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® Graphene was added to the activated
carbon catalyst of an air cathode
(AGM).

® The AGM air-cathode was made using
a simple phase inversion method.

® Power and COD removal were im-
proved in the MFC with AGM air-
cathode.

o Anti-fouling properties of the AGM
air-cathode were improved.
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ARTICLE INFO ABSTRACT

Air-cathodes in microbial fuel cells that can also filter wastewater provide the dual benefits of electricity pro-
duction and reduction of the effluent chemical oxygen demand. Air-cathodes prepared using a novel activated
carbon/graphene membrane (2, 5 or 10% graphene by weight) prepared by phase inversion have good con-
ductivities (5.6 + 0.5to 7.3 = 0.6mScm 1) compared to control (3.0 = 0.4 mS cm ™!, activated carbon, no
graphene). The cathode with 5wt% graphene produces the highest maximum power density of
1460 = 10mW m 2, which is 58% higher than that the control (928 + 8 mW m~2). The increased power is
due to an 88% reduction in charge transfer resistance of 6.0 + 0.3 Q (cathode with 5 wt% graphene) compared
to the control. Following a cycle of treatment and current generation, 60 + 1% of the chemical oxygen demand
is removed from the remaining chemical oxygen demand, producing an effluent chemical oxygen demand
concentration of 20 + 1mgL~'. Biomass (4.99 *+ 0.02 mg-protein cm ™~ 2) is decreased by 33% compared to
the control. These results demonstrate that cathodes made with graphene can produce electricity and a high
quality effluent with low cathode biofouling.
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1. Introduction bioelectrical technologies that can be used to harvest this energy and

accomplish wastewater treatment [3-5]. For efficient power genera-

Wastewater is a potential source, as it contains more energy than
that needed to treat it using conventional wastewater treatment tech-
nologies [1,2]. While aerobic wastewater treatment technologies
cannot be used to extract this energy, microbial fuel cells (MFCs) are
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tion, air cathodes must be used in the MFCs to produce power as this
avoids the need to aerate the water [6]. The oxygen reduction reaction
(ORR) using an air-cathode MFC does not require water aeration, but
the cathode needs to have excellent catalytic activity, a high oxygen


http://www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2018.05.043
https://doi.org/10.1016/j.jpowsour.2018.05.043
mailto:jia14921@163.com
mailto:yujief@hit.edu.cn
https://doi.org/10.1016/j.jpowsour.2018.05.043
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2018.05.043&domain=pdf

X. Song et al.

transfer efficiency, and a high proton transfer to the catalyst site, and
the cathode materials must be inexpensive and durable over time [7].
The most commonly used catalyst in MFCs is activated carbon, as it is
inexpensive and it resists fouling better than platinum over long term
operation [8]. However, the cathode can limit power generation in
MFCs, and thus it is important to improve the ORR to increase power
production.

Graphene is a pure carbon material which can be formed as an
atom-thick sheet [9] or used with many layers as a dense honeycomb
crystal structure [10-12]. Graphene has several features which are all
useful characteristics for the ORR in MFC cathodes, including high
electron transfer rates, a large specific surface area, excellent electrical
conductivity and electrochemical stability, and good mechanical flex-
ibility [13]. Recent research has shown that graphene can be added to
an MFC cathode to improve performance and power densities of MFCs
[14]. The three-dimensional structure of the graphene improved the
ORR, which increased power production compared to plain activated
carbon cathodes [15]. Nitrogen-doped graphene can have even better
performance than plain graphene, as it has been shown to compare well
to a Pt/C control in terms of polarization data and number of electrons
transferred [16]. However, cathodes previously made using activated
carbon and graphene have only been made using a traditional multiple-
step, and energy-intensive press method.

