
A Facile Aqueous Route to Nitrogen-Doped Mesoporous Carbons 
Jianan Zhanga,b,c‡, Yang Songa,d‡, Maciej Kopeća, Jaejun Leeb, Zongyu Wanga, Siyuan Liub, 
Jiajun Yana, Rui Yuana, Tomasz Kowalewskia, Michael R. Bockstaller*b and Krzysztof 
Matyjaszewski*a 
aDepartment of Chemistry and bDepartment of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, 
PA 15213, United States 
cSchool of Chemistry and Chemical Engineering, Anhui University, Hefei 230601, China 
dInstitute of Nuclear and New Energy Technology, Tsinghua University, Beijing 100084, China 
Supporting Information Placeholder

ABSTRACT: An aqueous-based approach for the scalable synthe-
sis of nitrogen-doped porous carbons with high specific surface 
area (SSA) and high nitrogen content is presented. Low molecular 
weight polyacrylonitrile (PAN) is solubilized in water in the pres-
ence of (ZnCl2) that also acts as a volatile porogen during PAN 
pyrolysis to form mesoporous structures with significantly in-
creased SSA. By templating with commercial SiO2 nanoparticles, 
nanocellulose fillers or filter paper, nanocarbons with SSA = 1776, 
1366 and 1501 m2/g, respectively and 10 wt.% N content were pre-
pared. The materials formed by this benign process showed excel-
lent catalytic activity in oxygen reduction reaction (ORR) via the 
four-electron mechanism. 

Large specific surface area (SSA), high porosity, chemical inert-
ness and thermal stability make porous carbons ubiquitous materi-
als in applications such as catalysis, water/gas purification, or en-
ergy conversion/storage.1 Nitrogen (N)-doped carbons have at-
tracted particular interest, due to their potential as metal-free elec-
trocatalysts for oxygen reduction reactions (ORR), a key process in 
fuel cell technology and metal-air batteries.1-4 Dai et al. first 
demonstrated that N-doped carbons can facilitate ORR via the four-
electron pathway and perform better than state-of-the-art Pt/C cat-
alysts.2 This spurred extensive research to establish N-doped car-
bons for other applications, such as hydrogen evolution reaction 
(HER),3 CO2 reduction3b or supercapacitors.4 Interconnected mes-
opores enhance mass transport and access to active sites and thus 
are crucial for  efficient ORR electrocatalys..5 

Porous carbons are typically synthesized by direct carbonization 
of organic precursors such as polymers or biomass using a variety 
of chemical or physical activation methods.1,6,7 Polyacrylonitrile 
(PAN) is an attractive precursor for N-doped carbons, due to its 
high nitrogen content and well-established carbonization chemis-
try. Mesoporous carbons were synthesized from PAN via hard-4a,8 
or soft-templating4b,9 procedures. However, this approach requires 
the use of polar organic solvents and multistep surface functionali-
zation or block copolymerization to disperse templates within 
PAN. 15, 10 

We demonstrate that the addition of ZnCl2 (a volatile electrolyte) 
enables the effective co-solubilization of PAN within aqueous dis-
persions of porogenic fillers,such as commercial Ludox SiO2 col-
loids or nanocellulose, and the subsequent fabrication of highly po-
rous carbons. ZnCl2 serves the dual role of a solubility enhancing 
porogen. The dual pore formation mechanism (i.e. concurrent hard 

templating and electrolyte evaporation) results in nano-and meso-
porous microstructures with strongly increased SSA. Infiltration of 
cellulose filters with aqueous PAN/ZnCl2 solutions yields bulk 
monolithic N-doped nanocarbon films without binder components. 
The general approach is illustrated in Scheme 1. 
Scheme 1. Procedure for preparation of mesoporous carbons. 

