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In the present work, a voltammetric sensor for detection of caffeine was prepared by modifying a 

glassy carbon electrode with Nafion and PDDA-MWCNT. This sensor shows high sensitivity for 

caffeine determination in the range from 0.3 to 80 μM, and the detection limit is 0.05 μM. Moreover, 

the sensor exhibits good stability, reproducibility and high activity for electrochemical oxidation of 

caffeine. Thus, it is available for the quantitative analysis of caffeine in Oolong tea.  
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1. INTRODUCTION 

Tea, as known, is more than a consumed beverages. It is beneficial to human health, due to its 

anti-oxidant [1, 2], anti-carcinoma [3] and arteriosclerosis prevention [4] effects. Growing evidences 

show that polyphenols in tea can not only reduce the risk of heart diseases and human cancer, [5] but 

also related to antiallergic [6] and antimicrobial effects [7, 8]. Catechins is detected to be one of the 

major nutraceuticals in teas. Numerous studies have testified that a combination of orally bioavailable 

medicines with catechins (C), epicatechin (EC) and epigallocatechin gallate (EGCG) can improve the 

bioavailability of drugs, owing to a glucuronidation and sulfation process [9]. Furthermore, in 

epidemiological studies, consumption of teas is associated with a lower risk of various cancers, for 

example stomach cancer, lungs cancer, oral cavity and oesophagus cancer [10]. Hence, tea can act as 

an effective chemopreventive agent to prevent human body from carcinogens and toxic chemicals [11]. 

Another important nutraceuticals in tea is caffeine, which is a major alkaloid with a content of 3.0–
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4.0% [12, 13]. It is harmful for human health by stimulating heart [14, 15], the central nervous system 

[16, 17] and respiratory system [18]. Nevertheless, it has delaying fatigue effect and can act as a 

diuretic [19].  

So far, a variety of methods have been utilized for analysis of caffeine in divers beverages 

including cola, coffee and tea, for instance high performance liquid chromatography (HPLC) [12, 20], 

capillary chromatography [21], capillary electrophoresis [22], spectroscopy [23, 24] and liquid 

chromatography–tandem mass spectroscopy (LCMS) [25].  However, analysis of caffeine using those 

method has many drawbacks, for example high-cost instruments, long analysis time, short column life 

time, highly skilled technicians, etc. In contrast, electrochemical methods are low-cost, convenient and 

available to decrease the analysis time [26]. 

In recent years, utilizing of multiple kinds of polymer to modify electrodes draw much more 

attention. Those polymer modified electrodes often show not only high activity, good stability and 

reproducibility, but also have good homogeneity in electrochemical deposition and strong adherence to 

the electrode surface [27-35]. However, polymer modified electrodes used in electrochemical analysis 

methods for the detection of caffeine were rarely reported [36-40]. Moreover, one dimensional nano-

materials such as CNTs have drawn much attention due to the potential applications in nanoscale 

sensor devices. CNTs is one of the most popular allotropes of carbon. It is contributed to promote 

electron transfer of various biomolecules [41, 42]. In addition, it is with high electronic conductivity, 

chemical stability and extremely high mechanical strength and modulus [43]. Thus, CNTs are widely 

used for the modification of electrodes and improvement of electrochemical sensors. There are two 

kinds of CNTs. One is single-walled carbon nanotubes (SWCNTs) which is formed by seamlessly 

rolling a single graphene sheet in a certain direction with closed ends. The other is multi-walled carbon 

nanotubes (MWCNTs) which is constructed by several concentric graphene layers [44].  

Many kinds of CNTs composite materials were reported to modify electrodes for the analysis 

of catecholamine and related compounds, for example CNT-polymer nanocomposite electrodes, CNT-

paste electrodes, CNT/sol–gel nanocomposite electrodes and CNT film electrodes [45]. However, 

utilizing of poly(diallyldimethylammonium chloride) (PDDA) fictionalized MWCNT (donated as 

PDDA-MWCNT) to modify GC electrodes for the electrochemical analysis of caffeine is not reported. 

Hence, in the present work, we develop a polyelectrolyte modified MWCNT which can effectively 

lower the oxidation potential of caffeine without a significant influence on the background current.  