A phase inversion process was recently used as a novel one-step
approach to produce both the catalytic and diffusion layers of an air-
cathode [17]. This method was shown to be very simple, and making
cathodes using this method significantly reduced the total cost of the
MFC [18]. The phase inversion process used hydrophobic poly-
vinylidene fluoride (PVDF) to bind the activated carbon catalyst to a
stainless steel mesh current collector [17,19,20]. It was further de-
monstrated that water retention could be increases using an additional
PVDF membrane on the air-facing side of the cathode [17]. However,
for some MFC applications the cathode has been designed to allow
water filtration, thus accomplishing both power generation and filtra-
tion of the effluent [21]. In this case, the choice of the binder is essential
to allow water passage rather than water retention. Polyvinyl chloride
(PVQ) is a polymer that can be used to produce low-cost porous and
ultrafiltration membranes that have a good water fluxes and particle
rejection properties [22,23].

The key performance data for the MFC were power generation and
effluent quality [24]. In order to produce an MFC with good perfor-
mance and a cathode with effective water filtration, an activated
carbon/graphene membrane air-cathode (AGM air-cathode) was de-
veloped here. It was manufactured by a phase inversion process. The
charge transfer, filtration, and antifouling properties were the key
parameters in evaluating the performance of the membrane cathodes
[25]. The AGM air-cathode possessed improved electrochemical per-
formance and antifouling properties compared to a plain activated
carbon membrane, and it was easily produced by the phase inversion
process.

2. Material and methods
2.1. Materials

PVC (80,000 gmol 1) was provided by Shenyang Chemical Co.,
LTD. N,N-dimethylacetamide (DMAc, anhydrous, 99.8%) was pur-
chased from Tianjin Fuyu Fine Chemical Co., Ltd (Tianjin, China) and 1-
methyl-2-pyrrolidinone (NMP, AR) was obtained by Tianjin Zhiyuan
Chemical Reagent Co., Ltd (Tianjin, China). Polyvinylpyrrolidone (PVP,
k30, AR) was obtained from Tianjin Guangfu Fine Chemical Research
Institute (Tianjin, China) and used as a pore-forming agent. Polyaniline
(PANI, 300 kDa, Hubei Yuanchengsaichuang Co., Ltd, Wuhan, China)
was used to promote oxygen adsorption and electrode conductivity
[26]. Activated carbon powder (AC, Carbosino Material Co., Ltd,
Shanghai, China) as the electrode substrate, and graphene (G, Suzhou
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Henggiu Co., Ltd, Suzhou, China) as a modifier, were used in the pre-
paration of an electrically conductive membrane.

2.2. Membrane air-cathode preparation

The PVC binder and PVP pore-forming agent (PVC-co-PVP; 12 wt%
PVC and 6 wt% PVP) were dissolved in DMAc at ambient temperature
in the dark, and mixed using a stir bar for over 24 h to allow them to
completely dissolve. The polymer was then placed in the dark for an
additional 24 h to allow removal of gas bubbles. PVC-co-PVP (0.81 g),
activated carbon (0.58 g), and PANI (0.15g) were mixed with NMP
(3mL). Graphene (G, Suzhou Hengqiu Co., Ltd, Suzhou, China) was
then added into the carbon powder at four different mass ratios (G:AC)
of 0 (denoted as control), 0.02 (G2), 0.05 (G5) and 0.10 (G10). After
sonicating of the mixture for 30 min at ambient temperature, the
homogenized solution was coated onto both two sides of a stainless
steel mesh, and then immersed into a coagulation bath (deionized water
at ambient temperature) for 20 min to complete coagulation.

