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Abstract

Despite the wide application of activated carbon (AC) as cathode electrocatalyst in microbial fuel cell (MFC), the enhance-
ment of its catalytic activity is crucial to reduce its high loading on air-cathode. Herein, we synthesize nitrogen-doped acti-
vated carbon (NAC) by pyrolyzing phthalocyanine (Pc) adsorbed on AC to develop an efficient oxygen reduction reaction
(ORR) electrocatalyst. The optimized mass ratio of AC to Pc improves the crystalline structure and porous structure of the
NAC. Elemental analysis indicates that this material contains appropriate content of pyrrolic and pyridinic types of nitrogen
and oxygen species. The NAC shows an ORR onset potential of 0.468 V (vs. Standard hydrogen electrode), an electron
transfer number of 3.90, and high electrochemically accessible surface area, thereby illustrating enhanced electrocatalytic
activity in the neutral medium relative to alkali-treated activated carbon (b-AC) and commercial platinum catalyst. Owing
to the high activity, a small amount of NAC with a loading of 15 mg cm™2 on the air-cathode of MFC is sufficient to achieve
the maximum power density of 1026.07 + 10.83 mW m~2, which is higher than that of b-AC and comparable to platinum
catalyst. The reduced loading of NAC indicates that the material can be used as cathode electrocatalyst for the ongoing
effort to scale up MFC in the future.
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1 Introduction

Microbial fuel cell (MFC) is a promising technology that
can convert chemical energy in wastewater into electricity
via anaerobic biological oxidation at the anode [1-3]. Mean-
while, the oxygen reduction reaction (ORR) at the cathode
consumes the electrons released from the anode. Due to the
high overpotential and sluggish kinetics of ORR, platinum or
platinum group metals (PGMs) had to be widely selected in
early studies. However, the high cost, poor stability in long-
term operation, and sensitivity to being poisoned by vari-
ous chemicals of PGMs hinder the large-scale production
and further commercialization of MFCs [4-6]. Therefore, it
forces us to search or develop cost-effective, sustainable, and
highly active alternative ORR catalysts [7-10].

Logan and co-workers found that inexpensive and easily
accessible activated carbon (AC) is an effective cathode
catalyst in MFC [11]; since then, AC has attracted increas-
ing attention [12—-15]. Owing to the high surface area and
good porosity of AC, MFCs with AC-based cathode out-
perform maximum power density of those obtained by
Pt/C cathode [16, 17]. The AC-based cathode also shows a
better long-term stability than Pt/C cathode [18, 19]. How-
ever, the AC-based MFCs often require a high AC load-
ing on air-cathode to achieve desirable power generation
because of the poor electrical conductivity and weak ORR
kinetics of bare AC [20-22]. High loading undoubtedly
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results in a thick catalyst layer that blocks mass trans-
port [23]. Therefore, considerable efforts for improving
the catalytic activity of AC and lowering its loading on
air-cathode have been made.

The incorporation of highly conductive materials (e.g.,
carbon black, carbon nanotubes, and metal nanoparticles)
efficiently improves the electrical property of AC [20, 22,
24]. Moreover, the addition of metal nanoparticles, espe-
cially silver nanoparticles, can inhibit biofilm growth on an
AC cathode [24]. Conductive metal oxides, such as CoO
and Cu,0, can also serve as active sites to enhance the
ORR activity of AC [25, 26]. Acid and alkaline pretreat-
ments are simple and effective methods that improve the
catalytic performance of AC [27-29]. Chemical treatment
can introduce oxygen-containing functional groups on the
AC surface, which can reduce the energy barriers of oxygen
adsorption and provide ORR sites. Heteroatom-doping (e.g.,
N, S, and P) also enhances the ORR activity of AC. On bare
AC, ORR occurs through a two-electron transfer pathway
[30]. Heteroatom-doped AC can adjust the ORR into a four-
electron transfer pathway [29, 31-33]. Heteroatom-doping
can increase the surface area or form associated functional
groups on an AC surface, thereby improving the ORR activ-
ity of AC. The maximum power density of MFCs can be
significantly increased by 28-107% by using heteroatom-
doped AC as a cathode catalyst [33]. The co-doping of N and
transition metals (i.e., Fe or Co) into AC can significantly
improve ORR activity. This improvement is facilitated by the
immobilization of an M—N-C co-catalyst, in which M—-N,
serves as an active site to drive ORR via a four-electron
transfer pathway [21, 34-36]. The enhanced ORR activity
of heteroatom-doped AC can be expected to reduce catalyst
loading on an air-cathode.

