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Abstract 

In this study, a membraneless, monolithic micro photocatalytic fuel cell with an 

air-breathing cathode was developed for simultaneous wastewater treatment and 

electricity generation. In this newly-developed micro photocatalytic fuel cell, the 

photoanode and cathode were arranged with a shoulder-to-shoulder design, forming 

two planar electrodes. Such design offers several advantages of enhanced mass 

transfer, uniform light distribution, short light transfer path, membrane elimination 

and easy fabrication, integration, and compatibility with other microdevices. The 

performance of this type fuel cell was evaluated by using methanol as a model 

pollutant under the alkaline condition. Experimental results indicated the developed 

micro photocatalytic fuel cell was able to show good photo-response to the 

illumination and satisfactory performance as well as durability. Parametric study on 
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the cell performance was also performed. It was found that increasing the light 

intensity, methanol concentration and KOH concentration could improve the cell 

performance. But for the effect of the liquid flow rate, it was shown that the cell 

performance firstly increased with increasing the liquid flow rate and then decreased 

with further increasing the liquid flow rate. This study not only opens a new avenue 

for the design of the micro photocatalytic fuel cell but also is helpful for the 

optimization of the operating conditions. 

 

Keywords: Photocatalytic fuel cell; Membraneless and monolithic design; 
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1. Introduction 

With the economic development, people become more concerned about the 

environmental problems all over the world. In particular, every year a huge amount of 

wastewater is discharged to natural ecosystem, which greatly threatens aquatic life 

and human health [1-3]. Hence, the wastewater treatment has become an issue of 

global concern, especially in developing countries [4]. To resolve this issue, several 

approaches have been developed, including the biodegradation [5-7], adsorption [8, 9], 

chemical oxidation [10] and so on [11, 12]. On the other hand, it should be recognized 

that although the discharge of wastewater causes a severe environmental problem [13], 

wastewater contains numerous organics [12, 14], which is an available energy source. 

However, the above-mentioned conventional wastewater treatment technologies 

usually aim at the efficient degradation of these organics. The chemical energy stored 

in wastewater is not efficiently utilized, leading to the energy loss. Therefore, 

recovering the energy released from organic pollutants in wastewater during the 

treatment is promising to address the environmental and energy problems 

simultaneously [15, 16], but still challenging. 

 

Photocatalytic fuel cell (PFC), which is an integration of the photocatalysis and fuel 

cell technologies, is one of ideal solutions to simultaneously address the wastewater 

and energy recovery issues. Unlike conventional fuel cells, in which noble metals are 

usually employed to oxidize the simple organic compounds, the PFCs use the 

abundant materials of semiconductors [17] as the catalysts to form the photoanode, 



which greatly lowers the capital cost. Upon illumination, the absorbed photons ensure 

the electron-hole pairs to be generated in the semiconductors. The photo-generated 

holes can firstly oxidize OH– to hydroxyl radicals (∙OH), which are powerful oxidants 

[18, 19] and then degrade the organic compounds into CO2 and H2O. The 

photo-generated electrons spontaneously flow to the cathode through an external 

circuit to form the electricity. As a result, the PFCs enable simultaneous wastewater 

treatment and electricity production [20-24]. Moreover, PFCs can degrade most 

organic compounds such that the fuel type limitation in conventional fuel cells can be 

avoided [8]. Because of these advantages, the PFC has received ever-increasing 

attention. 

 

Since the performance of the PFC mainly depends on the photocatalysts, extensive 

efforts have been devoted to the development of materials over the past decade 

[25-29]. These works mainly aimed to promote the photoelectrochemical oxidation 

rate and reduce charge transport resistance. Besides, the photon and mass transport 

also play important roles in the PFC performance, which is inherently associated with 

the cell design. However, the design of the PFC has not been widely explored. Most 

existing PFCs have large dimensions. Such design usually has the problem of low 

specific surface area and mass transfer rate. The ion exchange membrane is also 

typically required to separate the PFC into two compartments of the anode and 

cathode, respectively [22, 30]. The use of the ion exchange membrane definitely 

increase the capital cost of the PFC. Moreover, conventional PFCs usually adopt the 



mode of the oxygen-dissolved electrolyte at the cathode. Because of the low solubility 

of oxygen, the cathode performance of the PFC is restricted. All these disadvantages 

arising from the conventional PFC design with large scale dimension limit its 

performance improvement. 

