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Rational bottom-up synthesis of sulphur-rich porous
carbons for single-atomic platinum catalyst supports

The bottom-up fabrication approach for sulphur(S)-rich
porous carbons from molecular precursors via thermal
polymerization process has been demonstrated. The
abundant S species in the resulting carbonaceous materials
function as an effective anchoring site for single-atomic
platinum (Pt) species. The single-atomic Pt catalysts show
the high catalytic activity for electrochemical hydrogen

oxidation reaction, equivalent to commercial Pt/C catalysts,

despite the significantly low Pt loading amount.
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Rational bottom-up synthesis of sulphur-rich
porous carbons for single-atomic platinum
catalyst supportst
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Single-atomic metal catalysts are attractive for green chemistry in terms of their outstanding catalytic per-
formance and savings in precious metal usage owing to maximized metal utilization, including anode cat-
alysts in polymer electrolyte fuel cells (PEFCs). Heteroatom-doped porous carbons are extensively used
as supports, where the heteroatoms contribute to the immobilization of single-atomic metals. However,
high-content doping of heteroatoms, especially sulphur (S), into carbon supports is still challenging
because S species can be readily desorbed during heat treatment. Herein, we present a bottom-up fabri-
cation approach for S-rich porous carbons from molecular precursors via a thermal polymerization
process. A simple carbonization of molecules with thermally stable S-containing building blocks and poly-
merizable ethynyl moieties at 900 °C yields microporous carbon materials with record-high S content
(over 15 wt%). The abundant S species function as an effective anchoring site for single-atomic platinum
(Pt) species. Toward anode catalysts in PEFCs, the prepared single-atomic Pt catalysts efficiently promote
the electrochemical hydrogen oxidation reaction, whose activity is comparable to that of commercial Pt/

rsc.li/greenchem

1. Introduction

A variety of catalytic processes have brought significant
improvements to the chemical industry." Platinum (Pt)-based
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C, despite the significantly low Pt loading amount.

catalysts are indispensable to industry for their superior cata-
lytic performance in a variety of reactions.>” With the growing
demand for rechargeable batteries toward achieving a sustain-
able society, Pt has recently been extensively used as a catalyst
for both the anode and cathode in polymer electrolyte fuel
cells (PEFCs).>” However, Pt is one of the precious metals, and
there are practical issues with its limited availability and high
cost. Therefore, there is an urgent need to optimize catalyst
design for green chemistry.® From this point of view, the ulti-
mate reduction of metal sizes down to atomic dispersion, i.e.,
single-atomic catalysts (SACs), is one of the effective strategies
to significantly improve the atomic utilization efficiency for
saving precious metal usage.’ At the same time, SACs can
ensure the advantages of traditional heterogeneous catalysts,
such as stability and recyclability. To date, many researchers
have reported single-atomic metal catalysts on a variety of
support materials, including metal oxides,'*" zeolites,'*"*
layered materials,">'® and carbon materials,"””>° for a wide
range of catalytic reaction systems. Metal oxides, zeolites and
layered materials are generally unsuitable for electrocatalysis
due to their low electron conductivity. Porous carbon
materials, on the other hand, possess outstanding advantages
especially for electrocatalysis, owing to their high porosity,
electrical conductivity, and chemical/thermal stability.**

This journal is © The Royal Society of Chemistry 2024
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In order to immobilize single-atomic metal species onto
carbon supports, it is necessary to create “anchoring sites” like
defects on the carbon surface due to the poor interaction
between the metal species and the hexagonal lattice structure
of graphene sheets. Heteroatom dopants, including nitrogen
(N), boron (B), sulphur (S), and phosphorus (P), can coordinate
single-atomic metal species, and thus, doped carbon materials
are widely used as supports for SACs.>*>* In particular,
N-doped carbon materials have been intensively studied as
supports for transition metal-based SACs. On the other hand,
S doping is known to be more effective than N doping for
single-atomic noble metal species like Pt, due to the strong
bonding between Pt and S.** Various methods have been
reported to prepare S-doped carbon materials, such as direct
conversion of small organic compounds or natural
products®*?® and post-processing of carbon materials via
chemical reactions.>*?° There are simultaneous requirements
for supports for SACs: high heteroatom content, controlled
chemical structure, and developed pores. In this regard,
S-doping techniques for SACs have not yet been well estab-
lished.”* Even when a large number of S species were intro-
duced into porous carbon frameworks, the chemical state of S
species could not be uniformly controlled and contained oxi-
dized species (-SO,), which would not act as anchoring sites
for metal species and would be unstable during electrocataly-
sis. For example, transition metal-assisted carbonization of
small organic compounds has been developed, allowing the
fabrication of S-doped porous carbon with a high S content of
12 wt% and a controlled pore structure. However, this method-
ology was not able to precisely and homogeneously control the
chemical structure around the S species and required a
complex synthetic process.*” Direct carbonization of precursor
molecules with well-defined S species could be a promising
approach, but in practice, low-temperature decomposition or
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evaporation of precursors leads to the production of low-S-con-
taining carbons in low yield.*?

