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A B S T R A C T   

Cost-effective, semiconductor ZnFe2O4/g-C3N4 heterojunction cathodes were investigated to achieve efficient 
treatment of industrial etching terminal wastewater in photo-assisted, single-chamber, microbial electrolysis 
cells (PS-MECs). The PS-MECs performance progressively increased over time, reaching significant Ni(II) removal 
(4.4 mg/L/h), recalcitrant organics mineralization (11.3 mg/L/h), hydrogen production (0.55 m3/m3/d) and 
solar-to-hydrogen conversion efficiency (6.7%) after 12 days fed-batch operation. The progressive deposition of 
Ni over the cathodes and the physiological release of extracellular polymeric substances (EPS) dynamically 
influenced the proportions of reactive oxidative species. Triplet 3EPS* (78%) on both electrodes and cathodic 
holes (22%) contributed to recalcitrant organics mineralization during the 12th fed-batch operational cycle, 
while cathodic holes (65%) exceeded anodic 3EPS* (35%) during the 1st-cycle. Significantly different bacterial 
communities were observed over the cathodes (Acinetobacter (17.7%) and Staphylococcus (16.8%) and anodes 
(Novosphingobium (42.9%)) after the 12th-cycle, as confirmed by KEGG PICRUSt analysis. This study broadens 
the application of cost-effective PS-MECs for industrial wastewater treatment.   

1. Introduction 

Microbial electrolysis cells (MECs) using a small driving force (po
tential or electricity supply) comprising oxidation of organics by exoe
lectrogens at the anode and reduction of oxidative substrates by 
electrotrophs at the cathode, has recently gained tremendous attention 
for the potential treatment of industrial wastewater [1–3]. Such process 
may allow the removal/recovery of heavy metals and the simultaneous 
production of H2 on the cathode from the energy gained by the oxidation 
of organics at the anode. Among the proposed MECs designs, the 
simultaneous treatment of heavy metals and organics is more conve
niently carried out in single-chamber MECs rather than in dual-chamber 
configurations due to simpler architecture, cost-effectiveness, lower 
internal resistance and easier maintenance [3,4]. The redox process in 
the photo-assisted single-chamber MECs (PS-MECs) is accelerated by the 
excitation of semiconductor photocatalysts (e.g., Ni foam/g-C3N4/
BiOBr, MoS2/Cu2O and CdS/g-C3N4) deposited over the anode/cathode 
with sunlight, producing reductive exited electrons (H2 production or 

organics reduction) and oxidizing holes (organics oxidation) (Table S1) 
[5–8]. The efficiency and the environmental impact of present systems, 
however, is limited by the use of semiconductor materials containing 
undesirable toxic metals such as Cd, Cu and Ni, which can be completely 
dissolved after prolonged operation [8]. Therefore, it is highly desirable 
that the next generation of PS-MECs should be developed employing 
environmentally friendly semiconductors photocatalysts. 

In parallel, technological development of the PS-MECs requires 
experimentation with treatment of complex and real wastewaters rather 
than single model contaminants [8–10]. Currently, studies in PS-MECs 
have been limited to the treatment of individual recalcitrant organics 
(Table S1). Recently, the treatment of real circuit boards etching ter
minal wastewater (ETW) containing complex recalcitrant organics and 
heavy metals, has been demonstrated using dual-chamber MECs incor
porating photo-assisted abiotic WO3/MoO3/g-C3N4 cathodes [9,10] or 
single-chamber MECs without light irradiation [11]. However, the ef
ficiency of the ETW treatment process in these systems was rather low 
(recalcitrant organics mineralization: 1.10 – 11.6 mg/L/h; Ni(II) 
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removal: 0.12 – 3.03 mg/L/h; hydrogen production: 0.009 – 0.046 
m3/m3/d), thus the treatment process efficiency needs to be increased to 
make it industrially viable [9–11]. Moreover, an operational time of 144 
h performed in dual-chamber MECs incorporating photo-assisted abiotic 
WO3/MoO3/g-C3N4 cathodes [9,10] convincingly demonstrated the 
system robustness over an extended operational time. Although the 
oxidation of recalcitrant organics in photo-assisted bioelectrochemical 
systems incorporating W and Mo oxides over cathodes has been accel
erated by the production of reactive radical species under irradiation 
[12–14], many inexpensive Ni-based photocatalysts can also act as po
tential redox mediators offering additional electron highway that can 
boost electronic conductivity in electrochemical processes [15–17]. 
Other key aspects that affect the PS-MECs process performance include 
the migration of bacteria among anode and cathode and the impact of 
photo-excited triplet extracellular polymeric substances (3EPS*) pre
dominantly contributing to photodegradation of single recalcitrant or
ganics [18–20], and these need to be elucidated. 

For these reasons, this study demonstrates the treatment of a real 
ETW effluent, meeting the Chinese wastewater discharge standard 
(GB25467–2010), over multiple batch cycles operation in single- 
chamber MECs comprising ZnFe2O4/g-C3N4 photocathodes and 
graphite felt bioanodes. Coupling ZnFe2O4 and g-C3N4 semiconductor 
has been proven to form a sustainable and cost-effective catalytic het
erojunction for the degradation of single organics species, for heavy 
metals removal or hydrogen production in conventional abiotic photo
catalytic processes, without the dynamic assessment of the process 
mechanisms (Table S2) [21–23]. Thus, this study, clarifies the impact of 
the dynamic deposition of heavy metals (e,g., Ni) over the cathode 
surfaces during the treatment process combined with the temporal 
electrotrophic and exoelectrogenic physiological release of EPS, which 
in turn affect the proportions of reactive oxidative species (e.g., triplet 
active species 3EPS* and holes) over multiple treatment cycles leading to 
recalcitrant ETW organics mineralization. Overall, this study makes 
significant progress on the application of cost-effective and efficient 
ZnFe2O4/g-C3N4 semiconducting heterojunctions cathodes in PS-MECs 
for the treatment of actual industrial wastewaters such as ETW. 

