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1Abstract: A simple approximate proportional relationship was
>found between the increases of electricity generation of microbial
sfuel cells and the volume fraction of mesopores in gas diffusion
slayers. More importantly, the underlying mechanism of the effect
sof pore-size distribution was explored in detail by introducing
sKnudsen gas transport theory.

;1. Introduction

sMicrobial fuel cells (MFCs) are emerging technologies for
sextracting electrical energy from biomass, especially from
wpollutants in wastewater.” In a typical MFC, electrochemically
uactive bacteria on the anode gain energy from metabolizing
npollutants in wastewater and release the resulting electrons
1and protons to the cathode (electrons flowing through
uexternal circuit and protons diffusing through the electrolyte).
1sThese electrons and protons react with oxidant on the
wcathode and form a cell Ioop.2 The single chambered air-
17cathode microbial fuel cells (ACMFCs) are one kind of MFCs,
1swhich use oxygen (O,) from air as the oxidant at the cathodes
1vand become a promising configuration of MFCs to be scaled
woup for wastewater treatment due to its high power output,
z1simple structure, and no cost of electron acceptor.3

2 Reaction rate of oxygen reduction (ORR) in the cathode
210f MFC is almost unobservable without catalysts. Although the
2Pt/C as catalyst for ORR is effective, its disadvantage of high
»scost has greatly limited its application. The searching for its
6low-cost substitutes has become a hot research spot with
27many successful attempts such as active carbon catalyst4’ 3
28and nitrogen doped carbon catalysts’ 7. On the other hand,
2orate of oxygen transport in the cathode is found to be another
sokey factor greatly impacting the rate of ORR. Fornero et al®
siincreased the maximum power density (MPD) of MFC by 70%
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32with a twice air pressure. Similarly, Jang et al.? increased the
sscurrent density by 2.5 times with a 4 times enhanced aeration
uflux. Although these approaches are effective in improving
sspower output, a power supply is indispensable when running
36MFC. Recently, the pore structure of catalyst layer was found
37to be critical for the improvement of ORR rate. The MPD of an
3sACMFC increases with the increasing of either specific surface
ssarea’® or porosity11 of catalyst layer. However, as the first
sochannel of the air going through the cathode, the pores in the
aigas diffusion layer (GDL) might be as important as that in the
s2catalyst layer for oxygen transport, which has received rare
ssresearch attentions. In the limited literature, Cheng et al.?
ainvestigated the effect of the number of PTFE layers on the
4sMPD, and showed that 4-layer GDL resulted in the largest
4%6MPD. The GDLs with more or less layers both decreased the
47MPD. Similar result was obtained by Zhang et al.® with PTFE-
48GDL replaced by (polydimethylsiloxane/carbon)-GDL. Yang et
wal™ improved the porosity of GDLs by doping carbon black,
sowith a 25% increase of the MPD achieved, but the effect of
sipore size distribution was not included.

52 The purpose of this work was to investigate the effect of
ssthe pore-size distribution of GDL on the MPD of MFCs. These
s4aGDLs with specific pore-size distributions were obtained by
using different cooling methods. Then the
of MFCs were tested and the internal
s7resistances  and  overpotentials analyzed.
ssimportantly, the underlying mechanism of
sodistribution effect was explored in detail by introducing
soKnudsen gas transport theory.

sssimply
ssperformances
were More

pore-size

«12. Materials and methods

622.1 Cathode preparation

63 The carbon cloth (30% wet proofed, BASF, USA) was used
64as the support material, with one side covered by the catalytic
sslayer and the other side first by the carbon base layer and
ssthen by the GDLs. In the catalytic layer, nitrogen-doped
s7carbon powders (15mg/cm2)7 were used as the ORR catalyst
ssand Nafion solution (5%, 100u|/cm2, Hesen, China) as the
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ibinder. The diffusion layer was prepared by repeating the
>following three steps four times: first paste carbon base layer
swith PTFE (60%, Hesen, China), then calcine the electrode at
4370°C for 15min and finally cool the electrode.