Compounds with high nitrogen content, such as cyana-
mide, melamine, and urea, are crucial to the successful
doping of nitrogen into AC. Due to the poor interaction
between AC and nitrogen source, high mass ratio of nitro-
gen source to AC (i.e., 5:1) was required to achieve desir-
able ORR activity [31]. Phthalocyanine (Pc) is a macrocyclic
compound that has a high nitrogen content and can thus
be selected as a nitrogen source for the synthesis of non-
noble metal ORR catalysts. Its metallic derivatives, such
as Fe(Il) or Co(I)-Pc, are frequently selected for the syn-
thesis of MN -modified ORR catalysts [37-41]. As far as
we know, however, the single Pc monomer is barely used
as nitrogen precursor for the synthesis of nitrogen-doped
carbon materials. The molecules of Pc have planar structure,
which facilitates the adsorption of Pc on carbon materials
via strong interaction. Consequently, nitrogen can be read-
ily doped into AC, and a high nitrogen content is expected.
Moreover, the mass ratio of Pc to AC is also expected to be
lowered. Therefore, nitrogen-doped AC (NAC) is expected
to be synthesized by using Pc as nitrogen source.

The present work reports a systematic synthesis of NAC
by using Pc as nitrogen source and AC as support. The
physical and chemical properties of NAC were system-
atically analyzed by using scanning electron microscopy
(SEM), X-ray diffraction (XRD), Raman spectroscopy,
Brunauer—-Emmett-Teller (BET) adsorption, and X-ray pho-
toelectron spectroscopy (XPS). The electrocatalytic activity
of ORR was investigated with a rotating ring-disk electrode
(RRDE) apparatus. NAC was also applied as cathode elec-
trocatalyst in dual-chamber air-cathode MFC to estimate its
feasibility for power generation.

2 Materials and methods
2.1 Chemicals

Pc was purchased from Tokyo Chemical Industry Co., Ltd.
and used without further purification. A peat-based AC
(Norit SX) was purchased from Sigma-Aldrich, pretreated
in 3 M of KOH at 85 °C for 6 h, and denoted as b-AC.
Analytical grade chemicals were used for all experiments,
and no further purification was performed. Ultrapure water
(18.2 MQ cm™ ! at 25 °C, total organic carbon < 5 ppb) was
produced from Millipore water system (Synergy UV).

2.2 Catalyst synthesis

A typical synthesis route can be summarized as follows:
50 mg of alkali-treated activated carbon (b-AC) was dis-
persed in 50 mL of ethanol via 30-min sonication. Then,
12.5, 25, 50, or 100 mg of Pc was added into the solution
with further sonication for another 30 min. The solvent was
slowly removed in an oven at 65 °C for overnight. Subse-
quently, the obtained powder coated with Pc was ground
and heat-treated in argon atmosphere by heating at 1000 °C
at a rate of 5 °C min~! and holding for 1 h. Finally, the
sample was washed with deionized water until the filtrate
was neutral and then dried for overnight via lyophilization
before further measurements. The as-prepared materials
were named as NAC-x (x represents the mass ratio of AC to
Pc; x=0.5,1,2,4).

2.3 Material characterizations

The morphology of NAC electrocatalysts was observed
using an SEM system (JEOL, JSM-7800F). The crystal-
line structure of NAC-x was analyzed using a powder XRD
(X’Pert® powder diffractometer) with Cu—Ka radiation
source (1=1.54056 A). The Raman spectra were obtained
on a laser confocal Raman spectrometer (Renishaw inVia
Reflex) by using a 532 nm wavelength laser. The nitrogen
adsorption—desorption isotherms were obtained at 77 K by
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using BELSORP-max instrument. The surface area of NAC-
x was calculated by BET method. The pore size distribution
was calculated according to Barrett—Joyner—Halenda (BJH)
model, and the t-plot method was utilized to extract the
microporous surface area and volume. XPS measurements
were conducted using an ESCALAB 250Xi spectrometer
(Thermo Electron, UK) with an Al-Ka X-ray source.

2.4 Electrochemical measurements

All the electrochemical measurements of the electrocatalysts
were performed on a 760E workstation (CH Instrument,
USA) equipped with an MSR electrode rotator (Pine Instru-
ment Co., USA). A conventional three-electrode cell was
used. Here, Ag/AgCl electrode (saturated KCI, 0.197 V ver-
sus Standard hydrogen electrode [SHE]) and Pt mesh were
used as the reference and counter electrodes, respectively. A
5.0-mm diameter glassy carbon disk (Pine Instrument Co.,
USA) with a Pt ring was used in the RRDE experiments.