 

Recently, the incorporation of microfluidics into the photocatalytic technologies opens 

a new avenue for enhancing the performance of the PFC. Owing to its intrinsic merits 

of large surface-to-area ratio, fine flow control and enhanced heat and mass transfer, 

the microfluidic platform has been successfully applied to water splitting [31], 

wastewater treatment [32] and so on [33, 34]. In particular, the microfluidics enables 

uniform light distribution and short light transfer path. Under such circumstance, 

along with enhanced mass transfer by the microfluidic platform, the photocatalytic 

reaction rate can be greatly improved. Inspired by this idea, a membraneless 

monolithic micro PFC (μPFC) with an air-breathing cathode was developed in this 

study. Unlike the previously-reported membraneless micro PFC with an air-breathing 

cathode [32], in which the photoanode and cathode were face-to-face, the photoanode 

and cathode were arranged with a shoulder-to-shoulder design in this study, forming 

two planar electrodes. In addition to the above-mentioned advantages, this new design 

also offers the following advantages. First, the membrane elimination not only 

reduces the capital cost but also makes the membrane-related issues such as 

membrane fouling disappear. Second, the air-breathing design can greatly enhance the 

oxygen transport as compared to the oxygen-dissolved mode and simplify the cell 



system. Third, this simple design benefits for the fabrication (e.g., replication), 

integration, and compatibility with other microdevices [35, 36]. To demonstrate the 

feasibility of this new design of μPFC, methanol was used as a model fuel to examine 

the performance of the developed μPFC in an alkaline environment under the UV 

illumination. The photo-response and its durability were studied, as well as the effects 

of the methanol concentration, KOH concentration, light intensity and liquid flow 

rate.  

 

2. Materials and methods 

2.1 Design of μPFC and working principle 

As sketched in Fig. 1, the μPFC developed in this work mainly consisted of a cover, a 

photoanode, a cathode and a baseplate. The cover was made of Polydimethylsiloxane 

(PDMS). In this cover, there were two microchambers for the photoanode and cathode, 

respectively. Each microchamber had one inlet and one outlet. A FTO glass with the 

dimension of 30 mm × 50 mm (resistance 10 Ω per square, Xinyan Technology Co., 

China) was chosen to fabricate the photoanode. In the middle, the conducting layer 

with a width of 1.0 mm was removed by the etching method to separate the 

photoanode and cathode and avoid the short circuit. On one side of this line, the 

photoanode was fabricated by coating TiO2 on the FTO glass with the dimension of 

24 mm × 4.5 mm. A rectangular shape hole with the dimension of 10 mm × 24 

mm was drilled on the other side of this line for positioning the cathode and breathing 

oxygen from air. A commercial cathode of the Pt coated carbon paper (DMFC 



Cathode, Alfa Aesar, Great Britain) was chosen as the air-breathing cathode, which 

was tailored into T shape. As shown in Fig. 1a (right portion), the straight part was the 

active area for oxygen reduction reaction with a dimension of 24 mm × 4.5 mm and 

the remaining part was functioned as current collection. The baseplate was also made 

of PDMS with the same dimension as the FTO glass. There was a convex plate on the 

baseplate, which faced the drilled hole in the FTO glass. Meanwhile, there was also a 

drilled hole with a dimension of 20 mm × 3 mm. The function of this convex plate 

was to support the cathode and simultaneously ensure the surface of the cathode to be 

at the same horizon with the photoanode, while the oxygen from air was transferred 

via the drilled hole.  

 

The working principle of the developed μPFC is illustrated in Fig. 1b. During the 

operation, the methanol solution along with KOH is supplied to the photoanode 

microchamber and the KOH solution is supplied to the cathode, while oxygen is from 

the ambient air. Once the UV-light illuminates the photoanode, the electrons (e–) in 

the valence band of photocatalyst are excited to the conduction band, and the holes 

(h+) are simultaneously generated. The holes react with OH– to produce hydroxyl 

radicals that are strong oxidant. Methanol can then be oxidized to CO2 and H2O by 

the photoelectrochemical reactions, as represented by reactions (1) and (2). 

hν + TiO2 →TiO2 + e– + h+                         (1) 

6h+ + CH3OH + 6OH– → CO2 + 5H2O                  (2) 

2H2O + O2 + 4e– → 4OH–                    (3) 



The generated electrons then go through the external load to the cathode. At the 

cathode, electrons react with oxygen and water to produce OH–, which can be 

described by the reaction (3). The produced OH– ions directly cross to the photoanode 

to complete the photoanode reactions. 