2. Materials and methods 

2.1. Industrial ETW 

The main properties of the ETW effluent collected from a storage 
tank of the company TOTO Ltd. (Dalian, China) are shown in Table 1. 
The ETW effluent met the China wastewater discharge standards 
(GB25467–2010) except for the levels of Ni(II) and dissolved organics. 
The organic matters in the ETW were identified by high performance 
liquid chromatograph with an APCI (− ) ion trap mass spectrometer 
(Agilent HPLC – MS 6410) and were made primarily by 2-naphthalene
sulfonic acid formaldehyde polymer sodium salt and triethanolamine 
oleic soap [9–11] which are common species used in metal-working 
fluids [24,25]. The mineralization of these recalcitrant organics was 
measured as dissolved COD using the effective manganese method 
[9–11]. 

2.2. Synthesis of ZnFe2O4/g-C3N4, and preparation of ZnFe2O4/g-C3N4 
photocathode 

The synthesis of ZnFe2O4/g-C3N4 and the immobilization of the 
ZnFe2O4/g-C3N4 on photocathodes were described and provided in 
Supporting Information (SI). Photoluminescence measurement, UV–vis 
DRS spectra, Mott-Schottky curves, and XRD and SEM-EDS character
izations are described in SI. 

2.3. Reactor, inoculation, and reactor operation 

PS-MECs (3.0 cm in diameter and 4.0 cm in length) with a net 
working volume of 26 mL were used in all experiments. The graphite felt 
(2.0 cm × 2.0 cm × 0.25 cm, Sanye Co., Beijing, China) anode/cathode 
supports were previously treated with 32% HCl and then in 35% NaOH 
[26,27]. The anode was routinely enriched and acclimatized as previ
ously described [26,28]. The bioanode was installed with the 
ZnFe2O4/g-C3N4 graphite felt cathode (prepared and described in SI) to 
make up a PC-MEC with an insert of a glass tube (inner diameter: 8 mm) 
and producing a headspace of 12 mL above the electrolyte. Industrial 
ETW was used as electrolyte after deoxygenation by sparging nitrogen 
for 20 min. Unless otherwise stated, each operational cycle lasted 24 h 
prior to sampling for analyses. The applied voltage to the external circuit 
of the cell (0.6 V) was provided by a power source (Leici, Shanghai), by 
connecting the negative lead to the cathode through a 10 Ω resistor for 
current measurements, and the positive lead to the anode [4,27]. 
Saturated calomel reference electrodes (241 mV, vs. standard hydrogen 
electrode, SHE) were used to monitor the electrode potentials, with all 
potentials reported here vs. SHE. The reactor was irradiated with a 100 
W iodine tungsten lamp at 26.9 kLux [12,13]. The lamp was refrigerated 
by a cooling-fan and the reactors were surrounded by a jacket within 
which a continuous circulation of water maintained the reactor tem
perature at 25 ± 3 ◦C [12,13]. 

To explore the contribution of different reactive species in the 
mineralization of recalcitrant organics, sorbic acid (0.2 mM), iso
propanol (0.5 mM) and KI (10 mM) were added respectively to the re
actors to selectively quench 3EPS*,⋅OH and holes [8,9,18,29]. 

A total of 12 fed-batch anaerobic cycles were carried out corre
sponding to 288 h continuous operation. Anodes and cathodes were 
sampled for SEM-EDS characterization, electrochemical analysis, and 
EPS determination at the end of the 1st, the 6th and of the 12th cycle. 
The abiotic ZnFe2O4/g-C3N4 graphite felt heterojunction cathode was 
initially installed with a well-acclimated graphite felt bioanode, how
ever, its properties were progressively altered over time. Therefore, the 
cathodic holes always referred to the holes generated by the ZnFe2O4/g- 
C3N4 heterojunction cathode, whereas the 3EPS* was reasonably 
ascribed to the bacterial communities developed on both electrodes over 
time. Considering the impact of calcination on the activity of the 
deposited nickel in pure photocatalysis or electrochemical processes 
[15,17], the 6-cycle operated cathodes were specifically disassembled 
from the reactors and calcined at 550 ◦C for 2 h with a heating rate of 4 
℃/min. These calcinated cathodes subsequently assembled back to the 
reactors, were then operated for another 6 cycles to assess system 
performance. 

Control experiments under open circuit conditions (OCCs, single bio- 
light-irradiation processes) were performed to examine the role of 
circuital current on system performance, whereas the experiments 
operated under darkness (individual bioelectrochemical processes) re
flected the impact of light irradiation on system performance. The 
single-chamber MECs operated under both darkness and OCC reflected 
the roles of both light irradiation and circuital current on system per
formance. The abiotic controls implied the absence of both exoelec
trogens and electrotrophs on system performance. Reactors operated 
under darkness and abiotic conditions reflected the role of light irradi
ation and biotic catalysis on system performance, whereas those per
formed under OCC and abiotic conditions, implied the impact of 

Table 1 
Composition of actual etching terminal wastewater.  

Parameter Value Parameter Value 

Organics (SCOD) 330 ± 1 mg/L sulfide 0.7 ± 0.1 
Ni(II) 106 ± 2 mg/L SO4

2- 4.3 ± 0.1 
NH4

+ − N 6.6 ± 0.2 mg/L total chlorine 0.5 ± 0.1 
NO3

- − N 3.3 ± 0.1 mg/L pH 5.43 ± 0.01 
NO2

- − N 0.1 ± 0.0 mg/L conductivity 9.80 ± 1.30 mS/cm  
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circuital current and biotic catalysis on system performance. Those 
performed with abiotic, OCC and under darkness, reflected the role of 
light irradiation, circuital current and biocatalysts on system 
performance. 

