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ABSTRACT

Heat treatment constitutes a key synthesis step for nitrogen-doped carbons, which have been investigated for
applications to numerous electro- and thermo-catalytic reactions. However, the conventional approach relying
on bulk heating limits our ability to tailor catalysts’ properties due to the fast gasification of carbon-based
materials in reactive atmospheres such as NHs. In this paper, we report the advantages of utilizing microwave
technology for improving the catalytic performance of nitrogen-doped carbon via selective and rapid heating.
We synthesized two distinct sets of nitrogen-doped carbons from graphene oxide: one exhibiting micropores
approximately 1 nm in width (HS) and another characterized by their scarcity of micropores (NS). Despite
their comparable nitrogen contents, HS exhibits significantly higher activity than NS in the electrochemical
oxygen reduction reaction (ORR) in an acidic electrolyte. These samples underwent further heat treatment in
NH3 or N2 using a conventional tubular furnace or a single-mode microwave reactor apparatus. Our results
demonstrate that microwave heating limits the gasification of carbon-based materials, which effectively
permits heating up to an average temperature of 1400 °C in NH3. Microwave heating of HS in NH3 enhances
its pore hydrophobicity while maintaining microporosity, substantially improving ORR activity. Conversely,
microwave heating of HS in N: considerably diminishes its ORR activity despite enhancing pore
hydrophobicity and maintaining an adequate nitrogen species presence. These findings emphasize the crucial
role played by the coexistence of carbon defects and specific nitrogen sites generated through heating in an
NH3 atmosphere within hydrophobic micropores for high ORR activity. In summary, our data highlight the
distinct advantages of high-temperature treatment of nitrogen-doped carbons in NH3 using microwave heating.
This approach enables us to adjust the reactive microenvironments, thereby improving catalytic performance

without sacrificing crucial active sites within micropores for ORR catalysis.



INTRODUCTION

Nitrogen-doped carbons have emerged as promising metal-free electrocatalysts for applications such as
oxygen reduction reaction (ORR) in hydrogen fuel cells."”!! They can also be used as catalyst supports for
atomically dispersed metals for various electro- and thermo-catalytic processes, as specific doped nitrogen

1216 and metal nanoparticles.!”2! Nitrogen-doped carbons are

sites act as anchoring sites for metal atoms
commonly synthesized by pyrolyzing a mixture of carbon and nitrogen precursors under an inert atmosphere,
typically at temperatures ranging from 600 to 1100 °C. A second method involves introducing oxygen
functional groups onto a carbon material using strong acids, followed by heating in NH3 to incorporate
nitrogen species through a reaction with the oxygen functional groups.???> The heat treatment is crucial in the

23,25,26

synthesis of these materials as it impacts the type and concentration of heteroatom dopants, structural

25,30

defects,?”-?® m-electron delocalization and associated Lewis basicity,?’ acid-base properties, electrical

properties,?*3!

surface polarity, and porosity of the materials. However, traditional methods of heating, which
rely on bulk heating, have limitations when it comes to tuning the desired properties of carbon materials. For
example, recent studies on electrochemical reduction of Oz or CO2 indicate the general significance of high
electron conductivity and pore hydrophobicity for carbon-based electrocatalysts.>>*? One way to achieve this
goal involves subjecting the carbon material to heat treatment above 1100 °C.3**> However, this process
unavoidably eliminates the necessary nitrogen dopants and carbon defects as well.?® An alternative is to heat
the carbon material in the presence of NHs. This process can help incorporate the nitrogen species in the
carbon, as demonstrated in the synthesis of nitrogen-doped carbon nanotubes.*® Additionally, the reductive
nature of NH3 can aid in the removal of oxygen species.?* However, a challenge arises with NH3
decomposition occurring above 800 °C, which generate radicals such as NH- and NH:- that cause gasification
of carbon to methane and cyanogen species (e.g. C + NH3z — HCN + Ha, ).37® Nevertheless, the selective
gasification of the amorphous, oxygen-rich domain of the carbon by NH3 has the potential to improve catalyst
performance by creating sites with increased basicity inside micropores, as reported in the context of
atomically dispersed supported iron catalysts.>**> However, this process also limits the temperature range that

can be used due to the substantial gasification that occurs. For example, when carbon black powders were

heated in a gas stream of NH3/H2/Ar, the rate at which carbon materials loses weight increased exponentially
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with an apparent activation energy of 230 kJ mol ™!, reaching more than 100% per hour at 1000 °C.** The rate-
vs.-temperature data reported in the literature suggests that heat treatment above 1100 °C is impossible. A
graphite material exhibited a lower rate of weight loss than carbon black materials due to higher crystallinity.
However, it limits the amount of nitrogen atoms that can be incorporated into the material to below 0.4
atomic%, as determined by X-ray photoelectron spectroscopy (XPS).** Conventional heating in an electrically
heated furnace relies on conduction, advection, and radiation to transfer thermal energy to a sample. The Joule
effect creates thermal energy in the furnace wall, which is then transferred to the sample via a gas. This
approach inevitably heats NHs, which facilitates its decomposition and leads to excessive gasification of

carbon at high temperatures.