We have recently revealed that the carbonization of organic
molecules via solid-state polymerization is an effective strategy
for the formation of graphene-based porous frameworks with
high carbonization yields (~90 wt%).** Simple carbonization
of metalloporphyrin crystals with polymerizable moieties
yields three-dimensional (3D) carbon materials with ordered
structures.”> Furthermore, carbon materials with a precisely
controlled pore size at the angstrom level have been success-
fully produced by the carbonization of 3D aromatic molecules
(tetraphenylmethane and tetrabiphenylmethane) with ethynyl
groups.®” Thus, well-designed molecules possessing thermally
stable building blocks and polymerizable moieties can be used
as precursors to fabricate 3D microporous carbons with mole-
cular-level design in high yields. These studies inspired the
application of this bottom-up methodology to the synthesis of
carbon materials doped with high concentrations of
heteroatoms.

Herein, we report the synthesis of porous carbon materials
with a high S content by a simple carbonization approach as a
platform for single-atomic Pt species for electrocatalysis. First,
design guidelines for two-dimensional (2D) precursor mole-
cules are established towards porous carbons. We further
extended our study to the synthesis of S-doped carbons from a
precursor molecule possessing benzotrithiophene units with
ethynyl moieties. The ethynyl moieties are cross-linked with
each other to produce rigid frameworks during heat treatment,
offering a high S content (>15 wt%) and a specific surface area
(>700 m*® g™') with high carbonization yields (>59 wt%).
Furthermore, single-atomic Pt species can be coordinated to
S-dopants in carbon. Interestingly, the prepared single-atomic
Pt catalysts show high catalytic activity equivalent to that of
commercial Pt/C for the electrochemical hydrogen oxidation
reaction (HOR), in spite of a significantly lower Pt content,
with high durability and low side reaction activity.

2. Experimental
Chemicals

Reagents and solvents of the best grade available were pur-
chased from commercial suppliers and were used without
further purification unless otherwise noted.

Synthesis

Pyrene (1) was obtained commercially (Wako Pure Chemical
Industries, Ltd). 1-Ethynylpyrene (2) was synthesized according
to the previous work (see Scheme S1at).***'

'H NMR (400 MHz, CDCl,): 8.60 (d, J = 9.2 Hz, 1H), 8.24 (d,
J = 8.4 Hz, 1H), 8.22 (d, ] = 8.4 Hz, 1H), 8.19 (d, J = 9.2 Hz, 1H),
8.18 (d, J = 8.0 Hz, 1H), 8.12 (d, J = 8.0 Hz, 2H), 8.06 (d, ] = 8.8
Hz, 1H), 8.04 (t, ] = 7.6 Hz, 1H), 3.63 (s, 1H).

A pyrene-based molecule with four ethynyl moieties
(1,3,6,8-tetracthynylpyrene, 3) was synthesized according to the
previous work (see Scheme S1b¥).**
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"H NMR (400 MHz, CDCL,): 6 3.67 (s, 4H), 8.49 (s, 2H), 8.69
(s, 4H).

A molecule with a thiophene skeleton and ethynyl moieties
(2,5,8-tri(triethynyl)benzo[1,2-b:3,4-b:5,6-b"]-trithiophene, 1S)
was obtained according to work  (see
Scheme S2t).%%*

"H NMR (400 MHz, CDCl,): § 3.52 (s, 3H), 7.73 (s, 3H).

Benzotrithiophene (2S) was obtained commercially (Wako
Pure Chemical Industries, Ltd).

