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Heteroatom-doped carbons have attracted increasing attention in recent years as inexpensive high-performance
electrocatalytic materials owing to their electrical properties. A precisely controlled synthesis method for
heteroatom-doped carbons is important to improve their performance and expand their applications. In this
study, we developed a fluoropyridine-medicated zeolite templating method for Nitrogen/Fluorine (N/F) co-
doped carbons. The N/F co-doped carbons showed better catalytic performances for oxygen reduction reac-

tion (ORR) than N-doped carbon prepared using pyridine. In particular, the optimized N/F co-doped carbon
exhibited a higher half-wave potential (0.87 V vs. RHE) than commercial Pt-loaded carbon black and N/F co-
doped carbons reported in the literature. The comparative studies using various N/F co-doped carbons
revealed that semi-ionic bonded C-F might improve ORR activity. In contrast, the contribution from covalent or
ionic C-F to improving ORR activity would be negligible.

1. Introduction

Recently, heteroatom-doped carbon has received increasing atten-
tion [1,2]. Doping graphene networks with heteroatoms results in
properties not observed for pure carbon. When a heteroatom with a
different size or electronegativity from carbon replaces some of the
carbon atoms in the graphene lattice, structural distortion or bias in the
charge density distribution occurs in the graphene network, leading to
the formation of active sites on the heteroatom-doped carbons [3,4]. The
charge density distribution can be controlled by selecting the type and
number of heteroatoms as dopants, making it possible to synthesize
carbon materials for various applications [3]. The electrochemical field
is one of the fields where heteroatom-doped carbon is expected to be put
to practical use because of its high electrical conductivity and chemical
stability [5,6]. In particular, it is known that heteroatom-doped carbon
has been used in the oxygen reduction reaction (ORR), a cathodic re-
action in fuel cells and air batteries. Although platinum catalysts,
commonly used today as electrocatalysts for these reactions, have high
performance, there are some problems regarding low chemical

durability and very high cost. These challenges have hindered the
commercialization of next-generation power generation devices [7].
Therefore, there is a need to develop inexpensive and highly durable
alternative catalysts to replace Pt catalysts [8]. Studies on alternative
catalysts, such as non-precious metals [9-11] and alloy catalysts
[12-14], have been reported. Unlike these catalysts, heteroatom-doped
carbon catalysts have the advantages of low cost and chemical stability
because they do not contain metals.

Most reports on heteroatom-doped carbon materials have focused on
nitrogen [15-17], boron [17-19], and phosphorus [17,20,21] as the
heteroatoms. Recently, halogen elements have emerged as promising
dopants. In particular, F atoms with high electronegativity are inserted
at the edges of graphene lattices to form semi-ionic C-F bonds [22],
creating active sites [23]. In particular, semi-ionic C-F bonds increase
the conductivity of N/F co-doped carbon by increasing the degree of C-C
polarization, causing changes in the electrical and spin densities, and
lowering the overvoltage and resistance [24]. Furthermore, it has been
reported that F-doping weakens the O-O bond in the ORR process, thus
preferentially promoting four-electron reactions [25-28].
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In our previous study [29,30], we successfully developed edge-site-
rich and highly active N-doped carbon catalysts [31,32] using the
zeolite template method [33]. This method can selectively introduce N
species at the edge sites, such as pyridinic N and valley N [1,26,27,34],
nitrogen species effective for ORR activity, into the carbon substrate.
Inspired by our recent results, we expect that the use of raw materials,
including both N and F for the zeolite templating method, may lead to
the controlled synthesis of N/F co-doped carbon with suitable chemical
states of N and F species for high electrocatalyst performance. In this
study, we synthesized N/F co-doped carbon as an electrocatalyst with
high activity using a zeolite templating method with fluoropyridine as a
raw material.

2. Experimental
2.1. Materials

Pyridine, 2-propanol, 4 M NaOH, 5 M HCl, 5 % Nafion™ dispersion
solution and 0.1 M KOH were purchased from Wako Pure Chemical
Industries, while 2-fluoropyridine and 3-fluoropyridine were purchased
from Tokyo Chemical Industry. H type Y zeolite (FAU) with a SiOy/
Al,03 ratio of 7.2 was purchased from Tosoh Corporation.

2.2. Synthesis of carbon materials

The deposition and removal of zeolite procedures were performed
referring to our previous work [30]. Typically, the Y zeolite (0.3 g) was
heated under N, atmosphere to a certain temperature T (=600, 700, 800
and 900 °C) and the temperature was maintained for 1 h. Then, a vapor
of 2-fluoropyridine was fed into the furnace at the saturated pressure at
0 °C, and the vapor deposition treatment was performed for a certain
time t (4, 5 and 6 h). The composite of carbon and zeolite was named
“CNF/Z-T °C-t h”, where T and t represent the deposition temperature
and time, respectively.

