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Nitrogen, Fluorine, and Phosphorus Tri-Doped Porous
Carbon with High Electrical Conductivity as an Excellent
Metal-Free Electrocatalyst for Oxygen Reduction Reaction

Ryuji Takada,** Kotaro Narimatsu,”” Yurika Taniguchi,”” Xinran Yang,” Koji Miyake,

Yoshiaki Uchida,” and Norikazu Nishiyama® "

Today’s oxygen reduction reaction (ORR) depends on the
precious metal Pt-based catalysts, limiting the large commerci-
alization of promising energy conversion technologies such as
proton exchange membrane fuel cells (PEMFCs) and metal-air
batteries. Therefore, the rational design of low-cost and highly
efficient electrocatalysts for ORR is strongly desired. Herein, we
report a porous carbon doped with nitrogen, fluorine, and
phosphorus (N, F, P tri-doped carbon) prepared via only a
heating process using low-cost glycine, ammonium fluoride,

Introduction

With the increasing demand for clean energy, renewable energy
conversion systems have attracted interest in addressing the
accelerating fossil fuel consumption and serious environmental
issues."™ Among the energy conversion systems, proton
exchange membrane fuel cells (PEMFCs) and metal-air batteries
have been recognized as promising alternatives of existing
systems depending on fossil fuels due to their environmental
friendliness and high theoretical energy density.*” Unfortu-
nately, the sluggish kinetics of the oxygen reduction reaction
(ORR) with multi-electron transfer at cathodes decrease the
energy conversion efficiency of the above-mentioned
devices.® '™ Until now, Pt-based catalysts have been widely
used as commercial electrocatalysts for ORR. However, the
scarcity, high cost, and low durability of Pt hinder the large-
scale application of Pt-based catalysts."''¥ Therefore, great
efforts have been devoted to exploring cost-effective, stable,
and highly active electrocatalysts with non-precious metals.
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and phytic acid as precursors. X-ray photoelectron spectroscopy
(XPS) analysis revealed the existence of pyridinic-N and the co-
existence of graphitic-N and oxidized graphitic-P, which can be
active sites, with semi-ionic C—F bonds highly boosting ORR
activity. Remarkably, the resultant N, F, P tri-doped carbon
exhibited outstanding activity for the ORR with an onset
potential comparable to that of commercial 20 wt% Pt/C
catalyst, the half-wave potential superior to that of the Pt/C
catalyst, and the electron transfer number close to 4.

Recently, metal-free carbon catalysts doped with heteroa-
toms, such as N,">'9 P17 B8 and S have been extensively
explored and are regarded as one of the most favorable
candidates for ORR because of their abundance, low cost, and
high stability. In addition, metal-free heteroatom doped carbons
show high-tolerance to CH;OH and avoid metal particle
agglomeration and dissolution in electrolytes.*?" The ORR
activity heteroatom doped carbons originate from the differ-
ence of electronegativity between C atom and heteroatoms,
leading to charge transfer. The density functional theoretical
(DFT) calculations demonstrate that introducing heteroatoms
results in a different spin density and charge density redistrib-
ution on C atoms adjacent to the heteroatoms, which facilitate
the O, adsorption.””*® Among them, heteroatom co-doping is
an effective way to tune the catalytic activity by the synergistic
effect.””-*¥ Furthermore, the specific surface area and pore
structure of carbon catalysts perform a good function in
improving ORR activity.?**" Recently, we have synthesized N, P
co-doped carbon catalysts with precisely controlled pore
structures from bio-based raw materials via combined processes
of pyrolysis and CO, activation. The N, P co-doped carbon
catalysts showed high catalytic performance on the ORR.®” Like
our previous research, various heteroatom co-doped carbons
with high performance have been reported, however, there is
still room for improvement in the catalytic performance of the
catalysts comparable to that Pt-based catalysts on ORR.
However, there is still room for improvement in the catalytic
performance of the catalysts on ORR. Nowadays, introducing F
atoms is considered as an effective way to boost ORR activity. F
doping bring about the maximum charge delocalization on the
adjacent carbon atoms due to their higher high electro-
negativity, which intensively improves the O, adsorption.®®*”
C—F bonds are classified into ionic, semi-ionic, and covalent C—F
bonds in their nature. The formation of covalent C—F bonds

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 1. Elemental mapping images of (a) CNFP and (b) CNFP-act.

reduces the electrical conductivity because covalent C—F bonds
break the s-conjugated bonds in graphene.®® On the other
hand, F atoms semi-ionic bonded to C atoms act as electron
acceptors and promote the C—C bond polarization, which
enhances the electrical conductivity.?**”

Herein, we present a facile synthesis of N, F, P tri-doped
carbons as a metal-free electrocatalyst for the ORR by a
pyrolysis of glycine, ammonium fluoride, and phytic acid as
precursors. We introduced P atoms because we revealed that
oxidized graphitic-P plays an important role in the synergistic
effects of N and P atoms in our previous work. F doping was
conducted to gain the high electrical conductivity. In addition
to carbonization, CO, activation was performed to tune the
pore structure. The obtained catalysts were characterized
systematically, and then electrochemical measurements were
performed to investigate the catalytic activity for the ORR.