For the electrochemical measurements, 1.0 mg mL~! cat-
alyst ink was prepared by ultrasonically dispersing 5.0 mg
of catalyst in 5.0 mL of ethanol. Approximately 50 uL. of
5 wt% Nafion (DuPont Company) was added to the system,
and the resulting mixture was ultrasonicated for 30 min.
Then, 19.6 uL of the ink was pipetted onto the glassy carbon
disk, which was initially polished using 0.05 pm alumina
slurry. For comparison, a commercial Pt/C catalyst contain-
ing 20 wt% Pt supported on carbon black (Johnson Matthey
Corp., HISPEC 3000) was used, and the ink was prepared
by using the same procedures described above. All catalyst
loadings on the glassy carbon disk were 100 ug cm™2.

All RRDE tests were conducted at 25 °C in N,- or
O,-saturated 0.1 M phosphate-buffered saline (PBS, pH
7.0) aqueous solution. The cyclic voltammetry (CV) curves
of the electrocatalysts were recorded at a potential sweep
speed of 50 mV s~!. The ORR polarization curves of RRDE
were obtained at a potential sweep rate of 5 mV s~ ! with a
potential range from 0.6 to —0.6 V (vs. Ag/AgCl) and rotat-
ing speed from 400 to 2400 rpm, with the ring potential
fixed at 0.6 V (vs. Ag/AgCl). The yield percentage of H,0,
and the electron transfer number (r) were determined by the
following equations:

%H,0, =200 X _K/N_ (1)
Iy+1./N
I
n=4x —4— )
Iy+1./N

where 1, is the disk current; /, is the ring current, and N is the
current collection efficiency of the Pt ring. N is 0.21 +0.01
from the reduction of K;Fe[CN].
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The Tafel plot was recorded by sweeping the overpoten-
tial from — 100 to 100 mV versus the open-circuit potential
at 1 mV s~!, from which the exchange current density (o)
was calculated [16]. The electrochemical accessible surface
area (ECSA) of the electrocatalysts was also estimated by
using CV, which was conducted in 5 mM aqueous potas-
sium ferricyanide aqueous containing 0.1 M LiClO, as the
supporting electrolyte [42]. ECSA was calculated using the
following equations [43]:

i, = (2.69 x 10°)n*/>AD, 2 Civ!/? 3)

where i, (A) is the peak current; n is the number of electrons
transferred during the reduction of Fe(CN)63_ (assumed
as 1 for this case); A (cm?) is the ECSA; D, is the dif-
fusion coefficient of Fe(CN)63_ (0.7x 1073 cm? 57! in
aqueous solution); CO* is the bulk concentration of
Fe(CN)63' (5%107%mol mL™1), and v (in V s~ ) is the scan
rate. ECSA can be evaluated from the slope of i, versus V1?2
plot [43, 44].

2.5 MFC setup and measurement

MEFCs were composed of dual-chamber cubic-shaped reac-
tors. Each chamber was 2.0-cm in length and 3.0-cm in
diameter. The anode and cathode chambers were separated
by a proton-exchange membrane (Nafion® 117, DuPont
Company) after pretreatment [45]. The carbon brush (2.0
cm in length and 2.0 cm in diameter) was pretreated using
ammonia gas before being used as the anode. An air-
cathode made from waterproof carbon cloth containing
poly(dimethylsiloxane) as a diffusion layer was fabricated as
described in a previous study [46]. A certain amount of NAC
and 2.5 mg cm™2 of 20 wt% Pt/C catalysts were sprayed on
the water-facing side of the carbon cloth. The anodic cham-
ber was inoculated with a solution obtained from MFC that
has been operating for over a year in the laboratory. The
anodic chamber was filled with a mixture of 0.1 M PBS
(pH 7.0) containing 1.0 g L™! sodium acetate, 0.13 g L™
KCl, 0.31 g L™! NH,CI, 12.5 mL L~' mineral solution,
and 5 mL L™! vitamin solution [47]. The anodic feed solu-
tion was purged with N, before inoculation to maintain an
anaerobic condition. The cathodic chamber was filled with
the same mixture media but without sodium acetate, min-
erals, and vitamin solutions. The anode and cathode were
connected with a 1000 Q external resistor by using titanium
wire, and all exposed metal surfaces were sealed with non-
conductive epoxy. All the reactors were operated in a fed-
batch mode at 30+ 1 °C. The feed solution was replaced
once the cell voltage decreased to below 20 mV, which was
noted as a complete cycle of electricity generation.

