Journal of Electrochemistry

Volume 22

Issue 2 Special issue of Electrocatalyst and
Electrocatalysis in Fuel Cells(Editor: Professor
WEI Zi-dong)

2016-04-28

Nitrogen, Fluorine co-doped Silk-derived Carbon for
Electrochemical Oxygen Reduction with High Performance in
Alkaline Solution

Fang-fang LIU
Hong-liang PENG

Shi-jun LIAO

ey Lab for Fuel Cell Technology of Guangdong Province & Key Lab of New Energy Technology of
Guangdong Universities, School of Chemistry and Chemical Engineering, South China University of
Technology, Guangzhou, 510641, China;, chsjliao@scut.edu.cn

Recommended Citation

Fang-fang LIU, Hong-liang PENG, Shi-jun LIAO. Nitrogen, Fluorine co-doped Silk-derived Carbon for
Electrochemical Oxygen Reduction with High Performance in Alkaline Solution[J]. Journal of
Electrochemistry, 2016, 22(2): 151241.

DOI: 10.13208/j.electrochem.151141

Available at: https://jelectrochem.xmu.edu.cn/journal/vol22/iss2/14

This Article is brought to you for free and open access by Journal of Electrochemistry. It has been accepted for
inclusion in Journal of Electrochemistry by an authorized editor of Journal of Electrochemistry.


https://jelectrochem.xmu.edu.cn/journal
https://jelectrochem.xmu.edu.cn/journal/vol22
https://jelectrochem.xmu.edu.cn/journal/vol22/iss2
https://jelectrochem.xmu.edu.cn/journal/vol22/iss2
https://jelectrochem.xmu.edu.cn/journal/vol22/iss2
https://jelectrochem.xmu.edu.cn/journal/vol22/iss2/14

H22% 42
2016 4% 4 J]

WAL
JOURNAL OF ELECTROCHEMISTRY

Vol. 22 No.2
Apr. 2016

DOI: 10.13208/j.electrochem.151141
Cite this: J. Electrochem. 2016, 22(2): 164-175

Artical ID:1006-3471(2016)02-0164-12

Http://electrochem.xmu.edu.cn

Nitrogen, Fluorine Co-Doped Silk-Derived Carbon for
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High Performance in Alkaline Solution
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Abstract : A high-performance, doped carbon-based catalyst was synthesized by pyrolyzing hydrothermally treated silkworm co-
coon. The effects of preparation conditions and fluorine promotion on various catalysts’ performance were investigated. The cata-
lyst prepared under optimal conditions and doped with nitrogen and fluorine possessed the high specific surface area of more than
1000 m*- g" and contained 3.5 and 7.3%(by mass, the same below) N and F, respectively. The activity of the catalyst toward oxygen
reduction reaction in an alkaline medium was comparable to that of commercial Pt/C, showing both superior tolerance to methanol

poisoning and better durability. Doping with fluorine was found to significantly enhance the performance of catalyst. Possible

mechanism for the addition of fluorine is suggested.
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Fuel cells are highly promising clean energy
generation devices, and electrocatalysts play a key
role in the oxygen reduction reaction (ORR) at their
cathode!". Platinum (Pt) and its alloys have long been
regarded as the most effective catalysts for the ORR
in fuel cells. However, it is generally accepted that the
large-scale production and application of fuel cells us-
ing Pt-based electrocatalysts are not commercially vi-
able due to the scarcity and high price of Pt. These cat-
alysts also have other major drawbacks, including sig-
nificant intolerance of intermediates, anode crossover,
sluggish kinetics, and poor stability in an electrochem-
ical environment™”. Hence, the development of high-

ly efficient, inexpensive, and readily available ORR
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electrocatalysts to replace Pt-based ones is paramount
for the future of fuel cell technology.

To date, amongst the various metal-free ORR
electrocatalysts that have been investigated®'", het-
eroatom-doped carbon materials are widely recog-
nized as a promising class of candidates. A number of
different approaches have been employed to dope het-
eroatoms into carbon structures (e.g., high-temperature
carbonization of heteroatom containing precursors,
high-temperature post-treatment, and hydrothermal
treatment of heteroatom-containing precursors) M2,
However, these approaches either involve tedious
and complex experimental procedures, or require

harsh reaction conditions and have low production
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yields. They almost exclusively require the uses of
synthetic chemicals as carbon and heteroatom
sources.