Results and Discussion

First, the electrocatalytic activities of N, F, P tri-doped carbon
(CNFP) carbonized at 900, 1000, and 1100°C for ORR were
evaluated using linear sweep voltammetry (LSV) in 0.1 M KOH
to determine the optimal carbonization temperature. These
catalysts are denoted as CNFP-T (T is carbonization temper-
ature). As shown in Figure S1a, CNFP-1000 exhibited the highest
catalytic activity; thus, 1000°C was the optimal carbonization
temperature. The ORR activities of CNFP mixed from different
raw material composition carbonized at 1000°C were also
evaluated to determine the optimal N, F, and P composition.
These catalysts are denoted as CNFP(x) (x=0.5, 1, 2; x is relative
mass ratio to glycine or phytic acid). As displayed in Figure S1b,
CNFP(1) exhibited the highest ORR activity; thus raw materials
composition of CNFP(1) was the optimal value (hereinafter,
CNFP-1000 or CNFP(1) is called CNFP). The yield of CNFP from
raw materials is 4.83%. The CNFP was activated with CO,, and
the obtained catalyst was denoted as CNFP-act. The final yield
of CNFP-act based on raw materials was 2.80%. CNF and CNP
are N, F and N, P co-doped carbon, respectively.

The morphologies of the synthesized catalysts were inves-
tigated by transmission electron microscopy (TEM). As displayed
in Figure S2, the layer structures and aggregated carbon
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particles with random diameters were observed for all the
catalysts. Scanning electron microscopy-energy-dispersive X-ray
spectroscopy (SEM-EDX) and CHN elemental analysis were
conducted to confirm the successful synthesis of N, F, and P tri-
doped carbon. Figure 1 shows the elemental mapping images
obtained via SEM-EDX, suggesting that N, F, and P atoms were
uniformly distributed. The relative C, N, F, P, O, and H contents
were measured by the combination of CHN elemental analysis
and EDX analysis (Table 1). The relative C content of CNFP-act
was lower than that of CNFP, which is attributed to the
influence of CO, activation. The CO, activation process can be
described by the following equation:**"*?

C,+CO, =C, , +2CO

At high temperatures, some of the C atoms in the catalysts are
gasified to CO by CO,, leading to the generation of pore
structures. In addition, the relative P content of CNFP-act was
larger than that of CNFP, suggesting that the P atoms did not
disappear during CO, activation. The main changes of the
relative N and F contents were not observed after CO,
activation. The catalysts were further investigated by X-ray
diffraction (XRD). As shown in Figure S3, two broad diffraction
peaks centered at ~25° and ~44° were found in all the catalysts,
corresponding to the (002) and (100) planes of carbon,
respectively. It suggests that the crystalline nature of all the
catalysts.**? From the above, the successful synthesis of N, F,
and P tri-doped carbons was confirmed.

The N, adsorption measurements were performed to
determine the specific surface areas and pore properties of
CNFP catalysts. The N, adsorption isotherms and pore size
distributions of CNF, CNP, CNFP, and CNFP-act are shown in

Table 1. The C, N, F, P, O, and H contents of each catalyst.

Catalysts C N F P 0 H

[wt %] [wt %] [wt %] [wt %] [wt %] [wt %]
CNF 65.43 4.81 2.58 - 26.11 1.07
CNP 72.30 3.40 - 11.66 11.56 1.08
CNFP 7713 2.72 0.36 6.20 12.85 0.74
CNFP-act 68.30 3.12 0.34 9.68 18.26 0.30
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Figure 2, and the BET surface areas and pore volumes of each
pore region are listed in Table S1. Micropore size distributions
(Figure 2b) and mesopore size distribution (Figure 2c) were
investigated using MP-plot and BJH methods, respectively. All
the catalysts except for CNF exhibited larger specific surface
area and pore volume. In particular, as shown in Figure 2b, a
significant difference in micropores was observed, implying that
phytic acid as a P precursor functioned as an activator, such as
H;PO, activation.®* The specific surface area of CNFP was
larger than that of CNP because of the etching by a part of
NH,F.*”*® Furthermore, the BET surface areas and pore volumes
of CNFP-act increased due to CO, activation, and the increase in
mesopores was significant (Figure 2c). A larger BET surface areas
and pore volumes are beneficial for ORR. The micropores
exposed the active sites, expecting to enhance the onset
potential. Mesopores promote the O, diffusion in the pore,
expecting to improve the current.***® Especially, the micropores
and mesopores with the diameters close to those of micropores
may enhance the onset potential.**!