Heat treatment of the samples was conducted under a N,
flow in a tubular furnace by using a temperature heating
program as shown in Scheme S3.f The heat-treated samples
are denoted as X_T, where X indicates the type of precursor (2,
3 and 1S) and T is the heat treatment temperature (700 or
900 °C).

previous

Characterization

"H NMR spectra were recorded at 400 MHz using a
JNM-ECS400 spectrometer (Jeol Resonance Inc.). "H chemical
shifts were expressed as values relative to tetramethylsilane
(TMS). The thermal decomposition behaviours of the precur-
sors were assessed by simultaneous analysis systems including
thermogravimetry, differential scanning calorimetry, and mass
spectroscopy (TG-DSC-MS). TG-DSC was conducted on a STA
449 Jupiter (Netzsch) from 60 °C to 900 °C at a heating rate of
10 °C min~! under a He flow (150 mL min™'). The emission
gas from TG-DSC was analysed by using a quadrupole mass
spectrometer (JMS-Q1500GC, JEOL). Scanning electron
microscopy (SEM) images were obtained on a FE-SEM using a
Hitachi-S4800. Powder XRD (PXRD) patterns for all the
samples were collected using a MiniFlexII (Rigaku Co., Tokyo,
Japan) between 2 and 40° (26) with a 0.01° step (conditions:
Cu-Ka radiation, 45 kv, 15 mA, 1.5418 A). Transmission elec-
tron microscopy (TEM) images of the carbonized samples were
obtained using a JEOL JEM-2010 operated at 100 kV. Raman
spectra were obtained on a LabRAM HR resolution spectro-
meter (HORIBA) with a laser wavelength of 532 nm, and the
intensity was normalized by the G-band. X-ray photoelectron
spectroscopy (XPS) analysis was performed using a JEOL
JPS-9200 (Al-Ka radiation) for S 2p spectra and a Kratos
Analytical Co. Axis Ultra (Al-Ka radiation) for Pt 4f spectra. For
analysis, the binding energy of a peak corresponding to sp”
carbon was calibrated to 284.5 eV.*”> Elemental analysis was
conducted using a MICRO CORDER JM10 and JM S (J-Science
Lab. Inc.). N, adsorption and desorption isotherms were
obtained using a BELSORP-max system (MicrotracBEL Corp.)
and QUADRASORB EVO4 (Quantachrome Instruments) at
—196 °C. The Brunauer-Emmett-Teller (BET) surface area
(Sser) was calculated using the multipoint BET method from
the adsorption data in the range of P/P, = 0.01-0.05."° The
pore size distribution was calculated with the non-local
density functional theory (NLDFT) using a slit-pore model.*”
Adsorption with various molecular probes was measured using
a BELSORP-max system (MicrotracBEL Corp.) at 25 °C.
Molecular probes of different kinetic diameters, including CO,
(0.33 nm at 25 °C), ethane (0.40 nm at 25 °C), n-butane
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(0.43 nm at 25 °C), n-hexane (0.49 nm at 25 °C), and tetrachlor-
omethane (0.60 nm at 25 °C), were used for adsorption to
evaluate the pore size of the adsorbents.?”*®*° pt L;-edge X-ray
absorption fine structure (XAFS) spectra were recorded in
transmission mode by synchrotron radiation at the Beamline
BLO1B1 in SPring-8, JASRI, Harima, Japan, using an Si (111)
monochromator. Fourier transform was applied to the k-
weighted normalized extended X-ray absorption fine structure
(EXAFS) data over the range of 3.0 < k (A™") < 12 to obtain
radial structure functions using Athena and Artemis.’® Curve
fitting analysis for EXAFS spectra was performed using a quick
first shell offered by Artemis. The coordination number of Pt-S
and Pt-Cl bonding for cis-[Pt(DMSO) Cl] was fixed to 2 to
determine S, backscattering amplitude factor. Then, the cal-
culated S,> was also employed for the curve fitting analysis of
Pt-1S_900. Wavelet transform analysis of EXAFS was conducted
using the Morlet function as a mother wavelet.>*