 

2.2 Preparation of the photoanode 

The preparation of the photoanode on the FTO glass is illustrated in Fig. 2. First of all, 

a 30 mm×50 mm FTO glass was cut. Close to the middle line with a width of 1 mm, 

a 10 mm × 24 mm hole was drilled by laser drilling for positioning the cathode and 

breathing oxygen from air. Second, the dilute hydrochloric acid along with zinc 

powder was used to remove the conducting layer on the middle line by the chemical 

etching such that the electrical isolation between the photoande and cathode could be 

ensured. Third, the TiO2 nanoparticles were coated on the photoanode. To do this, the 

TiO2 colloid was firstly prepared using a spray painting method. Here, 12 g TiO2 

nanoparticles (Aeroxide P25, Acros, Belgium), 120 mL DI water and 0.4 mL 

acetylacetone (Sigma-Aldrich, USA) were mixed with magnetic stirring. 0.2 mL of a 

Triton X-100 (Sigma-Aldrich, USA) and 2.4 g polyethylene glycol (Aladdin, China) 

were put into the mixture and then magnetically stirred for 12 hours. After that, the 

TiO2 colloid was sprayed onto the FTO glass by a spray gun followed by the 

calcinations at 550 °C for 2 h to form a TiO2 film on the FTO glass as the photoanode. 

The TiO2 loading was about 3 mg/cm2. 

 



2.3 Preparation of the cover and baseplate 

The cover and the baseplate were both made of PDMS. Before the preparation, two 

molds were firstly made by aluminium for the cover and baseplate, respectively. For 

the cover mold that was male mould, two 24 mm × 4.5 mm microchambers with the 

distance of 1 mm between them and the depth of 0.9 mm were milled. To supply the 

liquid solution uniformly, at both the inlets and outlets, a triangular shape channel was 

designed and connected with the microchambers. Note that at the fabricated male 

mould, another line-shape concave plate with the depth of 0.5 mm between the 

photoanode and cathode was milled. For the baseplate, a cavity block type mold was 

fabricated. Here, a 10 mm × 24 mm cavity with a 3 mm × 20 mm convex plate at 

desired location was milled. After the fabrication of these two molds, polymer base 

(Sylgard 184 A, Dow Coming) and curing agent (Sylgard 184 B, Dow Coming) were 

mixed with a ratio of 10:1 and degassed. This mixture was then poured into the 

fabricated moulds and baked at 100 ℃ for 20 min. Finally, the PDMS sheets were 

released from the moulds. As such, the cover with two microchambers of 24 mm × 

4.5 mm × 0.9 mm and the baseplate with a 3 mm × 20 mm hole illustrated in Fig. 

1a could be achieved. Moreover, because of the existence of the line-shape concave 

plate at the cover mold, the connection area between the photoanode and cathode in 

the formed cover could be reduced, which helped to reduce the direct transport of 

methanol from the photoanode to the cathode. 

 

2.4 Assembly of the μPFC 



With the prepared photoanode, cathode, cover and baseplate, the μPFC could be 

formed by assembling them. First, the photoanode was assembled with the baseplate. 

During the assembly process, the drilled hole faced the convex plate on the baseplate. 

The tailored cathode was put on the drilled hole and simultaneously the same horizon 

between the cathode surface and photoanode was ensured. Four 2.5-mm holes were 

drilled in the cover, which were then connected with a needle, respectively. Then the 

cover was placed on the photoanode. After that, to prevent the leakage, the PDMS 

was used to seal the gaps between these components and then baked again. As such, a 

membraneless and monolithic μPFC with an air-breathing cathode was formed. The 

image of the fabricated μPFC is given in Fig. 3.  

 

2.5 Experimental instruments 

In this study, a 100 W LED (Lightwells, Shenzhen, China) with the wavelength of 365 

nm was used as light source. The UV light intensity was controlled by adjusting the 

distance between the μPFC and light source, and measured by an IR-radiometer 

(UV-A, Photoelectric Instrument Factory of Beijing Normal University, China). The 

methanol-electrolyte mixed solution and electrolyte solution were introduced into the 

photoanode and cathode of the μPFC by a syringe pump (Pump 33, Harvard, America) 

and the flow rate was controlled by this pump. During all experiments, the liquid flow 