2.4. Sampling, analyses and characterizations 

The hydrogen evolved in the headspace of each PS-MEC was 
measured using a gas chromatograph (GC7900, Tianmei, Shanghai) and 
a molecular sieve column (TDX-01, 60 – 80, 4 mm × 2 m) with argon as 
the carrier gas. The mineralization of recalcitrant organics in the efflu
ents were assessed by measuring the dissolved COD using the manganese 
method which proved to be a reliable method, after previous filtration of 
the liquid samples using a 0.22 μm membrane (Sangon Biotech, 
Shanghai) [9–11,30]. Leached Fe and Zn in the electrolyte was deter
mined by atomic absorption spectroscopy (AAnalyst 700, PerkinElmer). 

The extraction of EPS from either the anode after the 1st operational 
cycle or from both electrodes after the 6th or 12th operational cycles, 
was performed as previously reported [31]. The amount of exopoly
saccharides in the EPS were determined by the phenol-sulfuric acid 
method [32], whereas the corresponding exoproteins were measured by 
the Bradford assay (Bio-Rad, Hercules, CA) using bovine serum albumin 
as calibration standard. 

Both CV and EIS were performed using the same potentiostat (VSP, 
BioLogic, France) with a three-electrode system comprising a working 
electrode (e.g., cathode or anode electrodes), a Pt foil (2 × 4 cm) counter 
electrode, and a saturated calomel reference electrode (0.24 V, vs. SHE) 
located 1 cm away from the working electrode [27]. CV performed at a 
range of 0.3 – 1.1 V with a scan rate of 0.1 mV/s. DPV, as described by 
Okamoto et al. [33], was further used to assess the likely change of outer 
membrane c-type cytochromes of the PS-MECs. EIS was conducted 
under the electrode open circuital conditions, over a frequency range of 
100 kHz – 10 mHz with a sinusoidal perturbation of 10 mV amplitude. 
The equivalent circuit and detailed value of different resistances were 
obtained through Zsimpwin software. 

A SEM (Nova NanoSEM 450, FEI company, USA) equipped with an 
EDS (X-MAX 20 – 50 mm2, Oxford Instruments, UK) was used to examine 
the morphologies of both electrodes and quantify the elemental 
composition. 

After the 12th operational cycle, both the anodes and the cathodes of 
duplicate single-chamber reactors in the presence or in the absence of 
light illumination were collected and mixed to analyze the bacterial 
community using 16 S rRNA technology (SI) [11,34,35]. The taxon
omies for 16 S rRNA genes obtained were deposited in the NCBI SRA 
(http://www.ncbi.nlm.nih.gov/sra) with the BioProject ID of 
PRJNA851187. 

PICRUSt enabling the function prediction of uncultivated microbes 
and applicable in detecting the 16 S rRNA marker gene sequences of 
bacterial and archaeal genomes, was used to establish the direct evi
dence of microbial communities’ functional capabilities [36]. The KEGG 
based PICRUSt analysis was conducted to give comprehensive infor
mation concerning the microbial functional genes expressions after 
performing BLASTP according to KEGG (http://www.genome. 
jp/kegg/). 

2.5. Calculations 

The hydrogen production (m3/m3/d) was calculated as previously 
described [27,34]. Circuital current was normalized to the projected 
surface area of the cathode, allowing the comparison of the results to 
literature studies on photo-assisted MESs (Table S1). 

The coulombic efficiency in terms of Ni(II) reduction (CENi, %) or 
hydrogen production (CEH2, %), and the energy efficiencies for either Ni 
(II) reduction or hydrogen evolution relative to the added substrate (ηs,Ni 
or ηs,H2, %), for the electrical input (ηE,Ni or ηE,H2, %), or for both the 
electricity and substrate inputs (ηs+E,Ni or ηs+E,H2, %), were calculated 

according to Eqs. S1 – S8 [6], whereas the solar-to-hydrogen conversion 
efficiency (ηL, %) was calculated from Eq. S9 [8]. 

The values reported were averaged based on the statistics analysis of 
three replicate experiments for each of the duplicate reactors. One-way 
ANOVA in SPSS 19.0 was used to analyze the statistical differences 
among the data at significance levels of p < 0.05. 

3. Results and discussion 

3.1. Electrodes characterization 

The characterization of the prepared ZnFe2O4/g-C3N4 graphite felt 
photocathode by UV–vis DRS, XRD, PL, photo-current, SEM-EDS, CV 
and EIS, as well as the tuning of electrode composition and loading were 
provided in SI, and shown in Fig. S1, Fig. S2, and Table S3 [35]. The 
anodic bacterial community composition routinely acclimatized were 
provided in Fig. S3. 

3.2. System performance 

Simultaneous removal of Ni(II) (4.4 ± 0.0 mg/L/h), recalcitrant or
ganics mineralization (9.7 ± 0.2 mg/L/h) (Fig. 1A) and hydrogen pro
duction (0.43 ± 0.02 m3/m3/d) at a circuital current of 3.3 ± 0.0 A/m2 

(Fig. 1B) was achieved after an operational time of 24 h. These results 
were significantly higher than the rate values recorded with the controls, 
in the absence of light irradiation or/and circuital current, or in the 
abiotic controls (Fig. 1A and B). This demonstrated the tremendous 
importance of light irradiation, circuital current and bioanodic catalyst 
nature on the efficiency of ETW treatment in PS-MEC systems. The 
reactor effluent after 24 h treatment (SCOD: 97.6 ± 3.8 mg/L, Ni(II): 0.4 
mg/L, sulfide: 0.5 ± 0.1 mg/L, NO3