5 After a series of pretests, with 370°C as the temperature
sof the muffle furnace set, the GDLs with different pore size
7distribution were prepared by adopting four different cooling
sprocedures: (a) in refrigerator at 4°C (GDL-A); (b) in freezer at -
920°C (GDL-B); (c) in muffle furnace (cooling rate: 0.5°C /min,
10GDL-C); (d) at room temperature (25°C, GDL-D).
12.2 MFC configuration and operation

2 A single-chambered cubic-shaped MFC
13constructed as in the work of Dong et al.™* with a total volume
1uof 28ml. Hydrophilic carbon cloth (BASF, USA) was used as the
1sanode, and four types of cathodes were prepared with GDL-A,
16B, C and D respectively. Both the anode and cathode had a
wprojected surface area of 7 cm?. Reactors were operated in
1sfed-batch mode in a constant temperature room (30 + 1°C)
wvwith a 1000Q external resistor and the substrate was
wrefreshed once the voltage reduced below 20mV. All the tests
nwere performed in triplicate.

2 When initializing the MFCs, the anodes were inoculated
nwith 1:1 mixture of domestic sewage (COD = 500-600mg/|, pH
u= 7.0, from urban drainage system of residential district in
»Harbin) and phosphate buffer solution (PBS, 50mM). Glucose
26(1g/l) was added to the mixture as the energy source. Until
27the maximum voltage of the reactor in each cycle became
2sstable, the above mixture was changed to a nutrient solution
wcontaining glucose (1g/l), PBS (50mM), vitamins (5ml/l) and
sominerals (12.5m|/|).15

312.3 Method and analysis

2Polarization curves and cell voltages The polarization curve
3was tested by using a potentiostat (WMPG1000, Korea) with a
uthree-electrode system (scanning rate, 0.1mV/s), and then the
sspower density was calculated from the polarization data. The
ssthree-electrode system, immersed in 50mM PBS solution, was
;zcomposed of a platinum mesh (4cm2) as the auxiliary
sselectrode, an Ag/AgCl electrode as the reference electrode
and a cathode as the working electrode. The cell voltages
swowere collected by a data acquisition system (PISO-813, ICP
21DAS Co., Ltd.) which was connected in parallel to the cell.
2Electrochemical impedance spectrum (EIS) The EIS were
ssperformed with an AC signal (amplitude 10mV) ranged from
1100kHz to 10mHz.'* The cathode impedance spectra were
ssrecorded under the condition of open circuit using the
sscathode as the working electrode, Ag/AgCl electrode as the
arreference electrode and the anode as the counter electrode.
4sThe equivalent circuit as shown in Fig. S1 was used to describe
swthe cathodic ORR and the three parameters (Rghm: the ohmic
sointernal resistance, R.: the charge transfer resistances and Ry:
sithe diffusion resistance) are identified by the least-squares
s2fitting of the Nyquist plot in ZsimpWin (Ver 3.10) program.
ssPore size distributions The volumes of pores with different
sadiameters in a GDL were determined by Brunauer-Emmett-
(BET) adsorption isotherm tests (ASAP 2020 WM,
ssMicromeritics Instrument Corporation, USA).

reactor was

ssTeller

2| J. Name., 2012, 00, 1-3

s7Scanning electron microscope (SEM) SEM (FEI model XL30,
sstungsten filament, 10 KeV electron beam) was used to
ssexamine the morphology of GDLs. The cathodes were dried
soand then sputtered with gold particles for SEM imaging.

.3. Results

623.1 Pore size distributions of GDLs

63 As shown by SEM images (Fig. 1), the pore structure was
ssindeed changed by simply controlling the cooling rate. In
ssorder to quantify the pore size distributions, the volumes of
ssmicropores, mesopores, and macropores (according to the
e7pore size classification of International Union of Pure and
ssApplied Chemistry (IUPAC)) were calculated based on the
soBarett-Joyner-Halenda (BJH) adsorption pore distribution
70(Table 1). The BJH data showed that the total pore volumes of
71the four kinds of GDL were basically the same. However, there
72was notably different for the four kinds of cathode in terms of
73the ratio of the mesopore and the total pore volume (Veso/
78Viota) and the ratio of the micropore and the total pore
7svolume (Vmicro/ Viotal): The values of Vieso/ Viotal from high to
7slow were as follows: GDL-D > GDL-C > GDL-B > GDL-A, with
77more than 20% percentage difference between the highest
7sand the lowest. Moreover, the value of Vico/ Viota for GDL-D
7swas only one third or one fourth of those for the other three
30GDLs. The detailed data on volumes of different pore
sidiameters was listed in Table S1. Normally, PTFE contracts
s2with decreasing temperature. And such contraction will
ssincrease the diameters of some pores while decreasing the
sapore sizes of others at the same time, as shown in Fig. S2. In
ssthis process, the transition may occur from any one type of
sspore to the other two types, so it is very challenging to
s7quantitatively or even qualitatively determine whether the
sscontent of a certain type of pore increases or decreases in a
sacooling process. For this reason, the relationship between the
sotemperature and the volume fraction of a type of pore should
s1tbe much more complex than a simple proportional relation.

