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of the natural availability of oxygen in air. In this work, the microbial 

catalysis was improved adding cerium oxide nanoparticles (nanoceria) in 
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Two kinds of nanoparticles were tested: CeO2 and Sm-doped CeO2 (Sm-CeO2) 

on carbon powder, using pristine carbon powder cathodes as a control. The 

power generated was 113, 65 and 31 mWh m-2, for Sm-CeO2, CeO2 and control 

MFCs, respectively, during four subsequent fed cycles of 0.036 mol L-1 

Na-acetate in carbonate buffer solution. The better performance of MFCs 

was correlated to the oxygen preferential and controlled entrapping and 

release via Ce4+/3+ redox reaction at the carbon particle surface, as 

well as to the increased cathode active specific surface area. The 

achieved results suggest that nanoceria can act as oxygen storage for 

bacteria in the anaerobic biofilm colonizing the cathode. 
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Abstract 20 

High materials costs and low performance of microbial fuel cells (MFCs) are the persisting bottlenecks that 21 

significantly affect their applications. In membraneless single-chamber MFCs using carbon-based electrodes 22 

and an air-breathing cathode, bacteria play a role for both the anodic and cathodic processes. However, the 23 

microbial cathodic semi-reaction is the rate-determining step that can impair the advantage of the natural 24 

availability of oxygen in air. In this work, the microbial catalysis was improved adding cerium oxide 25 

nanoparticles (nanoceria) in carbon-based cathodes of air-breathing MFCs, boosting their performance. Two 26 

kinds of nanoparticles were tested: CeO2 and Sm-doped CeO2 (Sm-CeO2) on carbon powder, using pristine 27 

carbon powder cathodes as a control. The power generated was 113, 65 and 31 mWh m
-2

, for Sm-CeO2, 28 

CeO2 and control MFCs, respectively, during four subsequent fed cycles of 0.036 mol L
-1 

Na-acetate 29 

in carbonate buffer solution. The better performance of MFCs was correlated to the oxygen preferential 30 

and controlled entrapping and release via Ce
4+/3+

 redox reaction at the carbon particle surface, as well as to 31 

the increased cathode active specific surface area. The achieved results suggest that nanoceria can act as 32 

oxygen storage for bacteria in the anaerobic biofilm colonizing the cathode.   33 

1. Introduction 34 

The microbial fuel cell technology has been attracting a great scientific interest over the last decade, 35 

especially for its potential in recovering organic pollutants from wastewater [1]. In a MFC, the 36 

bacteria can catalyse one or both the red-ox semi-reactions, producing electricity directly from the 37 

degradation of organic diluted wastes [1–6]. In a broader context, microbial bioelectrochemical 38 

systems promise revolutionary advantages also for soil and sediments bioremediation [7], innovation 39 

in robotics [8] and for healthcare applications [9] as well as for energy recovering purpose. However, 40 

the deployment of bioelectrochemical technologies is still hindered by several weaknesses and in 41 

particular: i) low cathodic kinetics in neutral media; ii) poor performance in harsh working 42 

conditions; iii) the utilization of effective, but economically unsustainable chemical catalysts such as 43 

platinum group metal (PGM).  44 
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In recent studies, membraneless single-chamber MFCs using an air breathing cathode have been 45 

extensively investigated as one of the most promising cost-effective system [1,10–13]. In this 46 

configuration, bacteria build biofilms on both the electrodes playing several paramount roles: i) 47 

promote the oxidation of fuel (biodegradable organics) at the anode; ii) enhance the oxygen 48 

reduction reaction (ORR) at the cathode, in an environment rich of organic by-products or sulphides 49 

where PGM catalysts would be poisoned; iii) consume the oxygen and prevent its diffusion through 50 

the anolyte, operating as a natural electrolytic membrane. Indeed, the bacteria consortium growing 51 

on air breathing biocathodes consumes oxygen incoming from the cathode’s porosity for their 52 

metabolism, actuating complex aerobic-anaerobic pathways [14]. In this way, they fit as an 53 

electrolytic barrier hampering the oxygen diffusion through the anode [15].  54 

However, the biological ORR is usually the kinetic limiting step for single-chamber MFC processes. 55 

Furthermore, the biocathode suffers of carbonate deposits forming on the solid conductor beneath the 56 

biofilm, due to the local pH increase consequent to the ORR [16,17]. The exploration of highly 57 

performing ORR catalysts for cost-effective materials is therefore crucial to overcome these 58 

limitations.  59 

Almost all conductive materials can support the growth of a thick biofilm and the mostly tested are 60 

carbon-based materials [1,10–18] and stainless steel [19,20]. ORR kinetics on cathodes takes place 61 

following different reaction mechanisms, depending on the material: i) through H2O2 intermediate 62 

formation (2e
-
), ii) initial formation of H2O2 that is disproportionated into H2O (2x2e

