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Abstract: In recent years, photocatalytic oxidation (PEC) technology has been widely studied in the field of water pollution 

remediation as an effective way to accelerate the degradation rate of organic matter. However, the external electric field applied 

by commonly used PEC wastewater treatment tanks is mostly provided by external equipment, therefore the pollution reduction 

process is accompanied by inevitable additional energy consumption. Aimed to reduce energy consumption and carbon emission, 

we designed a PEC tank which gets the extra bias voltage input from a biogas solid oxide fuel cell (SOFC) based on 

PrBaMn2O5+δ electrodes. The PrBaMn2O5+δ (PBMO) double perovskite powder has mainly tetragonal phase in both reduced and 

oxidized atmosphere. The polarization resistances of the PBMO electrodes with PBMO|SDC functional layers were 0.08 and 

0.78 Ω·cm
2
 in air and simulated biogas respectively. Using simulated biogas (70% CH4 and 30% CO2) with 3% water vapor as 

the fuel and ambient air as the oxidant, the SOFC power density can achieve 325.5 and 234.8 mW·cm
−2

 at 700 and 650°C, 

respectively. Using MoS2/Ti as photoanode for the PEC tank, with applied bias of 0.5 V in 0.02 M Na2SO3 electrolyte, and with 

pH=3, the degradation rate of chlorpyrifos (CPF) in PEC tank can achieve 99.7% after 4 hours. 
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1. Introduction 

The carbon emissions of the sewage treatment industry 

account for about 1% of the total emissions of society, and it 

accounts for the largest proportion in the environmental 

protection industry. [1] Sewage treatment requires a large 

amount of fuel and chemicals, indirectly emitting a large 

amount of greenhouse gases. The treatment process itself also 

directly emits greenhouse gases. During the sewage treatment 

process, biogas is discharged, which contains CO2, CH4, and 

other components such as N2O. These waste gases are often 

directly discharged into the atmosphere after simple 

desulfurization and deodorization treatments, and a small 

amount of them are burned by heat engines to generate 

pollutants such as nitrogen oxides, which increases air 

pollution and greenhouse gas emissions, while also causing 

resource waste. 

In addition, although the energy consumption of the sewage 

treatment industry is not as high as that of industries such as 

power generation, steel, and chemical engineering, the 

proportion of total energy consumption is not small, and it is 

also a major energy consumer. From the perspective of energy 

conversion, the essence of traditional sewage treatment mode 

is to exchange energy consumption for water quality. In order 

to reduce water pollution, we need to use a large amount of 

electricity. [2] 

Photocatalysis refers to the direct use of light energy by 

various semiconductor materials at room temperature to 

completely mineralize and remove various organic pollutants, 

becoming an ideal environmental pollution control technology. 

When the energy is equal to or greater than the band gap the of 

semiconductor material, the photoelectrons are excited to the 
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conduction band, and photo-generated holes are generated in 

the valence band. Photo-generated holes can capture electrons 

in organic matter or solution on the surface of semiconductor 

particles, so that substances that do not absorb light are 

activated and oxidized. Therefore, they have strong oxidation 

capacity. Organic matter is oxidized directly or indirectly, and 

eventually degraded into simple inorganic compound 

substances such as CO2 and H2O. Compared with 

photocatalysis, photoelectrocatalytic (PEC) oxidation 

technology needs an extra bias voltage, which efficiently 

improves the separation of photoelectrons and holes, improves 

quantum efficiency, and thus accelerates the degradation rate 

of organic pollutants in wastewater. [3] 

However, the external electric field applied by commonly 

used PEC wastewater treatment tanks is mostly provided by 

external equipment such as electrochemical workstations, and 

the pollution reduction process is accompanied by inevitable 

additional energy consumption. [4] The large amount of 

carbon containing waste gas generated by landfills and sewage 

treatment plants that can be used for power generation has not 

been recycled as a resource, which cannot effectively achieve 

the synergistic goal of reducing pollution, energy conservation 

and low carbon emission. 

