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WILEY-VCH

Increasing global challenges such as climate change, environmental pollution and energy shortage
have stimulated the worldwide explorations into novel and clean materials for their applications in
the capture of carbon dioxide, a major greenhouse gas, and toxic pollutants, energy conversion and
storage. In‘this study, two microstructured carbons, namely N-doped pillaring layered carbon (NC)
and N, S co-doped honeycomb carbon (NSC), have been fabricated through a one-pot pyrolysis
process of a_mixture containing glucose, sodium bicarbonate, and urea or thiourea. The heteroatom
doping wasyfeund to induce tailored microstructures featuring highly interconnected pore
frameworks, high sp>-C ratios, and high surface areas. The formation mechanism of the varying pore
frameworksuisubglieved to be hydrogen-bond interactions. NSC displays a similar CO, adsorption
capacity (4"7"mmol g™ at 0 °C), a better CO,/N, selectivity and higher activity in oxygen reduction
reaction (ORR) as compared with NC-3 (the NC sample with the highest N content of 7.3%). NSC
favors an efficient four-electron reduction pathway and presents better methanol tolerance than
Pt/C in alkalineé media. The porous carbons also exhibit excellent rate performance as

supercapacitors;

1. Introduction

Efficient CO,€apture and sequestration become more and more critical for climate change
mitigation, \atmospheric pollution control in enclosed spaces, mining safety, and production
processesyofgsynthetic fuels and high valued chemicals.” Conventional CO, removal employs
amine-based solvents to absorb CO, from exhaust gas,”” yet the technique suffers from inherent

drawbacks, for examples, intensive energy input, low thermal stability of solvents, equipment
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corrosion and inefficiency, volatility of the amines and toxicity.[“' *I Thus, novel materials with a high
CO, uptake capacity but featuring a lower energy penalty for regeneration would be crucial for
improving commercial viability. Recently, the development of porous solid adsorbents has attracted

considerable, attention. A variety of solid materials such as metal organic frameworks (MOFs),[6]

2.8 and coordination organic polymers (COPs)™® have been developed for

zeolites,m porous carbons,
CO, uptake. Among them, porous carbons have been demonstrated to be of low cost and have

excellent thermal and chemical stability, a hydrophobic surface, high surface area, absence of

toxicity and cost-effective regeneration for CO, uptake.

On the other hand, in order to mitigate CO, emissions from fossil fuel combustion, the deployment
of renewable and clean energy sources such as H, can be a promising alternative. Therefore, suitable
energy conversion and storage technologies are highly in demand. Among these approaches, fuel
cells havesbeen recognized to possess the cleanest and most efficient energy conversion. In the
processessthe fuels react with O, through benign electrochemical processes at a high fuel-conversion
efficiency, avoiding direct combustion.™®*” Oxygen reduction reaction (ORR) is the cornerstone of
cathode reactionssin fuel cells in which an oxygen molecule receives electrons to form products.!****!
Pt and Pt-based alloys are the most efficient ORR catalysts to date, yet the scarcity, high price, poor
stability and.peer, tolerance of Pt catalysts to methanol severely hinder their wide-spread
implementation.[lg‘] Rational design of highly efficient non-precious catalysts with a comparable ORR
activity to Pt-based alloys but a superior stability and alcohol-tolerance is a hot topic of research in

this field. In this/regard, carbon materials become fantastic candidates, considering their high

electronic conductivity, tunable porosity, excellent stability and unique electrocatalytic selectivity.
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Therefore, tremendous efforts have been devoted to developing porous carbons to address various

issues such as structure-dependent mass-diffusion limitations.™

For COmuptakesand ORR applications, the performance of porous carbon materials can be affected
by both the“intrinsic nature and the porous structure. The intrinsic activity can be improved by
introducing heteroatoms.™ ™ Typically, nitrogen doping is most attractive since it can induce some
basicity forfenhanced interactions with acidic gas CO, Recent studies also indicated that polar sulfur-

[16] yet few investigations have

containing groups could facilitate CO, adsorption on carbon materials,
been performedqin CO, capture by porous carbons with nitrogen and sulfur doping. For ORR, N
incorporation can disrupt the electro-neutrality of adjacent C atoms, creating charges and spin

4 Besides, N and S co-doping has been

redistribution to favor oxygen adsorption and reduction.
adopted in)ORR_to obtain enhanced activities compared with mono-atom doping, evidenced in
experiment,and simulation."” Despite extensive studies having been carried out, the available
catalyst_materials are still far from satisfactory from economical, technical and environmental

viewpoints.m’ 13]

