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ABSTRACT Annealed ultradispersed nanodiamond (ADD) with sp2 curved N

concentric graphitic shells is an interesting hybrid material consisting of the

remarkable surface properties of graphene-based nanomaterials and the intrinsic 1

properties of a diamond core. In this case, based on its specific properties and
surface oxygen functional groups, nitrogen-modified ADD powders have been
tunably synthesized via three different preparation methods in a calcination
treatment process. The detailed formation and dynamic behaviors of the nitrogen
species on the modified ADD during the preparation process are revealed by
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elemental analysis, X-ray photoelectron spectroscopy (XPS) and temperature-
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programmed desorption. Moreover, we study the catalytic performance on the metal-free nitrogen-modified ADD catalysts by means of selective oxidation

of benzylic alcohols as a probe reaction. The results indicate that the modified ADD catalysts exhibit a higher catalytic activity than pristine ADD. By

correlating XPS data with catalytic measurements, we conclude that the pyridinic nitrogen species plays a pivotal role in the catalytic reaction. Our work

provides valuable information on the design of modified carbon materials with more excellent properties.
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ue to their unique properties,
Dnanocarbon materials (e.g., single/

multiwalled carbon nanotube, nano-
graphite, graphene, fullerene, and nanocone)
have been widely studied for various possible
applications.'” The sp3-bonded ultradis-
persed nanodiamond (UDD) as another kind
of nanocarbon material has been used as
biomaterials, nanocomposites, and fluores-
cent and tribology materials.®~'3 Theoretical
calculation indicated that bare UDD pre-
sented thermodynamic stability and did
not form larger grains in a broad range of
pressures and temperatures, even the parti-
cle size was reduced to about 3 + 1 nm."*
Recently, the annealing graphitization of
UDD in an inert atmosphere or in vacuum
(T > 1200 °C) has attracted increasing atten-
tion due to the formation of onion-like car-
bon, which is a fascinating non-planar-related
material with multiply sp? closed concentric
graphitic shells.'®> The graphitization of UDD
is considered as a multistep process con-
sisting of a decomposition of surface groups
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on the surface of the diamond, reconstruction
of the diamond surface, initial formation of
a graphitic species (via the transformation
of the edges of diamond (111) planes into
graphite (0001) planes), and their fur-
ther transformation into carbon nanostruc-
tures.'®"” Among these steps, annealed
UDD (ADD) below 1200 °C is regard as an
interesting sp®/sp® hybrid material because
it benefits from the remarkable surface
properties of graphene-based nanomater-
ials combined with the intrinsic properties
of a diamond core.'® This promising hybrid
material has high curvature and surface
energy and thus exhibits more active surface
physicochemical properties than other car-
bon materials and allows more complicated
surface functionalizations.'®~22 In some cases,
the modifications of UDD and ADD using
functional groups involve various organic
solvents and highly toxic/environmentally
unfriendly reagents (e.g., fluorine gas, chlorine
gas) and require a prolonged reaction time
with the aim to improve the particle solubility,
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Scheme 1. Schematic illustration of the fabrication of modified
ADD samples (three graphitic shells as an ideal model represent
the rather irregular sp2 carbon shells of ADD).

fluorescence, and deaggregation properties.>> 27

Therefore, exploring an alternative approach for the
fabrication of modified ADD with tunable properties
and applications in the catalytic reactions is very
meaningful.

