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4 ABSTRACT: Heteroatom-doped porous carbon materials (HPCMs) have found extensive
5 applications in adsorption/separation, organic catalysis, sensing, and energy conversion/
6 storage. The judicious choice of carbon precursors is crucial for the manufacture of HPCMs
7 with specific usages and maximization of their functions. In this regard, polymers as
8 precursors have demonstrated great promise because of their versatile molecular and
9 nanoscale structures, modulatable chemical composition, and rich processing techniques to
10 generate textures that, in combination with proper solid-state chemistry, can be maintained
11 throughout carbonization. This Review comprehensively surveys the progress in polymer-
12 derived functional HPCMs in terms of how to produce and control their porosities,
13 heteroatom doping effects, and morphologies and their related use. First, we summarize and
14 discuss synthetic approaches, including hard and soft templating methods as well as direct
15 synthesis strategies employing polymers to control the pores and/or heteroatoms in
16 HPCMs. Second, we summarize the heteroatom doping effects on the thermal stability,
17 electronic and optical properties, and surface chemistry of HPCMs. Specifically, the
18 heteroatom doping effect, which involves both single-type heteroatom doping and codoping of two or more types of heteroatoms
19 into the carbon network, is discussed. Considering the significance of the morphologies of HPCMs in their application spectrum,
20 potential choices of suitable polymeric precursors and strategies to precisely regulate the morphologies of HPCMs are presented.
21 Finally, we provide our perspective on how to predefine the structures of HPCMs by using polymers to realize their potential
22 applications in the current fields of energy generation/conversion and environmental remediation. We believe that these analyses
23 and deductions are valuable for a systematic understanding of polymer-derived carbon materials and will serve as a source of
24 inspiration for the design of future HPCMs.
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1. INTRODUCTION TO HETEROATOM-DOPED
96 POROUS CARBON MATERIALS

97 Carbon materials are ubiquitous in our daily life. In retrospect,
98 charcoal, a biomass-derived material, was utilized as medicine
99 in ancient Greek times to relieve dysentery-like diseases, which,
100 as we now understand, functions through the adsorption of
101 bacteria and bacterial metabolites by nanostructured carbons.
102 This guest molecule adsorption property was also used in the
103 early 1900s in the form of filters in respirators for the
104 prevention of toxicant poisoning. Currently, carbon materials
105 are broadly used as adsorbents, supports, and even metal-free
106 catalysts to address pressing global challenges, including, but
107 not limited to, energy and environmental issues. Carbon is of

108rich abundance in nature, relatively low cost, and comparably
109high chemical and thermal stability. It possesses a tunable
110surface area and multiple structural forms at the atomic/
111nanoscale that define an unusually broad range of phys-
112icochemical properties to satisfy diverse applications. As the
113sixth element in the periodic table, carbon is sometimes
114referred to as an all-purpose material, even exceeding
115“quintessence” (the metaphoric fifth element) of alchemy.
116The porous state of carbons no doubt profoundly impacts
117their properties and functions. Equipping carbons with pores of
118different sizes and shapes lowers their apparent density and
119expands their surface area to accelerate interfacial energy and
120mass transfer, a step that is crucial and decisive in many
121surface-related physical and chemical processes. The topic of
122porous carbons is particularly “fueled” by the recent trend to
123replace fossil fuels with affordable clean energy in the next few
124generations, as defined in the Sustainable Development Goal 7
125(SDG7) by the United Nations. The concept of hierarchical
126structuration of carbons in terms of pore sizes ranging from
127micro- to meso- and macropores is well developed in the
128porous carbon community, since it balances both a high
129density of and a low diffusion resistance toward active sites.
130The macropores are literally transport highways, while the
131micro- and mesopores provide a large specific surface area
132bearing active sites for heterogeneous reactions.
133Equally important is the effect of heteroatom doping of
134carbon materials with nonmetals, e.g., nitrogen (N),
135phosphorus (P), boron (B), sulfur (S), and selenium (Se).1

136These types of atoms can be solely or jointly incorporated into
137a carbon framework via either carbonization of heteroatom-
138rich precursors or chemical postmodification of parental
139porous carbons. Heteroatoms in turn can tailor the
140physicochemical properties of carbons and endow carbons
141with fascinating properties. Not only the electronegativity but
142also the charge density and size of heteroatoms are vital to the
143properties of porous carbons. Different types of heteroatoms,
144or even the same type of heteroatom in a different bond
145configuration, can impart carbons with distinctively different
146properties. Considering the potential of heteroatom-doped
147porous carbon materials (HPCMs) as metal-free catalysts that
148can replace costly noble/transition metal-based catalysts, as
149already observed for a number of key applications, and that are
150stable even under harsh conditions, i.e., at high temperatures,
151under sulfur species and carbon monoxide atmospheres, or in
152strong acid and alkali solutions, their research horizon has been
153significantly and will be further broadened in both academia
154and industry. HPCMs are discussed in reference to
155applications such as electrochemical devices, catalysts, fire-

Figure 1. Schematic illustration of two general routes for synthesizing polymer-derived HPCMs.
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156 retardant materials, seawater desalination devices, and many
157 more.
158 In this context, the judicious choice of carbon precursors is
159 of tremendous significance, among which polymers stand out
160 due to the availability of a myriad of macromolecular and self-
161 assembled (nano)structures, tunable chemical compositions,
162 and versatile processing techniques. HPCMs in different forms
163 have been produced through the rational choice of polymers,
164 including spheres, fibers, thin films/membranes, foams,

f1 165 monoliths, and their hollow counterparts (Figure 1). The
166 polymers are chosen from either biopolymers or synthetic
167 polymers, ranging from traditional polyacrylonitrile (PAN) and
168 conjugated polymers to the recently emerging well-carbon-
169 izable polymers, e.g., poly(ionic liquid)s (PILs) or polydop-
170 amine.
171 In the ongoing search for carbon (nano)materials exhibiting
172 unconventional properties and important applications, studies
173 of polymer-derived porous carbons in well-defined shapes
174 doped by heteroatoms are a fast-growing focus area. Previous
175 reviews and perspective articles in this area targeted the specific
176 aspects of heteroatom doping effects, energy conversion/
177 storage applications, and/or carbonization mechanisms.2−7 In
178 terms of polymer-derived HPCMs, there are only a few solid
179 conclusions in the literature. With the ongoing advancement in
180 polymer nanomaterials, we believe that polymers are excellent
181 candidates for producing carbon materials with diverse
182 morphologies. These polymers can be first processed into
183 complicated structures and then build up selective porous
184 networks via intrinsic phase separation. At the same time, with
185 the aid of heteroatoms, the electronic structures of HPCMs
186 can be rationally tailored for designated applications. The
187 current review attempts to survey the progress in the entire
188 field in a comparative fashion and discusses the state-of-the-art
189 understanding of common denominators of these advances.
190 We highlight the impacts of preformed polymer structures and
191 the freedom in the choice of processing strategies on the
192 production of carbons with diverse morphologies and tunable
193 nanostructures and the related physiochemical properties and
194 functions. We also share our views on challenges and
195 opportunities for the synthesis and application of polymer-
196 derived HPCMs. This Review aims to give comprehensive
197 summaries of polymer-derived HPCMs based on their
198 synthesis, morphology, heteroatom doping, and porosity. To
199 be more focused in its content, it will not cover the
200 development of metal atom doping, and interested readers
201 can refer to other recent reviews.2,3

2. SYNTHETIC APPROACHES

202 Heteroatom-doped porous carbons can be prepared by
203 pyrolysis of heteroatom-rich polymers as precursors or by
204 subjecting preformed porous carbons to postsynthetic treat-
205 ment with heteroatom-containing precursors.4−8 The former
206 can homogeneously add heteroatoms into the entire porous
207 carbon matrix, whereas the latter mostly loads heteroatoms
208 only onto the carbon surface. Sometimes both methods are
209 combined to maximize the heteroatom loading. Each synthetic
210 route may generate porous carbons in structures with distinct
211 strengths and specific weaknesses.9−11 In this section, the
212 synthetic methods for polymer-derived HPCMs are systemati-
213 cally discussed. Two main strategies, including template and
214 direct synthesis, are summarized in Figure 1. These strategies
215 are detailed with a variety of examples in the following section.

2.1. Template Methods

216Hard and soft template strategies are the most mature and
217widely used methods for preparing HPCMs with diverse pore
218 f2structures from polymers (Figure 2). Hard templates are solid

219compounds with pores or high surface areas, including zeolites
220and mesoporous silicas, as well as colloidal particles and their
221assemblies. Soft templates are organic nanostructures built up
222from micelles of ionic or nonionic surfactants, assemblies of
223block copolymers, liquid crystalline phases, soft droplets,
224biopolymers, or vesicles.12−15 Despite the significant progress
225made thus far, precise control of the structure and morphology
226at low cost remains a persistent topic. To tailor the
227morphologies of porous carbons, a straightforward method is
228to adopt templates of the corresponding morphologies.
2292.1.1. Inorganic Nanostructures as Templates. Utiliz-
230ing inorganic nanostructures as templates for the synthesis of
231well-defined porous carbons is one of the most straightforward
232and popular methods. After infiltrating the template with a
233heteroatom-containing polymer or in situ polymerization of the
234monomer, followed by carbonization and template removal by
235appropriate chemicals, HPCMs that are an inverse replica of
236the original template will be obtained. Owing to the rapid
237synthetic progress of porous inorganic nanostructures, a variety
238of inorganic templates have been employed to produce carbons
239with well-defined pores. This approach involves templating
240with metal nanoparticles, silica nanoparticles or their opal
241crystals, silica gels, aluminosilicates, silica carbide, and
242nanostructured metal oxides, such as anodic alumina, calcium
243carbonate, and zinc oxide, which can be easily removed by a
244weakly alkaline or acid solution or vaporization.16−23 Novel
245morphologies are accessible for porous carbon materials with
246such appropriate inorganic templates. Ideally, the template
247must be chemically inert to carbon and carbon precursors,
248thermally stable, and equipped with a chemical trigger for
249removal to leave pores behind in the template. It is worthwhile
250noting that the pore size of the resulting porous carbons is not
251always the same as that of the original templates because the
252carbonaceous material can shrink under further thermal
253processing at elevated temperatures.
254Since the templating concept was demonstrated in 1982,
255colloidal silica particles and silica gels have been explored and
256widely adopted as molds for porous carbons.24 Hyeon’s group
257pioneered the synthesis of mesoporous carbon using colloidal

Figure 2. Schematic illustration of hard and soft templates for the
synthesis of HPCMs from polymers.
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258 silica particles as hard templates.25,26 It was found that the pore
259 size distribution of the carbon was significantly affected by the
260 silica/polymer ratio. Stein’s group further demonstrated the
261 preparation of porous carbon with a periodic array of
262 macropores, which was defined as three-dimensionally ordered
263 macroporous carbon.27 The pore size distribution of carbons
264 templated by silica particles of a uniform size is not necessarily
265 narrow, suggesting that carbon is not always a true replica of
266 voids in silica nanoparticles. To minimize irregular agglomer-
267 ation of silica particles, which produces nonuniform voids, the
268 surfactant cetyltrimethylammonium bromide (CTAB) was
269 used to stabilize silica particles in solution before processing
270 them into a porous template.25 The resulting nanoporous
271 carbon showed an improved pore size distribution peaking at
272 12 nm, which well matched the size of the employed silica
273 particles. Apart from the surfactants used, later studies found
274 that the silica sol content and the pH value had significant
275 impacts on the porous structures and textural properties of the
276 resulting mesoporous carbons.28,29

277 It is important to note that ordered inorganic materials, such
278 as mesoporous silica and zeolites, are also popularly used as
279 hard templates to produce ordered porosity in carbon
280 materials. In terms of silica templates, MCM-41, HMS,
281 MSU-1, MSU-H, SBA-1, SBA-7, SBA-12, SBA-15, and SBA-
282 16 are on the “hot list”. For example, Wu et al.30 reported the
283 fabrication of N-doped ordered nanoporous carbons termed

284“NONCs” by pyrolyzing a polydopamine (PDA)/SBA-15
285nanocomposite under N2 at 800 °C for 3 h, followed by
286removal of the SBA-15 template to form NONCs with an SBET
287 f3value of 1013 m2 g−1 (Figure 3). At the same time, Zou et al.31

288synthesized nitrogenated graphitic ordered mesoporous
289carbons termed “G-OMCs” by using mesoporous nickel
290oxide as a catalytic template and dopamine as a precursor,
291which was carbonized at 900 °C for 4 h. The results revealed
292that G-OMC materials had a higher degree of graphitization
293than those prepared only from dopamine and the inert SBA-15
294template, which suggested a catalytic graphitization process
295involving nickel oxide. The ID/IG value was 0.69, which was
296lower than that of ordered mesoporous carbon CMK-3 (0.84).
297A major drawback associated with this approach lies in the
298multistep synthesis and the use of hydrofluoric acid (HF) or
299other toxic etching chemicals to remove the silica template. To
300mitigate this issue, inorganic nanostructures, such as porous
301anodic aluminum oxide (AAO), MgO, CoP, CaCO3, and
302Al(OH)3, that can be removed by relatively safe chemicals, e.g.,
303HCl and NaOH, have been utilized as templates.32 For
304example, Chen and co-workers prepared N-doped porous
305carbon nanocages (NCNCs) via an in situ-generated MgO
306template method using pyridine as a precursor.33 The MgO
307template was etched away by a HCl solution at room
308temperature. The NCNCs exhibited an excellent oxygen
309reduction reaction (ORR) performance in alkaline solution

Figure 3. (a) Schematic illustration of the polydopamine-coating-directed synthesis of NONCs. (b) Low-angle XRD pattern and wide-angle XRD
pattern (inset) of the NONC. (c) TEM image of the NONC. (d) N2 sorption isotherms of the NONC and its pore size distribution. Reproduced
with permission from ref 30. Copyright 2013 Royal Society of Chemistry.
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310 with superior stability toward methanol crossover and CO
311 poisoning, at a level that could compete with the commercial
312 Pt/C electrocatalyst. Similarly, Hu et al. reported a novel 3D
313 hierarchical S- and N-codoped carbon nanocage termed
314 “hSNCNC” as a bifunctional oxygen electrocatalyst, where
315 MgO nanocubes were used as a template and a pyridine and
316 thiophene mixture as a precursor.34 The as-prepared hSNCNC
317 exhibited a positive half-wave potential of 0.792 V (vs
318 reversible hydrogen electrode, RHE) for the ORR and a low
319 operating potential of 1.640 V at a 10 mA cm−2 current density
320 for the OER. The reversible oxygen electrode index was 0.847
321 V, superior to those of commercial Pt/C and IrO2. In another
322 example, S- and N-codoped mesoporous hollow carbon
323 spheres termed “SNMHCSs” were prepared by Sun’s group
324 using low-cost CaCO3 nanoparticles as self-sacrifice templates

f4 325 and PDA as a precursor (Figure 4).35 During the calcination
326 process, CaCO3 decomposed to CaO and released CO2 gas,
327 which facilitated the formation of small pores in the carbon
328 walls. Urea was used during the carbonization process as a N-
329 content enhancer, followed by an additional thermal annealing
330 under H2S to induce S doping. When the porous carbon

331product was applied as an anode for sodium-ion batteries,
332excellent rate and cycling performance was achieved due to the
333interconnected mesoporous hollow sphere structure that
334provided a large electrode/electrolyte interface for reactions;
335this in turn facilitated the diffusion of electrolyte, increased the
336transport rate of electrons and sodium ions, and buffered the
337volumetric expansion of the electrode during cycling. S doping
338could increase the interlayer space between adjacent graphitic
339layers, enable the carbon electrode to accommodate more
340sodium ions, and promote ion transport, while N doping could
341add functional groups and defects to increase the capacity.
3422.1.2. Polymer Nanostructures as Sacrificial Tem-
343plates. Polymer nanostructures are popular templates in the
344synthesis of porous materials due to the ease of morphological
345control by well-established, mature polymer processing
346techniques and simple removal through dissolution, calcina-
347tion, or other mild treatments.36−40 It should be stressed here
348that the removal of a polymeric template by calcination is
349usually performed in combination with the carbonization
350process, an obvious advantage of soft templates in comparison
351with the inorganic hard counterparts. It should also be

Figure 4. (a) Schematic illustration of the synthetic procedure for SNMHCSs using CaCO3 as a template. (b, c) TEM image of SNMHCSs; the
inset is a histogram of the carbon wall thickness distribution. (d) STEM image of SNMHCSs. (e−g) Corresponding distributions of the elemental
C, N, and S. The scale bar is 100 nm. Reproduced with permission from ref 35. Copyright 2019 Wiley-VCH.
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352 explained here that the polymer nanostructures included in this
353 section (2.1.2) have at least one polymer component fully
354 removed by thermal decomposition, dissolution, or etching to
355 introduce pores. In the later section 2.2.1 “Direct Carbon-
356 ization of Heteroatom-Rich Polymers”, the polymer serves as
357 the carbon source, even though one part (but not all parts) of
358 such a polymer may decompose into pores.
359 To date, polymeric nanostructures ranging from 0D
360 nanoparticles to 1D fibers, 2D sheets, and 3D bulk species
361 have been successfully used to template the pyrolytic growth of
362 HPCMs. For example, polystyrene (PS) latexes or “nano-
363 spheres” are one of the most commonly used templates due to
364 their easy scale-up preparation at low cost. The interplay
365 between the template and the carbon precursor is vital to
366 generating the target products. To provide the required affinity
367 of templates to polymeric precursors, PS nanospheres are
368 usually surface functionalized with, e.g., polyvinylpyrrolidone
369 (PVP) as a bridging layer to accommodate intermolecular
370 interactions, such as hydrogen bonding. Hao and co-workers
371 fabricated hollow N-doped carbon microspheres termed
372 “HNCMs” using polyaniline (PANI) as a source of nitrogen
373 and carbon for grafting onto PVP-functionalized PS spheres as
374 a template.41 The organic PS core was burned off by
375 carbonizing the core−shell microspheres under a N2
376 atmosphere at 500 °C for 2 h to produce HNCMs.
377 Utilizing microphase-separated structures of polymer blends
378 or block copolymers as templates, well-organized nano-
379 structured carbon materials can be fabricated by pyrolysis
380 accompanied by volatilization of the sacrificial phase.
381 Matyjaszewski et al.42 first demonstrated the success of such
382 a strategy using the triblock copolymer of acrylonitrile (AN)
383 and n-butyl acrylate (BA) with average composition (AN)45−

384(BA)530−(AN)45 as a precursor. For certain PAN/PBA ratios,
385the original morphology of the bulk precursor is well retained
386 f5upon pyrolysis between 400 and 1200 °C (Figure 5a−c).
387Extension of this route to block copolymers with other
388morphologies (e.g., the gyroid phase) or polymer blends was
389also found to be successful and straightforward. The resulting
390carbon materials show a high surface area and accessibility of
391nitrogen functionalities, as inferred from their performance as
392electrodes for supercapacitors and sorbents for CO2 capture as
393well as efficient electrocatalysts for the oxygen reduction
394reaction.43 For example, in 2019, Liu’s group44 reported the
395fabrication of porous carbon fibers (PCFs) with well-
396controlled mesopores of ∼10 nm or micropores of ∼0.5 nm
397in size by employing the microphase-separated PAN/PMMA
398blend or block copolymer PAN-b-PMMA, respectively, as a
399template (Figure 5d−h). PAN can be directly converted to N-
400doped PCFs, sometimes with oxygen (O) codoping due to a
401necessary aerobic thermal cross-linking/stabilization step at
402250−350 °C, while the porous structure is created by
403decomposition of the thermally labile PMMA domains. Such
404PCFs exhibited substantially reduced ion transport resistance
405and a high capacitance of 66 μF cm−2 in an electrochemical
406supercapacitor test owing to the advantageous interconnected
407porous network and the highly optimal bimodal-size-
408distribution pores.
409As mentioned above, block copolymers are powerful
410templates because of their rich phase diagrams accessible via
411self-assembly, and some are commercially available.45−48

412Carbon materials with ordered mesopores and a narrow pore
413size distribution can be templated by micelles of amphiphilic
414block copolymers. The most common ones are poly(ethylene
415oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) tri-

Figure 5. (a) (AN)45−(BA)530−(AN)45 block copolymer film vacuum annealed for 2 h at 220 °C to equilibrate the morphology. Sample heated
under N2 to (b) 600 °C and (c) 1200 °C. Reproduced with permission from ref 42. Copyright 2002 American Chemical Society. (d) Fabrication
scheme of N-doped porous carbon fibers from polymeric precursors: PAN (blue), PAN/PMMA (red) blend, and PAN-b-PMMA block copolymer.
(e, f) SEM images of the carbon fibers derived from PAN/PMMA. (g, h) SEM images of the porous carbon fibers derived from PAN-b-PMMA.
Reproduced with permission from ref 44, licensed under CC BY.
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416 block copolymers (PEO-b-PPO-b-PEO), i.e., the commercial
417 Pluronic family,49−51 polystyrene-b-poly(4-vinylpiridine) (PS-
418 b-P4VP),37 or polystyrene-b-poly(ethylene oxide) (PS-b-
419 PEO).52 The applied carbon precursors can be either
420 heteroatom-containing or heteroatom-free polymers such as
421 small clusters of phenol-formaldehyde, so-called “resol”,51−54

422 “RF resin” (resorcinol-formaldehyde),55 or “PF resin” (phlor-
423 oglucinol-formaldehyde).49 Heteroatom-doped carbons can be
424 synthesized by direct carbonization of heteroatom-containing
425 polymers in the block copolymer template or post-treatment of
426 carbons derived from heteroatom-free polymers. Fascinating
427 porous carbon nanostructures have been produced from block
428 copolymer nanostructures as sacrificial templates, including
429 two-dimensional hexagonal (p6mm), three-dimensional bicon-
430 tinuous (Ia3d), or body-centered cubic (Im3m) varieties.49−55

431 For example, Hayakawa’s group synthesized well-ordered N-

432containing mesoporous carbons (termed NMCs) with
433hexagonally arranged, uniform 4 nm mesopores via a block
434copolymer template. The NMC films were obtained from a
435blend of Pluronic copolymer F127 (Mw = 12600 Da, PEO106-
436PPO70-PEO106), amic acid (AA) as a N-containing precursor,
437 f6and a resol as a stabilizer (Figure 6a−f).50 Well-ordered NMCs
438bearing large mesopore volumes (Vmeso = ∼0.8 mL g−1, Vtotal =
439∼0.9 mL g−1) and a moderate SBET of 532 m2 g−1 were
440achieved by pyrolysis of the self-assemblies of F127, AA, and
441the resol. Similarly, in 2018, Chen and co-workers reported 3D
442interconnected N-doped carbon networks (N-CNNs) with
443designable pore geometries (Figure 6g−k).37 The authors
444applied a vapor-phase polymerization approach using self-
445assembled bicontinuous PS-b-P4VP membranes as templates.
446The template morphology was tuned by the addition of 3-n-
447pentadecylphenol (PDP) to PS-b-P4VP through ethanol

Figure 6. (a) Schematic illustration of the synthesis of NMCs (purple matrix, PEO block/AA/resol; yellow cylinders, PPO block) via the F127-
block-copolymer-assisted self-assembly of an aromatic N-containing carbon precursor, amic acid (AA), and a cross-linker, a resol (R). (b−e)
Porous structures of NMCs carbonized at different temperatures. The number represents the carbonization temperature (°C). (f) Morphology of
disordered N-doped carbon (NF) as a comparison. Reproduced with permission from ref 50, licensed under CC BY. (g) Experimental procedure
for the preparation of interconnected porous N-doped carbon networks (N-CNNs). (h, i) SEM and TEM images of N-CNNs templated from
micellar fibers (N-CNN-F). (j, k) SEM and TEM images of N-CNNs templated from micellar spheres (N-CNN-S). Reproduced with permission
from ref 37. Copyright 2018 Wiley-VCH.
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448 swelling. This step formed hydrogen bonding of PDP with the
449 P4VP block to increase the P4VP volume fraction in the block
450 copolymer, which resulted in a microphase separation
451 transformation from lamellar to interconnected micellar fibers
452 or spheres with a PS@P4VP core−shell structure inside the
453 PS-b-P4VP membranes. Different morphologies of block
454 copolymer templates could be obtained by simple adjustment
455 of the swelling time for the same PS-b-P4VP(PDP) system.
456 Complexed iodine was used to initiate the polymerization of
457 pyrrole to form polypyrrole on the outer surface of PS@P4VP
458 core−shell micelles. Finally, the block copolymer template was
459 removed after carbonization, and N-CNNs with different pore
460 geometries were obtained. When applied as a metal-free
461 oxygen reduction reaction (ORR) catalyst, the N-CNNs with
462 interconnected network structures displayed a performance
463 comparable to that of commercial Pt/C in alkaline media. The
464 so-called vapor-phase polymerization approach using block
465 copolymer assemblies as templates provides a synthetic
466 alternative and important insights into the design of porous
467 3D networks.
468 In addition to the most commonly reported ordered porous
469 carbon films, individual carbon spheres with internal ordered
470 porous channels are also accessible by using a block copolymer
471 as a template. As an example, N-doped mesoporous carbon
472 spheres (NMCSs) were synthesized by Yamauchi et al. in