As a device that can directly convert chemical energy into 

electrical energy, solid oxide fuel cells (SOFCs) have the 

advantages of high power generation efficiency, low pollution 

emissions, and a wide range of fuel applications. The direct 

use of biogas and other fuels for power generation is one of the 

important development directions of SOFCs, because the 

methane in biogas can be converted into hydrogen rich 

synthesis gas on the anode side of the SOFCs with the help of 

CO2, which generates electricity through high-temperature 

catalytic chemical reactions on the anode. [5, 6] 

However, when using hydrocarbon-rich gases such as 

methane or biogas as fuel, because Ni has a catalytic effect on 

carbon deposition, it will cause carbon deposition and cause 

nickel to lose its catalytic activity. Researchers have begun 

various attempts to solve the problems that anodes pose when 

faced with carbon-based fuels. The attempts made can be 

divided into two categories. One is still based on the cermet 

(such as Ni/YSZ) system, modifying the cermet through 

doping, etc., or using other materials to replace Ni or YSZ; the 

other is the use of materials with different structures such as 

oxides with mixed ion/electronic conductivity properties. 

Among them, the oxides that can maintain stable structure and 

performance within a wide oxygen partial pressure and 

temperature range have received great attention. 

Representative materials include La1-xSrxCr1-yMyO3 (M=Mn, 

Fe, Co, Ni) [7, 8], Ce or transition metals such as Ni, Co, Cu, 

Cr and Fe doped (La, Sr) TiO3 [9-11], SrMg1-xMnxMoO6, etc., 

these anode materials have improved to varying degrees in 

terms of resistance to carbon deposition and sulfur poisoning. 

Chen et al. used GDC-impregnated La0.75Sr0.25Cr0.5Mn0.5O3 

as the anode to achieve CH4 internal reforming on a LSM/YSZ 

cathode-supported battery. When H2 is used as the fuel, the 

energy density of the prepared fuel cell is comparable to that 

of Ni/YSZ as the anode. However, when CH4 is used as fuel, 

its energy density is lower than that of H2 fuel. Moreover, the 

material behaves unstable when sulfur is contained in the fuel 

[12]. Huang et al. studied the reforming and sulfur resistance 

properties of double perovskite Sr2Mg1-xMnxMoO6-δ on SOFC 

anodes. The CH4 reforming effect and sulfur resistance of 

Sr2MgMoO6-δ material as anode are better than 

(La0.75Sr0.25)0.9Cr0.5Mn0.5O3-δ [13, 14]. Liu et al. found that 

BaZr0.1Ce0.7Y0.2-xYbxO3-δ co-doped with Y and Yb has strong 

resistance to carbon deposition and sulfur poisoning. When 

the fuel is switched to contain 50 ppm hydrogen sulfide, its 

output power basically does not change and can operate 

continuously and stably in dry propane for more than 100 

hours [15]. 

Due to the structural flexibility of double perovskite oxide 

materials, they are able to maintain the perovskite structure 

while forming a reducing phase. A typical representative is the 

A-site ordered layered double perovskite PrBaMn2O5+δ 

(PBMO) jointly reported by the research groups of Irvine and 

Kim [16]. PBMO is stable over a wide range of oxygen partial 

pressure and temperature and shows good catalytic activity for 

hydrocarbon oxidation reactions. In the joint report of the 

research groups of Ishihara and Kim [17], it was shown that 

when the operating temperature is 700°C and a bias voltage of 

0.6V is given, the Ca-doped PBMO-PrBa0.8Ca0.2Mn2O5 can 

operate in a humidified environment. It remains stable in 

isooctane for 50 hours; and continues to remain stable in 

humidified propane for 150 hours, and outputs a current 

density of 0.2-0.3A/cm
2
. Yifei Sun [18] et al. studied the 

catalytic activity of Mo-doped Pr0.5Ba0.5MnO3-δ in H2 and CH4 

atmospheres. The report pointed out that after Mo doping, 

Mo-Pr0.5Ba0.5MnO3-δ has a specific Pr0.5Ba0.5MnO3−δ has more 

oxygen holes, so its catalytic activity is also improved. 

