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ABSTRACT

Both nitrogen-doping feature and pore structure are critical factors for developing nitrogen-doped
carbons based catalysts with a high performance toward oxygen reduction reaction (ORR). Herein, a
simple one-step CVD of acetylene and acetonitrile vapor method using silanized SBA-15 as a template has
been developed to synthesize an ordered porous carbon (OPC) with dual nitrogen-doped interfaces. The
optimized sample as prepared with the CVD of 4 h at 750 °C contains two types of ordered mesopores
that one type is the ordered cylindrical pores inheriting from the pores of SBA-15 and has a pore width of
4.0~5.0 nm, the other type is the ordered quasi-hexagonal pores with a width of 3.0~4.0 nm produced by
etching the pore walls of SBA-15. These two types of pores whose pore walls are built by the nitrogen
doped carbon layers resulted by the CVD and thus it actually makes the dual nitrogen-doped interfaced
OPC (DN-OPC). Meanwhile, DN-OPC contains a few of micropores and a large SSA of 1430 m?/g. This dual-
ordered pores and dual nitrogen-doped interfaces cannot only facilitate mass transport but also utilize
the active sites of DN-OPC for ORR. Therefore, as metal-free ORR catalyst, DN-OPC exhibits a good activity
close to commercial Pt/C catalyst, and an excellent durability and methanol tolerance.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Green and sustainable energy is an issue that human beings
have to face in the 21°* century. As a green energy conversion and
supply device, proton exchange membrane fuel cells (PEMFCs)
have advantages of abundant and cheap raw materials, such as air,
methanol and hydrogen etc., high conversion efficiency, mild
operation temperature and low or zero emissions. Unlike
secondary batteries, fuel cells can directly and continuously
convert the chemical energy into electric power, they do not have
charge-discharge problems so it has been expected for a wide
range of applications in power stations, electric vehicles and
military industry [1-3]. However, sluggish oxygen reduction
reaction (ORR) dynamic is the bottleneck of PEMFCs development
[4-6]. Nowadays, the most active catalysts for ORR are still
platinum (Pt) based catalysts, but they are overpriced, poor
durability and poor methanol tolerance. Therefore, developing
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novel ORR catalysts owning the advantages of low cost, highly
activity and durability, especially metal-free catalysts has great
significance on commercialization of PEMFCs [7-9].

Since nitrogen atoms with high electronegativity can activate
the neighboring carbon atoms for ORR through electronic
interaction of nitrogen-containing functional groups with oxygen,
nitrogen-doped porous carbon materials are attracting extensive
attentions in the field of ORR catalysts whatever they are used as
supports of metal catalysts or as metal-free catalysts [10,11]. The
nitrogen-containing species of porous carbon can enhance the
interaction between carbon support and metal catalysts when
used as catalyst supports, and weak O—O band and catalyze ORR
when used as metal-free catalysts. Meanwhile porous structure of
nitrogen-doped porous carbon can influence deposition, distribu-
tion of supported catalysts and mass transport during ORR [12,13].
Therefore, synthesis of nitrogen-doped porous carbon and tuning
nitrogen-containing species and pore structure are important
aspects in developing ORR catalysts [14-16].

It is generally considered that the larger amount of nitrogen-
containing species and the higher specific surface area (SSA) of
nitrogen-doped porous carbon catalysts are beneficial to enhance
the activity of ORR, however, the utilization of nitrogen-containing
species is actually more important for ORR performance [17-21]. It
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is highly related with the active interfaces that the reagents can
easily reach and really interact with. For the porous carbon based
catalysts, such interfaces could be constructed by the pore
structure facilitating mass transport and the pore surface
supplying active sites of nitrogen doping. For example, tedious
and disordered pores of carbon materials generally cause catalysts
suffered to the problem of mass transport, which can decrease the
probability of the interaction between active sites and reagents
and thus cut down the catalytic efficiency and performance of
catalysts.

