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Fig. 4. Textural properties and chemical compositions of CMs. (A) Nitrogen adsorption/desorption isotherms of selected CMs. STP, standard temperature and pres-
sure. (B) PSD of CM-DBrBPy/Co and CM-DBrBPy/Co/SiO,. (C) XRD patterns of CMs. a.u., arbitrary units. (D) Raman spectra of CMs. (E) XPS survey spectra of CM-DCD/Co and
CM-BTH/Co. (F) High-resolution XPS spectra of the deconvoluted N 1s peak and Co 2p peak for CM-DCD/Co.

oven carbon yield increased greatly from 11.70 to 67.13% after in-
corporating SiO, templates in the synthesis. Note that the carbon-
ization of SOMs/SiO, mixture without TMSs did not yield any CMs,
further confirming the key role of TMSs in the CM synthesis. It is
believed that the SiO, templates could prevent the metal species from
aggregating into big nanoparticles during the thermal decomposi-
tion of SOMs; the better dispersed metal species were more effective
at catalyzing the polymerization and carbonization of SOMs. Be-
sides, the confined effect of SiO,, which was found by Wang and
Dai (22) in the carbonization of ionic liquids, is considered another
factor in the increase of carbon yield.

We then conducted x-ray diffraction (XRD) to analyze the com-
position of CMs (Fig. 4C). For the typical CMs, a peak centered at
26.2° that was assigned to the (002) planes of graphitic carbon and
three peaks at 44.2°, 51.5°, and 75.8° that were assigned to the (111),
(200), and (220) planes of metallic Co (JCPDS 15-0806) were observed
in their XRD patterns (Fig. 4C). After the incorporation of SiO, for
the CM-BPym/Co and CM-BBpy/Co precursors, the prepared CMs
were free of any metallic phase, which indicated that the SiO, tem-
plates were beneficial for the formation of removable Co species
during the thermal decomposition of these SOMs with Co(NOs3),.
TGA analyses verified that the Co contents of most SiO,-templating
CMs (except CM-DCD/Co/SiO,, CM-Mel/Co/SiO,, and CM-DBrBPy/
Co/Si0,) were much lower than those of CMs prepared without SiO,
templates (tables S1 and S4). We also collected Raman spectra of
the samples to further assess the graphitic structure of the CMs
(Fig. 4D). We observed a typical D band (1350 cm™h) resulting from
the disordered carbon atoms and a G band (1590 cm ™) from sp*-
hybridized graphitic carbon atoms for all of the investigated samples.
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The Ip/I; values of the investigated CMs are about 1, indicating the high
graphitic degree of these CMs (36). We found that heteroatom-
free Pah-derived CM (that is, CM-Pah/Co) had a lower Ip/Ig (0.947)
than the CMs derived from heteroatom-containing SOM precursors,
such as CM-DCD/Co (0.998), CM-0oPD/Co (0.978), CM-BTH/Co
(0.969), and CM-Phen/Co (1.025), revealing more defects in these
CMs derived from heteroatom-containing SOMs. Moreover, except
CM-BTH/Co, the Ip/Ig values of the investigated CM-x/Co are more
than that of the corresponding CM-x/Co/SiO,, suggesting that the
introduction of SiO; templates could improve the graphitic degree of
CMs. The results can also be explained by the fact that SiO, tem-
plates could make Co species be better dispersed during the thermal
decomposition of SOMs, resulting in more effective graphitization
of SOMs at high temperature.