The goal of this research is to investigate the potentials of the microwave heating for synthesis of
nitrogen-doped carbon catalysts. Microwaves can selectively, directly, and rapidly heat carbon materials,*
while the surrounding gas is at significantly lower temperatures.*’ Therefore, we postulated that microwave
heating minimizes the gasification of carbon materials in the presence of NH3 above 1100 °C while they are
being doped with N species and retain carbon defects necessary for catalysis. We substantiate the proof-of-
concept of this work through comparative experiments using both microwave and conventional heating
methods. Importantly, our work highlights the favorable impacts of short microwave heating in NH3 on tuning
reactive microenvironment in nitrogen-doped carbon, improving the catalytic performance for the

electrochemical oxygen reduction reaction in an acidic electrolyte.

METHODS

Synthesis of Catalysts. Synthesis of Reduced Graphene Oxide (GO) Samples. Three reduced GO samples
were synthesized for the second heat treatment as shown in Scheme S1 in the Supporting Information. Two
of them were obtained from Nippon Shokubai where GO had been reduced in the liquid-phase using L-
ascorbic acid. These samples were denoted as denoted as NS1 and NS2. The morphology of these samples is
shown in Figure S1 in the Supporting Information. The third sample, labeled as HS, was prepared via a two-
step method as follows: First, a GO dispersion was prepared by combining 84 g of a GO slurry (Nippon

Shokubai, 2.0 wt%, lot number = AX-1-FN-W-212) with 36 mL of an aqueous ammonium hydroxide solution
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(NH4OH, 25 wt%) in a 250-mL polyethylene bottle. The suspension was stirred thoroughly at room
temperature and then divided into three portions. Each portion, with a pH of approximately 11.6, was
transferred within a Teflon-lined stainless autoclave (Parr instruments, 45 cm?). The slurries were sealed in
the autoclaves and subjected to autogenous pressure heating at 180 °C for 12 h without stirring in a forced-
convection oven. This process yields a monolith sample by reducing the GO and doping it with some nitrogen
species simultaneously. After cooling to room temperature, the resultant monolith sample was recovered by
decantation and treated with five washing-decantation cycles with #-butyl alcohol (TBA) to replace water with
TBA. After freeze drying at —10 °C, the monolith sample (=1.4 cm in diameter and =4 cm in length) was
heated at 1000 °C for 3 h in a tube furnace in a flow 0f N2 (99.99%). The final products were typically obtained
with a solid yield of 53 wt%. The monolith sample (Figure S2 in the Supporting Information) was cut into

small particles (<Imm) for the heat treatment described in the next section.

Conventional Heating. Heat treatments of the initial GO-derived samples were performed in a tubular quartz
reactor shown in Figure S3 in the Supporting Information. Approximately 20 mg of sample (particle sizes <1
mm) was loaded in a combustion boat (11 cm long and 1 ¢cm high) and placed into the reactor (1 in. OD and
65 cm length). The reactor was then mounted horizontally in a single-zone furnace (Asahi Rika, ARF-30K,
500 W) and connected to the feed gas line through a 1 in. Swagelok Ultra-torr fitting. The reactor was purged
with a 40 mL min! NH3 gas (Sumitomo Seika, 99.9%) for 20 min. The reactor temperature was controlled
using the furnace, which was equipped with a Shimaden DSS83 controller and a K-type thermocouple attached
to the periphery of the reactor wall. Samples were heated to a specified temperature (7)) between 800 and 1100
°C at a ramp rate of 10 °C min~'. After 5 min at the target temperature, the furnace was cooled to room
temperature naturally, without opening it, and still under flowing NH3. The reactor was then purged with N2
at room temperature for 10 min. The treated samples were removed from the reactor and weighed to calculate
the yield. Samples were denoted HS-CHT and NS1-CHT or NS2-CHT, where T stands for treatment

temperature.

Microwave heating. Heat treatments by microwave were performed in a microwave apparatus shown in

Figure 1. The apparatus consists of a Wattsine WSPS-2450-1500 microwave generator (maximum power



output of 1.5 kW, 2.45 GHz solid-state generator), an iris, a manual 3-stub tuner, an Agilent E4418B power
meter, and a rectangular-shaped monomodal cavity. Approximately 20 mg of GO sample was loaded on a frit
located in the center of a microwave-transparent quartz-walled reactor (1 cm O.D., 50 cm long). The reactor
was mounted vertically within the cylindrical cavity and sealed to the feed gas line using a Cajon fitting. NH3
gas (99.9%) was metered using a mass flow controller (KOFLOC, model #3660) and fed from the bottom of

the reactor at 15 mL min!

. The temperature of the surface of sample bed was monitored by a quartz-
transparent infrared (IR) thermometer (TMHXSTMO050, Japan Sensor Co.) through a viewing port and
controlled by adjusting the output power of the microwave generator. The temperature calibration was
performed in a conventional electrical furnace (Asahi Rika, ARF-30K) using samples before and after
microwave treatments because of possible changes in dielectric properties as shown in Figure S4 in the
Supporting Information. Typical emissivity values for samples before and after microwave treatments were
0.89 and 0.83, respectively. During the microwave heating, the positions of the 3-stub tuner and the sliding
short plunger were routinely adjusted to place samples at the nodal position where the electric field reached a
maximum and to minimize the microwave power reflected back beyond the iris. Upon microwave irradiation,
the temperature of the sample bed was rapidly raised to the specified temperature. The reduced GO samples
were then subjected to continuous microwave irradiation at the designated temperature (7) in flowing NH3 or
N2 for 5 min. Afterward, the irradiation was stopped, allowing the samples to cool down naturally to room
temperature. Finally, the inlet gas was switched to N2 to purge the reactor. A typical temperature profile is
shown in Figure S5 in the Supporting Information. Samples treated in NH3 were designated as HS-MW T-

NH3, NS1-MWT-NH3, or NS2-MWT7-NHjs. Similarly, samples treated in N2 were labeled by substituting -

NH; with -Na.