Since the ordered pores distributed in three dimensions can
facilitate mass transport, many ordered mesoporous carbons
comprising the properties of SSA and pore size, have been
extensively demonstrated in enhancing mass transport for
improving their application in PEMFCs, supercapacitors and
lithium ions batteries, etc. [22-25]. Moreover, porous materials
owning the complex structure of ordered micro-mesopores [26-
28], ordered meso-mesopores [29-31], and ordered meso-macro-
pores [32-34] have been successfully synthesized. Using heter-
oatomic-doping ordered porous carbons as ORR catalyst, it is
highly expected to make more active interfaces while the ordered
pores for mass transport are constructed, however, it is hard to
achieve this goal.

In this study, a novel carbon based catalyst of ORR that can
supply more actives sites by utilizing the dual nitrogen-doped
interfaces through the dual-ordered pores has been prepared by a
simple one-step CVD of acetylene and acetonitrile vapor using
silanized SBA-15 as template. The dual-ordered pore structure
facilitates mass transport and the dual nitrogen-doped interfaces
make the larger active interfaces. Therefore, as metal-free catalyst
for ORR of PEMEFCs, this dual-interfaced ordered porous carbon
(DN-OPC) exhibits a good performance on ORR. This study supplies
a novel strategy for design of ORR catalyst by constructing pore
structure and tuning nitrogen-doped interfaces at the same time
and thus is promising to develop the porous carbon catalysts with
good property.

The schematic illustration of DN-OPC synthesis is shown in
Scheme 1. Since the surface chemical inertness for carbon
deposition of SBA-15 due to the abundant Si-O containing groups,
it needs a surface activation treatment to ensure an efficient carbon
deposition onto the pore wall of SBA-15 template. FTIR results of
SBA-15 before and after silanization are shown in Fig. 1a. The SBA-
15 has several characteristic peaks around 3420, 1053 and
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807 cm™! assigned to the bands of Si—OH, Si—0—Si and Si—O,
respectively. These surface groups are inactive for carbon
deposition. The peak at 1636 cm ™! is attributed to bending mode
of adsorbed water (H,0). For the silanized SBA-15 the peak
strength of Si—OH, Si—O0, Si—0—Si and adsorbed H,0 decreased
obviously, respectively. In addition, the C—H band at 2966 cm™!
and Si—C band at 841 cm~! can be observed [35-37]. Silanization
makes the surface of SBA-15 matrix coupled with alkyl owning
good activity for carbon deposition in addition to Si—C band. The
results indicate that the surface silanization of SBA-15 bring the
template the activity of carbon deposition. The effect of silaniza-
tion on the carbon deposition onto the template can be further
confirmed through the thermogravimetric analysis (TGA) of
samples prepared by using the SBA-15 template before and after
silanization, the results are shown in Fig. 1b. With the same
condition of CVD, the amount of carbon deposition on the silanized
SBA-15 is up to 21.0 wt%, however, it is only 1.4 wt% for the SBA-15.

Small-angle XRD tests were used to analyze the pore-structure
ordering of the samples and the results are shown in Fig. 1c. The
three well-resolved diffraction peaks of DN-OPC samples around
20 of 0.87°,1.50° and 1.72° corresponding to (100), (110) and (200)
reflections of 2D hexagonal ordered structure can be discerned for
both of SBA-15 and the silanized SBA-15 [38,39], which suggests
that the silanization does not change the originally ordered
structure of SBA-15. After nitrogen doped carbon coating and
subsequent the template remove, the resultant DN-OPC samples
still exhibit the ordered structure according to their XRD patterns.
However, the characteristic peaks corresponding to the (100), (110)
and (200) reflections shift lightly, which could be attributed to the
production of new ordered pores and the changes of pore diameter
[29]. Unlike the traditional ordered mesoporous carbons with a
single type of ordered pore structure [40,41], the CVD makes the
nitrogen-doped carbon layers deposited onto the pore walls of
silanized SBA-15 and thus results the pore diameter decrease. On
the other hand, after removing the SBA-15 template by HF solution,
a new type of ordered pore was produced, the pore size is close to
the wall thickness of SBA-15. Therefore, DN-OPC could own the
dual-ordered mesoporous structure like the reported in the
literature [29] and the illustrated in Scheme 1. The wide-angle
XRD patterns of DN-OPC samples are shown in Fig. S1a (Supporting
information). It can be found that two broad carbon (002) and
(100) peaks appear around 26° and 44°, respectively, the former
peak corresponds to the stacking of graphite layers, and the latter