rates at both the photoanode and cathode always remained the same to ensure the 

laminar flow. The KOH concentrations at both the photoanode and cathode also 

always remained the same. Spectral energy absorption was measured by a UV-vis 

http://www.baidu.com/link?url=ND4tJ9v-twFCH517MnWTzGaUCKQtyfW6u2Y125lGFxEEY99I4yTsEbfmkmjvXc5-AmQSyNa3RMZIm1pG-WZXu3JEUoQdQcWHy-__POoXtSBM_51VTp_US0xC9Xv3kTJ-&wd=&eqid=a728dcc600045a9d000000055779d952


spectrophotometer (UV-2100, Shimadzu Corporation, Japan). Electrochemical 

measurements were carried out with an electronic load system (CT-3008, Neware 

Technology Ltd., China) and a data collecting instrument (34972A, Angilet, America).  

 

3. Results and discussion 

3.1 Characterization of the photoanode 

The morphology of the prepared photoanode on the FTO glass was characterized by 

the scanning electron microscope (SEM, S-4800, Hitachi, Japan). The results are 

shown in Fig. 4. From the top view of Fig. 4a, it can be seen that the TiO2 

nanoparticles tended to form clusters, which were then uniformly distributed on the 

FTO glass. Numerous micro pores with the pore size ranging from tens of nanometers 

to hundreds of nanometers were formed. Such porous structure not only provides 

large specific surface area for the photoreactions but also offers plenty of pathway for 

the mass and photon transport. Figure 4b displays the cross-section view of the 

prepared photoanode. The morphology obtained at the cross section was similar to the 

one obtained from the top view, further indicating that a uniform porous TiO2 film 

with a wide pore size distribution was successfully prepared. Moreover, from the 

cross-section view, the thickness of this film could also be determined, about 26 μm. 

In addition to the microscopic morphology, the absorption spectra of the prepared 

TiO2 film were also measured. Figure 5 shows the UV-Vis diffusion reflectance 

spectra from 240 to 800 nm of the prepared TiO2 film. It is clear that the majority of 

absorbed light was below 400 nm in the UV-Vis spectra because the pure TiO2 was 
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employed to prepare the photoanode in this work.  

 

3.2 Photo-response of the photoanode 

As a photocatalytic fuel cell, because the oxidation of the organic compounds occurs 

at the photoanode, which is initiated by the illumination, the first one to assess the 

μPFC performance is to study the photo-response of the photoanode. Fig. 6 shows the 

photo-response behaviors of the μPFC under the light on/off cycles. In this 

measurement, the light intensity was 6 mW/cm2, the methanol concentration was 1.0 

mol/L and the KOH concentration was 0.5 mol/L. The flow rates at both the 

photoanode and cathode remained at 200 μL/min. The photo-response behavior of the 

cell voltage to the illumination is shown in Fig. 6a. Here, the open circuit voltage 

(OCV) was used to examine the photo-response of the cell voltage. As seen in Fig. 6a, 

when the UV light was illuminated to the μPFC, the OCV was immediately increased 

and stabilized at about 1.16 V in a few seconds. When the light was switched off, the 

OCV was quickly restored to the state without the illumination. In the four testing 

cycles, the OCV could well repeatedly respond to the illumination. The 

photo-response of the photocurrent was also characterized in this work. As mentioned 

earlier, the μPFC was able to remove the organic compounds and simultaneously 

generate electricity. The maximum degradation efficiency usually responds to the 

largest photocurrent density, i.e., short circuit current density. Hence, when 

characterizing the photo-response of the photocurrent, the short circuit current density 

was chosen as a representative current density. Fig. 6b shows the results on the 



photo-response of the short circuit current density to the illumination. As seen in Fig. 

6b, once the light was illuminated to the photoanode, the short circuit current density 

was instantly shifted from 0 to about 0.65 mA/cm2. When the light was off, the short 

circuit current density was immediately decreased to zero. Similarly, in the four 

testing cycles, the short circuit current density could well repeatedly respond to the 

illumination. In summary, the photo-responses of the OCV and short circuit current 

density could be well reproduced in these four light on/off cycles. This fact implies 

that the developed μPFC is able to well respond to the illumination and a good 

photo-responsive performance has been attained.  