According to the above reports, the stability of PBMO in 

different atmospheres and temperatures and its resistance to 

carbon deposition and sulfur poisoning make it a very 

attractive anode material. 

Therefore, in order to reduce the total energy consumption 

and low greenhouse gas emission in traditional wastewater 

treatment facilities, we designed a PEC wastewater treatment 

tank paired with biogas SOFCs based on PBMO electrode, 

aimed to utilize the biogas discharged in traditional sewage 

treatment process or garbage landfill processes to generate 

electricity, and tried to make use of the SOFC generated 

electricity to degrade organic pollutants by PEC tanks. 

2. Experimental 

2.1. Design of the Photoelectrocatalytic Apparatus Powered 

by Biogas SOFC (s) 

Figure 1 is the schematic diagram to show the design of the 

photoelectrocatalytic (PEC) wastewater treatment tank paired 

with biogas SOFC (s). During operation, when the 

photocatalysis anode receives a certain energy from the light 

source, the electrons will be activated from the valence band 

to the conduction band, producing electrons and holes, which 

have strong oxidizing and reducing properties respectively. 
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The photo-generated holes react with the solution to form 

active free radicals, which can break the chemical bond of 

organic pollutants to degrade them, and finally generate CO2 

and water. Biogas SOFC (s) convert the chemical energy 

contained in biogas (which is produced in the biological 

treatment process and sludge fermentation process) into 

electrical energy, providing bias voltage for the photocatalytic 

cell, thereby forming the PEC tank and effectively enhancing 

the separation of photoelectrons and holes. Wastewater 

containing organic pollutants is injected into the PEC tank, 

and the pollutants fully react with free radicals and other 

substances generated by semiconductor photoelectrodes. And 

the waste gas produced in the SOFC anode contains 

high-temperature water vapor, which can be re-used to 

provide heat to the biological treatment tank and sludge 

fermentation tank. 

In the following experiments, the possibility to use this 

SOFC powered PEC system to degrade organic water 

pollutant was tested. 

 

Figure 1. Schematic diagram of the biogas SOFC (s) powered photoelectric catalytic (PEC) wastewater treatment tank. 

2.2. Material Preparation and Solid Oxide Fuel Cell 

Fabrication 

The PrBaMn2O5+δ (PBMO) powder was prepared with 

Pechini method. All the nitrate precursors were purchased 

from Aladdin Co. The powder was calcined at 900°C and then 

reduced in H2 for 1 hour to make sure of the existence of 

oxygen deficiency. Ce0.8Sm0.2O1.9 (SDC) were used as 

electrolyte. The fabrication of the SOFC single cell with the 

configuration of PBMO anode|PBMO+SDC functional 

layer/SDC electrolyte/PBMO+SDC functional layer|PBMO 

cathode was illustrated in Figure 2. Some of the fabrication 

steps can be found in our previous report. [19] The paste for 

spin coating is composed of PBMO powder and vehicle paste. 

The vehicle paste is composed of ethyl cellulose (binder) and 

terpinol (solvent); the weight ratio of ethyl cellulose to 

terpinol is 3: 97. The weight ratio of PBMO powder to vehicle 

paste is 2: 3. And the coating paste can be used after fully 

mixing in an agate mortar for 1-2 hours. For functional layer, 

the weight ratio of PBMO to SDC is 7: 3. The slurries were 

spin coated onto the electrolyte support at 9500 r/min for 1 

min. The diameter for the sintered electrolyte supports is 11.3 

mm, both electrode diameters are 6.0 mm. The 

electrochemical performance of the electrodes was tested by 

an electrochemical workstation (CHI660E, Shanghai 

Chenhua). 

 

Figure 2. Schematic diagram of the procedure to fabricate the electrolyte support biogas SOFC. 