It is, therefore, highly desirable to achieve het-
eroatom doping using simple, low-cost, high-yield,
and environmentally friendly synthesis methods to
fabricate commercially viable carbon-based materials
that can replace Pt-based electrocatalysts for the
ORR. Carbon materials derived from biomass have
been receiving considerable attention because
biomass is recyclable and extensively available. Gen-
erally, in addition to containing carbon and water,
biomass is rich in sulfur, nitrogen, and phosphorus, as
well as certain metals, including Fe and Cu. Some re-
searchers have investigated these new types of doped
carbon materials prepared by pyrolyzing biomass, but
to date, only a few of the resulting catalysts have
been active toward the ORR™*. Gao et al. reported a
N-doped porous carbon catalyst fabricated using fer-
mented rice as the starting material and activated by
ZnCl,. They found that the as-prepared catalyst was r
esistant to the methanol crossover effects and CO poi-
soning, and demonstrated a level of ORR activity ™.
Chen et al. synthesized the N-doped nanoporous car-
bon nanosheets by pyrolyzing the plant Typha orien-
talis (a type of bullrush) in NH; after hydrothermal
treatment. The product exhibited similar catalytic ac-
tivity to that of commercial 20% Pt/C in an alkaline
medium, as well superior methanol tolerance”.

Silk is a natural protein fiber obtained from a
silkworm through an artificial electrospinning-like
process, in which the silkworm spins silk microfibers
to form a cocoon around itself™. The silk cocoon con
tains a considerable amount of nitrogen (16.2%) be-
cause its chemical structure is mainly characterized
by the presence of 18 types of amino acids, such as
glycine, alanine, and serine®® *. Therefore, it is not
surprising that silk cocoon also has a significant
amount of nitrogen-containing functional groups. We
speculated that the introduction of this high nitro-
gen-containing material as a precursor would boost
the resulting material’ s performance.

Herein, we present an easy, green strategy to

synthesize a new type of N-doped, non-precious met-
al electrocatalyst by using raw silk cocoon as the pre-
cursor for carbon and nitrogen, and using fluo-
rine-containing polytetrafluoroethylene (PTFE) pow-
der as an effective promoter. The natural cocoon mi-
crofibers were directly transformed into 1D carbon
microfibers. This new type of electrocatalyst exhibit-
ed not only excellent electrocatalytic activity toward
the ORR, but also superior stability compared with
commercial carbon-supported Pt, thus, offering a new

high-performance catalyst for the ORR.

1 Experimental
1.1 Preparation of Doped Carbonaceous

Composite Materials

The typical catalyst synthesis procedure was as
follows. First, 3.0 g silkworm cocoon and 30 mL dis-
tilled water were placed in an autoclave at 180 °C for
12 h, yielding a yellow-brown carbonaceous hydro-
gel. Second, a carbonaceous aerogel was obtained by
drying the hydrogel for 24 h. Finally, F and N
co-doped carbon catalysts (SWF-n/m) were prepared
by pyrolyzing a mixture of the aerogel and PTFE
powder in an Ar atmosphere at 900 °C for 2 h, fol-
lowed by leaching in 1 mol-L"' H,SO, at 80 °C for 8
h, and annealing at 900 °C for another 1 h under Ar
flow, where n/m refers to the mass ratio of the aero-
gel of silkworm cocoon and PTFE powder.

For comparison, a silkworm-derived doped car-
bon catalyst was prepared by using the same proce-
dures but without the addition of PTFE, which is
named as SW.