4732015.56 A pore size of up to 16 nm was engineered inside
474NMCSs through self-polymerization of dopamine (DA) and
475 f7spontaneous coassembly of diblock copolymer micelles (Figure
476 f77a). The resultant NMCSs featured characteristic mesopores
477of up to 16 nm and a uniform particle size of ∼200 nm (Figure
4787b). Their high electrocatalytic activity in the ORR was related
479to the large mesopores and the small dimensions of the
480NMCSs, which promoted mass transport by reducing and
481smoothing the diffusion pathway. Similarly, an emulsion-
482induced interfacial anisotropic assembly approach was
483employed by Lou et al.57 to produce N-doped porous bowl-
484shaped particles from a 1,3,5-trimethylbenzene (TMB)-in-
485water emulsion. Mesostructured PDA seeds were first
486produced through self-assembly of block copolymer F127/
487TMB/PDA composite micelles formed at the TMB/water
488interface. These micelles further anisotropically grew into
489bowl-like particles. The nucleation and anisotropic growth of
490PDA particles was then controlled by the TMB droplets as a
491soft template, which governed the mesoporous structure and
492particle morphology (Figure 7c−i). These bowl-shaped porous
493PDA particles were readily carbonized into mesoporous carbon
494particles with preserved morphology and mesostructure. This
495approach exemplifies a unique paradigm for the synthesis of
496dimensionally asymmetric porous carbon particles. At the same
497time, Feng and his group reported a coassembly method to

Figure 7. (a) Formation process and (b) SEM image of N-doped mesoporous carbon nanospheres (NMCSs) obtained via the self-assembly of
block copolymer−PDA composite micelles followed by direct carbonization. Reproduced with permission from ref 56. Copyright 2015 Wiley-
VCH. (c) Formation process of bowl-like mesoporous particles. Step I, formation of the block copolymer F127/TMB/PDA oligomer composite
micelles and emulsion-induced interface anisotropic assembly of asymmetric bowl-like mesostructured PDA particles with radially oriented large
mesochannels. Step II, hydrothermal treatment of the mesostructured PDA nanocomposites to stabilize the structure. Step III, carbonization at 800
°C for 2 h under N2 to generate bowl-like mesoporous carbon particles with radially oriented mesochannels. (d−f) SEM images and (g−i) TEM
images of the porous bowl-like carbon particles. Scale bars are 100 nm (d, e, g), 50 nm (f, h), and 10 nm (i). Reproduced with permission from ref
57. Copyright 2016 American Chemical Society.
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498 synthesize N-doped mesoporous carbon nanospheres

499 (MCNSs) with well-controlled pore sizes ranging from 8 to

500 38 nm by employing PS-b-PEO with varied PS block length as

501 soft templates and dopamine as a N-rich precursor.52 They

502 introduced a linear equation to guide the quantitative control

503 of the average pore size of MCNSs by adjusting the block

504 length in the block copolymers, which precisely dictated the

505 porosity of the PDA-derived carbon nanospheres. When these

506 MCNSs were used as electrodes in supercapacitors, this group
507 found that the capacitance normalized by SBET remained

508invariable, whereas the specific capacitance of the MCNSs
509decreased linearly with increasing pore size.
5102.1.3. Polymer/Inorganic Hybrids as Templates. If the
511inorganic template and the polymeric carbon precursor are
512incompatible, then a nonuniform interface will form during the
513molding/casting procedure. This inevitably produces a non-
514porous and/or ill-defined porous structure due to the weak
515template−precursor interaction, which leads to incomplete
516filling of the pores in the template and unfavorable deposition
517of carbon on the external template surface. As the formation of
518a highly uniform interface between the template and carbon

Figure 8. (a) Synthetic scheme for porous carbons via a salt recrystallization method. High magnification TEM images showing the porous
structures and edges of CPANI (b), CPANI-NaCl (c), and CPANI-Fe-NaCl (d). Reproduced with permission from ref 61. Copyright 2015
American Chemical Society. (e) General fabrication procedure of hierarchically porous heteroatom-doped carbon foams using PILs as a N/C
precursor and chemically inert solid salt as a template. (f, g) SEM images of PNCF with different magnifications. Reproduced with permission from
ref 62. Copyright 2018 Elsevier.
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519 precursor is beneficial, the interfacial energies should be
520 chemically controlled. Copolymerization of monomers with an
521 alkoxide inorganic precursor, e.g., tetraethylorthosilicate
522 (TEOS), is a practical approach to reach this goal.58,59 For
523 example, Zhang and co-workers synthesized Br-containing
524 organosilica NPs <5 nm in size using a brominated organosilica
525 precursor; the NPs were then grafted with PAN chains to
526 prepare silica-g-PAN composites by surface-initiated atom
527 transfer radical polymerization (SI-ATRP).60 Porous carbons
528 were obtained with an SBET value of 1244 m2 g−1 and a
529 nitrogen content as high as 11.9 wt %.
530 As discussed above, the interaction of the carbon precursor
531 with the template plays a vital role in governing the
532 morphology of carbons. To optimize the precursor−inorganic
533 interface in the templating method, other strategies employing
534 inorganic salts or crystals as a template matrix and space
535 confinement have been conducted. For example, Wei et al.
536 demonstrated how to fix the precursor shape via a salt
537 recrystallization method to synthesize N-doped carbon nano-
538 materials with a high density of active sites as an ORR catalyst

f8 539 (Figure 8a−c).61 In their method, a NaCl crystal acted as a
540 fully sealed nanoreactor, facilitating N incorporation and
541 graphitization. As displayed in Figure 8a, they first fabricated a
542 three-dimensional (3D) PANI network via a self-assembly
543 process. After adsorption of FeCl3, a supersaturated NaCl
544 solution was poured into a beaker containing PANI networks.
545 The water was then evaporated so that NaCl recrystallized
546 onto PANI at the bottom of the beaker. To fully cover the 3D
547 PANI network with NaCl, cycles of NaCl solution addition,
548 water evaporation, and NaCl recrystallization were repeated
549 until the whole PANI was buried by and tightly sealed inside
550 NaCl crystals. The NaCl-crystal-sealed PANI was first
551 dehydrated at 120 °C before annealing at 900 °C under N2.
552 A hot aqueous H2SO4 solution was applied to wash off the
553 NaCl crystals and iron species. This method for synthesizing
554 an Fe-doped catalyst benefited the formation of more FeNx
555 sites in the inner pores and graphitic structure. Later, in 2018,
556 Yuan et al. prepared hierarchically porous N-doped carbon
557 foams (PNCFs) via a facile bottom-up strategy by using PILs
558 as the N/C precursor and common inorganic salts as the
559 structural template, a method termed “cooking carbon in a
560 solid salt” (Figure 8e−g).62 In their work, a salt/PIL physical
561 mixture was first prepared by dropwise addition of an aqueous
562 salt solution into a PIL solution in DMF, followed by thermal
563 evaporation of the solvent. The mixture was calcined close to
564 but below the melting point of the salt to convert the PILs into
565 carbon inside the solid salt matrix. The salt was washed away
566 by water, leaving carbon foams with rich heteroatoms and
567 hierarchical micro/meso/macropores. This approach is uni-
568 versal and can be applied to different common salts, such as

t1 569 NaCl, KCl, and Na2SO4.

2.2. Direct Synthesis

570 Although hard templates may enable synthesis of heteroatom-
571 doped carbons with better pore control, most hard templates
572 have to be synthesized and then removed, which is a time/
573 labor-consuming procedure.79−81 Beyond the costs of materi-
574 als, labor, and time and toxic etching agents, the effect of these
575 treatments on the carbon structure and catalytically active sites
576 in particular remains a concern. For example, HF can remove
577 oxygen functionalities from carbon nanotubes.80 Similarly, to
578 increase the surface area, “activating” steps with CO2 or KOH
579 can remove much of the nitrogen content.73 By contrast, at the

Table 1. Polymer-Derived HPCMs Obtained by Template
Methods Reported in the Literature

aSurface area calculated from the N2 adsorption isotherm using the
BET method. ORR, oxygen reduction reaction; OER, oxygen
evolution reaction; HER, hydrogen evolution reaction
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580 expense of less precise control of the porous structure, direct
581 carbonization of polymers without an external template can
582 reduce template-related etching procedures. By adjusting the
583 pyrolysis program, the heteroatoms introduced into the carbon
584 framework can be preserved at a relatively high content and are
585 then also stable under harsh service conditions.82,83 In general,
586 direct carbonization of heteroatom-rich polymers or a mixture
587 of heteroatom-free polymers and heteroatom-containing
588 compounds allows the production of HPCMs. The former
589 involves homogeneous doping of heteroatoms in the bulk, the
590 contents and types of which are dominated by the polymers
591 themselves. In the latter, heteroatom-free or -poor polymers
592 can be mixed with heteroatom-rich compounds, e.g., NH3,
593 urea, melamine, cyanamide, and dicyandiamide, before carbon-
594 ization.82,84−87 However, compared with template methods,
595 the control over the pore size distribution is usually weak due
596 to potential phase changes of the mixture of the polymer and
597 the heteroatom-containing compound. Recent progress in the
598 synthesis of HPCMs directly from polymers without templates

t2 599 is summarized in Table 2. These studies include different types
600 of polymeric precursors and heteroatom sources, SBET, pore
601 sizes, heteroatom contents, and carbonization conditions.
602 2.2.1. Direct Carbonization of Heteroatom-Rich
603 Polymers. Heteroatom-rich polymers, such as the N-
604 containing polymers of PAN, PI, PAM, PVP, PoPDA, PPy,
605 PANI, PDA, and imidazolium-containing PILs and S-
606 containing polymers such as polythiophene (PTh),8,88−96 can
607 be directly carbonized. Owing to their rich abundance of
608 heteroatoms, the easy access to most of them, and the simple
609 control of the morphology by classical polymer processing
610 techniques, the direct carbonization route is popular for the
611 preparation of HPCMs by direct carbonization in an inert
612 atmosphere (e.g., N2, Ar, or Ar/H2). In a typical procedure,
613 heteroatom-containing polymers with defined structures (e.g.,
614 nanospheres/nanotubes/nanofibers) are first prepared by
615 organic reactions or polymerization of monomers under
616 specific experimental conditions. Then, the as-prepared
617 polymers are calcined in an inert atmosphere to generate
618 porous carbons with partially, if not entirely, maintained
619 micro/mesoporous structures from the polymers.
620 2.2.1.1. Conjugated Polymers (CPs) as Heteroatom-
621 Doped Carbon Precursors. Conjugated polymers (CPs)
622 usually possess highly conjugated polymeric main chains as
623 well as a sufficient content of heteroatoms such as N and S.97,98

624 Heteroatom-doped carbon materials derived from CPs have
625 been considered for applications in energy devices owing to
626 their high carbonization yield, high heteroatom content, and
627 maintained or even increased conductivity.99 Advantageously,
628 the heteroatoms homogeneously introduced into the polymer
629 in an sp2 or sp hybridization state are better preserved than
630 nonconjugated species under the same carbonization con-
631 ditions and are more stable under the harsh working
632 conditions usually applied to carbons. Direct carbonization of
633 CPs also avoids extra steps of conventional carbonization
634 methods, such as thermal annealing in the presence of NH3,
635 chemical vapor deposition, the arc-discharge method, and
636 nitrogen plasma treatment.
637 PANI with its structure of phenyl rings connected via
638 nitrogen-atom bridges can be considered the archetype of a
639 conjugated-polymer-based precursor for N-doped carbons.
640 Direct carbonization of PANI, which serves as both the carbon
641 and nitrogen sources, could preserve the homogeneous
642 distribution of N sites on the resultant graphitic carbon

Table 2. Summary of the Polymeric Precursor, SBET, Pore
Size, N Content, and Carbonization Conditions for Diverse
Porous Carbons Obtained by Direct Synthesis Strategies

aSBET calculated from the N2 adsorption isotherm. ORR, oxygen
reduction reaction; OER, oxygen evolution reaction; HER, hydrogen
evolution reaction.
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643 surface.100 In addition to PANI, PPy and polythiophene are
644 other typical choices of conjugated polymers as carbon
645 precursors. It is important to know that, beyond heteroatom
646 doping, controlling the morphology and nanostructure is
647 crucial to improving the functionality of CP-derived
648 carbocatalysts.97 For example, Jousselme and co-workers
649 synthesized PPy with granular- and tubule-like morphologies
650 and studied the relationship between the morphologies and the

f9 651 ORR performances of the resultant carbon materials (Figure
f9 652 9a).101 They found that the annealed PPy tubes showed better

653 ORR performance, current density, and electron transfer
654 number. Lei et al. prepared 3D porous N-doped carbon
655 networks (3D N-CNWs) containing a high N content by
656 carbonizing poly(p-phenylenediamine) (PpPD) through the
657 integration of oxidative polymerization and catalytic carbon-
658 ization procedures (Figure 9b).93 The 3D N-CNWs obtained
659 at 700 °C possessed a high SBET value of up to 1513 m2 g−1.
660 Similarly, to obtain N- and O-codoped hollow carbon spheres
661 (HCSs), Yao’s group directly carbonized PoPD submicron
662 spheres with the assistance of a glycine dopant (Figure 9c).102

663 The as-synthesized mesoporous HCSs displayed an SBET value
664 of 355 m2·g−1, a high specific capacitance of 210 F·g−1, and
665 good cycling stability in supercapacitor tests.
666 Thiophene and thiophene-based compounds, especially the
667 commercially available 2-thiophenemethanols, are the most
668 common choices for the synthesis of S-doped carbons.103,104

669 They are sufficiently thermostable to give a high yield under
670 carbonization conditions. FeCl3 is usually used to polymerize
671 2-thiophenemethanol into a thermostable, S-rich linear
672 polymer. In polythiophene-derived carbons, the incorporated

673S atoms predominantly form aromatic five-ring sulfides and are
674not eliminated due to their high thermal stability. High-
675temperature treatment of carbon precursors with S-containing
676gases, such as CS2 and H2S, is also efficient for increasing the S
677doping in carbon materials; such a method is commonly used
678for doping graphene with S.
679Apart from a single type of heteroatom doping, Xu’s group
680demonstrated conjugated-polymer-mediated synthesis of S-
681and N-codoped carbon nanotubes (S/N-CT) via carbonization
682of S-containing PANI nanotubes (Figure 9d−g).105 In their
683work, ammonium persulfate (NH4)2S2O8 was applied as both
684an oxidant and a dopant. Their results indicated that the
685selected carbonization technique as well as the (NH4)2S2O8
686content had a great impact on the construction of the carbon
687framework, SBET, pore volume, and relative contents of the S
688and N species, which can in turn alter the Na+ storage
689performance of the S/N-CT materials.
6902.2.1.2. Polydopamine (PDA) as a Heteroatom-Doped
691Carbon Precursor. PDA is an alternative conjugated polymer
692for preparing N-doped porous carbons because it has not only
693rich N-containing groups but also a nearly 60% carbonization
694yield under N2 at 800 °C.

106−109 The first evidence of the high
695potential of PDA as a N-doped carbon precursor was
696demonstrated by Dai et al. in 2011, where PDA was used as
697a nitrogen and carbon precursor and silica nanospheres as a
698hard template to produce uniform hollow carbon spheres.108

699Shortly after this work, in 2013, Lu and colleagues produced
700size-controlled monodispersed porous carbon submicron
701spheres (SMSs).109 These authors identified that dopamine
702could directly polymerize into PDA in a submicron sphere

Figure 9. (a) SEM image of N-doped carbon fibers from PPy annealed at 800 °C. (b) SEM image of N-CNWs prepared from PpPD annealed at
700 °C. (c) SEM image of hollow carbon spheres obtained by annealing PoPD at 700 °C. (d) Synthetic schematic for PANI nanotubes via a soft
template method and subsequent high-temperature conversion into S/N-CT samples. (e, f) TEM images of S/N-CT. (g) STEM image and energy-
dispersive elemental maps of C, N, and S in S/N-CT. Reproduced with permission from ref 101, copyright 2012 Royal Society of Chemistry; ref 93,
copyright 2014 American Chemical Society; ref 102, copyright 2015 Elsevier; and ref 105, copyright 2018 Springer.
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703 state without any template in a mixture of ethanol, water, and
f10 704 ammonia at room temperature (Figure 10). After carbon-

705 ization at 800 °C, the PDA spheres were converted into carbon
706 spheres. Furthermore, the sizes of the carbon spheres could be
707 precisely adjusted over a wide range, even down to below 200
708 nm, by varying the ratio of ammonia to dopamine. In
709 comparison to the phenol/formaldehyde resin-derived carbon
710 spheres, the PDA-derived ones contain a higher degree of sp2

711 carbon (graphitic carbon) as well as a high content of N active
712 sites, thus exhibiting enhanced electron conductivity and
713 catalytic activity. It should be noted that the functional groups
714 of PDA, such as catechol and N−H, make it convenient to coat
715 PDA on various solid surfaces to form hybrid materials with
716 specific properties.
717 Apart from the structural regulation of PDA, different
718 heteroatoms, such as S and B, can be easily introduced into the
719 PDA matrix to obtain dual-doped carbons in combination with
720 the intrinsic nitrogen in PDA. PDA can react with thiol groups
721 under ambient conditions via Schiff base or Michael addition
722 reactions, with the rate constant ranging from 4 × 105 to 3 ×
723 107 M−1·S−1 in the case of cysteine at pH 7.110,111 For example,
724 Qiao et al. reported that, by reacting 2-mercaptoethanol with
725 PDA, a 2.5 nm-thick PDA−GO hybrid could graft approx-
726 imately 16.7 at. % S, which, after pyrolysis, yielded mesoporous
727 N, S-codoped carbon nanosheets (N, S-CNs).112 This S
728 doping strategy could realize in situ and uniform N, S codoping
729 and simultaneously achieve much higher doping efficiencies
730 (4.1 at. % N and 6.1 at. % S) than those achieved by the post-
731 treatment methods. The resultant N, S-CNs exhibited excellent
732 performance as bifunctional electrocatalysts for the ORR/
733 OER, which was attributed to the high level of dual doping,
734 abundant pores, and favorable electron transfer ability. In
735 addition, boronic acid can bind the catechol groups of PDA by
736 boronic acid−diol complexation.111 This strategy was utilized
737 by Ahmed and co-workers to construct a N, B-codoped
738 carbon, which showed enhanced ORR activity due to the
739 synergy of B and N codoping in the carbon framework.113

740To date, the shapes of PDA-derived HPCMs have been
741limited mainly to nano- or macroparticles due to the difficulty
742in morphology control without templates. When templates are
743applied, PDA can be easily manufactured into desired
744nanostructures depending on the utilized substrates. The
745unmatched adhesive properties, flexible component tunability,
746and structural regulation are the best features exclusive to
747PDA. In general, heteroatom-doped carbons with richly
748tailored structures can be synthesized from 0D nanodots, 1D
749fibers, 2D films, and 3D membranes by using different types of
750templates.
7512.2.1.3. Poly(ionic liquid) (PIL) as Heteroatom-Doped
752Carbon Precursors. In recent years, the synthesis of HPCMs
753from PILs has become an increasingly growing topic.114 PILs
754are the polymer products of ionic liquid monomers. The
755interest in applying PILs as carbon precursors lies in the
756unique structural properties and functions of PILs, such as
757negligible vapor pressure and high thermostability and
758heteroatom content, in addition to the ease of shaping and
759processing.115−117 Thus, porous carbon materials with different
760morphologies can be obtained from PILs. The approach of
761doping carbons with heteroatoms using PILs is very efficient
762for adjusting the electrical conductivity, basicity, oxidation
763stability, and catalytic activity of PIL-derived carbons. The
764requirements on the chemical structure and the formation
765mechanism of porous structures from PILs are similar to those
766of ILs, which were reviewed previously.118,119 PILs bearing
767nitrile or cyano groups generally produce N-doped carbons
768with a higher yield than PILs without them because these
769nitrile/cyano groups undergo cyclization into triazine networks
770that stabilize the carbon intermediate to limit fragmentation,
771thus boosting the carbonization yield. Cyano groups can be
772easily incorporated into PILs either by attaching a nitrile group
773onto the polymer chain or via anion exchange to load nitrile/
774cyano-containing anions, such as dicyanamide (dca), tricyano-
775methanide (tcm), and tetracyanoborate (tcb). These con-
776densable anions can couple different cations, such as

Figure 10. (a) Schematic illustration of the synthesis of PDA submicron spheres (SMSs). (b) Typical TEM image of PDA SMSs with an average
diameter of 380 nm. (c−h) SEM images of PDA SMSs with different diameters prepared at different ratios of ammonia to dopamine. (i) EELS
mapping analysis of PDA-based carbon spheres. Reproduced with permission from ref 109. Copyright 2013 Wiley-VCH.
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777 pyridinium, pyrrolidinium, or imidazolium derivatives, to
778 generate N-doped carbons in high yield.
779 In 2010, Yuan et al. demonstrated the first example of using
780 PILs as carbon precursors to produce highly graphitic,
781 mesoporous, and conductive carbon nanostructures by the
782 pyrolysis of IL monomers or PILs at 900 °C without a
783 template under nitrogen in the presence of iron(II)
784 chloride.120 This synthetic route involved metal salts that
785 catalyzed the growth of folded-up or stiff graphite plates with
786 thicknesses in the range of 5−20 nm and therefore enabled
787 template-free synthesis of porous carbons. The employment of
788 metal chloride in this carbonization process improves the
789 graphitization degree of carbons at the expense of a low
790 nitrogen content due to the dissolution−precipitation
791 mechanism during carbonization, which is not active for
792 nitrogen. As a significant N content is essential for enhanced
793 electronic conductivity and (electro)catalytic activity, in most
794 of the following research activities, efforts were directed to
795 carbonization processes without Fe/Co/Ni metals or metal
796 salts to maintain the high nitrogen content in the final
797 products. In addition, to use the advantages of the polymeric
798 nature and rich processing approaches, various morphologies
799 of PILs were pursued and converted into the corresponding
800 carbons with well-designed shapes and structures. For example,
801 Wang et al. reported the synthesis of porous carbon
802 nanoparticles through a hydrothermal carbonization (HTC)
803 method (160−200 °C), using sugars as a carbon source and
804 PILs as an additive.117 In this template-free process, the PILs
805 acted as a stabilizer for the primary nanoparticles formed in the
806 initial stage and allowed for only growth through the further
807 addition of monomers. This occurred due to the electrostatic
808 repulsion exerted by the PIL attached to the nanoparticle

809surface, which minimized agglomeration, lowering the particle
810size to <50 nm. In addition, the PILs further improved the
811porous structure of the final materials in the post-HTC
812carbonization step. The porous carbon nanoparticles obtained
813via this template-free approach showed a high surface area of
814up to 572 m2·g−1. Porous functional carbon monoliths can be
815generated from sugar-based molecules and polysaccharide
816biomass at comparably low temperatures of 400 °C under a N2

817atmosphere. PILs act as “soft activation agents” with their own
818structural contribution and effectively promote the conversion
819and pore generation even at a low addition amount of 7 wt %.
820The obtained monolith can still preserve its natural shape, high
821porosity, and good mechanical performance. In addition, all
822aforementioned template methods can be applied to PILs
823owing to their extremely good affinity and compatibility with
824most template surfaces.
8252.2.1.4. Porous Polymers. Porous organic polymers (POPs)
826are a family of multidimensional porous network materials with
827covalently bonded stable backbones that exhibit high specific
828surface areas and nanometer-scale pores.5,121 According to
829their degree of long-range order, POPs can be generally
830divided into two categories: amorphous polymers (such as
831most covalent organic frameworks, hyper-cross-linked poly-
832mers, and polymers of intrinsic microporosity) and crystalline
833polymers such as conjugated microporous polymers. They can
834be easily designed at the molecular level and synthesized from
835abundant monomers with desired active sites and porous
836properties. POPs have been emerging as alternative precursors
837for the preparation of HPCMs because of their intrinsic porous
838structure, ease of preparation, and diverse heteroatom-
839containing monomer units.122,123 POP-based self-templating
840has many merits, such as potential preservation of high surface

Figure 11. (a−c) Cartoon illustration of a heteroatom-doped graphitic carbon fiber derived from “human hair”. (d−f) Digital photographs of linear
and bent carbon fibers and textile. (g, h) Surface and cross-sectional SEM images of carbon fibers. (i) HRTEM image of carbon fibers. (j−m)
STEM image and corresponding elemental mappings. Reproduced with permission from ref 133. Copyright 2019 Royal Society of Chemistry. (n)
Fabrication process of HCMNs from silk fibroin fibers. (o) Schematic model of Bombyx mori silk fibroin lamellar-like layer formation in water by
self-assembly. The inset is an SEM image of regenerated silk fibroin film after thermal treatment at 200 °C. Reproduced with permission from ref
134. Copyright 2013 Wiley-VCH.
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841 area and porosity and uniform heteroatom doping. Various
842 POPs have been used to fabricate HPCMs for high-
843 performance electrochemical devices, such as imine and
844 benzimidazole-linked polymeric frameworks5,124−126 As an
845 example, Tan and co-workers prepared N, P-codoped carbon
846 materials from an imine-linked POP.127 Imine-linked POPs
847 were first synthesized in one step with a high yield via Schiff
848 base condensation in DMSO under catalyst-free conditions. N,
849 P-Codoped carbons with a hierarchical porosity traversing the
850 micro-, meso-, and macropore ranges with a high SBET value of
851 1535 m2 g−1 were obtained by straightforward pyrolysis of
852 imine-linked POPs. These N, P-codoped porous carbons
853 displayed superior electrocatalytic activity in the ORR, along
854 with excellent stability and high tolerance to methanol.
855 Although numerous heteroatom-doped POPs have been
856 reported as carbon precursors, large-scale preparation at low
857 cost remains one of the greatest obstacles for practical
858 applications. Another challenge could be the synthesis of
859 “strictly” metal-free HPCMs because metallic catalysts or
860 metal-containing starting materials are usually needed to
861 prepare POPs and trapped in part if not entirely in POPs.
862 2.2.1.5. Biomass Polymers as Heteroatom-Doped Carbon
863 Precursors. From an economic and environmental viewpoint,
864 the use of renewable precursors to synthesize HPCMs is a
865 rational choice. Pyrolysis of biomass or biomass waste into
866 biochars has attracted increasing interest due to their
867 availability and recyclable nature.128,129 Biomass in different
868 forms, such as bean shells, pomelo peel, chicken feathers, waste
869 coffee grounds, silk, amino acids, and willow catkins, has
870 already been carbonized.128,130,131 The porosity and capaci-
871 tance of the resulting carbons can be balanced by optimizing
872 the carbonization conditions. The type and content of
873 heteroatoms, morphology, and structure of carbons can be

874tuned by the choice of biomass with or without chemical
875activation. For example, Qu et al. demonstrated green and
876scalable synthesis of N-doped porous carbon spheres by using
877fermented rice as the starting material, leading to a high SBET
878value of 2105.9 m2·g−1 and a high porosity of 1.14 cm3·g−1.132

879When used as an active electrode in supercapacitors, the
880carbon spheres presented a capacitance as large as 219 F·g−1 at
881a high discharge current density of 15 A·g−1 and a good cycling
882ability of over 4400 cycles at 1 A·g−1 in a three-electrode
883system, using 6 M KOH as the electrolyte. More recently,
884Wang et al. successfully fabricated macroscopic heteroatom-
885doped graphitic hollow carbon fibers at scale by vacuum
886 f11carbonization of “human hair” (Figure 11a−m).133 These
887fibers are highly flexible and display a remarkable conductivity
888of 257 S cm−1, suggesting great promise for a large variety of
889applications from wearable to electrochemical devices. Jin et al.
890fabricated microporous carbon nanoplates with a high surface
891area and numerous heteroatoms (HCMNs) by using
892regenerated silk fibroin as a precursor, followed by KOH
893activation (Figure 11n).134 The carbon nanoplates could form
894lamellar-like layers in water by self-assembly (Figure 11o) due
895to their uniform 2D structure. The obtained HCMNs showed
896potential applications in supercapacitors with high energy and
897power density. It should be mentioned that a low
898concentration of metal species, e.g., Fe and Cu, originally
899exists in the enzymes or cofactors of biomass, which can be
900unaffectedly incorporated into carbons. Although these metal
901species are typically at the ppm level in the biomass, their
902potential catalytic effect in the carbon product should not be
903overlooked.
9042.2.2. Carbonization of Heteroatom-Free Polymers
905with Heteroatom-Rich Coreactants. Although the direct
906carbonization of heteroatom-containing polymers is more

Figure 12. Schematic diagram of the structures of various heteroatom-doped carbons.
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907 straightforward for producing HPCMs due to its simple
908 operation, the types and contents of heteroatom elements
909 within porous carbons rely largely, if not exclusively, on the
910 polymers. By contrast, mixing heteroatom-containing com-
911 pounds with heteroatom-free polymers provides more
912 flexibility in manipulating the type and content of heteroatoms.
913 In this regard, the raw material can be carbonized either by
914 mixing heteroatom-free polymers with heteroatom-rich small
915 organic precursors, such as N-containing arginine, dicyandia-
916 mide, melamine, adenine and urea,85 P-containing phosphoric
917 acid and phytic acid,135 B-containing boric acid and boron
918 trioxide, and S-containing thiophene and ammonium persul-
919 fate, or by carbonization in an active gas such as NH3 and
920 H2S.

