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Due to the different materials and/or different production conditions used to make pottery, including 

temperature, roasting time and oxidation/reduction conditions, the voltammetric signal of pottery 

powder could be used for potential archaeological analysis. In this work, we selected black pottery, gray 

pottery and red pottery as examples to confirm the hypothesis. Differential pulse voltammetry and 

electrochemical impedance spectroscopy were used as analytical methods. The results indicate that the 

voltammetric signals of Mn and Fe species in the pottery samples could be used as evidence for pottery 

identification. The observed difference was also confirmed by XRF analysis and physical property 

analysis.     
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1. INTRODUCTION 

China has the longest history of ceramics in the world, but for a long time, this country has had 

a lack of complete historical records and systematic research. As an independent subject, the study of 

ancient ceramics began in the 1930s, integrating the fields of archaeology, materials science, computer 

science, physics and chemistry and belonging to a new interdisciplinary subject. The study of ancient 

ceramics does not use the traditional methods of observation and touch to verify authenticity but can 

determine the chemical components of ceramic samples and study them from a scientific viewpoint. 

In 1869, M. Fouque used chemical methods to analyze the origin of ancient ceramics unearthed 

in pottery with holy origins. In 1928, Dr. F. G. Jackson and Prof. W. Bradfield analyzed ceramics and 

slurry by the wet chemical method. In 1954, Robert Oppenheimer, a famous American nuclear physicist, 

with E. V. Sayre and R. W. Dodson of the Department of Chemistry of Princeton University studied the 
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origin of ancient ceramics in the Mediterranean region by neutron activation analysis [1]. In 1969, Tite 

[2] determined the sintering temperature of a series of ceramics of different origins and ages by the 

thermal expansion method. Meloni S. et al. [3] studied the production process and origin of Roman Pavia 

pottery by neutron activation analysis. Maniatis et al. [4] observed a series of Neolithic pottery using 

SEM. Since then, many scholars have also studied the chemical composition, firing process and mineral 

composition of ancient pottery [5–7]. 

Composition analysis is one of the most popular methods in the study of ancient ceramics. 

Through the elemental analysis of ceramic samples, information on the raw material formula and 

production process can be obtained [8–10]. Elemental analysis can also be used for dating and origin 

analysis criteria. Commonly used methods in the study of ancient ceramics include X-ray fluorescence 

(XRF) [11–14], neutron activation analysis (NAA) [15–18], inductively coupled plasma mass 

spectrometry (ICP-MS) and inductively coupled plasma atomic emission spectrometry (ICP-AES) [19–

23]. 

XRF is the main method used to analyze the primary and secondary elements of ancient ceramic 

samples. According to the different dispersion modes, XRF can be divided into two categories: 

wavelength-dispersive X-ray fluorescence (WD-XRF) and energy-dispersive X-ray fluorescence (ED-

XRF). According to Bragg's law, WD-XRF uses spectroscopic crystals to separate the fluorescence 

signals of different wavelengths for measurement. Depending on the pulse height of the detector signal, 

ED-XRF is proportional to the energy of the X-ray photon and uses a multichannel analyzer to process 

fluorescence signals of different energies [24–27]. The WD-XRF detector is composed of a scintillation 

counter tube and a proportional counter tube. The counting rate is high, and it can use a strong X-ray 

excitation source, so the sensitivity is high. Due to the use of a variety of spectroscopic crystals, the 

resolution is higher than other methods, which is conducive to the analysis of light elements. Compared 

with ED-XRF, the mechanical part of the WD-XRF instrument is more complex, and the sample 

chamber of the WD-XRF instrument is small, so it is not suitable for the nondestructive analysis of 

complete ancient ceramic objects or large fragments. 

The solid voltammetric method proposed by Scholz et al. [28,29] can be used to obtain 

information about the composition of materials used in ancient ceramics. This new method can be 

applied to insoluble solids, for example, by providing qualitative and quantitative information and 

structural information with a small amount of soluble solids [30–32]. The method requires only a 

nanogram-microgram sample. The first cultural relic analysis report based on solid-state electrochemical 

analysis technology was proposed in 1995 [33]. Irradiation defects formed by the long-term 

accumulation of natural radiation and cosmic rays in ceramic artifacts can be used as electrocatalytic 

centers for oxygen evolution reactions (OERs) [34–41]. The current intensity of the OER is positively 

correlated with the accumulated radiation amount in ceramic relics, so it can be used for the 

chronological analysis of ceramic relics. In approximately 2000, Domenech-Carbo's team started 

working on mineral pigments based on solid-state electrochemical analysis. Through the comparison 

between standard mineral pigments and variograms sampled from ancient ceramics, the identification 

and analysis of pigments in cave paintings, sculptures, church decorations and ancient oil paintings were 

successfully realized [42,43]. After 2002, Domenech-Carbo's team began to analyze trace metal oxides 

in ancient ceramic enamel using solid-state electrochemical analysis techniques [44–46]. In this work, 
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we specifically focused on the possibility of using the voltammetric method for pottery analysis. Three 

different pottery samples, including black pottery, gray pottery and red pottery, were chosen for analysis. 