 

2. EXPERIMENTS 

2.1. Chemicals  

Multi-walled carbon nanotubes (MWNTs, Shenzhen Nanotech Port Co., Ltd.) were purchased 

and then fluxed in a solution of 3 M nitric acid for 10 h before use in order to shorten the MWNTs. 

After this treatment, oxygen-containing moieties were produced at the ends of nanotubes. 

Poly(diallyldimethylammonium chloride) (Mw: 200 000–350 000), ascorbic acid, and dopamine, were 

bought from Sigma-Aldrich Co.. Other chemicals used in this work were analytical reagent and were 

purchased without further purification. 
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2.2. Preparation of assembled MWNT films 

Glassy carbon electrodes (diameter: 3 mm) donated as GC electrodes were perchased from 

Bioanalytical Systems Inc., and then were employed as a substrate to grow multilayer MWNT films. 

Before using, GC electrodes were firstly polished by emery paper, and then were washed by a slurry of 

alumina fine powders (0.05 and 1 μm) using a polishing cloth. After that polished-electrodes were 

treated in an ultrasonic bath with doubly distilled water for 10 min. For the preparation of multilayer 

PDDA/MWNT films, briefly, shortened MWNTs (1.0 mg) were dispersed in borate buffer (1.0 mL, 

pH=9.18) and then were treated in an ultrasonic bath for 10 min forming a mixture with black colour. 

A positively charged aqueous solution of 0.2 wt.% PDDA were prepared by mixing with 0.5 M NaCl 

which is beneficial to the formation of uniform multilayer by increasing amount of polyelectrolyte 

deposition [46]. GC electrodes were alternately dipped into the PDDA solution and the negatively 

charged MWNT containing mixture for 30 min for each time. After each dipping step, films were 

washed with distilled water and dried in nitrogen condition. The PDDA/MWNT films with multiple 

layers were grown on the surface of GC electrodes. As-prepared electrodes with five layers of PDDA 

and MWNT each (donated as (PDDA/MWNT)5/GC electrode) was used for the further experiments. 

 

2.3. Characterizations 

Scanning electron microscopy (SEM. Hitachi S4300-F microscope, Hitachi Inc., Tokyo, Japan) 

was employed to characterize the assembled MWNT films. In this work, a silicon wafer, which was 

processed first with a piranha solution composed of the mixture of 30% H2O2 and concentrated H2SO4 

with a volume ratio of 1 to 3 and then washed by the distilled water completely, was used to mimic the 

surface of GC. Besides, the silicon wafer with pre-treatment was dipped into the solution containing 

MWNT and PDDA alternatively and then washed with water. After that, it was dried with a nitrogen 

flow. 

 

2.4. Electrochemical measurement 

CHI650A electrochemical workstation (CHI Instrumental, Shanghai, China) was employed to 

carry out the electrochemical measurements, where a conventional three-electrode system was utilized. 

Ag/Ag, a platinum and a glassy carbon with a diameter of 3 mm modified with PDDA-MWCNT were 

used as the reference electrode, auxiliary electrode and working electrode, respectively. The 

electrochemical impedance spectroscopy (EIS) was performed at current voltage of 5.0 mV with a 

frequency ranging from 0.1 Hz to 10 kHz, where a mixture of K3Fe(CN)6/K4Fe(CN)6 (1:1) with a 

concentration of 10 mM in the presence of KCl (0.1 M) was utilized as the supporting electrolyte. CV 

was conducted in PBS using three conventional electrode with 100 mV/s scan rate. After tuning the 

pulse anodic stripping voltammetry (designated as DPV) from 0.8 to 1.5 V, the performance of 

detecting the caffeine with voltammetry was investigated. 
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3. RESULTS AND DISCUSSION 

The oxidation process was employed to purify the carbon nanotube. It was demonstrated 

previously that this process could remove primarily the amorphous carbon and metal catalyst. Besides, 

it also could induce the partial oxidation of the carbon atoms to form the oxygen-based groups 

including the carboxylic acid groups, especially for the open ends of the nanotubes [47]. Moreover, in 

the aqueous solution where the pKa was around 2.0, the formed groups at the MWCTNs were negative 

charge. Consequently, they would interact with polyelectrolyte PDDA which was positive charge. 