 
We first demonstrate the versatility of the aqueous route to nitro-

gen-doped mesoporous carbons from templated PAN solution by 
using commercial aqueous suspension of SiO2 NPs (diameter 12.5 
± 1.5 nm, Figure S1). To ensure complete dissolution of PAN in 
aqueous ZnCl2 (60 wt%) and an operable viscosity of the 
SiO2/ZnCl2/PAN suspension, PAN with a degree of polymerization 
(DP) of 50 and narrow molecular weight distribution (Mw/Mn < 
1.20) was used (Figure S2), which was synthesized by initiators for 
continuous activator regeneration atom transfer radical polymeri-
zation (ICAR ATRP) with ppm amounts of copper catalyst11 or di-
rectly in aqueous ZnCl2 solution.12 Upon freeze drying of 
SiO2/ZnCl2/PAN suspensions, hybrid scaffolds were obtained. 
Subsequent stabilization at 280 °C under air followed by carboni-
zation at 800 °C under N2  and etching of the SiO2 template with 
HF yielded mesoporous carbons. 
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Figure 1. (a) N2 adsorption and desorption isotherms and (b) con-
tribution of different pore sizes to the total SBET of the as-prepared 
nanoporous carbons. Inset shows the pore size distribution in ma-
terials prepared with different ratios of SiO2/PAN. 

Figure 1a shows Brunauer-Emmet-Teller (BET) N2 adsorption 
isotherms for carbons prepared from samples with systematically 
varied compositions, SiO2:PAN= 4.7, 3.4, 2.2, 1.2, 0.5 (i.e. with 
progressively higher PAN concentration, cf. Scheme S1) along 
with a sample prepared without the addition of colloidal SiO2 NPs. 
These materials are identified as NPC-S4.7, NPC-S3.4, NPC-S2.2, 
NPC-S1.2, NPC-S0.5, and NPC-S0, respectively. All adsorption 
isotherms are type IV according to IUPAC classification and ex-
hibit distinctive hysteresis loops at relative pressures of 0.6−0.9, 
indicative of filling and emptying of mesopores by capillary con-
densation/evaporation. The BET surface areas (SBET) and total pore 
volumes are listed in Table S1. As can be seen from Figure 1a, even 
the sample carbonized without the addition of SiO2 exhibited sig-
nificant SBET of 616 m2/g with large contribution from mesopores 
(Smeso=549 m2/g, Figure 1b and Table S1). The corresponding pore 
size distribution (PSD, inset in Figure 1a) displayed a small meso-
pore peak centered at 2.3 nm tailing up to ~8 nm. The high Smeso 
originated from activation by ZnCl2, since PAN (DP50) carbonized 
without the addition of ZnCl2 had a much lower SBET = 191 m2/g 
and no pronounced hysteresis loop in the adsorption isotherm, in-
dicating a predominately microporous material (Figure S3a). Inter-
estingly, ZnCl2 activation did not increase the microporosity, but 
selectively enhanced the Smeso of PAN-derived carbons (Figure S3b 
and Table S1). The selective formation of mesopores  could be due 
to the low molecular weight PAN matrix that is more conducive to 
the transport of gaseous electrolyte.13  ZnCl2 likely promoted dehy-
dration of PAN and aromatization of nitrile groups (Figure S4).13b 
Furthermore, ZnCl2 mixed with PAN decomposed at a temperature 
lower than pure ZnCl2 and completely volatilized below 550 °C, 
thus allowing for complete removal of the salt during pyrolysis 
above 600 °C.14 