We further probed the chemical compositions and element bonding
configurations of the CMs by x-ray photoelectron spectroscopy
(XPS) measurements. Tables S1 and S4 summarize the types and
contents of various elements in CMs based on the XPS analyses.
Figure 4E shows the survey spectra of two typical CMs (that is, CM-
DCD/Co and CM-BTh/Co). Most CMs consist of C, O, N, and Co
elements. The N element in CMs that we prepared with N-free SOMs
(that is, BP, oDHB, BTh, DBrBTh, and Pah) originated from nitrate
ion in Co(NO3);. The N contents of the CMs ranged from 0.31 to
6.44%, depending on the molecular precursors. Moreover, consid-
erable S doping was achieved for the CMs prepared from BTh
(13.35% S for CM-BTH/Co) and DBrBTh (11.73% S for CM-
DBrBTH/Co). We analyzed the high-resolution N 1s and Co 2p spec-
tra of CM-DCD/Co to reveal the N and Co chemical environments
(Fig. 4F). The N 1s spectra could be deconvoluted into four peaks
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assignable to the pyridinic N (398.9 eV), pyrrolic N (399.9 eV), gra-
phitic N (401.2 eV), and oxidized N (403.1 eV) (31, 32, 37), indicating
that N was structurally integrated into the carbon matrix. The high-
resolution Co 2p3/; spectrum of CM-DCD/Co consisted of two peaks
at the binding energies of 781.8 and 779.8 eV, which correspond to
nitrogen- and oxygen-coordinated Co, respectively (32). In addition,
scanning TEM-energy dispersive spectroscopic (STEM-EDS) ele-
mental mapping revealed the homogeneous distribution of N and/
or S over the whole carbon matrix in CMs (figs. S6 to S8). Note that
the Co element was also uniformly distributed on carbon frame-
work for the Co particle—free samples (for example, CM-oPD/Co/
Si0;). Previous researches have revealed that the heteroatom
doping in CMs could effectively modify their electronic charac-
teristics, spin structures, and surface chemical properties, which
frequently resulted in enhanced performances in electrocatalysis,
supercapacitors, lithium-ion batteries, etc. (1, 9). In particular, the
nitrogen-metal coordinated structures in CMs were believed to
be highly active in various electrocatalysis and heterogeneous
processes (10-12, 38-40).

Overall, as stated above, the versatility of the synthetic strategy
allowed us to produce distinct CMs in terms of yield, surface chem-
ical functionality (that is, N, O, S, and metal doping), porosity, and
graphitic structure. Although it is impossible to figure out a detailed
carbonization process of SOMs/TMSs, which may differ substan-
tially depending on the molecular structures of SOMs and the type
of TMSs, we would conclude that TMSs played a key role for the
synthesis of CMs in two aspects. First, TMSs greatly improved the
thermal stability of SOMs by donating electrons from heteroatoms
in SOMs (for example, oPD, oDHB, BPy, BPym, BTh, etc.) to the
vacant d orbitals in transition metal ions. This made the SOMs sur-
vive harsh carbonization conditions, at which the SOMs were ther-
mally polymerized and cross-linked into polymeric intermediates
that finally formed CMs at high temperature. Second, transition
metals could catalyze the polymerization of the SOMs by dehalogena-
tion C-C coupling (for example, DBrBPy and DBrBTh) (26, 29),
dehydrogenation C-C coupling (for example, BPy, BTh, Phen, etc.)
(30), or cross-linking of -NH, and —-CN functional groups (for ex-
ample, oPD, DCD, and Mel) at a relatively low temperature (21, 23),
which therefore eventually avoided the sublimation of the SOMs
and resulted in CMs. XPS analyses of DBrPhen/Co(NOs3), system
reveal that the atom ratios of Br/C gradually decrease with the in-
crease of carbonization temperatures, from 16.24% for the DBrPhen/
Co(NO3); precursor to 2.50% for the carbonized product at 500°C
(fig. S9), indicating the removal of bromine groups and the possible
occurrence of dehalogenation C-C coupling to form the conjugated
polymer, as demonstrated by numerous studies in solution or on
metal surface (29). We detected high-molecular weight organic
species by gel permeation chromatography in the soluble part of
the carbonization product that was obtained by heating DBrPhen
with Co(NO3), at 250°C for 0.5 hours under N; (fig. S10). When the
pyroysis temperature increased to 400°C, the carbonized products
could not be soluble in various solvents anymore (fig. S11), revealing
the formation of highly cross-linked polymers at an elevated tem-
perature. Furthermore, we tried to get soluble components from the
products after pyrolysis of DBrBTH/Co(NOj3), at a relatively low
temperature of 200°C and analyzed them by ultraviolet-visible
(UV-vis) absorption spectroscopy (fig. S12). The DBrBTh molecule
shows a maximum absorption at ca. 320 nm, while the maximum
absorption of DBrBTh/Co-200 generates bathochromic shift to ca.
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395 nm, indicating the formation of thiophene oligomers with a bigger
conjugated system (41, 42).