2.3. Structure and membrane properties

The morphologies of the membrane air-cathode were observed
using a scanning electron microscope (SEM, Hitachi Ltd. S-4700) [27].
Atomic force microscopy (AFM, Veeco Instruments Inc, USA) was used
to characterize the roughness of the membrane air-cathode, with the
images analyzed using the Nanoscope III software [28]. Contact angles
were measured using a sessile drop technique and a surface contact
angle measurement instrument (the type JYSP-360, USA, needlepoint
1.5mm) [29]. The contact angle was tested after water droplets stabi-
lized for 20s. The surface energies (), mN m 1) were calculated as:
Yov = 78, +vE, and ¥, (1 + cosO) = 2,/y2vh, + 2\vE,vf, using the
experimentally determined intrinsic contact angles of water (y;,
=728mNm™}, yLDV =21.8mNm™}, yLPV =51.0mNm™ ') and me-
thylene iodide (3, =58.2mNm~', y2 =39.5mNm™"', ¥},
= 18.7mN m 1) [30]. The membrane conductivities were tested using
a digital four — probe tester (ST2263, Suzhou Jingge Electronic Co., Ltd,
China). Porosity was measured by a gravimetric method as ¢ = (W,,-
Wy)/AHp,,, where W,, is the wet weight (g), W, is the dry weight (g), L
is the membrane thickness (cm), A is the exposed membrane area (cm?),
and p,, is the density of water (g cm~2) [31]. The cathode wet weight,
W,,, was measured after wiping excessive water on the cathode surfaces
with filter paper. The dry weight, W4, was measured after drying the
cathodes in oven at 50 °C for 48 h. The pure water flux (Lp = V/APAt)
(Lp, Lm ™25~ ! MPa~') was calculated as previously described, where V
(L) is the volume, AP (MPa) is the pressure, and t (s) is the time [32].
The flux attenuation (J,,, %) was characterized the antifouling perfor-
mance of the membrane cathode, which was calculated by J, =
(Jo=J)/Jo % 100%, where Jo (L m ™2 s~ MPa™!) is the initial flux, and
J, (L m™2s~ ! MPa™?) is the stable operating flux [33].

2.4. Electrochemical characterization

All electrochemical measurements of the membrane air-cathode
were performed with an electrochemical workstation (Auto Lab
PGSTAT128 N, Metrohm, Swiss) in a single cell with a three-electrode
system, consisting of a membrane air-cathode as the working electrode,
a saturated calomel electrode as the reference electrode (+242 mV vs.
SHE, Spsic-Rex Instrument Factory, China), and a Pt sheet (1 cm?) as
the counter electrode. The electrolyte for all tests was a 50 mmol L ™!
phosphate buffer solution (conductivity of 6.9 mScm™') at ambient
temperature (25 °C). Linear sweep voltammetry (LSV) was conducted
over a potential range of —0.3V to 0.3V, at a scan rate 1 mV s~ ! [34].
Electrochemical impedance spectroscopy (EIS) tests were performed at
a frequency range of 10 mHz-100 kHz with amplitude of 5mV [35].
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2.5. MFC construction and operation

The single chamber, air-cathode cubic MFC reactor was constructed
as previously described, with a total liquid volume of 28 mL [36].
Graphite fiber brush anodes (3 cm in length and 3 cm in diameter) were
heat-treated at 450 °C for 30 min [37].

During start-up, MFCs were inoculated with 30% domestic waste-
water collected from a municipal sewer (Harbin, China) and 70% so-
dium acetate (1 gL~ "). After a reproducible cycle of voltage was pro-
duced, the MFCs were operated using sodium acetate (1gL™!) in a
phosphate buffer solution (PBS, 50mM) containing: NH4Cl
(0.31gL™1);  NaH,PO,2H,0  (3.32gL™1);  Na,HPO,12H,0
(10.32gL_1); KCl (0.13 gL_l), a metal (12.5mL) and vitamin
(12.5mL) solution [38,39]. All test conditions were conducted using
duplicate reactors in a constant temperature room (30 °C). The voltage
of MFC device across an external resister (1000 Q, except during po-
larization tests) was monitored using a precision data acquisition
system.

2.6. Power generation and COD removal

Polarization tests were obtained by varying external resistance from
open circuit potential to 50 Q. The power and current densities were
normalized by the projected cathode surface area. The power density
(P, mW m~2) was calculated as P = U?/RA, where U (V) is the cell
voltage, R (Q) is the external resistance [40]. The current density (I, A
m~2) was obtained from I = U/RA [41]. Power density and polariza-
tion data were obtained after the reactors were considered to have
reached steady state based on repeatable peak potentials for three
consecutive batch cycles.

