparing NG.

Metal nanoparticle-decorated  NG23,24 has been 
widely used in electrocatalytic applications. Among 
these materials, gold nanoparticles are promising due to 
their unique properties.25,26 The past two decades have 
witnessed the rapid development of gold nanostructure-
based electrochemical sensing owing to their excellent 
electronic and catalytic performances. The nanoparticle 
geometry significantly affects their physical and chemical 
properties. Compared with spherical nanoparticles, 
nonspherical gold nanocrystals demonstrate an anisotropic 
optical and electronic response. Gold nanorods (AuNRs) 
have received considerable attention due to their higher 
surface area, faster electron-transfer ability, and good 
biocompatibility, thus improving the sensitivity and 
selectivity of the electrochemical sensors.27–30 In 
addition, the rod length can be adjusted by varying the AA 
concentration.31 AuNR-coated graphene,32 graphene oxide 
sheets, 33 and reduced graphene  oxide34 have been reported 
for the electrochemical detection of hydrogen peroxide, 
DNA and dihydro-nicotinamide adenine dinucleotide 
(NADH), respectively. However, to our knowledge, 
there are no reports about AuNR-decorated NG-based 
electrocatalysis for detecting small molecules.

Herein, NG synthesized by hydrothermal method from 
graphite oxide and urea was integrated with AuNRs for 
monitoring ascorbic acid (AA). NG provides a higher 

surface area, a large number of binding sites for AuNRs, 
good conductivity, and electrocatalytic activity, while 
AuNRs possess higher surface area, faster electron-
transfer ability, and special electrocatalytic performance. 
The synergistic effect of the three-dimensional AuNR/NG/
GCE-sensing interface improves the catalytic performance, 
increasing its response signal for AA monitoring. The 
successful construction of this sensor indicates that the 
combination of NG and AuNRs is promising for the 
development of electrochemical sensors.

Experimental

Chemicals

Chloroauric acid hydrate  (HAuCl4·4H2O) and d-(+)-
glucose (Glu) anhydrous were obtained from Sinopharm 
Chemical Reagent Co., Ltd. l-Ascorbic acid (L-AA, 
> 99.7%) was obtained from Tianjin Ruijinte Special 
Chemicals Reagent Co., Ltd. Dopamine hydrochloride 
(DA·HCl), l-glutathione reduced (L-GSH, > 98.0%), and 
hexadecyltrimethylammonium bromide (CTAB, > 99.0%) 
were purchased from Sigma-Aldrich. All other chemicals 
were analytical grade and used directly without additional 
purification. All the solutions were prepared using ultrapure 
water (conductivity of 18.25 MΩ·cm).

Apparatus and Instruments

All the electrochemical measurements were recorded in a 
CHI-660C electrochemical workstation (CH Instruments, 
Shanghai, China) with a conventional three-electrode 
system, which consists of an Ag/AgCl (3.0 M KCl) electrode 
as a reference electrode, a Pt wire as auxiliary electrode, and 
a modified glass carbon electrode (GCE, 3 mm in diameter) 
as working electrode. High-resolution field emission 
scanning electron microscopy (FESEM; SU-8010, Hitachi, 
Japan) and transmission electron microscopy (TEM, JEM-
1230, JEOL) at an accelerating voltage of 100 kV were used 
to characterize the morphology of the prepared AuNRs and 
NG. A UV-2550 spectrometer (Shimadzu, Japan) was used to 
obtain the absorption spectra of the AuNRs. Raman spectra 
were acquired using a Horiba spectrometer (LabRAM HR 
Evolution, Japan) set to an excitation wavelength of 532 nm.

Preparation of NG and AuNRs

First, graphene oxide (GO) was produced following the 
modified Hummers method.35 NG was prepared with 
appropriate modification from GO and urea via a simulta-
neous GO hydrothermal reduction and N doping process.36 
Three milliliters 0.5 g/L of GO dispersion was mixed with 
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27 mL deionized water to obtain 30 mL GO dispersion. 
Then, 0.45 g urea was added to the solution and stirred for 
30 min (GO: urea = 1:300). Finally, the mixture was sealed 
in a 50 mL Teflon-lined stainless reactor and maintained 
at 160°C for 3 h. After centrifugation and washing with 
water several times, the collected sample was freeze-dried.