-
), iii) directly 63 

forming H2O transfer mechanism (4e
-
) [21–23].  64 

A micro-porous layer (MPL) based on carbon black or activated carbon (AC) is often used to 65 

increase the surface area for the bacteria settlement and to avoid corrosion [10,11,14–18]. AC is able 66 

to increase the ORR rate due to its high surface area, especially if enriched with carbon nanotubes 67 

[24,25], and thanks to catalytic functional groups [1,18]. Organic based catalysts (e.g. porphyrins 68 

[26] and phthalocyanines [27,28]) can be also added to improve AC performance.  69 

Among Pt alternatives, other materials such as transition metals and metal oxides are excellent 70 

candidates, considering the positive feedback from the experience of other closely related 71 
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electrochemical technologies [1,27,29,30]. Nevertheless, they often express a relevant toxicity for 72 

bacteria as well for cells of living organisms.  73 

In this context, the redox properties of CeO2 nanoparticles have attracted the interest of the scientific 74 

community, being able to promote both oxygen evolution reaction (OER) and ORR [31]. Moreover, 75 

in biological systems Ce
4+/+3+

 catalytically reacts with superoxide and hydrogen peroxide, mimicking 76 

superoxide dismutase (SOD) and catalase enzymatic activity [32–34], acting as antioxidant agent 77 

capable to abate all the reactive oxygen species (ROS)[35–38].  78 

A previous work already demonstrated that the bioelectrochemical activity of bacteria was promoted 79 

by nanoceria at the anode of MFCs, improving the anode electron transfer efficiency and the power 80 

performance [39]. It has been reported that nanoceria could enhance the growth of some bacterial 81 

species while inhibiting others [40]. At the cathode, the capability of nanoceria to store and transfer 82 

oxygen on activated carbon was already tested in double chamber MFCs, but with a MnO2 co-83 

catalyst, in sterile conditions [41]. The results confirmed that nanoceria in synergy with MnO2 was 84 

responsible of making oxygen available for a prolonged period enhancing the ORR rate and MFC 85 

performance, even if in a rather low performing system (∼2403 mW/m
3
).  86 

Hence, the capability of nanoceria in enhancing the activity of air breathing carbon-based microbial 87 

cathodes in single-chamber MFCs was experimented in this work. CeO2 and higher surface Sm 88 

doped nanoceria (Sm-CeO2) nanoparticles were tested. The rationale was to decouple the effect of 89 

oxygen vacancies (oxygen storage ability) from that of the Ce
4+/3+

 redox couples (direct 90 

electrocatalytic activity). In fact, Sm-CeO2 nanoparticles, with 20% Sm, possess almost the same 91 

oxygen vacancy concentration than undoped nanoceria but with negligible Ce
3+ 

ion concentration 92 

[37,38].  93 

Microporous carbon cathode types were operated, in three different MFCs: i) a nanoceria added 94 

cathode MFC (CeO2 MFC); ii) a samarium-doped ceria added cathode MFC (Sm-CeO2 MFC); iii) a 95 

pristine carbon cathode MFC (Control MFC).  96 

 97 
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2. Materials and methods 98 

2.1. Synthesis and characterization of CeO2 and Sm-CeO2 nanoparticles 99 

The CeO2 and 20 at% Sm-CeO2 were produced with the same wet-chemical synthesis procedure 100 

reported in previous works, which also describe the characteristics not discussed here [31,36,42,43]. 101 

A post synthesis functionalization of 3-aminopropyltriethoxysilane dried nanoparticles was 102 

performed at pH 9.6 and 50 °C, starting from Ce(NO3)3 × 6H2O and 6-{2-[2-(2-Methoxy-ethoxy)-103 

ethoxy]-ethoxy}-hexyl)triethoxysilane.  104 

The Brunauer-Emmett-Teller (BET) specific surface area was obtained from N2 105 

adsorption/desorption isotherms at 77 K using aMicromeritics Tristar II 3020 equipment. Before 106 

measurements, powder samples were heated to 150 °C for 4 h under a N2 flow to remove adsorbed 107 

species. Measurements were performed more than three times to assess isotherms reproducibility and 108 

accuracy. Specific surface area values were determined using the instrument software. The porosity 109 

distribution was evaluated for each sample by using the Barrett-Joyner-Halenda (BJH) method 110 

applied to the N2 adsorption data. 111 

2.2. SEM analysis  112 

The nanopowder morphology was characterized using scanning electron microscopy (SEM). 113 

Imaging was performed using a Leo 1430 SEM (Zeiss, Oberkochen, Germany). 114 

Micrographs of biofilm on the operated CeO2 cathode were also produced using a SEM Tescan Mira 115 