- -N: 0.7 ± 0.2 mg/L, NO2
- -N: 0.1 ±

0.1 mg/L, NO4
- -N: 3.1 ± 0.2 mg/L and total chlorine: 0.5 ± 0.0 mg/L) 

met the China national discharge standards (GB25467–2010), while 12 
h treatment proved to be insufficient (Fig. S4). Comparing the perfor
mance of the PS-MECs with that using a single-chamber MECs without 
catalyst and irradiation [11], the increase in performance was 8.8-fold 
(organic mineralization), 36.7-time (Ni(II) removal) and 46-fold 
(hydrogen production), while it was 3.2-fold increase (Ni(II) removal) 
and alike organics mineralization (7.0 – 11.6 mg/L/h) in comparison to 
the treatment in photo-assisted WO3/MoO3/g-C3N4 abiotic cathode 
dual-chamber MECs [9,10]. Overall, these results demonstrate the sig
nificant benefit of utilizing a single rather than dual-chamber photo-
assisted MECs to achieve efficient ETW treatment. The removal of Ni(II) 
in this system also compared with the removal (4.6 mg/L/h) achieved 
using abiotic cathodes in dual-chamber MECs without light irradiation 
at an applied voltage of 1.0 V, at an initial Ni(II) concentration of 295 
mg/L and at a more acidic pH of 2.85 [37]. Higher applied voltages and 
initial Ni(II) concentrations, and more acidic pH generally favors Ni(II) 
removal by abiotic cathodes in dual-chamber MECs [1,37]. Collectively 
these results demonstrated the benefits of using ZnFe2O4/g-C3N4 
photocathode single-chamber MECs for efficient ETW treatment. 

The higher circuital current under light irradiation invariably 
contributed to achieving higher CENi and CEH2 (Fig. 1C), as well as 
higher energy efficiencies (ηs,Ni, ηs,H2, ηE,Ni, and ηE,H2) (Fig. 1D and E) 
with a substantially high solar-to-hydrogen conversion efficiency of 5.3 
± 0.3% (Fig. 1F). The value of ηE,H2 of 204 ± 2% significantly higher 
than 100% indicated a positive energy feedback in the ETW treatment, 
which gives a technology advantage over other energy demanding 
conventional ETW treatment processes, such as electrochemical or 
biological processes [24,25]. The competitive advantage extends also 
over that of newly developed pure single-chamber MECs [11] or 
photo-assisted WO3/MoO3/g-C3N4 abiotic cathode dual-chamber MECs 
[9] which required a net input of external energy. The solar-to-hydrogen 
conversion efficiency was also appreciably higher than the 0.12% ob
tained with a MoS2/Cu2O photocathode single-chamber MECs, fed with 
acetate as a fuel, and at the same applied voltage of 0.6 V (Table S1) [6], 
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reflecting the significant energy conversion gain obtained with this 
ZnFe2O4/g-C3N4 cathode single-chamber MECs. 

3.3. Possible pathways of recalcitrant organic mineralization and Ni(II) 
recovery 

The possible pathways for the mineralization of the recalcitrant or
ganics in the ETW were investigated by performing active species 

trapping experiments to measure the main oxidative active species 
(Fig. 2). The introduction of the 3EPS* scavenger sorbic acid or of the 
valence band hole scavenger KI led to significant decrease in recalcitrant 
organics mineralization (p: 0.017 ~ 0.044, Fig. 2A) and thus diminished 
hydrogen production and circuital current (Fig. 2A and B), whereas the 
introduction of isopropanol ⋅OH scavenger led to negligible influences 
(p: 0.238) (Fig. 2A). These results confirmed the occurrence of collab
orative holes (65%) from the semiconductor ZnFe2O4/g-C3N4 cathodes 

Fig. 1. Comparison of Ni(II) removal and organics mineralization (A), hydrogen production and circuital current (B), coulombic efficiencies for Ni(II) reduction 
(CENi) or hydrogen evolution (CEH2) (C), energy efficiencies for either Ni(II) reduction (D) or hydrogen evolution (E) and relative with considering organics (ηs,Ni or 
ηs,H2, %), electrical input (ηE,Ni or ηE,H2, %), or both electricity and organics inputs (ηs+E,Ni or ηs+E,H2, %), and solar to hydrogen conversion efficiency (F) under 
various conditions (operation time: 24 h). 
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and the 3EPS* (35%) derived from the exoelectrogens for efficient 
recalcitrant organics mineralization in the PS-MECs. Conversely, 
appreciable higher amount of ⋅OH (p: 0.014) rather than 3EPS* (p: 
0.389) contributed to recalcitrant organics mineralization in the control 
experiments with single-chamber MECs without light irradiation 
(Fig. 2C and D), while the dominant role of 3EPS* (p: 0.038) rather than 
holes (p: 0.088) was observed in the single bio-light-irradiation controls 
(Fig. 2E and F). Collectively, these results confirmed the dominant 
oxidative roles of the triplet intermediates 3EPS* originated from 
exoelectrogens, and of the holes produced by the irradiation of the 
ZnFe2O4/g-C3N4 cathodes, in achieving efficient mineralization of 

recalcitrant organics in the ETW. 
Ni(II) recovery was always ascribed to the bioelectrochemical pro

cesses due to the significant decrease observed in the absence of circuital 
current (Fig. 2E) and the irrelevant impact of the other operational 
conditions (p: 0.281 ~ 0.991) (Fig. 2A, C and E). 

3.4. System performance over time 

A prolonged 12-cycle operation further extended the rate of recal
citrant organics mineralization (11.3 ± 0.1 mg/L/h vs. 9.7 ± 0.2 mg/L/ 
h, p: 0.019) (Fig. 3A) and hydrogen production (0.55 ± 0.02 m3/m3/ 

Fig. 2. Comparison of Ni(II) removal and recalcitrant organics mineralization (A, C and E), and hydrogen production and circuital current (B, D and F) in the 
presence of both photo irradiation and circuital current (A and B), individual circuital current (C and D) or single photo irradiation (E and F), and under conditions of 
different trapping agents (operational time: 24 h). 
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d vs. 0.43 ± 0.02 m3/m3/d, p: 0.050) (Fig. 3B) along with appreciable 
higher ηL (6.7 ± 0.2% vs. 5.3 ± 0.3%, p: 0.049) (Fig. 3C), and stable Ni 
(II) removal (4.4 ± 0.02 mg/L/h, p: 1.00) (Fig. 3A), coulombic effi
ciency (p: 0.095 ~ 0.115) and energy conversion efficiency (p: 0.086 ~ 
0.127) over time (Fig. S5). A smaller 6-cycle operation only improved 

hydrogen production (p: 0.047) with insignificant recalcitrant organics 
mineralization (p: 0.089) (Fig. 3A and B). These improvements (6- or 12- 
cycle operations: hydrogen production; 12-cycle operation: recalcitrant 
organics mineralization) cannot be explained by the circuital current 
since the change was insignificant over time (p: 0.095 ~ 0.219) 