1.2 Physical Characterization

X-ray diffraction (XRD) test was conducted on a
TD-3500 powder diffractometer (Tongda, China). Spe-
cific surface areas and pore-size distributions were
measured by Brunauer-Emmett-Teller (BET) nitrogen
adsorption-desorption at 77 K on a Tristar I 3020 gas
adsorption analyzer (Micromeritics, USA). Scanning
electron microscopy (SEM) observations were con-
ducted on a Nova Nano 430 field emission scanning
electron microscope (FEI, Netherlands). Transmission
electron microscopy (TEM) images were recorded on

a JEM-2100 transmission electron microscope (JEOL,
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Japan). Raman spectroscopic measurement was per-
formed on a LabRAM Aramis Raman spectrometer
(HJY, France) with a laser wavelength of 632 nm.
X-ray photoelectron spectroscopy (XPS) analysis was
performed on an ESCALAB 250 X-ray photoelectron
spectrometer (Thermo-VG Scientific, USA). Analysis
of carbonyl bridges was carried out on a Bruker E-
quinox 55 Fourier transform infrared (FTIR) spec-
trometer. Elemental analysis was performed on a
Vario Micro setup (Elementar Analysensysteme GmbH,
Germany) to determine the sulfur, carbon, nitrogen,
and hydrogen contents.

1.3 Electrochemical Measurement

Electrochemical measurements were conducted
in a standard three-electrode glass cell on an electro-
chemical workstation (Ivium, Netherlands) at room
temperature, coupled with a rotating disk electrode
(RDE) system (Pine Research Instrumentation, USA).
A glassy carbon electrode (GCE, with a diameter of
5 mm and an electrode area of 0.1964 cm?®) was
used as the working electrode substrate, with Ag/AgCl
(3 mol- L' KCI) and Pt wire as the reference electrode
and counter electrode, respectively. For simplicity, we
calibrated the Ag/AgCl (3 mol -L" KCl) reference
electrode, and all potentials in this paper are reported
with respect to a reversible hydrogen electrode
(RHE). The potential difference between the RHE
and the Ag/AgCl electrode in the alkaline electrolyte
was 0.982 V.

Koutecky-Levich (K-L) plots were obtained by
linear fitting of the reciprocal rotating speed versus
the reciprocal current density collected at different
potentials from 0.78 to 0.48 V. The transferred elec-
tron number per O, involved in oxygen reduction was
determined by the following K-L equation:

F=J1+ J = Blo?+ ! (1)
where J is the measured current, Ji is the kinetic-lim-
iting current, and w is the electrode rotation rate. The
theoretical value of the Levich slope (B) is evaluated
from the following relationship:

B =0.62nFC\D>*v " 2)
where n is the overall number of transferred electrons

in the ORR process, F is the Faradaic constant

(96485 C -mol™), C, is the oxygen concentration (sol
ubility) in 0.1 mol-L"' KOH (1.2 x 10° mol - cm?),
and D, is the oxygen diffusion coefficient in 0.1
mol-L"' KOH.

Before every measurement, the GCE surface
was cleaned by ultrasonication in ethanol and pol
ished with an ALOs slurry (50 nm) on a microcloth,
followed by rinsing with deionized water and drying
under an infrared lamp. Slurry of the active material
was prepared by mixing under ultrasonication 5.0 mg
catalyst with 1 mL ethanol solution containing Nafion
(0.25%). Next, 20 mL catalyst slurry was pipetted on-
to the surface of the GCE, followed by drying under
an infrared lamp to form a catalyst film on the GCE
substrate. The catalyst loading was approximately
0.51 mg -cm? Linear sweep voltammetry (LSV)
measurements were conducted in 0.1 mol L' KOH
solution at a scan rate of 10 mV -s. The LSV curves
were recorded at a disk rotation rate ranging from
1600 to 3600 r-min™. Before every measurement, the
KOH solution was saturated with pure N, (99.999%)
or pure O, (99.999%) for at least 30 min. All the cur-
rent densities were normalized to the geometric area
of the GCE. The chronoamperometric response was
obtained at 0.68 V (vs. RHE) in an O,-saturated elec-
trolyte. 2.0 mL mixed solutions (0.1 mol:-L"' KOH +
3 mol -L" methanol) into the electrolyte after about
200 s (the test was paused 2 min to mix the solution
uniform) to examine the methanol crossover. We also
conducted a durability testing of the catalyst for
25,000 s at 0.68 V in O,-saturated 0.1 mol -L"' KOH
solution using the same setup and a scanning rate of
10 mV-s' at 900 r-min™.