Characterization of Catalysts. N> Physisorption. N2 physisorption isotherms were measured at =196 °C
on a MicrotracBEL BELSORP-max. Before measuring isotherms, approximately 20 mg for HS and 30 mg
for NS of powder sample was placed in a pre-weighed analysis tube and degassed under vacuum by heating
to 250 °C for 4 h. After degassing, the analysis tubes were cooled to ambient temperature, filled with inert gas,
and capped to prevent the intrusion of air and moisture during transfer. Afterward, the analysis tubes

containing activated samples, were weighed on an electrical balance to determine the mass of samples.
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Subsequently, the tube was returned to the analysis port of the instrument. For each isotherm, warm and cold
free space correction measurements were performed using helium gas (99.999%). N2 isotherm data were
recorded using N2 gas (99.999%). Targeted relative pressures ranged from 10°® to 0.98, and limits of excess
and allowance dosing amounts were typically set to 5 and 10 cm® g”!, respectively. The isotherm data points
were considered equilibrated when a pressure change of <0.3% occurred over an interval of 400 s. Specific

surface areas were calculated using the Brunauer-Emmett-Teller (BET) model.

H>O Vapor Adsorption. Vapor-phase H20O adsorption isotherms were measured at 25 °C using a
MicrotracBEL BELSORP-max-12-N-VP instrument. Samples (~10 mg) were degassed by heating to 250 °C
for 4 h under a dynamic vacuum prior to measurements. Deionized water was subjected to three freeze-pump-

thaw cycles.

Raman Spectroscopy. Raman spectra were acquired on a Renishaw inVia Reflex Raman microscope
equipped with a 532-nm laser excitation source, a 20x objective, and a CCD detector. The diameter of the
laser spot on the sample surface was a few micrometers at 20x objective magnification. The data were
collected by point-by-point mapping with at least 50 different locations, selecting 10 points per ~<lmm-size
particle for five particles. The incident laser power was <5 mW, and the illumination time was 10 s to avoid
sample damage. A representative spectrum is provided for each sample. For analysis, each spectrum was
deconvoluted, as reported in the literature,*® into four Lorentzian peaks centered around ~1350 cm™' (D1),
~1620 cm™! (D2), ~1200 cm ™! (D4), ~1580 cm™! (G), and one Gaussian peak centered around ~1500 cm™ (D3)

using the OriginPro software.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) data were conducted on a
JEOL JPS-9200 photoelectron spectrometer using a monochromatic Mg Ko X-ray source (1254.6 eV),
generated from an electron beam operated at 10 kV and 10 mA. Samples for analysis were prepared by
pressing the finely ground powders on indium foil (Niraco, 99.99%, catalog # IN-203260). To suppress sample
charging during analysis, an electron and an ion neutralizer were operated simultaneously. The residual
pressure during measurements was below 10°° Pa. The spot size was approximately 3 um. All spectra were

calibrated according to the carbon peak at 284.8 eV. The obtained spectra were analyzed using the SPECSURF
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analysis software. In particular, for the N1s spectra, the chemical species of pyridinic nitrogen (398.5 eV),

pyrrolic nitrogen (400.1 eV), graphitic nitrogen (401.1 eV) were fitted with Gauss-Lorentz functions.

Boehm-type titration. Titration experiments were carried out with a set of aqueous stock solutions with pH
spanning a pH range of approximately 1 to 11. These solutions were prepared by combining 0.1 M H2SO4 and
0.1 M KOH solutions. For each solution, an aliquot of 500 pL was taken, and its initial pH was measured
using a HORIBA Micro ToupH electrode. Afterwards, 1 mg of dry nitrogen-doped catalyst was introduced to

each solution, and the final pH was measured after 20 min of stirring.

Oxygen Reduction Catalysis. RDE Preparation. Electrochemical rotating disk electrode (RDE) experiments
were carried out in a standard three-electrode cell (BAS, #012632) using a BAS RRDE-3A apparatus
interfaced with a HOKUTO HZ-Pro potentiostat. The counter electrode was a Pt wire (Niraco, #351265), and
the reference electrode was an Ag/AgCl saturated with KCI aqueous solution (BAS, model #013691). All
potentials were referenced with respect to reversible hydrogen electrode (RHE), which were converted using
the equation of Erue = Eagagci +0.0591 x pH + 0.197 (V). The working electrode was a 5 mm ¢ glassy carbon
disk electrode in PEEK sheath (BAS, #013482, geometric area of disk = 0.196 cm?) for RDE. Before
electrochemical measurements, the electrode surfaces were polished using paste (Al203 slurry; 0.05 um) on a
wet polishing pad (BASi, MF-1040) and rinsed with water to obtain a mirror-like finish. Prior to the
preparation of catalyst ink, all catalyst samples were sieved to <600 pm and dried under vacuum at 80 °C for
at least 12 h in an oven. The catalyst ink was prepared by blending 2.5 mg of catalyst, 25 pL of 5% Nafion
suspension in alcohol (Sigma-Aldrich, product No. 527084), 300 uL of deionized and distilled water, and 300
uL of ethanol (Wako, 99.5% purity) in an Eppendorf tube (AS ONE, 1-7521-01). The suspension was
ultrasonicated in an ice bath for 30 min before loading a portion of it on the glassy carbon electrode (16 pL)
while it was rotated at 700 rpm on a BAS RRDE apparatus to ensure homogeneous catalyst loading. The

calculated loadings of catalyst were 0.325 mg cm > for RDE measurements.