AuNRs were prepared by the seeded growth method 
with moderate  modification31,37 as follows. The first step 
is the reduction of  HAuCl4·4H2O (5 ×  10–4 mol/L, 5 mL) 
by freshly prepared, ice-cold  NaBH4 (0.6 mL 0.01 M) to 
prepare gold seed nanoparticles in the presence of 0.075 M 
CTAB (0.2 mol/L 2.5 mL). The obtained solution was 
stirred vigorously for 2 min. After 24 h at 25°C in a water 
bath, the solution became a brown color and the seed 
nanoparticles were formed.

The second step is the preparation of AuNRs. Five 
milliliters 0.2  mol  L−1 CTAB aqueous solution was 
added to 0.6 mL 4 mM  AgNO3 solution at 30°C (the use 
of  AgNO3 can improve the yield of AuNRs and obtain 
controlled aspect ratios). After the addition of 5 mL of 
0.01 M chloric acid solution, the solution was stirred 
slowly until it turned yellow. Then, 700 µL 0.1 M AA 
solution was added and the solution became colorless. 
Finally, 12 µL gold seed prepared in the first step was 
added and the solution was stirred vigorously for 2 min. 
Bluish-violet AuNRs were obtained after the solution was 
maintained at 28°C for an additional 18 h. Finally, excess 
CTAB was removed by centrifugation of the solution at 
25°C and 12,000 rpm for 10 min, after which the AuNRs 
were re-dispersed in water.

Construction of the Sensors

A simple dipping approach was used to fabricate the elec-
trodes. First, the GCE was polished using  Al2O3 powder 
with size of 1.0 µm, 0.3 µm, and 0.05 µm, respectively, 
and then ultrasonicated in ethanol and deionized water for 
1.0 min in succession. A mixture of 1.0 mg/mL NG aqueous 
solution was ultrasonically dispersed for 3 h to obtain NG 
suspension. Five microliters of the prepared NG suspension 
was dropped directly onto the surface of the drying GCE fol-
lowed by drying at 50°C. Then 5 µL of AuNRs solution was 
directly added to the surface of the NG and dried at 80°C to 
obtain homogeneous and adequate coverage. For the detec-
tion of AA, the bare GCE or the modified electrode was used 
as the working electrode in 0.1 M PBS (pH 7.4) contain-
ing different concentrations of AA or other small molecules 
(DA, GSH, and Glu). The schematic process of electrode 
preparation is displayed in Scheme 1.

Results and Discussion

Characterization of NG and AuNRs

The morphology of the prepared NG and AuNRs was 
observed by SEM and TEM. As shown in Fig. 1, SEM 
images (Fig. 1a) of NG demonstrated a film-like structure 
with many ripples. The unique large stacked nanosheets 
were confirmed by TEM images (Fig. 1c). Figure 1b shows 
the EDX spectrum of NG, and C, N, and O atoms were 
detected in the NG. The atomic percentage of N in particu-
lar was as high as 16.56%. The obvious sheet structure of 

Scheme 1.  The schematic process for electrode preparation.



2339N‑Doped Graphene‑Supported Gold Nanorods for Electrochemical Sensing of Ascorbic Acid with…

1 3

NG demonstrated that NG possessed a large surface area 
for adhering of AuNRs (Fig. 1d). Rodlike AuNRs were 
distributed evenly on the surface of NG, resulting in the 
successful assembly of the AuNR/NG mixture.

Then, x-ray photoelectron spectroscopy (XPS) survey was 
used to estimate the chemical composition and N-doping 
configuration of NG. Three peaks of C 1s (284.8 eV), O 1s 
(532.7 eV), and N 1s (399.3 eV) were observed (Fig. 2a). 
The C 1s peak in the NG can be deconvoluted into three 
peaks (Fig. 2b), namely, C–C (283.8 eV), C–N (285.4 eV), 
and C–O functional groups (288.5 eV),38 respectively. Three 
peaks appearing in the O 1s spectrum at 531.3 eV, 532.2 eV, 
and 533.4 eV (Fig. 2c) were attributed to C=O, C–O, and 
O=C–O.24 The N 1s spectrum of NG reveals that up to 13.92 
at.% N was a combination of pyridinic N (398.8 eV), amino 
N (399.1 eV), and pyrrolic N (399.6 eV)39,40 (Fig. 2d). 
These results indicate that N was successfully doped into 
NG. At the same time, the pyridinic N is particularly useful 
for improving the electrochemical performance of carbon 
materials,41,42 while pyrrolic N can maintain the graphitic 

phase structure of  sp2 hybridization and enhance electrical 
conductivity by providing delocalized electrons.43