DN-OPC

Remove
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(1) Inherited ordered pores: ca. 4-5 nm

(2) Ordered quasi-hexagonal pores: ¢a.3-4 nm

Nitrogen doped carbon layers

(1) and (2) : Dual-ordered pore structure

1# and 2# : Dual nitrogen-doped interfaces

Scheme 1. Schematic illustration of synthesis of DN-OPC. The detailed chemical reagents and experimental processing are in the supplementary information.
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Fig.1. (a) FTIR spectra of the SBA-15 and the silanized SBA-15. (b) TG curves of the SBA-15 and the silanized SBA-15 treated by CVD of acetylene and acetonitrile vapor with
2 h. (c) Small-angle XRD of samples. (d) Deconvoluted components (D, G, P, Am), fitting result and the values of Ip/I; are shown for DN-OPC-4 h. The inset of (a) represent the

magnified peak of FTIR spectra.

corresponds to the domain size of graphite [42]. By comparison,
from DN-OPC-2 h to DN-OPC-6 h, the FWHMq¢2) value decreases
in turn as shown in Fig. S1b (Supporting information), and the
FWHM(100 values of all DN-OPC samples are similar. The short-
time (DN-OPC-2 h) of acetonitrile vapor of CVD process results in a
lower number of nitrogenous graphite layers than the long-time
CVD. The accumulation degree of graphite layers increases when
the time is extended to 4 and 6 h, so the FWHMqq>) value of DN-
OPC-6 his slightly lower. The domain size of graphite is similar due
to the same post-treatment temperature and time.

Raman spectroscopy is a solid method to identify carbon
phases. All of DN-OPC samples showed the graphitic peak (G band)
at ca. 1600cm~", the structural defects peak (D band) at ca.
1340 cm~}, the peak ascribed to amorphous carbon (Am band) at
ca.1515 cm ™! and the peak ascribed to sp>-bonded carbon atoms (P
band) at ca. 1200cm™' in Fig. 1d and Fig. S2 (Supporting
information) [43]. The relative intensity ratio of D and G band
(Ip/lg) is proportional to the defects in graphitic carbon, which is
often used to characterize the graphitic structure in carbon
materials. The DN-OPC-4 h sample has the lowest the ratio of Ip/Ig
indicating its lower defects in graphitic structure among the
samples. The graphitization degree of DN-OPC is mainly influenced
by the defects resulted by the nitrogen doping and etching [44,45]
and the structural integrity. Despite of middle content of nitrogen,
DN-OPC-4h owns the best integrity from the ordered pore
structure, therefore it appears the higher graphitization degree
among the samples. However, compared with the classical
templated carbons containing one type of ordered pores prepared
by polymerization and filling processes [40], DN-OPC prepared by
this direct CVD method has a low graphitization degree and
relatively more defects.

N, adsorption-desorption isotherms of samples are shown in
Fig. 2a. All the samples have the characteristics of type IV
isotherms representing the materials with mesoporous structure
[46]. The hysteresis loop of silanized SBA-15 template is in middle-
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Fig. 2. (a) N, adsorption-desorption isotherms and (b) DFT pore size distribution of
silanized SBA-15 and DN-OPC samples.
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high relative pressure range of P/Py = 0.7~0.9, however, the relative
pressure range of hysteresis for DN-OPC samples decreases to
P/Py=0.4~0.8. It indicates that the mesopore size of DN-OPC
samples become smaller than the template probably due to the
carbon coating. Moreover, the adsorption capacity of DN-OPC
samples in middle-high relative pressure range becomes much
larger than the silanized SBA-15 suggesting the enlarged meso-
porous volume produced by removing the pore walls of template.
In addition, it can be observed that the DN-OPC samples have the
higher adsorption capacity at ultra-low relative pressure of P[Py <
0.01 than the template, which should be attributed to an increase
in microporous volume mainly resulted by the defects during the
template etching and nitrogen doping. The pore size distribution
(PSD) curves of samples as shown in Fig. 2b further demonstrate
the evolution of pore structure. Compared with the template
whose mesopores size focusing around 9.0 nm, the focused pore
size of DN-OPC samples decreases to around 3.0~5.0 nm due to the
carbon coating, meanwhile the microporous volumes increase a
lot. Furthermore, the local magnification image of PSD of DN-OPC
samples shown in Fig. S3 (Supporting information) indicates that
there are two kinds of the focused pore size of 3.0~4.0 nm and
4.0~5.0 nm. Table S1 (Supporting information) gives the param-
eters of pore and SSA of samples. DN-OPC samples have much
larger SSA and pore volume than the silanized SBA-15. Especially,
DN-OPC-4 h (the optimized sample prepared by the CVD at 750 °C
for 4.0 h) owns the highest SSA of 1430 m?/g as more than three
times as the template, and pore volume of 1.83 cm?/g. In addition,
as the pores of DN-OPC samples consists of a type of cylindrical
pores inheriting form the SBA-15 and the other type of pores
formed by removing the pore walls of SBA-15, they have
significantly larger SSA and pore volume than those mesoporous
carbon consisting of only one type of mesopores produced by
removing the pore walls of SBA-15 template [46-48].