The X-ray photoelectron spectroscopy (XPS) measurements
were carried out to reveal the chemical composition and
bonding state of the catalyst surfaces. As shown in Figure 33,
the high-resolution N 1s spectrum can be fitted into two peaks
centered at 398.5 eV and 401.0 eV, corresponding to pyridinic-N
and graphitic-N, respectively.®'~* The P 2p spectrum (Figure 3c)
was deconvoluted three peaks at 132.2eV, 1334eV, and
136.4 eV, attributable to graphitic-P, oxidized graphitic-P, and

.-.
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phosphate oxide, respectively.”*** Notably, the rate of pyr-

idinic-N for CNFP-act is higher than that for CNFP and graphitic-
P vanished in CNFP-act. This is because of the increase of edge
sites by CO, activation. Graphitic-N and graphitic-P exposed
outer catalyst surface and became pyridinic-N and oxidized
graphitic-P combined with oxygen, respectively. It has been
proven that pyridinic-N contributes to the improvement of
catalytic activity for ORR. We have revealed that co-existence of
graphitic-N and oxidized graphitic-P forms the appropriate
active sites for ORR. The F 1s spectrum (Figure 3b) is divided
into ionic (684.6 eV) and semi-ionic (688.3 eV) C—F bonds.”**¥
The covalent C—F bonds leading to low conductivity were
absent in all the catalysts. The polarization effect of semi-ionic
C—F bonds is higher than that of ionic C—F bonds. The existence
of semi-ionic C—F bonds further enhance the catalytic
performance %%

The electrocatalytic activities of CNF, CNP, CNFP, and CNFP-
act in ORR were performed using LSV in 0.1 M KOH. For
comparison, the same measurements were performed using a
commercial 20 wt% Pt/C catalyst (Figure 4a and Table 2). CNFP
showed a better onset potential than CNF, suggesting that N, P
co-doping brings about active sites, namely the co-existence of
graphitic-N and oxidized graphitic-P. The larger micropore
volumes also contributed to improving the onset potentials of
the CNP and CNFP. CNFP presented a better catalytic activity
than CNP, indicating that the C—C bond polarization with semi-
ionic C—F bonds enhance the O, adsorption and electrical

—_
()
-~

w

_ 500} _ _ 1.5 -‘
& £ A —— CNF 2 |\ — CNF
7 > I\ — CNP £ \ CNP
o 4001 E [ CNFP e CNFP
E S 2 CNPF-act E 4 CNPF-act
= o =
@ 300 E S
E ) e
g — CNP & g
3 200 — CNFP T 1 05
2 —— CNFP-act = s
| o b
& 100 £ =
< e A i & i

- —

0 n L L L i1 = ==t 0 T
0 0.2 04 06 08 1 0.5 15 2 10

Relative Pressure [P/Pg]

Pore Diameter [nm]

Pore Diameter [nm]

Figure 2. (a) N, adsorption isotherms, (b) micropore size distributions, and (c) mesopore size distributions of CNF, CNP, CNFP, and CNFP-act.
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Figure 4. (a) LSV voltammogrames, (b) electrochemical impedance spectrum, (c) number of transferred electrons, and (d) H,0, yield for each catalyst recorded
with stirring at 1600 rpm in an O,-saturated 0.1 M KOH solution at a scan rate of 5 mVs™".

Table 2. Onset and half-wave potentials and limiting current density of
each catalyst.
Catalysts Onset Half-wave Limiting
potential potential current density
[V vs. RHE] [V vs. RHE] [mAcm™?]
CNF 0.873 0.745 —3.82
CNP 0.892 0.787 —3.63
CNFP 0.924 0.860 —3.88
CNFP-act 0.931 0.867 -5.10
Pt/C 0.948 0.856 —5.56

conductivity, which fasten their subsequent O, reduction.”"*?