It is well known that AuNRs are an outstanding sens-
ing material due to their superior electrical conductivity 
and signal amplification performance. AuNRs were synthe-
sized by seed-mediated synthesis.31,37 First, ultraviolet–vis-
ible (UV–Vis) spectra were used to confirm the formation 
of AuNRs. As demonstrated in Fig. 3a, an absorption peak 
centered at 526 nm appeared when gold seed nanoparti-
cles were formed by reduction of  HAuCl4 by  NaBH4 and 
demonstrated the characteristic surface plasmon resonance 
absorption of seed nanoparticles. Then, the seed was added 
to a growth solution containing CTAB,  AgNO3,  HAuCl4, 
and AA. A new plasmon band at 742.30 nm appeared, dem-
onstrating the formation of AuNRs (Fig. 3b). It can be seen 
from the TEM images that most of the AuNRs with length of 
about 20 nm and width of about 10 nm were dispersed in the 
obtained solution (Fig. 3c), demonstrating an aspect ratio of 
about 2.0 ± 0.4 (calculated from 280 AuNRs), with a small 
number of spherical nanoparticles (Fig. 3c). In addition, the 
intensity ratios of G mode (1586.5  cm−1, Raman-allowed 

Fig. 1  SEM images of NG (a), EDX spectrum of NG (b), TEM images of NG (c) and AuNR/NG mixture (d).
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phonon high-frequency mode) and D mode (1326.3  cm−1, 
disordered-induced peak) change for GO, NG, and AuNR/
NG are 0.88, 0.92 and 0.97, respectively. IG/ID increases due 
to the transformation from GO with many oxygenated func-
tional groups to NG and modification of AuNRs, confirming 
the formation of N-doping and AuNR loading.

Electrochemical Properties of AuNR/NG/GCE

The electrochemical properties of GCE, NG/GCE, and 
AuNR/NG/GCE were first studied via electrochemical 
impedance spectroscopy (EIS) because it can explore the 
interface between the electrode and electrolyte. The diameter 
of the semicircle in the EIS curve represents the resistance 
in electron transfer kinetics, the resistance charge transfer 
(Rct), which controls the electron-transfer kinetics of the 
redox probe at the electrode–electrolyte interface. Using 
5 mM Fe(CN)6

3−/4− in 0.1 M KCl as redox probe to examine 

the interface characteristics, the diameters of the semicircle 
of the modified electrodes are much smaller (almost disap-
pearing) than that of the undecorated electrode (Fig. 4a), 
verifying the good conductivity of NG/GCE and AuNR/NG/
GCE.

Then, cyclic voltammetry (CV) from −0.40 to 0.60 V 
with 1 mM AA in 0.1 mol  L−1 PBS (pH = 7.4) is used to 
investigate the electrocatalytic property of various modi-
fied electrodes. It can be seen from Fig. 4b that an oxi-
dation process appeared during the anodic scanning in 
all cases without a reduction process during the cathodic 
scanning, suggesting an irreversible oxidation reaction of 
AA. The bare GCE only had a weak response current at a 
higher potential (about 0.36 V) for AA monitoring. The 
peak current acquired on the NG-modified electrode was 
higher than that of the bare GCE, and the oxidation poten-
tial exhibited a considerable negative shift, showing good 
electron transfer capacity and conductivity. Furthermore, 

Fig. 2  XPS spectra of NG (a), XPS C 1s spectrum (b), XPS O 1s spectrum (c), and XPS N 1s spectrum (d).
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the AuNR/NG-modified electrode produced the highest 
current and the most negative potential compared to other 
electrodes. It is worth noting that the oxidation potential 
value is below 0.03 V, indicating a very low potential on 
the surface of AuNR/NG/GCE for the electro-oxidation 
of AA via CVs. The 1-D nanostructure of the AuNRs 
possesses general properties similar to gold nanoparticles. 
In addition, they possess some superior advantages over 
spherical gold nanoparticles, such as higher surface area, 
faster electron-transfer ability, and special electrocata-
lytic performance.28,29 The synergistic effect of NG and 
AuNRs enabled electrochemical detection with promising 
results.