2 Results and Discussion

Fig. 1 shows the representative SEM images of a
raw silkworm cocoon (A), the N-doped carbon catalyst
derived from the silk material (SW) (B), and the N and
F co-doped carbon catalyst (SWF-1/4) derived from
the mixture of silk and PTFE (C). These images illus-
trate that the SW was made up of many uniform 1D
carbon microfibers with an average diameter of 6 pum
(41 It is important to note that the microfiber

structure was mostly destroyed after the addition of
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PTFE and, therefore, was no longer uniform (Fig.
1C). This may have been caused by fluorination due
to the PTFE. Fig. 1D gives a scanning TEM image of
the SWF-1/4, clearly displaying its porous structure,
which was confirmed by the nitrogen adsorption-des-

orption results to be seen below.

A S, 1‘
3 . ;‘{

20 um

Fig. 1 SEM images of a raw silk cocoon (A), SW (B), and
SWEF-1/4 (C); D. TEM image of SWF-1/4

Fig. 2 presents the XRD patterns of the SW sam-
ple and a series of SWF samples doped with various
amounts of fluorine. Two characteristic peaks located
at 26 values of 25° and 44° are attributable to the
(002) and (101) diffraction peaks of graphitic carbon,
respectively. All of the samples might initially appear
to have almost the same XRD patterns; however,
there is in fact a clear negative shift in the peaks of
the samples containing PTFE-and the shift increases
with the amount of PTFE. Our previous research !
has found the same interesting result that the addition
of fluorine into nitrogenous substances increases the
d-spacing of the (002) crystal planes (i.e., the inter-
layer distance). However, its specific mechanism has
not been fully understood and is worth the further re-
search in our next work.

Fig. 3 displays the XPS spectra for the SW and
N, F co-doped SWF-1/4 samples. The peak for the
C==C bond, located at 284.8 ¢V, is dominant in both
samples. As Fig. s. 3A and 3B show, both SW and

€002y C(101)

SWE-1/2

Intensity/(a.u.)

SWE-1/4

M

10 20 30 40 50 60 70
201°)

Fig. 2 XRD patterns of SW and SWF samples pyrolyzed at
900 °C

SWEF-1/4 samples possessed almost the same amounts
of N content (ca. 3.0 ~ 3.5%), while the latter had the
lower O content. Calculations determined that the N,
F co-doped sample contained about 7.3% F. A weak
peak centered at 291.8 eV (Fig. 3C, D) is at-
tributable to the semi-ionic C—F bond ! The
high-resolution N1s spectra of SW and SWF-1/4 (Fig.
3E, F) can both be further deconvoluted into four dif-
ferent signals with binding energies of 398.5, 400.0,
401.0, and 402.0 ¢V, corresponding to pyridinic-N¥,
pyrrolic-N, graphitic-N®., and oxidized-NP*"", respec-
tively. As shown in the insets, the percentages of
these different N species were 25.2, 24.6, 23.0, and
27.3% (by atom) for the former and 27.1, 14.5, 39.6,
and 18.8% (by atom) for the latter. Generally, of the
first three species, pyridinic-N is recognized as par-
ticularly active because it has a lone electron pair in
the plane of the carbon matrix, which increases the
catalyst’s ability to donate electrons. Significant
amounts of these active N species (which include
pyrrolic and graphitic as well as pyridinic N) can in-
duce better catalytic performance. Clearly, the N, F
co-doped catalyst (SWF) had a higher proportion of
active N species, even though its total N content was
almost the same as that of SW.

In addition, as shown in Fig. 3G, an obvious Fls
core-level peak appears at 689.2 eV. According to the
literature™7, this is attributable to F with ionic char-
acteristics, implying the transfer of electrons from
neighbouring carbon atoms to F atoms. Its presence
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Fig. 3 A-B. XPS survey spectra of SW and SWF-1/4; C-D. High-resolution Cls XPS spectra of SW and SWF-1/4; E-F. High-

resolution N1s XPS spectra of SW and SWF-1/4 (the insets: charts showing the percentages for different types of nitrogen);
G. High-resolution F1s XPS spectra of SWF-1/4
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would, therefore, be beneficial in the formation of ac-
tive centers for the ORR and would enhance the cata-
lyst’s performance.