Hierarchically porous carbons with both mesopores and micropores are believed to be favored for
both CO, uptake and ORR. Specifically, mesopores enable fast gas diffusion, while micropores induce
high surfacerarearfor a high CO, adsorption capacity.™ With regard to ORR, micropores can expose
large amounts of potential active sites whereas mesopores are conducive for mass transfer during

electrochemical.seactions.™ Soft- and hard-templating approaches have been applied to fabricate
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the desired porous structures.”” In the former synthesis, soft-templates can be easily removed by
heating. Interaction between surfactant molecules and guest species is crucial for the formation of
porous structures.”” 2" Since minor variation of the synthesis condition can significantly affect the
co-assemblynprocess, the hydrolysis and condensation of guest species and their assembly with the
surfactants_should be carefully controlled to generate the desired porosity.?? The hard-templating
route is able_to fabricate a wide variety of materials. However, it has the limitations associated with
the complexpandftime-consuming template-removing procedures.™ ?*! To date, it still remains a
challenge to rationally design and prepare hierarchically porous structures by a green and feasible

protocol. 8

Here we first propose a simple urea-sodium bicarbonate-based process to prepare N-doped,
pillaring-layered, porous carbons (NCs), using glucose as the carbon source. Compared with soft-
templatingsmethods, this protocol is easy to handle since the self-assembly among the precursors is
effortlessgto™happen by evaporation due to the strong hydrogen-bond interactions. In comparison
with the hard-templating craft, our process based on the pore-foaming of sodium bicarbonate is
evidently moresgreen and scalable, because the decomposition product (sodium carbonate) can be
easily removed by water washing. Through tailoring urea addition, the N functionalities and
hierarchical_peresities can be designed and optimized. NSC was prepared according to our recent
report,m] byramone-pot pyrolysis of glucose, thiourea and sodium bicarbonate at 700 °C under a
nitrogen flow. NSC has a honeycomb-porous morphology and exhibits excellent performance in

]

water treatment.?¥ It is further explored for CO, capture and ORR tests in this work. Based on

hydrogen-bond interactions, the formation mechanism of the different pore frameworks is revealed,
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which is of significance for designing various porous carbon materials. Non-doped porous carbon
(PC) was also prepared from glucose and sodium bicarbonate. It is indicated that all the synthesized
porous carbons have a high sp>-C ratio. With a combination of high surface areas and interconnected
pore netwaorks, they show a great potential to serve as both effective CO, adsorbents and metal-free
electrocatalysts for ORR. In addition, to elucidate the transport issues in the ORR activity,
supercapacitor measurements were also conducted. This study opens a route for the large-scale

production‘ofshighly-active porous carbons.

2. Results and Discussion

2.1. PropertiesiofiPorous Carbons and Their CO, Capture
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Figure 1. EMVi es of the three porous carbons. (a-c) SEM images, (d-f) TEM images, (g-i) HRTEM

images.Ea, d, g) PC; b, e, h) NC-2; ¢, f, i) NSC.

Scanning L’nicroscopy (SEM) images (Figure 1a and Sla) of PC confirm that it is highly
porous. Trz @ n electron microscopy (TEM) further reveals that uniform, honeycomb-like pores
in PC form imensionally interconnected network (Figure 1d and S1b). NCs (nitrogen-doped
carbonﬁm urea, sodium bicarbonate and glucose) with increasing N loadings are referred
as NC—IMNCB, respectively. Interestingly, NCs not only possess numerous pores, but also

exhibit a pillaring layered structure, which are different from PC (Figure 1b, e and S2-4). Moreover,

small r%es in NCs exist along the layered pore channels. However, the involvement of
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thiourea did not change the pore frameworks and the pore shapes in NSC (Figure 1c, f and S5),
compared to PC. As shown in the high-resolution transmission electron microscopy (HRTEM) images,
multiple randomly oriented graphitic layers can be clearly seen in the pore frameworks of all porous
carbon samples, with an identified interlayer spacing of 0.34 nm, which can be assigned to the (002)
of graphite. This result suggests the high ratio of sp>-C, which can also be verified by carbon EELS

analysis (Figure 2a-d).
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Figure 2y Darksfield STEM images of a) PC, b) NC-2 and c) NSC; d) Electron energy-loss spectroscopy
(EELS) spectra obtained at the marked points in a-c; e) High resolution N 1s spectra of all the porous

carbons; f) High resolution N 1s spectra of NCs; g) The contents of four nitrogen species in NCs; h)
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High resolution N 1s spectra of NSC; i) S 2p spectra of NSC; j) High angle annular dark field scanning
TEM images (HAADF-STEM) and corresponding energy-dispersive X-ray spectroscopy (EDX)

elemental mapping images of NSC.