3 – SEM field emission, at 20 KV. Cathode samples were cut, treated with glutaraldehyde 2%, dried 116 

with ethanol (20%, 40%, 60%, 80% and 95%), and finally coated with a carbon layer for SEM 117 

observations. 118 

2.3. Electrodes 119 

Anodes were made of carbon cloth (SAATI C1) without any surface treatment. 5 x 10 cm carbon 120 

cloth rectangles were cut and electrically connected to a plastic-insulated copper wire. A bi-121 

component epoxy resin (PROCHIMA COLLA EPOXY) was used to insulate the electrical 122 
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connection. The electrical connection was tested for internal resistance and fluid contact/leakage by 123 

exposure to distilled water, as performed in previous tests [42].  124 

Cathodes were fabricated by using 6 x 6 cm rectangles made of the same carbon cloth (SAATI C1) 125 

rectangles. The geometric surface area exposed to the wastewater was a circle with a 3 cm
2
 area. The 126 

cathode was equipped with microporous layers that were prepared by mixing carbon black particles 127 

(TIMCAL ENSACO), polytetrafluoroethylene (PTFE) suspension, distilled water and a non-ionic 128 

surfactant (TritonTM X100, Sigma-Aldrich). Briefly, carbon black particles, distilled water and 129 

TritonTM X100 were added in a jar and mixed for 10 min. Then, a weighted amount of PTFE (60% 130 

dispersion in water, Sigma-Aldrich) was added to the solution and mixed for additional 10 min as to 131 

obtain a final PTFE percentage to carbon equal to 70 wt%. This slurry was spread and levelled onto 132 

carbon cloth rectangles and the excess was removed using a spatula. The resulting composite was 133 

then heated under static air for 30 min to 340 °C, aiming at evaporating water and decomposing the 134 

surfactant, near the PTFE melting point, as reported in a previous work [44]. The same procedure 135 

was repeated, layer by layer, three times on the same carbon cloth rectangle. The electrical 136 

connection to the external circuit was made directly connecting a copper wire to the carbon cloth and 137 

covering the connection with a thick layer of epoxy resin.  138 

A suspension of either CeO2 or Sm-CeO2 samples dispersed in ethanol (11 mg mL
-1

) was prepared, 139 

sonicated for 5 min, and drop-cast onto a cathode circular surface area of 3 cm
2
. The final catalyst 140 

loading was calculated to be 1 mg cm
-2

. Following the same procedure, three cathodes were 141 

prepared: i) pristine carbon cathodes as a control; ii) CeO2-added cathodes; iii) Sm-CeO2-added 142 

cathodes.  143 

 144 

2.4. MFC setting 145 

Single-chamber MFCs, without a polymeric membrane separating the anode from the cathode, were 146 

operated in batch mode at room temperature (25 ± 2 °C). Electrodes (anode and cathode projected 147 

areas of 100 cm
2
 and 3 cm

2
, respectively) were positioned at a relative distance of 2 cm. A Pyrex 148 

bottle of 125 mL was equipped with a large Pyrex flange on one side, to settle the open-air cathode, 149 
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as illustrated in Figure S1 of Supplementary information. The catalyst layer was exposed to the 150 

wastewater side and the anode was positioned inside the bottle. The bottle top was sealed with a 151 

hermetic plastic screw cap.  152 

The tests were performed using as medium and inoculum swine manure, sampled in a pig-farm near 153 

Milan (Italy). Concentrated swine manure (COD = 13 g L
-1

) was diluted (1:10) with a carbonate 154 

buffer (pH 7.8, 0.1 M) to avoid organic/inorganic overloads. 155 

After inoculation, the anode and the cathode were connected to a 100  external load. Cell potential 156 

difference was recorded every 20 min across the load using a multichannel data logger (Graphtec 157 

midi LOGGER GL820). The generated current (I) was calculated using the Ohm’s law (I = V R
-1

, 158 

where R is the external resistive load and V is the cell potential difference) and normalized by the 159 

cathode area to obtain the current density (j). After the current generation dropped, sodium acetate 160 

(Aldrich) was added to the anodic chamber (0.036 mol L
-1

 concentration) as a fuel for bacterial 161 

metabolism in subsequent batch cycles.  162 

The anolyte conductivity varied from 2 ± 0.1 mS/cm at the beginning of the fed cycle to 1.2 ± .3 163 

mS/cm at the end of the cycle. 164 

 165 

2.6. Electrochemical characterization 166 

Nanopowders 167 

Preliminary electrochemical characterization of the two CeO2-based nanopowders was performed in 168 

phosphate buffer solution (pH 7.8) and 0.1 mol L
-1

 KOH (pH 14) using cyclic voltammetry (CV) 169 

through a potentiostat (Amel mod. 7050). Catalyst aliquots were dispersed in ethanol, sonicated for 5 170 

min and pipetted onto the glassy carbon tip (geometric surface area: A = 0.07 cm
2
, EDI 101, 171 

Radiometer) and dried in a bottom-up position over a tungsten lamp (100 W). Ceria-based 172 

electrocatalyst loading was 1 mg cm
−2

.
 