84 The former is usually done in a “one-pot” approach. For
921 example, Hao et al. fabricated N-containing carbon monoliths
922 through direct pyrolysis of a mixture of resorcinol, form-
923 aldehyde, and lysine.136 These carbon products possess a
924 higher nitrogen content in the bulk than on the surface. The
925 authors found that the carbon monolith obtained at 500 °C
926 exhibited a CO2 adsorption capacity of 3.13 mmol g−1 at room
927 temperature by balancing the N content and porosity via
928 optimization of the carbonization conditions. In another
929 example, Guo et al. prepared a N, B-codoped hierarchical
930 carbon monolith using poly(benzoxazine-co-resol) and ionic
931 liquid [C6mim][BF4] assemblies, in which [C6mim][BF4]
932 acted as a structure-directing agent and a heteroatom source of
933 N and B.137 The obtained porous carbon monolith had a high
934 skeleton density and fully interconnected macro/meso/micro-
935 pores that facilitated the diffusion of electrolyte ions by
936 minimizing the diffusion resistance. The nanostructure of the
937 N, B-codoped carbon (CNB) contained a random combina-
938 tion of graphitic and turbostratic stacking with a short-range
939 order and displayed a graphite-like microstructure with good
940 electrical conductivity due to the multilength-connected
941 carbon framework, showing promise as an electrode material
942 for supercapacitors with a high gravimetric capacitance of 247
943 F g−1.
944 Apart from direct “one-pot” synthesis by mixing heteroatom-
945 rich precursors with heteroatom-free polymers, post-treatment
946 methods, such as thermal annealing in active gas, i.e., NH3, are
947 powerful approaches for introducing heteroatoms. Most
948 commonly, N doping is conducted in a NH3 atmosphere.1 It
949 has been demonstrated that the N content and N doping
950 environments could be controlled by changing the temperature
951 or flow rate of NH3.

138 Note that post-treatment methods
952 generally lead to surface doping rather than full interior (bulk)
953 doping. In addition, NH3 thermal treatment results in relatively
954 low doping levels, i.e., below 3 wt % for annealing between 800
955 and 900 °C. To increase the doping level, researchers often
956 employed N precursors such as melamine for direct doping in
957 combination with a postcarbonization NH3 thermal treatment.

3. HETEROATOM DOPING EFFECT ON POROUS
958 CARBONS
959 Chemical doping is one of the most popular strategies to

f12 960 modulate carbon materials (Figure 12).151,152 The integration
961 of heteroatoms into the carbon matrix inevitably causes
962 structural distortions and changes the electronic band
963 structure, which alters physicochemical characteristics, such
964 as the thermal stability, electronic and optical properties,
965 surface chemistry, and magnetic properties. This endows
966 carbon materials with adjustable functions for catalysis,
967 environmental, and energy technologies.153−155 In this section,

968doping by heteroatoms to tailor the function of porous carbons
969will be extensively discussed from the perspectives of synthesis,
970theoretical simulation, and applications, providing a solid
971understanding of how to dope carbon materials for target
972functions. The doping effects discussed here will exclude those
973of metal atoms, although they are important for applications in
974the energy and catalysis fields. Oxygen doping is also excluded,
975as many porous carbon materials when produced already
976contain oxygen due oxidation of carbons to a certain extent by
977air at high temperatures.

3.1. Characterization of Heteroatom-Doped Porous
978Carbons

979To discuss the specific doping effects for various heteroatom-
980doped carbons and the related applications, it is important to
981begin with the characterization techniques that have been
982utilized for determining the dopant type, content, state,
983location, distribution, and atomic configurations in the carbon
984framework. It is meaningless to claim that the higher the
985dopant content, the better the material performance. Even at
986the same dopant content, the binding state and locations of the
987dopant elements can be drastically different. Beneath, several
988key instrumental methods currently employed to characterize
989heteroatom-doped carbons are discussed.
990Elemental analysis (EA) is one of the most basic techniques
991to determine the dopant type and content in carbon materials.
992The advantage of EA characterization is that this method is
993widely available in many chemical laboratories because it serves
994multiple subfields of chemistry. Combustion EA is among the
995most popular methods. By careful combustion of carbon
996materials under designed conditions, organic elements, such as
997C, N, hydrogen (H), and S, that can be converted into
998oxidized volatiles, such as CO2, H2O, NO2, and SO2, can be
999detected, whereby the heteroatom concentrations in the
1000carbon materials can be readily acquired based on the
1001corresponding volatiles. For elements such as B, P, selenium
1002(Se), or other elements, their corresponding oxidized species
1003are not volatile, and other procedures are required to quantify
1004their presence with EA.
1005Scanning electron microscopy (SEM) and transmission
1006electron microscopy (TEM) equipped with energy-dispersive
1007X-ray spectroscopy (EDX) are frequently employed to describe
1008the elemental compositions as well as their distributions in
1009carbons.156 When bombarding a heteroatom-doped carbon
1010sample with high-energy X-rays or γ-rays, the electrons in the
1011inner shell of every atom will be “kicked out”, thus producing
1012vacancies, and then, electrons from a higher energy level fill the
1013empty lower energy levels. This process emits characteristic X-
1014rays that can be detected by the EDX system. Different
1015elements display different characteristic X-ray signals. In this
1016way, the types, quantities, and distributions of the as-expected
1017elements in the sample can be monitored by collecting the
1018emitted X-ray signals. Moreover, the emitted characteristic X-
1019rays of heavy atoms are simpler to detect than those of light
1020atoms, and EDX is hence a very effective tool for determining
1021the contents and distributions of heavy dopants, such as Se, Sb,
1022and Te, in carbons. In comparison to combustion EA, EDX
1023analysis works at the local nm or μm scale. The electrons in
1024SEM typically enter the sample to depths of tens of nm; thus,
1025the technique is surface-sensitive. In this context, samples with
1026a homogeneous distribution of heteroatoms will provide close
1027results when comparing EA and EDX data. Care should be
1028taken for samples with nonhomogeneous or site-specific
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1029 distributions of heteroatoms, as the EDX analysis results can
1030 then be significantly different from the combustion EA method
1031 results.
1032 Beyond the elemental composition and spatial distribution
1033 in the carbon scaffolds, the chemical nature and the binding
1034 environment of the heteroatoms are also relevant. Generally,
1035 nuclear magnetic resonance (NMR) spectroscopy is widely
1036 employed to probe the local chemical structure of dissolved
1037 molecules. Similarly, solid-state NMR (SSNMR) could provide
1038 us with useful structural information of carbons. It is indeed
1039 one of the most powerful techniques, but with condensed
1040 carbon samples, some typical mistakes arise that often are not
1041 considered by the layman. First, one has to be sure that the
1042 sample is neither metallic nor contains unpaired electrons,
1043 which would greatly distort the signals, in the worst case
1044 causing loss of the entire or parts of the spectrum. Second,
1045 solid-state 13C NMR is mostly performed with cross-polar-
1046 ization; that is, the carbon atom to be detected should be
1047 bound to a hydrogen atom, which in fact is often not the case
1048 in carbonaceous materials. The aromaticity is thereby
1049 massively underrepresented, as are carboxylate groups. This
1050 NMR problem in quantifying solid-state spectra of highly
1051 condensed organic materials can be resolved by using direct
1052

13C NMR and/or special pulse sequences. For more
1053 information on this topic, we point to the inspiring work of
1054 Schmidt-Rohr and co-workers.157

1055 As a practical example, by utilizing 13C cross-polarization
1056 magic-angle-spinning SSNMR (13C CPMAS SSNMR), Mao
1057 and co-workers differentiated various C species in carbonized

f13 1058 polymers (Figure 13).158 The carbon resonance at 37.4 ppm is

1059 attributed to aliphatic carbons, i.e., methylene or methine
1060 carbons. The signals at 54.2 and 69.1 ppm can be attributed to
1061 heteroatom-bound aliphatic carbons, such as the alpha-
1062 position of aliphatic amines or alcohols. The chemical shifts
1063 at 127.2 and 162.8 ppm correspond to benzene-like aromatic
1064 carbons and electron-poor aromatic carbons, respectively. It
1065 can be nicely seen here that, in these cross-polarization
1066 SSNMR spectra, the carbons not directly connected to
1067 hydrogen atoms are massively underrepresented. Notably,
1068 SSNMR spectroscopy can also be used to probe other NMR-
1069 active heteronuclei, such as 31P, 11B, 15N, 19F, 27Al, and 77Se.
1070 Undoubtedly, X-ray photoelectron spectroscopy (XPS) is
1071 the benchmark and most popular spectroscopic tool for

1072qualitatively and quantitatively investigating the chemical
1073compositions, chemical states, and electronic binding states
1074of elements on carbon surfaces. XPS spectra are obtained by
1075irradiating a sample with a beam of X-rays while simulta-
1076neously recording the kinetic energy (KE) and number of
1077electrons that escape from the top surface, i.e., from
1078approximately 1 to 10 nm depths of the sample.159 A typical
1079XPS spectrum is a plot of the number of electrons vs the
1080binding energy of the electrons detected. Each element
1081produces a characteristic set of XPS peaks at specific binding
1082energies that directly identify each element on the surface.
1083These characteristic peaks correspond to the electron orbitals
1084of the electrons within the atoms, i.e., 1s, 2s, 2p, 3s, etc. The
1085number of detected electrons in each of the characteristic
1086peaks is directly related to the amount of elements within the
1087irradiated area, which corresponds to the atomic percentage
1088values. For example, Joo et al. investigated the function of the
1089N contents in carbons vs the carbonization temperature by
1090 f14XPS.160 As illustrated in Figure 14a, the N 1s spectra clearly
1091showed four fittable peaks at 398.0, 399.3, 400.7, and 402.1 eV,
1092which were assigned to pyridinic N (N1), pyrrolic N (N2),
1093graphitic N (N3), and oxidized N (N4), respectively. With
1094increasing pyrolysis temperature, the peak area of N3
1095increased, while the peak area of N1 decreased, which
1096indicates that graphitic N is more stable than pyridinic N at
1097high temperature. The relative ratios of the deconvoluted peak
1098areas of the N 1s spectra were further analyzed to quantify the
1099atomic percentage ratio for each N configuration, in which the
1100percentage of N3 increased from 41.3 to 58% and that of N1
1101decreased from 41.7 to 20.3% with increasing pyrolysis
1102temperature from 800 to 1000 °C (Figure 14b). Care should
1103be taken that the amount of quaternary N in the aromatic
1104systems is approximately constant; i.e., aromatic carbons can
1105take only a limited amount of N atoms within the planes
1106without destroying or significantly weakening their aromaticity.
1107Despite this fact, in many literature figures, researchers prefer
1108to draw carbon frameworks with a relatively high content of N
1109atoms, which is merely for educational purposes and does not
1110represent the reality in carbon materials. Indeed, N is mostly
1111an edge-termination element. In comparison with N atoms,
1112other heteroatoms are even more edge-preferring in terms of
1113their positions in the aromatic carbons.
1114With the rapid development of advanced characterization
1115techniques, the possibility of directly visualizing the atomic
1116configuration in heteroatom-doped carbon has become reality.
1117Atomic-resolution scanning transmission electron microscopy
1118(STEM) uses a scanning beam mode that can be focused to a
1119diameter as small as 0.1 nm by condenser lenses, which means
1120that STEM can achieve the finest possible probe size of 0.5 Å
1121with the maximum current available.161 This merit allows for
1122atomic scale resolution in imaging and chemical analysis of
1123heteroatom-doped carbons. The STEM images are formed by
1124filtering the scattered electrons over a certain angular range of
1125the diffracted beam, which usually allows differentiation
1126between bright-field (BF) and dark-field (DF) imaging
1127modes. If the analyzed region in the sample contains a higher
1128atomic number element, then the STEM image will appear
1129relatively dark in the low-angle annular BF (LAABF) or
1130relatively bright in the high-angle annular DF (HAADF).
1131For example, in a Se-doped carbon material, the heavy Se
1132atoms have considerably higher Z than the light C atoms;
1133therefore, in the HAADF images, these atomically dispersed Se

Figure 13. 13C CPMAS SSNMR of a graphitic polymer condensate.
Note that such SSNMR spectra are not quantitative, as they rely on
cross-polarization. Reproduced with permission from ref 158.
Copyright 2016 Wiley-VCH.
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f15 1134 atoms can be clearly visualized as individual bright dots (Figure
f15 1135 15a).162

1136 As a characterization technique complementary to STEM,
1137 X-ray absorption fine structure spectroscopy (XAFS) measure-
1138 ment could offer the coordination environment and chemical
1139 state of heteroatoms in carbons.159 The fine structure is
1140 commonly divided into two regions: the near-edge region
1141 (XANES or NEXAFS, within ca. 50 eV) and extended fine
1142 structure (EXAFS), which may extend to more than 1000 eV
1143 above the edge. The XANES is very sensitive to the electronic
1144 binding structures, while the EXAFS region is focused on the
1145 distance and number of neighboring atoms. Taking Se-doped
1146 carbon as an example again, the EXAFS spectrum of Se-doped
1147 carbon membranes revealed that the Se atoms were indeed
1148 only bonded to C atoms, and no Se−Se bond was detected

1149(Figure 15b). Moreover, the atomic configuration of Se atoms
1150was determined to be at the edge of graphitic planes (Figure
115115c). The XANES also revealed the adsorption edge to be
1152located between those of Se foil and SeO2, indicating the
1153positively charged character of the Se atoms (Figure 15d).
1154With the rapid development of various characterization
1155methods, it is believed that the intrinsic relationship of the
1156unique electronic structure of heteroatom-doped carbons with
1157the material performance will be more clearly revealed and
1158understood. This advance will help rationally design and
1159prepare desirable functional heteroatom-doped carbons for
1160specific applications.

3.2. Molecular Doping Effect of Heteroatoms on Porous
1161Carbon

1162Heteroatom doping aims to tailor and adjust the bulk and/or
1163surface properties of carbons to further optimize their
1164performance toward a specific usage. In the case of molecular
1165doping, the heteroatom is covalently and uniformly embedded
1166in the carbon framework, which could readily disturb the sp2

1167carbon network, inducing defects, bending individual graphitic
1168planes, enlarging the interlayer spacing, and/or causing an
1169uneven charge distribution in the carbon framework.163 These
1170structural parameters are usually considered to dictate active
1171sites for various applications. In the following, the doping
1172effects of N as the most widely used doping element in carbons
1173and of non-N atoms, such as B, S, P, and Se, on tailoring the
1174intrinsic structures/properties will be systematically discussed.
1175Charge redistribution induced by the electronegativity
1176difference between a heteroatom and carbon is the most
1177straightforward molecular doping effect.151 In a simplified
1178model, a heteroatom with strong electronegativity, such as N,
1179will drag electrons away from the adjacent carbons, making
1180them partially positively charged. The density of the positive
1181charge depends naturally on how strongly the heteroatom pulls
1182the electron cloud away from the carbon atoms. This pulling
1183effect is directly reflected in the classic characterization
1184techniques, such as XPS, EELS, or SS NMR. For example, a
1185difference of several eV is readily seen in the XPS spectrum. By
1186contrast, a heteroatom of lower electronegativity, such as B,
1187will endow adjacent carbons with electron density, resulting in
1188partially negatively charged carbon.152,164 This uneven electron
1189distribution creates active sites that are drastically different
1190from the rest of the carbon framework, alters the collective

Figure 14. (a) High-resolution N 1s XPS spectra of heteroatom-doped carbon (CNT/HDC-X, where X represents the annealing temperature). (b)
Relative ratios of the deconvoluted peak areas of the N 1s XPS spectra. Reproduced with permission from ref 160. Copyright 2014 Wiley-VCH.

Figure 15. (a) Representative STEM-HAADF image of N, Se-
codoped carbon. The Se atoms are highlighted by red circles. (b) Se
K-edge Fourier transformed EXAFS spectra in the R space of the N,
Se-codoped carbon compared with two other references. (c) Fourier
transformed EXAFS spectrum of N, Se-codoped carbon and the
corresponding simulation curve; the inset is a model structure of N,
Se-codoped carbon. (d) Se K-edge XANES of the N, Se-codoped
carbon as well as Se foil and SeO2 as references. Reproduced with
permission from ref 162. Copyright 2019 Wiley-VCH.
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1191 electronic band structure, and subjects carbons to easier
1192 adsorption of or interaction with nucleophiles or electrophiles.
1193 The ORR of N- and B-doped carbon materials is a good
1194 illustrative example. Both theoretical calculations and exper-
1195 imental data have demonstrated that B- or N-doped carbons
1196 exhibit a higher oxygen (O2) molecule adsorption energy,
1197 while a much lower adsorption energy is measured for pristine
1198 carbons.154,165 Density functional theory (DFT) calculations
1199 revealed that substitutional B in carbon nanotubes is present in
1200 a three-bonded form (BC3), which exhibits sp2 hybridization
1201 characteristics in the B−C bonds. The electronegativity
1202 difference between B and C induces a sufficient positive
1203 charge on B, which facilitates chemisorption of O2 on B-doped
1204 carbon nanotubes.166 For N-doped carbons, the larger
1205 electronegativity of N can induce a positive charge on the
1206 adjacent C atoms. These two different positively charged
1207 atoms in the different materials act as active sites to capture O2

1208 molecules and play an important role in enhancing the ORR
1209 catalytic activity.154 According to theoretical calculations,
1210 different heteroatoms (N, B, S, and P) in graphene display
1211 different binding energies for O2, in which B- and N-doped
1212 graphenes exhibit the lowest overall reaction free energy at U0,
1213 suggesting a high ORR performance.167 The exchange current
1214 density predicted for ideal heteroatom-doped graphene (x-
1215 graphene) is calculated to be 2.12 × 10−6 A/cm2, which is 5
1216 times that of conventional Pt/C catalysts under the same test
1217 conditions, underlining the great potential of heteroatom-
1218 doped graphenes as metal-free electrocatalysts for the ORR.
1219 Unlike B and N, heteroatoms such as S and Se have a similar
1220 electronegativity as carbon, which means that the charge
1221 redistribution in carbon planes induced by these heteroatoms
1222 is negligible within this simplified local description. However,
1223 their considerably larger atomic size turns out to be the
1224 decisive factor in the doping effect. First, incorporating large-
1225 sized heteroatoms inevitably distorts the carbon framework
1226 and enlarges the graphitic spacing, which could create
1227 numerous defects and strain inside the carbon framework.
1228 These structural defects in carbon materials are responsible for
1229 breaking the symmetry of the charge density (or spin density)
1230 distribution, causing the electrons to be localized at specific
1231 locations and thus resulting in active sites. Meanwhile, the
1232 enlarged interlayer spacing can effectively enhance intercala-
1233 tion. These parameters are crucial for multiple application
1234 purposes.
1235 Apart from creating active sites and defects in the carbon
1236 matrix via heteroatoms, the introduction of strong coordina-
1237 tion heteroatoms, such as N and P, enables the anchoring of
1238 metal ions or nanoparticles (MNPs) as catalytic centers.168

1239 These ligand-type interactions can maximize the dispersion of
1240 MNPs, avoid their agglomeration, and promote strong and
1241 direct carbon−metal interactions to establish an efficient
1242 metal−ligand electron transfer between MNPs and carbon.
1243 MNPs supported in heteroatom-doped carbons have a huge
1244 potential in electrocatalysis, organic transformation, photo-
1245 catalysis, etc. Though how the interaction of heteroatom-
1246 doped carbons and MNPs determines their performance in
1247 these applications is still under debate, the specific mechanism
1248 of a Mott−Schottky layer between MNPs and heteroatom-
1249 doped carbon appears to be the most widely accepted
1250 mechanism.169

3.3. N-Doped Porous Carbons

12513.3.1. Bulk Doping. To give a better view of the N doping
1252effect inside carbons, in this section, the concept of bulk and
1253surface doping will be discussed separately. Bulk doping mainly
1254focuses on the ability to modulate the electronic band structure
1255such as the Fermi level, bandgap, and charge distribution, while
1256surface doping modulates surface properties such as the
1257basicity, chelating power, and wettability of the carbon
1258materials. For heteroatom-doped graphene, bulk and surface
1259doping are identical, as the boundary between the bulk and
1260surface vanishes in 2D structures.
1261N, as one of the neighboring elements next to C in the
1262periodic table, can form stable covalent bonds with carbon. It
1263has been the most studied foreign element in carbon materials
1264over the past decade. The main reason is closely associated
1265with its abundance and the easy synthesis, unique properties,
1266and outstanding performance of N-doped carbons.170

1267N has a similar atomic size to C, which makes the C−N
1268bond length (1.41 Å) very close to the actual C−C bond
1269length (1.42 Å). These similar atomic sizes between N and C
1270atoms can effectively minimize the structural distortion of the
1271carbon network and, thus, to a large extent, maintain the
1272geometry of the carbon network. As discussed above, N has a
1273much stronger electronegativity than carbon, in most scenarios
1274increasing the electron density around N. Depending on the
1275structural binding in the carbon framework, the configuration
1276of N can be divided into pyridinic, pyrrolic, and graphitic N.171

1277Other configurations, such as oxidized N, quaternary N, or N
1278atoms located near a vacancy, are also possible. In this section,
1279the specific effect of different N configurations inside the
1280carbon framework will be analyzed.
1281Pyridinic N is sp2 hybridized and bonded to two C atoms at
1282the edge of the hexagonal carbon units; it contributes one p-
1283electron to the π system. Electronically, the lone electron pair
1284on pyridinic N is in an sp2 orbital and is not a part of the
1285delocalized π system but creates an edge termination. Thus, it
1286is significantly basic and displays a strong electron donating
1287character. The pyridinic N configuration is on top negatively
1288polarized, while the surrounding C atoms are positively
1289charged. The valence band as such moves to more positive
1290values.172 N-Doped carbons tend to oxidize other compounds
1291instead of being oxidized and combusting.
1292As an illustrative example, Wang et al. recently demonstrated
1293the excellent high-temperature oxidative stability of a N-doped
1294porous carbon membrane. Its original state can be well
1295preserved even in a butane flame (∼1300 °C) in air for at least
1296 f1660 s (Figure 16).173 In the recent review by Antonietti et al.,
1297the ability of N-doped carbons to protect against oxidation is
1298named “nobility”, and multiple doping effects are summar-
1299ized.174

1300Similarly, quaternary N substitutes C atoms in hexagonal
1301rings and adopts an sp2 hybridization bound to three carbon
1302neighbors. However, the electronic structure is completely
1303different compared to pyridinic N.175 Experimentally, the
1304chemical shift of graphitic N is approximately 401.1 eV in
1305XPS.176 This value is comparable to that of a pyridinium ion
1306C5H5NH

+ (401.2 eV) and an ammonium ion NH4
+ (401.5

1307eV), suggesting a positive charge character of such N. This can
1308be explained by the fact that the lone electron pair is now
1309contributing to the π system.177 In addition, the positively
1310charged N atoms indicate that the surrounding C atoms should
1311be negatively polarized due to Coulomb screening. Then, the
1312energy levels of the carbon materials are shifted to more
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1313 negative values, which is consistent with the theoretical
1314 calculation.178

1315 The different N configurations are all possible and can be
1316 beneficial for different purposes. Therefore, selectively
1317 constructing carbons with solely one N configuration can be
1318 both interesting and important, as it will provide a solid
1319 understanding of the material performance attributed to N
1320 doping. As an example, Wang et al. constructed mesoporous
1321 carbons with exclusively the graphitic N configuration from
1322 chitin by utilizing TiO2 as a catalyst.179 At the same time, by
1323 changing the catalyst to Fe(NO3)3, carbons with solely
1324 pyridinic N were obtained. Lin et al. achieved pure pyridinic
1325 N doping by thermal CVD of hydrogen and ethylene on Cu
1326 foils in the presence of NH3.