After the addition of SiO2 particles to the PAN/ZnCl2 solution, 
the SBET of obtained carbons increased to 1220, 1776 and 1505 m2/g 
for samples NPC-S0.5, NPC-S1.2 and NPC-S2.2, respectively, 
with ZnCl2-induced mesopores accounting for as much as 84-90% 
of the total SSA (Table S1). This remarkably high Smeso originated 
from a synergistic effect of ZnCl2 activation and SiO2 templating. 
Indeed, the mesopore peak centered at 2.3 nm, similar to one ob-
served for NPC-S0, was still visible in PSD of all SiO2-templated 
samples. However, the evolution of two new peaks, at 10.2 and 
12.5 nm, corresponding to the size of the SiO2 NPs (12.5±1.5 nm), 
is clearly visible. Since a broad distribution of mesopores was ob-
served rather than a narrow peak corresponding to 12.5 nm SiO2 
NPs, partial aggregation of NPs during the freeze drying and car-
bonization processes is possible. Further increase of the SiO2/PAN 
ratio resulted in a decrease of SBET of corresponding carbons to 
1219 and 760 m2/g for NPC-S3.4 and NPC-S4.7, respectively. The 
pores originating from SiO2 NPs were no longer visible in PSD of 
NPC-S4.7, resembling that of NPC-S0 (inset in Figure 1a). This is 
attributed to an insufficient amount of PAN to efficiently encapsu-
late the SiO2 NPs(Figure S5). 

To evaluate the more general applicability of the co-solubiliza-
tion approach to all-organic systems, commercial cellulose nano-
crystals as well as cellulose filter paper were used as templates to 
prepare nanoporous carbons.15 Figure 2 compares the BET N2 ad-
sorption isotherms and the corresponding PSD  (Figure S6) of po-
rous carbons prepared from commercial cellulose nanocrystals 
(NPC-C) and filter paper (NPC-P) with materials obtained after in-
filtration with ZnCl2 (NPC-CZ, NPC-PZ) and PAN/ZnCl2 (NPC-
PZ, NPC-PAZ), respectively. 

 

Figure 2. N2 adsorption isotherms of porous carbons prepared from 
nanocellulose (a) and cellulose filter paper (b). 

ZnCl2 activation enabled the formation of highly porous carbon 
with SBET of 1366 and 1501 m2/g for nanocellulose and filter paper 
templated systems, respectively. In both cases the PSD revealed the 
formation of mesopores with diameter 2.3 nm that can be attributed 
to the volatilization of ZnCl2 (Figure S6). The size of mesopores 
was approximately equal for all studied templates and the PSD was 
narrower for PAN/ZnCl2 infiltrated systems. Thus, the cumulative 
effect of ZnCl2 volatilization and PAN carbonization determines 
the final size of mesopores. The type H3 loop characteristics was 
observed for both NPC-CAZ and NPC-PAZ and attributed to the 
fibrous morphology of the template that favors the formation of 
slit-shaped pores.16 
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Figure 3. Representative TEM images of porous carbon prepared 
at SiO2/PAN ratios of (a) 3.4, (b) 1.2, (c) 0.5, and (d) without the 
addition of colloidal SiO2 NPs, templated from cellulose nanocrys-
tals (e) and filter paper (f) after infiltration with PAN/ZnCl2 solu-
tion. Inset in (f) shows the optical picture of the corresponding po-
rous carbon film. Scale bars are 200 nm in main figures and 20 nm 
in insets. 

Transmission electron microscopy (TEM) revealed the increase 
of the density of micropores with SiO2 content (Figure 3a-d) as well 
as the more anisotropic pore structure of cellulose-derived NPCs 
(Figure 3e&f). A comprehensive comparison of the microstructures 
is shown in Figures S7-S11. Interestingly, carbonization of filter 
paper infiltrated with PAN/ZnCl2 solution allowed fabrication of 
free-standing, monolithic NPC films(inset in Figure 3f). 

XRD and Raman spectroscopy demonstrated the co-existence of 
graphitic and disordered morphologies (Figure S12). Elemental 
composition of the prepared mesoporous carbon (NPC-S1.2) was 
determined by elemental analysis (combustion method) with the ni-
trogen content of 10 wt%, consistent with typical values for PAN-
derived carbons prepared at this temperature (800 ºC)4b. 