Effect of pH and Scan Rate

The influence of pH value on the performance of AA sens-
ing was investigated. The effect of electrolyte pH from 
6.0 to 8.5 on AA electro-oxidation on AuNR/NG/GCE 
was studied, as shown in Fig. 5a. The oxidation peak cur-
rent and the potential changed with the change in electro-
lyte pH. The highest amperometric response was pH 7.4 
(Fig. 5b), and the most negative oxidation potential (Ep) 
was also at pH 7.4 (Fig. 5b). It is worth noting that the pH 
of human blood is approximate 7.4, so optimum pH of 7.4 
was chosen in our following experiments.

Fig. 3  UV–Vis spectra of gold nanoparticles (a), AuNRs (b), TEM images of prepared AuNRs (c), and Raman spectra of GO, NG, and NG/
AuNR (d).
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The Effect of Scan Rate

To investigate the electrode reaction process, the effect of 
scan rate on the electrooxidation of AA was explored in 
0.1 M PBS (pH 7.4) containing 1 mM AA at various scan 
rates (50–300 mV/s). As demonstrated in Fig. 6a, the 
oxidation peak currents increased linearly when the scan 
rate increased. Their relationship can be described by the 
linear equation: Ip (µA) = 0.080  V (mV/s) + 37.578 
(R = 0.999) (Fig. 6 b). The result indicated that the peak 
current is proportional to the scanning speed and the 
electrochemical oxidation of AA at the AuNR/NG/GCE 
sensing interface is mainly controlled by the adsorption 

process. The oxidation potentials increased slightly with 
the increase of the scan rate, and a linear relationship of 
Epa versus ln v for AA is presented in Fig.  6c 
(Epa = 0.0337lnυ-0.121; r = 0.997). According to Laviron’s 
theory and the following equation Epa = E

0 +
RT

(1−�)nF
Inv , 

where α is the charge transfer coefficient and n is the num-
ber of electrons transferred. Therefore, n can be calculated 
for electro-oxidation of AA at AuNR/NG/GCE from the 
slope of Ep versus ln v as 1.5 (approximately 2), suggesting 
that the electrode process of AA at the AuNR/NG/GCE is 
not completely irreversible one, which is consistent with 
the CV of AA at Figs. 4b and 6a.

Fig. 4  (a) EIS plots performed in 5 mM  K3Fe(CN)6 and  K4Fe(CN)6 containing 0.1 M KCl for bare GCE, NG/GCE, and AuNR/NG/GCE; (b) 
CVs of (a) bare GCE, NG/GCE, and AuNR/NG/GCE containing 1 mM AA in 0.1 M PBS (pH = 7.4) at a scan rate of 0.1 V/s.

Fig. 5  (a) AuNR/NG/GCE with 1 mM AA under different pH levels at a scan rate 0.1 V/s in 0.1 M PBS (black line: pH 6.0, red line: pH 7.0, 
blue line: pH 7.4, green line: pH 8.0, pink line: pH 8.5). (b) The corresponding plot of pH versus Ipa and pH vs Ep (Color figure online).
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Fig. 6  (a) CVs of AuNR/NG/GCE in 0.1 M PBS (pH 7.4) containing 1 mM AA at a scan rate of 50–300 mV/s. (b) Calibration plot of Ipa versus 
the scan rate. (c) The linear relationship of the oxidation peak potential and ln v.