Note that we failed to get CMs from low-boiling point SOMs
that are liquids at room temperature (fig. S13). One possible reason
was that these SOMs in the mixtures were not thermally stable
enough to endure high temperature for the occurrence of polymer-
ization before they escaped out in the form of volatile vapors.

Application of CMs in heterogeneous catalysis

Catalytic oxidization and hydrogenation reactions represent important
industrial processes that can produce key feedstocks for the synthesis
of many fine chemicals (43-45). Therefore, development of low-cost,
efficient, and recyclable catalysts for these reactions is highly desired
but challenging. Recent research has revealed that heteroatom-
doped, nanostructured CMs were promising heterogeneous catalysts
for various catalytic reactions (39, 40, 45, 46). Four typical CMs,
including CM-Phen/Co, CM-Phen/Co/SiO,, CM-DBrPhen/Co, and
CM-DBrPhen/Co/SiO,, were chosen as the catalysts for heteroge-
neous catalysis reactions (see figs. S14 to S16 and note S3 for the
detailed characterizations of these catalysts).

We first studied selective oxidization of ethylbenzene to acetophe-
none as the probe reaction to demonstrate the potential of our CMs
as heterogeneous catalysts (Fig. 5A). As shown in Fig. 5B, the CM-
Phen/Co exhibited a conversion of 52.4% and a good selectivity of
97.7% toward acetophenone, while a much lower conversion of 8.1%
and a poor selectivity of 27.4% were achieved in the blank experi-
ments. The highly porous CM-Phen/Co/SiO, displayed the highest
conversion of 91.4% and a good selectivity of 97.9%. Aberration-
corrected high-angle annular dark-field STEM (HAADF-STEM)
and thiocyanate ion poisoning experiments identified the atomically
dispersed cobalt as the main active sites (figs. S15, F and G, and S17
and note S3). The high BET surface area of CM-Phen/Co/SiO; is
beneficial to the exposure of more single-atom cobalt active sites
for substrate adsorption and conversion, leading to good catalytic
performance. We could easily separate the CM-Phen/Co/SiO, from
the reaction system and use it at least five times without obvious
performance degradation in terms of both activity and selectivity
(Fig. 5C). When we used O, as the oxidant for this catalytic reaction,
CM-Phen/Co/SiO, also exhibited an outstanding selectivity of 99.1%,
although the activity needs to be improved (fig. S18, A and B).

We then studied the hydrogenation of nitrobenzene to aniline to
evaluate the catalytic performance of CMs for hydrogenation reac-
tions (Fig. 5D). We observed a negligible conversion of 4.71% for
the blank experiment, while the CM-DBrPhen/Co achieved 66.3%
conversion after 6 hours of reaction. Similarly, the SiO,-templating
CMs (that is, CM-DBrPhen/Co/SiO;) with higher BET surface area
and abundant single-atom cobalt active sites exhibited an impres-
sive conversion of 99.0% under the same experimental conditions,
which can compete with reported carbon-based heterogeneous
catalysts (44, 47). Moreover, only a slight activity decrease was
observed after five runs of catalytic reactions, probably due to the
unavoidable catalyst loss during the recycle process. Moreover, the
CM-DBrPhen/Co also displayed a superior catalysis performance
of ca. 100.0% conversion when using H, as the reductant (fig. S18,
C and D). These preliminary results undoubtedly demonstrate
the great application potential of the CMs for catalytic oxidiza-
tion and hydrogenation reactions, while the catalytic performance
could be further improved in the future by optimizing the cata-
lyst preparation.
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Fig. 5. Catalytic performance of CMs for selective oxidization of ethylbenzene and hydrogenation of nitrobenzene. (A) Reaction equation of selective oxidization
of ethylbenzene. TBHP, tert-butyl hydroperoxide. (B and C) Activity (B) and stability (C) tests of CM catalysts for ethylbenzene oxidization. (D) Reaction equation of hydro-
genation of nitrobenzene. (E and F) Activity (E) and stability (F) tests of CM catalysts for nitrobenzene hydrogenation.

