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In this study, 3D printing technique was utilized to fabricate three-dimensional porous electrodes for microbial fuel cells with UV curable resin, followed by copper electroless plating. A maximum voltage of 62.9 ± 2.5 mV and a power density of 6.45 ± 0.5 mWm−2 were achieved for MFCs with 3D printed porous copper (3D-PPC) anodes, which were 8.3- and 12.3-fold higher than copper mesh electrodes, respectively. This illustrated the great advantage of 3D porous anodes in MFCs compared to flat anode structures. Besides, the biocompatibility of the copper anode with Shewanella oneidensis MR-1 was examined by comparing with carbon cloth, which produced a 3-fold larger maximum voltage and a ~10-fold higher power density vs. 3D-PPC anodes and thus indicated the possible copper corrosion during MFC operation. ICP-MS analysis of MFC solution revealed the high concentration of 732 ± 27.1 μg/L copper ions detected in the MFC effluent. This result, coupled with EDX showing the lower copper content on the 3D-PPC anode surface after >15 days of MFC operation, confirmed the copper dissolving behavior in MFC. MR-1 biofilm formation under copper suppression was finally characterized by SEM and less biofilm was observed on copper anodes, illustrating their poor biocompatibility, even though 3D printing technology and porous structures were quite promising for future scale-up.
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INTRODUCTION

Microbial fuel cells (MFCs) are promising devices in wastewater treatment industry, which generate bioelectricity through degradation of organic matters with the catalysis of exoelectrogenic microorganisms (Logan, 2009; Logan and Rabaey, 2012). Bacteria on the anode oxidize organic compounds anaerobically and produce electrons, protons and CO2. Electrons are then transferred through the external circuit from anode to cathode, on which electrons couple with protons (diffused from the anode) and oxygen (or other electron acceptors) to form water.

Anode, serving as the bacteria carrier in MFC, plays a significant role in bacterial adhesion and electron transfer from microbes to electrodes. Various materials and strategies have been utilized to improve MFC anode properties, including metal and non-metal materials with/without modification.(Rosenbaum et al., 2007; Rinaldi et al., 2008; Ghasemi et al., 2013) Carbon anodes [especially materials with high porosity and large surface area, such as carbon cloth (Yuan et al., 2010), carbon fiber brush (Logan et al., 2007; Wang et al., 2011; Wei et al., 2011), PPy-CNTs (Zou et al., 2008), CNT/PANI (Nourbakhsh et al., 2017), graphene (Xie et al., 2012; Wang H. et al., 2013)] are widely used in MFCs due to their excellent stability and biocompatibility. However, 3D porous electrodes recently reported had either large (>500 μm) (Xie et al., 2011; Yong et al., 2012) or small (< 10 μm) (He et al., 2012) pore sizes that could hardly be tuned. As the performances of MFC anodes are significantly affected by anode materials and matrix structures, of which a too large or too small porous structure may not be ideal for bacteria growth (Nguyen et al., 2013), it would be meaningful if we could fabricate anodes with both good conductivity and precisely controlled pore sizes.

Apart from carbon materials, metal electrodes, such as 3D stainless steel structures, have been reported to have an equal or even better performance compared with carbon materials (Pocaznoi et al., 2012; Guo et al., 2014, 2015; Ketep et al., 2014; Baudler et al., 2015). However, three-dimensional (3D) metal porous anode with fine and single pore size have been seldom studied in MFC. 3D printing recently draws lots of attention as a unique fabrication technique, allowing one to precisely create sophisticated and low-cost structures and devices (Geissler and Xia, 2004). Metallic structures, especially ultra-light cellular metals with controllable and fine pore sizes and excellent electrical properties, have been widely developed via 3D printing according to people's specific requirements (Wang X. et al., 2013; Wang et al., 2014). Recently, Bian et al. (2018) developed a carbonaceous electrode preparation technique with precisely controllable pore structures and excellent biocompatibility via 3D printing, demonstrating the great potential of printing technique in MFC application and scale-up. However, it's usually energy-intensive to fabricate carbonaceous electrodes, since it requires high temperatures for material carbonization. Considering 3D printed matrixes could also be easily metalized through polymer surface modification with copper (Zhang et al., 2016, 2017) and highly conductive copper anode in MFC with mixed cultures exhibited ambiguous properties (Zhu and Logan, 2014; Baudler et al., 2015, 2017), it would be of great interest to test whether 3D printed copper anode could enhance the bioelectricity generation and biofilm growth of pure culture in microbial fuel cells.