Chemical oxygen demand (COD) measurements were measured
using standard methods with HACH DR/3900 Spectrophotometer
(HACH Co., Loveland, Co., USA) [42]. The tCOD was obtained directly
from the anode chamber (final anolyte tCOD, tCOD¢, mg L™ ') and air
chamber (filtered effluent tCOD, tCOD.g, mg L™1) (Fig. S1). The re-
jection COD (tCOD,, mg L™ ") was calculated by tCOD, = tCOD¢ —tCO-
Degr. The rejection percentage (Jycop, %) of membrane air-cathode to
tCOD was obtained with J,cop = tCOD,/tCOD; X 100%.

2.7. Cathode biofouling

In order to evaluate fouling of the membrane air-cathode, the mass
of biofilm on the cathode surface was evaluated in terms of its protein
content after 3 months of operation in fed-batch mode, without any
cathode cleaning. Biofilm was removed from the liquid-side surface of
the cathode using a knife, and the sample was placed in a centrifuge
tube with 10 mL of 0.2 N NaOH for 1 h (4 °C), and then mixed the so-
lution using a vortex mixer (XK96-A, Xinkang Medical Instrument Co.,
Ltd, China) every 15min for 10s to fully extract the protein. The ex-
tracted liquid was transferred using a pipette into a new centrifuge
tube. After rinsing the residue with 10 mL of deionized water, the liquid
was mixed with extracted liquid to obtain 20 mL of 0.1 N NaOH. The
obtained liquid was frozen at —20 °C for 2 h and then thawed at 90 °C
for 10 min, and this freeze-thaw cycle repeated three times. Finally, the
protein content of the obtained liquid was measured using a commer-
cial kit using the bicinchoninic acid (BCA) method [43] (Sangon Bio-
tech Co., Ltd (Shanghai, China).

3. Results and discussion
3.1. Morphology of the membrane air-cathode

SEMs of the membrane air-cathodes (Fig. 1) showed that increasing
the content of graphene in the casting solution was beneficial to the

serrated aperture formation, which was likely due to differences in the
formation and separation speed of the pore-forming agent from the

223

Journal of Power Sources 395 (2018) 221-227

polymers and graphene. The surface of unmodified membrane air-
cathode (denoted as the control) had a compact texture with little
porosity. The size of the pores was gradually increased with graphene
addition. The maximum porosity of 77 = 1% was obtained for G5,
which was 64% higher than that of control (47 = 1%) (Fig. S2). When
the content of graphene was further increased to G10, the porosity
slightly decreased to 71 = 1%.

AFM images of the membrane air-cathodes also showed differences
in morphologies before and after graphene addition (Fig. 2). The three-
dimensional images clearly showed that the surface roughness of the
membrane air-cathodes was decreased after addition of graphene (Fig.
S3). The average roughness was decreased by 61% from 88 + 6nm
(control) to 34 = 2nm (G5). The roughness of G2 (47 = 7 nm) and
G10 (43 = 7 nm) were similar to each other, and intermediate relative
to these other samples. Thus adding graphene decreased the surface
roughness of the electrodes, which is beneficial for making them more
resistant to biofouling, as shown in other membrane studies that bio-
fouling is increased for rougher surface [44].

3.2. Membrane characteristics of the membrane air-cathode

In order to determine changes in the membrane air-cathode hy-
drophobicity, contact angle measurements were performed on all
cathodes. The electrodes modified by graphene had lower contact an-
gles than the control, with the contact angles decreasing by 30% from
104.2 = 0.5° (control) to 73.1 = 0.6° (G10) (Fig. 3A). This reduction
indicated that the surfaces of the membrane air-cathode modified by
graphene addition become more hydrophilic, which would enhance its
resistance to biofilm formation and improve water permeability [45].