The cell voltage across the external resistor was meas-
ured using a multimeter equipped with a data acquisition
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system (Advantech, PCI-1747U). The maximum power den-
sity (MPD) of the MFC was obtained from the polarization
curves by varying the resistance of the external resistor from
an open-circuit voltage (OCV) to 10 Q as the performance of
MEC approach steady-state conditions. Data were recorded
as <1 mV variation in voltage. All the experiments were
conducted twice at room temperature (30+1 °C). Power
density was calculated based on the anode area, as shown
as follows:

E2
cell
p= o “
AcatRext
where E_, is the cell voltage (mV); R, is the external

resistance (), and A, is the cathode project area (m?).
The coulombic efficiency (CE) over time (¢) was calculated
using Eq. (2), as shown as follows:

8/, Idt
=9 5
e FVanBcop ©)
where V,,, (L) is the volume of the liquid in the anode cham-
ber, and Aqp is the change in chemical oxygen demand
(COD) over t.

3 Results and discussion
3.1 Characterization of NAC-x catalysts

The SEM images of b-AC and NAC-1 are shown in Fig. 1a,
b, from which no significant difference in morphology was
observed. Thus, nitrogen-doping did not affect the morphol-
ogy of the catalysts. NAC-1 was further characterized by
taking the elemental-mapping images of carbon, oxygen, and
nitrogen (Fig. 1c). The nitrogen elements were uniformly
dispersed on the AC surface, which indicate that the pre-
sent method was efficient for the uniform incorporation of
nitrogen.

To further investigate the crystalline structure of AC-
based catalysts, XRD and Raman analyses were conducted,
and the corresponding results are presented in Fig. 2. The
XRD patterns in Fig. 2a show the appearance of broad peaks
at 23° and 43°, which corresponded to the (002) and (100)
carbon, respectively. The results also indicated the exist-
ence of graphitic carbon structure. The intensities of the
(100) peak of NAC-x catalysts were stronger than those of
b-AC, which indicated a high graphitization degree. This
phenomenon was also confirmed by the results of Raman
analysis. As shown in Fig. 2b, all the Raman spectra of the
catalysts displayed two wide peaks at ~1327 cm™~! (D-band)
and ~ 1594 cm™"' (G-band). The intensity ratio of D-band to
G-band (Iy/I), which represented the average graphitization

degree, was calculated and listed in Table 1. The Ijy/I; val-
ues of NAC-x decreased compared with b-AC, which dem-
onstrated the increase in the average graphitization degree.
Moreover, both NAC-1 and NAC-2 possessed lower Iy/1
value than the other samples, which indicated that these
catalysts with moderate nitrogen doping possessed higher
graphitization degree and superior electrical conductivity.
The result also indicated that excessive and insufficient Pc
dosage caused lower graphitization degree for NAC-0.5 and
NAC-4.

The surface area and porosity of AC-based catalysts were
examined by nitrogen adsorption—desorption measurements
(Fig. 3a). Similar isotherms of type IV with an obvious hys-
teresis loop were observed at a medium relative pressure,
which indicated the existence of mesopores. Furthermore,
the rapid increase at low relative pressure indicated the
presence of micropores [8, 48]. As shown in Fig. 3b, the
BJH pore size distribution curves of the AC-based cata-
lysts confirmed the abundance mesopores with diameter of
<10 nm. Table 1 summarizes the textural parameters of the
AC-based catalysts derived from the nitrogen isotherms. All
the NAC-x catalysts exhibited reduced BET surface area and
pore volume compared with b-AC, whereas the mean pore
size of all samples did not show obvious change. Despite
these observations, NAC-1 possessed a BET surface area
of 796.58 m? g~ ! and a total pore volume of 0.561 cm® g~ .
The decreased BET surface area and pore volume were
likely due to the occupancy of partial pores of AC by the
deposition of Pc during pyrolysis [49]. It could also be
attributed to the pore shrinkage and blocking of the pore
space by some surface functionalities at high temperature
[32]. Moreover, the BET surface area and pore volume of
NAC-0.5 significantly decreased, which indicated that a high
Pc dosage might be contrary to the electrocatalytic activity
of as-prepared catalyst. Despite the reduced BET surface
area and pore volume, the abundant micropores of NAC-
x catalysts could provide sufficient activity sites for ORR,
which enhanced the catalytic activity [50]. Moreover, suf-
ficient mesopores could guarantee the mass transport on the
surface of NAC-x catalysts to enable efficient ORR [51]. In
addition, the balance between mass transport and active sites
could play more important role in ORR activity than single
surface area or porosity [52].

