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ABSTRACT: Here, we present a simple one-step fabrication methodology
for nitrogen-doped (N-doped) nanoporous carbon membranes via annealing
cellulose filter paper under NH;. We found that nitrogen doping (up to 10.3
at %) occurs during cellulose pyrolysis under NHj; at as low as 550 °C. At
700 °C or above, N-doped carbon further reacts with NHj, resulting in a
large surface area (up to 1973.3 m’/g). We discovered that the doped
nitrogen, in fact, plays an important role in the reaction, leading to carbon
gasification. CH, was experimentally detected by mass spectrometry as a
product in the reaction between N-doped carbon and NH;. When compared

Pyrolysis

under NH;

Cellulose filter paper

Doped-Nin carbon

3C(s)+4NH;(g) —————> 2N, (g) +3CH,(g)

to conventional activated carbon (1533.6 m*/g), the N-doped nanoporous
carbon (1326.5 m?/g) exhibits more than double the unit area capacitance (90 vs 41 mF/m?).
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Activated carbons (ACs) are strategically important in
energy storagel_4 and environmental protection applica-
tions® due to their low cost and high porosity and scalability.
Fabrication process of ACs from raw materials, such as
petroleum pitch or biomass, tgfpically consists of two separate
steps: pyrolysis and activation.” During the first process, oxygen
and hydrogen contents in precursors are mostly eliminated, and
carbons with modest surface areas are constructed.”® The
following activation process creates porosity by reacting carbon
with oxidants at elevated temperatures. The oxidants can be
gaseous ones, e.g, COZ9 and HZO,IO or molten salts, e.g,
KOH'"'"" and ZnCl,."* It is widely believed that the activation
step requires carbon oxidation, while a large porosity created in
ACs by a reductant has been rarely reported.

Recently, N-doped carbonaceous materials have raised
increasing interest due to their improved properties in
electronics,™ catalysis,lé’17 CO, adsorption,18 batteries,'**°
and electrical double-layer capacitors (EDLCs),”"** compared
with their pure carbon counterparts. For preparation of these
materials, one approach is to use nitrogen-containing organic
precursors>~>* or ionic liquids*** for pyrolysis. By controlling
the pyrolysis conditions, the as-prepared carbons can possess a
high nitrogen content, e.g., 40 wt % in carbon derived from 1-
ethyl-3-methylimidazolium. Chemical vapor deposition has also
been investigated to synthesize N-doped carbon nano-
tubes*®~>* or graphene,**~>* which realizes direct incorporation
of nitrogen atoms into carbon and leads to superior
physicochemical properties. As another strategy, reacting
graphene oxide with nitrogen-containing salts under hydro-
thermal conditions can form N-doped reduced graphene oxide
materials.**™*' These N-doped reduced graphene materials
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exhibit much better dispersion in solvents, which is critical for
applications. Other methods, including solvothermal reactions,
arc discharge, and plasma treatment, have also been employed
to form N-doped graphene materials.*** Another important
approach is to anneal carbon materials under NH; gas**™* or
NH3/steam mixture*”*® at elevated temperatures. Reactions
between NH; and carbonaceous materials at temperatures
lower than 1000 °C can enable a certain level of nitrogen
doping. However, a carbon burnoff or significantly increased
specific surface/pore volume has not been reported for
annealing carbon under NH;.*

NHj; has long been used as a flowing gas in forming metal
nitrides by annealing nitrogen-containing organometallic
compounds. Interestingly, much less carbon residue remains
after the pyrolysis under NH; than the cases under N, or Ar,
which suggests carbon gasification under NH;.>>*! This is very
much different from the pyrolysis of pure carbon under NH;.
Unfortunately, not much attention has been paid to this
phenomenon, and the mechanism has yet to be explored. It
seems to us that there might be a certain reactive mechanism
involved for carbon gasification during the pyrolysis of these
precursors. However, the raw materials of organometallic
compounds in previous studies are too special to reveal the
mechanism.