 

3.3 General discharging performance of the μPFC 

The polarization curve and long-term discharging performance have been widely used 

to characterize the cell performance in conventional fuel cells. In this work, therefore, 

we also employed these two measures to evaluate the performance of the developed 

μPFC. In this testing, the light intensity, methanol concentration and KOH 

concentration were 6 mW/cm2, 1.0 and 0.5 mol/L, respectively. The flow rates at the 

photoanode and cathode both remained at 200 μL/min. The typical polarization curve 

under given condition is presented in Fig. 7a, which shows the cell voltage reduced 

with the current density increasing. At low current densities (<0.05 mA/cm2), the cell 

performance was mainly dependent on the kinetics at both the photoanode and 

cathode. Therefore, the cell voltage showed a relatively quick reduction in the cell 

voltage. As the current density increased, the ohmic loss became dominant in the cell 



discharging behavior. As a result, the cell voltage linearly declined with increasing the 

current density. However, when the current density exceeded 0.5 mA/cm2, the cell 

voltage reduced sharply. A peak power density of 0.4 mW/cm2 was obtained at the 

current density of 0.5 mA/cm2 under this typical condition. Such dramatic reduction 

in the cell voltage may be caused by two reasons. One is that at high current densities, 

the demand of the supplied fuel was increased. For a given methanol concentration 

and flow rate, the polarization associated with the mass transfer became more serious 

at high current densities, resulting in a relatively quick reduction in the cell voltage. 

On the other hand, at high current densities, the cell voltage was small. The driving 

force for transferring excited electrons to the cathode was weakened. Accordingly, the 

electrons and holes were easily recombined at the photoanode, which in turn made the 

cell voltage dramatically drop. It should be pointed out that although the mass transfer 

issue contributes to the decrease of the cell voltage at high current densities, the 

re-combination of the electron-hole pairs might be dominant because the limiting 

current density was not high as compared to the supplied methanol concentration and 

liquid flow rate.  

 

In practice, the fuel cell is usually operated at a given cell voltage or current density. 

In this case, the long-term performance of the developed μPFC needs to be 

characterized to explore its performance and stability. To do this, the long-term 

performance of the developed μPFC was measured at a constant current density of 

0.35 mA/cm2 for 3 hours. Similarly, the methanol and KOH concentrations were 



maintained at 1.0 and 0.5 mol/L, while the light intensity and flow rates at both 

electrodes were kept at 6 mW/cm2 and 200 μL/min, respectively. As shown in Fig.7b, 

the cell voltage of the μPFC was very stable. During the 3 h continuous operation, the 

cell voltage just slightly decreased from 0.94 to 0.89 V, only accounting for 5.3 % 

reduction. This result indicates that the membraneless and monolithic design enables 

the flow state to be well maintained at the laminar flow and the sufficient oxygen can 

be stably supplied, both of which ensure a rather stable long-term performance of the 

developed μPFC for future applications.  

 

3.4 Effect of the light intensity 

As one of the new energy technologies, the photoelectrochemical reactions at the 

photoanode of the μPFC are actuated by the incident light. No doubt, the light 

intensity has an important influence on the performance of the μPFC. For this reason, 

the effect of the light intensity on the μPFC performance was studied in this work. In 

the testing, the methanol concentration was 1.0 mol/L, the KOH concentration was 

0.5 mol/L and the flow rates at both the photoanode and cathode were 200 μL/min. 

The light intensity ranged from 2 to 8 mW/cm2. The polarization and power density 

curves of the μPFC under different light intensities are shown in Fig. 8a and 8b, 

respectively. As shown in Fig. 8a, as the light intensity increased, the OCV of the 

μPFC was improved. Clearly, the stronger the light intensity, the more 

photo-generated electron–hole pairs. Under such a circumstance, more hydroxyl 

radicals that are strong oxidant could be generated to promote the 



photoelectrochemical reactions at the photoanode. That is why the OCV increased 

with increasing the light intensity. Due to the same reason, more photo-excited 

electrons could allow for an increase in the limiting current density. On the other hand, 

because more hydroxyl radicals could be generated at high light intensity, the 

enhanced photoelectrochemical kinetics slowed down the decreasing rate of the cell 

voltage, as evidenced by the decrease of the slope shown in Fig. 8a. Because of these 

reasons, the limiting current density increased from 0.21 to 0.63 mA/cm2 with 

increasing the light intensity from 2 to 8 mW/cm2. It is interesting to notice that 

although the limiting current density increased with the light intensity, the supplied 

methanol concentration and flow rates remained unchanged. In this case, it is clear 

that the limiting current density caused by the sharp reduction of the cell voltage at 

high current densities should not be in association with the mass transfer limitation. 