Fig. 3. Comparison of Ni(II) removal and organics mineralization (A), hydrogen production and circuital current (B), solar to hydrogen conversion efficiency (C), and 
leached Fe and Zn in electrolyte (D) over time. CV tests (E), differential pulse voltammetry (DPV) (F), exopolysaccharides and exoproteins (G), and EIS (H) of the 
cathodes and/or the anodes at the operational number of cycles of 1, 6 or 12. 
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(Fig. 3B). 
The leached amount of Fe (0.71 ± 0.12%) and Zn (0.37 ± 0.02%) 

observed after the 1st operational cycle decreased sharply, Fe (0.10 
± 0.12%) and Zn (0.03 ± 0.01%), after the 5th-cycle (Fig. 3D) con
firming the robust stability of these Fe and Zn oxides on the cathodes 
over time, which is an important aspect for industrial application of such 
system for ETW treatment. 

Operation of the PS-MECs over multiple cycles (1st-cycle, 6th-cycle 
and 12th-cycle), gradually shifted the cathodic reductive onset poten
tial of hydrogen evolution (–0.50 V, − 0.40 V and − 0.36 V) and Ni(II) 
reduction (–0.19 V, − 0.16 V and − 0.14 V) to more positive values, and 
the cathodic organics oxidative onset potentials to more negative values 
(–0.27 V, − 0.42 V and − 0.46 V), which accordingly exhibited gradual 
increases in hydrogen reductive peak currents (–1.64 mA, − 3.11 mA 
and − 4.47 mA), Ni(II) reductive peak currents (–0.61 mA vs. –0.99 ~ 
− 1.10 mA), or organics oxidative peak currents (0.23 mA, 1.58 mA and 
1.72 mA) (Fig. 3E; Table S4), consistent with the results in Fig. 3A and B. 
The more positive reductive onset potentials or negative oxidative onset 
potentials indicate a decrease in the corresponding thermodynamic 
overall free energy of the electron transfer reactions, whereas higher 
reductive or oxidative peak currents suggest varying degrees of the 
reductive or oxidative dynamic mass transfer improvements [3,38]. 

In contrast to the cathodic behaviors, all anodic reductive onset 
potentials and reductive peak potentials for hydrogen evolution and Ni 
(II) reduction, as well as the anodic organics oxidative onset potentials 
and oxidative peak potentials, remained unaltered over time, despite the 
small increase in hydrogen reductive peak currents (–1.07 mA, 
− 1.16 mA and − 1.47 mA), Ni(II) reductive peak currents (–0.17 mA vs. 
− 0.21 mA), or organics oxidative peak currents (0.50 mA, 0.59 mA and 
0.75 mA) (Fig. 3E; Table S4). These results in concert demonstrated the 
progressive modification of the physical and chemical structure of the 
ZnFe2O4/g-C3N4 cathodes over time, while the bioanodes remained 
relatively stable. 

DPV analysis of the cathodes at the 12th-cycle operation confirmed 
the presence of two reduction peaks with similar reductive peak po
tentials (~ − 0.26 V; ~0.02 V) and higher reduction peak currents than 
the 6th-cycle operation (2349 mA vs. 2261 mA; 2373 mA vs. 2102 mA), 
while the 1st-cycle operation did not show reduction peaks (Fig. 3F; 
Table S5). For the anodes, however, two reduction peak potentials of ~ 
− 0.26 V and ~ − 0.14 V with negligible changes in reduction peak 
currents (1624 – 1682 mA; 1444 – 1557 mA) were always observed 
during the 12th-cycle operation (Fig. 3F; Table S5). The reduction peak 
potentials at ~0.02 V, ~ − 0.14 V and ~ − 0.26 V were indicative of the 
use of outer membrane c-type cytochromes, flavins or MtrC-bound 
flavin, respectively as extracellular electron transfer (EET) mediators 
whereas the higher reduction peak current implied favorable conditions 
for developing a higher fraction of microbial components for mediating 
the EET processes [39–42]. Thus, these results might collectively indi
cate the likely development of a higher fraction of MtrC-bound flavin 
and outer membrane c-type cytochromes for EET in the cathodic elec
trotrophs over time, compared to the stable harboring of MtrC-bound 
flavin and flavins in the anodic exoelectrogens. 

The preferential electrotrophic secretion of exoproteins (p: 0.001 – 
0.023) over exopolysaccharides (p: 0.606 – 0.908) significantly 
increased during the 12th-cycle operation, while the exoproteins and 
exopolysaccharides released by the exoelectrogens remained relatively 
unaltered over time (Fig. 3G). Moreover, the amount of exoproteins, 
rather than exopolysaccharides, in both electrode biofilms was posi
tively correlated to photo-irradiation (Fig. 3G; Fig. S6A). Considering 
the redox-activity of many EPS proteins with engagement in EET, and 
that bacterial adhesion is correlated with the amount of lipopolysac
charides [40–43], the higher fraction of exoproteins released by the 
electrotrophs, rather than the exoelectrogens at the 12th-cycle opera
tion, might have been involved into the EET processes and thus 
accounted for the higher and predominant presence of triplet active 
species 3EPS* (78%) rather than holes (22%) during the mineralization 

of the recalcitrant organics in the ETW (Fig. S6B and C). The observable 
3EPS* (cathodic and anodic 78%) and holes (cathodic 22%) at the 
12th-cycle operation was converse to that of cathodic holes (65%) and 
anodic 3EPS* (35%) after the 1st-cycle operation (Fig. 2A), demon
strating the progressive temporal development of exoproteins in the 
electrotrophs, as the dominant reactive species for recalcitrant organics 
mineralization. The presence of 3EPS* has very recently been observed 
in specific pure or mixed cultures used for recalcitrant organics degra
dation in other irradiated bioelectrochemical systems [18,20]. 