Electrochemical Measurements. The ORR activity data were collected in an Oz-saturated 0.5 M H2SO4
aqueous solution (Sigma Aldrich, 28-5940-5). The catalyst coated on the electrode was activated by

performing 20 cyclic voltammetry (CV) scans in N2-saturated electrolyte at a scan rate of 50 mV s™! and in
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the potential range from 0.0 to 1.2 V vs. RHE until a reproducible CV was obtained. Linear sweep
voltammograms (LSVs) were then recorded at a scan rate of 1 mV s, starting at 1.1 V vs. RHE to 0.1 V.
RHE, using a 0.02 V step and a potential hold time of 10 s, under a constant rate of 1700 rpm. A background
measurement was performed in Nz-saturated 0.5 M H2SOs, and the data were subtracted to eliminate the
pseudo-capacitance current and determine the current arising from ORR. ORR performance was evaluated by
comparing the potential at a background-subtracted current density of —0.1 mA/cm?. Tafel slopes were
extracted by a linear regression analysis of the linear region near the onset potential, Eonset, in the Tafel plots

acquired using RDE.

Tafel slope = —dE /dIn |i|

RESULTS

Proof-of-concept Study on Microwave vs. Conventional Heating. The concept of this research work was
validated by conducting comparative experiments on heating HS samples using microwave or conventional
methods in NH3 or N2 atmosphere. Conventional heating of HS confirmed our expectation based on the
literature data.** As shown in Figure 2b, Conventional heating of HS in flowing NH3 significantly reduced
the sample yield to below 10 wt% for 5-min heating at 1100 °C. Replacing NH3 with N2 as the gas stream
prevented the gasification of carbon; however, it resulted in a significant decrease in ORR activity as described
in the “Effects of High-temperature Treatments on Catalytic Performance” section. In contrast, microwave
heating for 5 min at designated temperatures, as shown in Figure 2b and Figure S5 in the Supporting
Information, consistently gave higher yields than conventional heating, enabling treatment in NH3 at 1400 °C
at a yield higher than 20 wt%. Microwave heating in NH3 gave a higher N content in the sample than that in
N2 as shown in Figure 2b, accompanying a drastic increase in the ORR activity as described in the “Effects
of High-temperature Treatments on Catalytic Performance” section. Similar effects were observed for NS
samples. These data provide evidence in support of our concept, demonstrating the efficacy of selective

heating of nitrogen-doped carbon in NH3 by microwave.



Effects of High-temperature Treatment on Porous Properties and Pore Hydrophobicity. N:
Physisorption. Based on literature data,*’ annealing graphene-oxide-based materials at high temperatures was
initially expected to induce restacking of carbon nanosheets and eliminate micropores present between them.
However, by subjecting them to short microwave heating in NH3, nanosheet restacking was prevented, and
the micropores were effectively preserved. The negligible impact of short microwave heating was evident
from the N2 adsorption isotherm data comparing HS, HS-CH800, and HS-MW1200-NH3 in Figure 3a for
the relative pressure range below 0.01, which reveals that the N2 uptake remains essentially the same. The
BET surface areas determined for these samples were 445, 455, and 430 m? g !, respectively, as shown in the
Supporting Information. Additionally, the N2 adsorption isotherms characterizing NS1 and NS2 barely
changed in the low-pressure region after short microwave heating; some variations were observed at higher
pressure region near P/Po ~ 1, which is attributable to gasification reactions. Notably, only the set of HS

samples shows a step increase at P/Po ~ 107* Plotting a semi-log derivative of N2 isotherms,

(0(Vogs)/0 (log (Pﬂ)) vs.In(P/P,)), as in Figure 3b, identifies the first maximum corresponding to the
0

relative pressure at which the micropore filling transition occurs and the subsequent minimum ascribed to the
end of micropore filling as demonstrated in the context of crystalline microporous materials.*® This analysis
indicates that the end of micropore filling occurs at the relative pressure <0.05. Literature data, which simulate
the adsorption isotherms of graphene-based materials using the grand-canonical Monte Carlo method,*
indicate that the corresponding micropore size for P/Po~ 10~*is approximately 1 nm. Conversely, the samples
labeled with NS, which were synthesized by chemically reducing GO suspension using L-ascorbic acid in the
liquid phase, barely display the characteristic step increase in N2 uptake at the low-pressure region. The
presence of these micropores seemingly results in significantly higher ORR activity for HS catalysts than NS
catalysts, as described in the “Effects of High-temperature Treatments on Catalytic Performance” section,

suggesting ORR proceeds within the micropores.

H>O Vapor Adsorption. To evaluate the pore hydrophobicity of the representative samples, water vapor
adsorption isotherms were collected at 25 °C. Because the filling of N2 molecules into the distinct micropores

is characterized by the N2 uptake at P/Po <0.05 in Figure 3a and Figure S6 in the Supporting Information, the
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micropore volume for each sample was calculated from the uptake at this relative pressure. Subsequently,
these data were used to normalize the H2O vapor adsorption data, as shown in Figure 4. HS-CH800
demonstrates increased H20 adsorption compared to HS, which is attributed to the incorporation of additional
N sites facilitating H2O adsorption, as shown by the XPS data provided in Table S1 in the Supporting
Information. Microwave heating at 1200-1400 °C increased pore hydrophobicity compared to conventional
heating at 800 °C, as shown in Figure 4 and Figure S7 in the Supporting Information. We infer that the
increased pore hydrophobicity is attributed primarily to reduced N content shown in Table S1 in the
Supporting Information. NS1-CH800 exhibits a slightly higher pore hydrophobicity than HS-MW1200-NH3,
as indicated in Figure 4; however, it displays a substantially lower ORR rate compared to it, as described in

the next section, once again emphasizing the crucial role of micropores in ORR catalysis.