Surface energies were significantly increased by adding graphene,
and they increased in proportion to the amount of graphene used in the
cathode. The maximum surface energy of 43.3 + 0.2mNm™' was
obtained with G10, which was 135% higher than the control
(18.4 + 0.2mNm ™). This surface energy for G10 was also 5% higher
than G5 (41.3 + 0.8mNm™Y) and 34% higher than G2
(32.3 + 0.1mNm™'). Higher surface energies should lead to less
biofouling [46].

The water flux of the membrane air-cathode increased with the
addition of graphene (Fig. 3B). Water flux of the control electrode
(20 £ 1Lm™ %~ 'MPa~!) was increased by 25% to a maximum of
25 = 1Lm~ %~ 'MPa~! for G10. The improvement of the water flux
of membrane air-cathode was consistent with SEM measurements
showing larger porosities of the cathodes with increased content of
graphene.

The conductivities of the cathodes, evaluated using a four-probe
measurement (Fig. S4), showed that the G5 cathode had the maximum
electrical conductivity of 7.3 + 0.6mScm™!, which was 1.4 times
higher than the control (3.0 = 0.4mS cm ™). This was also 14%
higher than the G2 cathode (6.4 = 0.3 mS em ™ 1Y) and 30% higher than
the G10 cathode (5.6 = 0.5mScm™ ). The conductivity of G10 was
lower than that of G5, which may be because of the reuniting of gra-
phene. With a low graphene loading, the graphene sheets could be
distributed more homogeneously as a 3D conductive network, creating
an abundance of transfer channels in the cathode. In the membrane
cathode with a high graphene loading, the graphene sheets could have
overlapped with each other, which would have led to more of a
blocking effect, and lessened electron transmission [47,48].

3.3. Electrochemical analysis of the membrane air-cathode

The current densities of all of the AGM air-cathodes were higher
than that of the control cathode based on an LSV analysis (Fig. 4A). For
example, at a potential of —0.1V (vs. SCE), the G5 cathode had the
highest current density of 8.0mA cm ™2, which was 58% higher than
the control (5.2mA cm™2), with lower current densities obtained for
the G2 (7.0 mA cm ™~ 2) and G10 (6.5 mA cm ™~ 2) cathodes.
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Fig. 1.
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SEM surface images (magnification = X 10,000, scale bar = 2 um) of the AGM and control air-cathodes. (A) control (no graphene), (B) G2, (C) G5 and (D)

2000.00 nm

Fig. 2. Three dimensional AFM images of the AGM and control air-cathodes at a scan size of 10 um X 10 pm: (A) control, (B) G2, (C) G5 and (D) G10.

The G5 cathode exhibited the lowest charge transfer resistance (Rc)
of 6.0 £ 0.3Q, which was reduced by 88% compared with control
(50.0 = 1.3Q), and 49% lower than the G10 (11.7 * 0.9 Q) (Fig. 4B).
The R of G2 (6.4 = 0.1 Q) was slightly lower than that of G5. The
significant decrease in R, reflected the improved charge transfer with
graphene addition due to its two-dimensional structure of graphene
[49].
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The exchange current density (ip) of the electrodes was calculated as
shown by the Tafel plot (Fig. 5). The maximum exchange current
density of 1.30 x 10~ % A cm ™2 was obtained using G5, which was 79%
higher than that of control (7.28 x 10> Acm ™ ?), 12% higher than G2
(1.15x 10" *Acm™3) and 17%  higher = than  G10
(1.11 x 10" *Acm™2). These LSV, EIS and Tafel analysis results de-
monstrated that adding graphene significantly improved the catalytic
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activities of the cathodes, likely by a combination of the increased
electrical conductivities due to the graphene [50] and the improved
hydrophilicity [51].
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3.4. MFC performance

Power densities of MFCs with the G2, G5 and G10 cathodes were all
higher than the control (928 = 8 mW m~?) (Fig. 6). The maximum
power density was 1460 + 10 mW m ™2 for G5 membrane air-cathode,
which was 58% higher than the control (Figs. 6A), 19% higher than that
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of G10 (1230 = 20mWm™2), and 33% higher than that of G2
(1100 + 40 mW m~2). The increased power production was clearly
due to the improved performance of the cathodes, as the anode po-
tential curves were all nearly identical (Fig. 6B). The cathodes pos-
sessed higher conductivity and lower charge transfer resistance after
adding of graphene, which could enhance the electron transfer and
benefit power generation [49].