The SEM images of the silanized SBA-15 template and DN-OPC-
4 h are shown in Fig. 3. They have similarly particular morphology
with arrays of tubular pores, suggesting that the process of
silanization, CVD and HF etching to prepare the DN-OPC-4h
sample can still keep and inherit the general morphology of SBA-
15. Microstructure of samples was further observed by HRTEM as
shown in Fig. 4. In the template of silanized SBA-15 the arrays of
cylindrical pores can be clearly observed along the axial direction
of particles, the average pore wall thickness is about 3.0~4.0 nm,
moreover the pore structure between the neighbored walls can
also be discerned (Fig. 4a). Along the cross-section of silanized
SBA-15 particles, the ordered arranged pores with diameter of
about 7.0~9.0 nm are again confirmed (Fig. 4b). HRTEM of DN-
OPC-4 h sample still appears the ordered arranged stripes along
the axial direction representing the pores and walls (Fig. 4c).
However, it is worthy on noting that there are two types of gray
stripes in HRTEM representing the two types of pores. One type of
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Fig. 3. SEM images of (a) silanized SBA-15 template and (b) DN-OPC-4 h.

pore represented by the clear and smooth bright gray lines should
be produced through etching the pore walls of SBA-15 template,
which has a width of about 3.0~4.0 nm. Another type of pore
represented by the coarse and thick gray line should derive from
the cylindrical pore formed by carbon coating onto the pore wall of
silanized SBA-15 template, which has an average diameter of about
4.0~5.0nm. From the view of cross-section of DN-OPC-4h
(Fig. 4d), the quasi-hexagons showing by bright gray lines with
thickness of about 3.0~4.0 nm indicates the pores produced by the
removal of template, which is corresponding to and consistent
with the observation along the axial direction of sample. However,
from the cross-sectional view of sample it is difficult to clearly
discern the cylindrical pores formed by carbon coating as shown by
the coarse gray stripes in Fig. 4c. Most probably, the carbon coating
layers are not complete and have many defects as shown by some
tiny bright spots within the quasi-circle, which also results in a lot
of micropores as demonstrated by PSD curves of Fig. 2b. For the
better understanding, a mesoporous carbon without nitrogen
doping was prepared by the direct CVD of acetylene. The HRTEM of
Fig. S4 shows a more clear structure of a dual-ordered pores than
the DN-OPC-4 h since its low defects.