The composite was immersed in 4 M NaOH solution at 180 °C
overnight. The resultant powder was recovered by filtration, and
washed with deionized water. Subsequently, 5 M HCIl solution was
added to the resultant powder. Finally, the resultant powder was washed
again with deionized water until the solution was neutral. The wet
powder was then dried overnight at 90 °C. The dry powder was named
“CNF-T °C-t h”. In addition, recarbonization was performed under Ny
atmosphere at 1100 °C for 3 h. The recarbonized sample is denoted as
“CNF-T °C-t h-recarb”.

As comparisons, we synthesized carbons by similar procedures using
pyridine or 3-fluoropyridine instead of 2-fluoropyridine, and the ob-
tained samples were donated as “3-CNF-recarb” and “CN-recarb”.
respectively. The deposition temperature and time were 800 °C and 5 h,
respectively.

2.3. Material characterization

Energy-dispersive X-ray spectroscopy (EDX) was performed using a
JEOL JCM-7000 to confirm the existence of the zeolite components Si
and Al. The grain size and shape of the samples were observed using a
Hitachi H-800 transmission electron microscope (TEM). X-ray diffrac-
tion (XRD) was performed on a PANalytical X'Pert-MDR diffractometer
using Cu Ka radiation to record the crystal structure. Nitrogen adsorp-
tion measurements were performed at 77 K using a Microtrac-BEL
BELSORP min X. The structures of the carbon catalyst were analyzed
using Raman spectroscopy (LabRAM HR-800, Horiba, Ltd., Kyoto,
Japan). Raman spectra of the samples were recorded using a confocal
Raman microscope (LabRAM HR-800, Horiba, Ltd., Kyoto, Japan). X-ray
photoelectron spectroscopy (XPS) was performed using a JEOL JPS-
9000MX spectrometer with Mg Ka radiation (10 kV, 10 mA) as the en-
ergy source to obtain C1s, N1sandF 1 s spectra.
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2.3.1. Electrochemical tests

Electrochemical activity was measured in a three-electrode cell using
a Bi-Potentiostat (BAS) referring to our previous work [35]. A rotating
ring disk electrode (RRDE) (glassy carbon (GC) ring-disk) (diameter: 4
mm) loaded with each sample was used as the working electrode, a Hg/
HgoCl, (saturated KCl) electrode as the reference electrode, and a
graphite rod as the counter electrode. The catalyst ink was prepared by
dispersing each sample (8.8 mg) in a mixture including 0.8 mL deionized
water, 0.1 mL of Nafion solution, and 0.1 mL of 2-propanol. The RRDEs
were then coated with 8 L of ink and dried in air. The potential con-
version from a saturated calomel electrode (SCE) to a reversible
hydrogen electrode (RHE) was calculated using the following Nernst
equation:

Erue = Escp +1.0083(at0.1MKOH)

The ORR activity was evaluated by linear sweep voltammetry (LSV) in
Oy-saturated 0.1 M KOH solution in the 0.2-1.0 V (vs. RHE) range at a
scan rate of 10 mV s~ '. We performed 20 cycles of LSV measurements for
each sample to obtain the stabilized results and used the data from the
last cycle.

3. Results and discussion

The results of the EDX analysis (Table S1) indicate that Si and Al,
which are the main components of zeolites, were not almost detected in
the CNF-800 °C-5 h-recarb, which means that zeolite was removed by
base and acid treatment. The CHN elemental analysis (Table S2)
revealed that the amount of nitrogen in each sample was approximately
2-4 wt%. No significant differences in the nitrogen content were
observed for all the samples. TEM observations confirmed that pores
were formed after zeolite removal, as shown in Fig. 1. The shape and
particle size (~1 pm) for all the materials even after carbonization,
zeolite removal, and recarbonization were similar to those of the tem-
plate zeolite. Similar trends were observed in both the EDX analysis
(Table S1) and TEM observations (Fig. S1-S3) were obtained for other
samples prepared at different deposition temperatures, times, and raw
materials. The XRD patterns (Fig. S4) showed peaks similar to those of
zeolite (H/Y) even after carbonization, indicating that carbon materials
were formed while the zeolite retained its structure. These results sug-
gest that the zeolite acted as a template. Nitrogen adsorption measure-
ments are shown in Fig. 2. It was confirmed that the amount of nitrogen
adsorption on CNF-800 °C-5 h, from which the zeolite was removed by
the base and acid treatments, increased significantly. The porosity of all
the samples increased after base and acid treatments, as shown in Fig. S5
(a) and (b), which confirms the generation of pores derived from zeolite
templates for all samples. After recarbonization, the amount of adsorp-
tion in the micropore region decreased, and the number of mesopores
increased compared to those after the base and acid treatments. The
decrease in microporosity may be due to the high-temperature recar-
bonization treatment, which aligned the graphene microscale defects as
a graphene lattice and shrieked the micropores. Meanwhile, the increase
in mesoporosity may be due to the elimination of the F species. A similar
phenomenon occurred when F-containing raw materials were carbon-
ized in some papers [36]. As for N-doped carbon without F species, only
a decrease in the porosity was observed after recarbonization, as shown
in Fig. S5(b) and (c). This is because only pore shrinkage occurred
because of the absence of F species. However, the porosities of all F-
containing samples did not improve after recarbonization. This may be
because an increase in the elimination of F species and a decrease by
shrinkage at high temperatures would be comparative.