The carbonK-edge’spectra of the PC, NC-2 and NSC exhibit sharply-defined peaks at around 285.8 eV
due to transitions from the 1s to the ni* states, followed by the peaks at about 293.1 eV due mainly
to transitiofis ffomils to o* states, corresponding to the sp>hybridization states.”>?® The strong and
sharp m* peaks prove the high sp-C ratios in the porous carbons,?®?* consistent with the HRTEM

3] the synthesized porous

observation..Since sp” bonding is correlated to the electrical conductivity,
carbons arg of high quality with an interconnected open-pore system, which can easily activate the

electron transfer for electrochemical energy applications.

X-ray photoelectfon spectroscopy (XPS) was employed to analyze the surface chemical states and
the composition of the samples. According to previous studies, the introduction of heteroatoms into
pristine carbon tends to produce more structural defects, reflected by the broadened FWHM (full
width at half maximum) of C 1s peaks.?”* Accordingly, NCs and NSC show slightly wider FWHMs
than PC (Figure 2e). The tails between 286 and 292 eV can be ascribed to the surface carbon-oxygen,
carbon-nitrogen or carbon-sulfur-containing groups and energy loss “shake-up” features.?” 2 3%
Howevetitherchanges in the overall degree of graphitization of the porous carbons induced by

heteroatom-doping were not appreciable, evidenced by the minor differences in I/l ratios obtained

by the Raman spectra (Figure S6b). The N contents were found to be 4.5 at.% in NC-1, 6.7 at.% in NC-
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2 and 7.3 at.% in NC-3 (Figure S6). NSC possesses a similar surface N content to NC-1 (4.6 at.%). In
addition, the elemental mapping analysis of NC-2 and NSC shows that the chemical distributions of
these elements along the pore frameworks are uniform (Figure 2j and S7). For NCs and NSC, the XPS
N1s spectraican beé fitted into four peaks with the binding energies at around 398, 400, 401 and 405
eV, corresponding to pyridinic-N, pyrrolic-N, graphitic-N, and oxidized-N, respectively.?**? Except
for the almost unchanged oxidized-N, the other N species show an increase trend in NCs with
increasing total.Nf‘content. It was documented that pyrrolic-N generally has a greater contribution to

2.33.34 \whereas graphitic-N and pyridinic-N are the most active sites

CO, capture than other species,
in ORR.®* ¥hThemhigh resolution S 2p peaks can be fitted into four peaks centred at around 164.5,
165.5, 167:9"and"169.3 eV, respectively. The former two peaks correspond to S 2p;;, and S 2p;);
positions of thiophene-S (-C-S-C-), while the peaks at 167.9 and 169.3 eV can be assigned to
oxidized-S growpsi(-C-SO,-C-).%% 3> 3% The oxidized-S plays a significant role in CO, adsorption,®” yet
it is chemically inactive for ORR where thiophene-S is believed to be more effective.*® The chemical

compositionstef,the prepared samples suggested the functional groups potentially active for both

CO, uptakeand,ORR.

According to our previous finding,*” pure glucose decomposition has two peaks at 209 and 305 °C in
DTG curve while,glucose/sodium bicarbonate and glucose/bicarbonate/thiourea only have one peak
at aboutm150m°CmConsistent with that, the DTG curve of the glucose/sodium bicarbonate/urea
mixture (Figure S8) suggested the occurrence of the evaporation-induced self-assembly process