The selective oxidation of alcohols to their corre-
sponding aldehydes is considered as an important
organic catalytic reaction and widely applicable to
the synthesis of various chemicals. Current studies on
this selective oxidation reaction mainly focus on metal-
related catalysts.?® Over the past few years, carbon
material catalysts have been proven to be attractive
alternatives to the conventional metal or metal-based
catalysts.?® Activated carbon, graphite, carbon nano-
tubes (CNTs), and UDD can efficiently catalyze
the dehydrogenation reactions for ethylbenzene or
n-butane and the decomposition of methane.3°—3¢
The introduction of heteroatoms into nanocarbon
materials is generally considered as an easy way to
induce electron modulation with desired electronic
structures for many catalytic processes, such as the
oxygen reduction reaction (ORR) and the ring-opening
polymerization.®”~%°

Starting from this point, we first study the surface
nitrogen modification of ADD via three different meth-
ods, as it is shown in Scheme 1. The ADD samples
(annealed at 900 and 1100 °C, respectively) with multi-
ply curved graphitic shells are used as a starting
material. We focus on the formation and dynamic
behaviors of nitrogen species and the catalytic activity
correlated to the different types of nitrogen species.
The oxidation of benzylic alcohols is used to evaluate
the catalytic performance over the pristine ADD and
modified ADD catalysts with tert-butyl hydroperoxide
(TBHP) as oxidant.

RESULTS AND DISCUSSION

High-resolution transmission electron microscopy
(HRTEM) images in Figure 1A,B show the surfaces
of 900ADD and 1100ADD samples consisting of two
to four sp? graphitic shells. The identified interlayer
spacing of 0.338 nm in the outer shell and lattice
spacing of 0.204 nm in the core correspond to the
(002) of graphite and (111) of diamond lattice distance,
respectively. Selected area electron diffraction (SAED)
patterns (inset in Figure TA—E) composed of a few
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rings can be assigned to (111), (220), and (331) of the
diamond structure. In addition, the prominent region
in the center of the SAED pattern signifies the existence
of a graphitic phase in the samples.*’ There is no obvious
difference in the size of particles among the pristine
and modified samples, as displayed in Figure 1C—E. The
average particle size is about 5 nm. Compared with the
pristine 1100ADD, modified 1100ADD samples exhibit
more sp? graphitic shells, especially in N-1100ADD-1 and
N-1100ADD-2 (Figure 1, red arrows). It could be attributed
to the formation of a large number of pyridine-like
defects with lone-pair electrons which requires the re-
arrangement of the neighboring carbon atoms.*? The N,
adsorption—desorption analysis indicates that there is no
noticeable change of the specific surface area and the
pore size of pristine ADD and modified ADD (see Table S1
and Figure S1, Supporting Information).

The content of nitrogen and oxygen in various
samples was studied via the elemental analysis (EA)
test. Figure 2 shows that the concentration of nitrogen
significantly increases from 1.7 wt % for 900ADD to the
highest value of 5 wt % for modified 900ADD samples,
while the content of oxygen decreases from 5.2 wt % to
the lowest value of 1.7 wt %. The same tendency is also
observed on 1100ADD and modified 1100ADD sam-
ples. Besides, we oxidize 900ADD and 1100ADD by the
liquid phase acid treatment to form the oxygen-
enriched 0-900 and O-1100ADD intermediate pro-
ducts, and then these products are used as starting
materials to prepare the N-900ADD-O-2 and N-1100ADD-
0O-2 under ammonia gas atmosphere. As displayed in
Figure 2, the introduction of nitrogen leads to a drop
of oxygen content from 7.0 and 86 wt % of O-900
and O-1100ADD to 1.7 and 2.4 wt % of N-900ADD-O-2
and N-1100ADD-0O-2, respectively. On the contrary, the
nitrogen content increases from 2.8 and 2.7 wt % of
N-900ADD-2 and N-1100ADD-2 (via direct ammonia
treatment without liquid phase oxidation treatment) to
5.0 and 4.4 wt % of N-900ADD-O-2 and N-1100ADD-O-2.
These results may indicate that the oxygen content plays
an important role in the introduction of nitrogen. From
the results of thermogravimetric analysis (TGA) (Figure 2
and Figure S2), a certain amount of mass loss of pristine
900ADD and 1100ADD samples can be attributed to the
surface-adsorbed water as well as the slight decomposi-
tion of surface oxygen functional groups under elevated
temperature conditions. Comparing the total content
of oxygen and nitrogen by EA with the mass loss by
TGA, we find that the introduced nitrogen species have
not completely decomposed at 950 °C.