Fig. 7  (a) DPV curves of NG/AuNRs modified electrode in 0.1  M PBS (pH = 7.4) containing different concentrations of AA from 
1 ×  10–6–1 ×  10–3 M and (b) the concentration of AA from 5 ×  10–9–1 ×  10–6 M. (c) and (d) Linear relationships of different concentration ranges.
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Determination of AA using AuNR/NG Modified GCE

Differential pulse voltammetry (DPV) analysis of the AuNR/
NG/GCE was performed with different AA concentrations 
in phosphate buffer. As Fig. 7a and c show, the oxidation 
peak currents increase gradually when the concentration of 
AA increased. The oxidation peak current correlates linearly 
with the AA concentration in a wide range from 1 ×  10–6 to 
1 ×  10–3 M and 5 ×  10–9 to 1 ×  10–6 M, with perfect correla-
tion coefficients of 0.997 and 0.998 (Fig. 7b and d). The 
blank in the absence of AA shows almost no obvious oxi-
dation peak, demonstrating no interference from the addi-
tion of AA during the synthesis of AuNRs. As AA is eas-
ily oxidizable, we think it is also the case in the adsorbed 
state after the adsorbed AuNRs were dried at 80°C (Fig. 7). 
The detection limit can be calculated to be 2.6 nM (S/N = 3) 
based on the linear range 5 ×  10–9 to 1 ×  10–6 M, which is 
lower than most reported references.44–52 Last but not least, 
the two wide linear ranges are interesting and may show 
promise for further application.

Selectivity, Stability, and Reproducibility 
of the Sensor

In addition to high sensitivity, selectivity and stability are 
crucial parameters in electrochemical sensing applications. 
The selectivity of AuNR/NG/GCE towards AA monitoring 
was evaluated in the presence of common electroactive inter-
fering substances including DA, GSH, and Glu. The results 
in Fig. 8 show that the oxidation current of AA was not 
significantly affected by these interfering substances, with 
an acceptable error smaller than 6%. The long-term stabil-
ity was analyzed by detecting 5 µM AA for 20 days under 
optimized conditions, where 89.9% of the peak current was 

maintained after 15 days, showing acceptable stability of 
the sensing systems.

The reproducibility of the electrochemical AA sensor 
was then investigated. Five different AuNR/NG/GCEs were 
independently fabricated and were used to detect 5 µM and 
5 ×  10–4 M AA, respectively. The relative standard deviation 
(RSD) obtained for five measurements was 4.5% (5 µM AA) 
and 3.2% (5 ×  10–4 M AA), indicating the excellent repro-
ducibility of the sensing platform.

Real Sample Application

By adding 80 µM, 0.05 µM, or 0.008 µM of standard AA 
solution to a given diluted human serum sample (100 
µL was diluted to 10 mL using 0.1 M PBS, pH 7.4), the 
electrochemical sensor was applied to evaluate its practical 
applicability by the standard addition method. DPV of 80 
µMAA showed no obvious change after adding diluted 
human serum (Fig. S1 in Supporting Information), indicating 
no effect from the sample matrix. Using the modified 
electrode, analysis results demonstrated in Table I revealed 
excellent recovery percentages from 97.38% to 110.0% 
(n = 3). The above results indicate that significant matrix 
interference was avoided using the modified electrode.

Conclusion

AuNRs immobilized on NG-modified GCE was used as 
an electrochemical sensor for the determination of AA. 
Different from GO and graphene, NG has better conductivity 
than GO and more active sites than graphene, resulting in 
improved electrocatalytic activity. Compared with GCE, a 
significant increase in oxidation current signal and decrease 
in the overpotential for AA oxidation was achieved, which 
originated from the synergistic effect of NG and AuNRs: 
higher surface area, faster electron-transfer ability, good 
conductivity, and excellent electrocatalytic activity. A 
very low detection limit of 2.6 nM was obtained using 
the modified electrode. Under the applied conditions, 
AuNR/NG/GCE exhibited very good repeatability and 
stability. In addition, this electrode showed potential for the 
determination of AA in diluted human serum.

Fig. 8  DPV current response of the different species of small biomol-
ecules with 5 µM AA, and the concentration of other analytes (DA, 
GSH, or Glu) is 1  µM. Error bars show the standard deviation of 
measurements via three independent surveys.

Table I  Results using the modified electrode from analysis of AA in 
diluted human serum

Sample used Added (µM) Found (µM) Recovery 
(%)

RSD (%) 
(n = 3)

Serum 80 77.9 97.38 0.99
0.05 0.04895 97.9 1.27
0.008 0.0088 110.0 3.08
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