For photoanode, the as-prepared MoS2 nanoflakes on Ti 

film (MoS2) and further annealed at 300°C in reducing 

atmosphere (MoS2(300°C)) were obtained by a hydrothermal 

method, and detailed information can be found in our previous 
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work. [20] 

2.3. Material Preparation and Solid Oxide Fuel Cell 

Fabrication 

The phases of materials were analyzed by XRD (with CuKa 

radiation (λ=0.1541 nm). The morphology of the samples 

were observed by SEM (Hitachi S4800). 

The performance of SOFC was tested using simulated 

biogas (70% CH4 and 30% CO2) with 3% water vapor as fuel. 

The detailed design of test rig is shown in Figure 3. The anode 

side of the SOFC single cell is sealed by ceramic bond on the 

top of a quart tube. The transparent quartz tube enables us to 

insert the alumina fuel inlet tubes, connection of the Pt 

conducting wires and thermal couples inside of the fuel 

chamber. The cathode side of the SOFC single cell is exposed 

to air directly. The output cell current and voltage are detected 

by an electrochemical workstation (CHI660E, Shanghai 

Chenhua). 

 

Figure 3. Schematic diagram of the test rig. 

The PEC degradation of chlorpyrifos (CPF) (10.0 µmol/ L) 

was carried out with applied bias of 0.5 V in 0.02 M Na2SO3 

electrolyte, and with pH=3, utilizing an MoS2 (300°C) 

electrode (electrode area=1.0 cm
2
). Continuous and slow air 

bubbling into the reactor aimed to provide higher amounts of 

oxygen for enhancing generation of radicals on the cathode 

and degradation efficiency. The concentration of CPF at 

different intervals was analyzed by a gas chromatograph (GC, 

Fuli 9790). Detailed analytical information can be found in 

our previous work. [20] 

3. Results and Discussion 

The SOFC electrode material was characterized by XRD. 

Figure 4 shows the XRD patterns of originally calcined 

PBMO, the reduced sample as well as the reduced sample 

which has been re-calcined in air. The XRD pattern of 

originally calcined PBMO shows peaks from both tetragonal 

phase (PDF#97-015-8886) and hexagonal phase 

(PDF#04-004-7947), as well as some BaO and PrOx 

impurities (PDF#04-006-6521 and PDF#97-015-4588). After 

it was reduced in H2 at 900°C for 5 hrs, the peak density of 

hexagonal phase, BaO and PrOx has decreased. This might 

imply the further reaction of hexagonal phase perovskite, BaO 

and PrOx. Because it will be applied as cathode as well, after 

re-calcination in air at 900°C for 5 hrs, the powder XRD has 

been tested again. The peak at the position of 2θ=44.7° might 

be due to the formation of BaMnO2.88 (PDF#97-001-9049). 

The XRD patterns indicate that both the reduced samples and 

the re-calcined reduced samples have mainly tetragonal phase 

and show good chemical and thermal stability because the 

electrodes work at around 700°C. 

 

Figure 4. XRD pattern of originally calcined PBMO sample, reduced sample 

(in H2 at 900°C for 5 hrs), and the re-calcined reduced sample (in air at 

900°C for 5 hrs). 

The Nyquist plots (Figure 5 (a) and (b)) from the impedance 

test indicate that the RP values of the PBMO electrodes with 

PBMO|SDC functional layers were 0.08 and 0.78 Ω·cm
2
 in air 

and simulated biogas respectively, which are acceptable. The 

Arrhenius plot shown in Figure 5 (c) illustrates the strong 

temperature dependence of conductivity. 

 

(a) 
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(b) 

 

(c) 

Figure 5. (a). Nyquist plots of symmetric cell measured at 400-700°C under 

air. (b). Nyquist plots of symmetric cell measured at 400-700°C under 

simulated biogas. (c). Arrhenius plots of PBMO electrodes under different 

working conditions. 