As displayed in Figure 3A, the spectrum of O 1s can
be divided into the following regions: O1 (530.7 eV)
is assigned to quinones or pyrone; 02 (531.8 eV) is
attributed to a carbonyl group (C=0); 03 (532.7 eV) is a
carbon—oxygen ether-like single bond. The 04 should
be assigned to oxygen in pyridine-N-oxide and surface
trace OH (can be ascribed to the sample's exposure to
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Figure 1. HRTEM images and SAED patterns (insets) of various ADD samples. (A) 900ADD, (B) 1100ADD, (C) N-1100ADD-1,
(D) N-1100ADD-2, and (E) N-1100ADD-0-2. The lattice plane spacing of diamond and interlayer spacing of graphite are indicated.
The SAED patterns show the typical diamond structure diffuse rings in all the samples. The red arrows indicate the graphitic

shells.

atmosphere after annealing).**~*” The N 1s spectrum
(see Figure 3B) can be deconvoluted into the following
five peaks: N1 (398.2 eV), N2 (399.2 eV), N3 (400.2 eV),
N4 (401.3 eV), and N5 (402—405 eV), which are as-
signed to pyridinic nitrogen, lactam or cyano nitrogen,
pyrrolic nitrogen, graphitic nitrogen, and pyridine-
N-oxide, respectively.*® > In our studies, the nitrogen
content can be tuned by virtue of different prepara-
tion methods. As can be seen from Figure 3B, the XPS
results illustrate that the nitrogen content increases
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from the 1.4 at % for 900ADD (inherent) to the highest
5.4 at % for N-900ADD-1. On the contrary, the concen-
tration of oxygen decreases from 3.7 at % to around
2.5 at % for the modified 900ADD (see Figure 3A).
Moreover, a similar change tendency is found on the
1100ADD and modified 1100ADD samples (see Figure
S3). The results of XPS are summarized in Figure 3C,D.
The atomic ratios of 02, O3, and 04 species of all the
samples decrease when nitrogen is introduced, while
the O1 species nearly remains unchanged. The nitrogen
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species have a significant increase compared to the
pristine ADD, especially N1, N2, and N3 species. These
results indicate that the nitrogen sources may react with
some oxygen species by a series of chemical reactions to
produce nitrogen species during the preparation pro-
cess, such as nucleophilic addition. By comparing the
concentration of nitrogen and oxygen of the same
sample in the bulk (EA in Figure 2) and surface region
(XPS in Figure 3), we find that there is an obvious
difference in the nitrogen content of N-900ADD-O-2
and N-1100ADD-O-2 samples. The corresponding nitro-
gen content is 5.0 and 4.4 wt % by EA and 2.2 and 2.8

10 12

N QO O MassLoss (wt %)

Mass Loss (wt %)

N and O Content (wt %)

Figure 2. Comparison chart of EA (histogram) and TGA
(linear graphs) in argon at a heating rate of 10 K min~" over
the different samples.
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at % by XPS. This may be attributed to the influence
of liquid phase oxidation pretreatment on the structure
of the original materials (O-900ADD and O-1100ADD) of
N-900ADD-O-2 and N-1100ADD-O-2.