MWCNTs were anchored by such electrostatic interaction between PDDA and the shortened 

MWCNTs, where a stably and homogeneously assembled composites of MWNTs in nanoscale on the 

GC electrodes was eventually generated through the layer-by-layer growth of PDDA and MWCNT 

films. The morphology of the PDDA/MWCNT multilayer characterized by scanning electron 

microscopy was depicted in Figure 1A, where the SEM of MWCNT/Nafion composite was conducted 

as reference (Figure 1B). To prepare the composite of MWNT and Nafion, MWCNTs were first 

dispersed into the Nafion solution in ethanol (0.5 wt. %) and then the formed dispersion was deposited 

on the substrate and evaporated. According to the SEM images, most part of the substrate was covered 

with the homogenous MWCNTs after the assembly of five layers of PDDA and MWCNT. The 

electrostatic interaction inherent between the shortened MWNTs and PDDA and the feature of LBL 

method used are mainly responsible for the adsorbed form of the MWNT. Consequently, the GCE after 

the modification with five bilayers of MWCNT and PDDA was employed in the following 

electrochemical experiments. Additionally, the growth of MWCNTs on the substrate was monitored 

closely. The MWCNTs with a diameter of 30-80 nm and a length of 0.5-1 mm was found to be 

dispersed on the surface in low distribution, where most of the immobilized MWCNTs exhibited the 

morphology of small bundles or single tubes, which was significantly obvious when confining CNTs 

through the present methods. For example, the distribution of binding with bromoform and mineral oil 

or entrapping with polymeric matrix were not so good. Besides, the confined CNTs, which were 

primarily in the form of large bundles, could not be employed in the electrochemical reactions 

thoroughly and effectively.  

 

 
 

Figure 1. SEM images of (PDDA/MWNT)5 (A) and MWNT/Nafion (B) deposited on a silicon wafer.  
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Figure 1B illustrated the characteristic instance, which was given by MWNTs combined with 

Nafion. It was obvious that the distribution of the MWNTs combined with Nafion film was higher than 

those assembled through the LBL method. In this work, the absorbed form of the MWNTs, which were 

mostly single tubes and small bundles, were primarily induced by the characteristics of the employed 

LBL approach as well as the inherent electrostatic interaction between PDDA and the shortened 

MWNTs. Such small bundles and single nanotubes homogeneously and stably distributed and 

assembled on GC electrode are believed to be very attractive for various electrochemical applications, 

in particular for the improvement of the biosensors and electrochemical sensors, as every assembled 

nanotubes were completely and easily accessible to various analytes. Hence, they could be employed 

as the electrochemical sensing unit and yield higher signal to noise ratio for the electrochemical 

determinations, compared to which with large bundles of MWNTs. 

The electrochemical impedance spectroscopy (EIS) was used to characterize the electrode, 

which provided information of the impedance variations of the surface of the electrode. Figure 2 

clarified the Nyquist plots of the impedance spectra in solution of K3/K4Fe(CN)6 (1:1) with a 

concentration of 5 mM with KCl (0.2 M) at bare GCE, Nafion/GCE as well as Nafion/PDDA-

MWCNT/GCE, where the open circuit potentials were 0.251 V, 0.244 V and 0.247 V, respectively. 

The electron transfer resistance (Rct) was measured to be 91 Ω, 2540 Ω and 980 Ω at the bare GCE, 

Nafion/GCE and Nafion/PDDA-MWCNT/GCE, respectively, after the optimization of the equivalent 

and calculation. A significant increase of Rct was observed when depositing Nafion on the GCE 

surface, whereas a remarkable decrease of Rct was observed when immobilizing PDDA-MWCNT on 

the surface of the electrode modified with Nafion film. The electron transfer kinetics of the redox 

probe at the electrode was determined by this resistance, which indicated that the Rct could be 

decreased by the addition of PDDA-MWCNT owing to its electro-conductibility, where Nafion 

facilitated the attachment of MWCNT onto the surface of GCE. Moreover, as expected, the composite 

film of Nafion and PDDA-MWCNT was immobilized on the surface of GCE. 

 

 
Figure 2. Nyquist plots of EIS obtained at bare GCE, Nafion/GCE and Nafion/PDDA-MWCNT/GCE 

in the solution of Fe(CN)6
3−/4−

 with a concentration of 1.0 mM. EIS parameters: frequency 

range: 100 kHz–0.01 Hz; potential: 0.2341 V; perturbation amplitude: 5 mV. 
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Cyclic voltammetry (CV) was used to analyse the response of caffeine at various electrodes. 