92

9sTable 1 Volumes of micropores, mesopores and macropores in
sudifferent GDLs

Viicro/  Vimeso/  Vimacro

Vt;ta‘ Vm;cm Vn;eso Vm:cm Veotal Veotal / Viotal

(m’/g) (m’/g) (m’/g) (m’/g) %) %) %)

GDL-A 1.3x 2.5x 3.1x 7.5 19.2 238  57.7
10° 10" 10" 10"

GDL-B  1.3x 3.5x 5.0x 4.7% 269 385 369
10° 10" 10" 10"

GDL-C  2.0x 5.1x 8.3x 6.2x 255 415  31.0
10° 10" 10" 10"

GDL-D  1.4x 8.3x 6.5x 6.4 5.9 46.4 457
10° 10° 10" 10

95V micros Vmeso @aNd Vmacro respectively represent the volumes of micropore,
g6mesopore and macropore.

97Micropore (IUPAC): pore diameter < 20A

9sMesopore (IUPAC): 20 A <pore diameter <500 A

9sMacropore (IUPAC): 500 A <pore diameter

This journal is © The Royal Society of Chemistry 20xx
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4Fig. 1 SEM images of gas diffusion layers with different pore-
ssize distributions (magnification: 10000 for the main figures
sand magnification: 40000 for the inset figures)

7

83.2 Electricity generations of MFCs with different GDLs

9 An obvious proportional relationship was found between
wthe increases of MPDs and the volume fractions of mesopores
uin GDLs. The MPD order was consistent with the mesopore
nvolume fractions and from high to low was as follows: GDL-D >
13GDL-C > GDL-B > GDL-A (Fig. 2a). The value of Vieso/ Viotal OF
14GDL-D was about twice than that of GDL-A and the MFC with
15GDL-D showed an 11% larger MPD than that with GDL-A, and
16it also persisted in a dramatically broader range at relative
17high current density and cell voltage (Fig. 2b, Fig. 2c and Fig.
18S3). In a word, the MFC with the mesopores dominated GDL
19(i.e. GDL-D in this paper) exhibited the largest power output.
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23
21Fig. 2 Pore volume ratios of GDLs with different pore-size
»sdistributions (a), cell voltages (b), power densities (c) of MFC
26with different GDLs

27
28 However, it seemed unreliable to interpret the
sperformances of GDLs and corresponding MFCs by using
sovolume content of either micropore or macropore, because an
s10bvious relationship wasn’t observed between these two
2types of volume contents and the MPDs. A proportional
ssrelationship was found between micropore volume content
sand the MPDs in the comparison of GDL-A with GDL-D, but
3sthis is not the case in the comparison of GDL-A with GDL-C.
363.3 Losses of concentration polarization under different GDLs
Polarization test (Fig. 3a) showed that it was the gas
sstransport overpotential (ncn.) that greatly influenced by the
sspore size distribution of GDL, while ohmic overpotential (nNghm)
wand charge transfer overpotential (n.,.) were nearly
siunaffected. Consequently, the GDL with mesopore dominated
2and micropore minimized had the minimum diffusion
asresistance (Ry, 15Q), which was only about 5% of the other
sudiffusion resistances (300-450Q), Fig. 3b and Fig. S4).
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47Fig. 3 Polarization curves of MFCs (a) and internal resistances
ssof cathodes (b) using GDLs with different pore-size
sdistributions (Rohm: ohmic resistance; Rc: charge transfer
soresistance; Rd: diffusion resistance)

51

52

53
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14, Discussion

2 The existence of macropores was prone to causing
scathodic flooding, while micropores tended to deteriorate the
soxygen transport rate. In both cases the diffusion resistances
swould probably be too large to achieve a satisfactory power
soutput. Attempts had been made here to quantify the
7relationship between pore structure and mass transport rate.
8 The one-dimensional diffusion of gas molecules in porous
smedia involves molecular interactions between gas molecules
wwas well as collisions between gas molecules and the porous
umedia.'®*'" As gas molecules travel through the porous media,
none of three mechanisms can occur, depending on the
1scharacteristic of the diffusing gas species and the intrinsic
amicrostructure of the porous media. The three mechanisms
1isare  molecular diffusion, viscous diffusion, and Knudsen
wdiffusion. To distinguish among the three mechanisms, the
Knudsen number (K,) is typically used, as shown in Eq. 1

k,T

_ Eq. 1
" pndid, o
gp

18

1wwhere d, is the diameter of the pores, P is the gas pressure, d,
wis the effective diameter of a gas molecule, Kz is the
2nBoltzmann constant (1.3807X10'23J/K), and T is the
»ntemperature of the gas (K).*®