The surface functional groups were evidenced by dif-
fuse reflectance FT-IR (DRIFT). As shown in Figure 4A,B,
the main characteristic absorption bands of 900ADD
and 1100ADD samples at 2885—2950, 1695—1725,
1550—1580, and 1315—-1330 cm™'/1115-1120 cm™"
represent C—H, C=0, C=C, and C—O vibration
(phenol, ether, or similar oxygen groups).'®>"°? The
weak N—H stretching band at 3315 cm ™' can be found
in the unmodified and modified samples. Moreover,
compared with unmodified samples, the oxygen-
containing bands (1695—1725,1315—1330,and 1115—
1120 cm™") on the modified samples are weakened,
which are in accordance with XPS results. It should be
noted that there are two new characteristic bands
present on the modified samples. The absorption bands
at the 2100—2200 and 1235—1245 cm ™' regions corre-
spond to the C=N and C—N stretching vibration,
respectively.>>>* The N-900ADD-O-2 and N-1100ADD-
0-2 samples exhibit the most intense C=N peak at
2100—2200 cm~', but the strongest band of C—N
stretching vibration is assigned to N-900ADD-2 and
N-1100ADD-2. Misra and co-workers earlier proposed
that C—N stretching vibration was related to the inter-
calated nitrogen atoms in the sp? carbon network.>*
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Figure 3. (A) XPS O 1s and (B) N 1s spectra of the 900ADD and modified 900ADD; (C) O,/C and (D) N,/C distribution diagram
over the ADD and modified ADD. The XPS spectra are divided by fitting the peak maximum within 0.2 eV and applying a full
width at half-maximum (fwhm) of 1.4—1.6 eV. The value of the mixed Gaussian—Lorentzian is maintained at 40%.
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Figure 4. DRIFT spectra of various samples.
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Figure 5. Schematic illustration for the formation and transformation pathways of nitrogen species (two hexatomic rings as

ideal starting model structure in pathway A—D).

However, it is difficult to distinguish the assignment
of the C—N bond in various nitrogen-containing groups
(pyridinc, lactam, or pyrrolic) using DRIFT spectra. Due
to the overlap of the C=C peak and C=N peak, the C=N
absorption bands are not found in the modified
samples.

After the curved graphitic shells have formed on
the ADD sample (see Figure 1A,B), NH3 and imidazole
are introduced as two different nitrogen sources to
achieve a modification process. Our results revealed
that there is a specific relationship between oxygen
species and nitrogen species. By correlating XPS data
with recently reported work about other carbon mate-
rials,>> some possible formation and transformation
mechanisms of nitrogen species on the modified ADD
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are proposed in Figure 5. The introduction of imidazole
could enhance the chemical interaction between
NH; and the ADD surface and is favorable for forming
the nitrogen species with the higher content. NHz, a
classical nucleophilic reagent, reacts with unsaturated
carbonyl group 02, forming the intermediate lactam
species, and releasing simultaneously CO and H,.
On the one hand, lactam species may transform
directly into pyridinic N1 and pyrrole N2 species with
the formation of H,O and CO (see Figure 5A).>° On the
other hand, a couple of pyridinic N1 species originated
from the dehydration of lactam species will further
condense into a kind of tetracene derivative and
release HCN under calcination conditions (see Figure 5B).
Subsequently, a small portion of graphitic N4 species

voL.s = No.8 = 7823-7833 = 2014 ACNJANIC)

WWwWW.acsnano.org

7827



3 1.20E-0084 (A) o 900ADD
) o N-900ADD-1 /
Z. 1.00E-008 o N-900ADD-2
Z o N-900ADD-O-2
S 8.00E-009-
£
vy 6.00E-009
=
4.00E-009 4
S SO
& 2.00E-009- — N
=
0.00E+000
~ 7.00E-0094 (C) @ 900ADD
3 o N-900ADD-1
s @ N-900ADD-2
z 6.00E-009 4 s N-900ADD-0-2 ,
z
3 5.00E-0094
£
§ 4.00E-009
g 3.00E-009-p“
ON
T 2.00E-009-

300 400 500 600 700 800
Temperature ('C)

1.00E-008

.u.)