Both voltammetric scanning and electrochemical impedance spectroscopy (EIS) were used. In addition, 

the XRF method has been used for elemental analysis as well as for explaining the difference observed 

from the electrochemical profiles.  

 

 

 

2. MATERIALS AND METHODS 

In this study, five individual gray pottery, black pottery and red pottery were applied for analysis. 

These potteries were purchased from local nursery without further treatment. Their elemental 

information has been supplied in Table 1. Pottery particles were collected by rasp the intersection of 

pottery tile. Then, the pottery particles were added into 1 mL of water followed with a 2 min sonication. 

Then, 5 μL of the dispersion was dip-coated on the glassy carbon electrode and dried in the room-

temperature. All chemicals were analytical-grade reagents and were used without further purification. 

Milli-Q water (18.2 MΩ/cm) was used throughout the experiments. 

The voltammetric signal of the pottery samples was recorded with a CHI660C workstation using 

a three-electrode system, and a 0.1 M H2SO4 aqueous solution was used as the electrolyte. Differential 

pulse voltammetry was used to record the electrochemical fingerprints of all plant tissues between -1 

and 1.4 V with a pulse amplitude of 50 mV, a pulse width of 0.05 s and a pulse period of 0.5 s. EIS 

measurements were performed in a 0.1 M KCl solution including 1.0 mM [Fe(CN)6]
3−/4− with a 

frequency range from 104 to 0.1 Hz. 

The physical properties of ceramics are analyzed as follows: Dried pottery shards are placed on 

an electronic scale to measure the dry weight, and then the sample is placed in an airtight container. 

After vacuuming to 8 Pa, water is released into the container through an outside pipe until the water 

covers the sample. After 15 min, the sample is removed from the container, and then the suspension 

weight and wet weight of the sample are measured. The water absorption, porosity, surface density and 

volume density of the sample can be obtained. 

 

 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows a schematic diagram of the voltammetric signal recording of pottery powder by 

the electrochemical method. Chitosan was added to firmly fix the powder on the surface of the electrode. 

The voltammetric signal was recorded in 0.1 M H2SO4. These voltammetric signals represent the 

electrochemical reactions of oxidizable and reducible compounds in pottery powders. Because of the 

differences in firing temperature, raw material use, and preparation methods of different types of 

potteries, these signals can be used as fingerprints for potential archaeological analysis. 
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Figure 1. Schematic diagram of the recording voltammetric signal of pottery powder. 

 

Figure 2 shows the anodic DPV scanning curves of black pottery, gray pottery and red pottery in 

0.1 M H2SO4. As seen from the figure, there is only one obvious HER peak between -1.0 and 0 V. 

Between 0 and 1.0 V, we observe three distinct oxidation peaks. According to the literature [47–51], the 

two oxidation peaks at the lower potential are the oxidation of iron with a low oxidation state. The third 

peak near 1.0 V is an OER process caused by manganese catalysis [52]. At the same time, a significant 

oxidation peak above 1.0 V was caused by the OER on the electrode surface. 

 

 
 

Figure 2. Anodic scan curves of (A) black pottery, (B) gray pottery and (C) red pottery in 0.1 M H2SO4. 

 

 

 
 

Figure 3. Cathodic scan curves of (A) black pottery, (B) gray pottery and (C) red pottery in 0.1 M H2SO4. 

 

Figure 3 shows the cathodic DPV scanning curves of the black pottery, gray pottery and red 

pottery in 0.1 M H2SO4. It can be seen that a very weak reduction peak can be noticed at approximately 

0.8 V, which is the reduction reaction of manganese dioxide [53]. Between 0.6 and -0.6 V, we can see 

three very obvious reduction peaks. These peaks are the reduction reactions of iron in different valence 
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states. In addition, there is a very obvious reduction peak at -0.7 V, which can be attributed to the ORR 

process. 