XPS measurements were performed to probe the chemi-
cal composition of AC-based catalysts. The survey spectra
in Fig. 4a indicated the presence of C 1s, N 1s, and O 1s for
all NAC-x catalysts, and the textural parameters are summa-
rized in Table 1. Compared with b-AC, the N content for all
NAC-x samples significantly increased, which demonstrated
the successful doping of nitrogen by using Pc as a nitrogen
source. As shown in Table 1, the N content of NAC-x was
highly dependent on the Pc dosage, that is, the NAC-0.5
possessed the highest N content (2.98 at.%), whereas NAC-4
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Fig.1 SEM images of a b-AC,
b NAC-1, and ¢ corresponding
elemental mapping images for
C,0,and N
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Fig.2 XRD (a) and Raman (b) spectra of AC-based electrocatalysts

possessed the lowest N content (1.40 at.%). The high resolu-
tion of N 1s spectrum (Fig. 4b and S1) was fitted into three
bands at ~398.5, 399.8, and 401.5 eV, which corresponded
to pyridinic, pyrrolic, and graphitic nitrogen, respectively
[53, 54]. Different types of N species play different roles
in ORR. Pyridinic and pyrrolic N can reduce the adsorp-
tion energy of O,, which result in ORR readily on N-doped
carbon materials. Graphitic N can reduce O, to H,0, via
adsorbed OOH intermediates through a two-electron path-
way, whereas pyridinic and pyrrolic N species may convert
the ORR mechanism from a two-electron to a four-electron
dominating process [53, 55, 56]. As an alkaline group, the
pyridinic N participates in ORR directly and/or indirectly.
In the direct way, pyridinic N provides ORR active sites
by enhancing the adoption of proton from HPO,>~ and
H,PO*~ in PBS through charge neutralization effect [57].
In the indirect way, the carbon atoms next to pyridinic N
with Lewis basicity might be the active sites for ORR via
enhanced adsorption of oxygen [58].

In addition, two main peaks of Cls and Ols were identi-
fied. From Fig. 4c and S2, the C1s were deconvoluted into
four species, namely, graphited carbon (284.6 eV) and the
carbon in ether or phenol groups (286.0-286.3 eV), the
carbon in carbonyl groups (287.3—-287.6 eV), and the car-
bon in carboxyl or esters groups (288.8-289.1 eV) [59].
The Ols could be deconvoluted into four peaks at 531.2,
532.4, 533.3, and 534.3 eV (Fig. S3), which were cor-
respond to C=0, C-0, RCOOR, and COOH, respectively
[59]. Except for b-AC (Fig. S4a), the contents of gra-
phitized carbon for all samples were affected by the dos-
age of Pc. Excessive or insufficient Pc dosage resulted in
a low content of graphitized carbon of NAC-0.5 or NAC-
4. Moreover, the tendency of the contents of graphitized
carbon agreed with the tendency of I/l values. In our

Table 1 Characteristics and

b-AC NAC-0.5 NAC-1 NAC-2 NAC-4
textural parameters of AC-based
electrocatalysts 1/l 1.22 1.07 1.03 1.03 1.08
S ppp/m? g”! 1067.6  459.14 796.58 812.86 846.15
S micmpmlm2 g ! 839.55 347.70 608.08 598.89 618.10
S mesopore/m” &' 228.05  111.44 188.50 213.97 228.05
Total me/cm3 g ! 0.774 0.298 0.561 0.633 0.666
Vv micmp(,re/cm3 g ! 0.376 0.150 0.265 0.254 0.268
Vv mmpm/cm3 ¢! 0.398 0.148 0.296 0.379 0.398
Mean pore diameter/nm 2.90 2.60 2.82 3.12 3.15
Cls/at.% 92.69 89.55 93.39 93.50 93.69
Nls/at.% 0.56 2.98 1.61 1.57 1.40
Pyridinic N - 0.67 (22.5%)*  0.37 (23.0%) 0.32 (20.4%) 0.17 (12.2%)
Pyrrolic N - 0.88 (29.5%) 0.57 (35.4%) 0.61 (38.8%) 0.44 (31.4%)
Graphitic N - 1.43 (48.0%) 0.67 (41.6%) 0.64 (40.8%) 0.79 (56.4%)
Ols/at.% 6.75 7.47 5.00 4.93 491

“The relative percentage of each N functionality among the N content on the AC surface
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previous studies, oxygen-containing functional groups
could enhance the ORR activity of metal-free catalysts
[8, 9, 60]. However, excessive oxygen content in AC could
decrease its electrochemical performance [61]. Therefore,
high oxygen content (Table 1 and Fig. S4b) might decrease
the ORR activity of b-AC and NAC-0.5. The contents of
C=0, C-0, and RCOOR were almost positively correlated
to the electrochemical performance of catalysts [6, 62]. A
strong proton affinity to non-acid groups (i.e., C=0 and
C-0) would favor O, adsorption [27, 63]. Moreover, the
ester group (RCOOR) served as an active site for pseudo-
capacitance [64]. Thus, the high amount of C=0, C-0O,
and RCOOR of NAC-1 and NAC-2 could facilitate to
enhance their ORR activities. In addition, not all func-
tional groups with oxygen are beneficial for ORR. The
presence of strong acid functional groups (e.g., COOH)
causes less stability, and excessive COOH would inhibit
the effect of proton, which diminishes the ORR activity of
ACs [30, 65]. As a result, an excessive amount of COOH
could lower the ORR activity of NAC-4.