A two-compartment cell with a graphite counter electrode 173 

(Amel 201/S-016) and an Ag/AgCl external reference electrode (Amel) in 3 mol L
-1

 NaCl was used. 174 

Before the recording of CV curves, the working electrode was conditioned by cycling 45 min in N2 175 

saturated 0.1 mol L
-1

 KOH within the E = −0.900 / +0.150 V potential range. When using carbonate 176 

buffer solution, the potential range was E = −1.2 / +0.1 V. This step was followed by 100 min 177 
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cycling in O2 saturated solution (v = 0.005 V s
−1

). CV curves in O2 were recorded at the same 178 

conditions. After measurements in O2, CV curves were again recorded in N2 to obtain background 179 

faradaic currents for O2 reduction data correction. 180 

MFC system 181 

The anodic and cathodic open-circuit potential (OCP) values for each MFC system were periodically 182 

measured vs an Ag/AgCl (KCl sat.; 0.198 vs SHE) reference electrode, after 2 h equilibration time. 183 

Cell OCP values were also measured. 184 

Power curves were periodically recorded with a two-electrode configuration. Before each 185 

electrochemical measurement, 2 h equilibration time was found necessary to allow the MFC system, 186 

disconnected from the data logger, to reach its OCP. The anode was set as working electrode and the 187 

cathode as reference electrode. A linear sweep polarization (v = 0.010 V min
-1

) was recorded from 188 

the cell OCP to 10 mV. Power (P) was calculated by P = I ×V and plotted against the current density 189 

(j) referred to the geometric area of the cathode (3 cm
2
). 190 

Coulumbic efficiency (CE) was calculated by comparing the actual electric charge produced during 191 

each feed cycle to the available charge of the dosage (0.036 mol L
-1

 acetate) supposing that all the 192 

acetate was consumed during the cycle. 193 

Polarization curves on the cathodes were also periodically performed, using a three-electrode 194 

configuration with a graphite rod as a counter electrode, and an Ag/AgCl in KCl (sat.) as reference 195 

electrode. Before each measurements, the working cell was left at open circuit potential (OCP) for at 196 

least 1 h and then the analysis was performed. The scan rate was v = 0.010 V min
-1

. 197 

3. Results and Discussion 198 

3.1. CeO2 and Sm-CeO2 preliminary characterization 199 

SEM analysis was initially used to investigate the catalyst morphology and dispersion onto the 200 

carbon-based cathodic surfaces. Figure 1 shows the micrographs of the carbon-based cathodes added 201 

with CeO2 nanoparticles (Figs. 1A, 1C) and added with Sm-CeO2 nanoparticles (Figs. 1B, 1D). 202 

Figures 1A and 1B show the formation of a uniform particle film on the carbon, interrupted by few 203 
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cracks, with the presence of nearly spherical large particles of micrometric size. The aggregates were 204 

more pronounced for the Sm-CeO2, as shown in Fig. 1B. The micrographs at higher magnification 205 

(Fig. 1C and 1D) showed that the particles preserved their nanostructure, even though the Sm-CeO2 206 

particles displayed a smaller average size (several nm).  207 

In agreement with the SEM observations, the N2 adsorption/desorption isotherms (Fig. 2A) showed 208 

that the BET specific surface area (SSA) values for CeO2 and Sm-CeO2 were 51 ± 3 m
2
 g

-1
 and 145 ± 209 

7 m
2
 g

-1
, respectively.  210 

Contrary to what previously reported [37], a three-fold increase in SSA was observed upon Sm 211 

introduction and solid solution formation during the synthesis. However, Li et al. [45] observed that 212 

doping cerium oxide with 20 at% samarium increased the lattice parameter of the parent structure 213 

and effectively inhibited crystallite growth during nanoparticle synthesis, resulting in smaller particle 214 

size and larger surface area. The pore area distribution in the 2-125 nm range (Fig. 2B) showed the 215 

shift of the maximum peak for Sm-CeO2 particles to 20 nm from 40 nm for CeO2 particles, thus 216 

confirming the more pronounced nanostructured nature of the Sm-CeO2 [45].  217 

Both samples are characterized by an isotherm of Type IV. In fact, their hysteresis loop is associated 218 

with capillary condensation taking place in mesopores and the limiting uptake lies over a range of 219 

high p/p°, more visible in Sm-CeO2 isotherm. The initial part of the Type IV isotherm is attributed to 220 

monolayer-multilayer adsorption. The corresponding hysteresis loop is ascribable to Type H1, 221 

attributable to porous materials constituted by agglomerates or compacts of approximately uniform 222 

spheres in fairly regular array [46]. 223 

The electrocatalytic properties towards ORR of CeO2 and Sm-CeO2 deposited on a glassy carbon 224 