As mentioned above, the sharp reduction of the cell voltage was caused by easy 

recombination of the electron-hole pairs at high current densities corresponding to 

low cell voltage, which can also be proved by the cell voltage turning to be 

dramatically decreased. As shown in Fig. 8a. The cell voltages under all light 

intensities started to sharply decrease at the almost same cell voltage of about 700 mV, 

This fact implied that at this critical cell voltage, the recombination of the 

electron-hole pair became rather severe, limiting the improvement in the current 

density. However, high light intensity could enhance the photoelectrochemical 

kinetics. Along with the increased OCV, the limiting current density increased with 

the light intensity. Corresponding to the polarization curve, the variation in the power 



density with the current density of the μPFC was achieved and the results are shown 

in Fig. 8b. Increasing the light intensity from 2 to 8 mW/cm2 resulted in an increase in 

the peak power density from 0.14 to 0.48 mW/cm2. In summary, the increase of the 

light intensity could promote the photoanode reactions because of more photo-excited 

electron-hole pairs. Hence, the developed μPFC could exhibit a considerable 

improvement in the cell performance at high light intensity. 

 

3.5 Effect of the methanol concentration 

Fig. 9 shows the effect of the methanol concentration on the performance of the μPFC. 

In this section, the methanol concentration varied from 0.05, 1.0, 2.0 to 4.0 mol/L. 

The light intensity was 6 mW/cm2, the KOH concentration was 0.5 mol/L and the 

liquid flow rates at both the photoanode and cathode were 200 μL/min. It can be seen 

from Fig. 9 that the performance of the μPFC was affected by the methanol 

concentration. Increasing the methanol concentration from 0.05 to 4.0 mol/L resulted 

in an increase in the limiting current density from 0.52 to 0.65 mA/cm2. In addition to 

the increase of the limiting current density, the OCV also increased with the methanol 

concentration. This is due to the enhanced mass transport of methanol. In this case, 

the efficient hole scavenging by methanol could liberate more free electrons, making 

the photoanode potential more electronegative and thus increasing the potential 

difference between the photoanode and cathode [37]. As a result, the OCV increased 

with increasing the methanol concentration. Besides the hole scavenger contribution, 

the enhanced methanol transport by increasing the supplied methanol concentration 



led to the improvement in the methanol concentration at the liquid/solid interface, 

which also accelerated the photoelectrochemical reactions. Therefore, the limiting 

current density improved with the methanol concentration. In addition, it is also 

interesting to find that, similar to the sharp reduction in the cell voltage at high current 

densities for the effect of the light intensity, such a sharp reduction was also observed 

at the cell voltage of about 700 mV due to the electron-hole pair recombination when 

changing the methanol concentration. Hence, the competition between these effects 

made the increment relatively small. With the polarization curves, the power density 

vs the current density could also be achieved and the results are shown in Fig. 9b. As 

seen, when the methanol concentration was increased from 0.05 to 4.0 mol/L, the 

peak power density increased from 0.37 to 0.48 mW/cm2. However, it should be noted 

that too high methanol concentration may cause more methanol to diffuse to the 

cathode, increasing the mixed potential at the cathode and lowering the cathode 

performance. Therefore, too high methanol concentration may not be favorable for the 

cell performance improvement. 

 

3.6 Effect of the KOH concentration 

It is well known that the OH– ions can function as the hole scavengers to prevent the 

recombination of the photo-generated electron-hole pairs. Hence, the electrolyte 

concentration, i.e., the KOH concentration has a significant influence on the cell 

performance. For this reason, the effect of the KOH concentration was explored in 

this study. To do this, the methanol concentration was set as 1.0 mol/L, the light 



intensity was 6 mW/cm2 and the flow rates at both the photoanode and cathode were 

200 μL/min. The KOH concentration ranged from 0.01 to 1.0 mol/L at both the 

photoanode and cathode. 