Fig. 4 shows the Raman spectra of different
samples. The peaks at ~ 1320 and ~ 1580 cm™' can be
assigned to the D and G bands of carbon, respectively.
Generally, the D-band peak originates from lattice
distortion due to sp>-defects (e.g., vacancy, topological
defects, and impurities), and the G-band peak results
from the E, , vibrational mode in the D4, symmetry
group of the graphite crystal planes®™. Therefore, the
ratio of the D-band and G-band intensities (//ls) is
commonly considered as an indication for the extent
of the defects in a doped carbon catalyst™. As shown
in Fig. 4, the I/l ratio is 1.35 for SW, and 1.45, 1.47,
1.56, and 1.62 for SWF-2/1, SWF-1/2, SWF-1/4, and
SWEF-1/8, respectively. Clearly, the defect sites (i.e.,
the edge planes) increased with the amount of doped
F® resulting in higher ORR performance.

FTIR spectrometry was used to characterize the
materials. We found that after hydrothermal treat-
ment, the raw biomass gel contained large amounts of
C—0—C (900~ 1100 cm™), C—O (1000 ~ 1300 cm™),
benzene C=C or N—H (1500~1620 cm™), —CHj;
(1300 ~ 1500 cm™), and —CH, (2850 ~ 3000 cm™)
bondsP*+*! (Fig. 5A), reflecting the composition of the
silk protein (amino acids) in the silkworm cocoon.

After the materials were pyrolyzed at 900 °C,
their FTIR spectra changed significantly, demonstrat-
ing that the internal structure of the biomass altered

during high-temperature pyrolysis. A major decrease

2.5 LA 1680

l(:()q
1510 M
‘I\‘ “ C=C (Benzene)

‘\
M | NH

\ N-H or O-H
L5F 1300~1500‘ “ 33];0
/
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sw  L/1,=135

1000 1500 2000
Raman shift/cm™

2500

Fig. 4 Raman spectra of different samples

in the relative intensities of the aforementioned reso-
nances was observed, indicating the decomposition of
the silkworm cocoon-derived degradation/hydrolysis
products. In the samples doped with PTFE, a C—F
bond at 1100 ~ 1300 cm™ was observed™; after the
addition of PTFE, the peak shifted slightly, confirm-
ing the successful doping of the sample with fluorine.

Elemental analysis was used to measure the
amounts of C, N, and S in the catalysts (Tab. 1). The N
content of sample SW was about 3%, far below that
of raw silk, which may have been due to the decom-
position and volatilization of nitrogenous substances
during the hydrothermal treatment and pyrolysis pro-
cess. The addition of PTFE slightly influenced the N
content of catalysts. When the ratio of aerogel to
PTFE reached 1:4, the catalyst exhibited the highest
N content (3.8%) and the lowest S content (0.3%).
Interestingly, this catalyst exhibited the highest ORR

activity, indicating that N content may have been one

05B sw
1100 ~ 1300 cm SWF-2/1
SWE-1/2
204 e
= Nl SWF-1/4
=] -
003} SWF-1/8
% 1619 cm
e 0 2 | N EmN ‘MN:H o'r C=C
1o}
£0.1
<0.1r S
3413 cm | -
0.0} .. NH |

1000 1500 2000 2500 3000 3500 4000
Wavenumber/cm”

Fig. 5 FTIR spectra of raw biomass after hydrothermal treatment (A) and samples after pyrolysis (B)
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Tab. 1 Elemental analysis results of the different samples

Sample N% C% H% S%
SW 2.7 84.4 33 0.6
SWF-2/1 3.6 78.3 2.6 0.3
SWF-1/2 33 78.0 2.7 0.5
SWEF-1/4 3.8 80.0 2.4 0.3
SWF-1/8 2.0 69.5 2.6 0.9

of the most important factors affecting the electro-
catalytic performance of these catalysts.