The EIS spectra after the 12th-cycle operation (Fig. 3H; Table S4) 
were further analyzed by fitting the spectra to an equivalent circuit 
(Fig. S7). The results showed that the relative importance of the resis
tance of the solution and the electrode (Rs), the charge transfer resis
tance (Rct), and the diffusional resistance (Rs) of the cathodes, were all 
consistent with the results shown in Fig. 3E – F. 

Collectively, these results have shown the impact of prolonged PS- 
MECs operation which resulted in the electrotrophic physiological 
release, on the semi-conductor ZnFe2O4/g-C3N4 cathodes, of EPS with 
higher fraction of exoproteins. Mechanistically, these phenomena, in 
turn, reduced the internal resistance for EET, and the simultaneous 
photo-induced production of excited triplet states 3EPS* enhanced the 
mineralization of recalcitrant organics in the ETW. 

3.5. Electrode morphology and product analysis 

The morphology of the cathode electrode after the 6th- and the 12th- 
cycle operation is shown in Fig. 4. The cathode after 12th-cycle pro
longed operation (Fig. 4A) comparatively to the 6th-cycle (Fig. 4F), was 
covered with a higher number of rod-shaped bacteria and with large 
irregular-shaped agglomerates, which were consistent with a stronger Ni 
signal (Fig. 4B and G; Table S6), also in comparison with the initial 
abiotic ZnFeO4/g-C3N4 cathode (Fig. S2A). This result illustrated the 
progressive migration of bacteria towards the cathodes with progressive 
nickel deposition, despite that SEM alone cannot be used to exactly 
quantify the biomass growth over the cathode. Moreover, the EDS 
elemental mapping of the cathodes indicated the presence and more 
uniform distribution of Ni (Fig. 4C), Fe (Fig. 4D) and Zn (Fig. 4E) ele
ments after the 12th-cycle operation in comparison to the 6th-cycle 
operation (Fig. 4H, I and J). 

Compared to the irregular-shaped agglomerates deposited on the 
cathodes (Fig. 4F), the anodes exhibited uniform bacterial distribution 
at the same 6th-cycle operation (Fig. 4K), with the absence of any Ni 
signal (Fig. 4L). Such anode and cathode morphological disparities 
might be mainly attributed to the inherent redox circumstances, and 
thus different reactions and bacterial development [44] as subsequently 
described. 

3.6. Reuse of the 6-cycle ZnFe2O4/g-C3N4 cathodes after calcination 

The reuse of the 6-cycle ZnFe2O4/g-C3N4 cathodes after calcination 
exhibited appreciable higher photocurrent (Fig. S8A) and higher charge 
carrier densities (6.25 × 1022 cm− 3 vs. 4.16 × 1022 cm− 3) (Fig. S8B) 
than the controls without calcinations or the new prepared electrodes, 
implying efficient electron-hole separation in the calcinated ZnFe2O4/g- 
C3N4 heterojunction due to the nickel previously deposited over 6-cycle 
ETW treatment. Previous results also reported that calcinations of Ni- 
based catalysts in pure electrochemical or photocatalytic processes 
resulted in enhanced performance [15,17]. 

After re-assembly of the 6-cycle calcined ZnFe2O4/g-C3N4 cathode 
with the corresponding bioanode, the PS-MECs achieved slightly higher 
recalcitrant organics mineralization (10.1 ± 0.1 mg/L/h) (Fig. 5A) and 
hydrogen production (0.50 ± 0.01 m3/m3/d) at a circuital current of 
3.8 ± 0.03 mA/m2 (Fig. 5B) than with the freshly prepared cathodes 
after 1st-cycle operation (Fig. 3A and B). CE and energy conversion ef
ficiencies (Fig. S9) were invariably similar to those observed without 
recalcination (Fig. S5). A further prolonged 6-cycle operation 
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Fig. 4. Morphological SEM observation (A, F and K) and EDS determination (B, G and L) on the cathodes (A and F) or the anodes (K) at the operational number cycles 
of 12 (A and K) or 6 (F). EDS element mapping images of Ni (C and H), Fe (D and I) and Zn (E and J) on the cathodes at the operational cycles of 12 (C – E) or 6 (H 
– J). 
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significantly improved recalcitrant organics mineralization (p: 0.016) 
and circuital current (p: 0.042) compared to the results after the 1st- 
cycle, but sustained similar hydrogen production (p: 0.106) (Fig. 5A). 
This was consistent with the more negative oxidative onset potential and 
higher oxidative peak current for recalcitrant organics, and similar 
reductive onset potential and reductive peak current for hydrogen 
evolution (Fig. 5C; Table S4), and thus smaller internal resistance 
(Fig. 5D; Table S4). While elemental Ni was apparently observed on the 
cathodes (Fig. S10A – D; Table S6), the two similar redox peaks (–0.21 V, 
2191 mA; − 0.06 V, 1931 mA) observed by DPV (Fig. S10E) matched 
those observed after the same 6th-cycle operation, but with lower cur
rents than after the 12th-cycle operation without calcination (Fig. 3F; 
Table S5). The same trend with fractionally higher contribution of 3EPS* 
(69%) than holes (31%) for recalcitrant organics mineralization after the 
6th-cycle operation (Fig. S10F and G), and the increase (3EPS*: 78%; 
holes: 22%) at the 12th-cycle operation without calcinations (Fig. S6B 
and C), reflected the collaboratively accelerated development of photo- 
induced 3EPS* resulting from the in-situ deposited Ni and recalcination. 