In this study, 3D printed porous copper (3D-PPC) electrode with precisely controlled porous structures was fabricated via 3D printing and copper electroless plating, to function as an anode in MFC. The electrochemical performances of MFCs with 3D-PPC anodes were examined and compared with copper mesh and carbon cloth anodes, to check the effects of 3D porous structures and copper coating on bacterial growth. Shewanella oneidensis MR-1 was chosen as the pure culture inoculum in MFCs in the hope that it could survive on the copper electrode and thus be further used for heavy-metal wastewater treatment, since it was reported to have high tolerance of heavy metals.(Toes et al., 2008; Wu et al., 2010; Zhou et al., 2016; Kimber et al., 2018) Copper ion concentration in media and S. oneidensis MR-1 biofilm formation on the anodes were also investigated to explain the test results of each MFC and identify whether copper corrosion happened during MFC operation.

MATERIALS AND METHODS

Fabrication of 3D-PPC Anode

The porous lattice structures (2.75 cm in diameter and 0.5 cm in thickness with a pore size of 500 μm) were first designed using Solidworks and then printed out layer-by-layer by a digital-light-processing (DLP) 3D printer with UV curable resin (Asiga). The parameters set for this printing process were reported previously (Bian et al., 2018). The 3D printed structures were sonicated in ethanol for 10 min and washed 3 times with DI water to remove any uncured polymer before being dried in air for 30 min.

As for the copper electroless plating, 3D printed porous samples were first immersed into 2.5 g/L palladium acetate (Pd(Ac)2) acetone solution for 20 min, during which Pd(Ac)2 infiltrated the surface of the 3D printed matrixes with the diffusion of acetone and served as activation sites for later copper coating. After being rinsed with DI water, the Pd(Ac)2 loaded samples were then placed into the copper plating bath for 1 h, which contains a 1:1 mixture of freshly prepared solution A and B. (Scheme 1) Solution A consisted of 14g/L CuSO4·5H2O, 20g/L EDTA·2Na, 11g/L NaOH, 20 mg/L 2,2'-dipyridyl, 10 mg/L potassium ferrocyanide and 16 g/L potassium sodium tartrate. Solution B was 16.5 ml/L HCHO in DI water. Anodes made from copper mesh (50 × 50, McMaster-Carr) and carbon cloth (Fuel Cells Etc) were designed with the same projected area of 6 cm2.
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Scheme 1. Schematic of copper electroless plating on 3D printed porous polymer matrix.





Cultivation and MFC Operation

Shewanella oneidensis MR-1 (wild-type) was chosen as inoculum for MFC operation and cultured aerobically in Tryptic Soy Broth (TSB, BD) for 3 days at 30°C, with shaking at 150 rpm. Bacteria were then centrifuged (5,000 rpm, 6 min) and washed three times in phosphate buffer solution (PBS, Dulbecco's, Sigma) before being adjusted to the desired cell concentration (OD600 0.4). The washed cells were inoculated into MFCs and the media used for MR-1 tests was the same as the growth media used by Bretschger et al. with 18 mM lactate, vitamins and mineral solution (both from ATCC) (Bretschger et al., 2007).

Single-chamber MFC reactors (4 cm long, 3 cm in diameter, 28 ml volume, Phychemi) were constructed with 3D-PPC, copper mesh and carbon cloth anodes prepared above. All the reactors were run in duplicates, equipped with the air-cathode made from carbon cloth (7 cm2, coated with 0.5 mg/cm2 Pt/C, Fuel Cells Etc). The spacing between the anode and the cathode was 2 cm and all MFC chambers were sealed by epoxy and autoclaved before use. Cell voltages across a 1,000 Ω external resistor in the circuit was monitored every 5 min using a high-resolution DAQ device (NI USB 6251 BNC, National Instruments) and the LabVIEW software package (National Instruments).

Characterization

A four-probe method (M2750 Keithley Multimeter) was carried out to measure the sheet resistance of 3D-PPC anode after electroless plating. MFC performances were characterized with linear sweep voltammetry (LSV) (CHI 1200a, CH Instruments Inc.), at a scanning rate of 0.1 mV s−1 from open circuit potential to 0.01 mV. Power densities from each MFC reactor were calculated based on the polarization curves and normalized with the anode projected surface area (6 cm2). Anode surface morphology was characterized by SEM (S-4500, Hitachi) before and after biofilm formation. Bacterial cells on the anode were first fixed with PBS containing 3% glutaraldehyde overnight at 4°C and then dehydrated in a series of graded ethanol solution before SEM with 60 s gold deposition (Ray et al., 2010). Copper ion concentration in the effluent was detected with inductively coupled plasma mass spectrometry (7700x ICP-MS, Agilent Technologies), to determine whether copper corrosion happened during MFC operation. This detection was coupled with energy-dispersive X-ray (EDX) analysis of copper coating on 3D-PPC anodes before and after MFC operation.