Application of CMs in electrocatalysis

Electrochemical processes, such as HER and ORR, play an important
role in future clean energy devices (48, 49). Although Pt and its alloys
represent the most efficient electrocatalysts for HER and ORR, their
scarcity and high cost hinder their large-scale commercial applica-
tions (49). Recently, metal-nitrogen-doped CMs (M-N,/C, M = Fe,
Co, Ni) have been proven to be promising non-noble metal cata-
lysts for various electrochemical reactions (11, 12, 49). Considering
the structural feature of CMs, that is, high surface area and porosity,
graphitization degree, and considerable nitrogen/metal doping, we
investigated the performance of the prepared CMs for catalyzing HER
and ORR. For comparison, we also tested commercial 20 wt % Pt/C
(Johnson Matthey) under the same conditions. As expected, the Pt/C
catalyst exhibited excellent catalytic activity for HER in acidic me-
dium with an onset potential of ca. 0 V (the potential at which the
cathodic current density is 1 mA cm™% Fig. 6A). Meanwhile, the
CM-DBrPhen/Co/SiO, catalyst also displayed a low onset over-
potential of only 47 mV (Fig. 6A). To reach a current density of
10 mA cm™2, the CM-DBrPhen/Co/SiO, needed an overpotential of
158 mV, which is comparable to that of reported highly active non-
noble metal HER catalysts (table S5), such as CuzP nanowire arrays
(143 mV) (50), graphitic C3N4 nanoribbon/graphene hybrid (207 mV)
(51), CopeMo; 4N (200 mV) (52), and CoS,/reduced graphene oxide/
CNT (142 mV) (53). Besides, thiocyanate ion poisoning experiments
reveal that the single-atom cobalt active sites in CM-DBrPhen/Co/
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SiO; are also the main active sites for HER (fig. S19). The Tafel slope
value of the CM-DBrPhen/Co/SiO; catalyst was 104.9 mV dec’!,
falling within the range of 40 to 120 mV dec™" (fig. S20A), sug-
gesting that the HER taking place on the C-MDBrPhen/Co/SiO,
catalyst followed a Volmer-Heyrovsky mechanism and that the
electrochemical desorption was the rate-limiting step (12, 54).

Furthermore, we also studied the electrocatalytic HER activity
of CM-DBrPhen/Co/SiO; in basic media (1 M KOH). The polar-
ization curve of CM-DBrPhen/Co/SiO; showed a small overpoten-
tial of 271 mV for achieving a significant hydrogen evolution at
the current density of 10 mA cm ™2 (Fig. 6B). The CM-DBrPhen/Co/
SiO; electrocatalyst outperformed the Pt/C catalyst for overpoten-
tial higher than ca. 400 mV, making the CM-DBrPhen/Co/SiO,
catalyst an excellent nonprecious metal HER electrocatalyst in
alkaline media (54). In addition, the CM-DBrPhen/Co/SiO; catalyst
exhibited a notably small Tafel slope of 78.8 mV dec™" (fig. S20B),
even less than that of Pt/C (83.0 mV dec™}), indicating a favorable
kinetics for CM-DBrPhen/Co/SiO,. We finally used a chrono-
potentiometry method to evaluate the stability of CM-DBrPhen/
Co/SiO, for HER. Twelve hours of continuous tests at 10 mA cm ™
did not cause any noticeable increase of overpotential in both acidic
and basic media (Fig. 6C), indicating the excellent durability of
CM-DBrPhen/Co/SiO; catalyst for HER. Besides catalyzing HER,
the obtained CM was also highly efficient in catalyzing ORR in acid-
ic medium (fig. S21 and note S4).
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Fig. 6. Electrocatalytic performance of CMs for HER. (A and B) Polarization curves of CM-DBrPhen/Co/SiO, and commercial Pt/C catalystin 0.5 M H,SO4 (A) and 1 M KOH
(B). (€) Chronopotentiometry tests of CM-DBrPhen/Co/SiO; at 10 mA cm2in05M H,SO4 and 1 M KOH, respectively.