(B)

o 1100ADD
< §8.00E-009 o N-1100ADD-1 p~
Z o N-1100ADD-2
5 @ N-1100ADD-O-2
£ 6.00E-009 4
£
wn
= 4.00E-009-
PN
> 2.00E-009- Y
@]
=

0.00E+000

~ 7.00E-0094 (D) o 1100ADD

s e N-1100ADD-1
S o N-1100ADD-2
2 80080097 o N-1100ADD-O-2
z

S 5.00E-009

£

W

S 4.00E-009

=)

= 3.00E-009

<, |

= 2.00E-009

300 400 500 600 _ 700 800
Temperature ("C)

Figure 6. TPD profiles of ADD and modified ADD in helium at a heating rate of 10 K-min ", (A,B) HCN, m/z = 27; (C,D) H,0, m/z = 18.

may be generated by the restructuration of pyridinic N1
species or pyrrolic N2 species, along with the release
of HCN at high temperature. In the previous studies,
Stanczyk and co-workers reported that the pyrrole nitro-
gen species could transform into graphitic N4 species
using model chars poly(vinylpyrrolidone) as a research
object upon heat treatment.>” Wagberg and co-workers
proposed that there are two transformation routes from
pyridinic N1 species to graphitic N4 species.”® As shown
in Figure 5C, the ether-like O3 species can readily react
with NH; via the dehydration process, accompanying the
appearance of water. Further dehydration leads to the
formation of pyridinic N1 species and the release of H,.>°
The trace phenol 04 will generate pyridinic N1, CO, and
H, by reacting with NH; (see Figure 5D).>> Moreover,
cyano species stemmed from chemical combination
between nitrogen sources and surface defects or surface
oxygen groups will cyclize though a self-polymerization
process, and then, conjugated imines are formed.
With further heat treatment, hydrogen may be released
and a series of pyridine N1 species can be obtained
(see Figure 5E). Similar results have been proven in the
pyrolysis evolution of cyano species over the model chars
polyacrylonitrile (PAN).*® All these possible pathways
illustrate the surface reconstruction of the modified
samples.

On the basis of the above results, we proposed
that the formation pathways of HCN involved the
transformation of lactam and cyano species as
well as the decomposition and rearrangement of
pyridinic N1 or pyrrolic N3 species. To further study
the transformation behaviors of nitrogen-containing
species, temperature-programmed desorption (TPD)
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was performed. Figure 6A,B show that the HCN signal
starts to increase when the temperature is greater than
500 °C, indicating that those of nitrogen-containing
species start to transform into pyridinic N1 species.®°
Increasing the temperature, the HCN signal evaluation
of N-900ADD-2 and N-1100ADD-2 attains a maximum
value and the corresponding H,O peak located at
710 °C is also observed (see Figure 6C,D). Moreover,
we find that the HCN and H,O signals of N-900ADD-1
and N-1100ADD-1 retard and shift to 760 °C due to the
higher nitrogen content. These phenomena indicate
that the HCN at these temperature regions mainly
derives from the transformation of lactam into pyridi-
nic N1 species. Interestingly, the strongest HCN signal
peak of N-900ADD-O-2 and N-1100ADD-O-2 can be
found at 850 °C, while the sharp peak of H,O is not
obtained. It reveals that the HCN above 760 °C origi-
nates from the decomposition and restructuration
of pyridinic N1, pyrrolic N3, and cyclization of cyano
species. Compared with other kinds of modified sam-
ples, cyano species rather than lactam may account
for a major proportion in N2 species of N-9O0ADD-O-2
and N-1100ADD-0-2. This assumption is confirmed
by DRIFT analysis. The broad H,O signal evaluations
of the 900ADD and 1100ADD at 550 °C are assigned
to the release of trace phenol O4 species as displayed
in Figure 6C,D. The TPD results well support the
proposed pathways for the transformation of nitrogen
species at high temperature.