Effects of High-temperature Treatments on Catalytic Performance. The catalytic performance for ORR
in acidic electrolyte was evaluated using the rotating disc electrode apparatus. Three batches of HS samples
gave the Eonset value of 0.60 + 0.06 V vs. RHE. In addition, HS-MW1200-NH3 samples synthesized
individually by two different investigators gave similar linear sweep voltammetry (LSV) curves, as shown in
Figure S8 in the Supporting Information. These results indicate the reproducibility of catalyst synthesis and
testing. The LSV curves in Figure Sa show notably higher onset potentials for HS catalysts than NS catalysts.
A comparative analysis of data for HS-CH800, NS1-CH800, and NS2-CH800 in Figure 5a with Figure 3
indicates that the ORR activity correlates with the micropore volume characterized by the N2 adsorption rather
than the pyridinic nitrogen content determined by XPS as shown in Figure 6 and Table S1 in the Supporting
Information. This point is discussed further in the Discussion section, and these findings suggest that the
reaction primarily proceeds near nitrogen sites within micropores, with minimal involvement from larger
pores. The LSV data characterizing HS, HS-CH800, and HS-CH1100 in Figure 5a demonstrate that heating
nitrogen-doped carbon materials in NH3 at higher temperatures enhances ORR activity. Nonetheless, the
correlation between ORR activity in Figure 5a and pyridinic nitrogen content in Table S1 in the Supporting
Information is not straightforward, as discussed in the Discussion section, implying the involvement of
additional contributing factors. The LSV curve for HS-CH1100 shows a less sharp transition from the kinetic

to diffusion region than that for HS-CH800, as shown in Figure 5a. This behavior is typically associated with
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the presence of internal diffusion limitations within the catalyst layer.’® Consequently, the obtained data
strongly suggest that subjecting the material to conventional heating at 1100 °C alters its porous properties,
ultimately causing mass transfer limitations. In contrast, microwave heating of HS in NH3 at 1200 and 1300
°C leads to similar LSV curves, as shown in Figure 5a, despite the reduced nitrogen content in the sample
heated at 1300 °C, as indicated in Figure 6 and Table S1 in the Supporting Information. Notably, this treatment
preserved the sharp kinetic-to-diffusion transition region in the LSV curves in Figure 5a. Heating of HS in N2
caused a slight decrease in the micropore volume, as shown in Figure S6 in the Supporting Information, while
significantly reducing ORR activity, as indicated in Figure 5a. This pattern points to the imperative role of
defects introduced through NH3 etching, as discussed in the “Effects of Gas Atmosphere During Microwave
Heating on Carbon Structures” and Discussion sections.*>**! A similar enhancement in ORR activity is
observed upon microwave heating of NS1 in NH3. However, it is noteworthy that the ORR activity of NS1-
MW1200-NH3 remained notably lower than that of HS, as evidenced in Figure 5a, underscoring the critical

importance of micropores in facilitating enhanced catalytic performance.

The Tafel slope can offer valuable insights into the rate-determining step; however, its value is influenced
by many factors, such as the potential-dependent coverage of oxygenated intermediates.’> Consequently, the
value may vary significantly with applied potential, even when the rate-determining step remains the same.
Hence, drawing definite conclusions from the calculated value is not always straightforward. Nevertheless,
the estimated Tafel slopes for HS-CH800 (142 mV/decade) and HS-CH1100 (126 mV/decade) shown in
Figure 5b are within the range of those reported for a nitrogen-doped carbon catalyst (~160 mV/decade)

synthesized by pyrolyzing aniline-based polymer,>?

nitrogen- and oxygen-functionalized graphene oxide
synthesized by heating an aqueous mixture of graphene oxide, urea, and hydrazine at 140 °C (~128
mV/decade),>* and nitrogen-doped graphene oxide synthesized by heating graphene oxide powder in NH3 at
750 °C (141 mV/decade).*? These reported catalysts are characterized by rich heteroatom (N and O) contents,
8.9, 24, ~13 atomic%, respectively, which contributes to low electron conductivity>* and their high selectivity
to H20: via two-electron reduction of Oz. Hence, the comparison of the data indicates that the nature of active

sites and reactive microenvironments are similar for these catalysts. In contrast, all catalysts heated by

microwave at >1200 °C exhibited Tafel slopes less than 100 mV/decade, as shown in Figure 5b and Figure
12



S9 in the Supporting Information. For example, the slope characterizing HS-MW1200-NH3 is 90 mV/decade,
which is similar to the slopes of catalysts that demonstrate a high yield of H20.3%3 The rate-determining step
for these catalysts has been proposed to involve concerted proton and electron transfer.>* In summary, the data
indicate that microwave heating of nitrogen-doped carbon materials enhances the reaction rate towards H2O,

presumably by modifying the nature of active sites and reactive microenvironments.