(GC) was investigated by polarization curves. The deposition of the nanocatalysts on conducting 225 

substrates such as GC is an efficient strategy adopted to increase their conductivity [47]. Figure 3A 226 

shows the cathodic polarization curves for ORR recorded in carbonate buffer solution (pH 7.8) for 227 

the three samples with the current density being normalized by the GC electrode area (0.07 cm
2
). As 228 

expected, the bare GC electrode displayed poor catalytic behaviour for ORR: the limiting current 229 

was undetectable and the onset potential (Eon) calculated by the tangent method (about -0.350 V vs. 230 
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SHE) is 0.650 V lower than the Eon observed for a commercial Pt catalyst (0.5 mg cm
-2

) in similar 231 

pH condition (Eon = 0.3 V vs. SHE) [20].  232 

The GC electrodes covered by CeO2 and Sm-CeO2 showed a higher Eon for ORR than bare GC 233 

(black-solid and black-dotted lines in Fig. 3A): -0.150 V (vs. SHE) and +0.050 V (vs. SHE) 234 

measured for the CeO2 and Sm-CeO2 samples, respectively.  235 

These results confirm that ceria plays an important contribution to the ORR activity, definitely 236 

improved with respect to the GC, although without reaching the state-of-the-art ORR electrocatalyst 237 

performance [21]. Indeed, a limiting current density was detectable (about 1.4 10
-4

 A cm
-2

). It is well 238 

known that the defects induced by oxygen vacancies dominate the electronic and chemical properties 239 

of CeO2. The increase in oxygen vacancy concentration can reduce the band gap and elongate the O-240 

O bond of the adsorbed O2, enhancing the catalytic ability of CeO2 for ORR [48]. 241 

The superior catalytic properties displayed by the Sm-doped nanoceria can be justified by the 242 

presence of the smallest grains whit highest specific surface area [48,49].  243 

From the chemical point of view, proton reaction in ORR and the formation of OH
-
 as final product 244 

causes the local alkalinization of the cathode. Several works demonstrated that an electrocatalysis 245 

improvement is usually expected at alkaline pH [50–52]. This is due to the improved stability at high 246 

pH of intermediate hydroperoxide anions that enable a complete 4e
−
 transfer on the active sites [51].  247 

High pH, up to 12-13, was measured near the cathode also in operating single-chamber MFCs [11]. 248 

Taking into account these aspects, the cathodic polarization curves were repeated in 0.1 mol L
-1

 249 

KOH solution (Fig. 3B). The results confirmed that the ORR onset potential at pH 13 were shifted to 250 

less cathodic values, as expected, for bare GC and CeO2 catalyst (by 0.150 V than in the carbonate 251 

buffer). Nevertheless, the ORR onset potential of Sm-CeO2 catalyst maintained the same value 252 

(0.050 V vs. SHE) at alkaline pH, as well as in the neutral buffer. This is explained by a different 253 

oxygen binding strength in the two catalysts. Catalysts based on a redox system as Ce
4+/3+

, with weak 254 

O2 binding (i.e. positive redox potential) reduce oxygen at an onset potential that shifts towards more 255 

positive values in the SHE scale by a pH increase; on the other hand, catalysts based on a redox 256 

system characterized by a strong O2 binding, such as Sm (i.e. negative redox potential), reduce 257 

oxygen at an onset potential that is independent from the pH [53]. 258 
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 259 

3.2. MFC electrochemical behaviour  260 

Figure 4A shows the current trend achieved operating the MFCs with different cathodes and 261 

measured through the resistance of 100 Ω, during five cycle of acetate (0.036 mol L
-1

) dosage.Sm-262 

CeO2 MFC was always the best performing cell throughout the 75 days operation.  263 