Herein, we study the pyrolysis of cellulose, the most
abundant polymer, under NH; to uncover the burnoff
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mechanism. We, for the first time, demonstrate that N-doped
activated carbon (NAC) membranes with large surface areas
can be prepared in a one-step fabrication by heating cellulose
filter paper (CFP) under NHj, a reducing activation agent. The
specific surface area and nitrogen content of NACs can be
readily tuned by varying the experimental conditions. More-
over, we experimentally confirmed the formation of CH, from
the NH; activation reaction with N-doped carbon. We also
discovered the doped nitrogen plays an important role in the
activation reaction of carbon under NH;. More importantly, the
N-doped carbon membrane exhibits good performance in
EDLCs as binder-free electrodes.

A series of NAC membranes with different specific surface
areas and nitrogen contents have been synthesized by annealing
CFP under NH;. When CFP was heated under NH; at T °C
for X h, the obtained NAC is referred to as NAC-T-Xh (Table
1). All obtained samples except NAC-1000-2h exhibit excellent

Table 1. Burnoff, Specific Surface Area, And Chemical
Compositions of NACs and Ar-1000-2h

bumoff  Spy  XPSC  XPSO  XPS N
sample no. (wt %) (m®/g) (at %) (at %) (at %)
NAC-550-2h 40.9 93.3 84.5 6.5 9.0
NAC-550-6h 62.4 91.8 84.1 5.6 10.3
NAC-700-2h 69.5 390.6 85.3 4.7 10.0
NAC-700-6h 71.1 544.4 85.1 4.7 10.2
NAC-850-2h 84.2 889.2 91.7 3.8 4.5
NAC-850-6h 89.4 1326.5 93.3 2.5 4.2
NAC-1000-2h 98.3 1973.3 94.1 4.0 1.9
Ar-1000-2h 64.0 302.2 97.8 2.2 0
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Figure 1. SEM images of (a) CFP and (b) NAC-850-6h. Inset of (b):
a digital image of NAC-850-6h. (c) XRD patterns of NACs. (d) A
HRTEM image of NAC-850-6h.

membrane flexibility, as indicated in Figure 1b inset. The
morphology of membranes was well maintained after the heat
treatment, as shown in scanning electron microscopy (SEM)
images (Figures 1a,b and S1). The carbon lattice structure in
NACs was studied by X-ray diffraction (XRD) patterns (Figure
1c). By comparing the intensity of (002) peaks, it is evident
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that the graphitization degrees of NACs first increases from 550
to 700 °C then decreases sharply at higher temperatures of 850
and 1000 °C. A representative high-resolution transmission
electron microscopy (HRTEM) image reveals a typical
amorphous carbon lattice where tiny graphite domains
consisting of 2—3 layers of graphene sheets exist in NAC-
850-6h (Figure 1d).

In Raman spectra, all NACs exhibit two characteristic bands
at ~1350 cm™! (D-band) and ~1580 cm™ (G-band) that can
be assigned to carbon sp® and sp® configuration, respectively
(Figure 2a). Surprisingly, the intensity ratios of D- and G-bands
(Ip/Ig) are below 1.0 for NACs formed at 550 °C, indicative of
a high graphitization degree. The I,/I; ratio increases upon
higher annealing temperatures and longer durations, suggesting
more disordered structures. Note a higher pyrolysis temper-
ature typically leads to a higher degree of graphitization under
an inert gas atmosphere, while the opposite is observed under
NH;. The more amorphous structure obtained at higher
temperatures should be attributed to an activation process
under NH; that will be further discussed later on.