@ Springer

3.2 Electrocatalytic activity toward ORR

CV and RRDE tests were performed to evaluate the elec-
trocatalytic activity of NAC-x catalysts. Figure 5a and S5
demonstrates the results of CV performed with and with-
out O, in 0.1 M PBS solution. In comparison with the CV
performed without O,, evident ORR peaks were observed
in the potential range of —0.1 V to 0.2 V (vs. SHE) in the
presence of O, for all NAC-x catalysts. The ORR peak of
NAC-1 displayed a more positive potential compared with
its counterparts, whilst the NAC-0.5 with the highest Pc dos-
age showed the most negatively shifted ORR peak poten-
tial. To further explore the ORR mechanism, RRDE linear
sweep voltammetry (LSV) was conducted at various rotating
rates, and the corresponding results are depicted in Fig. 5b
and S6. The current densities were significantly enhanced
by increasing rotating rate for all samples, indicating a fast
oxygen flux from the bulk solution to the electrode surface
under high rotating rate [66]. The incorporation of nitrogen
into AC could enhance the current densities at all rotating
rate, although apparent discrepancy compared with Pt/C was
still observed.

Figure 5c compares the RRDE results at a rotating rate
of 1600 rpm for all AC-based catalysts. One can see that
as the potential was negatively swept, the non-zero current
started to emerge, indicating oxygen reduction catalyzed by
these carbon materials. On the basis of the LSV curves, the
onset potentials for all samples are summarized and listed in
Table 2. After nitrogen-doping, the onset potential of NAC-x
catalysts showed a prominently positive shift from 0.358 V
(vs. SHE) of b-AC to 0.435 V (vs. SHE) of NAC-1. A lower
positive shift of onset potential was observed for cata-
lysts with excessive (0.391 V for NAC-0.5) or insufficient
(0.396 V for NAC-4) nitrogen-doping. Except for NAC-0.5,
the ORR current densities were considerably increased, indi-
cating the presence of more active sites and improved mass
transport of the nitrogen-doped catalysts. In comparison
with previous studies (Table S1), the AC modified with Pc
in this work showed more positively shifted onset potential
of ORR [17, 31, 33, 48]. It is suggested that Pc was a good
alternative nitrogen source to synthesize nitrogen-doped
carbon catalysts.

The corresponding H,0, yield and n values were calcu-
lated based on the RRDE tests and are displayed in Fig. 5d.
All the NAC-x catalysts showed an improved ORR activity
in terms of low H,0O, yield and high n value after nitrogen-
doping. With the calculated n of 3.18, b-AC exhibited a two-
and four-electron mixed ORR pathways [67]. As listed in
Table 2, the average n values were 3.57, 3.70, 3.72, and 3.80
for NAC-0.5, NAC-4, NAC-2, and NAC-1, respectively. The
results illustrated that NAC-1 proceeded through a domi-
nant four-electron reaction pathway, which could provide
a positive electrode potential. The n value of NAC-1 was
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Fig.4 XPS survey of AC-based electrocatalysts (a) and high resolution of N1s (b), Cls (¢), and Ols (d) of NAC-1

much higher than those nitrogen-doped carbon materials
previously reported [33, 48]. The trend of n values was in
accordance with the result of onset potential. Meanwhile,
the H,O, yield dramatically decreased after nitrogen-doping
compared with b-AC. With respect to NAC-1, the average
H,0, yield was below 10%. The results indicated that Pc
was an efficient precursor for the synthesis of NAC. NAC-1
with high n value and positive onset potential was supposed
to facilitate the power generation of MFC. NAC-0.5 pos-
sessed a lower electron-transfer number than the other NAC
catalysts despite having high nitrogen content. The results
suggested that an appropriate chemical composition plays a
significant role in the enhancement of electrocatalytic activ-
ity of catalysts.