Electrochemical hydrogen oxidation reaction performance

For the preparation of working electrodes, 1.0 mg of 3_900 or
1S_900 was mixed with 5 wt% Nafion™ solution (20 pL) and
ethanol (300 pL), and then, the suspension was sonicated. For
1S_900, 80 uL of catalyst ink was dropped onto a 0.125 cm”
polished rotating disk electrode (RDE) with a catalyst loading
of 2.0 mg ecm™>. For 3_900, 16 pL of catalyst ink was dropped
onto a 0.125 cm” polished RDE with a catalyst loading of
0.4 mg cm>. For an impregnation process of Pt species, the
as-prepared working electrodes of 1S 900 or 3_900 were
immersed in an aqueous solution of 10 mM K,[PtCl,] and
rotated for 5 h, and then washed with deionized water to
prepare Pt-modified catalysts (denoted as Pt-1S 900 and Pt-
3.900, respectively). As a reference catalyst, commercial
20 wt% Pt/C (HiSPEC3000, Johnson Matthey) was used. The
catalyst ink of Pt/C was prepared by the same method
described above. Then, the as-prepared catalyst ink of 20 wt%
Pt/C was dropped onto a 0.125 cm” polished RDE with a cata-
lyst loading of 2.0 mg cm™>. The electrocatalytic hydrogen oxi-
dation reaction (HOR) performance was evaluated at room
temperature by the RDE method at a rotation rate of 2500 rpm
in 0.1 M HCIO, aq. (pH: 1.0) under a H, flow (10 sccm). A satu-
rated Ag/AgCl electrode and a glassy carbon electrode were
used as the reference and counter electrodes, respectively. The
potential [V] was converted from Ag/AgCl to the reversible
hydrogen electrode (RHE) scale using the following equation

(eqn (1)).
Potential (RHE) = potential (Ag/AgCl) + 0.059 x pH + 0.1967

(1)

Linear sweep voltammetry (LSV) was evaluated between 0
and 0.4 V vs. RHE with a scan rate of 2 mV sec™* in Ar or H,
saturated 0.1 M HClO, aq. (pH: 1.0). The oxygen reduction
reaction (ORR) activity was also measured by LSV between 0.2
and 1.2 V vs. RHE with a scan rate of 2 mV sec”" at a rotation
rate of 2500 rpm in 0.1 M HCIO, aq. (pH: 1.0) under an O,
flow (10 scem).

This journal is © The Royal Society of Chemistry 2024
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3. Results and discussion
Synthesis of 3D porous carbon from 2D precursor molecules

To prepare design guidelines for precursors towards 3D porous
carbon materials, three types of pyrene-based molecules with
or without ethynyl moieties (1-3) were investigated (see Fig. 1).
The thermal behaviours of these precursors were first exam-
ined using TG-DSC-MS (Fig. 1a-c and Fig. S1t). 1 evaporates
when the temperature reaches 300 °C, with endothermic DSC
peaks and the corresponding MS spectrum of 1 itself. In con-
trast, 2 and 3 molecules exhibit exothermic DSC peaks at
around 160 °C, which correspond to the thermal polymeriz-
ation of ethynyl moieties. The thermal decomposition of 2 and
3 molecules is significantly prevented, thanks to the polymeriz-
ation, and the resulting yields at 900 °C are 45 wt% and
78 wt% in the case of 2 and 3, respectively. Based on these
thermal analyses, 2 and 3 were employed as carbon precursors,
carbonized at 900 °C under an N, atmosphere, and the result-
ing materials are denoted as 2_900 and 3_900, respectively. As
shown in the photos in Fig. S2a and S2b,} molecule 2 has
largely changed its powder shape during the carbonization
process, while molecule 3 is carbonized while maintaining the
shape. Moreover, SEM observation revealed that the mor-
phology of 3 at the um level is retained well even after the car-
bonization at 900 °C (Fig. S2c and S2d¥), unlike the case of 2
(Fig. S2e and S2ff). Here, the TG-DSC profile for precursor 2
(see Fig. 1b) shows a sharp endothermic peak without weight
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loss at around 120 °C, which is attributed to the melting of the
molecule before polymerization. On the other hand, no
melting-derived peak can be observed for precursor 3 (see
Fig. 1c). Thus, precursor 2 changed its morphology due to car-
bonization via melting, while precursor 3 underwent solid-
state polymerization and subsequent carbonization. These
results show that introducing multiple polymerizable moieties
into aromatic units can avoid their melting and evaporation
process, allowing morphology-preserved carbonization via
polymerization. From PXRD patterns (Fig. S31), both crystal-
line structures of precursors are converted to amorphous struc-
tures after the carbonization process. A diffraction peak at
around 25° of 2_900 can be assigned to carbon (002), i.e., gra-
phene stacking structures. In the case of 3_900, the (002) peak
is broader and weaker than that of 2_900, suggesting that the
graphene stacking is not well developed, probably due to the
formation of 3D graphene frameworks by carbonization via
solid-state polymerization. Raman spectra of 2_900 and 3_900
(Fig. 1d) exhibit D- and G-bands at 1355 and 1590 c¢cm™’,
respectively, indicating the formation of defective carbon struc-
tures.®® The Ip/I; ratios of 2_900 and 3_900 are calculated to
be 0.92 and 1.0, respectively (Table S1t), suggesting no signifi-
cant difference in the quality of the obtained carbon materials.
However, porous texture properties are quite different from
each other. N, adsorption/desorption isotherms of a series of
2 and 3 are summarized in Fig. 1e and f, respectively. Both pre-
cursors 2 and 3 are poorly porous (Sger: 1 and 24 m?* g7,