among the precursors before pyrolysis, as it has only one decomposition peak at around 180 °C.
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The dependence jof the pore formation mechanism on hydrogen-bond interaction during the
evaporation’process of different precursor materials has been discussed. Based on reference [39],
the hydrogen-bonding interactions of urea, water and bicarbonate ions are described in Scheme 1a.
Specifically, urea, water molecules and hydrogen carbonate anions are linked alternately side by side
via N-H:--Ofand O-H---:O hydrogen bonds to form a ribbon. Cross-linkage between adjacent ribbons
generates a puckered urea-anion-water (HCO; ¢(NH,),CO*2H,0) layer and two-dimensional network
is built as ‘agresult. Scheme 1b describes several layers of such a network. On the other hand,
preliminary findings showed that glucose solutions can be thermally decomposed under an excessive
heat, causing;the.fermation of 5-hydroxymethylfurfural (5-HMF) during evaporation at 105 oc.* It s
proposed thatsthe formed 5-HMF might be alternately arranged and sandwiched between the
adjacent HCO;3 ¢(NH,),CO*2H,0 layers, bridged by O-H:--O, H-O---H and O-:-H-N hydrogen bonds, as
shown in,Schemeglc. Finally, during the pyrolysis of the mixture, 5-HMF is dehydrated and then
carbonized to form'the wall of pillaring-layered pores. Urea and sodium bicarbonate transformation,
together with water molecules escaping, lead to the formation of the pillared-layered pore channels,
which may also generate the cross-sectional pores in the channel walls (Scheme 1d). Since urea
decomposition will leave small amount of carbon residues, some pores could also be observed on

the channels'efiNCs.
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Scheme 1.(5awing of the formation mechanism of (a-d) N-doped pillared-layered porous

carbon an S co-doped honeycomb-porous carbon.

Scheme 1®tes the hydrogen-bonding interactions among the thiourea molecules and
bicarbo 18 Thiourea molecules are connected in turn by the pairs of N-H--S hydrogen
bonds tEgzag ribbon. Unlike Scheme 1a, there is a highly twisted shape in this process.
Twisted thiourea ribbons are jointed by lateral N-H-:S to produce puckered double-ribbons, which
are furthewnked by (HCO;3), units in a HCO; *3(NH,),CS manner, resulting in a three-

dimension attice with open channels (Scheme 1f). 5-HMF is closely involved in the host

lattice by O-H::-O, H-O---H, O-H---S and O-:-H-N hydrogen-bond-interactions, as shown in Scheme 1g.

During@ process, 5-HMF, thiourea and sodium bicarbonate decomposed, and large

e generated, resulting in a three-dimensional honeycomb pore network (Scheme

I

amount

1h).

Au
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For the non-dopedsporous carbon without the involvement of urea or thiourea, it can be speculated
that the pofe structure in PC is formed following a similar principle, in which 5-HMF and HCO;™ are
cross-connected by O-H---O and H-O---H hydrogen bonds. The CO, formation and escaping lead to

the highly-porous structures.
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Figure 3. a)yN, adsorption-desorption isotherms of the carbon samples, b) Pore size distributions
calculated by BJH desorption, c) CO, adsorption isotherms on the as-prepared carbon samples at 25

°C and d) CO; and N, uptake isotherms at 0 °C under ambient pressure (1.0 atm).
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To assess the textural properties of these carbons, N, adsorption-desorption isotherms were
acquired and summarized in Figure 3 and Table S1. The average pore sizes of all porous carbons are
in a range of 0.28-50.6 nm, indicating hierarchical porosities with mesopores and micropores.
Notably, after N or N, S doping, the BET surface areas of NCs (1344-1840 m?g™") and NSC (1608 m?
g ') are'much larger than PC, and are accompanied by enlarged pore volumes. The results proved
that urea or_thigurea may have triple functions in the pore formation processes: as an extra pore-
generating agentj’second carbon source and dopant precursor. The comparisons among NCs indicate
that increasing N content leads to a higher micropore volume (V). However, the mesopore volume
(Vimeso) increasesifirst, then decreases with further increasing N content due to the potential blocking
of pore channels by adventitious species. Considering that micropores are usually favored for CO,
adsorption, raising the N doping content might be a good way to obtain high CO, uptake capacities.
On the otherhand; increasing Vi, may increase the contact resistance from isolated carbon particles
and limit the'conductivity, which should be considered when designing electrode materials for ORR.
Therefore, a“suitable mesopore and micropore ratio needs to be carefully controlled according to

different applications.

CO, sorption measurements were performed at 25 and 0 °C under an atmospheric pressure range
(0-1 atm) to.evaluate the gas sorption properties of the prepared porous carbons. Figure 3c and d
show COzmuptakenisotherms for the porous carbons and the capacity values are summarized in Table
S1. PC shows a moderate CO, uptake capacity. With increasing N doping level, the adsorption
capacity increased 'gradually for NCs. According to recent studies on N-decorated carbons, apart