180 Interestingly, by adjusting the
1327 flow rate of NH3, the atomic ratio of N and C could be
1328 rationally tailored. Other strategies, such as hydrofluoric acid
1329 etching181,182 and a solution-based method,183 have also been
1330 reported to achieve pyridinic N-dominated carbons. For
1331 pyrrolic N-doped carbon, steam etching has shown some
1332 potential to increase the level of pyrrolic N content among all
1333 N species.184 It is noted that, since N is mostly an edge-
1334 termination element, pyridinic N is usually more feasible than
1335 other configurations.
1336 For the ORR, it is generally believed that positively polarized
1337 atoms facilitate the interaction with electron-rich reaction
1338 species and act as active centers in chemical reactions, e.g., in
1339 the electroreduction of O2, CO2, and N2. Theoretical studies
1340 suggest that the binding energy of O2 is stronger in N-doped
1341 carbons due to the overall positive charge on carbon atoms
1342 adjacent to N, which changes the O2 adsorption mode from

f17 1343 end-on to side-on (Figure 17).185 This is regarded as crucial to
1344 breaking the O−O bond to finally facilitate the ORR.
1345 However, the precise active site for the ORR in N-doped
1346 carbon materials is still under debate. Kang et al. suggested that
1347 charge back-donation from the electron-rich N atom to O2
1348 significantly increased the adsorption energy of O2 on the
1349 pyridinic N-rich carbon surface in comparison to N-free
1350 pristine carbons.175 The binding energy per O2 is considerably
1351 larger for higher N content. In many of the studies, the specific
1352 active sites for the ORR were closely related to graphitic N.
1353 This may be a reasonable assumption because the lone pair of
1354 N in graphitic coordination is partly donated to the π*
1355 antibonding orbitals of the carbon, making the nitrogen
1356 formally positive and the carbon negative. This provides
1357 efficient active sites for the ORR. Pyridinic N only has one
1358 electron for the pz orbital and negligible occupation in the π*
1359 antibonding orbitals.186,187 In a recent theoretical calculation

1360by Li et al., graphitic N induced n-type doping, while pyridinic
1361N and pyrrolic N led to p-type doping in graphene nanosheets.
1362The n-type doping favored the adsorption of O, and the p-type
1363doping favored the adsorption of H.188 Although the additional
1364pyridinic N might not be the active sites for the ORR in this
1365model, studies do suggest that the intrinsic locations of
1366pyridinic sites nevertheless increase the kinetics of electro-
1367catalytic reactions. Therefore, the widely accepted view is that
1368graphitic N can improve the limiting current density, while
1369pyridinic N can determine the onset potential for the ORR189

1370(4e− pathway). However, by precisely engineering the active
1371sites of carbons, it is possible to selectively manipulate the
1372ORR pathway. Recently, Harris et al. utilized the metal organic
1373framework (MOF) amino-MIL-101(Al) as a carbonization
1374precursor to construct N-doped carbons with a specific N
1375configuration.190 By changing the carbonization condition,
1376carbons with and without quaternary N were obtained.
1377According to their study, the presence of quaternary N sites
1378can exclusively catalyze ORR via the 4e− pathway, while
1379pyridinic and pyrrolic N were ineffective. For the 2e− pathway,
1380Antonietti et al. obtained mesoporous N-doped carbons by
1381direct carbonization of an ionic liquid.191 Interestingly, the
1382obtained carbons displayed production of H2O2 with a
1383remarkable faradaic efficiency of 65.15%. In this work, the
1384production of H2O2 was attributed to the high level of pyrrolic
1385N and the “radical” character induced by the low degree of
1386delocalization. Fornasiero et al. developed N-doped graphi-
1387tized carbon nanohorns for H2O2 production with a faradaic
1388efficiency as high as 98%.192 In their study, the presence of
1389microporosity was believed to favor the 2e− pathway, as the
1390residence time of H2O2 was short, preventing further reduction
1391to water. At the same time, the ratio of pyridinic N and pyrrolic
1392N also played a significant role in achieving high productivity
1393of H2O2.
1394Recently, N-doped carbons as metal-free, low-cost electro-
1395catalysts for the CO2RR have received increasing attention in
1396both academic and industrial fields. Harada et al. demonstrated
1397that the localized electronic state of carbon materials induced
1398by N atoms played a crucial role in achieving high CO2
1399adsorption and facilitating the subsequent reduction reac-
1400tion.193 Particularly, the authors suggested that the edge
1401pyridinic N and plane-located graphitic N sites could
1402effectively stabilize the adsorbed CO2 through an efficient
1403charge transfer between N sites and CO2. This point was

Figure 16. Fire retardancy of a N-doped porous carbon membrane.
Reproduced with permission from ref 173. Copyright 2018 American
Chemical Society. Figure 17. (a) Calculated charge density distribution of N-doped

carbon nanotubes. (b) Schematic representations showing the O2
adsorption mode change from end-on to side-on. Reprinted with
permission from ref 185. Copyright 2009 AAAS.
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1404 further confirmed by Yuan and coauthors. They constructed
1405 biphasic N-doped porous carbons by direct carbonization of
1406 PIL-coated porous carbon fibers.194 The unique biphasic
1407 structure NPCFs could serve as a high-performance CO2

1408 adsorption material. The main reason why the NPCFs
1409 exhibited a miraculously high CO2 uptake value was mainly
1410 attributed to the biphasic heterojunction that amplifies the
1411 interaction between the carbon material and CO2. Such a
1412 heterojunction structure is similar to previously reported
1413 heterojunction systems and may be beneficial for other
1414 applications.195,196

1415 In 2017, Wang et al. reported efficient electrocatalytic
1416 reduction of CO2 to formate in 0.1 M KHCO3 by
1417 hierarchically structured N-doped nanoporous carbon/CNT
1418 hybrid membranes.197 The formed carbon on the surface of
1419 CNTs is rich in defects and short-range ordered micropores.
1420 The introduction of CNTs into the N-doped carbon
1421 membranes (HNCMs) could substantially increase the relative
1422 content of pyridinic N from 9.2 to 41.9%, as shown in the XPS

f18 1423 spectrum analysis (Figure 18a,b); that is, the presence of

1424nanotubes promotes the formation of edge termination. It is
1425noteworthy that the reported selectivity and catalytic efficiency
1426are some of the highest for the metal-free CO2RR and even
1427comparable to those of the state-of-the-art tin oxide nano-
1428crystals (Figure 18c,d). In another example, Zheng et al.
1429specifically constructed N-doped carbons with pyrrolic N as
1430the dominant N configuration by water steam treatment of N-
1431doped carbon nanotubes (NCNs). The authors found that
1432NCNs with a pyrrolic N domain show excellent electrocatalytic
1433CO2 reduction performance but very low hydrogen evolution
1434reaction activity.198

1435The exact electronic effect of different N configurations in
1436the carbon matrix for the CO2RR is still controversial. For
1437example, Ajayan et al. analyzed the Gibbs free energy for each
1438configuration of N in CNTs for the CO2RR by employing
1439DFT simulations.199 The results showed that pyridinic N
1440exhibited the lowest adsorption barrier for the *COOH
1441intermediate during the CO2RR. The conclusion from Guo
1442and colleagues was that the carbon atoms adjacent to the
1443graphitic N in graphene were the most active sites for CO2

Figure 18. (a, b) High-resolution N1 XPS spectra of HNCMs and CNT-doped HNCMs/CNTs. (c) Proposed mechanism of the CO2 RR. (d)
Comparison of the potentials and faradaic efficiencies for the formation of formate on HNCMs/CNTs with those on other electrocatalysts.
Reproduced with permission from ref 197. Copyright 2017 Wiley-VCH.
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1444 adsorption.200 In this regard, future works are required to
1445 alleviate the confusion and reveal the catalytic mechanism of
1446 different N configurations.
1447 Apart from utilization as metal-free electrocatalysts, N-doped
1448 porous carbons can act as catalyst supports. The incorporation
1449 of N can cause the work function of electrons to be more
1450 positive than those in undoped carbons. The positive work
1451 function implies that these then “noble” carbons are more
1452 likely to accept rather than donate electrons. Thus, when
1453 MNPs are loaded onto the N-doped carbon supports, the
1454 electron density inevitably moves from the electron-rich MNPs
1455 toward the N-doped carbons, making the MNPs more positive
1456 (or reactive). In solid-state physics, such electronic interaction
1457 between a metal and a semiconductor is described as the
1458 Mott−Schottky effect, and electrons in the system will flow
1459 until the Fermi levels on both sides of the interfaces are equal

f19 1460 (Figure 19).169

1461 The Mott−Schottky effect between MNPs and N-doped
1462 carbon supports is somehow analogous to the function of a
1463 ligand in homogeneous catalysts, and the electron density on
1464 the MNPs can be rationally tailored by using different carbon
1465 supports. For example, Chen et al. constructed a Mott−
1466 Schottky type of heterogeneous catalyst for oxidation of
1467 alcohols by covering cobalt nanoparticles with N-doped carbon
1468 shells.201 It is important to note that incorporation of N atoms
1469 into the carbon matrix can effectively lower the valence band
1470 (p-type) and elevate the conduction band (n-type), enlarging
1471 the bandgap (work function) of the carbon materials.
1472 Therefore, with a higher flat band potential than the metallic
1473 cobalt nanoparticles, the N-doped carbon shell can readily
1474 withdraw electrons from the cobalt nanoparticles to balance

f20 1475 the Fermi levels (Figure 20a). Such Mott−Schottky electron

1476flow across metal−carbon interfaces can obviously redistribute
1477the electron density at the interface between cobalt and N-
1478doped carbon, causing the metallic cobalt to be more positively
1479charged to attract and activate O2. Such electron redistribution
1480is supported by the XPS analysis, as the binding energies of N
1481and Co increase gradually (Figure 20b,c). In this regard, the N
1482atoms on the carbon surface can behave as a base to constitute
1483an overall mild and additive-free catalytic system. Later, in
14842018, the same group constructed N-doped carbon-supported
1485Ni nanoparticles for highly efficient dehydrogenation of gas-
1486phase methanol.202 The observed enormous catalytic rate and
1487long-term stability were attributed to the Mott−Schottky effect
1488and Mott−Schottky barrier across the N-carbon interfaces. In
1489addition, DFT calculations demonstrated that electrons
1490transferred from the nickel nanoparticles to the N-doped
1491carbon supports due to the enlarged bandgap of N-doped
1492carbon induced by the N atoms (Figure 20d). Therefore, the
1493enhanced electron deficiency of the Ni nanoparticles led to a
1494much stronger interaction with the O−H bond in methanol,
1495thereby promoting the dehydrogenation reaction (Figure
149620e,f). Furthermore, the relatively “electron-rich” carbons
1497also showed unusual binding to the electron-deficient methyl
1498group, enhancing the binding energy (Figure 20g).
1499The introduction of coordinative heteroatoms, such as N, P,
1500or S, into carbons can coordinate metal ions or MNPs to
1501effectively prevent their agglomeration and coarsening. This
1502feature is highly important in the controllable synthesis of
1503specific morphology size and lattice. For example, Li et al.
1504constructed single-atom Co−N5 porous carbon spheres with
1505nearly 100% selectivity for the CO2RR by immobilization of
1506cobalt phthalocyanine (CoPc) in N-doped porous carbon
1507spheres.203 The N atoms in the carbon network provide CoPc

Figure 19. Schematic view of typical (a) rectifying metal−n-type semiconductor contact, (b) rectifying metal−p-type semiconductor contact, and
(c) metal−semiconductor ohmic contact. Reproduced with permission from ref 169. Copyright 2013 Royal Society of Chemistry.

Figure 20. (a) Schematic illustration of the Mott−Schottky-type contact in a Co@NC-4 sample. (b) N 1s and (c) Co 2p XPS spectra of Co@NC-
x. Reproduced with permission from ref 201. Copyright 2017 American Chemical Society. (d) DFT calculations of diverse N-doped carbons and
opening of the bandgap. (e, f) Electron densities of an adsorbed model Ni4 cluster and methanol adsorbed on the diode. (g) Methanol adsorption
energies and molecular conformations of the bonding states with diverse N doping levels. Reproduced with permission from ref 202. Copyright
2018 Wiley-VCH.
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1508 chelating sites. It is noteworthy that utilizing N-doped carbon
1509 as a support for preparing single-atom catalysts is a simple yet
1510 versatile strategy, which is currently a topic under intensive
1511 research.
1512 3.3.2. Surface Doping. Surface doping is the second
1513 heteroatom doping strategy to tailor the surface properties of
1514 carbon, i.e., the basicity, chelating capability, wettability, and
1515 roughness, as these properties are important for applica-
1516 tions.6,204,205 For instance, in energy storage applications, N
1517 atoms on the carbon surface can considerably increase the
1518 surface hydrophilicity, which helps a polar electrolyte wet the
1519 electrode surface. In the adsorption and separation field, the
1520 strong basicity of surface N atoms could promote the
1521 adsorption efficiency for various acidic molecules.
1522 Post-treatment of carbon materials in the presence of N-
1523 containing precursors is a simple yet effective route to engineer

f21 1524 carbon surfaces with heteroatoms (Figure 21).206 As
1525 mentioned previously, NH3 has been thus far the most popular
1526 source of N to dope carbons. At high temperature, NH3 will
1527 decompose into reactive •NH2 or •NH radicals to etch carbon
1528 fragments into a N-containing functional group such as −NH2,
1529 −CN, or pyrrolic entities. This etching process could alter the
1530 surface properties, electronic structure, and porosity of the
1531 carbon materials.
1532 Economy et al. found that NH3-activated carbon fibers could
1533 act as efficient adsorbents of acidic gases, i.e., SO2.

207 The NH3
1534 treatment could not only basify the carbon surface but also
1535 substitute and remove oxygen-containing moieties. At elevated
1536 temperatures, the oxygen moieties on the carbon surface
1537 formed lactams, imides, and other active nitrogen groups,
1538 which improved the surface basicity of the carbon materials.
1539 This was shown to be favorable for the diffusion of a polar
1540 electrolyte into the carbon electrodes in supercapacitor
1541 devices.208 The quantum chemical calculation by Thrower et
1542 al. demonstrated that the introduction of pyrrolic N and −NH
1543 groups by ammoxidation also improved the charge mobility
1544 inside the carbon matrix by bringing electron-donor character-

1545istics to enhance the electron transfer behavior, thereby
1546impacting the performance in energy devices.209 The N
1547configurations in a carbon framework are a function of the
1548post-treatment temperatures. Mangun et al. confirmed that
1549NH3 treatment below 600 °C generates amide, imide, imine,
1550amine, and nitrile groups, while thermally stable aromatic rings,
1551such as pyrrole and pyridinic N, form above 600 °C.210 This is
1552particularly important, since different N configurations play
1553different roles for task-specific applications.
1554The surface wettability of carbons is an important factor that
1555affects the performance of carbon materials in practical
1556applications because it can effectively enhance the diffusion
1557of electrolytes into carbon structures and promote ion
1558transport. Previously, Yu et al. constructed N-doped carbon
1559nanofibers by pyrolysis of polypyrrole-coated carbon nano-
1560fibers, in which the N content, surface area, surface wettability,
1561and pore size could be well controlled by the pyrolysis
1562temperature.211 They found that the performance of these N-
1563doped carbon nanofibers in supercapacitor devices is closely
1564dependent on their structural features because the surface
1565wettability of these N-doped carbon nanofibers controls the
1566ion transport. Wang and co-workers developed a type of
1567freestanding and hydrophilic N-doped carbon foam by direct
1568 f22carbonization of melamine sponges (Figure 22a−c).212 The
1569dynamic water contact angle measurements demonstrated a
1570highly hydrophilic nature of the N-doped carbon foams with
1571an initial contact angle of 31.5°, while a commercial carbon
1572cloth was very hydrophobic with a higher water contact of
1573107.6° (Figure 22d−f). Similarly, Kaskel et al. constructed
1574carbon materials with an amphiphilic surface as a super-
1575capacitor electrode by post-treatment of carbon nanotubes and
1576graphenes with bipyridine and boronate at elevated temper-
1577atures.213 The synthesized carbons were composed of sp2

1578carbon with a hydrophobic inner layer and a hydrophilic
1579outer layer due to the N and B functionalities there. The
1580unique bipolar surfaces and high heteroatom doping level
1581rendered excellent wettability to promote the energy density

Figure 21. Surface doping of graphene using selective polymer precursors and temperatures. Reproduced with permission from ref 206. Copyright
2012 Royal Society of Chemistry.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00080
Chem. Rev. XXXX, XXX, XXX−XXX

W

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00080?ref=pdf


1582 by 2−3 times compared with typical benchmark materials
1583 (Figure 22g).
1584 We can state that N doping is clearly able to modulate the
1585 electronic structure, defects, and surface properties of carbon
1586 materials. N-Doped porous carbon materials as metal-free

1587 catalysts and electrodes are promising for modern energy
1588 conversion applications. Moreover, the unique electron

1589donating nature of N could help anchor MNPs. This feature
1590successfully widens N-doped porous carbon applications to
1591catalyst supports and the construction of single-atom catalysts.

3.4. Non-Nitrogen-Atom (B, S, Se, and P)-Doped Porous
1592Carbons

1593In addition to N, the introduction of other heteroatoms, such
1594as B, S, Se, and P, into carbon materials has also been widely

Figure 22. (a) Photographs of a melamine foam and a N-doped carbon foam. (b, c) SEM images of the melamine and carbon foams. Water contact
angles of (d) N-doped carbon foam, (e) nickel foam, and (f) carbon cloth. Reproduced with permission from ref 212. Copyright 2016 Wiley-VCH.
(g) Synthesis schematic of bipolar nanocarbon hybrids with a hydrophilic@hydrophobic surface configuration. Reproduced with permission from
ref 213. Copyright 2016 American Chemical Society.
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1595 investigated. For example, B-doped carbons are particularly
1596 useful in heterogeneous organocatalysis due to their electron-
1597 deficient characteristic. S- and P-doped carbons can enlarge the
1598 graphitic spacing and are popular in battery and supercapacitor
1599 devices. Se, as one of the latest doping elements, has begun to
1600 stand out in carbon-based heterogeneous catalysis. In the
1601 following, the properties of these non-N element-doped porous
1602 carbons from polymers will be detailed.
1603 3.4.1. B Doping. The B atom with an outer electron shell
1604 of 2s2 2p1 is, similar to nitrogen, a second row element in the
1605 periodic table. The electronic structure of B is opposite to that
1606 of N. B has only three valence electrons with three covalent
1607 bonds, which can only bring up to six electrons in total, being
1608 an electron-deficient element that always hungers for two more
1609 electrons to form a stable four-coordinate bond (or adduct), as
1610 occurs with most Lewis bases. When B is doped into carbons,
1611 the most stable form is planar, which is also referred to as in-
1612 plane doping. For the in-plane doping, B can maintain the sp2

1613 hybridization of the carbon network in the form of BC3 and
f23 1614 join the π system (Figure 23a).214 With stable substitution

1615 patterns, e.g., phenyl groups, it can also enter sp3 hybridization,
1616 here negatively charged BC4. Note that BC4 as an out-of-plane
1617 structure would eventually relax to the in-plane BC3 structure
1618 due to thermally induced elimination.215 Although the bond
1619 length of the C−B bond (∼1.50 Å) is longer than that of an
1620 sp2 C−C bond (1.42 Å), the strong polarization between

1621neighboring C atoms and electron-deficient B can minimize
1622the mechanical stress on the host carbon structure.216 The
1623empty orbital of B can readily withdraw electron density from
1624the carbon network via pi-bonding, which inevitably increases
1625the work function of the carbon materials to more negative
1626values (Figure 23b).
1627Previously, several groups found that moderate B doping
1628could enhance the ORR performance.217 The DFT calcu-
1629lations by Hu et al. showed that the intrinsic electron-deficient
1630nature of B can readily withdraw electrons from the pi-system
1631and act as a bridge for a fast electron process toward O2 in the
1632ORR. Upon adsorption, the protruding lobe of the spin-down
1633HOMO (highest occupied molecular orbital) of a B-doped
1634CNT (BCNT(5,5)) maximized the overlap with the LUMO
1635(lowest unoccupied molecular orbital) of triplet O2 to create
1636end-on adsorption, thereby facilitating the ORR process
1637 f24(Figure 24a−c).166 Similarly, B-doped carbons also displayed
1638exceptional catalytic performance for the CO2RR. In the
1639calculation from Phani’s work, the electron delocalization
1640symmetry is broken in B-doped carbons (Figure 24d,e).218 The
1641introduction of B also induces asymmetric charge and spin
1642density distributions, making B-doped carbons function in the
1643electrocatalytic CO2RR (Figure 24f,g).
1644In addition to catalysis, B-doped porous carbons have also
1645been applied in energy storage systems. For instance, Zhang et
1646al. prepared B-doped OMCs by direct carbonization of self-

Figure 23. (a) Substitutional doping of B (blue ball). (b) Band structure of a single B-doped graphene sheet. Reproduced with permission from ref
214. Copyright 2013 Royal Society of Chemistry.

Figure 24.Molecular orbitals involved in O2 adsorption on B-doped CNT (5,5). (a) Spin-down HOMO−1 of B-doped CNT (5,5). (b) LUMO of
triplet O2. (c) Spin-down HOMO−2 of O2 adsorbed on B-doped CNT (5,5). Reproduced with permission from ref 166. Copyright 2011 Wiley-
VCH. (d) HOMO and (e) spin density mapping of constructed B-doped carbons. Chemisorption of *COOH on B-doped carbons via B atoms (f)
and C atoms (g). Reproduced with permission from ref 218. Copyright 2015 Royal Society of Chemistry.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00080
Chem. Rev. XXXX, XXX, XXX−XXX

Y

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00080?ref=pdf


1647 assembled resorcinol and formaldehyde (RF resin) with the
1648 triblock copolymer Pluronic F127 as a soft template in the
1649 presence of boric acid. The obtained carbon materials
1650 exhibited a moderate SBET value of 700 m2 g−1 with a uniform
1651 micropore size of 0.6 nm. The incorporation of B atoms into
1652 the carbon framework rendered a carbon surface with surface
1653 oxygen groups. These functional groups can conduct faradaic
1654 reactions with a wide range of onset potentials, thus enhancing
1655 the pseudocapacitance of supercapacitor devices.219

1656 Although B is one of the interesting doping elements in
1657 fundamental chemistry, effectively utilizing B in carbon
1658 materials is challenging, since it can be easily oxidized into
1659 boron oxide in air owing to its oxyphilic nature. Therefore,
1660 how to precisely synthesize B-doped carbon rather than
1661 oxidized B-doped carbon is being actively pursued.