It has been well demonstrated and confirmed by the character-
izations of XRD, PSD and HRTEM that there are two types of
ordered mesoporous structure and a new formed micropores in
the DN-OPC-4 h sample through the process of silanization, CVD of
acetylene and acetonitrile vapor, removal of SBA-15 template by HF
etching. Especially interesting, these two types of ordered pores
are both constructed by the same one wall of pore with the
thickness of 3.0~4.0 nm, which results the dual-interfaces in the
DN-OPC. One kind of nitrogen doped interface is the side of the
wall of cylindrical pore. The other nitrogen doped interface is the
side of the wall of quasi-hexagonal pore. Therefore, DN-OPC owns
not only the dual-ordered pores but also the dual-interfaces. It is
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postulated that this dual-ordered pores and dual-interfaces
structure will have the more positive effect on mass transfer
and efficient utilization of catalytic active sites toward ORR.
Another critical factor governing ORR activity is the chemical
nature of the active sites of catalyst. X-ray photoelectron
spectroscopy (XPS) was employed to probe the chemical states
of DN-OPC samples. Three characterized peaks observed at 284.6,
400.4 and 532.3 eV of DN-OPC samples in Fig. 5a and are assigned
to C 1s, N 1s and O 1s, respectively [49]. It confirms that nitrogen
atoms were successfully doped into carbon frameworks by CVD of
acetonitrile vapor to form the nitrogen-doped carbon layers. As the
pore walls are constructed by these nitrogen-doped carbon layers,
DN-OPC owns the dual nitrogen-doped interfaces. The atomic
content of C, N and O in DN-OPC samples are listed in Table S2
(Supporting information). The nitrogen content of samples slightly
increases with the CVD time. High resolution N 1s spectra (Fig. 5b
and Fig. S5 in Supporting information) are deconvoluted into four
peaks centered at 398.2, 400.1, 401.0 and 402.1 eV, which can be
assigned to pyridinic-N, pyrrolic-N, quaternary-N and oxide
pyrinidic-N, respectively [50,51]. The contents of these types of
nitrogen atoms were calculated based on the N 1s spectra and are
listed in Table S2. It has been demonstrated that both pyridinic-N
and quaternary-N can influence the charge density of adjacent
carbon atoms and thus can enhance oxygen adsorption and
subsequent catalytic ORR onto the active sites [52-54]. The DN-
OPC-4 h has the content of pyridinic-N (0.87 at%) and quaternary-N
(1.73 at%) and total nitrogen amount of 4.2 at%. Although total
nitrogen amount of DN-OPC-4 h is little less than DN-OPC-6 h (4.9
at%), the content of the pyrinidic-N and quaternary-N contributing
the active sites of ORR are very close to the DN-OPC-6 h (0.82 at%
and 1.83 at%). Furthermore, ORR activity is not only decided by the
content of nitrogen doping, the more important is the utilization of
active sites. DN-OPC-4 h has good characteristics of dual-ordered
pores, dual-nitrogen doped interfaces and the larger SSA, which
could utilize the active site of nitrogen doping more efficiently.

Fig.4. HRTEM images and observation along the axial direction of silanized (a) SBA-15 and (c) DN-OPC-4 h, and viewed along cross-section of silanized (b) SBA-15 and (d) DN-

OPC-4 h. The inset of (c, d) represent the similar structure schematic.
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The catalytic ORR performance of DN-OPC samples was firstly
evaluated by cyclic voltammetry (CV) in N, or O, gas-saturated
0.1 mol/L KOH solution and the results are shown in Fig. 6a. The
distinct ORR peaks centered around 0.69, 0.72 and 0.70 V (vs. RHE)
of samples from DN-OPC-2 h to DN-OPC-6 h can be observed. The
DN-OPC-4h owns the most positive peak potential of ORR
indicating its good ORR performance. It is also found that there
are significant the electric double layer capacitance since a large
amount of accessible mesopores and high SSA of DN-OPC samples,
which makes it difficult to compare the peak current of ORR
through CVs. Linear scan voltammetry (LSV) measurements of DN-
OPC samples and commercial 20 wt% Pt/C catalyst were then
performed and the results are shown in Fig. 6b. Among the DN-
OPC samples, the DN-OPC-4 h owns the highest limiting current
density close to 20 wt% Pt/C catalyst and relatively positive onset
potential for ORR. Despite of a relative low nitrogen doping
amount of DN-OPC-4h compared to the other some nitrogen-
doped carbons with the nitrogen doping amount of 5.0~10.0 at%
[50-52], the dual-ordered porous structure and dual nitrogen-
doped interfaces makes the active sites of nitrogen-containing
species more accessible and thus utilized more efficient. Therefore,
as metal free catalyst of ORR, DN-OPC-4 h exhibits a good ORR
activity close to the commercial Pt/C catalyst. Moreover, by
comparing the other nitrogen doped carbons based catalysts,
despite of a low content of nitrogen, DN-OPC-4 h still shows an
excellent property on ORR as shown in Table S3 (Supporting
information).