—
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Fig. 1 TG-DSC profiles of (a) 1, (b) 2 and (c) 3. (d) Raman spectra of 2_900 and 3_900. N, adsorption/desorption isotherms of (e) 2 and 2_900, and

(f) 3 and 3_900.
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(a) Molecular design of the precursor and the schematic synthetic strategy for highly S-doped porous carbons. (b) TG-DSC profiles for 1S

(solid lines) and 2S (dashed lines) and (c) the corresponding MS spectra for 1S. (d) Raman spectra of 1S_700 and 1S_900. (¢) TEM image of 1S_900.

respectively). 2_900 also shows a non-porous structure even
after carbonization (Sggr: 0 m> g7'). On the other hand, the
microporous structure is well developed through the carboniz-
ation process in the case of 3, and 3_900 exhibits an Sggr of
630 m”> g '. Taking these characterization results into con-
sideration, introducing multiple ethynyl moieties into 2D aro-
matic compounds enables the prevention of the liquid-phase
transition during heat treatment, but also allows carbonization
via solid-state polymerization, resulting in the formation of
microporous carbon materials.

Synthesis of sulphur-doped 3D porous carbon

We then aimed to synthesize highly S-doped porous carbon
materials on the basis of the above-suggested design guide-
lines. Fig. 2a schematically illustrates the preparation of 3D
S-doped carbon in this study. Firstly, the precursor molecule
(1S), including the thiophene skeleton and multiple ethynyl
moieties, was synthesized according to the previous work (see
also Scheme $21).**** Then, we investigated the thermal
behaviour of 1S using TG-DSC-MS as shown in Fig. 2b and c.
As a control sample, commercial benzotrithiophene (denoted
as 2S) with no polymerizable moieties was employed. While 2S
completely disappears at around 300 °C, 1S demonstrates a
high carbonization yield (59 wt%) even after carbonization at
900 °C, exceeding that of previous works (typically less than
40 wt% over 700 °C).>*>* Additionally, an intense exothermic
peak can be observed at around 120 °C for 1S, suggesting that
ethynyl moieties in 1S are thermally polymerized with each
other. Alternatively, 2S exhibits endothermic peaks at around

8762 | Green Chem., 2024, 26, 8758-8767

150 °C and 300 °C, which correspond to its melting and gasifi-
cation processes, respectively. The MS spectra for 1S show a
small amount of desorbed gas species (CO, or CS, m/z = 44) up
to 300 °C (Fig. 2c), while 2S exhibits only m/z = 246, derived
from the precursor itself (Fig. S4t). These thermal analyses
clearly indicate that ethynyl moieties avoid the gasification of
the precursor via the formation of cross-linked frameworks,
subsequently yielding a carbon material with high yield. When
the temperature reaches 600 ©°C, sulphur-containing gas
species are gradually desorbed including CS, and SO, from 18.
It should be noted that SO, and CO, were probably generated
by reactions with the contaminated air during the TG-DSC-MS
measurements, which are unavoidable in this system. Based
on these results, S-doped carbon materials were prepared by
the carbonization of 1S at 700 or 900 °C under a N, atmo-
sphere, according to Scheme S3,} and the as-prepared samples
are denoted as 1S_700 and 1S_900, respectively. The PXRD
pattern of 1S exhibits some peaks corresponding to its crystal-
line structure (Fig. S5t). These sharp peaks disappear after the
carbonization process, indicating its conversion to an amor-
phous structure. Raman spectra of 1S 700 and 1S_900
(Fig. 2d) demonstrate D- and G-bands at 1355 and 1590 cm ™",
respectively, indicating the formation of defective carbons,
similar to 2_900 and 3_900 (see Fig. 2d and Table S1t).>> TEM
images of carbonized 1S samples (Fig. 2e and S61) show no
graphene stacking structures but numerous micropores as a
bright contrast.