As shown in Fig. 6, the sample without PTFE
presented Type I adsorption-desorption isotherms,
and the BET surface area increased with the tempera-
ture. When the temperature reached 900 °C, the sample
had the highest specific surface area (1033.9 cm?-g™")
(Fig. 6A). Fig. 6B presents the pore size distribution
curves derived from the adsorption branch of the
isotherms using the density functional theory (DFT)
method. All the samples without PTFE displayed no-
ticeable micropores with a pore size of 1.2 nm.

The nitrogen adsorption-desorption isothermal
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curves of the samples containing PTFE are quite dif-
ferent from the curve of the sample without PTFE
(Fig. 6C). Type IV sorption isotherms were obtained
for these samples and indicated the generation of
mesopores.

From the pore size distribution curves we can
see that a large number of mesoporous structures (5 ~
30 nm in diameter) were generated after the addition
of PTFE (Fig. 6D). The micropores and mesopores
within the resulting carbon framework of the SWF
samples probably arose from the burn-off of many
non-carbon and carbon-containing compounds inher-
ent in the biomass, as well as the decomposition of
PTFE during pyrolysis. According to the literature, a
mesoporous structure is advantageous for mass trans-
fer, which can, in turn, enhance catalytic perfor-
mance.

RDE measurements were performed to investi-
gate the catalysts’ ORR activities. Fig. 7A shows the
LSV curves for the catalysts without PTFE. Evident-
ly, their performance was strongly affected by the py-
rolysis temperature. The ORR activity increased with
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Fig. 6 A-C. N, sorption isotherms; B-D. DFT pore size distributions of different samples
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temperature, peaking at 900 °C. It was interesting that
this variation of ORR performance with temperature
was consistent with the BET surface area results. We
therefore will choose 900 °C as the optimum temper-
ature in our next experiments.

The addition of PTFE significantly enhanced the
catalysts’ ORR performance. Compared to the SW
catalyst without PTFE, the onset potentials under-
went a gradual positive shift as the amount of PTFE
increased. SWF-1/4 had a limited current density and

current density at 0.78 V up to 4.77 and 5.80 mA -cm?,
respectively-increases of 2.75 and 2.60 mA -cm? com-
pared with 2.02 and 3.20 mA -cm? for the SW cata-
lyst. Furthermore, the half-wave potential (0.84 V)
and onset potential (0.99 V) of SWF-1/4 exceeded
those of 20% Pt/C. In other words, the SWF-1/4 ex-
hibited superior ORR catalytic activity to commercial
Pt/C in an alkaline medium.

To understand the ORR kinetics of SWF-1/4, we
carried out Tafel analysis. Generally, for a Pt/C

e 0F B a. SW P
! b. SWF-2/1

5 -1k c. SWF-1/2

é d. SWF-1/4

E -2+ e. SWF-1/8

> f. 20% PY/C

'z -3¢ a

_q§ - b

L C

El .

st .

Q . 4

6L
0.2 0.4 0.6 0.8 1.0
Potential/V(vs. RHE)
0-D 2. 900 r-min’ I

s b. 1200 r-min”

g oL ¢. 1600 r-min’ /

< d. 2500 r-min” /

g ¢. 3600 r-min”'

g4t —2

a b

L

o . C . R

&5 ¢

O

8t
0.2 0.4 0.6 0.8 1.0

Potential/V(vs. RHE)

03 04 05 06
Potential/V(vs. RHE)

A J—
- 0r a. SW-700
b. SW-800
g | c. SW-900
<[ d. SW-1000
g
e :
5
< b
573 d
‘5 _C
3 —
4}
0.2 0.4 0.6 0.8 1.0
Potential/V(vs. RHE)
1.00
C
095" .,
m b=76 mV-dec
=
=~ 090}
2
Z -1
= 085F h=118 mV.dec
k=l 120 mV-dec™
3 .
£ 080 60 mV-dec’
0.75+
-0.5 0.0 0.5 N 1.0 1.5
lgj/(mA-cm™)
E
024 . o232v
o 0282V
A 0332V
O v 0382V
£ 021 <« 0432V
< > 0482V
é . 0532V
= 018} Yy
~ 7
)
//
0.15} t,x/
0.06