from the BETgSurface area and microporosity, N doping level and hydrogen bonding are two other
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factors closely governing the CO, capture performance.[“] Specifically, the presence of N atoms in
the carbon, with the most active pyrrolic-N," > will increase the basicity by offering electron donor
groups and facilitate their interactions with acidic CO,. In addition, the introduction of N into a
carbon surface will_improve the hydrogen-bonding interactions between the C-H groups and CO,
molecules, leading to a greater CO, uptake.”™ It is thus deduced that higher micropore volume and
pyrrolic N content are generally responsible for the highest capacity of NC-3 among the NCs (3.1
mmol g™ ati25:€ and 4.5 mmol g ' at 0 °C), better than NC-2 with the highest Sger. NSC displays a
similar CO3 uptake to NC-3 at 25 °C, yet slightly higher adsorption at 0 °C (4.8 mmol g™'). This
performancerissamong the best porous carbons and superior to most MOFs (Table S2). It is also
worth noting that the selectivity of CO,/N, of NSC outperforms NC-3 at 0 °C with a lower N,
adsorptioniwhile demonstrating a slightly higher CO, capture (Figure 3d). Previous studies indicated
that the selective”CO, uptakes are mainly ascribed to the functional groups.”® Given that NSC
possesses a comparable surface area, a lower micropore volume and lower N content than NC-3, the
higher CO, capture capacity and better selectivity can be attributed to the trace amount of doping S
atoms, Mainlysassexidized-S.*”! According to the calculations based on natural bonding orbitals, O in
thiophene (-0.94) possesses a more negative charge than N in pyrrole (—0.59) affected by the highly
positive charge of S in thiophene.®” Thus, the attraction energy between Othiophene and Ceoy (+1.07) is
higher than that of Ny,oe With Ceoz. As a result, NSC exhibited a better selectivity and a comparative

CO, capturé capacity with NC-3.

To determine the. interaction strengths between the carbon samples and the adsorbed CO,, isosteric

heats of adserption (Qs;) on all the porous carbons were obtained from CO, adsorption isotherms at
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0 and 25 °C based on the Clausius-Clapeyron equation (Figure S9). The Q; values of all samples are in
the range of 14.7-21.5 kJ mol™, which show an increasing trend after N doping compared to
unmodified” PC. Furthermore, NSC exhibits the highest Q,; value among all the porous carbons,

indicating the.origin of its better selectivity for CO, over N,.!*"

2.2. Electrocatalytic Performance

To evaluateithe catalytic ORR performance, cyclic voltammetry (CV) tests were conducted on the as-
prepared carbonsiand commercial Pt/C (20 wt.% Pt, Vulcan) reference catalyst in N,- and O,-
saturated Q.dypMgKkOH aqueous solutions (Figure S10). In N, environment, the CV curves showed
nearly rectangularsshapes, as a result of the typical capacitive effect.*”) When O, was introduced,
well-defined ORR ‘peaks centred at around 0.72 V were observed on NCs, which are positive than
that of PC-After.IN, S co-doping, the peak potential of NSC shifted to a more positive 0.75 V,
suggesting a better ORR activity.™ Similar trends were observed with linear sweep voltammetry
(LSV) tests on a rotating-disk electrode (RDE), recorded at different rotating speeds from 225 to 2500
rpm (Figure/4a and S11). Due to the combined effects of N functionalities and mesopore/micropore
ratio, NCs exhibited similar onset-potentials (0.84 V) and half-wave potentials (E;;, 0.69-0.71 V),
positive than'PC{Table S3). Remarkably, compared with the mono-atom doped NCs, NSC displayed a
higher ORR activity, as evidenced by the onset-potential of 0.87 V and E,;, of 0.74 V, comparable to

0.94 andy0:835\V40n reference Pt/C. In addition, the ORR reaction current of NSC was similar to Pt/C.
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_1/2) were obtained for each

To qualify the ORR processes, Koutecky-Levich (K-L) plots (/™ vs, w
sample using thepRDE at various rotating speeds. With increasing rotating speeds, the cathodic
current was enlarged due to the improved mass transport at the electrode surface. Figure 4b shows
K-L plots of NSC. The electron transfer numbers (n) were calculated by the slopes of the linear fitted
K-L plots on the basis of the K-L equation. The n values of NSC were 3.8-4.0 at the potentials of 0.3-
0.7 V, suggesting an electrochemically stable ORR process favored by a four-electron reduction
pathway which directly reduces O, into OH™. This is promising for the construction of fuel cells with a
high efficiency. The electron transfer numbers of other samples were also calculated by the
correspondingly.fitted K-L plots (Figure S11), which are summarized in Figure 4c. With increasing N-
doping levelsiimNEs, n increased, yet was still lower than NSC. Figure 4d shows the Tafel plots of NSC
and commercial Pt/C, derived from Figure 4a and S11i. NSC has a Tafel slope of 87.0 mV/decade in
0.1 M KOHj¢close to the 81.1 mV/decade of Pt/C, indicating that NSC has an excellent kinetic process
for ORR." The tolérance of NSC and Pt/C toward methanol (MeOH) was determined by introducing
1.0 M MeOH into O, saturated 0.1 M KOH electrolyte."*® Figure 4e shows almost no variation in the
ORR peak current for NSC after adding MeOH, whereas significant oxidation current was observed in
the CV of Pt/CTeatalyst (Figure 4f). This result suggests that NSC has a much better catalytic