Effects of Gas Atmosphere During Microwave Heating on Carbon Structures. As described in the
preceding section, microwave heating of HS in a N2 atmosphere at 1200 °C led to a slight reduction in the
micropore volume. However, this process retains doped nitrogen species, particularly pyridinic nitrogen
content, almost the same level as that for HS-MW1300-NH3, as shown in Figure 6 and Table S1 in the
Supporting Information. In addition, it resulted in an increase in hydrophobicity as shown in Figure 4.
Nonetheless, the catalysis data highlight a substantial decrease in the ORR rate, as indicated in Figure 5a.
Previous studies have demonstrated that carbon materials with topological defects can act as catalysts for
ORR.?”?8 In addition, it has been reported that annealing of defects in graphitic materials typically occurs
between 1100 and 1500 °C.* Therefore, our results imply the crucial role of defects eliminated by microwave

heating of HS in No.

To characterize the extents of carbon disorders, several representative samples were characterized by
Raman spectroscopy and C1s XPS. All the Raman spectra exhibit two prominent bands at approximately 1350
and 1580 cm ™! in Figure 7a, which are normally ascribed to the D1 (or D) and G bands, respectively.*® Notably,
when HS was heated at 1300 °C in NH3 and at 1200 °C in N2 by microwave, distinctive G’ bands emerged at
approximately 2700 cm™' in the resultant materials denoted as HS-MW1300-NH3 and HS-MW1200-N>,
respectively, as shown in Figure S10 in the Supporting Information. The intensity of the Di-band is linked to
the number of aromatic rings. This band becomes Raman-active only when defects, such as oxygen functional
groups and topological lattice defects, are present withing the vicinity of these aromatic regions. In contrast,
the intensity of the G-band is proportional to the number of sp>-bonded carbon pairs. Additionally, the G’ band
results from a combination of two phonon vibrations and serves as an indicator of long-range structural order.

The two broad peaks between 1000 and 1800 cm ™! were deconvoluted into five bands according to a method

13



reported in the literature.*® The D3 band located at ~1500 cm™ is associated with amorphous carbon and
topological defects such as carbon pentagons. Therefore, the ratio of the integrated intensities of the D3 band

to the G band (/p;//c) was calculated from this analysis and used as a measure for the concentration of carbon

defects. We consider this analysis as approximate because it is challenging to accurately fit nonlinear,

significantly overlapping peaks. Nevertheless, the /p,/Ic ratio data in Figure 7b reveals a general decreasing

trend in the concentration of defect sites at higher temperatures. Furthermore, the sample heated in N> (HS-

MW1200-NH3) exhibits a lower /ps/Ic ratio and a more pronounced G’ band than the sample heated in NH3

(HS-MW1200-N), indicating a lower concentration of carbon defects and a higher degree of structural order

in HS-MW1200-No.

An increased concentration of defect sites in carbon materials has been known to broaden Cls XP
spectra. 2363657 We deconvoluted each spectrum into three peaks using a method based on the literature,’ as
shown in Figure 8a. The first narrow peak at 284.6 eV with a full width at half maximum (FWHM) value of
~1 €V is attributed to the aromatic layers in graphitic sp> configurations. The second peak, broader (FWHM
>1.5 eV) and shifted less than 1 eV from the first peak, arises from regions of defective structure. The third
peak is related to m-n* levels transition, exhibiting a breadth of 4.5-5 eV and shifted by approximately 5—6
eV. Figure 8b also reveals a trend that aligns with the findings from Raman spectroscopy, demonstrating
smaller ratios of defect peak to graphitic peak at elevated temperatures. Moreover, the data highlight
distinctions between the two heating methods. Specifically, microwave heating in NH3 leads to a higher of

defects relative to conventional heating. When microwave heating is conducted in an N2 environment, it results

in a significant reduction in defect concentration compared to heating in NHs.

Previous work has proposed that Oz is activated at Lewis basic sites.® To characterize the strength of
basic sites before and after microwave heating in NH3, we used the Boehm-type titration technique.’® The
observed plateau of final pH in Figure 9, situated near neutral initial pH values, can be rationalized by the
formula 0.5 pKa + 0.5 log Bo + 7.8 Here, pKa denotes the value for conjugate acids of basic sites in a catalyst,
and Bo is the total moles of basic groups in the catalyst per volume of solution. The data reveal an increase in

pKa from 6.2 to 6.9 following microwave heating of HS in NH3 at 1200 °C, indicating the genesis of stronger
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strength of basic sites upon microwave heating in NH3. We postulate that the stronger basicity improves the
generally weak binding strength of key surface oxygen species, such as *OH and *OOH, on metal-free carbon

catalysts,>*>

accounting partly for the enhanced activity for microwave-heated catalysts. Notably, the pKa
values characterizing the basic sites exceed the pKa of pyridinium ion (5.2). The underlying reason for this
discrepancy remains elusive. However, Herraz et al. have suggested that the presence of an amino group in
the ortho-position of pyridine raises its pKa to 6.82. In a related context, extensive research in enzyme catalysis
reveals that the pKa of an acid group buried in an enzyme’s microenvironment can shift in response to the
surrounding polarity and electrostatic field.®*®! Considering the increased hydrophobicity within the
micropores of HS after microwave heating in NH3 at 1200 °C, as shown in Figure 4, we infer that a more

hydrophobic microenvironment near nitrogen sites destabilizes the dissociated state of protonated basic sites,

thereby leading to the higher pKa value.