DISCUSSION

To summarize, we report a facile, effective, and scalable approach for
the synthesis of CMs by a transition metal-assisted thermal transfor-
mation of a variety of SOMs. In particular, the methodology allows ef-
fective control of the surface chemical functionality (that is, heteroatom
and metal doping), porosity, and morphology of CMs at the molecular
level for various applications. The prepared heteroatom/metal-doped
CMs with high surface area and graphitic structure exhibited promis-
ing performance for catalytic selective oxidization of ethylbenzene
and hydrogenation of nitrobenzene, as well as eletrocatalytic HER
and ORR. There s still a large room for the further improvement of the
catalytic performance by the exploration of numerous molecular precur-
sors and transition metals. Moreover, dual heteroatom-doped (for ex-
ample, N/S) and bimetallic (for example, Co/Cu) CM catalysts that
we can easily obtain with our approach would also potentially lead to
an enhancement in the catalytic activity for various reactions (fig. S22).
The transition metal-assisted thermal transformation of molecular
precursor into CMs described in the present work sheds new light
on the future development of functional carbon-based materials with
promising applications in heterogeneous catalysis, electrocatalysis,
and supercapacitors. Future work will be dedicated to better under-
standing the thermal decomposition mechanism of various SOMs and
figure out a clear correlation between molecules, carbon structures,
and performances.

MATERIALS AND METHODS

Materials

SiO, fumed powder and SBA-15 were purchased from Sigma-Aldrich
and ShangHai JiangGe Chem Co. Ltd., respectively. Other chemicals
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were commercially available from Sinopharm Chemical Reagent
Co. Ltd. and used as received without further purification.

Synthesis of CMs

In a typical synthesis, 0.5 g of SOMs and 0.25 g of Co(NO3),-6H,0
(Wco/Wsom is 1/10) were first dissolved in suitable solvents, in-
cluding deionized water (for dissolving DCD, 4-MI, and Mel),
ethanol (for dissolving oPD, BP, oDHB, Phen, and DBrPhen), N,N'-
dimethylformamide (DMF) (for dissolving BPy, DBrBPy, BPym, Pah,
and BBPy), and tetrahydrofuran (for dissolving BTh and DBrBTh).
The solvent was then removed by rotary evaporation. The obtained
dried powder was subsequently carbonized under flowing N, for
2 hours at 900°C. Finally, the carbonized product was leached in 0.5 M
H,SO4 at 90°C for 4 hours to remove unstable metallic species and
afford CMs. For the typical templating synthesis, 0.5 g of SiO, fumed
powder (7 nm; Sigma-Aldrich S5130) or 0.5 g of SBA-15 (ShangHai
JiangGe Chem Co. Ltd.) was added into the solution dissolved with
SOMs and Co(NO3),-6H,0. After drying and carbonization of the
mixture under the same conditions, the product then underwent alka-
line (2.0 M NaOH) and acidic (0.5 M H,SOy4) leaching successively
to remove SiO; templates and unstable metallic species, respectively.