Fig. 3 shows the results of the LSV measurements when the RRDE
was rotated at 1600 rpm in O-saturated 0.1 M KOH. Similar onset po-
tentials were obtained for all the samples, even when the carbonization
temperature, carbonization time, and raw material were changed.
Meanwhile, a large difference was observed in the current density values
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Fig. 1. TEM images of (a) H/Y, (b) CNF/Z-800 °C-5 h,
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Fig. 2. (a) Ny adsorption isotherms and (b) pore size distributions of CNF/Z-800 °C-5 h, CNF-800 °C-5 h and CNF-800 °C-5 h-recarb.

(Table S3). CNF-800 °C-5 h-recarb showed the highest onset potential
and current density value. These values were higher than those of N/F
co-doped carbons for ORR in previous reports as listed in Table S4. In

particular, the half-wave potential of CNF-800 °C-5 h-recarb was much
better than those of N/F co-doped carbons for ORR in previous reports.
Furthermore, the CNF-800 °C-5 h-recarb exhibited high stability and
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Fig. 3. LSV curves of (a) samples synthesized at various carbonization temperatures, (b) samples synthesized at various carbonization times (c) samples synthesized
at various raw materials and (d) before and after recarbonization in the oxygen-saturated 0.1 M KOH solution at a scan rate of 5 mV sl Asa comparison, results for a

carbon catalyst with 20 wt% platinum loading are shown.

methanol tolerance (Fig. S6). Next, to investigate in detail the differ-
ences in activity depending on the raw material, we focused on three
samples: CNF-800 °C-5 h-recarb, 3-CNF-recarb, and CN-recarb. Using
these LSV measurements, we analyzed the number of transferred elec-
trons during the measurement, as shown in Fig. S7: the desired four-
electron reaction was preferred for the CNF-800 °C-5 h-recarb and 3-
CNF-recarb, whereas the electron transfer number for CN-recarb was
lower than that for the N/F co-doped carbons. Thus, it can be inferred
that F doping preferentially promoted the four-electron reaction. The
large difference in current density between the CNF-800 °C-5 h-recarb
and 3-CNF-recarb suggests that the binding state of F is importantly
related to the current density of the N/F co-doped carbons. Furthermore,
because there was no significant difference in the onset potential among
the three samples, it was expected that the presence or absence of F and
its bonding state would not significantly affect the onset potential. Fig. 4
(d) shows the changes in activity before and after recarbonization. Both
the onset potential and current density were enhanced by recarboniza-
tion. In particular, a large increase in the current density was observed.
The improvement in the catalytic activity after recarbonizaition may be
due to both the increase in the porosity (Fig. 2) and the change of
chemical states after recarbonizaition. Finally, the activity of the CNF-
800 °C-5 h-recarb was compared with a 20 wt% platinum-supported
carbon catalyst (Pt/C 20 wt%). CNF-800 °C-5 h-recarb showed activity
comparable to that of the platinum catalyst. The half-wave potential and
current density exceeded those of a platinum catalyst.

The structure of the carbon catalyst was investigated by Raman
spectroscopy as shown in Fig. S8. Graphene exhibits two characteristic

peaks at 1000 ~ 2000 cm L. One is the D band (1350 em 1) derived
from sp? graphitic crystallites and the other is the G band (1580 cm™!)
derived from defects. Therefore, Ip/Ig, calculated from the intensity
ratio of each peak, represents the degree of defects. There was no sig-
nificant difference in Ip/Ig among the three samples synthesized from
the three different raw materials, but the Ip/Ig of CN was slightly smaller
than that of CNF. This may be attributed to the defect formation due to
fluorine doping.