The selective oxidation of benzylic alcohols was
used as a probe for catalytic performance. As can be
seen in Figure 7AB, the conversion of benzyl alcohol
on the modified 900ADD catalysts is between 10.5 and
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Figure 7. (A,B) Catalytic performance of various samples in the selective oxidation of benzyl alcohol to benzaldehyde.
(C) Catalytic performance of different samples in the selective oxidation of 4-methylbenzyl alcohol to 4-methylbenzaldehyde
(the left side of figure) and 4-nitrobenzyl alcohol to 4-nitrobenzaldehyde (the right side of figure). (D) Stability tests of
N-1100ADD-1 in the selective oxidation of benzyl alcohol to benzaldehyde. (E) Catalytic performance and reaction rates of
various reference samples in the selective oxidation of benzyl alcohol to benzaldehyde; Fe(NOs); as precursor, impregnated
for 24 h and dried at 353 K. Catalytic reaction conditions: 2 mmol substrates, 0.01 g of catalyst, 2 mmol TBHP, 343 K, 4 h.
Internal standard: ethylbenzene. The reaction rate = yield (%) x substrate molar (mmol)/[reaction time (h) x catalyst mass (g)].

16.8%, while a conversion of 7% is obtained on pristine
900ADD catalyst. The highest conversion of benzyl
alcohol on the modified 1100ADD catalysts reaches
18.6%, 2-fold higher than that of pristine 1100ADD
catalyst. All nitrogen-modified catalysts exhibit a signifi-
cant improvement in the selective oxidation of benzyl
alcohol to benzaldehyde. It should be noted that when
the other two kinds of substrates (4-methylbenzyl alco-
hol and 4-nitrobenzaldehyde) are used to evaluate the
catalytic performance, the modified catalysts also ex-
hibit more excellent catalytic performance than those of
unmodified catalysts (Figure 7C). Among all the cata-
lysts, N-1100ADD-1 with the best catalytic performance
is selected for cycle tests. As displayed in Figure 7D, the
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catalyst exhibits good activity stability toward the
selective oxidation of benzyl alcohol for the tested
five successive runs. Moreover, Fe-containing 900ADD
and 1100ADD catalysts with different contents (0.1 and
1.0%) cannot improve the catalytic performance in the
selective oxidation of benzyl alcohol. The reaction rates
decrease from 8.4 and 9.3 mmol/g- h for the N-900ADD-
1 and N-1100ADD-1 to about 2.0 and 2.8 mmol/g-h for
Fe-containing 900ADD and 1100ADD. Additionally, the
modified catalysts also exhibit higher reaction rates
than other carbon materials (Figure 7E).

In order to understand the nature of modified
catalysts for the selective oxidation of benzylic alco-
hols, the correlation between nitrogen content and the
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Scheme 2. Mechanism diagram of catalytic reaction for benzylic alcohols on the modified ADD (three graphitic shells are used

as an ideal catalyst model).