To investigate the chemical nature of 1S and carbonized
samples, XPS analysis was performed. In the S 2p XPS spectra

This journal is © The Royal Society of Chemistry 2024
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of 1S (Fig. 3a), the S 2p4/, and S 2pjs, orbitals are observed at @40 ()
164.5 eV and 163.5 eV, respectively. These peaks can be e 1s_900 04 . co,
assigned to thiophene-type S.>>°° In the case of 1S_700 and £ Seert 795 m? gt 55
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works have reported that the carbonization of organic mole- g 1 o1
cules or polymers including thiophene-type S species yielded (E 0 i 0 ccl,
S-doped carbon materials possessing oxidized S and thio- 0 02 04 06 08 1 0 1.0 203040506070 80
phene-type S species.”®*>® Thus, the heat treatment of precur- p— PIPo ; 5500 %A
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30.8 wt% based on the molecular formula. Thus, the yield of o L_Retso !,l‘/R 63 , O et 27
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carbonization process at 900 °C.

N, adsorption/desorption isotherms of a series of carbo-
nized 1S samples are summarized in Fig. 4a. The precursor
1S is almost non-porous, but the carbonized samples exhibit
a clear type-I isotherm, indicating the development of a
microporous structure. Indeed, 1S 700 and 1S_900 exhibit
high Sgpr of 714 and 795 m> g™, respectively (Table S37).
Pore-size distributions from the NLDFT analysis suggest the
formation of a micropore less than 1 nm (Fig. S7f). Thus,
the molecular probe method was applied to estimate the
pore size more accurately, revealing that a pore of 4.8 A is
formed in 1S 900 (Fig. 4b and S8f). In Fig. 4c and d, we
compare the sulphur contents and Sggr values of 1S_700
and 1S_900 with the previously reported S-doped carbon
materials prepared at 700 or 900 °C (see also
Table $41).>”?%°%°% Interestingly, S-doped carbons syn-
thesized in this work achieve a well-balanced porosity and
sulphur content; especially, the highest S content is attained
after the heat treatment at 900 °C while maintaining a high
specific surface area. Therefore, the precursor design of 1S,
with thiophene-type S species and ethynyl moieties, provides
multiple benefits, including high carbonization yields, high
S contents and high porosity in the resulting carbons.

This journal is © The Royal Society of Chemistry 2024

Sulfur content / wt% Sulfur content / wt%

Fig. 4 (a) N, adsorption/desorption isotherms of 1S, 1S_700, and
1S_900 samples. (b) Micropore volume (V,,) of 1S_900 estimated by the
Dubinin—Astakhov method, plotted against the kinetic diameter (d,) of
molecular probes. Comparison plots of sulphur content and the Sget of
S-doped carbons prepared at (c) 700 °C and (d) 900 °C in previous
reports and in this work.

Application for single-atomic platinum catalyst supports

We applied the S-doped porous carbons for an electrochemical
catalyst support, as sulphur species has lone electron pairs
which could be coordinated with metal species. 1S_900 was
employed as the catalyst support here in terms of electrical
conductivity, and Pt loading was carried out according to a pre-
vious work.®® The as-prepared sample is denoted as Pt-1S_900.
Pt modification was also executed using 3_900, microporous
carbon without S species (denoted as Pt-3_900). Fig. 5a shows
the Pt 4f XPS spectra of both Pt-modified samples. The
loading amounts of Pt species on Pt-1S_900 and Pt-3_900 are
determined to be 0.7 and 0.1 wt%, respectively, from XPS ana-
lysis (Table S5%). Since the specific surface areas of both
samples are not much different (see Table S3t), the large
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Fig. 5 (a) Pt 4f XPS spectra of Pt-1S_900, Pt-3_900, and Pt metal. (b) Pt Ls-edge XANES spectra and (c) Fourier transforms of k*-weighted EXAFS
oscillations for Pt-1S_900, cis-[Pt(DMSO),Cl,], Pt foil, and PtO,. (d) Wavelet transforms of Pt-1S_900, cis-[Pt(DMSO),Cl,], Pt foil, and PtO,.