16623.4.2. S Doping. Unlike N and B, the S atom (χ = 2.58)
1663has a similar electronegativity to C (χ = 2.55), which indicates
1664that the covalent bond between S and C atoms is basically not
1665polarized. However, the C−S bond length is 1.78 A, which is
1666approximately 25% longer than the C−C bond.220 This
1667structural mismatch between S and C atoms makes five-ring
1668species (i.e., thiophene and thiazole) the preferred species. In
1669other cases, it can also bend the sp2 flat configuration of
1670graphenes and distort the aromatic system to a certain extent.
1671In addition, carbons with higher S contents were found to
1672become ribbon-like,221 which means that sulfur preferentially
1673contributes to extended edge termination. Such structural
1674expansion and worsened packing are beneficial for mass
1675transfer.153 Theoretical calculations showed that introducing S
1676atoms in a mathematical way into graphitic carbons opens a
1677bandgap of the materials. S Doping (n-type dopant) could also

Figure 25. (a) Different mathematical models of S-doped graphene clusters. Small white, gray, yellow, and red spheres represent hydrogen, carbon,
sulfur, and oxygen, respectively. (b) Atomic charge density distribution on S-adsorbed graphene clusters with (1) a perfect structure and (2) one
Stone−Wales defect; (3) atomic charge density and (4) spin density distributions on a perfect graphene cluster with S substituting at the zigzag
edge; (5) atomic charge density and (6) spin density on SO2-doped graphene with a Stone−Wales defect; atomic charge density on (7) a sulfur
ring cluster connecting two pieces of graphene clusters and (8) a pure graphene cluster. The colors of the balls represent relative values of charge
and spin density; the density decreases linearly from positive to negative values in the color order of red, orange, yellow, green, and blue. Sulfur and
oxygen atoms are labeled with S and O, respectively. The unlabeled small and large balls represent H and C, respectively. Reproduced with
permission from ref 225. Copyright 2014 American Chemical Society.
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1678 increase the polarization and, when charged, enhance the
1679 electronic conductivity of carbons, making S-doped carbons
1680 suitable as anodes in batteries.222 For example, Huang et al.
1681 demonstrated that S-doped carbons performed better than
1682 their N-doped counterparts in Na-ion batteries, which mainly
1683 stems from the large interlayer distance of S-doped carbon
1684 (0.39 nm) compared to the value of 0.36 nm in N-doped
1685 carbon, thereby facilitating the insertion and extraction of
1686 Na.223

1687 S-Doped carbon materials were also capable of promoting
1688 the ORR. In 2012, Huang et al. prepared S-doped carbons by
1689 thermal annealing of graphene oxide and benzyl disulfide in an
1690 argon atmosphere.224 They found that S-doped carbons are
1691 better catalysts in the ORR than commercial Pt/C in alkaline
1692 media. This finding was particularly interesting, as S has a
1693 similar electronegativity to C, which excludes the traditional
1694 explanation of a charge redistribution effect induced by the
1695 electronegativity difference causing an improved ORR. In light
1696 of DFT calculations from Xia and co-workers, S could
1697 substitute C atoms at the graphene edges in the form of

f25 1698 sulfur, sulfur oxide, or sulfur cluster rings (Figure 25a).225

1699 Mathematical replacement of C by S atoms at the edges of
1700 graphitic layers enhanced the charge and spin density. The

1701most effective catalytic active sites were identified to be located
1702at the zigzag edge or the neighboring carbon atoms of the
1703doped sulfur oxide, which also possessed a large spin or charge
1704density (Figure 25b). Thus, the larger atomic radius of S atoms
1705was believed to result in a mismatch of the outermost orbitals
1706between S and C, leading to a nonuniform spin density
1707distribution and an increase in the catalytic activity. In
1708addition, the polarized environment of the S−C bonding will
1709improve the interaction with O2, and the greater strain on the
1710polarized O2 will promote the ORR.226

17113.4.3. P Doping. P as a group V element has a similar
1712binding shell electron configuration as N. However, the
1713significantly larger atomic size of P and vacant 3d orbitals
1714endow P-doped carbons with different features. For example,
1715the P−C bond length is ∼24% longer than the C−C bond
1716length, again resulting in a serious structural distortion of the
1717carbon frameworks.227 Moreover, the smaller electronegativity
1718is sufficient to induce charge redistribution between P and C
1719atoms, a property that is interesting for energy storage
1720applications. Yu et al. introduced P atoms into carbons and
1721found that more edges and topological defects were created in
1722P-doped carbons, which accelerated efficient lithium ion
1723diffusion and thus led to superior lithium ion storage

Figure 26. (a) A model in-plane “hole” defect induced by pyridinic N doping (blue) and an out-of-plane “protrusion” defect caused by P doping.
(b) Schematic illustrations of P-doped states in graphene before and after sodiation. (c) Partial density of states (PDOS) of P-doped states in
graphene before and after sodiation. (d) Schematic illustrations of N-doped states in graphene before and after sodiation. (e) PDOS diagrams of N-
doped states in graphene before and after sodiation. Reproduced with permission from ref 229. Copyright 2017 Royal Society of Chemistry.
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1724 performance.228 These results are in agreement with the study
1725 by Wang’s group, in which the “protrusion” type P-doped
1726 graphene exhibited better performance in Na batteries than N-

f26 1727 doped graphene (Figure 26a).229 From their DFT calculation,
1728 the maximum theoretical capacity of Na for P-doped graphene
1729 is calculated to be ∼770 mAh/g, which is much larger than the
1730 values for the N-doped versions (225.6 mAh/g for pyridinic N
1731 and 406.1 mAh/g for pyrrolic N) in a hypothetical C46N3
1732 structure. In addition, the metallic properties of P-doped
1733 graphene remain mostly unchanged after sodium adsorption,
1734 which results in fast electron transport during sodium-ion
1735 insertion and extraction (Figure 26b−e).
1736 In 2011, Yang et al. reported the first metal-free P-doped
1737 porous carbons as an efficient catalyst for the ORR.230 The as-
1738 obtained porous carbons were flake-like graphitic layer
1739 structures with convex cuplike structures on the surface of
1740 each layer. The P-doped carbons exhibited high electrocatalytic
1741 activity, long-term stability, and outstanding tolerance to the
1742 crossover effects of methanol in the ORR compared to
1743 conventional Pt/C in alkaline media. Similarly, Yu et al.
1744 prepared P-doped carbons with an ordered mesoporous
1745 architecture by employing triphenylphosphine and phenol as

1746P and carbon sources and SBA-15 as a hard template.231 The
1747obtained porous carbons exhibited the morphology of
1748microspheres with an SBET value of 1182 m2 g−1. The XPS
1749spectrum confirmed the existence of P−C and P−O bonding
1750with a total P content of 1.36 at. %. Despite this low P content,
1751the P-doped porous carbons displayed outstanding perform-
1752ance toward the ORR and long-term stability.
1753From a theoretical calculation point of view, Wei et al.
1754explained the influence of different P configurations on the
1755electronic structures of graphene for the ORR.232 The oxidized
1756P atom with three PC bonds (OPC3G) was found to
1757possess the highest stability, followed by the oxidized P atom
1758with four PC bonds (OPC4G), P atom with four PC
1759bonds (PC4G), and P atom with three PC bonds (PC3G).
1760The deformation electronic density showed substantial
1761electron accumulation around the O and C atoms because
1762the P atom had the lowest electronegativity (χ = 2.19)
1763 f27compared to O (χ = 3.44) and C (χ = 2.55) (Figure 27a−d).
1764The C atoms adjacent to P atoms have a partial negative
1765charge and can act as active sites for the ORR (Figure 27e).
1766Similar effects have also been proposed in the oxidation of
1767alcohol with P-doped porous carbons, where the enhanced

Figure 27. Deformation electronic density of hypothetical (a) PC3G, (b) OPC3G, (c) PC4G, and (d) OPC4G. The pink and yellow regions
represent the areas of electron accumulation and loss, and the red and blue regions in the side view signify the areas of electron gain and loss. (e)
Bader charges of the constructed models. Red and blue indicate positive and negative charges, respectively. The gray, white, red, and pink spheres
represent the C, H, O, and P atoms, respectively. Reproduced with permission from ref 232. Copyright 2017 American Chemical Society.
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1768 catalytic activity is attributed to the existence of POH/P
1769 O moieties.233 Moreover, the PBE (Perdew−Burke−Ernzer-
1770 hof) DFT calculations showed that the binding energy of O2
1771 for P-doped graphene is much larger than that for N-doped
1772 graphene. The magnetic moment was found to vanish upon O2
1773 adsorption, thus drastically enhancing the electrical con-
1774 ductivity. Furthermore, P has vacant 3d orbitals, which were
1775 speculated to accommodate the lone pairs of O2 to initiate the
1776 ORR.154,163,230,234 Studies are still ongoing to understand the
1777 role of the vacant 3d orbital in altering the properties of P-
1778 doped porous carbons.

3.5. Codoping Effect of Heteroatoms on Porous Carbons

1779 Each heteroatom can contribute its distinct characteristics to
1780 optimize the carbon materials for specific tasks. Codoping
1781 involves doping of two different heteroatoms into the carbon
1782 network, which could bring structural synergy. However,
1783 codoping is less studied than single-heteroatom doping in the
1784 porous carbon field due to its complexity, and future work is
1785 needed.
1786 3.5.1. N, B Codoping. N and B-codoped carbons have
1787 been applied in fields such as catalysis and energy storage. In
1788 the previous sections, studies showed that single doping of N
1789 or B can readily adjust the electronic structure of carbons. The
1790 similar atomic sizes of B, C, and N can effectively minimize the
1791 structural distortion, but the contrary electronic properties
1792 between B and N could induce a distinct electronic effect. For
1793 example, the intrinsic electron-deficient nature of B atoms
1794 could lead to p-type doping, while the electron-rich N atoms
1795 could lead to n-type doping. Taken together, these unique
1796 features have numerous unexpected synergistic merits for
1797 multiple applications.
1798 As an example, Antonietti et al. prepared B/N-codoped
1799 carbons with a high SBET value of 978 m2 g−1 by direct
1800 carbonization of a constructed B/N-codoped monolithic
1801 precursor under N2 for selective oxidation of amine.235 The
1802 synergistic effect of B and N could uniquely modulate the
1803 carbon electronic structure, in which B atoms (electron
1804 acceptors) could lower the valence band (or HOMO) and N
1805 atoms (electron donors) could elevate the conduction band
1806 (LUMO), thus relocalizing electrons to activate the substrate
1807 and oxygen molecules for oxidation reactions.
1808 Previously, Oya et al. found that a N, B-codoped carbon
1809 material exhibited higher ORR catalytic activity than individual
1810 N- or B-doped carbons. The authors attributed this ORR
1811 phenomenon to a synergistic effect of B−C−N-type moieties
1812 in the carbon network.236,237 This suggestion was confirmed by
1813 Qiao et al. through DFT calculations. In the constructed
1814 models, the 2p orbital of C in the B−C−N heteroring is
1815 polarized by adjacent N atoms, which inevitably donate extra
1816 electrons to the adjacent B atoms.238 The activated B atoms
1817 could facilitate the adsorption and bonding of HO2. This
1818 charge transfer induced by the B and N doping synergy was
1819 believed to account for the enhanced catalytic activity in the
1820 ORR. In 2011, Dai et al. demonstrated that the catalytic
1821 performance of B/N-codoped carbon in the ORR was largely
1822 related to the concentration of the dopants.239 First-principles
1823 DFT calculations with four different models, pure graphene,
1824 B7C87N6H26, B12C77N11H26, and B38C28N34H26, were per-
1825 formed to understand the relationship between the dopant
1826 concentration and the catalytic capability of B/N-codoped

f28 1827 carbons. As shown in Figure 28, the B38C28N34H26 model
1828 exhibited overloaded B and N atoms in the carbon network,

1829resulting in a low electrical conductivity due to the largely
1830formed BN clusters. The B38C28N34H26 model displayed the
1831highest energy gap for the ORR owing to the low conductivity,
1832which inevitably hindered efficient electron transfer. In the
1833B7C87N6H26 and B12C77N11H26 models, randomly distributed
1834B/N atoms or a smaller amount of BN clusters exist, and their
1835energy gap was found to be significantly smaller than that of
1836the B38C28N34H26 carbon. Therefore, the electrocatalytic
1837activity of moderately B/N-doped carbons was expected to
1838be higher than that of pristine or overdoped B38C28N34H26
1839carbons. In addition, B12C77N11H26 has higher B and N
1840contents than B7C87N6H26; thus, more carbon atoms with
1841relatively high spin density and charge density are created,
1842which could act as active sites toward the ORR. Taken
1843together, the electrocatalytic activity of the moderately doped
1844B12C77N11H26 was calculated to be the highest in the ORR,
1845which was later proven experimentally. Feng et al. found that
1846the introduction of B and N atoms into the carbon network
1847could induce the formation of dipole moments in the scaffold
1848of the materials due to the uneven electronegativities among B,
1849N, and C moieties.147 Such an uneven charge distribution is
1850beneficial for absorbing quadrupolar CO2 through dipole−
1851dipole interactions. Therefore, the B/N-codoped carbon
1852exhibited high selectivity for CO2/CH4 adsorption with a
1853ratio of more than 5:1 at 298 K, showing great promise in gas
1854separation and purification.
1855In 2006, Stephan and colleagues reported the first example
1856of main group elements other than metals that could reversibly
1857activate H2.

240 The chemistry of such unique activation of
1858small molecules is referred to as a “frustrated Lewis pair
1859(FLP)”, where the Lewis acid and Lewis base are separated
1860from each other by steric hindrance. In solid-state chemistry,
1861an FLP-like configuration anchored on catalyst supports is also
1862found to be successful in catalyzing various reactions.241,242

1863Recently, several carbon-based FLP catalysts, such as Au@N-
1864doped carbon243 and particularly graphene,244 have been
1865reported in the literature. In a theoretical calculation, Su et al.
1866predicted that, with a suitable space between N and B atoms,
1867codoped carbons can overcome the energy barrier and
1868heterolytically dissociate H2.

245 However, challenges remain,
1869as the synthesis of FLP-like codoped carbons has to be
1870precisely controlled.

Figure 28. Different constructed B/N-codoped models. Reproduced
with permission from ref 239. Copyright 2012 Wiley-VCH.
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1871 3.5.2. N, S Codoping. N/S-codoped porous carbons are
1872 exotic materials for electrochemical applications. Not only can
1873 the N atoms effectively increase the carbon electrode
1874 conductivity, but also, the S atoms can enlarge the carbon
1875 interlayer spacing, thus boosting the charge mobility and
1876 accessibility to reactive species.
1877 As an example, Yan et al. constructed N/S-codoped porous
1878 carbons from direct thermal annealing of human hair with
1879 KOH activation for electrochemical supercapacitors.246 The
1880 KOH-activated N/S-codoped carbons possessed micro/meso-
1881 pores with an SBET value of 1306 m2 g−1 and a high N/S
1882 content, delivering outstanding specific capacitances of 340 F
1883 g−1 in 6 M KOH and 126 F g−1 in 1 M LiPF6 organic
1884 electrolyte at a current density of 1 A g−1. Incorporation of N
1885 and S atoms can significantly improve the electrical
1886 conductivity and surface wettability and provide multiple
1887 redox active sites, thus enlarging the pseudocapacitance and
1888 specific capacitance.
1889 In addition, N/S-codoped porous carbons are potential
1890 anode materials for batteries, i.e., Na-ion batteries, because the
1891 enlarged interlayer spacing is beneficial for ion transport, while
1892 the introduction of N atoms can increase the first cycle
1893 Coulombic efficiency through improved electronic conductiv-
1894 ity. This point was further confirmed by dispersion-corrected
1895 DFT calculations. Yang et al. indicated that N/S codoping
1896 could effectively enlarge the adsorption capacity and mobility
1897 of Na ions.247 According to their calculations, the N/S-
1898 codoped carbons carried the highest spin density to promote
1899 the adsorption capacity of Na ions compared to other
1900 constructed models. They found that the adsorption capacity
1901 of Na+ will be weakened with excess O atoms in N/S-codoped
1902 carbons. The increased interlayer spacing induced by the S
1903 atoms could significantly lower the energy barrier for the
1904 diffusion of Na ions from 126.83 to 97.87 meV.
1905 In addition to applications in energy storage, N/S-codoped
1906 porous carbons are known catalysts. Feng and co-workers
1907 prepared N/S-codoped porous carbons directly from the
1908 carbonization of conjugated polymer nanosheets.248 These
1909 porous carbons are catalytically active and stable in zinc-air
1910 batteries compared to conventional Pt/C. According to the
1911 DFT calculations from Qiao and colleagues, the codoping of N

1912and S could induce asymmetrical spin and charge density,
1913which are responsible for catalytic reactions.249 In addition,
1914due to the large size of the S atom in the carbon matrix, the
1915orbital mismatch between S and C will create active sites that
1916catalyze the ORR. Similarly, N/S-codoped porous carbons are
1917also active catalysts for the HER. For example, Chen et al.
1918found that the introduction of S atoms led to more defects
1919within carbons.250 These defect sites could create a negative
1920charge character on the S atoms, while the N atoms generated
1921a positive charge inside the carbon matrix. Both positively and
1922negatively charged species in the carbon framework could
1923provide a fast electron transfer pathway for the HER. In a
1924theoretical study from Qiao et al., N/S-codoped carbons
1925displayed the highest HER performance compared to N-, N/
1926B-, and N/P-(co)doped carbons.251 These results implied that
1927the hydrogen adsorption energy was crucial to determining the
1928HER process.
1929Even though S atoms have the same electronegativity as C
1930atoms, their large atomic size and unique electron config-
1931uration could lead to numerous unexpected properties, i.e.,
1932redistribution of the spin density and creation of defects inside
1933the carbon framework. At the same time, incorporation of N
1934atoms could further bring about favorable electronic proper-
1935ties, making N/S-codoped porous carbons promising in the
1936field of electrochemical applications.
19373.5.3. N, Se Codoping. Selenium, as one of the chalcogen
1938elements, has similar chemical properties but a larger atomic
1939size and a higher polarizability compared to sulfur.252 Very
1940recently, Wang’s group successfully achieved molecular doping
1941of Se atoms into carbon membranes by direct carbonization of
1942 f29a PIL porous membrane bearing a Se(CN)2

− anion (Figure
1943 f2929).162 As a semimetal, the Se atoms were found to bond to
1944adjacent carbons with a uniform atomic dispersion throughout
1945the carbon framework (Figure 15). Analogous to bulk doping,
1946it is crucial to tune the electronic structure of carbons because
1947covalent incorporation of Se atoms can readily induce strain,
1948defects, and charged species into the carbon matrix. The XRD
1949spectra confirmed that molecular doping of Se could enlarge
1950the interlayer spacing (d002) of graphitic domains, which is
1951favorable for ion transfer. EXAFS spectra and STEM images
1952confirmed that each Se atom existed individually in the carbon

Figure 29. (a−c) Digital photograph, cross-sectional SEM image, and HRTEM image of carbon membranes. (d−g) STEM image and
corresponding elemental mapping. Reproduced with permission from ref 162. Copyright 2019 Wiley-VCH.
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1953 framework, located at the edge of graphitic domains in the
1954 membrane. The valence state of Se was between 0 and +4
1955 according to XANES, indicative of a positive charge character-
1956 istic. The enlarged graphitic layer, positively charged Se atoms,
1957 and hierarchically porous membrane structure endowed the
1958 membrane with striking hydrazine oxidation performance in
1959 practical hydrazine fuel cells.
1960 As an emerging doping element, Se is starting to become
1961 relevant in various applications. It is important to note that
1962 how the large atomic size and “semimetal-like” properties of Se
1963 could impact intrinsic carbon properties remains largely
1964 unknown. Therefore, it is possible that synergistic interplay
1965 between Se doping and other heteroatoms might lead to
1966 unexpected results.
1967 3.5.4. N, P Codoping. Yuan et al. constructed N/P-
1968 codoped microporous carbon spheres by direct carbonization
1969 of self-assembled PDA with diphosphonic acid.253 The
1970 utilization of diphosphonic acid was particularly interesting
1971 because it not only initiated the self-polymerization of
1972 dopamine but also induced the acid−base interaction with
1973 amine to incorporate P moieties into the polymer backbones.
1974 During the carbonization process with F127 as the porogen,
1975 the P/N moieties inevitably fused into the carbon matrix.
1976 These P/N-codoped porous carbons demonstrated a high
1977 performance in the ORR and HER. In 2015, Dai and
1978 colleagues reported the first N/P-codoped porous nanocarbon
1979 foams as efficient bifunctional electrocatalysts for the ORR and
1980 OER in Zn-air batteries.71 The porosity and N/P doping level
1981 of porous nanocarbon foams could be well tailored by the
1982 carbonization temperature to optimize the electrocatalytic
1983 performance (e.g., NPMC-1000 or NPMC-1100). The first-
1984 principles DFT calculations revealed that the N/P-codoped
1985 carbons exhibited the lowest ORR and OER overpotentials

1986compared to those of individual N- or P-doped carbons and
1987even the state-of-the-art Pt and RuO2 electrocatalysts in
1988alkaline media. Later, in 2018, the same group constructed
1989microporous N/P-codoped graphitic nanosheets by thermal
1990annealing of conjugated microporous polymers in the presence
1991of phytic acid.254 Interestingly, incorporation of P was found to
1992enhance SBET due to a carbon-etching process. The XRD
1993profiles indicated an increased interlayer spacing, suggesting
1994that P atoms were doped into the carbon matrix. The
1995enhanced ID/IG ratio in the Raman spectra was also attributed
1996to the P doping and edge defects associated with the porous
1997structures of the carbon network. As a consequence, through
1998the synergistic effects between N and P, the enhanced
1999microstructures of N/P-codoped porous carbons presented
2000superior electrocatalytic activity for the ORR with a low
2001overpotential, a high current density, and good stability over
2002the entire pH range.
20033.5.5. Ternary Doping by Three Types of Heter-
2004oatoms. Ternary-doped porous carbons are rarely reported.
2005In early 2012, Woo et al. reported post-treatment of
2006synthesized N-doped carbons with boric acid and phosphoric
2007acid to construct N/B/P ternary-doped carbons.255 This work
2008showed that B effectively reinforced the sp2 structure of
2009carbon, N increased the portion of pyridinic N, and the larger
2010atomic size P could severely distort the carbon framework to
2011add edges. Therefore, the N/B- and N/P-codoped carbons
2012showed 1.2 and 2.1 times higher ORR activity than that of N-
2013doped carbons, while N/B/P ternary doping further improved
2014the ORR activity, as the additional doping of B and P was
2015expected to promote an asymmetric atomic spin density as well
2016as charge localization of the carbon atoms.
2017Recently, Song et al. developed N/S/P ternary-doped
2018carbocatalysts by carbonization of poly(cyclotriphosphazene-

Figure 30. Schematic illustration of carbon materials with different morphologies.
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2019 co-4,4′-sulfonyldiphenol) (PZS)-coated ZIF-67 followed by
2020 acid etching to remove metals.256 The TEM images of ZIF-67
2021 displayed a typical polyhedral structure, which was well
2022 maintained after coating with PZS and carbonization. After
2023 acid etching, hollow carbon shells of ca. 20 nm in thickness
2024 were obtained. Remarkably, the hollow carbon shells exhibited
2025 a high SBET value of 1020 m2 g−1 with a pore size of 4.3 nm.
2026 Moreover, the introduction of heteroatoms readily changed the
2027 surface wettability of the carbon materials, which made them
2028 well dispersed in aqueous solution. In addition, the
2029 incorporation of N into the carbon materials was considered
2030 important to activate the C−H bond, while the N/S codoping
2031 could modulate the carbon electronic structure. Therefore, the
2032 N/S/P-codoped carbon exhibited high selectivity in the
2033 oxidation of aromatic alkanes in an aqueous solution.
2034 Multiheteroatom doping of porous carbons is apparently
2035 also beneficial for a variety of applications. N Doping can
2036 change the electronic structure and promote the conductivity;
2037 B doping can increase the in-plane defects and even act as
2038 electron-deficient sites for various reactions; and P, S, and Se
2039 doping can enlarge the interlayer spacing and cause significant
2040 lattice distortion and defects, thus making carbons chemically
2041 more active. Furthermore, the asymmetrical spin and charge
2042 density induced by these large heteroatoms could functionalize
2043 the carbon materials. Therefore, carefully designed multi-

2044heteroatom doping can work synergistically, and the detailed
2045interplay mechanism has yet to be fully understood.

4. MORPHOLOGICAL CONTROL OF POROUS
2046CARBONS
2047In addition to the intrinsic chemical composition, the
2048morphology of heteroatom-doped carbons is related to their
2049electronic properties and corresponding electrochemical
2050performances. The surface areas and mass transport
2051capabilities vary greatly among 0D nanoparticles, 1D fibers
2052and tubes, 2D sheets, and 3D bulk. Therefore, the choice of the
2053carbon morphology has been widely studied in the literature.
2054In this section, we highlight some particularly interesting
2055morphologies involved in porous carbons derived from
2056polymers ranging from porous particles to fibers, nanotubes,
2057films, and freestanding membranes along with their corre-
2058sponding processing techniques and their specific applications
2059 f30(Figure 30).