The electrochemical impedance spectrum demonstrated that
the resistances of CNF and CNFP were lower than that of CNP
(Figure 4b). The superior performance of CNFP is attributed to
the favorable active sites resulting from the synergistic effects
of N, P co-doping and the improvement of O, adsorption and
the promotion of the ORR by F doping. Furthermore, CNFP-act

ChemCatChem 2024, €202400749 (4 of 7)
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displayed an excellent ORR activity, with an onset of 0.931 V vs.
RHE and a half-wave potential of 0.867 V vs. RHE, respectively.
The larger mesopore volume of CNFP-act than that of CNFP
enhanced O, diffusion, leading to the further improvements of
half-wave potential and current density. The onset potential of
CNFP-act was comparable to that of Pt/C (0.948 V vs. RHE) and
the half-wave potential of CNFP-act exceeded that of Pt/C
catalyst (0.856 V vs. RHE). As listed in Table S2, the onset and
half-wave potentials of CNFP-act were superior to those of
heteroatom-doped metal-free catalysts reported in previous
studies.

The electron transfer number and hydrogen peroxide yield
of each catalyst were measured to further investigate the
excellent ORR activity. As presented in Figure 4c, the electron
transfer number of CNFP-act was 3.80-3.96 in the oxygen
diffusion-controlled region (0.2-0.8 V), which demonstrate the
promotion of four-electron ORR pathway. The exposed rich
active sites with high electrical conductivity due to CO,
activation and semi-ionic C—F bonds contribute to efficient O,

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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reduction. The H,0, yield of CNFP-act was below approximately
10% in the oxygen diffusion-controlled region (0.2-0.8 V).

The durability and crossover effect are other important
factors for ORR electrocatalysts.®**” Thus, the long-term
durability and methanol tolerance of CNFP-act and Pt/C
catalysts were performed using chronoamperometry (Fig-
ure S4). CNFP-act showed a good stability with a decrease to
91.3% after 7200 s. In addition, CNFP-act retains the perform-
ance after adding methanol, whereas an obvious drop of
current was observed for Pt/C catalyst. The N, P, F tri-doped
carbon possesses not only excellent catalytic activity but also
high durability and methanol tolerance.

To gain the insight into ORR activity in acidic media, LSV
measurements for CNFP-act and Pt/C were conducted in 0.5 M
H,SO, (Figure S5). CNFP-act also showed high activity even in
acidic media with an onset potential of 0.760 V vs. RHE, which is
close to that of Pt/C (0.799 V vs. RHE). Furthermore, the H,0,
yield of CNFP-act was approximately 0%in the oxygen
diffusion-controlled region (0.2-0.6 V vs. RHE). The performance
of CNFP-act in acidic media is comparable and superior to that
of other metal-free catalysts reported in the literature (Ta-
ble S3).

Conclusions

In summary, we proposed the simple method to synthesize N,
F, P tri-doped carbons as a metal-free electrocatalyst for ORR by
only pyrolysis processes of inexpensive raw materials with high
porosity and controlled heteroatoms. The optimized catalyst,
CNFP-act, exhibited a superior catalytic activity for ORR to other
metal-free heteroatom-doped carbon catalysts reported in the
literature, with the onset potential of 0.931 V vs. RHE, half-wave
potential of 0.867 V vs. RHE, and electron transfer number close
to 4, which are comparable and even overcome those of
commercial 20 wt% Pt/C catalyst. The remarkable performance
of CNFP-act is attributed to its porous structure and preferable

;.: carbonization, N,

active sites, the dopant of pyridinic N or co-dopant of graphitic-
N and oxidized graphitic-P, with the high conductivity boosted
by semi-ionic C—F bonds. CNFP-act also showed long-term
stability, methanol tolerance, and high ORR activity even in
acidic media; thus, this work provides not only rational design
of efficient ORR catalysts but also great opportunities for
practical application. Future work should investigate the fuel
cell performance because this work is limited to the discussion
of the catalytic activity using a single cell.

Experimental Section

Materials

Glycine, aqueous solutions of 50 wt% phytic acid, ammonium
fluoride, and Nafion (5 wt%) were purchased from FUJIFILM Wako
Pure Chemical (Osaka, Japan); the Pt/C catalyst (20 wt%) was
purchased from Sigma-Aldrich (St. Louis, MO, USA); N, gas (purity
99.99%) and CO, gas (purity 99.5%) was purchased from Iwatani
(Osaka, Japan). All the materials were used as received without
further purification.