RESULTS AND DISCUSSION

Before the MFC operation, the anode materials were characterized by SEM. As shown in Figure 1c, the 3D-PPC anode surface, covered with a thin copper layer (~2.28 μm) after 1 h electroless deposition, exhibited excellent electrical conductivity with a surface sheet resistance of 0.017 Ω/sq. Based on the equation of ρ = Rs × t (in which ρ is the bulk resistivity of materials, Rs is the sheet resistance and t is the thickness of the coating layer), the bulk resistivity ρ of the as-deposited copper layer is calculated to be 3.88 × 10−8 Ω m, which was 2.25 times higher compared to the normal bulk copper and much better compared to the carbon cloth anode (Oh et al., 2006). Apart from the excellent conductivity of 3D-PPC anode, Figure 1a illustrated that the pore size of the 3D printed structures was precisely controlled even after copper electroless plating, with a printing error less than 1.1%. The high-resolution SEM image (as shown in Figure 1b) indicated that copper nanoparticles were uniformly distributed on the surface of 3D-PPC anode in addition to the macro porous structures, forming high density of secondary pores after electroless plating. These copper nanoparticles efficiently increased the porosity of 3D-PPC anodes (92–95%) and activation sites, which would probably enable more bacterial adhesion in MFC. On the contrary, the surface of copper mesh turned out to be quite smooth. Pores or wrinkles that could prompt bacterial growth and adhesion were seldom observed (Figure 1d). As for the carbon cloth anode, the total porosity of 80% was achieved according to the manufacturer. However, the surface of carbon fibers was glossy as illustrated in Figure 1e, which would probably limit the high power output of MFC with carbon cloth.
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FIGURE 1. Field emission scanning electron microscopy (FESEM) images of the surface morphology of (a,b) 3D-PPC anode structure, insert: 3D-PPC anode, (d) copper mesh anode and (e) carbon cloth anode. (c) is the cross-section of 3D-PPC anode surface.



All MFCs with different anode materials were batch-fed for more than 15 days, but the performances of each MFC varied in the first several cycles. MFCs with 3D-PPC anodes and copper mesh anodes immediately generated high maximum voltages after being connected to the external resistors, which was consistent with the results obtained by Zhu and Logan (2014) The maximum voltage produced during the 3-day first cycle was 224.5 ± 32.4 mV for 3D-PPC anodes compared to 179.1 ± 22.8 mV from copper mesh anodes. This observation was abnormal since Shewanella MR-1 has never been reported to achieve such high maximum voltages in previous literature (Bretschger et al., 2007; Watson and Logan, 2010; Nourbakhsh et al., 2017; Bian et al., 2018). The peak voltages from copper anodes dropped dramatically to 95.2 ± 5.9 mV and 45.2 ± 9.4 mV, respectively, in the second cycle (Figure 2). After about 10 cycles, the maximum voltages of MFCs with 3D-PPC anode stabilized at about 62.9 ± 2.5 mV while only 7.6 ± 0.25 mV was achieved by copper mesh anode over successive cycles. MFCs with carbon cloth anodes, however, initially generated very low voltages when being inoculated with Shewanella MR-1 (Figure 2). The maximum voltage climbed to over 190 mV after 15 cycles and stayed at 188.5 ± 2.7 mV afterward. The peak voltages during the MFC operation showed clearly different trends of electricity production between copper anodes and carbon cloth, which indicated the high possibility of copper corrosion from copper anode surface at the beginning of the experiment. In order to identify whether microbes are involved in the voltage production, a control experiment without any inoculum was carried out and 66.5% lower maximum voltage was produced by 3D-PPC anode (75.1 ± 3.8 mV) in abiotic conditions as shown in Figure S1. The voltage decreased to less than 10 mV after 7 batches compared to 62.9 ± 2.5 mV by S. oneidensis-driven MFCs, clearly showing voltages produced in MFCs with copper anodes and S. oneidensis were far more than that just from copper corrosion. Also, one important detail we have to point out is that 3D-PPC anode obtained much higher peak voltage after stabilization, compared to the copper mesh anode. The maximum voltage of 62.9 ± 2.5 mV produced was about 8.3 times larger than that produced by copper mesh anodes and 20 times larger than what has been reported by Zhu and Logan (2014), which demonstrated the superior property of 3D printed porous lattice architecture to boost the power output of MFC.
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FIGURE 2. Maximum voltage production of MFCs with 3D printed copper (black), copper mesh (red) and carbon cloth (blue) anodes with 1,000 Ω external resistors.