The Tafel plots of all AC-based catalysts is shown in
Fig. S7a, and linear fitting from + 80 to 100 mV versus
open-circuit potential was conducted to obtain j, [13]. The
corresponding values of j, are listed in Table 2. The j, of
NAC-1 was the highest (2.08 x 107 mA cm~?) and was

approximately 5.6%, 8.9%, 35.1%, and 85.7% higher than
that of NAC-4, b-AC, NAC-2, and NAC-0.5. This result
indicated that the ORR kinetics of NAC-1 was significantly
promoted and was supposed to subserve the improvement
of MFC power output. ECSA can reflect the actual available
surface area for electrochemical reaction. As shown in Fig.
S7b, NAC-1 and NAC-2 possessed the highest ECSA. The
tendency of ECSA values agreed with the tendency of the
current density of LSV. The ECSAs were smaller than those
obtained from BET measurement, which was due to the
presence of intrinsic resistance, non-flat surface, non-acces-
sible micropores, and variation of oxygen concentration on
the surface [42]. The results demonstrated that keeping a
balance between the surface area for serving as active sites
and porosity for mass transport was of great importance for
the enhancement of the electrocatalytic activity of catalysts.

Metal-free catalysts often catalyze the ORR process via
indirect four-electron pathway that involves the formation
of a large amount of intermediate peroxide [68]. Varying
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of RRDE tests at 1600 rpm (¢) and corresponding H,0O, yield and electron transfer number (d) of AC-based electrocatalysts

the thickness of the electrocatalyst layer is an effective
method to investigate the mechanism of ORR [69, 70].
Figure 6 displays the results of RRDE tests at different
electrocatalyst loadings of NAC-1. As shown in Fig. 6a,
the current density increased as the electrocatalyst load-
ing increased from 100 pg cm™? to 800 pg cm™2. As the
loading reached 500 pg cm™2, the current density became
close to that of Pt/C. As shown in Fig. 6b, the H,0, yield

Table 2 Electrochemical properties of AC-based electrocatalysts

Samples  Onset n jo(107%  ECSA (m*g™h)
potential/V mA
versus SHE cm™?)

b-AC 0.358 3.18+0.31 191 0.72

NAC-0.5 0.391 3.57+0.12 1.12 0.43

NAC-1 0.435 3.80+0.06 2.08 0.86

NAC-2 0410 3.72+0.09 1.54 0.86

NAC-4  0.396 3.70+0.11 1.97 0.72

@ Springer

and n value exhibited a clear correlation with the elec-
trocatalyst loading on RRDE. The H,0, yield decreased
and the n value increased with the increasing electrocata-
lyst loading. At a loading of 800 pg cm™2, the n value
could reach 3.90 and the average H,0, yield was below
5%, which were close to those of the Pt/C (Table S1).
Furthermore, the onset potential was dependent on the
electrocatalyst loading. As listed in Table S1, the onset
potential increased from 0.435 V to 0.468 V (vs. SHE)
as the loading increased from 100 to 800 pg cm™2. This
result could be ascribed to the generated H,0O, that could
be further reduced to H,O at other ORR active sites in the
thick electrocatalyst layer at a high electrocatalyst loading.
In addition, the as-prepared catalyst in this work displayed
superior electrochemical properties compared with other
chemical-modified ACs reported in previous studies, as
shown in Table S1. A small amount of NAC-1 is expected
when applied as a cathode electrocatalyst in MFC.
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and corresponding H,0, yield and electron transfer number (b) at dif-
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3.3 Application as cathode electrocatalysts in MFC

NAC-1 and b-AC with different loadings were prepared as
air-cathodes and equipped into MFCs to investigate their
feasibility as alternatives to Pt/C. The voltage output and
power generation of different MFCs were compared. Fig-
ure 7a shows the voltage output of MFCs equipped with
different electrocatalysts. A similar trend in cell volt-
age variation for each type of MFCs was observed. The
cell voltage initially increased to a maximum and then
gradually decreased as electricity was generated. As
summarized in Table 3, Pt/C-MFC generated the high-
est maximum voltage (568.85 +2.92 mV), followed by
15 mg cm™2 of NAC-1 (535.43+1.53 mV), 10 mg cm™2
of NAC-1 (514.17+8.25 mV), and 15 mg cm™? of b-AC
(506.46 +2.36 mV). The order was in accordance with the
onset potential of ORR. A more positive onset potential
indicated less overpotential and a high cell voltage output.
The results implied that nitrogen-doping with Pc as nitro-
gen source could enhance the ORR activity of AC. With
respect to NAC-1, a high catalyst loading could provide
additional active sites for ORR and additional channels for

mass transport, resulting in the high voltage output of MFCs.
Identical COD removal on all cases implied that the effi-
ciencies of anodic reaction were kept constant in all cells
due to the same electrode material and bacterial inoculum.
However, the results of CE showed a significant discrep-
ancy among these MFCs. NAC-MFC possessed a higher
CE than those of Pt/C and b-AC. This finding indicated that
the activity of cathode played an important role in the power
generation of MFCs. Moreover, NAC would be a promising
cathode electrocatalyst for MFC.