DISCUSSION
Tuning Reactive Microenvironments by Short Microwave Heating. Previous studies on N-doped

carbons for ORR have identified multiple factors affecting the catalyst activity, including the type and

1,4,5,8,9,62 2,27,28,63-65 3,32,66

concentration of nitrogen dopants, carbon defects, pore hydrophobicity/hydrophilicity.
Our work highlights the crucial role of micropores and sites created through microwave heating in NH3 for
the ORR in acidic electrolytes. Specifically, our work provides evidence that the micropores, approximately
I nm in diameter, host active sites that catalyze the ORR more efficiently than those in larger pores. This
conclusion is supported by the significantly higher ORR activities for the HS catalysts, which possess these
pores than the NS catalysts nearly lacking them, as shown in Figures 3 and 5. The NS catalysts contain a
similar magnitude of concentrations of nitrogen species, especially pyridinic nitrogen, as compared to the HS
catalysts, as indicated in Figure 6 and Table S1 in the Supporting Information. Moreover, both sets of catalysts
have electrochemically accessible surface area (ECSA) values ranging from 100 to 370 m? g~' and BET
surface areas ranging from 200 to 450 m? g”!, as shown in Figures S11 and S12, respectively, in the Supporting

Information. These variations in surface characteristics are insufficient to account for the significant

differences in the ORR activity in Figure 5a. The significant role of micropore volume on ORR catalysis is
15



confirmed by plotting the onset potential in ORR (Eonset) against the micropore volume calculated from the N2
uptake at P/Po = 0.05, as shown in Figure 10a. The limited micropore volume observed in the NS catalysts
can be attributed to the stacking of dispersed GO during the liquid-phase reduction process. In contrast, the
utilization of mild thermal reduction of GO in water, as implemented in this work and previous work,"’
minimizes the aggregation of GO. Additionally, the brief microwave heating in NH3 maintains the micropores
while simultaneously enhancing pore hydrophobicity. The Tafel slope decreased from 142 mV dec™' for HS-
CHS800 to 90 mV dec! for HS-MW1200-NH3, as shown in Figure 5b, indicating a shift of rate-determining
step or surface coverage of reacting species.’>%® This change can be attributed to the modifications in the
electrical conductivity®, pore hydrophobic/hydrophilic properties®?, and strength of basic sites of the catalyst.
The slope observed for HS-MW1200-NHj3 resembles that reported for a nitrogen-doped reduced graphene
oxide, possessing a relatively high electrical conductivity, as reported by McCloskey et al.** In their study,
the investigators have proposed that the availability of electron density at the Fermi energy of the catalyst, or
equivalently, its electrical conductivity, predominantly dictates whether the ORR is governed by a concerted
proton-electron transfer (CPET) or an outer-sphere reduction of Oz (aq) to O2™ (aq), rather than the specifics
of (modest) N-doping. When there exists sufficient electron density or electrical conductivity, the CPET
pathway dominates due to generally lower barriers for ORR in coupled proton-electron steps compared to
uncoupled steps. Our data of Eonset vs. pyridinic nitrogen content in Figure 10b demonstrate that the
concentration of nitrogen content alone is insufficient to account for the variation of activity, which is
consistent with their report. Notably, the slope is also close to the reported value (75 mV dec™") for the caged-
NrGO catalyst reported by Nakamura et al.*? In their work, the macroscopic caged structure generated using
NaCl crystals was attributed to the pore hydrophobicity. However, our data in Figure 10¢ illustrate that the
NS1-CH800 catalyst with a high surface hydrophobicity, yet devoid of sufficient volume of micropores,
shows significantly lower ORR rates than the HS catalysts. Therefore, we propose that their synthesis method
not only yields unique macropores but also promotes the formation of micropores through the presence of
small NaCl crystals between GO sheets during thermal activation. While increased hydrophobicity of the
pores may reduce the potential poisoning of active sites near nitrogen-doped sites,® it could potentially impede
proton transfer by limiting the diffusion of water. Consequently, it becomes imperative that the length of
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micropores housing these sites remain sufficiently short to allow for unobstructed proton transfer. Nonetheless,
a previous study has shown that hydrophobic-ordered micropores, approximately 1 nm in width, actually
facilitate water transfer several orders of magnitude compared to mesopores.®’

Significance of Microwave-assisted High-Temperature Heating in NH3. Microwave heating of HS in
N2 resulted in a significant reduction in ORR activity, as indicated in Figure 5a, even though the resultant HS-
MW1200-N: contains a similar nitrogen content as compared to HS-MW1300-NH3, as shown in Table S1 in
the Supporting Information. These results imply that annealing in an inert atmosphere eliminates crucial sites
such as pentagon carbon®® and that nitrogen dopants alone is insufficient to achieve high ORR rates, as
indicated in the literature.> Thus, our results emphasize the synergistic effects of nitrogen-doped sites and
carbon defects, which are created through high-temperature treatment in NHs, to catalyze ORR in acidic
electrolytes efficiently. Prior investigations on atomically dispersed supported iron on N-doped carbons have
shown that heat treatment in NH3 enhances the Lewis basicity of catalysts.”” These results align with our data
in Figure 9. Previous studies have also indicated that heating carbon-black-based catalysts in NH3 can increase
their microporosity.>* We observed similar effects of increased microporosity when utilizing phenolic resin-
based carbon materials (the results not shown). However, brief heating of HS in NHs did not increase
micropore volume. In summary, high-temperature heating in NHs proves beneficial for improving catalyst

activity. Additionally, short microwave heating enables favorable modifications within micropores for ORR.