The surface binding of each sample was examined by XPS mea-
surements, and the results for N 1 s showed that all samples had Center
N, Pyridinic N, and Valley N peaks as shown in Fig. 4 (Center N: 401.0
eV, Pyridinic N: 398.5 eV, Valley N: 401.9 eV) [34,37]. After recarbo-
nation, the ratios of Pyridinic N and Valley N decreased. This may be due
to the alignment of the graphene lattice by recarbonization. Comparing
the amount of nitrogen species in the samples after recarbonization, the
highest ratio of Pyridinic N and Valley N were found in the CNF-800 °C-
5 h-recarb; however, there was no significant difference in the ratios
among the three samples (Table S5). The fact that there was no signif-
icant difference in the ratio of Pyridinic N and Valley N among the three
samples synthesized by the zeolite templating method suggests that
there was no significant difference in the onset potentials among the
three samples. XPS measurements of F 1 s are shown in Fig. 5: the F 1 s
spectra are separated into Ionic, Semi-ionic, and Covalent C-F bonds at
each binding energy (Ionic C-F bond: 686.0 eV, Semi-ionic C-F bond:
687.3 ~ 688.0 eV, Covalent C-F bond: 689.4 eV) [24,25]. The CNF-
800 °C-5 h-recarb was found to have a lower ratio of Semi-ionic C-F
bonds than the 3-CNF-recarb (Table S6). This is contrary to the



Y. Taniguchi et al.

Electrochemistry Communications 160 (2024) 107665

a) T , , b) — : . :
CNF-800 °C-5h /‘\ —  Pyridinic N CNF-800 C-5h-r?§arb_ Pyridinic N
, — CenterN / — CenterN
/ ~— \ValleyN Valley N
3 " 3
S, S,
2 Pl
B @
s s
£ £
406 464 402 400 398 396 406 404 402 400 398 396
Biding Energy [eV] Biding Energy [eV]
c) T T T T T d) T T T
3-CNF . 3-CNF-recarb o
m — Pyridinic N — Pyridinic N
/ \,— CenterN — Center N
q/ \— Valley N — Valley N
3 M\ 3
S, \ S,
2 \y - 2 \
o] 8
= / = \
/ . \
AN ~A\ , ' \ \ b / J//‘ n
406 404 402 400 398 396 406 404 462 400 398 396
Biding Energy [eV] Biding Energy [eV]
e) CN T T T T T f) CN T b T T T T
a — Pyridinic N -recar —  Pyridinic N
/ \_ Center N /A —— CenterN
/ T ValleyN / —  Valley N
O | 2 )
= A =
o 2
£ £
406 404 402 400 398 3§6 406 404 402 400 398 .396

Biding Energy [eV]

Biding Energy [eV]

Fig. 4. N 1 s XPS profiles of (a) CNF-800 °C-5 h, (b) CNF-800 °C-5 h-recarb, (c) 3-CNF, (d) 3-CNF-recarb, (e) CN and (f) CN-recarb.

theoretically based result that the CNF-800 °C-5 h-recarb had a higher
current density values than the 3-CNF-recarb. However, the majority of
both samples were dominated by Semi-ionic C-F bonds, and the Semi-
ionic C-F must have contributed to the higher current values. In addi-
tion, 3-CNF-recarb must contain a small amount of Covalent-C-F,
although no peak of Covalent-C-F was observed in 3-CNF-recarb. In
these samples with very low fluorine content, the intensity of the XPS
spectrum is low, making it hard to accurately characterize the samples
by only XPS. Compared to the samples before recarbonation, CNF-
800 °C-5 h and 3-CNF had Covalent C-F bonds whose peak intensity
decreased after recarbonation. It is expected that the recarbonization

changed the structure of the graphene lattice and the charge density
distribution, which converted the Covalent C-F bonds to Ionic bonding
properties. This phenomenon may have caused the enhanced current
values after recarbonization.

4. Conclusions

We synthesized N/F co-doped carbons by a zeolite templating
method using fluoropyridine as a deposition source. The N/F co-doped
carbons showed better catalytic performances on ORR than N doped
carbon prepared using pyridine. Significant improvements by F-doping
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Fig. 5. F 1 s XPS profiles of (a) CNF-800 °C-5 h, (b) CNF-800 °C-5 h-recarb, (c) 3-CNF and (d) 3-CNF-recarb.

were observed in current density and electron transfer numbers. XPS
measurements of N 1 s confirmed that the N/F co-doped carbons
possessed Center N, Pyridinic N, and Valley N with a similar distribution
to the N doped carbon, therefore, F species boosted ORR catalytic per-
formance. The comparisons revealed that Semi-ionic bonded C-F might
boost catalytic performance on ORR while Covalent or Ionic C-F would
not boost it. This work provides a new direction for the design of metal-
free heteroatom co-doped carbon electrocatalysts for ORR.
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