4.1. Heteroatom-Doped Porous Carbon Particles

2060Porous carbon particles, such as nano/microspheres, bubble-
2061like hollow particles, and particles with anisotropic/asymmetric
2062morphologies, are unique in terms of a low apparent density, a
2063low percolation threshold, a high surface-to-volume ratio, and
2064high thermal and chemical stability.257 Comparably, porous
2065carbon particles have obvious merits such as being easier to

Figure 31. (a) Schematic diagram of the synthetic procedure for CQDs from PAA and EDA. (b) HRTEM image of the CQDs. The inset shows the
photoluminescence excitation and emission (300−440 nm) spectra. Reproduced with permission from ref 268. Copyright 2016 Royal Society of
Chemistry. (c) Schematic illustration of the synthesis of CQDs from a PAMAM dendrimer and their exemplary applications. (d) HRTEM image of
CQDs along with a particle size distribution plot (inset). Reproduced with permission from ref 269. Copyright 2017 Elsevier.
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2066 disperse, having shorter pathways from the bulk to the particle
2067 surface for electron transfer, and having more accessible active
2068 sites.258 To date, polymer-derived porous carbon particles have
2069 been prepared via different approaches, including hard and soft
2070 template methods, controlled polymerization methods, and
2071 Stöber-based methods.257−260 In this section, porous carbon
2072 particles with different structural features, including nano/
2073 microspheres, hollow porous particles, and anisotropic/
2074 asymmetric porous carbon particles, will be discussed.
2075 4.1.1. Carbon Quantum Dots (CQDs). Though the
2076 chemical nature and origin of the optical properties of carbon
2077 quantum dots (CQDs) are still under debate, they have
2078 emerged as innovative carbon-based sub-10-nm nanoparticles
2079 with interesting properties due to the quantum confinement
2080 effect, i.e., a carbonaceous version of classic quantum dots in
2081 nanoscience. CQDs feature unique properties, including a
2082 small size that is rather unusual for carbons, fluorescence
2083 emission, chemical stability, water solubility, easy synthesis,
2084 and the possibility of surface functionalization, plus geo-
2085 graphically unlimited access to carbon precursors globally.
2086 Because of the combined property profile, CQDs are a rising
2087 star in the field of nanostructured carbon materials widely
2088 studied for imaging, sensing, drug delivery, optics, and
2089 catalysis.261 Multiple techniques have been developed to
2090 prepare CQDs simply and inexpensively, such as the
2091 hydrothermal method, electrochemical synthesis, the arc-
2092 discharge method, and microwave pyrolysis.261−263 These
2093 top-down or bottom-up methods involve several categories of
2094 precursors covering bulk carbon, small organic molecules,
2095 natural polymers, and synthetic polymers. Among them,
2096 natural and synthetic polymer precursors provide more
2097 synthetic flexibilities on the basis of their tunable structures
2098 to define their positive, negative, zwitterionic or nonionic, and
2099 hydrophilic or hydrophobic features.
2100 Many natural polymers have been reported for the synthesis
2101 of CQDs, including chitosan, xylan, citrus pectin, silk fibroin,
2102 gelatin, and polysaccharide.264 As an example, CQDs of 4−7

2103nm in size with a remarkably high quantum yield (QY) of 43%,
2104excellent photostability, and low cytotoxicity were hydro-
2105thermally synthesized from chitosan at 180 °C for 12 h and
2106used as a cell imaging agent.265 The high QY was possibly
2107attributed to the inherent nitrogen doping effect endowed by
2108the chitosan precursor. In addition to chemically pure natural
2109polymers, direct use of crude natural materials (including
2110biomass) as CQD precursors has appeared as a hot topic due
2111to their renewable feature with little to no involvement of toxic
2112chemicals. For instance, amphibious CQDs of 2−5 nm could
2113be prepared by hydrothermal treatment of peach gum
2114polysaccharide at 180 °C for 12 h.266 The obtained CQDs
2115exhibited strong photoluminescence and excellent dispersibility
2116both in water and in organic solvents. More natural polymeric
2117precursors, e.g., cashew gum, peanut shell, sweet potato,
2118pomelo peel, grass, egg white or egg yolk, bagasse, paper ash,
2119plant leaf, and plant peel, used to generate CQDs were
2120summarized in earlier reviews.264,267

2121Compared to abundant, diverse natural polymer precursors,
2122by taking advantage of the controllable chemical structures of
2123synthetic polymers, CQDs for target applications can be
2124designed and synthesized from different types of synthetic
2125polymers, including negative/zwitterionic/neutral and hydro-
2126philic/hydrophobic ones.264 Typically, N-doped CQDs can be
2127generated from N-containing polymers, such as polyethylenei-
2128mine, polyacrylamide, polydopamine, and polyamidoamine
2129dendrimers. Using a polyamidoamine (PAMAM) dendrimer as
2130a precursor, CQDs with a QY of 40% were synthesized
2131through a hydrothermal process. They were further hybridized
2132with poly(N-isopropylacrylamide) and used for sensitive
2133detection of Fe3+, as printing ink, and in thermosensitive
2134 f31devices (Figure 31a,b).268 Tao et al. reported the synthesis of
2135fluorescent CQDs (20−30 nm) with an absolute QY of 44%
2136by hydrothermally cross-linking poly(acrylic acid) (PAA, MW
2137= 3500 g/mol) and ethylenediamine (EDA).269 The
2138fluorescence mechanism was studied by investigating the
2139optical properties of individually or co-treated PAA and EDA

Figure 32. Formation process for the N-doped mesoporous carbon nanospheres with various morphologies prepared by the versatile nanoemulsion
assembly approach and corresponding TEM images of the carbon nanospheres. Reproduced with permission from ref 274. Copyright 2019
American Chemical Society.
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2140 products. It was revealed that the synergistic effect of PAA
2141 chains and fluorescence centers in EDA might contribute to
2142 the fluorescence. Specifically, the PAA chains were considered
2143 to decrease the motion freedom and provide a solvation effect
2144 by cross-linking and wrapping the fluorescence centers of EDA,
2145 leading to improved QY and red-shifted emission (Figure
2146 31c,d).
2147 In other studies, efforts have been made to address the
2148 aggregation problem of CQDs,270 which hinders their
2149 applications in imaging and drug delivery. To this end,
2150 “zwitterionic polymers” containing equimolar anionic and
2151 cationic groups in their structures have been recently explored
2152 through a simple microwave heating method.270 In addition to
2153 their well-known superhydrophilic and antifouling properties
2154 in resisting nonspecific binding of proteins, cells, and
2155 microorganisms, zwitterionic polymers have also been
2156 demonstrated to efficiently protect nanoparticles from
2157 aggregation.271,272

2158 4.1.2. Porous Carbon Spheres. Carbon nanospheres are
2159 widely used in drug delivery, heterogeneous catalysis, and
2160 encapsulation of support and electrode materials. Precise
2161 control of the particle size, chemical composition, pore size,
2162 and dispersity of carbon nanospheres has been enabled by the
2163 rapid progress in synthesis. A number of strategies, such as
2164 extended Stöber synthesis, templating routes, and organic−
2165 organic self-assembly via different binding methods, have been

2166widely reported. Stöber synthesis is a typical sol−gel approach
2167for preparing monodisperse silica spheres, which has been
2168extended to prepare porous carbon spheres by ammonia-
2169catalyzed polymerization of resorcinol and formaldehyde in the
2170ethanol−water phase, followed by carbonization in an inert
2171atmosphere.260 By using suitable precursors, heteroatom-rich
2172carbon spheres with unique porous structures can be fabricated
2173via the extended Stöber-based method.273 As discussed in
2174section 2.1.1, by using the micelles of block polymers as a soft
2175template, a coassembly strategy was developed by Yamauchi et
2176al. to prepare N-doped carbon spheres with large mesopore
2177sizes.56 This unconventional templating and coassembly
2178method sheds light on the role of the interfacial interactions
2179between soft templates and carbon precursors, which allows
2180the synthesis of various carbon nanospheres with tunable pore
2181sizes and chemical components. Very recently, Zhao et al.
2182extended this method to prepare N-doped carbon nanospheres
2183with high uniformity and large tunable pore sizes ranging from
2184 f325 to 37 nm (Figure 32).274 In this work, dopamine was used as
2185the carbon precursor and F127 as the soft template. TMB was
2186used to control the formation of a uniform Pluronic F127/
2187TMB/dopamine microemulsion in the ethanol/water system.
2188They showed that TMB not only plays an important role in the
2189evolution of pore sizes but also significantly affects the
2190interfacial interaction between the soft template and carbon
2191precursor. After the polymerization of dopamine and

Figure 33. (a) Schematic illustration of the silica-assisted PB coating strategy for the synthesis of N-HCSs, N-HPCSs, and N-HPCBs. SEM images
of (b) HCSs, (c) N-HCSs, (d) N-HPCSs, and (e, f) N-HPCBs. TEM images of (g) HCSs, (h) N-HCSs, (i) N-HPCSs, and (j) N-HPCBs (inset:
optical image of the dispersed solution of N-HPCBs and the corresponding Tyndall effect). Reproduced with permission from ref 282. Copyright
2016 Wiley-VCH. (k) Schematic mechanism of the growth of HOCFs. (1) Formation of nanoemulsions. (2) Formation of openings: (2−1, 2−2)
PEO blocks caused the nanoemulsions to swell. (2−3, 2−4) The shells were cracked by the tensile stress. (3) Formation of necks: the derivatives
filled in, and the nanoemulsion flowed out gradually. (l−o) SEM and (p−s) TEM images of the HOCFs prepared with different hydrothermal
times: (l and p) for 8 h, (m and q) for 12 h, (n and r) for 21 h, and (o and s) for 24 h. Reproduced with permission from ref 283. Copyright 2017
American Chemical Society.
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2192 subsequent carbonization, N-doped carbon nanospheres with
2193 diverse novel structures, such as smooth, golf ball, multi-
2194 chambered, and dendritic architectures, could be obtained.
2195 The uniform dendritic mesoporous carbon nanospheres
2196 showed a large pore size (∼37 nm), a small particle size
2197 (∼128 nm), a high surface area (∼635 m2 g−1), and abundant
2198 N content (∼6.8 wt %) and delivered a high current density
2199 and an excellent durability for the ORR in alkaline solution.
2200 This microemulsion strategy provides new insights into the
2201 interfacial assembly and synthesis of mesoporous carbons
2202 beyond conventional block copolymer templating.
2203 Other methods, such as spray carbonization, autogenic
2204 pressure carbonization, or hydrothermal carbonization of
2205 biomass-based resources, are available to construct carbon
2206 spheres.275−277 Utilizing polymers as carbonization precursors
2207 is particularly intriguing, as it demonstrates a facile, versatile
2208 strategy for manufacturing carbon materials with tailored
2209 morphologies (in this case, carbon spheres) along with
2210 heteroatom doping without complicated post-treatment.
2211 4.1.3. Hollow Porous Particles and Anisotropic/
2212 Asymmetric Porous Carbon Particles. The template
2213 approach also provides opportunities for developing various
2214 anisotropic or asymmetric porous carbon particles, such as
2215 bowl-like, concave, Janus, rattle-type, and patchy par-
2216 ticles.57,277−280 Strategies involving hard, soft, and self-
2217 templating methods have been successfully explored for the
2218 fabrication of heteroatom-doped carbon particles with
2219 anisotropic or asymmetric shapes.277−281 The hard template
2220 method has been used frequently owing to the well-established
2221 preparation of solid anisotropic polymer nanostructures
2222 through approaches ranging from stretching to controlled
2223 deformation methods, microfluidic and photolithographic
2224 approaches, single-phase swelling reformation, and seeded
2225 polymerization.281 Compared with polymer templates, the
2226 creation of anisotropic/asymmetric inorganic templates, such
2227 as silica, remains a challenge, especially by wet chemical
2228 approaches owing to the natural primary principle of symmetry
2229 that leads to isotropic morphologies. Very few works have been
2230 reported on the fabrication of asymmetric carbon particles by
2231 employing isotropic silica nanospheres as templates. One
2232 example was given by Zheng et al. in 2016. They synthesized
2233 N-doped hollow carbon spheres (N-HCSs) and their bowl-like
2234 (N-HCB) counterparts by applying polybenzoxazine (PB) in
2235 the Stöber coating method for template synthesis.282 In their
2236 work, SiO2 spheres were used as a template, and resorcinol/
2237 formaldehyde/ethylenediamine (EDA) was used as the PB
2238 precursor. PB-coated SiO2 spheres (SiO2@PB) were first
2239 obtained via a modified Stöber coating process, i.e., a one-pot
2240 polymerization of the PB precursors in a mixture containing
2241 TEOS, ethanol, and H2O. N-Doped hollow porous carbon
2242 spheres (N-HPCSs) and bowls (N-HPCBs) could be obtained

f33 2243 after calcination and removal of the hard template (Figure
f33 2244 33a−j). The ratio of TEOS to EDA was crucial to determining

2245 the morphology of the carbon particles. In comparison with N-
2246 HPCSs, a higher concentration of TEOS was required to
2247 synthesize N-HPCBs. The formation mechanism of N-HPCBs
2248 was proposed to be that, after the removal of SiO2, the porous
2249 carbon framework in N-HPCBs was not rigid enough to
2250 support the hollow structure due to its high porosity, and the
2251 carbon shell thus collapsed into its internal cavity and finally
2252 formed a bowl-like structure.
2253 Most recently, new insights have been provided into the
2254 synthetic methodology beyond conventional hard and soft

2255template methods. A mechanism of synergetic interactions
2256between the template and biomass was applied by Wang’s
2257group to synthesize hollow open carbonaceous nanoflasks
2258(Figure 33k−s).283 In this work, P123 copolymer and sodium
2259oleate (SO) were chosen as double surfactants, while ribose
2260acted as a carbon source. The asymmetric carbon nanoflasks
2261were obtained via hydrothermal carbonization (HTC) treat-
2262ment of ribose in aqueous P123 and sodium oleate (SO).
2263During the HTC process, mixed micelles were first formed due
2264to the strong interaction between the two surfactants, which
2265were then transferred into nanoemulsions at high temperature.
2266These nanoemulsions were not stable at 160 °C due to the
2267vulnerable P123, which could be easily swollen by the
2268hydrophilic PEO blocks of P123, leading to cracking of
2269carbonaceous polymer shells at the interface, facilitating the
2270anisotropic deposition of biomass polymers. The necks of the
2271nanoflasks could be derived from the anisotropic growth of
2272carbonaceous shells at the newly formed interface of the
2273broken nanoemulsions driven by the gradual filling by
2274oligomers from the biomass. The resulting carbonaceous
2275nanoflasks showed a narrow size distribution and excellent
2276performance in supercapacitor devices. Their proposed
2277dynamic process induced by the synergetic interactions
2278between the template and biomass would enable access to
2279novel inspirational methodologies for fabrication of carbona-
2280ceous materials of high structural complexity.

4.2. Heteroatom-Doped Porous Carbon Fibers and Tubes

22814.2.1. Porous Carbon Fibers. With the rapid develop-
2282ment of portable and wearable electronics, carbon fibers are
2283receiving increasing attention due to their light weight, high
2284conductivity, large surface area, high chemical stability, and
2285outstanding mechanical strength.284 In fact, fibrous carbon
2286materials have already been applied in the field of flexible
2287devices as sensors,285−290 actuators,291−296 energy storage
2288materials,297−301 and many more. Although conventional
2289carbon fibers can be made from CNTs or graphene, these
2290processes usually require transition metals as catalysts, which
2291causes concerns in applications where even trace fractions of
2292metals are a problem. Furthermore, the high price of CNT-
2293based fibers hinders their daily usage. In this regard, direct
2294carbonization of polymers to fabricate carbon fibers aims to
2295provide a low-cost yet versatile approach to produce carbon
2296fibers for diverse applications. In this section, we will highlight
2297some of the representative heteroatom-doped porous carbon
2298fibers derived from polymers.
2299CNFs can be prepared mainly by two methods. One is
2300catalytic thermal chemical vapor deposition growth, and the
2301other is electrospinning followed by thermal annealing. As a
2302versatile, cost-effective and simple technology for preparing
2303polymer-derived CNFs as well as their composites with
2304controllable architectural parameters, electrospinning is already
2305widely applied in both industrial production and research
2306laboratories. The principle of electrospinning has been well
2307introduced in several previous reviews on electrospun materials
2308for energy-related applications.297 To date, the polymer fibers
2309that serve as carbon fiber precursors can be polyacrylonitrile
2310(PAN), polyimide, poly(vinyl alcohol), poly(vinylidene
2311fluoride), and pitch. Among them, PAN is one of the most
2312common because it can rearrange into thermally stable
2313pyrazine ladder polymers prior to carbonization at elevated
2314temperature. Recently, Wu et al. fabricated carbon fibers by
2315carbonization of electrospun polymer fibers using PAN and
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2316 H3PO4 as precursors.302 The as-obtained carbon fibers
2317 possessed more defects and less long-range order in the
2318 carbon network, and the interlayer spacing was significantly
2319 expanded by the incorporation of P. This enlarged d-spacing
2320 and defect-laden N, P-codoped carbon fiber exhibited excellent
2321 performance in sodium batteries as a fiber electrode. It was
2322 demonstrated that adding inorganic salts into the spinning
2323 solution is an effective route toward the preparation of
2324 advanced carbon fiber composites. For example, PAN and
2325 Fe(acetate)3 can be directly codissolved in N,N-dimethylfor-
2326 mamide (DMF) and electrospun into Fe(acetate)3−PAN

f34 2327 composite fibers (Figure 34a−c).303 Fe NP-functionalized
2328 carbon fibers could be readily prepared by carbonization of
2329 Fe(acetate)3−PAN fibers.
2330 PILs have recently emerged as a new type of carbon
2331 precursor. Their tunable chemical compositions and structures
2332 endow them with a myriad of opportunities to fabricate
2333 advanced carbon fibers. For instance, Yuan et al. first
2334 synthesized a PIL with dicyanamide counteranions, which
2335 are known for undergoing condensation reactions at 280−300
2336 °C to stabilize the carbon network. N-Doped carbon fibers
2337 with a high conductivity of 200 ± 60 S cm−1 could be easily

2338obtained by direct carbonization of PIL-based fibers under
2339rather moderate conditions.304

2340Owing to their light weight, high conductivity, and chemical
2341stability, macroscopic flexible carbon fibers are extremely
2342appealing for flexible devices. It is believed that the
2343development of thermally stable polymer fibers that can be
2344converted into carbon fibers could provide a versatile platform
2345to fabricate fiber electrodes for conduction, electron storage,
2346and energy conversion.
23474.2.2. Porous Carbon Tubes. Heteroatom-doped carbon
2348micro/nanotubes used as electrode materials for batteries have
2349shown significant advantages compared to fiber materials due
2350to their enhanced surface-to-volume ratio for the electrode−
2351electrolyte interface.305,306 Moreover, these 1D hollow carbon
2352tubes can be easily functionalized with various secondary
2353structural components to meet the requirements of energy
2354conversion and storage devices for real-life applications. For
2355instance, Lee et al. successfully fabricated N-doped hollow
2356CNFs by carbonization of polymer fibers. They first prepared
2357core−shell structured polymer fibers utilizing the coaxial
2358electrospinning technique, in which PS-co-PAN (SAN) was
2359the core and PAN was the shell material.140 Before

Figure 34. (a) Synthesis scheme of N-doped carbon fibers and membranes by electrospinning. (b, c) SEM images of N-doped carbon fibers
prepared from electrospun fibers. Reproduced with permission from ref 303. Copyright 2018 Wiley-VCH. (d) Schematic illustration of the
production of HCSs@CT with the assistance of the dual template formed by confined assembly. In the enlarged view of HCSs@CT, meso/
macropores are visualized between the interconnection of HCSs and the connection of the CT and HCSs (green spheres show the internal
circumstances of HCSs). (e) TEM and (f) SEM images of the obtained HCSs@CT. Reproduced with permission from ref 307. Copyright 2018
Wiley-VCH.
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2360 carbonization, these as-spun nanofibers were first stabilized at
2361 270−300 °C for 1 h in air and then pyrolyzed at 800, 1000,
2362 1200, and 1600 °C for 1 h under nitrogen. During thermal
2363 treatment, the core component burned out, and linear PAN
2364 molecules could be transformed into ladder structures and
2365 then further carbonized into N-doped hollow carbon fibers.
2366 The large continuous central porous structure in the N-doped
2367 hollow carbon fibers facilitates the penetration of Li+-carrying
2368 electrolyte into the inner part of the carbon fibers, thus
2369 promoting the full use of the active lithium-storage part and
2370 improving the performance of the lithium battery.
2371 Apart from the electrospinning technique, porous carbon
2372 tubes were also achieved in the laboratory by template
2373 methods. For example, heteroatom-doped carbon nanotubes
2374 can be produced using anodic aluminum oxide (AAO)
2375 membranes (200 nm in channel size) as hard templates. The
2376 inner channel of AAO was filled with a heteroatom-rich
2377 polymer solution driven by capillary force, where a thin
2378 polymeric coating layer formed upon evaporation of the
2379 solvent. The thickness of the coating layer could be fine-tuned
2380 by the polymer concentration. The polymer tubes on the walls
2381 of AAO were then carbonized into heteroatom-doped carbon
2382 nanotubes. Furthermore, by introducing a second inorganic
2383 template into the AAO channels, hierarchical porous carbon
2384 tubes could be obtained after removal of the template. For
2385 instance, Yang’s group constructed a sphere-in-tube structure
2386 by using AAO and SiO2 nanoparticles as co-templates, where
2387 hollow carbon spheres were encapsulated in a carbon nanotube
2388 (HCSs@CT) after removal of the AAO and SiO2 nano-
2389 particles.307 In their approach, confined assembly of SiO2
2390 nanoparticles in the channels of AAO generated a SiO2@

2391AAO co-template for subsequent filling with polypyrrole,
2392followed by carbonization and template removal to form N-
2393doped HCSs@CT (Figure 34d−f). At the same time, Zhang’s
2394group similarly prepared porous carbon tubes as cathode
2395materials for Li−S batteries.308 This novel architecture
2396combines several merits for electrode application: (1)
2397optimized utilization of the carbon nanotube intracavity to
2398improve SBET; (2) a hierarchical porous structure (micro/
2399meso/macropores) for rapid electrolyte access; (3) a high
2400charge transport capability; and (4) a N doping effect resulting
2401from the N-rich carbon precursor. In this context, heteroatom-
2402doped carbon materials with such architectures function not
2403only in lithium batteries but also in supercapacitors due to
2404their high surface area, well-defined porous structures, good
2405electrical conductivity, and long-term stability.

4.3. Heteroatom-Doped Porous Carbon Thin Films and
2406Membranes

2407Porous carbon films and membranes with large sizes are highly
2408valued, especially for electronics and electrochemical applica-
2409tions, catalysis, separation, and purification, due to their
2410structural integrity, continuity, and purity.309 Such applications
2411require carbon materials with a large and easily accessible
2412surface. Additional requirements could be good conductivity,
2413efficient mass transport of chemical species to and from the
2414surface, or the capability to deform through bending, buckling,
2415twisting, rotation, and so on. In this regard, a well-defined
2416porous structure should be taken into account. To date, porous
2417carbon membranes have been synthesized via different
2418methods, including pyrolysis of block copolymer−colloidal
2419silica hybrids and direct carbonization of self-assembled

Figure 35. (a) Schematic illustration of the fabrication of nanoporous carbon fiber films. (b) Photographs of the resultant flexible nanoporous
carbon fiber films. Reproduced with permission from ref 324. Copyright 2016 Wiley-VCH. Photographs of (c) PIL wetted filter paper, (d) the
paper after carbonization at 400 °C, (e) bending test of the carbonaceous membrane paper, and (f) a carbonaceous strip cut from a carbonaceous
membrane. (g) Bending test of the strip. (h) Plots of the tensile testing experiments of carbon membranes derived from a pure cellulose filter
membrane (dotted line) and from a PIL-doped filter membrane (solid line). Reproduced with permission from ref 325. Copyright 2013 Royal
Society of Chemistry. (i) Preparation procedure of HNDCMs. (j) Cross-section scanning electron microscopy (SEM) image of HNDCM-100000
calcined at 1000 °C. (k) SEM image of the cross section of HNDCM-250000 calcined at 1000 °C; the scale bars in parts j and k are 20 μm. (l−n)
High-magnification images of part k. The scale bars represent 500 nm. Reproduced with permission from ref 146, licensed under CC BY.
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2420 heteroatom-rich polymer films and electrospun fiber-based
2421 polymer films.310,311

2422 Porous carbon films derived from carbon fibers are indeed
2423 widely applied in catalysis,312−316 energy storage,301,317−319

2424 separation,320−323 and so forth. Owing to the interconnected
2425 fiber network, these carbon films are composed of numerous
2426 macropores, which facilitate mass diffusion but also enable a
2427 sponge-like elasticity. For example, Yao et al. prepared
2428 nanoporous carbon fiber films by direct carbonization of an

f35 2429 electrospun polyimide (PI) film under Ar (Figure 35a).324 Due
2430 to the highly aromatic nature of PI, the structural integrity of
2431 the polymer films was largely maintained during carbonization.
2432 In addition, the as-obtained carbon films were flexible with an
2433 electrical conductivity of 147 S cm−1 and as such are useful in
2434 wearable devices (Figure 35b).
2435 As mentioned in the previous section, precursors to be
2436 carbonized in high mass yields and under structural
2437 preservation are rather limited to only a few polymers, which
2438 significantly hinders broader applications. To this end, Yuan et
2439 al. utilized ILs/PILs as efficient carbonization/activation
2440 coating agents to promote the co-conversion of diverse
2441 biopolymers.325 For example, commercially available cellulose
2442 filter membranes can be coated with ILs/PILs and are then
2443 sufficiently stable to undergo carbonization to form carbon
2444 membranes. Remarkably, such hybrid polymer carbon
2445 membranes display outstanding flexibility and high thermal
2446 stability (Figure 35c−h). Moreover, the introduction of N
2447 atoms by the IL/PIL coating significantly improves the
2448 oxidation stability of the final carbon membranes.
2449 In addition to fiber-based carbon films, a series of
2450 hierarchically structured porous carbon films/membranes
2451 have been synthesized via different techniques. For instance,
2452 Muench and co-workers synthesized hierarchically porous N-
2453 doped carbon membranes featuring continuously organized
2454 macro- and mesopore channels.326 This was achieved by

2455pyrolysis of ion-track-etched polyimide. In another example,
2456Wang and co-workers developed a bottom-up approach for the
2457fabrication of N-doped, hierarchically structured, graphitic
2458nanoporous carbon membranes (termed HNDCMs) through
2459morphology retaining carbonization of a porous PIL
2460membrane as a sacrificial template and a N/C precursor
2461(Figure 35i−n).146 Assembly of the polymeric precursor
2462occurred directly by interpolyelectrolyte complexation between
2463the cationic PIL and anionic neutralized poly(acrylic acid)
2464(PAA), thus resulting in parental porous polymer membranes.
2465In particular, the obtained carbon membrane exhibited an
2466unusual single-crystal-like carbon orientation in the wall and a
2467gradient size distribution of the pores along the membrane
2468cross-section. Moreover, the N-doped nanoporous carbon
2469membranes could be loaded with cobalt nanoparticles and
2470function as an active carbon-based bifunctional electrocatalyst
2471for overall water splitting. This promising strategy was then
2472extended as a scalable synthetic approach for multiheteroatom-
2473doped porous carbon membranes and applied for photo-
2474thermal conversion in seawater desalination.173

2475Considering the diverse structures of PILs, it has been
2476demonstrated that taking PIL-based assemblies as precursors
2477to manufacture heteroatom-doped porous carbon membranes
2478is promising. These membranes have already exhibited
2479advantages over their powdery counterparts in electrocatalytic
2480fields because they can be directly employed in devices,
2481avoiding the use of binders and powder grain surface
2482polarization.