It has been recognized that there are two kinds of ORR catalytic
mechanism, one is based on the two-electrons transfer reaction,
the other is based on the four-electrons transfer process. The
number of electron transfer n can be calculated through K-L
equation [52] by using K-L plots of J~! versus w~'/? (Figs. 6¢ and d,
and Fig. S6 in Supporting information) and then is used to
postulate the mechanism of ORR. The result shows that the
calculated n value of DN-OPC-4h is 3.94-3.98 from +0.50V to
+0.65 V. To verify the ORR catalytic pathways of these catalysts, the
rotating ding disk electrode (RRDE) measurements were further
achieved for DN-OPC-4h (Fig. S7 in Supporting information),
carried out to monitor the formation of peroxide species (HO,™)
during the ORR process. According to the calculation, the HO,™
percentage produced by the DN-OPC-4 h is about 10%. The similar
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results of RRDE test and K-L equation show that the DN-OPC-4 h is
more close to a four-electrons transfer reaction pathway.

The durability and methanol tolerance of ORR catalysts is also a
major concern for application of PEMFC fuel cells technology.
The chronoamperometric response of samples in O,-staurated
0.1 mol/L KOH solution is used to evaluated their durability. As
shown in Fig. 7a, the ORR current of DN-OPC-4 h keeps 85% of
initial value after 10,000s, which is obviously better than the
commercial catalyst of 20wt% Pt/C having an ORR current
retention of 75% under the same operation condition. The good
durability of DN-OPC-4 h should be attributed to the dual-ordered
mesoporous structure in three dimensions facilitating mass
transport, efficient utilizing the active sites of nitrogen-containing
species and the closed four electrons transfer route of ORR
mechanism. In addition to a good durability, DN-OPC-4 h shows an
excellent methanol tolerance as shown in Fig. 7b. There is no
obvious change in ORR relative current before and after the
introduction of 3 mol/L methanol in 0.1 mol/L KOH solution.
However, a dramatic decrease of ORR relative current can be
observed for catalyst of 20 wt% Pt/C and the current cannot recover
to the previous value before adding methanol.

In summary, DN-OPC that a novel porous carbon with the dual-
ordered pores and the dual nitrogen-doped interfaces has been
successfully synthesized by developing a one-step CVD of
acetylene and acetonitrile vapor using the silanized SBA-15 as
template. The optimized sample of DN-OPC owns a large SSA of
1430 m?/g, the dual-ordered mesopores of one type of cylindrical
pores and the other type of quasi-hexgonal pores, the highest pore
volume of 1.83 cm?/g and nitrogen-containing functional groups of
4.2 at%. As metal free catalyst, the DN-OPC-4 h exhibits a good
performance of catalytic ORR close to commercial catalyst of
20wt% Pt/C through evaluating its onset potential, oxygen
diffusion limiting current, durability and methanol tolerance.
Good ORR properties of DN-OPC-4 h can be attributed to its dual-
ordered pore structure in three-dimensions enhancing mass
transport and the dual nitrogen-doped interfaces supplying more
active sites, which largely improve the efficient utilization of active
sites on ORR. Simple one-step CVD of acetylene and acetonitrile
vapor to synthesize DN-OPC and good property of the optimized
sample obtained by tuning CVD parameters makes this study
promising in designing and developing the heteroatoms-doped

1 —DN-OPC-4h
——20 wt% PtiC

Relative Current (%)

200 400 600

Time (s)

800 1000 1200

Fig. 7. (a) Chronoamperometric responses of the DN-OPC-4 h and 20 wt% Pt/C at +0.5 V vs. RHE with rotation rate of 900 rpm. (b) The DN-OPC-4 h and 20 wt% Pt/C catalysts
kept at +0.5V vs. RHE when 3 mol/L methanol was added at 600 s with rotation rate of 900 rpm in O,-staurated 0.1 mol/L KOH solution.
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