Power generation is one of the most significant evalua-
tion parameters for MFC performance. Figure 7b shows the
polarization and power density curves of MFCs, and Table 3
summarizes the corresponding MPD of MFCs equipped
with different electrocatalysts. As shown in Fig. 7b, by using
15 mg cm~2 of NAC-1, the air-cathode MFC generated an
OCV of 0.714 V, which was smaller than Pt/C (0.841 V)
but higher than 10 mg cm~2 of NAC-1 (0.706 V) and b-AC
(0.655 V). The order agreed with that of the onset poten-
tial of the electrocatalysts. The power density curves of air-
cathode MFC using different electrocatalysts had an MPD
order as follows: Pt/C (1065.33 +6.29 mW m~2)> 15 mgc
m~2 of NAC-1 (1026.07 +10.83 mW m~2)> 10 mg cm™~2
of NAC-1 (829.73+9.31 mW m™?)> 15 mg cm™? of b-AC
(690.86 + 12.47 mW m~2). Although the power density from
MEFC with 15 mg cm~2 of NAC-1 was slightly lower than
that Pt/C, it was 48.5% higher under the same loading of
b-AC.

The electrode potentials shown in Fig. 7c suggested the
different activities of electrocatalysts. The anodic potentials
of the MFCs were nearly identical because of the same elec-
trode materials and inoculum used in the anodic chamber.
This result suggested that cathodic performance played a
critical role in power generation and energy recovery effi-
ciency of MFCs. The cathodic performance was differ-
ent among the tested electrocatalysts, and thus the energy
recovery efficiency of MFCs, e.g., CE, was distinguishing
by using different electrocatalysts. As shown in Fig. 7c, the
cathodic potential at the open circuit was enhanced from
0.391 V (vs. SHE) for b-AC to 0.459 V (vs. SHE) for NAC-
1, resulting in increased OCV.

To reach or exceed the power density of MFC with
Pt/C as cathode electrocatalyst, AC-based catalyst load-
ings of more than 30 mg cm™2 on air-cathode were fre-
quently required in previous studies [17, 20]. Many studies
have reported high AC loadings but have not compared
it with Pt/C. In the present work, a much lower loading
of 15 mg cm™2 achieved the same level of power density
as NAC-MFC to Pt/C-MFC possibly because of the high
electrocatalytic activity of the NAC-1, thereby reducing
the cost the cathode. Furthermore, a low loading reduced
the thickness of the catalyst layer, which was beneficial
for the mass transport of the air-cathode and decreases
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Table 3 Comparison of

. Samples Maximum voltage (mV) COD removal (%) CE (%) MPD (mW m™?)

MEFCs performance equipped
with different cathode b-AC 506.46+2.36 91.26+0.23 81.67+1.26 690.86 + 12.47
electrocatalysts (15 mg cm™?)

NAC-1 514.17 £8.25 89.17+3.71 9343+1.75 829.73+9.31

(10 mg cm™?)

NAC-1 535.43+1.53 90.22+2.82 94.85+2.29 1026.07 +£10.83

(15 mg cm™ 2

Pt/C 568.85+2.92 90.68 +1.09 86.17+0.93 1065.33£6.29

the resistance of MFCs. As shown in Fig. 7b, the current
density responsible for MPD could be arranged as fol-
lows: 15 mg cm™2 of NAC-1 (0.38 mA m~2)> 10 mg cm™2
of NAC-1 (0.33 mA m~2)>Pt/C (0.27 mA m~2)> 15 mg
cm™2 of b-AC (0.22 mA m™?), indicating the low internal
resistance of MFCs equipped with NAC-1 as cathode elec-
trocatalyst. A small amount of catalyst is desirable for the
practical application of MFCs.

@ Springer

4 Conclusion

A macrocyclic compound, Pc, was selected as a nitrogen
source for the synthesis of NAC. The prepared NAC dis-
played improved crystalline structure, high BET surface
area and total pore volume, and an appropriate compo-
sition of micro- and mesopores. The elemental analysis
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illustrated that the NAC also possessed an appropriate con-
tent of nitrogen and oxygen. As the mass ratio between
AC and Pc was controlled at 1:1, the as-prepared NAC
outperformed its counterparts in terms of ORR activity in
neutral medium, including onset potential, electron trans-
fer number, and ECSA. Owing to the high activity, a small
amount of NAC with a loading of 15 mg cm~? on the air-
cathode was sufficient to achieve the level of MFC perfor-
mance of a Pt/C catalyst specifically in terms of maximum
power density and CE. The results indicated that NAC was
a promising cathode electrocatalyst for MFC.
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