selectivity for"ORR than Pt/C along with a strong tolerance to the crossover effect.!*®

Similar to mostireferenced carbon materials (Table S4), the onset potential and activity of NSC are

still not as 'good as the commercial Pt/C, yet its high electrocatalytic efficiency and better selectivity
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over methanol make it a promising candidate for the next generation of cost-effective ORR

electrocatalysts.

2.3. Super% Transport Characterization
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Figure 5. CV curves in 1 M KOH with different scan rates of a) PC, b) NC-3 and c) NSC; d) Nyquist
plots of EIS measurements; e) Real and f) Imaginary capacitance plots for the complex capacitance

analysis.

To investigate_the transport issues in ORR activity, supercapacitor measurements were conducted.
According to CVs measured in 1 M KOH at different scan rates, PC, NC-3 and NSC showed similar
quasi-rectangulamyshapes (Figure 5a-c). It is noteworthy that the specific capacitances of these
samples showedminor deactivation even up to an extremely high rate of 2000 mV s, which was
comparable to on better than previous results with superior rate performance.’® *”! The rate
performancerisiclosely related to transport issues, which indicate the porous carbons synthesized in
this work have excellent mass transport properties. Electrochemical impedance spectroscopy (EIS)
(Figure 5d) furthen confirmed this point, because the three samples featured small arcs in the high
frequencymregionyn reflecting the low charge transfer resistance and well-defined electrical
conductivity_centributed by the interconnected pore framework and high sp>C ratio."**®! As the
three samples possess outstanding mass transport properties, the better ORR activities of NC-3 and

NSC than pristine PC highlight the importance of heteroatom functionality.

As an alternative approach to analyze the supercapacitor frequency behavior, the real and imaginary
parts of the capdcitance were analyzed using the impedance data based on the following

equations:”sl
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1
Z(w)= joc(o) (1
Z(0)=2' (@) + j2"(o) )
C(w)=C'(w)~ iC"(w) 3)

(. 2")
C@ﬁ-dﬂﬂz 4)

Cr(o)=—2@) ©)
o|Z(o)
where Z'(w) and Z“(w) are the real and imaginary parts of the impedance, respectively; C'(w) and
C"(w) represent the real and imaginary parts of the accessible capacitance, respectively. As shown in
Figure 5e,|C'(w) sharply increases when the frequency decreases, then it is less dependent on
frequencies. Thisis the feature of conversion from the electrode structure to electrode/electrolyte
interface.*,@"(®) is related to the energy loss due to the irreversible process of the electrode, such
as IR drop and Faradaic charge transfer. As shown in Figure 5f, C"(w) goes through a maximum at
peak frequency.(fo), defining a relaxation time constant (1o = (2mtfy)™"), which reflects the kinetic
performanée of the supercapacitor.*” Interestingly, PC, NC-3, and NSC show peaks at 22.0, 6.4 and
5.0 Hz, indicating the relaxation time of ~0.045, 0.16 and 0.20 s, respectively. In other words, PC is
able to discharge.its stored energy with high efficiency, 3.6 and 4.4 times faster than NC-3 and NSC.
The electronand’ion transport can be correlated to O, transport issues in ORR. Considering that NSC
and NC-3 possess similar surface area, adjacent electrical conductivity properties deduced from their

close relaxationftime, whereas NSC has a lower N content, better ORR performance of NSC

This article is protected by copyright. All rights reserved.