Instrumentation

SEM images were obtained on a Zeiss Supra 40 scanning electron
microscope at an acceleration voltage of 5 kV. TEM was carried
out using a Hitachi H7650 or Hitachi H7700 transmission electron
microscope with a charge-coupled device imaging system and an
accelerating voltage of 100 kV. XRD data were recorded on a Philips
X’Pert PRO SUPER X-ray diffractometer equipped with graphite
monochromatic Cu Ka radiation (A = 1.54056 A). XPS were acquired
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on an x-ray photoelectron spectrometer (ESCALAB MKII) with an
excitation source of Mg Ko radiation (1253.6 eV). TGA was mea-
sured by a TGA Q5000IR analyzer under N, or O, flow with a tem-
perature ramp of 10°C min~*. HRTEM was performed on JEOL-2100F
with an acceleration voltage of 200 kV. STEM-EDS element map-
ping was carried out on a JEOL-2100F equipped with Oxford Inca.
Aberration-corrected HAADF-STEM images were acquired using a
JEM-ARM 200F atomic resolution analytical microscope operating at
an accelerating voltage of 200 kV. Raman scattering spectra were re-
corded with a Renishaw System 2000 spectrometer using the 514.5-nm
line of an Ar” laser for excitation. N sorption analysis was conducted
using an ASAP 2020 accelerated surface area and porosimetry instru-
ment (Micromeritics), equipped with automated surface area, at 77 K
using BET calculations for the surface area. The PSD plot was re-
corded from the adsorption branch of the isotherm based on the
Barrett-Joyner-Halenda model. Gel permeation chromatography
(GPC) measurements were conducted by using a multiangle laser light
scattering (MALLS) detector. DMF containing LiBr (10 mM) was used
as the eluent at a flow rate of 1.0 ml min~". The Wyatt MALLS detector
(120 mW solid-state laser; A = 658 nm; DawnHeleos S/N342-H) mea-
sures the excess Rayleigh ratios (related to the scattered light inten-
sity) at different angles for each slice of the chromatogram. Raw data
were processed with the Astra V software (Wyatt Technology). The
UV-vis absorption spectra were recorded on a PerkinElmer Lambda
950 spectrophotometer.

Catalytic oxidation of ethylbenzene

In a typical catalytic experiment, 61 ul of ethylbenzene (0.5 mmol),
1100 pl of tert-butyl hydroperoxide (70 wt % water), and 5.0 mg of
CM catalyst were added in a glass reaction tube sealed with a Teflon
lid. Then, the mixture was heated under stirring at the 80°C for
6 hours. Afterward, 77 ul of anisole was added into the reaction system
and used as an internal standard. Ten milliliters of ethyl acetate
was used to extract the organic compounds in the reaction system.
Finally, the reaction products were analyzed using a Shimadzu gas
chromatograph with a flame ionization detector and high-purity ni-
trogen as the carrier gas. For the stability tests, the CM catalyst was
recovered by centrifugation under 9000 rpm for 9 min, thoroughly
washed with ethanol and water, and dried under vacuum at 60°C
overnight.

The oxidation of ethylbenzene using O; as the oxidant was
carried out in a steel Parr autoclave. Typically, 1 ml of substrate and
10 mg of CM catalyst were added into the reaction glass vial, and
the reaction vial was placed into a Parr autoclave reactor. Then, the
autoclave was sealed and purged with O; to replace the air three
times to reach 1 MPa. Subsequently, the reactor was heated to
120°C in 20 min. The reaction was carried out for 10 hours with
magnetic stirring (stirring rate, 1500 rpm). After the reaction, the
reactor was placed in ice water to quench the reaction, and the
products were analyzed by glassy carbon (GC) with the same method
as above.