4.4. Heteroatom-Doped Porous Carbon Foams and
2483Monoliths

2484“Bulk” carbons, such as porous carbon foams and monoliths,
2485have macroscopic 3D porous structures while being mechan-
2486ically robust and can operate even under extreme conditions
2487(high pressure or stress). Moreover, these 3D structured

Figure 36. (a) Schematic illustration of porous carbon foams derived from bread. (b) Photographs illustrating the mechanical properties and light
weight of the carbon foams. (c) Photographs illustrating the thermal stability of the carbon foams. Reproduced with permission from ref 338.
Copyright 2016 American Chemical Society. (d) Synthetic route toward porous carbon foams using P123 as a soft template. (e, f) SEM images of
the porous carbon foams. (g, h) Photograph illustrating the mechanical strength of the porous carbon foams. Reproduced with permission from ref
340. Copyright 2016 Elsevier.
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2488 carbons have a higher volume to take up guest molecules for
2489 capacity-limited real-life applications, such as energy stor-
2490 age,327−330 gas separation or storage,331,332 environmental
2491 remediation,333−337 and so forth.
2492 One of the most straightforward strategies for fabricating
2493 “bulk” porous carbon materials is direct carbonization of bulk
2494 biomass pieces. Li et al. prepared hierarchically nanoporous

f36 2495 carbon foams by carbonization of (porous) bread (Figure
f36 2496 36a).338 The porous architectures of carbon foam could be

2497 controlled by the amount of yeast and the strength of gluten.
2498 The carbon foam produced under optimized conditions
2499 exhibited an outstanding compressive strength of 3.6 MPa
2500 with a density of 0.29 g/cm−3, excellent thermal stability
2501 (Figure 36b,c), and a high SBET value of 988 m2/g.
2502 Carbonization of biomass with PILs could also lead to 3D
2503 porous carbon foam. Yuan et al. prepared porous carbon foams
2504 by carbonization of natural cotton in the presence of PILs.325

2505 In this process, the PILs effectively preserved the overall
2506 morphology and microtexture of the cotton. These sponge-like
2507 carbon foams removed methylene blue and crystal violet
2508 quickly from their aqueous solutions.
2509 In addition to the construction of porous bulk carbons from
2510 biomass polymers, synthetic polymers are an alternative. For
2511 example, Lu et al. prepared porous carbon monoliths through
2512 the self-assembly of poly(benzoxazine-co-resol) with the soft
2513 template Pluronic F127 followed by thermal annealing.339 The
2514 as-obtained porous N-doped carbon monoliths displayed a
2515 hierarchical nanoporous architecture with an SBET value of 670
2516 m2 g−1. Similarly, Wong et al. constructed N-doped hierarchi-
2517 cally porous carbon foams by direct carbonization of soft
2518 template (P123)-cast melamine foams (Figure 36d−f).340 In
2519 this process, the pyrolysis of P123 created micropores, while
2520 the macropores resulted from the release of volatiles at
2521 elevated temperatures. With an SBET value of 1231 m2 g−1,
2522 these hierarchically porous carbon foams were flexible and
2523 compressible (Figure 36g,h).
2524 One of the most unique features of carbon foams and
2525 monoliths is their 3D morphology and mechanical robustness,
2526 which facilitates reusability for practical handling. This unusual
2527 behavior can be mainly attributed to the hierarchically porous
2528 structure; as polymer-derived carbon materials are usually
2529 brittle and can sustain little compressive deformation. To date,
2530 both experimental and theoretical analyses have indicated that
2531 hierarchically porous structures are critical for the mechanical
2532 properties.

5. PORE ENGINEERING IN HETEROATOM-DOPED
2533 CARBONS DERIVED FROM POLYMERS

2534 A key feature of activated carbons is their high surface area and
2535 pore structure, which increases the absorption capacity for
2536 guest molecules. In this regard, porosity plays a pivotal role in
2537 determining their material performance. The pore size
2538 distribution (micro-, meso-, and macropores and hierarchical
2539 pores) is an intrinsic characteristic that determines the surface
2540 area and mass transport capability beyond the outer
2541 morphology. In this section, we summarize strategies to
2542 engineer pores in heteroatom-doped carbons derived from
2543 polymers.

5.1. Control of Microporosity

2544 5.1.1. Activation Approach to Construct Microporous
2545 Structures. We discussed above that the usage of template
2546 methods and the intrinsic nature of precursors generally create

2547meso- and macropores in carbons.11,341 The micropores in
2548carbons are usually formed by in situ activation during
2549carbonization or postsynthetic activation by gases (mainly
2550H2O steam or CO2) and alkalis, i.e., KOH.342−344 The first
2551technique is activation by gases at elevated temperature, which
2552is referred to as “physical activation”. The second technique is
2553activation by heating the solid mixture of carbon and KOH or
2554other chemicals in an inert atmosphere, which is known as
2555“chemical activation”. It is industrially well established that the
2556activation of carbon materials enhances their porosity and
2557pore-related performance.
2558Physical activation of nonporous or less porous carbon
2559materials by CO2 is well-known. Boudouard equilibrium
2560between CO2 and carbon produces CO gas at moderate
2561(600 °C) to high (approximately 1000 °C) temperatures,
2562which can be expressed as C + CO2 = 2CO (ΔH = +159 kJ/
2563mol). Significant amounts of carbon are thereby lost. Note that
2564the porosity is closely dependent on the activation temper-
2565ature, degree of burnoff, and CO2 flow rate. Apart from CO2,
2566activation gases such as water vapor345 and ammonia (NH3)

346

2567are also popular in industry. Water vapor activation could lead
2568to a large amount of micropores, accounting for 45−62% of
2569the total surface area of carbons. This value is higher than that
2570of CO2-activated carbon but still lower than that of KOH-
2571activated carbon. NH3 activation is another efficient way to
2572increase the SBET value and pore volume, as well as the N
2573content, of carbons. Note that NH3 activation can generate
2574extremely toxic HCN during the activation reaction and thus
2575should be avoided in the laboratory.
2576KOH is widely utilized to activate carbon material to create
2577micropores. The activation can be performed by heating a
2578physical mixture of carbon materials with solid KOH under N2
2579at a desired temperature (400−1000 °C). During this process,
2580KOH first melts and dehydrates into potassium oxide (K2O) at
2581approximately 400 °C. K2O is further reduced into intercalated
2582K by carbon at higher temperatures. Therefore, the
2583consumption of carbon during the reaction with K2O and
2584the intercalation of K into the graphitic stacks are considered
2585the two major factors for developing microporosity and a
2586higher SBET. This simple yet powerful chemical is broadly
2587employed in industry to construct well-defined micropores.
2588The textural properties of the carbons can be greatly varied by
2589tuning the quantity of KOH and the activation temperature.
2590Generally, the micropore volume, SBET, and total pore volume
2591increase with increasing mass ratio of KOH/carbon or
2592activation temperature. More KOH and a higher activation
2593temperature can cause high carbon burnoff, which is
2594undesirable from both economic and environmental perspec-
2595tives. Therefore, the trade-off between SBET and the carbon
2596yield is usually considered.
2597Similar to KOH activation, post-treatment or carbonization
2598in the presence of NH3 could also lead to microporosity and
2599favorable in situ N doping. As mentioned in the previous
2600section, NH3 will decompose into various radical species at
2601high temperature, which effectively etch the carbon framework
2602and create defects and a microporous structure. At the same
2603time, this process can also lead to in situ N doping. In an early
2604study, Jaouen et al. activated pristine carbons in the presence of
2605NH3.

347 This process can simultaneously create micropores
2606and N functionalities inside carbons. In another study, NH3-
2607pyrolyzed carbons displayed remarkable ORR activity
2608compared to Ar-pyrolyzed carbons, which was attributed to
2609their highly basic N functionalities and the existence of
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2610 porphyrin-like FeN4C12 moieties.348 Mukerjee et al. utilized a
2611 similar approach to activate carbon materials.349 During heat
2612 treatment with NH3, the remaining amorphous carbons were
2613 etched, and N functionalities were doped into the carbon
2614 scaffold. Other examples have also been reported, and
2615 improvements in various catalytic performances were ob-
2616 served.350,351 This strategy, compared to KOH activation, is
2617 less corrosive.
2618 To bypass the dilemma of using corrosive agents, the “salt
2619 templating” strategy was recently developed as an alternative
2620 solution to produce porous carbon materials with more
2621 micropores and small mesopores. As an example, Antonietti
2622 et al. employed different eutectic mixtures as a porogen in
2623 combination with an ionic liquid as a carbon source to
2624 construct porous materials with high surface areas ranging
2625 from 1000 to 2000 m2 g−1.118 The porogen salts included
2626 eutectic LiCl/ZnCl2 (Sm 294 °C), NaCl/ZnCl2 (Sm 270 °C),
2627 and KCl/ZnCl2 (Sm 230 °C), which can be recovered for
2628 further use, rendering sustainable salt recycling. Similarly,
2629 Matyjaszewski and colleagues utilized an aqueous solution of
2630 low molecular weight PAN and ZnCl2 as a template and
2631 effectively functionalized various carbonaceous materials. By
2632 templating in the presence of SiO2, nanoporous carbons with a
2633 high SBET up to 1776 m

2 g−1 were reported.352 Other examples,
2634 such as utilizing potassium oxalate,353 molten KCl,354 and
2635 molten ZnCl2,

355 to endow carbon materials with micro-

2636porosity have also been presented. These methods are highly
2637effective yet less corrosive, meaning that the overall
2638morphology and functionality of the materials could be well
2639retained after carbonization, especially compared to the rather
2640destructive KOH activation.
26415.1.2. Utilization of the Polymeric Structure and
2642Composition to Construct Microporous Structures. A
2643straightforward strategy to effectively construct a microporous
2644architecture in carbon without losing too much material is
2645desirable. The utilization of microporous polymeric structures
2646to construct microporous carbons is one of the most
2647commonly used methods. In particular, direct pyrolysis of
2648organic frameworks (MOFs, COFs, or COPs) to produce
2649porous carbons has recently stimulated much interest because
2650their intrinsic micropores could be partially retained during
2651carbonization. In addition, these organic polymeric frameworks
2652usually contain a high content of heteroatoms, which
2653simultaneously functionalize the product upon carbonization.
2654For example, Yu et al. prepared P-doped microporous carbon
2655by direct pyrolysis of ZIF-8 followed by encapsulation of red P
2656 f37into the microporous carbon (Figure 37a). The textural
2657morphology of the MOF was well preserved after the
2658carbonization process, and a polyhedron-like carbon material
2659was isolated.356 After the removal of metallic Zn with HCl
2660washing, the SBET value of the polyhedron-like carbon reached
26611135.1 m2 g−1 with a uniform narrow pore size distribution of

Figure 37. (a) Synthetic route toward microporous carbon materials derived from ZIF-8. Reproduced with permission from ref 356. Copyright
2017 Wiley-VCH. (b) Schematic diagram of the synthesis of COPs as carbonaceous precursors. Reproduced with permission from ref 358.
Copyright 2014 Wiley-VCH.
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2662 approximately 0.5 nm. Such microporous architectures are
2663 favorable for the diffusion of guest molecules. Similarly, Park
2664 and colleagues presented the synthesis of highly porous
2665 carbons derived from a MOF with a narrow pore size centered
2666 at 1.3 nm.357 These microporous carbons exhibited BET
2667 specific surface areas as high as 3447 m2 g−1 and showed great
2668 promise in H2 storage. Despite the great potential of MOFs in

2669the synthesis of N-doped porous carbons, we will not expand
2670upon this area in this Review, as, strictly speaking, MOFs as a
2671rising group of carbon precursors are not directly related to
2672polymers.
2673In addition to MOFs, Dai et al. specifically designed and
2674synthesized a series of COPs with different N distributions and
2675hole sizes (Figure 37b).358 The subsequent carbonization of

Figure 38. (a) Synthetic route toward N-doped nanoporous carbons from phase-separated block copolymers. Reproduced with permission from ref
73. Copyright 2012 American Chemical Society. AFM height images of PAN-b-PMMA-derived mesoporous carbon thin film after thermal
annealing at (b) 100 °C, (c) 140 °C, (d) 180 °C, (e) 220 °C, (f) 260 °C, and (g) 300 °C for 1 h before carbonization. Reproduced with permission
from ref 369. Copyright 2017 Wiley-VCH.
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2676 these COPs created well-controlled N-doped holey graphitic
2677 carbon materials with average pore sizes below 1 nm. Similarly,
2678 Shiraki et al. constructed microporous N-doped carbons by
2679 direct carbonization of COFs with an azine-linked 2D
2680 molecular network.359 Interestingly, the carbonized COFs
2681 displayed a higher SBET value (1596 m2 g−1) than pristine
2682 COFs (1168 m2 g−1). The pore size was found to be reduced
2683 from 0.97 to 0.68 nm after carbonization, indicating partial
2684 shrinkage of the porous structure during the carbonization
2685 process. Recently, Bai and colleagues utilized a thermally stable
2686 covalent triazine framework and constructed a microporous
2687 carbon nitride-like material through direct carbonization.360

2688 Remarkably, the as-obtained carbon nitride displayed a
2689 uniform pore size distribution of approximately 0.5 nm and a
2690 maximum surface area of 401 m2 g−1. These examples prove
2691 that carbonization of predesigned microporous precursors is a
2692 valid method to directly prepare microporous carbons.
2693 Composition engineering is another effective strategy to
2694 construct microporosity inside carbons. Previously, Dai et al.
2695 demonstrated that, by engineering the counteranion of an ionic
2696 liquid, well-developed microporous structures can be achieved
2697 without using either templates or activating agents.361 In this
2698 regard, by carefully tailoring the composition of PILs with
2699 certain anions, e.g., bis(trifluoromethane sulfonyl)imide
2700 (TFSI), Yuan et al. demonstrated that direct pyrolysis of
2701 poly(3-cyanomethyl-1-vinylimidazolium TFSI) can effectively
2702 afford microporous N-doped carbons.145 Remarkably, micro-
2703 pores of the size of the counterion were dominant, coexisting
2704 with only a small amount of mesopores less than 5 nm, while
2705 mesopores larger than 5 nm and macropores were essentially
2706 absent. It is believed that the bulky counteranion TFSI was
2707 aggregated and evaporated in protonated form during
2708 carbonization, thereby creating micropores in the carbons.
2709 This feature was particularly important because the polymeric
2710 cation could be utilized as both carbon and heteroatom
2711 sources, while the counteranion could simultaneously act as a
2712 molecular template of sufficient size. Taking advantage of the
2713 ionic nature of PILs, Wang et al. utilized electrostatic cross-
2714 linking of the cation of PILs with poly(acrylic acid) and
2715 constructed porous PIL membranes.146 The subsequent
2716 carbonization ultimately led to hierarchical N-doped porous
2717 carbon membranes. Notably, the large macroporous structure
2718 was constructed by electrostatic cross-linking, while the
2719 micropores were simultaneously derived from the counter-
2720 anion TFSI upon carbonization. Moreover, these PILs could
2721 be used as activating agents to create micropores in various
2722 carbonaceous species upon carbonization. Wang et al. utilized
2723 PILs as surface active agents and effectively constructed
2724 nanoporous N-doped carbon materials with SBET up to 496 m2

2725 g−1 by hydrothermal carbonization.362 Without PIL additives,
2726 the as-obtained carbons showed small SBET and were basically
2727 nonporous. Similarly, PILs could also be utilized to activate
2728 already condensed carbon materials. Yuan et al. prepared N-
2729 doped nanoporous carbon composites by incorporating PILs
2730 and carbon nitride as precursors.363 Remarkably, the carbon
2731 nitride became highly porous, and the SBET was boosted up to
2732 1120 m2 g−1 with the addition of PILs.
2733 Utilizing the polymeric structure and composition to directly
2734 obtain carbon materials with microporous structures is efficient
2735 and avoids the drawbacks of the other techniques discussed
2736 above. With their highly tunable chemical composition and
2737 surface activating nature, PILs have proven to be an especially
2738 promising carbonaceous precursor to build microporous

2739carbon materials with various morphologies. More importantly,
2740these PILs are by their construction rich in heteroatoms such
2741as N, S, or P, which can in turn be incorporated into carbon
2742materials without any postsynthetic treatment, providing a
2743versatile platform to design microporous carbon materials with
2744desirable heteroatom doping.

5.2. Control of Mesoporosity

2745One of the most fundamental characteristics of block
2746copolymers is their ability to form versatile morphologies via
2747phase separation in selective solvents. Especially, with different
2748chemical compositions, a variety of beautiful mesostructures,
2749such as cubes, cylinders, or lamellae, can be well constructed.
2750In this regard, porous carbon materials derived from block
2751copolymers are particularly interesting, as no activation steps
2752or post-treatments are required, and a variety of carbon
2753morphologies can be readily copied from the original block-
2754copolymer-derived structures.
2755As previously demonstrated, Yamauchi and colleagues
2756directly constructed N-doped mesoporous carbon spheres
2757through self-polymerization of DA and spontaneous coassem-
2758bly of diblock copolymer PS-b-PEO micelles.56 The as-
2759obtained carbon spheres displayed a remarkably uniform
2760mesopore size of 16 nm. Similarly, Zhao et al. utilized the
2761micelle fusion-aggregation assembly method and successfully
2762constructed mesoporous carbon materials.364 Notably, by
2763utilizing the phase separation of PS-b-PEO as a template,
2764ordered mesoporous carbon materials with pore sizes ranging
2765from 26.2 to 36.3 nm were rationally fabricated. This method
2766is facile yet powerful for constructing mesoporous carbons with
2767different morphologies with a narrow pore size. At the same
2768time, other block copolymer templates, such as PS-b-PAA365 or
2769poly(ethylene oxide-b-caprolactone) (PEO-b-PCL),366 are also
2770possible.
2771In addition to thermally labile diblock copolymers, PAN-
2772containing block copolymers are one of the most commonly
2773used carbonaceous precursors for constructing organized N-
2774doped mesoporous carbons. In 2012, Kowalewski et al.
2775successfully fabricated N-doped mesoporous carbons by direct
2776carbonization of the self-assembled block copolymer poly(n-
2777butyl acrylate)-b-PAN (PBA-b-PAN).73 In the carbonization
2778process, the PAN chains underwent a cyclization reaction to
2779form stable pyrazine ladder networks, while the thermally
2780unstable PBA chains underwent thermolysis, leaving meso-
2781 f38pores inside the carbon matrix (Figure 38a). Recently, the
2782same groups also extended this method and fabricated
2783mesoporous N/S-codoped carbons for supercapacitor applica-
2784tions.367 By carefully adjusting the length of PBA blocks, the
2785mesoporous structures were found to be highly tunable with a
2786narrow pore size distribution ranging from 5.6 to 21.7 nm in a
2787surprisingly linear fashion. To construct more ordered
2788mesoporous structures, Kim et al. utilized a prestabilization
2789method and obtained N-doped mesoporous carbon materials
2790with an SBET value of 860 m

2 g−1 and an average mesopore size
2791of 8.1 nm by carbonization of a PAN-b-PMMA block
2792polymer.368 Interestingly, thermal stabilization at 250 °C
2793prior to carbonization to stabilize the self-assembled structure
2794was a prerequisite for successful preparation of the ordered
2795mesopores; i.e., the polymer must be cross-linked before the
2796template vanishes. Liu et al. further investigated the assembly
2797behavior of PAN-b-PMMA during thermal and solvent
2798annealing.369 Interestingly, as the thermal annealing temper-
2799ature increased from 100 to 300 °C, the pore size increased by
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2800 approximately 25% (Figure 38b−g). At the same time, the
2801 pore size also varied as the solvent was changed from dimethyl
2802 sulfoxide to chloroform. Other examples of utilizing a thermal
2803 stabilization strategy prior to carbonization, such as PBA-b-
2804 PAN, were also recently presented by Matyjaszewski.370,371

2805 These N-doped porous carbons displayed uniformly distrib-
2806 uted mesopores and could be applied in various energy storage
2807 applications.
2808 In another example, Zhao et al. prepared ordered
2809 mesoporous polymers by solvent-induced self-assembly of
2810 amphiphilic triblock copolymers with phenol and form-

f39 2811 aldehyde resin as building blocks (Figure 39).53 The resol
2812 contained a large number of hydroxyl groups, which could
2813 interact strongly with the triblock copolymers through the
2814 formation of hydrogen bonds. These features made the
2815 polymers particularly stable and permitted direct trans-
2816 formation into homologous carbon frameworks upon carbon-
2817 ization. Interestingly, by simply changing the concentration of
2818 surfactants, 2D hexagonal (FDU-15) and 3D cubic (FDU-16)
2819 structures were obtained, while a lamellar mesostructure was
2820 prepared by P123. Further carbonization of precalcined
2821 polymers led to mesoporous carbons with a slight shrinkage
2822 of the carbon network. The SBET value of the carbon materials
2823 derived from FDU-15 and FDU-16 at 900 °C was found to be
2824 968 and 778 m2 g−1 with narrow pore size distributions around
2825 2.9 and 3.7 nm, respectively.

5.3. Control of Macroporosity

2826 Compared to the active pursuit of micro/mesopores in carbon
2827 materials, macropores are generally less studied because they
2828 generally contribute less to the surface area. However, creating
2829 macropores in carbon materials is sometimes needed for
2830 enhancing mass transport in specific applications. This point
2831 was detailed in Sung et al.’s work, as they systematically
2832 investigated the specific relationship between macroporous and

2833micro/mesoporous carbon materials in the ORR by electro-
2834chemical analysis.372 According to their electrochemical
2835measurements, the macroporosity greatly enhanced the mass
2836transport efficiency, and the interplay between micro/
2837mesoporosity and macroporosity should be considered in the
2838design of active-site-laden carbon materials.
2839One effective strategy to construct macropores is to use
2840large-sized (>50 nm) templates, which could either be hard or
2841soft. Inspiring works were reported by Stein’s group using
2842colloidal silica particles and silica gels as templates for the
2843synthesis of ordered macroporous carbon.27 A series of related
2844approaches were developed in the following years. Yu et al.
2845utilized polystyrene (PS) spheres and silica as nanocomposite
2846templates to direct the polymerization of divinylbenzene.12

2847The PS spheres in this case acted as a soft template, which
2848could be readily removed by postsynthesis calcination to leave
2849macroporous architectures. Satcher Jr. and Baumann prepared
2850carbon aerogels with periodic macroporous architectures by
2851utilizing a RF sol−gel solution as a carbon source along with
2852PS spheres as a template.13 The sol−gel solution was infused
2853into the interstitial voids of the PS sphere template with the
2854assistance of a filtration technique. After the formation of the
2855gel, the RF/PS composites were soaked in toluene to dissolve
2856the PS template and further dried by supercritical CO2 into an
2857aerogel. This RF aerogel displayed hexagonally ordered
2858domains of spherical cavities close to the size of the PS
2859template. The RF aerogel was finally carbonized into a periodic
2860macroporous monolith. In a recent study, PS spheres were
2861directly mixed with precursors of N-doped carbon and
2862carbonized into P-doped well-ordered 3D porous networks
2863 f40(Figure 40a).373 Tang et al. constructed hollow carbon spheres
2864by utilizing colloidal PS spheres as sacrificial templates (Figure
286540b,c). Upon carbonization at high temperature, the inner
2866templates were thermally fragmented, leaving a N, P-codoped

Figure 39. Schematic illustration of utilizing surfactants to construct different mesoporous polymers and corresponding carbon materials.
Reproduced with permission from ref 53. Copyright 2005 Wiley-VCH.
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2867 carbon shell. More importantly, by adjusting the mass ratio of
2868 PS by a comonomer, the thickness of the shell could be
2869 rationally tailored.374

2870 PMMA nanospheres are excellent alternatives for construct-
2871 ing macroporous carbon materials because of their ease of
2872 preparation and low cost, as well as their ability to
2873 depolymerize completely at slightly elevated temperatures.
2874 Zhu et al. reported highly ordered macroporous N-doped
2875 carbon materials obtained by assembly and sequential
2876 carbonization of PMMA−PAN core−shell nanoparticles.375

2877 Prestabilization before the carbonization of the PMMA/PAN
2878 nanoparticles was important for the formation of the ordered
2879 macropore architectures, since the PAN molecule chains
2880 needed to be cross-linked and cyclized to form the carbon

2881framework upon heating prior to the thermal decomposition of
2882PMMA.
2883In addition to templating methods, electrostatic cross-linking
2884of polymers can establish macroporous structures. As
2885previously demonstrated, the electrostatically cross-linked
2886PIL membranes displayed porous architectures, in which the
2887size of the macropores was closely related to the cross-link
2888density. Recently, Wang et al. demonstrated that the
2889macropore size could also be regulated by the diffusion rate
2890of NH3 solution.