 

Fig. 10a shows the polarization curves of the μPFC with different KOH 

concentrations varying from 0.01 to 1.0 mol/L. It can be seen that increasing the KOH 

concentration from 0.01 to 1.0 mol/L resulted in an increase in the limiting current 

density from 0.34 to 0.56 mA/cm2. Moreover, the OCV was also increased. Three 

reasons contributed to these phenomena. First, the increased KOH concentration 

indicated that more OH– ions were supplied to the μPFC. OH– ions were able to 

efficiently scavenge holes to generate more hydroxyl radicals so that the 

recombination of the electron-hole pair can be efficiently hindered. As a result, the 

photoeletrochemical reaction kinetics at the photoanode can be greatly improved, 

leading to the increase of the cell performance. Second, the increased KOH 

concentration can also facilitate the oxygen reduction reaction at the cathode, which 

helps to improve the cathode potential and thus the cell performance. Third, as 

mentioned above, during the working process of the μPFC, the OH– ions were 

generated at the cathode and then transported to the photoanode, at which they were 

consumed. Therefore, the change of the KOH concentration can also affect the 

transport of the OH– ion and thereby the ohmic loss of the cell. In particular, at the 

extremely low KOH concentration (0.01 mol/L), because of poor conductivity of the 

OH– ion, the ohmic loss became rather critical. This can be proved by comparing the 



slope at moderate current densities. As seen, the slope with the KOH concentration of 

0.01 mol/L was much larger than those with high KOH concentrations, indicating that 

the ohimic loss led to a quick reduction in the cell voltage. Therefore, because of 

these three reasons, the cell performance improved with increasing the KOH 

concentration. Corresponding to the polarization curves, the change of the power 

density with the current density was obtained and the results are shown in Fig. 10b. 

Increasing the KOH concentration resulted in an increase in the peak power density 

from 0.16 to 0.41 mW/cm2. The above results indicate that in the testing range, 

increasing the KOH concentration facilitates the improvement in the cell 

performance. 

 

3.7 Effect of the flow rate 

In this novel design of the μPFC, two electrodes were arranged in parallel on a chip. 

The fuel and electrolyte solutions were continuously supplied to the μPFC with the 

same flow rate, respectively. In this case, the mass transfer at both the photoanode and 

cathode is influenced by the flow rate. For this reason, the effect of the flow rate on 

the cell performance was also investigated. In this testing, the methanol concentration 

was 1.0 mol/L, the KOH concentration was 0.5 mol/L and light intensity was 6 

mW/cm2. The flow rate ranged from 10 to 1200 μL/min. The effect of the flow rate on 

the performance of the μPFC is shown in Fig. 11. 

 

Fig. 11a shows the variation of the polarization curve of the μPFC with the flow rate. 



It can be seen that when the current density was below 0.3 mA/cm2, the flow rate 

showed little effect on the cell performance. As the current density increased, the flow 

rate started to be an influential factor to the cell performance. As shown in Fig. 11a, 

the cell performance, including the limiting current density, was firstly increased as 

the flow rate was increased from 10 to 200 μL/min. At critically low flow rate, the 

residence time was larger, which benefited for the performance improvement. 

However, if the flow rate was too small, the mass transport of methanol and OH– ion 

was poor. Accordingly, the photoelectrochemical and electrochemical reactions at the 

respective photoanode and cathode became sluggish so that the cell performance 

became low. As the flow rate was increased to 200 μL/min, this problem was resolved 

and thus the cell performance was improved. However, as the flow rate was further 

increased, the residence time became much smaller. Under such a circumstance, the 

limited residence time could not guarantee the efficient photoelectrochemical 

oxidation of methanol, causing the cell performance to be degraded. For this reason, a 

maximum peak power density was yielded at the flow rate of 200 μL/min, as shown 

in Fig. 11b. From these results, it can be found that there existed a liquid flow rate 

leading to the maximum cell performance, including the limiting current density and 

peak power density.  

 

To further demonstrate the feasibility of μPFC, we also compared our experimental 

data with Refs. [38-42]. As shown in Table 1, the peak power density achieved in this 

work was larger than those of most PFCs. Although there was some work that showed 



better performance than ours, they used TiO2 nano-rod array as the photocatalyst [42], 

which was able to offer higher light-harvesting efficiency and less charge transfer 

resistance than TiO2 nanoparticles. In summary, the developed membraneless 

monolithic μPFC with the air-breathing cathode is potentially feasible for the future 

applications. 

 

4. Conclusions 

In this study, a membraneless, monolithic micro photocatalytic fuel cell with an 

air-breathing cathode was developed for simultaneous wastewater treatment and 

electricity generation. This new design offers several advantages of large specific 

surface area, enhanced mass transfer, uniform light distribution, short photon transfer 

path, easy fabrication and integration, and compatibility with other microdevices. The 

performance of the newly-developed μPFC was evaluated by using methanol as a 

model pollutant. Experimental results indicated the developed μPFC yielded good 

photo-response to the illumination and satisfactory performance and durability. 