Catalytic hydrogenation of nitrobenzene

In a typical experiment, 102 pl of nitrobenzene (1 mmol), 200 pl of
hydrazine hydrate (4 mmol), 5 mg of CM catalyst, and 5 ml of eth-
anol were introduced into 25-ml round flasks. The reaction was
refluxed at 85°C for 6 hours with magnetic stirring at 1000 rpm.
After cooling at room temperature, 46 pl of n-dodecane was then
added in the reaction system as an internal standard. Ten milliliters
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of ethyl acetate was used to extract the organic compounds in the
reaction system. For the stability tests, the catalyst was separated by
centrifugation, washed with ethanol and water several times, and
then dried under vacuum at 60°C overnight.

The hydrogenation of nitrobenzene using H; as the reductant was
carried out in a steel Parr autoclave. Typically, 102 ul of substrate
(1 mmol), 2 ml of tetrahydrofuran, 100 ul of H,O, and 10 mg of CM
catalyst were added into a reaction glass vial, and the reaction vial
was placed into a Parr autoclave reactor. Then, the autoclave was
sealed and purged with H; to replace the air three times to reach
4.9 MPa. Subsequently, the reactor was heated to 110°C. The reac-
tion was carried out for 10 hours with magnetic stirring (stirring
rate, 1500 rpm). After reaction, the reactor was placed in ice water
to quench the reaction, and the products were analyzed by GC with
the same method as above.

Electrocatalytic HER measurements

All electrochemical measurements were performed in a conven-
tional three-electrode cell using a WaveDriver 20 bipotentiostat
(Pine Instrument Company) controlled at room temperature.
Ag/AgCl (3.5 M KClI) and platinum foil were used as reference and
counter electrodes, respectively. For HER stability test, a graphite
rod was used as the counter electrode to avoid the possible contri-
bution of dissolved Pt species. All potentials in this study refer to
reversible hydrogen electrode (RHE). The potential difference
between Ag/AgCl and RHE was determined on the basis of the
calibration measurement in H,-saturated electrolyte. A 5.0-mm-
diameter GC disk (disk geometric area, 0.196 cm?) was used as
the substrate of working electrode, with a thorough clean and a mirror-
finished polish before use. To prepare the working electrode
for electrochemical measurements, the catalyst inks were prepared
by blending 10 mg of each catalyst with 100 ul of Nafion solution
(0.5 wt %) and 920 ul of ethanol. Then, the inks were ultrasonicated
to generate a homogeneous dispersion. Twelve microliters of the
dispersion was pipetted onto the GC disk and dried at room tem-
perature, resulting in the catalyst loading of 0.6 mg cm ™. For com-
parison, the working electrode of commercial 20 wt % Pt/C was
obtained as follows: 5 mg of Pt/C and 25 pl of Nafion solution
(0.5 wt %) were added in 5 ml of isopropanol by sonication for
0.5 hours to obtain a well-dispersed ink. Twelve microliters of ink was
then pipetted on the GC surface, leading to a loading of 0.06 mg cm ™.
The electrocatalytic HER measurements were performed in N,-
saturated 0.5 M H,SO4 or 1 M KOH solution. Linear sweep voltam-
metry was measured at 1600 rpm [to remove the in situ—formed H,
bubbles on the rotating disk electrode (RDE)] with a sweep rate of
2mV s\, To test the durability of catalysts, a 12-hour chronopoten-
tiometry test was conducted at 10 mA cm™%

Electrocatalytic ORR measurements

For ORR tests of CM catalyst, 0.5 M H,SO, was saturated with N,/O,
by bubbling N,/O, before the start of each experiment for 30 min. The
cyclic voltammetry tests were performed in N,- and O,-saturated
0.5 M H,SOy electrolyte solutions with a scan rate of 50 mV s .RDE
tests were measured in O,-saturated 0.5 M H,SO4 at 1600 rpm with
a sweep rate of 10 mV s™'. Pt/C catalyst was also measured under
the same conditions, except that 0.1 M HCIO4 solution was used to
avoid performance loss caused by bisulfate adsorption. The ORR
durability was evaluated by accelerated durability tests at 50 mV s~
under oxygen atmosphere for 2000 cycles.
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