This composition was confirmed by analysis of the X-ray photo-
electron spectroscopy (XPS) survey spectrum of NPC-S1.2 (Figure 
S13). Respective atomic contents of carbon, nitrogen and oxygen 
were found to be 84.0 %, 9.6% and 4.9%.. Similar nitrogen contents 
obtained from elemental analysis and XPS indicate the uniformity 
of nitrogen distribution in the material. The high resolution N1s 
spectrum (Figure 4a) was deconvoluted to three peaks with the 
binding energies of 403.3, 399.9, and 398.2 eV, attributed to pyri-
dine oxide-N (N-O), pyrrolic- or pyridonic-N (N-X), and pyridinic-
N (N-P), respectively. The ratios of different nitrogen types are 
21.7 % (pyridinic-N), 56.7 % (pyridonic- or pyrrolic-N) and 21.6 
% (pyridine oxide-N). Furthermore, the full width at half-maxi-
mum (fwhm) of the N−P peak was only 1.4 eV. This is significantly 

less than previously reported values for pyridinic nitrogen in pyro-
lytic carbons derived from PAN, demonstrating the high degree of 
uniformity of NPCs.17 

 

Figure 4. (a) XPS N 1s spectrum of the NPC-S1.2. Electrochemical 
characterization of NPC-S2.2 as an electrocatalyst for ORR: (b) CV 
curves recorded N2-saturated and O2-saturated 0.1 M KOH electro-
lyte at a scan rate 100 mV/s; (c) rotating disk electrode study in O2-
saturated 0.1 M KOH electrolyte at a scan rate 10 mV/s; (d) Kou-
tecky-Levich analysis of LSV curves presented in (c). 

The electrocatalytic activity of prepared carbons towards ORR 
was evaluated for the NPC-S2.2 sample in a standard three-elec-
trode setup at room temperature in 0.1 M KOH as the electrolyte. 
The active material was deposited on a glassy carbon disk and used 
as the working electrode with a Ag/AgCl reference electrode and 
graphite counter electrode. Cyclic voltammetry (CV) scans rec-
orded at 100 mV/s showed no redox peak when the electrolyte was 
continuously purged with argon. In contrast, when the solution was 
saturated with O2, a pronounced cathodic peak appeared in the CV 
scan (Figure 4b). Linear sweep voltammograms (LSV) were rec-
orded using a rotating disk electrode (RDE) at different rotation 
speeds. As can be seen from the polarization curves in Figure 4c, 
the onset potential of NPC-S2.2 based electrode was ~0.9 V vs 
RHE, comparable with that of commercial Pt/C catalysts. The lim-
iting current gradually increased with rotation speed. Since ORR 
can proceed via either two- or four- electron transfer mechanism, 
Koutecky–Levich analysis was performed to determine the number 
of transferred electrons (ne). The linear relationship between the 
current density (j–1), as a function of a square root of the rotation 
speed (ω–1/2) in the potential range of 0.3-0.6 V vs RHE can be in-
ferred from the Koutecky-Levich plots (Figure 4d). The number of 
electrons (ne) transferred in the process determined by the Kou-
tecky-Levich equations ranged between 3.90 and 4.19. This sug-
gests that the ORR process occurred via the four-electron pathway, 
as expected based on the structural characteristics of this N-doped 
mesoporous carbon.1b 

To conclude, we have developed a facile, benign and scalable 
aqueous-based method for synthesis of mesoporous N-doped car-
bons that can be applied to both inorganic and all-organic templat-
ing. Application of ZnCl2 as solubility enhancing porogen enables 
the solubilization of PAN and dispersion of porogenic particle fill-
ers in water and significantly enhances the surface area as com-
pared to regular templated systems. The resulting materials exhib-
ited high nitrogen content and showed excellent catalytic activity 
toward ORR via the four-electron mechanism. This method opens 
new possibilities for preparation  of porous carbons under environ-
mentally-friendly conditions. 
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