The generated power values of 113 mWh m
-2

 and 65 mWh m
-2

 were estimated from the current 264 

trends, produced by Sm-CeO2 and CeO2 MFCs, respectively.  265 

Only 31 mWh m
-2 

was produced by control MFC. Therefore, Ce-based cathodes significantly 266 

improved performance, despite the intrinsic limitations in the MFC set-up, due for instance to the 267 

high PTFE content used in the cathode [44].  268 

During the feed cycle 1, the current density in Sm-CeO2 MFC reached 1867 mA m
-2

, much larger 269 

than the peak of 1290 mA m
-2

 reached in the CeO2 MFC. During feed cycle 2, the Sm-CeO2 MFC 270 

reached again higher current value (2100 mA m
-2

) than the CeO2 MFC (1680 mA m
-2

). The gap 271 

between the current peaks narrowed over time and current densities overlapped at almost 2500-2750 272 

mA m
-2

 during feed cycle 3 and 4. Nevertheless, the Sm-CeO2 MFC remained the best performing 273 

sample, being characterized by longer lasting acetate feed cycle. 274 

Each MFC type had slightly better performance cycle by cycle, during the whole test (Fig. 4A). The 275 

current density increase might be assigned to the formation over time of an electroactive biofilm, 276 

especially thick on the cathode (Figure S2 and S3). The proof of an enhancement of the bacteria 277 

activity on electrodes can be also inferred by the increase of the coulombic efficiency (Table 1). This 278 

phenomenon did not depend upon the anode and cathode OCPs, which fluctuated and then finally 279 

stabilized at similar values, as evidenced from Fig. 4C and 4D. 280 

The anode OCPs were similar for the three MFCs, with a tendency to be lower than the others for the 281 

Sm-CeO2 MFC (Fig. 4C). In this last case, the higher values of the cathode OCP during the first two 282 

cycles (0.1 V more positive than the others; Fig. 4D), did not correspond to the higher performance 283 

of this cathode, confirming that the Sm-CeO2 MFC cathodic reaction mostly benefited by the 284 

synergistic presence of the chemical catalyst and the growth of an electroactive biofilm.  285 
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The carbonate buffer was able to control the pH in a range favourable for the microorganism growth 286 

during all the 70 days experimentation, as neither significant alkalization, nor acidification of the 287 

solution occurred (Fig. 4C). pH in the bulk of anolyte slightly varied during remaining cycles 288 

between 7-9, a safe range for the bacteria life [54,55], although a more pronounced variation could 289 

have more likely occurred near the electrodes beneath the biofilms, as previously documented 290 

[15,54].  291 

From day 63, the fast and definitive decline in performance for all the MFCs (few days earlier for 292 

CeO2 MFC) was likely due to alkalinization and the precipitation over time of a carbonate wall 293 

beneath the cathodic biofilm, as previously documented for this type of cathodes and carbonate 294 

buffered media [16]. In the end, the abundance of carbonates in the buffered solution strongly limited 295 

the cathode.  296 

Indeed, after the fifth cycle, the acetate addition to MFCs (day 70) was no longer successful in 297 

producing current, and the test was interrupted.  298 

The image of the operated cathodes, enriched in carbonate, is reported in Figure S2- S5. Dried 299 

deposits on the CeO2 cathode found under the biofilm is reported in Figure S4. The carbonate deposit 300 

resistant to mechanical and hydraulic cleaning of the Sm-CeO2 cathode is shown in Figure S5. 301 

Figure 5 shows the SEM micrographs of the operated CeO2 cathode, collected in different areas of 302 

the samples. Bacteria on the external surface of the biofilm are clearly visible in Figure 5A. In Figure 303 

5B details of colonized CeO2 nanoparticles are underlined (EDS element analysis in Figure 5D); 304 

Figure 5C shows carbonates particles growing in the cathode under the biofilm (EDS element 305 

analysis in Figure 5E).  306 

Figure 6A shows the cathode polarization curves recorded at day t = 0 and under feeding conditions 307 

in representative cycle 1 and 3. At t = 0 and during cycle 1, the Sm-CeO2 cathode displayed higher 308 

current densities than CeO2 cathode and control cathode, the latter characterized by very low current 309 

density.  310 

The improved performance of each cathode is still in agreement with the growth and stabilization of 311 

a catalytic active biofilm under feeding conditions. Only later, at cycle 3, the CeO2 biocathode 312 

reached a current production similar to that of Sm-CeO2 one. The early higher performance of the 313 
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Sm-CeO2 cathode might be associated to a local increase of pH under the biofilm, at more favourable 314 

values for the CeO2 ORR catalyst, which did not produce an equivalent high performance in terms of 315 

MFC generated current density (Fig. 6A) and power density (Fig 6B). This is likely ascribable to a 316 

not still mature anodic biofilm at that time. Figure 6B shows the power curves recorded at 317 

acclimation and feeding cycles 1 and 3. During the initial acclimation, all the recorded power curves 318 

were characterized by a relatively low maximum power density (Pmax) ranging between 0.04 and 319 