PBMO anode|PBMO+SDC functional layer/SDC 

electrolyte/PBMO+SDC functional layer|PBMO cathode 

button cells were fabricated for evaluating the performance 

of the PBMO electrode based single cell. The inset SEM 

image in Figure 6. shows the cross section view of the pristine 

cell. The thickness of SDC electrolyte support is around 100 

µm. Both electrode layers attached well with the electrolyte 

support with enough porosity. Figure 6 (a) depicts the 

variation of cell voltage and power density as a function of 

current density using simulated biogas (70% CH4 and 30% 

CO2) with 3% water vapor as the fuel and ambient air as the 

oxidant in a temperature range of 500−700°C. The maximal 

power densities of the cell are 325.5 and 234.8 mW·cm
−2

 at 

700 and 650°C, respectively. According to Figure 6 (b), with 

constant biogas input and current density output of 608 

mA·cm
−2

, the cell can also have stable voltage output of 0.5 

V, which shows the cell stability during operation in biogas. 

 

(a) 

 

(b) 

Figure 6. (a). Variation of cell voltage and power density as a function of 

current density using simulated biogas (70% CH4 and 30% CO2) with 3% 

water vapor as the fuel and ambient air as the oxidant in a temperature 

range of 500−700°C; (b). Variation of cell voltage versus time at 700°C with 

the cell current density stabilized at 0.608 A·cm-2. Insert is the SEM image of 

the cross sectional view of the single cell. 

According to the PEC degradation performance, we can see 

there is no much difference between the PEC tanks powered by 

electrochemical workstation and biogas SOFC. The 

degradation rates of CPF in both PEC tanks can achieve around 

99.7%, which indicates that the biogas SOFC can replace the 

usual power supply to offer voltage bias to the PEC tanks. 

 

Figure 7. Degradation rates of chlorpyrifos (CPF) in PEC tanks powered by 

different power sources versus time. 



105 Doudou Gu et al.:  Photoelectrocatalytic Degradation of Chlorpyrifos Wastewater Paired with Biogas SOFC 

Based on PrBaMn2O5+δ Electrodes 

The above results in Figure 7 indicate that (1) using 

simulated biogas (70% CH4 and 30% CO2) with 3% water 

vapor as the fuel and ambient air as the oxidant, the power 

density of PBMO-based SOFC can achieve 325.5 and 234.8 

mW·cm
−2

 at 700 and 650°C, respectively. And with constant 

current density input of 608 mA·cm
−2

, the biogas SOFC can 

also have stable voltage output of 0.5 V. This shows the 

stability of the biogas SOFC. 

With applied bias of 0.5 V in 0.02 M Na2SO3 electrolyte, 

and with pH=3, the degradation rate of chlorpyrifos (CPF) by 

PEC tank can achieve 99.7% after 4 hours, which is 

comparable with the degradation rate (99.7%) in the PEC tank 

powered by the electrochemical workstation. This means the 

PEC tanks paired with biogas SOFC can degrade CPF well. 

4. Conclusion 

In this research, the PrBaMn2O5+δ (PBMO) powder was 

prepared via Pechini method. The as-prepared 

PrBaMn2O5+δ electrodes show good chemical and thermal 

stability in both reduced and oxidized atmosphere. The RP 

values of the PBMO electrodes with PBMO|SDC functional 

layers were 0.08 and 0.78 Ω·cm
2
 in air and simulated biogas 

respectively, which are acceptable. Using PBMO as 

electrodes, with constant biogas input and current density 

output of 608 mA·cm
−2

, the biogas SOFC can have stable 

voltage output of 0.5 V, which shows the cell stability 

during operation in biogas. With MoS2 nanoflakes on Ti 

film as photoanode, the PEC tank can be connected and 

paired with the biogas SOFC. 

According to the preliminary experiment results in this 

report, this SOFC-PEC paired system shows the potential to 

reduce the total energy consumption and to lower the 

greenhouse gas emission in traditional wastewater treatment 

facilities, by effectively utilizing the biogas discharged during 

sewage treatment or garbage landfill processes. But due to the 

long term stability of SOFC still needs improvement, this 

might be the pivotal hindrance for the large scale application 

of SOFC-PEC paired system. 
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