23 If K, is smaller than 0.1, collisions and interactions
ubetween gas molecules become dominant, and Knudsen
»diffusion becomes negligible compared with molecular
sdiffusion and viscous diffusion (Fig. 4a). If K, is greater than 10,
27collisions between gas molecules and the porous electrode
2sare more dominant than the collisions between gas molecules,
resulting in negligible molecular diffusion and viscous diffusion
3o0(Fig. 4b). As K, of a system ranges between 0.1 and 10, all
sithree mechanisms govern gas transport (Fig. 4c).?

(a)

Pure molecular diffusion

Pore wall

o St .

Pore wall

(b)

Pure Knudsen diffusion

Pore wall

.\/\/.

Pore wall

©
Viscous (Molecular+Knudsen) diffusion

Pore wall

0 Pore wall

33 Fig. 4 Basic mechanisms of gas diffusion in porous media®®

34

35 Given the d, of air as 4><10"1°m, P as 101.325kPa, and T as
36298.15K, the dominant gas transport mechanism can be
s7determined for a certain pore size (d,) according to Eq. 1. Thus,
3sit can be calculated that the Knudsen diffusion dominated in
sthe micropores, while the viscous diffusion dominated in both
swomesopores and macropores. For readers’ convenience, a

4| J. Name., 2012, 00, 1-3

sischematic diagram (Fig.5) was added for the correspondence
nbetween the GDL pore scale and the Knudsen-number-based
s3gas diffusion modes.

44
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45

46 Fig. 5 Schematic diagram of the correspondence between GDL
47 pore scale and Knudsen-number-based gas diffusion mode

48

29 The calculation based on Knudsen theory revealed that
sothe gas transport in micropores was dominated by Knudsen
sidiffusion (as in the case of GDL-B), so most of gas kinetic
s2energy was consumed on the collisions between the gas
ssmolecules and the pore wall, with only a small amount of gas
ssarriving at the catalytic layer to take part in the ORR. It should
ssbe noted that while micropores should be avoided in the GDLs,
ssthey were desired in the catalyst layers (CLs)*°. Because the
s7collisions between gas molecules and pore walls were desired
ssas many as possible in order for the catalysts in the CLs to
sofunction more efficiently. This helped to explain the
soexperimental results achieved, but without explanation, in the
sirecent study by Dong et al. % that micropores were favored in
62CLs.

63 GDL-A exhibited the poorest power generation, because

esflooding, an important limiting factor of fuel cell
ssperformanceu, probably happened due to the largest
ssmacropore content in GDL-A. However, the test or

e7visualization of the flooding in a cathode, especially in a GDL
ssalone, was still challenging in the research field of MFCs. To
ssour best knowledge, the pore size at which flooding happens,
7oalthough of great research significance, has not been reported
7150 far. For this reason, the happening of flooding in existing
72studies was still a reasonable guess used to explain the low
73s3MPDs when a cathode was prepared with GDL of large pore
nsize®®® or was exposed to wet air’,

75 Mesopores prevented the happening of flooding while
7eensuring a good gas transport due to the viscous diffusion.
77Thus the larger the mesopore content, the faster gas transport
7sas well as the higher MPDs could be expected. This was
7sconfirmed by the relationship between the mesopore volume
sofractions and the MPDs observed in all the four GDLs (Fig.2 (a)
s1and (c)).

=2Conclusions

ssExperimental results showed that the content of micropore
sadetermined the diffusion resistance and macropores tended
ssto causing cathodic flooding. However, the content of
ssmesopore volume was found to be a reliable way for
szinterpreting the performances of GDLs. The underlying
ssmechanism of the effect of pore-size distribution can be well

This journal is © The Royal Society of Chemistry 20xx
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1explained with the help of Knudsen related gas transport
»theory. The theory also resulted in a fundamental principle
sthat mircropores should be avoided in the GDLs, while they
sare desired in catalytic layers in which more collisions
sbetween gas molecules and pore walls leads to a more
sefficient catalysis.
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