0.06 W m
-2

. During cycle 1, the power peak of the control MFC reached a slightly higher value 320 

compared to the acclimation period, similar to the CeO2 MFC and Sm-CeO2 MFC which were 321 

characterized by Pmax of 0.13 W m
-2

 and 0.18 W m
-2

, respectively. The peak power density values of 322 

the CeO2 MFC and Sm-CeO2 MFC were further enhanced from the cycle 1 to cycle 3 up to similar 323 

values (Pmax = 0.21 W m
-2

 and 0.22 W m
-2

, respectively). From day 40 onward, indeed, Sm-CeO2 324 

MFC and CeO2 MFC performed similarly. Based on these results, it could be hypothesized that the 325 

growing carbonate scale introduced a physical obstacle under the biofilm [16], causing a coulombic 326 

efficiency decay of CeO2 MFC in the last cycle and nullifying the advantage of the higher initial 327 

surface area of the Sm-CeO2 nanopowder. 328 

3.4. Nanoceria oxygen storage ability 329 

Many of the applications of ceria nanoparticles arise from the low redox potential between the Ce
3+

 330 

and Ce
4+

 oxidation states and the high mobility of oxygen vacancies in the nanosize regime [56]. 331 

Oxygen vacancies are created to guarantee charge neutrality. Due to this phenomenon, which 332 

increases oxygen diffusion, ceria can easily absorb and release oxygen being a well-known oxygen-333 

storage material [31]. The lattice constant and Ce
3+

 concentration are increased with decreasing the 334 

particle size [57], since the concentration of defects is larger at the subsurface layer [58]. The 335 

substitution of trivalent elements, such as Sm, in the Ce lattice sites can also enhance the formation 336 

of oxygen vacancies. Two Ce
4+

 ions are replaced by two trivalent cations in the ceria lattice [56]. 337 

Therefore, in the Sm-doped ceria the concentration of oxygen vacancies is almost the same as in the 338 

undoped ceria, but the Ce
3+ 

concentration is reduced, hindering the possibility to exploit the Ce
4+/3+

 339 

redox couple [37]. 340 
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This is important for understanding the improved ORR mechanism, since it may be caused either by 341 

increased oxygen storage ability, due to oxygen vacancies, or by a direct increase in the 342 

electrocatalytic activity through the Ce
4+/3+

 redox couples. In fact, Peng et al. [47] demonstrated that 343 

CeO2 was able to enhance the ORR electroactivity of carbon-based systems such as graphene with a 344 

direct enhancement of the oxygen reduction reaction. It is also known that oxygen-defect formation 345 

is accompanied by localization of the electrons left behind in Ce 4f states, leading to formation of 346 

two Ce
3+

 ions [59]. The oxygen vacancy concentration increase reduces the band gap and elongates 347 

the O-O bond of the adsorbed O2. The catalytic activity of CeO2 for ORR is consequently enhanced. 348 

In addition, the valence switch between Ce
3+

 and Ce
4+

 gives to cerium oxide redox ability; Ce
4+

 ions 349 

and the surface vacancies play a significant role for oxidation, while the Ce
3+

 ions and electron 350 

shuffling within the lattice oxygen vacancies are important for reduction [59]. Hence, an ORR 351 

electrocatalytic activity enhancement might be related to oxygen-defects in cerium oxide 352 

nanoparticles acting as active oxygen adsorption sites, and/or Ce
3+

 and electron shuffling within the 353 

lattice oxygen vacancies, improving the catalysis of the oxygen reduction.  354 

These two aspects, ceria oxygen storage ability and ceria electrocatalytic activity, are both crucial in 355 

the explanation of the enhanced performance of Sm-CeO2 MFC and CeO2 cathode MFC with respect 356 

to the control cathode MFC. The microporous layer on which ceria-based nanopowders were 357 

deposited in the case of Sm-CeO2 MFC and CeO2 MFC is subjected to anaerobic conditions, being 358 

exposed to the anolyte side and colonized of anaerobic or microaerophilic bacteria for a large extent 359 

[11,14]. Hence, without any additional help, the final cathodic reactant - oxygen - is impeded by 360 

diffusion resistance in reaching the catalytic sites, as well as the mediators produced by bacteria. 361 