N, sorption measurements for NACs were carried out. For
the purposes of comparison, a reference carbon, designated as
Ar-1000-2h, was also prepared by annealing CFP in Ar at 1000
°C for 2 h. As shown in Figure 2b, all NACs exhibit Type I
isotherms, indicative of microporous structures. It is evident
that specific surface areas and pore volumes rise along with
higher heating temperatures and longer durations during
pyrolysis. As summarized in Table 1, calculations based on
the isotherms give Brumauer—Emmett—Teller (BET) surface
areas of 93.3 and 91.8 mz/g for NAC-550-2h and NAC-550-6h,
respectively. The low specific surface areas suggest that little
activation occurs at this temperature. At 700 °C, the specific
surface areas rise to 390.6 and 544.4 m*/g for NAC-700-2h and
NAC-700-6h, respectively. Note that Ar-1000-2h exhibits a
lower BET surface area of 302.2 m*/g than NAC-700-2h. This
clearly indicates that carbon activation process under NH,
occurs at as low as 700 °C. At higher temperatures of 850 and
1000 °C, the surface areas reach 889.2, 1326.5, and 1973.3 m?/
g for NAC-850-2h, NAC-850-6h, and NAC-1000-2h, respec-
tively. This further demonstrates the activation effect under
NH; and corroborates the lower graphitization degrees of these
NACs revealed by XRD and Raman measurements. We also
carefully recorded the burnoff for every experiment, as
summarized in Table 1. Under NH;, the burnoff increases
upon higher heating temperatures and longer durations and
reached 89.4 wt % for NAC-850-6h, compared to 64.0 wt % for
Ar-1000-2h. X-ray photoelectron spectrometer (XPS) was
further employed to characterize the chemical composition of
NACs obtained under various conditions (Figure 2c and Table
1). As a reference, Ar-1000-2h consists of 97.8 at % carbon and
2.2 at % oxygen, which indicates an effective carbonization.
Under NH;, N-doping occurs through the reaction of NH; with
the oxygenated species in the cellulose.*”*>* At 550 °C,
nitrogen constitutes 9.0 and 10.3 at % in NAC-550-2h and
NAC-550-6h, respectively. At 700 °C, nitrogen content is
stabilized at around 10.0 at % in NAC-700-2h and NAC-700-
6h. However, at even higher temperatures of 850 and 1000 °C,
nitrogen content drops to 4.5 at % for NAC-850-2h, 4.2 at %
for NAC-850-6h, and 1.9 at % for NAC-1000-2h, which should
be due to the effective removal of oxygenated species at a high
temperature. For example, oxygen in NAC-850-6h is only 2.5 at
%, comparable to that of Ar-1000-2h. Furthermore, the high-
resolution XPS spectra of N 1s were collected to understand
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Figure 2. (a) Raman spectra and (b) N, sorption isotherms of NACs and Ar-1000-2h. XPS spectra of NACs and Ar-1000-2h: (c) survey spectra and

(d) high-resolution N 1s spectra.

the formed N-carbon bonding under NH; (Figure 2d). The N
Is signal can be deconvoluted into two components
corresponding to pyrrolic-N (400.7 V) and pyridinic-N
(398.3 eV), respectively.”** It is evident that the doped
nitrogen atoms are bonded within the carbon lattice instead of
dangling on the carbon surface. The intensity ratio of pyrrolic-
N and pyridinic-N peaks gradually increases upon higher
annealing temperature and longer durations, which suggests the
activation is more likely at the expense of aromatic rings than
N-containing five-membered rings.

It is important to reveal the activation mechanism of
cellulose-derived carbon under NH;. As listed in Table 1, a
longer annealing duration (6 vs 2 h) at 850 °C results in a
higher burnoff (89.4 vs 84.2 wt %) and a larger specific surface
area (1326.5 vs 889.2 m*/g). Inspired by the reports on the
more reactivity of N-doped carbon,'®"” we did a simple
experiment to test whether it is the doped nitrogen that results
in the activation process. Both N-free carbon (Ar-1000-2h) and
N-doped carbon (NAC-850-2h, 4.5 at % of N) were annealed
under NH; at 850 °C for 1 h. A weight loss of ~5% was
observed for Ar-1000-2h, while the burnoff is about 50 wt % for
NAC-850-2h. The vast burnoff difference unequivocally
confirms that doped nitrogen in NAC-850-2h plays an
important role on the activation reactions between carbon
and NH;.