As seen from Figure 1 and Figure 2, both the anode and cathode scanning results of the DPV of 

black pottery, gray pottery and red pottery have similar trends, but we can still observe differences in 

the peak position and peak shape. These differences are due to the different materials and/or different 

production conditions used to make the pottery, including temperature, roasting time and 

oxidation/reduction conditions [54]. Therefore, we performed repeated tests on different pottery 

samples. We chose five black pottery, gray pottery and red pottery samples. We repeated the test 5 times 

for each pottery sample and used the third iron oxidation peak and the first reduction peak of hematite 

as markers. Figure 4 shows the data plot of all the test results of black pottery, gray pottery and red 

pottery. As seen from the figure, the voltammetric signal ratio of the same sample is very similar, but 

there are some differences between different samples, which is a reasonable result. It is impossible to 

guarantee that the components in each product are exactly the same. At the same time, it is impossible 

to ensure that the heating environment of all products is the same during the firing process. In contrast, 

much larger differences can be detected among black pottery, gray pottery and red pottery. The 

voltammetric signal data correspond to the XRF data. Table 1 shows the XRF results for all pottery 

samples. As seen from the table, black pottery has the highest content of iron oxide among the three 

sample types. At the same time, gray pottery has the lowest content of manganese oxide, and one of the 

samples had no detectable content of manganese oxide. In contrast, the iron oxide and manganese oxide 

contents of the red pottery sample are between those of the black pottery and gray pottery. 

 

 
 

Figure 4. Plots of iron oxidation vs. hematite reduction from voltammograms for (A) black pottery, (B) 

gray pottery and (C) red pottery. 

 

 

Table 1. XRF results and all pottery samples. 

 

No. Type Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3 

1 Black 1.41 1.08 18.24 64.52 3.21 0.88 0.41 0.10 10.15 

2 Black 1.55 1.05 18.50 63.22 3.25 0.53 0.48 0.07 11.35 

3 Black 1.67 1.06 19.51 63.41 3.55 1.06 0.39 0.08 9.27 

4 Black 1.32 1.00 17.51 63.59 3.65 0.56 0.33 0.11 11.93 

5 Black 1.66 0.57 19.25 61.47 3.12 0.69 0.41 0.10 12.73 

1 Gray 0.09 1.32 22.07 65.52 2.98 1.12 0.08  6.82 

2 Gray 0.14 1.27 24.06 66.68 2.58 1.52 0.09 0.07 3.59 
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3 Gray 0.18 1.20 24.08 65.24 2.88 1.06 0.35 0.05 4.96 

4 Gray 0.16 1.55 23.51 63.59 3.02 1.65 0.21 0.06 6.25 

5 Gray 0.17 1.36 22.51 64.51 2.68 1.52 0.84 0.07 6.34 

1 Red 3.52 1.24 19.51 63.77 2.01 0.85 0.24 0.11 8.75 

2 Red 3.17 1.20 20.51 62.09 2.09 0.86 0.65 0.10 9.33 

3 Red 3.20 1.08 18.56 62.56 2.33 0.88 0.41 0.09 10.89 

4 Red 3.65 1.21 16.87 63.58 2.08 0.87 0.55 0.12 11.07 

5 Red 2.96 1.04 21.51 62.04 1.98 0.79 0.32 0.04 9.32 

 

Figure 5 shows the water absorption, porosity, surface density and volume density of all pottery 

samples. It can be seen from the figure that the variation trends of the water absorption and porosity of 

the samples are basically the same. As seen from the graph of the water absorption rate and porosity, the 

water absorption rate and porosity of gray pottery are larger than those of black pottery and red pottery, 

indicating that the compactness of different pottery samples is quite different, and the firing process is 

different. As seen from the density comparison, the density of the three types of pottery is not very 

different. 

 

 

 
 

Figure 5. (A) Water absorption, (B) porosity, (C) surface density and (D) volume density of all pottery 

samples. 

 

 

EIS of pottery powders was conducted using dissolved oxygen in the electrolyte as a probe. 

Figure 6A shows the Nyquist plots of black, gray, and red pottery. As seen from the figure, the EIS 

spectrum has only one significant capacitance loop. Figure 6B shows the corresponding Bode diagram. 
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We can see two relative responses in the total impedance and phase angle changing with frequency. The 

EIS data were then analyzed by the method proposed by La-Torre-Riveros et al. [54] using the logarithm 

of the total impedance at the low extreme of tested frequencies and the logarithm of frequency. In this 

way, different kinds of ceramics can be clearly distinguished (Figure 7). 

 

 
 

Figure 6. (A) Nyquist and (B) Bode plots of black pottery, gray pottery and red pottery in contact with 

air-saturated 0.10 M H2SO4 aqueous solution.  

 
 

Figure 7. Plots of the logarithm of the total impedance at the low frequencies vs. the logarithm of the 

frequency for black pottery, gray pottery and red pottery.  

 

 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

5402 

4. CONCLUSION 

In conclusion, this study confirmed that differential pulse voltammetry and electrochemical 

impedance spectroscopy can be used as effective tools for pottery analysis. The results indicate that the 

electrochemical oxidation and reduction of Mn and Fe species could reflect the different materials and/or 

different production conditions used to make the pottery. The results indicate that electrochemistry could 

be used for potential archaeological analysis in pottery products.     
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