The Voltammograms of caffeine with a concentration of 0.01 M in H2SO4 with a concentration of 0.1 

M at the bare GCE, Nafion/GCE and Nafion/PDDA-MWCNT/GCE was illustrated in Figure 3A, 

where the scan rate was 100 mV/s. It was obvious that no redox of caffeine was observed at the bare 

GCE when the potential window was in the range of 0.8 to 1.5 V. However, for both Nafion/GCE and 

Nafion/PDDA-MWCNT/GCE, an anodic peak of caffeine was found under the same conditions, which 

might be caused by the pre-concentration action of Nafion towards caffeine at the surface of the film. 

Moreover, compared to Nafion/GCE, a significant enhancement of the peak current was obtained with 

Nafion/PDDA-MWCNT/GCE, indicating that Nafion/PDDA-MWCNT/GCE exhibited a remarkable 

electrochemical behaviour compared with either GCE or Nafion/GCE, at least at this case. The 

advantages of PDDA-MWCNT, which could serve as an outstanding electrochemical oxidizer for 

caffeine, was highlighted through the comparison with Nafion/GCE. The PDDA dispersed MWCNT is 

an idea candidate for the electrochemical application due to the high electro-active surface area with 

the large surface area. Figure 3B illustrated the comparison of the cyclic voltammograms at 

Nafion/PDDA-MWCNT/GCE in H2SO4 with a concentration of 0.1 M with and without caffeine in a 

concentration of 0.01 M, where the scan rate was 100 mV/s. Indeed, the peak was originated form the 

oxidation of caffeine, as no redox peak was observed with Nafion/PDDA-MWCNT/GCE in the blank 

solution. Besides, it was demonstrated that the oxidation process of caffeine at Nafion/GCE or 

Nafion/PDDA-MWCNT/GCE was non-reversible, which was in accordance with the results reported 

previously [48]. 

 

 
Figure 3. (A) Cyclic voltammograms collected at the bare GCE, Nafion/GCE and Nafion/PDDA-

MWCNT/GCE in H2SO4 (0.1 M) containing caffeine (0.01 M), scan rate 100 mV/s. (B) Cyclic 

voltammograms of Nafion/PDDA-MWCNT/GCE in the presence and absence of caffeine (0.01 

M). 

 

According to the experiments, the anodic peak current increased when extending the dipping 

time of Nafion/PDDA-MWCNT/GCE in the caffeine solution. Then, after a definite time, a stable 

signal was obtained. This might be due to the incorporation of caffeine with film first when immersing 

the Nafion/PDDA-MWCNT/GCE into the solution. Simultaneously, the product generated from the 
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oxidation of caffeine, which would adhere to the surface of the electrode, may inhibit the access of 

caffeine, whereas the surface of the electrode was regenerated after being stirred for a certain time. 

Thus, the equilibrium condition would be obtained when reaching a certain time. Besides, the 

equilibrium condition could be obtained more quickly when the concentration was higher as expected. 

However, 400 s was sufficient even through the analysed concentration was the lowest. Consequently, 

all the reported data were recorded after immersing the Nafion/PDDA-MWCNT/GCE in the analysed 

solution for 400 s. 

The supporting electrolyte was optimized for caffeine, where preliminary experiments were 

carried out. Diverse kinds of acids (0.1 M) were investigated as the available supporting electrolytes, 

such as CH3COOH, HCl, HNO3 and H2SO4. The results indicated that H2SO4 with a concentration of 

0.1 M was selected as the optimized medium, where the best compromise was obtained between the 

reproducibility and sensitivity of the signal. The peak potentials as well as the currents of caffeine was 

affected by the pH of the sulfate solution. In Figure 4, both the peak potentials and currents reduced 

when the pH of the solution increased in the range of 0.8 to 2.5. Hence, the most proper value was 

determined to be pH 1.5 because of the outstanding peak response. Moreover, according to the 

literature, caffeine showed a stable property under the low pH condition [49-51]. 