In order to further investigate the mechanism, mass
spectrometry (MS) was used to analyze the exhaust gas
collected after the furnace temperature had risen to 850 °C for
2 h when the formation process of NAC-850-2h is nearly
finished. The spectra of the exhaust gas, background, and
methane standard are shown in Figure 3. In contrast to the
background, exhaust gas, and methane standard share similar
peaks, particularly, at mass/charge ratios of 15 and 29 that are
assigned to CH;* and CH;CH," from the CH, plasma. This
proves the CH, production during the activation process. It is
well-known that the decomposition of organic compounds does
not generate CH,.”® Our results, for the first time,
experimentally confirm the CH, formation from the reaction
between NH; and N-doped carbon. Here, we postulate an
activation mechanism that can be described by the following
equation:
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Figure 3. MS study on exhaust gas from the activation reaction. A
spectrum of exhaust gas collected after the reaction temperature had
risen to 850 °C for 2 h during the formation of NAC-850-2h (up,
blue), a background spectrum of air (middle, red), and a standard
methane spectrum (down, black).

doped-N in carbon
—— 2N,(g) + 3CH,(g)

3C(s) + 4NH,(g)

Considering more defects and different electronic structure
of carbon due to the N-doping, it is possible that N, is formed
by the nitrogen from NH; and the doped nitrogen in carbon.
Further mechanistic study is undergoing to confirm this
postulation.

N-doping is one of the most promising strategies to enhance
the performance of carbon electrodes in EDLCs. We
investigated NAC-850-6h as a free-standing binder-free
electrode in EDLCs with a basic aqueous electrolyte (2.0 M
KOH). NAC-850-6h was chosen due to its high surface area
and good membrane integrity. A series of cyclic voltammo-
grams (CV) of NAC-850-6h at different scanning rates reveal a
typical capacitive behavior (Figure 4a). Figure 4b shows the
galvanostatic charge/discharge profiles of NAC-850-6h at a
current rate of 1.0 A/g, where a specific capacitance of ~120 F/
g is calculated. In a control experiment, a conventional activated
carbon (CAC), obtained by activating a coal-derived carbon
under CO, at 860 °C for 22.5 h, was also investigated. As
shown in Figure 4b, CAC shows a much lower capacitance of
63 F/g with an even higher surface area of 1533.6 m?/ g (Figure
$2) than NAC-850-6h (1326.5 m2/g). NAC-850-6h exhibits
more than double the unit area capacitance than CAC (90 vs 41
mF/m?). Additionally, electrochemical impedance spectroscopy
(EIS) measurements were conducted (Figure 4c,d). The
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Figure 4. (a) CV curves of NAC-850-6h at different scan rates. (b)
Galvanostatic charge/discharge profiles of NAC-850-6h and CAC at a
current density of 1.0 A/g. (c) Nyquist plots of NAC-850-6h and
CAC, and (d) an enlarged Nyquist plots corresponding to the red
square marked area in (c).

Nyquist plots of both NAC-850-6h and CAC show a semicircle
followed by a sloping straight line. NAC-850-6h exhibits a
slightly lower intercept (0.4 Q) at the real impedance (Z') axis
in the high-frequency region than CAC (0.6 ), indicating a
smaller internal resistance. A smaller diameter of the semicircle
from NAC-850-6h reveals a less charge-transfer resistance on
the electrode surface than CAC. The less resistance should be
attributed to the N-doping in the carbon structure. A much
higher slope at the low-frequency region clearly shows a much
better pore accessibility for electrolyte in NAC-850-6h than
CAC,>* which may be due to the N-doping enhanced
hydrophilicity. Our results suggest that the simple approach
of activating cellulose under NHj; can be a facile methodology
to manufacture advanced electrode materials for EDLCs.

In conclusion, we have introduced the following discoveries
in this study: (i) N-doped activated carbon membranes with
tunable nitrogen contents and surface areas can be formed by
annealing cellulose filter paper under NHj; (ii) doped nitrogen
in carbon lattice plays an important role in the activation
reaction of carbon under NH;; and (iii) methane is formed as a
product in the reactions between N-doped carbon and NHj.
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