The final anolyte and filtered effluent COD concentrations with the
G2, G5 or G10 cathodes were all lower than the control
(tCOD¢ = 175 * 4mgL™ "}, tCODys = 98 + 3mgL™") (Fig. 7). The
lowest final anolyte tCOD was 45 = 1mgL~" for G5 cathode, which
was reduced by 74% compared with control. The lowest filtered ef-
fluent COD was tCODeg = 19 = 1mgL~! for G5 cathode, which was
81% lower than the control, 21% lower than the G10 (tCO-
Deg =24 = 1mgL™"), and 10% lower than the G2 (tCO-
Desr = 21 = 1mg L™Y). The rejection percentage to tCOD of G2, G5,
and G10 were all higher than the control (42 * 1%). The maximal
rejection percentage to tCOD was 60 + 1% for G5, which was in-
creased by 43% compared with control, 15% higher than the G2
(52 £ 1%), and 13% higher than the G10 (53 * 1%). These results
showed that the AGM air-cathodes improved the COD removal in the
MEC.

3.5. Membrane antifouling performances

The flux attenuation percentage of G2, G5 and G10 were all lower
than the control (13.2 * 0.7%) (Fig. 8A), showing that adding gra-
phene reduced biofouling. The minimal flux attenuation percentage
was 5.4 £ 0.2% for G10, which was 59% less than the control, and
23% lower than G2 (7.0 %= 0.3%). The flux attenuation percentage of
G5 was 5.7 = 0.1%, which was 57% lower than the control.

Biofilm accumulation was reduced with graphene addition. The
highest protein content of 7.43 + 0.02 mg-protein cm ~ 2 was produced
by the control (Fig. 8B). The lowest protein concentration was
4.99 + 0.02 mg-protein cm ™2 for G10, which was 33% less than the
control, and 14% lower than G2 (5.78 = 0.02 mg-protein cm ™ ?). The
protein content of G5 was 5.31 = 0.02 mg-protein cm ™2, which was
29% lower than the control. These flux attenuation and biofilm accu-
mulation results indicated that adding graphene enhanced the bio-
fouling resistance of the air-cathodes. The antifouling performance was
consistent with the hydrophilicity and surface roughness. The mem-
brane cathode after loading graphene had a lower surface roughness
than that of the control. The modified cathode had a smoother surface
which would have improved its antifouling ability [52]. The hydro-
philicity of membrane cathode was increased by graphene, which de-
creased the surface adsorption and reduced membrane fouling [53].
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4. Conclusions

The membrane air-cathode containing graphene was fabricated
using a phase inversion method to enhance the performance of MFC
and provide a filtered effluent. The addition of graphene resulted in
multiple improvements in operation, including increased electricity
generation, improved filtration which resulted in a lower effluent COD,
and antifouling characteristics as demonstrated by less biofilm forma-
tion on the cathode. The optimal condition was obtained by using the
G5 cathode (5% graphene), which increased the power density by 58%
compared to the control reactor. Increases in the cathode hydrophilicity
and the water flux demonstrated that graphene addition significantly
affected the three-phase interface and properties of the membrane. The
enhanced COD removal rate and reduced biofilm formation (decreased
by 33%) demonstrated the improved wastewater processing efficiency
using the MFC. These results showed that a graphene modified mem-
brane prepared by the phase inversion method was a simple and ef-
fective method for improving air-cathode performance in an MFC.
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