difference in Pt loading strongly suggests that the S species in
1S_900 contribute to the immobilization of Pt metal species.
In addition, Pt-1S_900 has a higher binding energy than the Pt
metal in the Pt 4f spectra, indicating the oxidized state of Pt
species. Previous works have revealed that the oxidation state
of atomically dispersed Pt species generally fluctuates from 2"
to 4", due to interactions between Pt atoms and catalyst
supports.®®’® In order to examine the local structure of Pt
species, Pt Lj-edge XAFS analysis was carried out. In the
XANES spectra (Fig. 5b), the intensity of the white line edge of
Pt-1S_900 is identical to that of the cis-[Pt(DMSO),Cl,] refer-
ence, indicating that the oxidation state of Pt is divalent in Pt-
1S_900.°° Fourier transforms of the EXAFS spectra of Pt foil
and PtO, show distinct peaks corresponding to Pt-Pt and Pt-O
bonding at 2.55 and 1.60 A, respectively (Fig. 5¢). In clear con-
trast, Pt-1S_900 exhibits a peak at 1.96 A, which is consistent
with the cis-[Pt(DMSO),Cl,] reference, being ascribed to Pt-S
or Pt-Cl bonding. In addition, Pt-Pt bonding is not detected
in Pt-1S_900, demonstrating that Pt species dominantly
present as atomically dispersed Pt atoms coordinated with S
species. Further quantitative analysis of the coordination struc-
ture was carried out by fitting the R-space of Pt-1S_900 with
Pt-S and Pt-Cl bonding (Table 1). The coordination numbers

of Pt-S and Pt-Cl bonding in the first coordination shell of Pt-
1S_900 are estimated to be 2.6 and 2.4, respectively, which are
close to those for cis-[Pt(DMSO),Cl,]. This fitting result implies
that the coordination structure of Pt species in Pt-1S_900 is
similar to that of the Pt(u) complex. To further unveil the local
environment of Pt species, we performed wavelet transform
(WT) analysis (Fig. 5d), which allows a resolution of the back-
scattering atoms in both k- and R-spaces.”’ The WT of EXAFS
signals for Pt foil indicate a single intensity maximum at
around 9.3 A~ due to the Pt-Pt contribution. In contrast, the
WT of EXAFS shows an intensity maximum at around 6 A~* for
Pt-1S_900, cis-[Pt(DMSO),Cl,], and PtO,, which can be
assigned to the Pt-S/O contribution of the first nearest-neigh-
bour coordination shell. The similarity between the Pt coordi-
nation of Pt-1S_900 and cis-[Pt(DMSO0),Cl,] can also be clearly
recognized from WT. Combining the FT and WT of EXAFS ana-
lysis, it can be concluded that the Pt species in Pt-1S_900 are
atomically dispersed in the divalent state coordinated to the S
species, without aggregation into particles.

The electrocatalytic performance of Pt-1S_900 for the hydro-
gen oxidation reaction (HOR) was evaluated by linear sweep
voltammetry (LSV) in H, saturated 0.1 M HCIO, aq.
Commercial Pt/C and Pt-3_900 were employed as control

Table 1 Structural parameters calculated from the EXAFS fitting results of Pt-1S_900

Sample Shell Coordination number R/A e°lev /A R-factor/%
cis[Pt(DMSO0),Cl,] Pt-S 2? 2.31 14.3 0.048 0.8