Synthesis of CNFP

An overview of prepared samples in this work is summarized in
Scheme 1. In a typical synthesis, Glycine, phytic acid, and
ammonium fluoride at an equivalent mass ratio were dissolved in
deionized water. The solution was placed in a ceramic boat and
dried at 90°C, and the dried solid material was carbonized for 3 h
at 1000°C under an N, atmosphere. The obtained carbon catalyst
was denoted as CNFP. CNF was obtained using glycine and
ammonium fluoride as precursors and CNP was obtained using
glycine and phytic acid as precursors by the same carbonization
process. Furthermore, CNFP was activated with CO, for 4 h at 825°C
and was named CNFP-act. All the heating processes were
performed at a rate of 5°Cmin~""">",

Furthermore, CNP (0.1 g) was activated with CO, for a certain period
of time at a certain temperature. The heating was performed at a

rate of 5°Cmin~".

carbonization, N,

I
|
¢ | ¢
CNF | PN CNP
.,“'0 3 h, 1000 °C ! d 4 3 h,1000°C
P, |
I
| ¢
glycine carbonization, N,
phytic acid CNFP
oL Y¥se 3h,1000°C
(Y]
® activation, CO,
L“ o CNFP-act © @cC ON
ammonium fluoride 4h, 825°C ©0 éF ©P

Scheme 1. Schematic of the synthesis of N, F, and P tri-doped carbon. Carbon, nitrogen, oxygen, fluorine, and phosphorus atoms are shown in gray, blue, red,

light blue, and orange, respectively.
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Characterizations

Transmission Electron Microscopy (TEM) and Scanning Electron
Microscopy-Energy-Dispersive X-ray spectroscopy (SEM-EDX) were
respectively performed using an H800 (Hitachi, Tokyo, Japan) and a
JCM-7000 (JEOL, Tokyo, Japan). X-ray diffraction (XRD) was carried
out on a PANalytical X'Pert-MDR diffractometer using Cu Ka
radiation. X-ray photoelectron spectroscopy (XPS) analysis was
performed using a Kratos Ultra 2 (Shimadzu, Kyoto, Japan), and the
N, adsorption isotherms were measured at —196.15°C using a
BELSORP MINI X (Microtrac MRB, Osaka, Japan). Accordingly, the
specific surface areas and pore volumes and size distributions were
determined using the Brunauer-Emmett-Teller (BET), MicroPore
analysis (MP)-Plot, and Barrett-Joyner-Halenda (BJH) methods.
Organic elemental analysis was conducted using FlashEA (Thermo
Fisher Scientific, Waltham, MA, USA).

Preparation of the Working Electrodes

Nafion (5 wt% in alcohol and water), isopropanol, and water were
mixed to prepare the catalyst dispersion solution at a volume ratio
of 1:1:8. This solution (1 mL) was added to the catalyst (8.8 mg)
and ultrasonicated at least 30 minutes to prepare the catalyst ink.
Subsequently, the ink (8 uL) was dropped onto the glassy carbon of
a Rotating Ring-Disk Electrode (RRDE) with a diameter of 4 mm and

an area of 0.1256 cm?, yielding a mass loading of 0.56 mgcm™.

Electrochemical Measurements

A three-electrode configuration was used for the electrochemical
measurements. The RRDE electrode with the glassy carbon disk
(4.0 mm in diameter) and a Pt ring (inner and outer diameters of
5.0and 7.0 mm, respectively), an Hg/Hg,Cl, (saturated KCI solution)
electrode, and a graphite rod were used as the working, reference,
and counter electrodes, respectively. The potentials reported herein
are relative to the Reversible Hydrogen Electrode (RHE) and based
on the following equations:

ERHE - EHg/ngc/I + 1.0083 (in 0.TM KOH) (1)
Ege = Engjug,ci, +0.2444 (in 0.5 M H,S0,) )

Linear Sweep Voltammetry (LSV) was performed in O,-saturated
0.1 M KOH and 0.5 M H,SO, solution with a scan rate of 5mVs™,
and the potential was applied from 1.2 to 0.2V for ORR. Prior to
LSV measurements, O, was bubbled in electrolyte for 30 minutes.
During the tests O, was bubbled continuously. The ring potential
was maintained at 1.5V vs. RHE to calculate the number of
transferred electrons and rate of H,0O, production during LSV using
the following equations:

n=(4xly)/(lg+1/N) (3)
H,0, % = 200 x (l,/N)/(|d + |,/N) (4)

where I, is the disk current obtained using the disk electrode, I, is
the oxidation current obtained using the ring electrode, and N is
the collection efficiency of the ring, which was experimentally
determined as 0.37.

Electrochemical impedance spectroscopy (EIS) was also tested in
O,-saturated 0.1 M KOH at 0.6V vs. RHE with the amplitude of
10 mV and the frequency range of 10° Hz-0.1 Hz.
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in alkaline and acidic media. XPS
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semi-ionic C—F bonds. This work
provides not only rational design of
efficient ORR catalysts but also great

opportunities for practical application.
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