21

85U8017 SUOWILLIOD BATER1D) 3|l jdde 8Ly Aq peusenob ke Sl VO ‘SN 0 Sa|nJ 10} AT 8UIIUO AB]IM UO (SUORIPUOD-PUE-SWBILI0D A8 |IM"AeIq Ul UO//SdNY) SUORIPUOD Pue SWB | 34} 885 *[£202/70/02] U0 A%iqiTauljuo A(IM ‘Ariqi] AusRAIUN N A ZE6E09TOZ WIPe/Z00T OT/I0p/Wod" A8 1M Aeiq1jeul|uo//sdny Wwoiy papeojumod ‘Lt ‘9T0Z ‘820E9T9T



WILEY-VCH

emphasizes the excellent synergistic effect of N, S co-doping than solely N-doping for ORR catalysis.
Therefore, compared to transport issues and BET surface areas, it is spectulated that surface
functionality plays a more important role in our synthesized porous carbons, which needs to be
enhanced to,achieve the best ORR performance. In future research endeavours, more efforts will be

made to further improve the overall properties, such as adopting KOH or NH; activation,™ ™ or

decoration with pon-precious metallic compounds.®”

3. Conclusions

In summary,"we demonstrate a facile and scalable strategy to prepare heteroatom-doped, pillared-
layered and/or honeycomb-like, porous carbons with high graphitic degrees, interconnected
networks and | high surface areas. The pore framework shapes, heteroatom functionalities,
mesopare/micropore ratio and surface areas can be feasibly and rationally tailored. The as-prepared
porous carbens’show excellent CO, uptake capacities, high-rate performance and outstanding ORR
activities as Pt-free catalysts in alkaline media. It is believed that this work is important for the
design and‘large-scale production of porous carbons via a benign route, which implies promising

applications in gasseparation and energy storage/conversion.

4. Experimental Section
ChemicalgReagents: D-(+)-glucose (= 99.5%), urea (= 99.5%), sodium bicarbonate (> 99.7%),
thiourea (2199.0%), Nafion® 117 solution (5wt.%, Aldrich), potassium hydroxide (> 70%, 30% water),
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isopropanol alcohol (> 99.7%), methanol (> 99.9%), commercial Pt/C (20 wt.%, Vulcan) were

purchased from Sigma-Aldrich and used directly without further purification.

Preparation of Porous Carbon Materials: (1) dissolve glucose (0.9 g), sodium bicarbonate (0.9 g)
and urea (the mass changed from 0.3, 0.9 to 1.2 g to synthesize NC-1, NC-2 and NC-3, respectively)
in pure water and then evaporate the water at 105 °C; (2) heat treatment of the mixture at 700 °C
for 2 h with a heating rate of 5 °C min™ under N, flow to form NCs. PC and NSC were prepared
according to our previous reported method." Briefly, pyrolysis of the mixture (PC) of glucose (0.9 g)
and sodium bicarbonate (0.9 g) as well as these two chemicals with thiourea (0.3 g NSC) at 700 °C.
Finally, the carbonized materials were grinded and washed with water and ethanol for several times,

then dried in;aneven.

Characterizations: N, adsorption-desorption isotherm was obtained on Micromeritics Tristar 3000
at -196 °C. SEM images were recorded on a FEl Verios XHR 460. TEM and HRTEM images were
measured on JEOL 2100. The carbon EELS spectrum, HAADF-STEM and EDX elemental mapping were
characterized by FEI Titan G2 80-200 TEM/STEM. XPS analysis was carried out on a Kratos Axis Ultra

DLD system under ultra-high vacuum (UHV) conditions.

CO, Adsorption at 0 and 25 °C: The adsorption isotherms of each sample over pure CO, (99.999%)
were recorded by a Micromeritics instrument (Gemini I-2360) at 0 and 25 2C under low pressure up
to 760 mmHg. All samples were degassed at 110 °C overnight before the tests. N, adsorption

isotherm at 0 °C was also measured on this instrument to view the relative CO, selective adsorption.

Electrode Preparation for Electrochemical Measurements: The as-prepared porous carbons (2 mg)

were grinded firstly and then blended with isopropanol (500 uL) and Nafion” 117 solution (25 pL) to
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form a suspension (3.6 mg mL") by sonication. Then, the catalyst ink (9 pL, containing 32.4 pg of
catalyst) was dipped onto the surface of a pre-polished glassy carbon electrode (5.0 mm in diameter)
and dried in air. For comparison, commercial Pt/C (20 wt.%, Vulcan) was also prepared by a similar

procedure with thé same loading on the surface of working electrode.