173 Generally, as the hydrophilicity of the PIL
2891increased, the diffusion rate of NH3 solution into the PIL-
2892containing polymeric blend was enhanced. As a result, the
2893accelerated infiltration of NH3 solution induced fast, poorly
2894regulated phase separation, forming irregular large macropores.

Figure 40. (a) Schematic illustration of the preparation of macroporous carbon aerogels utilizing PS spheres as a template. SEM images of the
replicated RF aerogel before (b) and after (c) carbonization. Reproduced with permission from ref 373. Copyright 2019 Royal Society of
Chemistry. (d) Schematic illustration of the preparation of hollow carbon spheres utilizing PS as a template. (e) Representative TEM images of
hollow carbon spheres. The inset shows an HRTEM image of the carbon shell. Reproduced with permission from ref 374. Copyright 2010 Royal
Society of Chemistry.
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2895 On the other hand, increasing the hydrophobicity of PILs
2896 effectively lowered the diffusion rate of NH3 solution, and
2897 much smaller pores were formed. Upon vacuum carbonization,
2898 these macroporous structures were well retained and trans-
2899 formed into hierarchically porous carbon membranes.
2900 Dai and Liang demonstrated a spinodal polymer decom-
2901 position strategy to manufacture bicontinuous macroporous
2902 carbon.376 They synthesized polymer rods by assembly of
2903 phloroglucinol/formaldehyde copolymer and triblock copoly-
2904 mer F127 under various reaction conditions. The as-obtained
2905 polymer rods further underwent carbonization to form a
2906 bimodal meso/macroporous carbon monolith. With carefully
2907 designed preparation conditions (concentration, temperature,
2908 etc.), the pore architectures of the final carbon can be
2909 rationally tailored.

6. CONCLUSION
2910 Porous carbons are one of the major research areas of materials
2911 science. This comprehensive Review discusses porous carbons
2912 that are derived either partially or exclusively from polymers
2913 and are simultaneously doped with heteroatom(s). One of the
2914 most important properties of such porous carbon materials is
2915 their large porosity and high specific surface area, which has led
2916 to many applications ranging from adsorption/separation to
2917 fire protection, energy management, and catalysis. Both
2918 template-based and template-free strategies are utilized for
2919 controlling the porosity and pore shape of carbons. Because of
2920 the multifarious hard templates and their easily tunable surface
2921 functionality, size, and porosity, the hard template method is
2922 popular for replicating HPCMs with a range of desirable
2923 ordered porous structures. However, a major drawback
2924 associated with this approach lies in the multistep synthesis
2925 and the involvement of etching chemicals to remove the
2926 template, which is generally considered a time/labor-intensive
2927 process inhibiting technical scale-up. The soft template method
2928 is straightforward and less time/work-demanding in terms of
2929 the template removal process at the expense of less precise
2930 control of the porous structure and morphology at the nano/
2931 microscale. The direct carbonization of pristine polymers
2932 without an external template is preferred for large-scale
2933 production of HPCMs, where, typically, the required control
2934 of the porous structure is less important for their applications.
2935 Note that polymers in the direct carbonization method may
2936 have a part of their molecular structure used as an internal
2937 template. For example, ion clusters formed by ionic polymers
2938 can serve as porogens to produce micropores or small
2939 mesopores in HPCMs.
2940 It has been well-established in the carbon materials
2941 community that heteroatom doping is a promising strategy
2942 to selectively modulate the physicochemical properties of
2943 HPCMs and endow them with targeted catalytic activities. At
2944 the beginning of section 3, we interpreted in detail the
2945 techniques utilized to characterize HPCMs to help illustrate
2946 how to determine their structures down to an atomic level.
2947 Nitrogen-doped porous carbon materials first came into the
2948 view of researchers in the 1980s and sparked wider interest in
2949 2009 with the discovery of the unusual activity of N-doped
2950 carbon nanotubes for the ORR. Meanwhile, recent studies
2951 demonstrated that codoping of two or more heteroatoms in
2952 carbon frameworks could endow HPCMs with structural
2953 synergy, showing great promise for the field of electrocatalysis
2954 in general. Codoping is much less studied and understood than
2955 single-heteroatom doping in the porous carbon field due to its

2956complexity. It is believed that, by pairing judicious polymeric
2957precursor choices with appropriate polymer processing
2958techniques, desirable HPCMs can be readily fabricated to
2959contribute to efforts to mitigate the current energy and
2960environmental issues.
2961Because the morphology of HPCMs plays an essential role
2962in determining their application spectrum, studies have been
2963devoted to controlling the local architectures. By employing
2964template methods and rich polymer processing tools, HPCMs
2965in the form of spheres, fibers, sheets, and membranes were
2966created as functional materials for the adsorption/separation
2967and energy conversion fields. In this regard, considering that
2968many applications of HPCMs are currently centered around
2969the energy-related electrocatalysis field, fibers or membranes of
2970HPCMs might be prioritized, since they can be directly utilized
2971as electrodes without the traditionally complicated processing
2972of powdery carbocatalysts for gluing by electronically insulating
2973polymeric binders. The challenges lie in their scalable
2974fabrication with robust electrochemical and mechanical
2975stability and flexibility.
2976It is necessary to state that the selection of polymers is
2977crucial in determining the local binding properties of the final
2978carbons. For example, the pyrolysis of PAN and cellulose at
29791000 °C only leads to amorphous or poorly crystalline carbons,
2980while carbonization of PILs at 1000 °C readily produces
2981heteroatom-doped carbons with medium-to-high yields, and
2982their atomic structure has a particularly high short-range order,
2983which is needed for improving their conductive properties,
2984bringing about fire-retardant properties as well as catalytic
2985activity.
2986Currently, the state-of-the-art research on HPCMs is
2987application-oriented and covers the adsorption/separation,
2988catalysis, and energy conversion fields. We believe that the
2989use of HPCMs could be easily expanded into other fields, e.g.,
2990water purification and electrosynthesis of valuable organics, as
2991well as to “smart” actuators and flexible electronics, by careful
2992design of their structures at all scales. Furthermore, utilizing
2993polymers as carbonization precursors enables more compli-
2994cated carbon morphologies to be achieved, such as anisotropic,
2995hierarchical, and chiral carbons, to name a few. These
2996morphologies are usually hard to obtain by other polymer-
2997free methods. By carefully engineering the composition of
2998polymers, it is also possible to systematically manipulate the
2999electronic structures of the resulting carbons. Recent advance-
3000ments in controlling electronic structures, including via SACs,
3001Mott−Schottky effects, or even FLP chemistry, are all possible
3002by utilizing predesigned polymers as carbon precursors.
3003Therefore, we encourage researchers to further explore this
3004exciting field, discover more interesting carbon materials, and
3005hunt for their novel applications.
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3821 Fischer, D.; Ogasawara, H.; Pettersson, L. G. M.; Reichman, D. R.;
3822 Kim, P.; Hybertsen, M. S.; Pasupathy, A. N. Connecting Dopant Bond
3823 Type With Electronic Structure in N-Doped Graphene. Nano Lett.
3824 2012, 12, 4025−4031.

(179)3825 Zhang, B.; Wang, C.; Liu, D.; Liu, Y.; Yu, X.; Wang, L.
3826 Boosting Orr Electrocatalytic Performance of Metal-Free Mesoporous
3827 Biomass Carbon by Synergism of Huge Specific Surface Area and
3828 Ultrahigh Pyridinic Nitrogen Doping. ACS Sustainable Chem. Eng.
3829 2018, 6, 13807−13812.

(180)3830 Luo, Z.; Lim, S.; Tian, Z.; Shang, J.; Lai, L.; MacDonald, B.;
3831 Fu, C.; Shen, Z.; Yu, T.; Lin, J. Pyridinic N Doped Graphene:
3832 Synthesis, Electronic Structure, and Electrocatalytic Property. J. Mater.
3833 Chem. 2011, 21, 8038−8044.

(181)3834 Sun, M.; Wu, X.; Deng, X.; Zhang, W.; Xie, Z.; Huang, Q.;
3835 Huang, B. Synthesis of Pyridinic-N Doped Carbon Nanofibers and Its
3836 Electro-Catalytic Activity for Oxygen Reduction Reaction. Mater. Lett.
3837 2018, 220, 313−316.

(182)3838 Sun, M.; Wu, X.; Xie, Z.; Deng, X.; Wen, J.; Huang, Q.;
3839 Huang, B. Tailoring Platelet Carbon Nanofibers for High-Purity
3840 Pyridinic-N Doping: A Novel Method for Synthesizing Oxygen
3841 Reduction Reaction Catalysts. Carbon 2017, 125, 401−408.

(183)3842 Liu, T.; Zhang, X.; Huang, T.; Yu, A. Pyridinic-N-Dominated
3843 Carbon Frameworks With Porous Tungsten Trioxide Nano-Lamellae
3844 as a Promising Bi-Functional Catalyst for Li−Oxygen Batteries.
3845 Nanoscale 2018, 10, 15763−15770.

(184)3846 Cui, X.; Pan, Z.; Zhang, L.; Peng, H.; Zheng, G. Selective
3847 Etching of Nitrogen-Doped Carbon by Steam for Enhanced
3848 Electrochemical CO2 Reduction. Adv. Energy Mater. 2017, 7,
3849 1701456.

(185)3850 Gong, K.; Du, F.; Xia, Z.; Durstock, M.; Dai, L. Nitrogen-
3851 Doped Carbon Nanotube Arrays With High Electrocatalytic Activity
3852 for Oxygen Reduction. Science 2009, 323, 760−764.

(186)3853 Geng, D.; Chen, Y.; Chen, Y.; Li, Y.; Li, R.; Sun, X.; Ye, S.;
3854 Knights, S. High Oxygen-Reduction Activity and Durability of
3855 Nitrogen-Doped Graphene. Energy Environ. Sci. 2011, 4, 760.

(187)3856 Niwa, H.; Horiba, K.; Harada, Y.; Oshima, M.; Ikeda, T.;
3857 Terakura, K.; Ozaki, J.-i.; Miyata, S. X-Ray Absorption Analysis of
3858 Nitrogen Contribution to Oxygen Reduction Reaction in Carbon
3859 Alloy Cathode Catalysts for Polymer Electrolyte Fuel Cells. J. Power
3860 Sources 2009, 187, 93−97.

(188)3861 Jiang, H.; Gu, J.; Zheng, X.; Liu, M.; Qiu, X.; Wang, L.; Li, W.;
3862 Chen, Z.; Ji, X.; Li, J. Defect-Rich and Ultrathin N Doped Carbon
3863 Nanosheets as Advanced Trifunctional Metal-Free Electrocatalysts for
3864 the ORR, OER and HER. Energy Environ. Sci. 2019, 12, 322−333.

(189)3865 Hu, C. G.; Dai, L. M. Doping of Carbon Materials for Metal-
3866 Free Electrocatalysis. Adv. Mater. 2019, 31, 1804672.

(190)3867 Haque, E.; Zavabeti, A.; Uddin, N.; Wang, Y. C.; Rahim, M.
3868 A.; Syed, N.; Xu, K.; Jannat, A.; Haque, F.; Zhang, B. Y.; Shoaib, M.
3869 A.; Shamsuddin, S.; Nurunnabi, M.; Minett, A. I.; Ou, J. Z.; Harris, A.
3870 T. Deciphering the Role of Quaternary N in O2 Reduction Over
3871 Controlled N-Doped Carbon Catalysts. Chem. Mater. 2020, 32,
3872 1384−1392.

(191)3873 Fellinger, T. P.; Hasche, F.; Strasser, P.; Antonietti, M.
3874 Mesoporous Nitrogen-Doped Carbon for the Electrocatalytic Syn-
3875 thesis of Hydrogen Peroxide. J. Am. Chem. Soc. 2012, 134, 4072−
3876 4075.

(192)3877 Iglesias, D.; Giuliani, A.; Melchionna, M.; Marchesan, S.;
3878 Criado, A.; Nasi, L.; Bevilacqua, M.; Tavagnacco, C.; Vizza, F.; Prato,
3879 M.; Fornasiero, P. N-Doped Graphitized Carbon Nanohorns as a
3880 Forefront Electrocatalyst in Highly Selective O2 Reduction to H2O2.
3881 Chem. 2018, 4, 106−123.

(193) 3882Kiuchi, H.; Shibuya, R.; Kondo, T.; Nakamura, J.; Niwa, H.;
3883Miyawaki, J.; Kawai, M.; Oshima, M.; Harada, Y. Lewis Basicity of
3884Nitrogen-Doped Graphite Observed by CO2 Chemisorption. Nano-
3885scale Res. Lett. 2016, 11, 127.

(194) 3886Gong, J.; Antonietti, M.; Yuan, J. Poly(ionic Liquid)-Derived
3887Carbon With Site-Specific N-Doping and Biphasic Heterojunction for
3888Enhanced CO2 Capture and Sensing. Angew. Chem., Int. Ed. 2017, 56,
38897557−7563.

(195) 3890Du, A.; Sanvito, S.; Li, Z.; Wang, D.; Jiao, Y.; Liao, T.; Sun,
3891Q.; Ng, Y. H.; Zhu, Z.; Amal, R.; Smith, S. C. Hybrid Graphene and
3892Graphitic Carbon Nitride Nanocomposite: Gap Opening, Electron−
3893Hole Puddle, Interfacial Charge Transfer, and Enhanced Visible Light
3894Response. J. Am. Chem. Soc. 2012, 134, 4393−4397.

(196) 3895Kuzmicz, D.; Prescher, S.; Polzer, F.; Soll, S.; Seitz, C.;
3896Antonietti, M.; Yuan, J. The Colloidal Stabilization of Carbon With
3897Carbon: Carbon Nanobubbles As Both Dispersant and Glue for
3898Carbon Nanotubes. Angew. Chem., Int. Ed. 2014, 53, 1062−1066.

(197) 3899Wang, H.; Jia, J.; Song, P.; Wang, Q.; Li, D.; Min, S.; Qian, C.;
3900Wang, L.; Li, Y. F.; Ma, C.; Wu, T.; Yuan, J.; Antonietti, M.; Ozin, G.
3901A. Efficient Electrocatalytic Reduction of CO2 by Nitrogen-Doped
3902Nanoporous Carbon/Carbon Nanotube Membranes: A Step Towards
3903the Electrochemical CO2 Refinery. Angew. Chem., Int. Ed. 2017, 56,
39047847.

(198) 3905Cui, X.; Pan, Z.; Zhang, L.; Peng, H.; Zheng, G. Selective
3906Etching of Nitrogen-Doped Carbon by Steam for Enhanced
3907Electrochemical CO2 Reduction. Adv. Energy Mater. 2017, 7,
39081701456.

(199) 3909Wu, J.; Liu, M.; Sharma, P. P.; Yadav, R. M.; Ma, L.; Yang, Y.;
3910Zou, X.; Zhou, X. D.; Vajtai, R.; Yakobson, B. I.; Lou, J.; Ajayan, P. M.
3911Incorporation of Nitrogen Defects for Efficient Reduction of CO2 via
3912Two-Electron Pathway on Three-Dimensional Graphene Foam. Nano
3913Lett. 2016, 16, 466−470.

(200) 3914Chai, G. L.; Guo, Z. X. Highly Effective Sites and Selectivity of
3915Nitrogen-Doped Graphene/CNT Catalysts for CO2 Electrochemical
3916Reduction. Chem. Sci. 2016, 7, 1268−1275.

(201) 3917Su, H.; Zhang, K. X.; Zhang, B.; Wang, H. H.; Yu, Q. Y.; Li, X.
3918H.; Antonietti, M.; Chen, J. S. Activating Cobalt Nanoparticles via the
3919Mott-Schottky Effect in Nitrogen-Rich Carbon Shells for Base-Free
3920Aerobic Oxidation of Alcohols to Esters. J. Am. Chem. Soc. 2017, 139,
3921811−818.

(202) 3922Xue, Z.-H.; Han, J.-T.; Feng, W.-J.; Yu, Q.-Y.; Li, X.-H.;
3923Antonietti, M.; Chen, J.-S. Tuning the Adsorption Energy of
3924Methanol Molecules Along Ni-N-Doped Carbon Phase Boundaries
3925by the Mott−Schottky Effect for Gas-Phase Methanol Dehydrogen-
3926ation. Angew. Chem., Int. Ed. 2018, 57, 2697−2701.

(203) 3927Pan, Y.; Lin, R.; Chen, Y.; Liu, S.; Zhu, W.; Cao, X.; Chen, W.;
3928Wu, K.; Cheong, W. C.; Wang, Y.; Zheng, L.; Luo, J.; Lin, Y.; Liu, Y.;
3929Liu, C.; Li, J.; Lu, Q.; Chen, X.; Wang, D.; Peng, Q.; Chen, C.; Li, Y.
3930Design of Single-Atom Co-N5 Catalytic Site: A Robust Electrocatalyst
3931for CO2 Reduction With Nearly 100% CO Selectivity and Remarkable
3932Stability. J. Am. Chem. Soc. 2018, 140, 4218−4221.

(204) 3933Shen, W.; Fan, W. Nitrogen-Containing Porous Carbons:
3934Synthesis and Application. J. Mater. Chem. A 2013, 1, 999−1013.

(205) 3935Shafeeyan, M. S.; Daud, W. M. A. W.; Houshmand, A.;
3936Shamiri, A. A Review on Surface Modification of Activated Carbon for
3937Carbon Dioxide Adsorption. J. Anal. Appl. Pyrolysis 2010, 89, 143−
3938151.

(206) 3939Lai, L.; Potts, J. R.; Zhan, D.; Wang, L.; Poh, C. K.; Tang, C.;
3940Gong, H.; Shen, Z.; Lin, J.; Ruoff, R. S. Exploration of the Active
3941Center Structure of Nitrogen-Doped Graphene-Based Catalysts for
3942Oxygen Reduction Reaction. Energy Environ. Sci. 2012, 5, 7936−7942.

(207) 3943Economy, J.; Foster, K.; Andreopoulos, A.; Jung, H. Tailoring
3944Carbon Fibers for Adsorbing Volatiles: Various Chemical Treatments
3945Are Used to Change Surface Area, Pore Geometry, and Adsorption
3946Characteristics. CHEMTECH 1992, 22, 597−603.

(208) 3947Hulicova-Jurcakova, D.; Kodama, M.; Shiraishi, S.; Hatori, H.;
3948Zhu, Z. H.; Lu, G. Q. Nitrogen-Enriched Nonporous Carbon
3949Electrodes With Extraordinary Supercapacitance. Adv. Funct. Mater.
39502009, 19, 1800−1809.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00080
Chem. Rev. XXXX, XXX, XXX−XXX

AZ

https://dx.doi.org/10.1021/ja910169v
https://dx.doi.org/10.1103/PhysRevB.71.054501
https://dx.doi.org/10.1103/PhysRevB.71.054501
https://dx.doi.org/10.1021/nl301409h
https://dx.doi.org/10.1021/nl301409h
https://dx.doi.org/10.1021/acssuschemeng.8b01876
https://dx.doi.org/10.1021/acssuschemeng.8b01876
https://dx.doi.org/10.1021/acssuschemeng.8b01876
https://dx.doi.org/10.1039/C1JM10845J
https://dx.doi.org/10.1039/C1JM10845J
https://dx.doi.org/10.1016/j.matlet.2018.03.050
https://dx.doi.org/10.1016/j.matlet.2018.03.050
https://dx.doi.org/10.1016/j.carbon.2017.09.085
https://dx.doi.org/10.1016/j.carbon.2017.09.085
https://dx.doi.org/10.1016/j.carbon.2017.09.085
https://dx.doi.org/10.1039/C8NR04026E
https://dx.doi.org/10.1039/C8NR04026E
https://dx.doi.org/10.1039/C8NR04026E
https://dx.doi.org/10.1002/aenm.201701456
https://dx.doi.org/10.1002/aenm.201701456
https://dx.doi.org/10.1002/aenm.201701456
https://dx.doi.org/10.1126/science.1168049
https://dx.doi.org/10.1126/science.1168049
https://dx.doi.org/10.1126/science.1168049
https://dx.doi.org/10.1039/c0ee00326c
https://dx.doi.org/10.1039/c0ee00326c
https://dx.doi.org/10.1016/j.jpowsour.2008.10.064
https://dx.doi.org/10.1016/j.jpowsour.2008.10.064
https://dx.doi.org/10.1016/j.jpowsour.2008.10.064
https://dx.doi.org/10.1039/C8EE03276A
https://dx.doi.org/10.1039/C8EE03276A
https://dx.doi.org/10.1039/C8EE03276A
https://dx.doi.org/10.1002/adma.201804672
https://dx.doi.org/10.1002/adma.201804672
https://dx.doi.org/10.1021/acs.chemmater.9b03354
https://dx.doi.org/10.1021/acs.chemmater.9b03354
https://dx.doi.org/10.1021/ja300038p
https://dx.doi.org/10.1021/ja300038p
https://dx.doi.org/10.1016/j.chempr.2017.10.013
https://dx.doi.org/10.1016/j.chempr.2017.10.013
https://dx.doi.org/10.1186/s11671-016-1344-6
https://dx.doi.org/10.1186/s11671-016-1344-6
https://dx.doi.org/10.1002/anie.201702453
https://dx.doi.org/10.1002/anie.201702453
https://dx.doi.org/10.1002/anie.201702453
https://dx.doi.org/10.1021/ja211637p
https://dx.doi.org/10.1021/ja211637p
https://dx.doi.org/10.1021/ja211637p
https://dx.doi.org/10.1021/ja211637p
https://dx.doi.org/10.1002/anie.201307459
https://dx.doi.org/10.1002/anie.201307459
https://dx.doi.org/10.1002/anie.201307459
https://dx.doi.org/10.1002/anie.201703720
https://dx.doi.org/10.1002/anie.201703720
https://dx.doi.org/10.1002/anie.201703720
https://dx.doi.org/10.1002/aenm.201701456
https://dx.doi.org/10.1002/aenm.201701456
https://dx.doi.org/10.1002/aenm.201701456
https://dx.doi.org/10.1021/acs.nanolett.5b04123
https://dx.doi.org/10.1021/acs.nanolett.5b04123
https://dx.doi.org/10.1039/C5SC03695J
https://dx.doi.org/10.1039/C5SC03695J
https://dx.doi.org/10.1039/C5SC03695J
https://dx.doi.org/10.1021/jacs.6b10710
https://dx.doi.org/10.1021/jacs.6b10710
https://dx.doi.org/10.1021/jacs.6b10710
https://dx.doi.org/10.1002/anie.201713429
https://dx.doi.org/10.1002/anie.201713429
https://dx.doi.org/10.1002/anie.201713429
https://dx.doi.org/10.1002/anie.201713429
https://dx.doi.org/10.1021/jacs.8b00814
https://dx.doi.org/10.1021/jacs.8b00814
https://dx.doi.org/10.1021/jacs.8b00814
https://dx.doi.org/10.1039/C2TA00028H
https://dx.doi.org/10.1039/C2TA00028H
https://dx.doi.org/10.1016/j.jaap.2010.07.006
https://dx.doi.org/10.1016/j.jaap.2010.07.006
https://dx.doi.org/10.1039/c2ee21802j
https://dx.doi.org/10.1039/c2ee21802j
https://dx.doi.org/10.1039/c2ee21802j
https://dx.doi.org/10.1002/adfm.200801100
https://dx.doi.org/10.1002/adfm.200801100
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00080?ref=pdf


(209)3951 Strelko, V. V.; Kuts, V. S.; Thrower, P. A. On the Mechanism
3952 of Possible Influence of Heteroatoms of Nitrogen, Boron and
3953 Phosphorus in a Carbon Matrix on the Catalytic Activity of Carbons
3954 in Electron Transfer Reactions. Carbon 2000, 38, 1499−1503.

(210)3955 Mangun, C. L.; Benak, K. R.; Economy, J.; Foster, K. L.
3956 Surface Chemistry, Pore Sizes and Adsorption Properties of Activated
3957 Carbon Fibers and Precursors Treated With Ammonia. Carbon 2001,
3958 39, 1809−1820.

(211)3959 Chen, L.-F.; Zhang, X.-D.; Liang, H.-W.; Kong, M.; Guan, Q.-
3960 F.; Chen, P.; Wu, Z.-Y.; Yu, S.-H. Synthesis of Nitrogen-Doped
3961 Porous Carbon Nanofibers as an Efficient Electrode Material for
3962 Supercapacitors. ACS Nano 2012, 6, 7092−7102.

(212)3963 Xiao, K.; Ding, L. X.; Liu, G.; Chen, H.; Wang, S.; Wang, H.
3964 Freestanding, Hydrophilic Nitrogen-Doped Carbon Foams for Highly
3965 Compressible All Solid-State Supercapacitors. Adv. Mater. 2016, 28,
3966 5997−6002.

(213)3967 Hao, G.-P.; Zhang, Q.; Sin, M.; Hippauf, F.; Borchardt, L.;
3968 Brunner, E.; Kaskel, S. Design of Hierarchically Porous Carbons With
3969 Interlinked Hydrophilic and Hydrophobic Surface and Their
3970 Capacitive Behavior. Chem. Mater. 2016, 28, 8715−8725.

(214)3971 Rani, P.; Jindal, V. K. Designing Band Gap of Graphene by B
3972 and N Dopant Atoms. RSC Adv. 2013, 3, 802−812.
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