3.7. Microbial community composition 

The microbial community composition of the electrodes for dupli
cate PS-MECs experiments carried out over 12-cycles, in the presence or 
in the absence of light illumination was determined to understand the 
metabolic regulation of the main functional bacteria. A total of 107821 
high-quality 16 S rRNA gene sequences were obtained from four 
generated libraries, with an average length of 419 nucleotides. The se
quences were assigned into 836 OTUs with a distance limit of 0.03. The 
plateau of rarefaction curves (Fig. S11A) implied the sufficient coverage 
of the bacterial communities. The bacterial communities on the cathodes 
and on the anodes presented very little similarity, both in the presence 
or in the absence of light irradiation, as they were grouped in the 
different quadrants (Fig. 6 A). A dendrogram constructed on the base of 
community phylogenetic lineages further supported the dissimilarities 
of these bacterial communities (Fig. 6B). Moreover, the presence 
(cathode: 2.94; anode: 2.44) or absence (cathode: 3.68; anode: 3.57) of 
light irradiation greatly differentiated the diversity of the bacterial 
communities on both electrodes (Fig. S11B). These findings demon
strated that the composition of the bacterial communities at the anode 

Fig. 5. Assessment of Ni(II) removal and organics mineralization (A), hydrogen production and circuital current (B), CV tests (C), and Nyquist plots of EIS spectra (D) 
on the calcinated ZnFe2O4/g-C3N4 cathodes for ETW treatment. 
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Fig. 6. Weighted Fast UniFrac (A) principle coordinates analysis and (B) cluster of the bacterial communities on the basis of phylogenetic lineages that samples 
contain. Comparison of relative abundance of bacterial reads retrieved from the cathodes and the anodes after a 12-cycle operation in the presence or in the absence 
of light irradiation and classified at (C) the phylum level, (D) the class level, or (E) the genus level distributions. Phyla, classes and genera that represent less than 
1.0% of the total bacterial community composition were classified as “others”. 
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and cathode greatly diverged and that light irradiation was highly 
influential on the nature of the bacterial communities, in agreement 
with the results in Fig. 1. 

The bacterial community consisted of 6 phyla, with the major se
quences (72.0 – 92.0%) belonging to Proteobacteria (Fig. 6 C), which has 
been frequently observed in pure single-chamber MECs for ETW treat
ment [11] and in other bioelectrochemical systems used for heavy 
metals recovery or recalcitrant organics degradation [1–3,26,35,44,45]. 
The abundance of Firmicutes on the cathodes (19.1%) was significantly 
higher than on the anodes (1.2%) under light irradiation, while it was 
1.7 – 2.2% on both electrodes under darkness conditions (Fig. 6 C), or 
2.8% on the initial anodes (Fig. S3A). In addition, Actinobacteria was 
absent with much less Candidatus saccharibacteria on both electrodes 
under light irradiation. 

Class level characterization demonstrated the appreciable abun
dance of Bacilli on the cathodes (17.2%) with light irradiation, than 0.1 – 
0.2% in all other cases (Fig. 6D; Fig. S3B). Conversely, Alphaproteobac
teria (69.2%) was dominantly present while Flavobacteriia and norank 
Candidatus saccharibacteria were absent on the same anodes under light 
irradiation. Sphingobacteriia on both electrodes was flourishing over 
time and more apt to darkness circumstance (3.7 – 5.4% vs. 0.4 – 2.4%) 
(Fig. 6D; Fig. S3B). 

The appreciable high abundances of Acinetobacter (17.7%) and 
Staphylococcus (16.8%) genera on the cathodes with light irradiation, 
contrasted with their nearly absence either under darkness conditions or 
on the anodes at the 12th-cycle operation (Acinetobacter: 0.3 – 0.6%; 
Staphylococcus: 0.0 – 0.1%) (Fig. 6E) or before ETW feed (Acinetobacter: 
7.6%; Staphylococcus: 3.2%) (Fig. S3C). Acinetobacter and Staphylococcus 
genera are robust recalcitrant organics degrader and survived under the 
harsh ETW environment, since they are likely primary inorganic carbon 
fixers via the Wood-Ljungdahl pathway [44,46,47]. Along with the 
overwhelming predominant presence of Novosphingobium (42.9%) on 
the anodes with light irradiation, compared to its lower abundances 
under darkness conditions, or on the initial anodes (3.0%), and on the 
cathodes at the same 12th-cycle operation (6.1 – 11.5%), overall, these 
results demonstrated that the bacterial community compositions on 
both electrodes were enormously different under light irradiation. The 
dominant bacteria Acinetobacter and Staphylococcus on the cathodes 
along with the Novosphingobium on the anodes after 12th-cycle opera
tion, undoubtedly path the way towards constructing efficient 
ZnFeO4/g-C3N4 cathodes in PS-MECs, to achieve efficient ETW treat
ment in future study. In contrast, darkness conditions favored a high 
abundance of Thiobacillus (9.4 − 10.6%) homogenously distributed over 
both anodes and cathodes electrodes, compared to its nearly absence (~ 
0.1%) under light irradiation. Similarly, genus Rhodopseudomonas was 
also universally and abundantly observed on both electrodes, but 
without sensitivity to light/dark conditions (cathode: 8.4 − 13.4%; 
anode: 12.0 − 16.5%). This genus might have contributed to the pale red 
electrode color observed regardless of light irradiation, consistent with 
other reports [35,48]. In addition, Shinella (0.6 – 1.5%) and Geobacter 
(0.2 – 1.3%) were always observed but with low abundance, both of 
which reportedly completely degraded recalcitrant organics (e.g., pyri
dine, aniline or azo dye) or removed many heavy metals in bio
electrochemical systems [1,3,49–51]. The genera mentioned above 
might have played roles as core members in randomly selected samples 
of both electrode biofilm well acclimated to the ETW after the 12th-cycle 
operation. However, it is difficult even using DNA-based stable-isotope 
probing techniques to directly associate the kinetics results with the 
activities of these specific genera [1,3,42,44]. As a compromise, clari
fying cytochrome profiling of pure cultures and the specific biochemical 
characteristics of the pure exoelectrogens/electrotrophs maybe helpful 
to explain the improved rate, efficiency and yield of the system. Further 
studies on these genera, particularly in relation to their preference to 
anode/cathode or light/darkness, will help us understand the roles of 
these genera in the bacterial communities and thus develop efficient 
PS-MECs able to efficiently treat ETW. In addition, considering the 

progressively observed bidirectional electron transfer processes in 
exoelectrogenic and electrotrophic bacteria [42,44], the simultaneous 
existence of the same genera on both electrodes of the ETW-fed PS-MEC 
might provide the source of new specific exoelectrogens and electro
trophs. Identifying the properties of these electroactive bacteria isolated 
under environmentally stressing conditions (e.g., carbon limitation, 
high salinity, low/high temperatures, and the presence of heavy met
als/contaminants) and identifying their capability to drive bidirectional 
electron transfer processes are also highly exciting and promising 
aspects. 