Besides, the effects of the light intensity, methanol concentration, KOH concentration 

and liquid flow rate on the cell performance were also investigated. Parametric studies 

indicated that increasing the methanol concentration could improve the cell 

performance as a result of enhanced mass transport to liberate more free electrons and 

facilitate the photoelectrochemical reactions at the photoanode. An increase in the 

light intensity led to the improved cell performance because of more generated 

electron-hole pairs. The increase of the KOH concentration could enhance the 



photoelectrochemical and electrochemical reactions at the photoanode and cathode, 

respectively, and the OH– ion transport between these two planar electrodes, thereby 

improving the cell performance. There existed an optimal flow rate to yield the best 

performance of the μPFC. The obtained results in this study are helpful for the design 

and operation of such a micro photocatalytic fuel cell in the future. 
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Table list 

Table 1 Comparison of the cell performance with existing works 
Type of 
reactor 

Anode Catalyst Fuel Electrolyte Light source Voc 
(V) 

I sc 
(mA/cm2) 

Pmax 
(mW/cm2) 

Refs. 

Batch type Pure TiO2 Ethanol 0.1 mol/L  
TBAP 

505 mW/cm2 
visible light 

0.49 0.52 0.064 [38] 

Batch type 10.0 % BiOI–
TiO2 

20 mg/L BPA 0.05 mol/L 
Na2SO4 

22 mW/cm2 
visible light 

0.66 0.027 0.005 [39] 

Batch type Pure TiO2 Methanol 0.1 mol/L  
TBAP 

505 mW/cm2 
visible light 

0.54 0.80 0.099 [40] 

Batch type Pure TiO2 20 vol % 
Ethanol  

0.2 mol/L 
NaOH 

1.1 mW/cm2 
UV light 

1.25 0.20 0.175 [41] 

Micro type TiO2 nano-rod 
array 

10 mg/L 
Methylene blue 

1.25 mol/L  
NaOH 

4.67 mW/cm2 
UV light 

0.90 1.25 0.450 [42] 

Micro type Pure TiO2 1 mol/L 
Methanol  

0.5 mol/L  
KOH 

6 mW/cm2  
UV light 

1.16 0.65 0.400 This 
Work 
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Fig. 1 (Color online) a Design of the membraneless and monolithic μPFC with the 

air-breathing cathode; b Working principle of the developed μPFC  
 
 



 
 
Fig. 2 (Color online)Illustration of the photoanode fabrication procedure  
 

 
Fig. 3 (Color online) Image of the fabricated μPFC  
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Fig. 4 The SEM images of TiO2 film: (a) Top view and (b) cross sectional view  
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Fig. 5 (Color online) UV-Vis absorption spectra of the TiO2 film  
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(b) 

Fig. 6 a Photo-voltage response of the μPFC. b Photo-current response of the μPFC. 

Light intensity: 6 mW/cm2; Methanol concentration: 1.0 mol/L; KOH concentration: 

0.5 mol/L; Flow rate: 200 μL/min  
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(b) 

Fig. 7 (Color online) (a) Overall discharging performance of the μPFC. (b) 

Long-term discharging perormance of the μPFC. Light intensity: 6 mW/cm2; 

Methanol concentration: 1.0 mol/L; KOH concentration: 0.5 mol/L; Flow rate: 

200 μL/min  
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(b) 

Fig. 8 (Color online) a Polarization curves of the μPFC at various light intensities. b 

Power density curves of the μPFC at various light intensities. Methanol concentration: 

1.0 mol/L, KOH concentration: 0.5 mol/L; Flow rate: 200 μL/min  
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(b) 
Fig. 9 (Color online) a Polarization curves of the μPFC at various methanol 

concentrations. b Power density curves of the μPFC at various methanol 

concentrations. Light intensity: 6 mW/cm2; KOH concentration: 0.5 mol/L; Flow rate: 

200 μL/min  
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Fig. 10 (Color online) a Polarization curves of the μPFC at various KOH 

concentrations. b Power density curves of the μPFC at various KOH concentrations. 

Light intensity: 6 mW/cm2; Methanol concentration: 1.0 mol/L; Flow rate: 200 

μL/min  
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(b) 

Fig. 11 (Color online) a Polarization curves of the μPFC at various flow rates. b 

Power density curves of the μPFC at various flow rates. Light intensity: 6 mW/cm2; 

Methanol concentration: 1.0 mol/L; KOH concentration: 0.5 mol/L 
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