catalytic activity was studied. As shown in Figure 8A, all
the modified ADD catalysts show a significant improve-
ment in the catalytic performance. The active sites of
carbon materials in the gas phase reactions, such as
oxidative dehydrogenation, dehydration of alcohols, and
NOx reduction, are attributed to the quinones, carboxylic
acids, carboxyl, and lactones>'®"~®* Introducing the
nitrogen into carbon materials alters the surface physi-
cochemical properties (e.g., surface electron density,
alkalinity or acidity, and defects) and thus nitrogen
species play a decisive role in a series of catalytic reac-
tions, such as the hydrogen peroxide synthesis, catalytic
ozonation, H,S oxidation, and wet air oxidation.%*~¢”
Ma et al. reported that the graphitic nitrogen plays a
key role in enhancing catalytic performance by changing
the electronic structure of the adjacent carbon atoms.%®
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We plot the nitrogen species/C atomic ratio versus
the reaction rate, as shown in Figure 8B. A linear
relationship is found between the pyridinic N1/C atomic
ratio and the benzyl alcohol conversion rate. There is no
correlation between the catalytic activity with other
kinds of species, includingN2, N4 and 01,02, O3 species
(Figure S4). A synergistic effect between the carbonyl 02
species and nitrogen species is not observed (based on
02 + N1). It seems that the pyridinic N1 is closely
correlated with the benzyl alcohol catalytic oxidation.
Interestingly, N-900ADD-O-2 and N-1100ADD-O-2 with
very similar atomic ratios of pyridinic N1/C exhibit a
different catalytic performance, which can be attributed
to the different degree of graphitization. It is suggested
in literature that a lone pair of electrons in pyridinic N1
endows the materials a more active physicochemical
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property.®> Recently, pyridinic N1 has also been re-
ported to be the most active sites for catalyzing in
ORR, sulfur dioxide removal, and dehydrohalogenation
due to the formation of chemically active sites (e.g.,
pyridine-like defects), localized areas of higher electron
density in the catalytic reaction.®® Thus, it is not simply
the nitrogen content but the nitrogen-bonding config-
urations that could be the key factor to implement the
catalytic activity of modified carbon materials. So, it is
reasonable to believe that the pyridinic N1 is accoun-
table for the selective oxidation of benzylic alcohols.
Based on free radical theory and the special property
of the pyridinic N1,”° a possible reaction pathway is
proposed. Pyridinic N1 as a hydrogen bond acceptor
reacts with the ¢OH free radical, which is derived
from the decomposition of ‘BUOOH, forming pyridinic
N1—OH active species.”’ Such active species will cap-
ture a hydrogen atom on the alcoholic hydroxyl group
of the —CH,0H, giving rise to the release of water and
the formation of a —CH,O group. The intermediate
free radical ‘BuOOQe that originated from the reaction of
the decomposer ‘BuQe with a portion of ‘BuOOH can
activate the C—H bond of the —CH-0 group,”?”* finally
leading to the formation of a —CHO group and ‘BuOOH

METHODS

Materials. Purified ultradispersed nanodiamond was pur-
chased from Beijing Grish Hitech Co. (China), produced by
detonation and followed by acid washing. The noncombustible
contaminations were tested by an inductively coupled plasma
emission spectrometer and included Fe < 50 ppm, Cr < 10 ppm,
Al < 50 ppm, Cu < 10 ppm, Mg < 10 ppm, Ti < 10 ppm, and Ca <
50 ppm. The average particle size was about 5 nm. Benzyl
alcohol, benzaldehyde, ethylbenzene, trifluorotoluene and tert-
butyl hydroperoxide and activated carbon were supplied by
Alfa reagent. Graphite and carbon nanotubes were provided
by ACHESON Co. Ltd. and Tsinghua University, respectively. All
chemicals were analytical grade without further purification.

Sample Preparation. The fabrication of samples was pro-
ceeded by a two-step process: (1) 900ADD and 1100ADD with
graphitic shell structures were produced by annealing purified
UDD at 900 and 1100 °C for 4 h in argon atmosphere, respec-
tively. (2) Three different preparation methods were applied to
synthesize the modified ADD samples. Method 1: 0.2 g of as-
prepared 900 or 1100ADD sample was evenly spread in the tube
furnace and calcined at 550 °C (at a heating rate of 5 °C/min) for
2 h under ammonia gas (150 mL/min). Then, the imidazole
vapor (via 5 g imidazole powder heated from 50 to 250 °C within
30 min in one end of the furnace) was further transported into
the other end of tube furnace by virtue of ammonia gas and
maintained at 550 °C. After calcination for 2.5 h, the furnace was
cooled naturally to room temperature. The final products were
labeled as N-900ADD-1 and N-1100ADD-1. Method 2a: 0.2 g
of as-prepared 900 or 1100ADD was directly calcined at 550 °C
for 4 h under ammonia gas. The final products were designated
as N-900ADD-2 and N-1100ADD-2. Method 2b: 0.5 g of as-
prepared 900 or 1100ADD sample was added to 100 mL of
concentrated nitric acid with continuous stirring at 120 °C for
2 h. The products were filtered and washed with deionized
water and ethanol and then dried at 60 °C for several hours.
The products were denoted as O-900ADD and O-1100ADD.
The 0-900 and O-1100ADD were further calcined at 550 °C for
4 h under ammonia gas. The final samples were labeled as

LIN AND SU

under mild conditions. The detailed catalytic mechan-
ism process is displayed in Scheme 2.