Pt-Cl 2? 2.30 13.9 0.053 0.8
Pt-1S_900 Pt-S 2.6 2.30 11.4 0.10 0.1

Pt-Cl 2.4 2.28 11.9 0.10 0.1

“ Debye-Waller factor. ” Fixed.
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samples. Under Ar-saturated conditions, none of the catalysts
(Pt-1S_900, Pt-3_900, and Pt/C) exhibit faradaic current
(Fig. S91). In contrast, 1S_900 displays a clear increase in
current from 0 V vs. RHE (namely, without overpotential)
under the H,-saturated conditions, similar to Pt/C (Fig. 6a). No
faradaic current can be observed in Pt-3_900, probably due to
a much smaller loading amount or an overoxidized state of Pt
species compared to 1S_900 (see Fig. 5a and Table S57). These
results reveal that single-atomic Pt species supported on
S-doped carbon function as an efficient electrocatalyst for the
HOR. Notably, Pt-1S_900 shows catalytic activity equivalent to
Pt/C, in spite of a much lower Pt loading amount (less than
one-twelfth, see Table S5f). Such high catalytic performance
could be attributed to the higher atom utilization efficiency of
atomically dispersed Pt species. Furthermore, there was no sig-
nificant change in the Pt content of Pt-1S_900 before and after
the electrochemical test, demonstrating no leaching of Pt
species even under acidic conditions (Table S5t). The stability
test was carried out by LSV for 100 cycles (Fig. 6b). The high
catalytic activity of Pt-1S_900 was well retained even after 100
cycles, further indicating the durability of S-coordinated Pt
species for the electrochemical HOR. When considering its
practical application in PEFCs, air contamination inevitably
happens in the anode chamber during the start-up of PEFCs,
and the cathodic oxygen reduction reaction (ORR) occurs as a
side reaction on the Pt anode catalysts. This phenomenon
induces a decrease in power generation and the deterioration
of carbon supports. Thus, we further investigated the electro-
catalytic ORR activity. Fig. 6¢c shows the polarization curves of
Pt-1S_900 and Pt/C for the ORR. The current density of Pt-
1S_900 is significantly smaller compared to Pt/C, indicating its
extremely low catalytic activity for the ORR. Therefore, single-
atomic Pt coordinated to S-doped carbons can be regarded as
one of the ideal anode catalysts for PEFCs in terms of activity
per Pt amount, durability, and low ORR reactivity.

4. Conclusions

In summary, we have initially established the guidelines for an
efficient bottom-up preparation of 3D porous carbon

This journal is © The Royal Society of Chemistry 2024

materials; molecular precursors with multiple polymerizable
ethynyl groups are converted to microporous carbons in high
yields via solid-state polymerization. According to the guide-
lines, we have also succeeded in the fabrication of S-rich
porous carbons from the simple carbonization of the precursor
molecule including the thiophene skeleton and ethynyl moi-
eties. Notably, this work achieved a high content (over 15 wt%)
of sulphur species with a homogeneous chemical structure in
well-developed microporous carbons, even after carbonization
at as high as 900 °C. This can be attributed to the formation of
rigid 3D cross-linked frameworks by ethynyl moieties, suppres-
sing the decomposition during the carbonization process. We
further applied the prepared S-rich porous carbon materials as
supports for single-atomic Pt species. High catalytic activity for
the electrochemical HOR is demonstrated, equivalent to that
of commercial Pt/C, in spite of a much smaller Pt loading
amount. Moreover, Pt coordinated S-doped carbons show high
long-term stability and low catalytic activity for a side reaction
of the ORR, suggesting suitable catalytic performance for their
practical application in PEFC anodes.

From the perspective of green chemistry, the HOR, the
target of this study, is a green catalytic process. However, the
use of organic solvents, including toluene, CHCl;, TEA, THF,
and NMP, is unavoidable in the organic synthesis of precursor
molecules for catalyst supports, although only for temporary
use during catalyst synthesis. Future developments in green
organic chemistry, such as solid-state cross-coupling reactions,
are expected to reduce the use of organic solvents. With regard
to recyclability, the prepared catalysts consist of C, H, S, and Pt
species. C, H, and S are abundant resources, but the recovery
of Pt species from the catalyst is crucial. Here, C, H and S are
combustible, so Pt species can be recovered by burning the
catalyst after use, as is the case with conventional Pt/C cata-
lysts. In terms of saving in Pt usage, reducing the Pt amount in
cathode catalysts is also an urgent issue in PEFCs, since
cathode catalysts require more Pt than anode -catalysts.
However, the prepared single-atomic Pt catalysts are active for
the HOR but inactive for the ORR. Therefore, unfortunately,
this methodology cannot contribute to the reduction of Pt
usage in cathode sides at this stage. The synthetic approach
for highly S-doped carbon materials presented in this study is
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expected to be extended to diverse heteroatom systems such as
N, B and P. For example, highly N-doped carbons can be used
in single-atomic transition metal catalyst supports, opening up
to a variety of reaction systems such as the ORR and CO, con-
version. Therefore, the present rational design for highly
hetero-doped porous carbons provides potential applications
toward various catalytic systems that are important for green
chemistry.
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