Polarization curves plotting current as a function of voltage were measured when the maximum voltages generated by all MFCs were repeatable over cycles, to evaluate the influence of 3D printed porous structures on the anodic electrochemical behavior of MR-1 cells fed with lactate. Dual-electrode mode was adopted in the polarization curve measurement, with the three different types of anode materials serving as the working electrodes and air-cathodes as the reference and counter electrodes. The maximum power density generated by MFCs with carbon cloth anodes was 69.0 ± 4.7 mWm−2, compared to 6.5 ± 0.5 mWm−2 for the 3D printed copper anodes and 0.53 ± 0.04 mWm−2 for the copper mesh anodes (Figure 3). This result further supported our suspicion that the possible copper corrosion inhibited the growth of MR-1 and led to the inferior performance of MFCs with copper anodes. However, the power density from 3D-PPC anode was again far higher than that from copper mesh anode, which could be attributed to the higher porosity (92–95% vs. 65–80% for copper mesh), enhanced bacterial colonization and the increased number of active sites when copper nanoparticles were introduced onto the 3D-PPC anode surface.(Gawande et al., 2016) When we compared our data to the power output (2 ± 0.3 mWm−2) reported by Zhu et al. with mixed cultures (Zhu and Logan, 2014), it was obvious that 3D-PPC anode could improve the power generation of MFC as it was more than 3 times higher, considering the commonly low coulombic efficiency of MR-1 MFCs (Newton et al., 2009).
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FIGURE 3. Power density of MFCs with (A) 3D printed copper, (B) copper mesh, (C) carbon cloth anodes normalized with projected anode surface area (6 cm2).



Though 3D-PPC anodes exhibited higher surface area, both of these two copper anodes were suspected to be corroded during MFC operation, which led to the solution of copper ions in MFC media. In order to check the copper content in the media and on the surface of 3D-PPC anode, ICP-MS and EDX analysis were conducted to clarify the doubts above. For ICP-MS analysis, 2 ml effluent was taken from the MFC chambers with 3D-PPC anodes after 12 and 24 h media feeding, respectively, during the first several cycles. After filtration through 0.2 μm filter, the solution was diluted 10 times before being sent for ICP-MS analysis. An average of 732 ± 27.1 μg/L copper ions were detected in the media after 12 h feeding while for the 24 h solution the concentration of copper ions increased to 878 ± 43.4 μg/L (vs. 81.56 ± 0.25 μg/L from copper mesh anode). As there were no copper ions in the feeding media except for the very minimum amount in the mineral solution (< 30 μg/L), the copper ions detected came from nowhere but the 3D-PPC anodes. This observation is within the range of copper concentration obtained by Zhu and Logan (2014), however, is completely different from studies by Baudler et al since no metal ions were detected in the effluent of their MFC chambers (Baudler et al., 2015). This could be probably attributed to the anode potential (−0.2 V vs. Ag/AgCl) set in studies by Baudler et al, which was significantly lower than the copper oxidation potential to prevent the metal corrosion (Baudler et al., 2015, 2017). Nevertheless, in our case, the anode potential was never set (due to the lack of proper equipment), resulting in relatively high anode potential in MFCs and dissolving copper ions from the very beginning.

Apart from ICP-MS, EDX analysis of the 3D-PPC anode was also done after more than 15 days of MFC operation (Figure 4). The samples were carefully washed with ethanol and dried before test. The EDX spectrum recorded for the 3D-PPC anode before MFC experiment exhibited a very strong signal of copper with a weight percentage of 84.7%, indicating the excellent copper coverage on the 3D printed polymer matrix before MFC construction. Nevertheless, only 62.3 wt% of copper was detected on the surface of 3D-PPC anode after MFC operation. The copper corrosion on the porous anode surface during MFC operation was now almost demonstrated here with these analyses. Wu et al. (2010) studied the response of Shewanella oneidensis MR-1 to heavy metals Ti/Cu nanoparticles and found 360 μg/L copper ions could inhibit 11 ± 2% MR-1 growth and 1.8%-Cu doped TiO2 (360 μg Cu/L) nanoparticles kills 15 ± 8% cells, even though TiO2 didn't show significant bacterial suppression effects. However, Toes et al. (2008) discovered that the expression of certain proteins, such as copA and cusA, would be enhanced under copper stress. Shewanella oneidensis was even found to be able to reduce copper ions into Cu nanoparticles anaerobically in highly-concentrated copper media (Zhou et al., 2016; Kimber et al., 2018). It would be very difficult to conclude that growth of Shewanella oneidensis MR-1 was suppressed in MFC with copper ions in this experiment unless clear SEM images of poor bacterial adhesion on copper anode surface are presented.
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FIGURE 4. EDX analysis of 3D printed anodes with coated copper layers (A) before and (B) after 15 days of MFC operation.