Electrochemical measurements were conducted using a MSR-RDE rotating disk (Pine Instrument
Company, USA) cantrolled with a Zennium electrochemical workstation (Zahner, Germany) under
ambient conditions. A three-electrode system was used with Ag/AgCl (KCl sat.) electrode and
platinum wire.as.the counter electrode and the reference electrode, respectively, and a rotating disk
electrode (RDE) with a glassy carbon as the working electrode. The potential differences between

Ag/AgCl and reversible hydrogen electrode (RHE) were calibrated through equation (6):

Erve = Engragc +0.059pH +0.197  (6)

All potentialdata in this study refer to that of RHE.

ORR Measurements: CV experiments of different catalysts were performed in N,/O,-saturated
KOH (0.1 M) solution at a scan rate of 50 mV s™. All electrochemical data were recorded until stable
curves wereyobtained. For the RDE tests, the working electrode was conducted at a sweep rate of 10
mVs™ withfvarying rotating speeds from 225 to 2500 rpm. All sample tests were repeated at least 3

times to aveid anyjincidental errors.
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The Koutecky-Levich (K-L) plots (J7 vs w™?

) were obtained according to linear fitting of the
reciprocal rotating speed versus reciprocal current density at various electrode potentials. The
overall electron transfer numbers (n) per oxygen molecule during a typical ORR process were
calculated aecording to the slopes of linear fit lines in the K-L plots, on the basis of the Koutecky-

Levich equations:™

13 =1, +1/Ba*? 7)
B =0.2nFC,D,**v¥¢ (8)

where J is the measured current density, Jx the kinetic current density, w the electrode rotating
speed in rpMm;"B"the reciprocal slopes of the K-L plots, n transferred electron number per oxygen
molecule and the constant 0.2 is used when the rotating speed is in rpm. For the Tafel plots, Jx was

determined from the mass-transport correction of RDE at 1600 rpm by equation (9):
JK:(J*‘]L)/(‘]L_‘]) )
where J is the diffusion-limiting current density.

Supercapacitoriand EIS: Supercapacitor performance was evaluated by measuring CVs in 1 M KOH
with N, purging using the same electrical devices and procedures as described above. EIS was

measured fromsl0:mHz to 100 KHz.

Supportinginformation

Supportingfinfermation is available from the Wiley Online Library or from the author.
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List of Figure Captions

Figure 1. EM_images of the three porous carbons. (a-c) SEM images, (d-f) TEM images, (g-i) HRTEM

images. Wherein, a, d, g) PC; b, e, h) NC-2; ¢, f, i) NSC.

Figure 2. Darkfield STEM images of a) PC, b) NC-2 and c) NSC; d) Electron energy-loss spectroscopy
(EELS) spectra obtained at the marked points in a-c; e) High resolution N 1s spectra of all the porous
carbons; f) Highmresolution N 1s spectra of NCs; g) The contents of four nitrogen species in NCs; h)
High resolution'N"1s spectra of NSC; i) S 2p spectra of NSC; j) High angle annular dark field scanning
TEM images (HAADF-STEM) and corresponding energy-dispersive X-ray spectroscopy (EDX)

elemental mapping images of NSC.
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Figure 3. a) N, adsorption-desorption isotherms of the carbon samples, b) Pore size distributions
calculated by BJH desorption, c) CO, adsorption isotherms on the as-prepared carbon samples at 25

°C and d) CO, and N, uptake isotherms at 0 °C under ambient pressure (1.0 atm).

Figure 4. a) LSV curves (scan rate = 10 mV s™) for NSC in an O,- saturated 0.1 M KOH electrolyte; b)
K-L plots (/™ versus w™®?) for NSC at different potentials; c) Electron-transfer numbers (n) of different
samples calculated\by their K-L plots; d) Tafel plots of NSC and Pt/C derived from their LSVs at 1600
rpm. CV curves of e) NSC and f) Pt/C in O,- saturated 0.1 M KOH without and with 1.0 M CH;0H (scan

rate = 50 m\k$ ™)

Figure 5. C\.curves in 1 M KOH with different scan rates of a) PC, b) NC-3 and c) NSC; d) Nyquist
plots of EIS measurements; e) Real and f) Imaginary capacitance plots for the complex capacitance

analysis.

Scheme 1. Stereo drawing of the formation mechanism of (a-d) N-doped pillared-layered porous

carbon and (e-h)aN-S co-doped honeycomb-porous carbon.
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N-doped layered and N, S co-doped honeycomb carbons have been fabricated, and the hydrogen-
bond interactions, during the self-assembly process are suggested to be responsible for the
formation of different pore frameworks. The tailored micropore/mesopore architecture and
heteroatoms doping of the porous carbons synegistically induce enhanced CO, capture

capacity/selectivity and improved ORR activities.
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