0.08 0.10 0.12

2 1Q/(r-min")’ "”

Fig. 7 A. LSV curves for the ORR on samples of pyrolyzed silk cocoon used directly, without added PTFE, at different tempera-

tures after hydrothermal treatment; B. LSV curves for the ORR on different samples pyrolyzed at 900 °C in O,-saturated

0.1 mol-L" KOH solution; C. Tafel plot; D. Current-potential curves at various rotation rates; E. Koutecky-Levich plots

for the ORR on SWF-1/4 electrode using data derived from D (the inset shows the dependence of n on potential)
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Fig. 8 A. Methanol tolerance tests of SWF-1/4 and Pt/C using chronoamperometric responses at 0.68 V in 0.1 mol-L' KOH

aqueous electrolyte (the arrow indicates the introduction of methanol); B. Long-term durability tests of SWF-1/4 and Pt/C

catalysts using current-time chronoamperometric measurements at 0.68 V in O,-saturated 0.1 mol- L' KOH solution

catalyst, a Tafel slope value of 120 mV -dec” at low
potentials suggests that the ORR rate is determined
by the transfer of the first electron, while at high po-
tentials, a Tafel slope of 60 mV -dec is likely due to
the migration of adsorbed oxygen intermediates,
which becomes the rate-determining step™ . In our
Tafel plot (Fig. 7C), the slopes for the SWF-1/4 cata-
lyst are 76 and 118 mV -dec™ at high and low poten-
tials, respectively. These results suggest that the ORR
on the SWF-1/4 catalyst may follow the same mecha-
nism as that of Pt/C.

We also plotted the RDE current-potential
curves of SWF-1/4 at various rotation speeds (Fig. 7D).
Calculated from the slope of the K-L plots, the aver-
age number of electrons transferred per O, molecule
for SWF-1/4 during the ORR was about 3.96 in the
potential range of 0.23 ~ 0.53 V (Fig. 7E). These re-
sults demonstrate that the ORR process on SWF-1/4
predominantly followed a 4e pathway.

Finally, our catalysts also exhibited excellent
methanol tolerance, as shown in Fig. 8A. When
methanol was introduced into the testing cell, the cur-
rent response of SWF-1/4 remained unchanged, indi-
cating its excellent tolerance to methanol poisoning.
In contrast, Pt/C exhibited an instantaneous current
jump upon the addition of methanol, reflecting its low
tolerance. The excellent tolerance of SWF-1/4 makes
it a promising cathode catalyst for direct methanol

fuel cells, in which methanol tolerance at the cath-

ode is essential due to the trans-membrane crossover
of methanol from the anode to the cathode.

The durability/stability of an ORR electrocata-
lyst is rightly regarded as one of the most important
issues to be addressed for practical applications and
commercialization; we accordingly assessed SWF-1/4.
Fig. 8B shows the current-time (i-¢) chronoampero-
metric responses of the SWF-1/4 and Pt/C electrodes
at 0.68 V (vs. RHE) in O,-saturated 0.1 mol-L"' KOH
solution at a rotation rate of 900 r-min'. After 25,000
seconds, the ORR current density of SWF-1/4 de-
creased by only 4.0%, while that of Pt/C dropped by
15%, indicating that the former exhibited excellent
stability.

3 Conclusions

In this work, we demonstrated that a high-per-
formance ORR catalyst could be prepared by py-
rolyzing silkworm cocoon biomass and enhancing it
with the addition of PTFE. The inherent nitrogen of
the raw silk cocoon was efficiently retained in the
end product (up to ca. 4%). The PTFE allowed F
atoms to be doped into the carbon lattice, which en-
hanced the ORR activity of the catalyst. This type of
biomass-derived catalyst exhibited outstanding elec-
trocatalytic activity, excellent tolerance to methanol
poisoning, and superior stability to Pt/C. Thus, this
novel catalytic material derived from silkworm co-
coon may prove to be an inexpensive, metal-free, and
efficient catalyst towards the ORR in fuel cells and,

indeed, for applications in other fields.
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