CONCLUSION

In this work, we investigated the high-temperature treatment of nitrogen-doped carbons using both
conventional and microwave heating methods. We synthesized two distinct sets of samples from graphene
oxides: one possessing micropores approximately 1 nm in width (HS) and another with fewer micropores
(NS). These samples were subjected to heat treatments in flowing NH3 or N2 by the two heating techniques.
Our data reveal that rapid microwave heating effectively prevents the gasification of carbon-based materials
relative to conventional heating. This method allows for heating up to an average temperature of 1400 °C in
NH3 for 5 min, yielding more than 20%. In contrast, conventional heating led to a rapid decrease in yield,
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dropping below 10% at 1100 °C. Notably, the short microwave heating of HS samples in NH3 preserved their
microporosity, as evidenced by N2 sorption data, while enhancing the pore hydrophobicity, as characterized
by H20 vapor adsorption. In addition, microwave heating in NH3 increased the strength of basic sites, as
indicated by Boehm-type titration experiments. Electrochemical ORR experiments conducted in an acidic
electrolyte demonstrate that HS catalysts heated in a NH3 atmosphere by microwave exhibited significantly
improved activity, despite reduced nitrogen content. Similarly, NS catalysts also exhibited increased pore
hydrophobicity and enhanced ORR activity, although their activities remained notably lower than those of HS
catalysts. Microwave heating of HS in a N2 atmosphere increased pore hydrophobicity and maintained an
adequate amount of nitrogen species; however, it substantially reduced ORR activity. Cls XPS data indicate
that heating in N2 reduced the concentration of defects. These findings underscore the crucial role played by
the co-existence of specific nitrogen species and defects within hydrophobic micropores for achieving high
ORR activity. Our study demonstrates that microwave heating in NH3 enables us to achieve this objective.
Given the significant impacts of high-temperature treatment on catalytic performance, as shown in the recent
studies on atomically dispersed supported metal catalysts for ORR”! and metal-free nitrogen-doped carbon
catalysts for electrochemical reduction of CO2, ”? our data emphasize the promising prospects of selective and

fast heating by microwave to the manufacturing of improved carbon-based electrocatalysts.
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Figure 1. Photographs of the microwave applicator apparatus (a) a carbon sample loaded in the tubular reactor

(b), and a simplified diagram of the microwave applicator (c).
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Figure 2. Microwave or conventional heating of HS in NH3 or N2: a, Typical temperature and microwave
output profiles during heating in NH3; b, Sample yield (yellow) and total nitrogen content determined by XPS

(blue), for samples heated by conventional heating in NH3 (m, dotted line) or by microwave heating in NH3

(e, solid line) or N2 (A, dashed line).
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Figure 3. N2 adsorption data: a, N2 adsorption isotherms measured at 77 K on HS (o, yellow dotted line), HS-
CH800 (o, red solid line), HS-MW1200-NH3 (e, blue solid line), NS1-CH800 (A, red solid line), NS2 (V,
yellow dotted line), NS2-CH800 (V, red solid line), and NS1-MW1200-NHj3 (A, blue solid line). The inset

shows the isotherm data characterizing HS, HS-MW1200-NH3, NS1-CH800, and NS1-MW1200-NH3 in the

linear scale; b, Semi-log derivative N2 adsorption isotherms on HS-MW1200-NH3.
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Figure 5. a, Electrochemical ORR data recorded using linear sweep voltammetry (1 mV s™') in 0.5 M H2SO4:
HS (yellow line), HS-CH800 (red line), HS-CH1100 (light red line), HS-MW1200-NH3 (blue line), HS-
MW1300-NH3 (light blue line), HS-MW1200-N; (purple line), NS1-CH800 (red dotted line), NS1-
MW1200-NH3; (blue dotted line), and NS2-CH800 (red dashed line); b, Tafel plots for HS-CH800 (red short

dashed line), HS-CH1100 (light red short dashed line), and HS-MW1200-NHj3 (blue short dashed line).
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Figure 6. N1s spectra (0) and fits (line) characterizing the following samples: a, HS; b, HS-CH800; ¢, HS-
CH1100; d, HS-MW1200-NH3; e, HS-MW1300-NH3; f, HS-MW1200-N;; g, NS1-CH800. The solid,

dotted, and dashed lines represent pyridinic, pyrrolic, and graphitic nitrogen species, respectively.
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Figure 7. a, Raman spectra characterizing the following samples and spectral deconvolution: 1, HS (yellow
line); 2, HS-CH800 (red line); 3, HS-CH1100 (light red line); 4, HS-MW1200-NH3 (blue line); 5, HS-
MW1300-NH3 (light blue line); 6, HS-MW1200-N: (purple line). The shaded peaks in red and blue represent

D3 and G peaks, respectively. b, Corresponding Ips/IG areal ratio for samples 2—6 vs. heat treatment

temperature.
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Figure 8. a, Cls spectra characterizing the following samples and spectral deconvolution: 1, HS (yellow line);

2, HS-CHB800 (red line); 3, HS-CH1100 (light red line); 4, HS-MW1200-NH3 (blue line); 5, HS-MW1300-

NH; (light blue line); 6, HS-MW1200-N; (purple line). The shaded peak represents the defect peak. b, Values

of peak-area ratio (defect peak)/(graphitic peak) determined by the deconvolution of Cls spectra for samples

2-6 vs. heat treatment temperature.
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