Fig. S12 shows the classification and difference of bacterial func
tional features on KEGG categories at levels 1 – 3. Among the 21 kinds of 
bacterial functions, membrane transport, cellular processes and 
signaling, translation, transcription, metabolism, and glycan biosyn
thesis and metabolism in samples of cathodes were higher than in the 
anodes. Conversely, the anodic cell motility, carbohydrate metabolism, 
and amino acid metabolism was higher than in the cathodes under the 
same light irradiation (Fig. S12A). The higher xenobiotics biodegrada
tion and metabolism, and the metabolism of terpenoids and polyketides 
observed in samples taken from both electrodes under light irradiation 
rather than under darkness conditions, indicated the similar shift of 
these functional features of the bacterial community during the efficient 
mineralization of ETW recalcitrant organics in the reactors. 

The level 3 pathways of the amino acid metabolism and membrane 
transport are shown in Fig. S12B – C. The amino acid metabolism 
pathways including valine, leucine and isoleucine biosynthesis, valine, 
leucine and isoleucine degradation, tryptophan metabolism, lysine 
degradation, glycine, serine and threonine metabolism, and arginine 
and proline metabolism in samples of anodes with light irradiation all 
increased (Fig. S12B). Regarding the membrane transport, the trans
porters and ABC transporters in samples of both electrodes were 
enriched by light illumination (Fig. S12C), indicating that electron 
transfer associated with cellular transport through the membrane was 
stimulated during efficient ETW treatment. Collectively, these results 
clearly indicate that both the shift of the microbial community compo
sition and the metabolic regulation of these functional bacteria on both 
electrodes by light illumination, produced efficient activity in the PS- 
MECs, explaining the metabolic mechanism of efficient ETW treatment. 

4. Conclusions 

In this study, ZnFe2O4/g-C3N4 heterojunctions were for the first time 
employed as photo-assisted cathodes of single-chamber MECs together 
with graphite felt bioanodes to achieve efficient treatment of actual 
industrial ETW, simultaneous Ni(II) recovery and hydrogen production 
with the effluent meeting the China national discharge standards. The 
high solar to hydrogen conversion efficiency of 5.3% as well as the 
appreciably high electrical efficiency for H2 production (ηE,H2 = 204%) 
exceeding 100%, firmly demonstrated the achievement of efficient en
ergy conversion and positive energy feedback in the ETW treatment. A 
prolonged 12-cycle operation of the PS-MECs enhanced the rates of 
recalcitrant organics mineralization (11.3 mg/L/h), hydrogen produc
tion (0.55 m3/m3/d) and the solar to hydrogen conversion efficiency 
(6.7%). 

While Ni(II) recovery was always ascribed to bioelectrochemical 
processes, its deposition over the cathode combined with the progressive 
electrotrophic and exoelectrogenic physiological release of EPS was 
found to influence the relative amount of reactive oxidative species 
responsible for recalcitrant organics mineralization. These species 
dynamically evolved during the operation of the PS-MECs, and triplet 
active species 3EPS* (78%) rather than cathodic holes (22%) contrib
uted to recalcitrant organics mineralization during the prolonged 12- 
cycle operation, while the cathodic holes (65%) were predominant 
over 3EPS* (35%) during the 1st-cycle. The recalcination of cathodes 
utilized for 6 cycles exhibited appreciable higher 3EPS* (69%) than 
holes (31%) for recalcitrant organics mineralization after another 6- 
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cycle operation. Collectively, these results confirmed that progressive 
photo-induced production of 3EPS* resulting from the dynamic elec
trotrophic and exoelectrogenic physiological release of EPS com
pounded positively with the in-situ deposited Ni to achieve efficient 
ETW treatment. 

The dynamic evolution of the PS-MECs was also confirmed by the 
evolution of the microbial community over the cathode and anode. The 
appreciable higher relative abundances of genera Acinetobacter (17.7%) 
and Staphylococcus (16.8%) on the cathodes, along with the over
whelming predominant Novosphingobium (42.9%) on the anodes of the 
PS-MECs after 12th-cycle operation suggested the enormous difference 
of bacterial community compositions on both electrodes. This along 
with the KEGG based PICRUSt functional prediction indicated both the 
shift of the microbial community composition and the metabolic regu
lation of the functional bacteria on both electrodes in the presence of 
light illumination, explaining the metabolic mechanism of efficient ETW 
treatment after prolonged 12-cycles operation. 

In terms of economic feasibility, the cost of the cathode has been 
regarded to severely impede the advancements of PS-MECs due to the 
high-cost of noble metals with high catalytic performance [8]. The 
economic benefits deriving from the use of ZnFe2O4/g-C3N4 cathode 
materials ($102/m2 see SI) in comparison for example to the 
MoS2/Cu2O cathode ($1071) [6] should further advance the practical 
application of PS-MECs for efficient ETW treatment, particularly when 
the process is combined with the concomitant recovery of added-value 
heavy metals. 

Overall, this study contributes to the sustainable development of the 
electronic and semiconducting industry and broadens the application of 
cost-effective and efficient photo-assisted semiconducting hetero
junctions cathodes in single-chamber MECs for industrial water 
treatment. 
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