CONCLUSIONS

In summary, we have developed a new class
of nitrogen-modified ADD samples (900ADD and
1100ADD with multilayers graphitic shells as starting
materials) via three different preparation approaches.
Surface oxygen groups have been demonstrated to
play a key role in the nitrogen-modified process, and
lactam and cyano species are important intermedi-
ates in the formation of various nitrogen species.
Among all the modified 900ADD and 1100ADD samples,
the highest content of nitrogen reaches 5.3 and 4.0 at %,
respectively. Such nitrogen-rich phenomenon can pro-
vide a higher density of catalytic active centers (pyridinic
N1), evidenced by the efficient oxidation of benzylic
alcohols to benzylic aldehydes in the presence of TBHP.
The detailed mechanism of the catalytic reaction is
mainly based on the bonding behavior between the
pyridinic N1 species with lone electron property and
the free radicals. Our work opens a new aspect for the
further study of the modified graphite-related materials
in all fields (e.g., C—H activation and ORR).

N-900ADD-3 and N-1100ADD-3. In addition, O-CNTs were ob-
tained by the oxidation of CNTs in concentrated nitric acid to
continuous stirring at 120 °C for 4 h and subsequently filtered,
washed, and dried at 60 °C.

Characterization. Elemental analysis was recorded on LECO
TCH-600, an analyzer dedicated to quantitatively test N, H,
and O elements via the detection of corresponding products
Ny, H,, and CO,. High-resolution transmission electron micro-
scopy images were achieved on a FEl Tecnai G2 F20 microscope.
Temperature-programmed desorption was performed on a
tube furnace and an AVl Omnistar mass spectrometer. The
atmosphere was He, and the heating rate was 10 °C/min from
50 to 900 °C. Thermogravimetric analysis and differential scan-
ning calorimetry were recorded on a Netzsch-STA 449 F3
instrument. The atmosphere was N,, and the heating rate was
10 °C/min from 35 to 950 °C. Diffuse reflectance FT-IR spectra
were collected at a resolution of 4 cm™" on Nicolet iZ10. The
X-ray photoelectron spectroscopy (XPS) spectra were carried
out on an ESCALAB 250 XPS system with a monochromatized
Al Ko X-ray source. The XPS spectra were divided by fitting
the peak maximum within £0.2 eV and applying a fwhm of
1.4—1.6 eV by means of Avantage analysis soft. The value of the
mixed Gaussian—Lorentzian was maintained at 40%.

Catalytic Activity Testing. The oxidation reactions were carried
out in a two-necked flask containing 0.01 g of catalyst, 10 mL
of trifluorotoluene, 2 mmol benzyl alcohol, and 2 mmol TBHP
(65 wt %) at 70 °C for 4 h. TBHP is a common oxidant in the
catalytic reactions because it is easy to generate various inter-
mediate radicals (e.g., sOH, ‘BuOe, ‘BuOQs, and «H). Depending
on the different reactions,”’ ~”° the reaction mechanism path-
ways of those radicals may concisely include the following: (1)
The radicals can activate the substrates and further form the
excited state substrates under mild condition. Subsequently,
the latter will be catalyzed by the active sites of catalysts, and
the desired products are finally obtained. (2) The radicals may
directly react with the active sites of catalysts to form an active
site—radical complex. This complex is able to activate the
substrates and gain the desired products. A certain amount of
ethylbenzene as an internal standard was added to the solution.
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The reaction solution was sampled periodically and analyzed
using gas chromatography (Agilent 7890A).
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