In order to investigate the impacts of soluble copper on bacterial growth on MFC anode surface, FESEM was used to observe the biofilm formation on the MFC anodes after 15 days of MFC operation. We found that the biofilm grown on the carbon cloth anode was the thickest among all three different types of anodes (Figure 5). Layers of MR-1 biofilm were formed on the surface of carbon cloth anode, illustrating the better biocompatibility of carbon materials. This also explains the much better performance of MFCs with carbon cloth anodes. However, when we look at the bacterial adhesion on copper anodes, no thick biofilm was found on electrode surface like carbon cloth and copper-based MFC anodes reported by Baudler et al. (2015, 2017). The huge difference of biofilm thickness between 3D-PPC anodes we observed and copper anode reported by Baudler et al. (Baudler et al., 2015, 2017) could be probably attributed to the different bacterial cultures as MFC inoculum. One reason accounting for the rare colonization of S. oneidensis cells on copper anodes in this study is that Shewanella oneidensis was reported to survive mainly as planktonic cells in MFC chambers (Lanthier et al., 2008). This is totally different from the Geobacter species which usually exhibit high biofilm thickness on MFC anode surface (Ren et al., 2008). Since mature and thicker biofilms usually possess higher resistance to antibiotics (Stewart, 1994; Mah and O'toole, 2001; Ito et al., 2009) and mixed cultures have been demonstrated to have varying performances under copper suppression (Dell'amico et al., 2008; He et al., 2010), Geobacter-dominated thick biofilm is believed to have the better tolerance against copper and receive interacting supports between different bacterial species, which is probably another reason for the excellent performance of MFCs with copper-based anodes in Baulder et al experiment (Baudler et al., 2015, 2017). However, the suppression effect of copper ions in media on MR-1 cell growth agreed with the results obtained by Zhu and Logan (2014) using mixed cultures as inoculum, which indicates the copper corrosion at high anode potential to be the root cause for inferior MFC performances in this study.
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FIGURE 5. FESEM images of Shewanella MR-1 biofilms formed on MFC anodes after 15 days of operation. (a) internal pore surface of 3D printed anodes, (b) S. oneidensis MR-1 cells on 3D PPC anode at higher resolution, (c) surface of copper mesh, and (d) carbon cloth surface.



Even though growth of S. oneidensis underwent the copper suppression, we could still see the larger number of MR-1 cells and higher cell density immobilized on the 3D-PPC anodes compared to those on copper mesh anodes. MR-1 cells and extracellular polymeric substances (EPS) were found growing and connecting to each other across the pores on the internal anode surface (Figure 5a). Higher-resolution SEM images clearly exhibited bacterial cells on the 3D-PPC anode, however, less copper nanoparticles were found after 15 days MFC operation and copper corrosion. One the contrary, bacterial biofilm could be rarely found on the copper mesh anodes except for some isolated bacterial cells (Figure 5c). As the power output of MFCs mainly depends on the electron transfer between anodes and bacterial cells, we could hardly expect any higher maximum voltage and power density from MFCs with copper mesh anodes. Thus, 3D-PPC anode exhibited much superior performances than copper mesh anode in MFC, even though copper corrosion prevented MR-1 cells from intensively adhering onto the anode surface.

CONCLUSION

In this study, 3D printing technology was successfully utilized to fabricate the 3D architecture with controllable pore sizes, followed by copper electroless plating. The performance of this 3D-PPC anodes in MFC was demonstrated to be much superior to that of copper mesh anodes, which was attributed to the higher porosity of 3D-PPC anode with more bacterial adhesion and indicated the great potential of 3D printing technology in various electrode preparation. Besides, the toxicity and suppression of copper ions to pure Shewanella oneidensis MR-1 culture in MFCs were confirmed in this study, which inhibited the further enhancement of MFC performances. Novel plating technique of different metals should be thus developed to produce biocompatible electrodes, or low anode potential should be set for the 3D-PPC anodes in MFCs, if we hope to integrate 3D printing technology with bio-electrochemistry for future large-scale waste stream treatment.
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