However, due to the presence of ceria-based nanoparticles that act as an oxygen reservoir, the 362 

reactant lack at the interface between electrodes and biofilm is lowered. The fact that both Sm-doped 363 

and undoped ceria nanoparticles work similarly and better when the biofilm is developed, 364 

demonstrates that this is the main mechanism for ORR catalysis enhancement. The larger specific 365 

surface area of Sm-CeO2 sample can explain the further enhancement in ORR electrocatalysis. The 366 

differences in current production between Sm-CeO2 MFC and CeO2 MFC found within the first 40 367 

days operation (Fig. 3) might be ascribed to the Sm favoured ORR at pH around 8, other than to the 368 
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higher specific active surface. After day 40, a local growth of CaCO3 deposits beneath cathodic 369 

biofilm might have affected these conditions. In fact, the MFCs with CeO2 and Sm-CeO2 cathodes 370 

started producing the same current, although acetate cycles were longer lasting in Sm-CeO2 system, 371 

which reached in this way the highest coulombic efficiency (Table 1). This is correlated with a 372 

bioanode performance improvement, which deserves further investigation. Notably, it can be 373 

concluded that the role played by the Ce redox couple on ORR is minor in the presence of a biofilm 374 

on the cathode. 375 

The good affinity of nanoceria with the electroactive system of a microbial fuel cell in long lasting 376 

tests suggests that the bacteria pool does not suffer, but rather takes advantage of its presence, as 377 

Figures 5 and S3 report colonized nanoceria particles. This is an important result since it suggests 378 

that nanoceria can be considered a promising candidate for electrochemical applications where the 379 

biocompatibility with the microbial pool is a relevant issue [57].  380 

Conclusions 381 

Nanoceria in air breathing carbon biocathodes enables more than a two-fold increase of the electric 382 

energy generated in single-chamber MFCs. Sm-doped CeO2 nanoparticles with high specific surface 383 

area maximize the performance of the microbial cathodes studied in the present work, settling their 384 

central role as oxygen reservoir for cathodic biofilm. Nano-CeO2 particles stimulate the microbial 385 

biocathode electroactivity having consequently a beneficial effect on the electroactive performance 386 

of the bioanode, during successive feeding cycles. Future effort will be addressed in optimizing the 387 

carbon structure of the cathodes and their porosity, as well as on the studies of the specific influence 388 

on the anode activity in a perspective of powerful and long lasting bioelectrochemical application. 389 
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Figure captions 578 

Figure 1 SEM micrographs of the carbon-based cathodes doped with CeO2 nanoparticles (A, C) and 579 

with Sm-CeO2 nanoparticles (B, D). 580 

Figure 2. BET N2 adsorption/desorption isotherms of CeO2 and Sm-CeO2 samples (A). Pore area 581 

distribution (B). 582 

Figure 3. ORR cathodic polarization curves recorded in air-saturated carbonate buffer
 
(A) and air-583 

saturated 0.1 M KOH (B). T = 25 °C, v = 5 mV s
-1

. 584 

Figure 4. Current density (A), pH (B), anode OCP (C) and cathode OCP (D) trends of the operated 585 

MFCs during feed cycles: Sm-CeO2 MFC (red), CeO2 MFC (green) and control MFC (grey). 586 

Figure 5. SEM micrographs of the CeO2 cathode at the end of the test and EDS element analyses in 587 

two points. A): biofilm Surface; B): CeO2 particles colonized by biofilm; C): carbonates particles 588 

growing in the cathode under the biofilm; D): EDS analysis of CeO2 aggregates on the surface in B 589 

(d); E): EDS analysis of the carbonates in C (e).  590 

Figure 6. (A) Cathode polarization curves and (B) power density curves performed on operating 591 

MFCs at the beginning (time 0 and acclimation), cycle 1 and cycle 3 of feeding cycles: Sm-CeO2 592 

MFC (red), CeO2 MFC (green) and control MFC (grey). 593 

Table captions 594 

Table 1. Coulombic efficiencies for each feed-batch cycle. 595 



 % Coulombic Efficiency 

 Acclimation Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Control MFC 4.4 6.3 7.1 10.2 13.3 

CeO2-MFC 8.6 9.4 15.2 17.0 9.4 

Sm/CeO2-MFC 8.6 14.2 18.1 22.2 23.0 
 

Table 1. Columbic efficiencies for each feed-batch cycle. 
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Figure 2. (A) BET N2 adsorption/desorption isotherms of CeO2 and Sm-CeO2 samples. (B) Pore area 

distribution. 

 

Figure(2)



 

 

 

 

 

 

 

Figure 3. ORR cathodic polarization curves recorded in air-saturated carbonate buffer
 
(A) and  air-

saturated 0.1 M KOH (B). T = 25 °C, v = 5 mV s
-1
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Figure 4. Current density (A), anodic chamber pH (B), anode’s OCP (C) and cathode’s OCP (D) 

trends of the operated MFCs during feed cycles: Sm-CeO2 MFC (red), CeO2 MFC (green) and 

control MFC (grey). 
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Figure 5. SEM micrographs of the CeO2 cathode at the end of the test and EDS element analyses in two 

points. A): biofilm Surface; B): CeO2 particles colonized by biofilm; C): carbonates particles growing in the 

cathode under the biofilm; D): EDS analysis of CeO2 aggregates on the surface labelled (d); E): EDS analysis 

of the carbonates in (e).  
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