 

 
Figure 4. The cyclic voltammograms of Nafion/PDDA-MWCNT/GCE in H2SO4 in the presence of 

caffeine with a concentration of 0.02 M at diverse pH of 0.8, 1.0, 1.5, 2.0, 2.5, scan rate 

100 mV/s. 

 

The differential pulse voltammetry (DPV) was carried out to study the relationship between the 

peak currents and the concentration of caffeine. In Figure 5A, a remarkable sensitivity as well as 

outstanding separation from the background current was observed. In this work, the optimized 

parameters of the experiments were determined to be a pulse amplitude of 50 mV, a pulse increment of 

6 mV, a pulse width of 20 ms and a pulse period of 60 ms. The standard solution in H2SO4 with a 

concentration of 0.1 M was analysed to obtain data, which allowed to estimate the functional 

relationship.  In Figure 5B, a remarkable linear relationship was observed between the peak current 

and the concentration of caffeine in the range of 0.3-80 μM, where the LOD was found to be 0.05μM 

when the ratio of signal to noise reached to 3. As shown in Table 1, More sensitivity as well as broader 

linear range were observed with Nafion/PDDA-MWCNT/GCE, compared to some reported caffeine 
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sensors. Overall, PDDA-MWCNT displayed a comparable or better electroanalytical capacity 

compared to the carbon nanotubes. The results indicated that the electrode with modification was a 

significantly promising voltametric sensor for the trace analysis of caffeine. 

 

 
Figure 5. Differential pulse voltammetry at Nafion/PDDA-MWCNT/GCE in H2SO4 (0.1M) 

containing caffeine with various concentrations. 

 

Table 1. Comparison of diverse caffeine sensors reported in this work. 

 

Electrode Method Linear range (μM) Detection limit (μM) Reference 

Nafion/GCE DPV 0.995-10.0 0.788 [38] 

Nafion/BDE DPV 0.6-10 0.23 [52] 

Graphite pencil electrode DPV ― 47.4 [53] 

Nafion/PDDA-

MWCNT/GCE 

DPV 0.3–80  0.05 This work 

 

To determine caffeine in tea specimens, this analytical approach was proposed. Thus, the 

interferential experiments were carried out for some materials generally present in the tea specimens, 

where these tests were conducted in H2SO4 solution with a pH of 1.0. Based on the relative error of the 

determination of caffeine which was less than ±5% [54], the results indicated that the determination of 

caffeine was not interfered by the common concomitant substances, including 100 times amount of 

aminoacetice acid, ascorbic acid, citric acid, glucose, theophylline, Mg
2+

, Cu
2+

, Fe
2+

, Zn
2+

, Ag
+
 and 

Pb
2+

. According to these data, Nafion/PDDA-MWCNT/GCE exhibited remarkable selectivity towards 

caffeine.  

The Nafion/PDDA-MWCNT/GCE was employed to detect caffeine in Oolong tea to assess the 

practical application of this proposed approach. DPVs were collected under the optimized conditions 

for the experiments, where the processed sample solution (1 mL) was added into H2SO4 (9 mL) with a 

concentration of 0.1 M. Besides, the standard solution of caffeine was added to determine the recovery. 
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Table 2 illustrated the results, where the recovery was calculated to be in the range of 98.52 to 

101.99%, which indicated that the proposed sensor could be efficient for the practical applications. 

 

 

Table 2. The results of detecting caffeine in Oolong tea (n = 5). 

 

Sample Found (μM) RSD (%) Added (μM) Total found (μM) Recovery (%) 

1 3.77 4.21 5 8.64 98.52 

2 4.05 3.65 10 14.33 101.99 

3 10.25 7.78 10 20.51 101.28 

4 11.22 4.52 20 30.89 98.94 

 

 

 

4. CONCLUSIONS 

In conclusion, a new caffeine voltammetric sensor based on Nafion/PDDA-MWCNT/GCE was 

demonstrated to exhibit outstanding sensitivity and selectivity towards detecting caffeine. In 

comparison with the previous works, Nafion/PDDA-MWCNT/GCE was demonstrated to display 

remarkable characteristics of broad wide linear range as well as low limit of detecting caffeine. 

Moreover, an excellent stability and reliability were observed with the modified electrode, which 

exhibited a remarkable immunity towards some interference. Besides, the electrode could also provide 

a possibility to apply this method into the routine analysis of caffeine. 
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