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ABSTRACT: This work demonstrates the molecular engi-
neering of active sites on a graphene scaffold. It was found that
the N-doped graphene nanosheets prepared by a high-
temperature nitridation procedure represent a novel chemical
function of efficiently catalyzing aerobic alcohol oxidation.
Among three types of nitrogen species doped into the
graphene lattice—pyridinic N, pyrrolic N, and graphitic N—
the graphitic sp* N species were established to be catalytically
active centers for the aerobic oxidation reaction based on good
linear correlation with the activity results. Kinetic analysis
showed that the N-doped graphene-catalyzed aerobic alcohol
oxidation proceeds via a Langmuir—Hinshelwood pathway and
has moderate activation energy (56.1 + 3.5 k]'mol_1 for the

benzyl alcohol oxidation) close to that (51.4 kJ-mol™") proceeding on the catalyst Ru/ALOj; reported in literature. An adduct
mechanism was proposed to be different remarkably from that occurring on the noble metal catalyst. The possible formation of a
sp” N—O, adduct transition state, which can oxidize alcohols directly to aldehydes without any byproduct, including H,0, and
carboxylic acids, may be a key element step. Our results advance graphene chemistry and open a window to study the graphitic

sp> nitrogen catalysis.
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he selective oxidation of alcohols to their corresponding
aldehydes is one of crucially important organic reactions
in the synthesis of fine chemicals and intermediates.' > Over
the last several decades, such a functional group transformation
was generally performed by several chemical processes
involving either the use of organic nitrogen-containin%
compounds and organometallic compounds as catalysts"*~"
or the use of stoichiometric quantities of inorganic oxidant,
notably chromium(VI) reagents.'' These traditional homoge-
neous chemical processes are contradictory to the principles of
green chemistry and sustainable development from both
economic and environmental viewpoints, and consequently,
substantial effort has been devoted to development of efficient
and environmentally benign heterogeneous processes for the
oxidation reaction to meet the increasingly stringent ecological
standards.”>™** In a search for cleaner green technologies, there
is a definite need for alcohol oxidation that uses water as a
solvent, molecular oxygen as an oxidant, and recoverable solid
materials as catalysts so as to reduce secondary contamination
and facilitate a continuous large-scale operation.
Although the advantages of the aerobic oxidation process

proceeding in water are evident, reports on the subject are still

scarce. The majority of work remains focus on both

. 15—19
organocatalytic systems

1,20,21

and organometallic complex-

catalyzed systems. Only a few solid catalysts, such as
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octahedral molecular sieves;*>>> Ru/ALO;;** RuO,-supported
zeolites;*® and Pd, Pt, and Au nanoparticles,zsf33 have been
found to be catalytically active for aerobic oxidation of alcohols
without the aid of TEMPO, but their efficiency is
unsatisfactory, as indicated by the low TOF value. Recently,
significant progress in this field has been made by Hutchings et
al,** who developed a solvent-free catalytic oxidation system
using Au—Pd/TiO, solid catalysts. This work enkindles intense
interest in the design of desirable solid catalysts for the selective
oxidation of primary alcohols.

Many efficient heterogeneous systems based on active noble
metals, including Pt, Pd, Au, Ru, and their alloys, have been
reported® and received increasing attention. However, an
intrinsically pivotal issue that the selective oxidation of alcohols
to aldehydes by molecular oxygen commonly is accompanied
by the formation of a large amount of H,O, as a byproduct
seems to be unavoidable in these noble-metal-catalyzed systems
and some TEMPO-catalyzed systems. H,O, can further react
with oxygen-containing products, leading to selectivity loss.>*
How to avoid deep oxidation during selective oxidation has
puzzled chemists for a long time and, thus, stimulated us to
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explore a novel nonmetal-catalytzed system for realizing the
atom-economic reaction of R—OH + (1/2)0, = RHO + H,0.

Earlier studies have proved that the nitroxyl radical in
efficient TEMPO-catalyzed systems is the catalyst for the
oxidation of primary alcohols.**” This inspires us to design
and construct a new metal-free solid catalyst with unique
catalytic performance analogous to the nitroxyl radical by
transplanting the active N component into an inert support
with a doping strategy instead of simple supporting of
TEMPO.>*~*!

Graphene is such a perfect scaffold for molecular engineering
of the N active sites owing to its excellent conductivity, high
surface area, and two-dimensional flat honeycomb lattice. Many
studies have shown that doping heteroatoms can effectively
modulate the electrical properties and surface physicochemical
features of graphene and introduce a considerable amount of
defects into a lattice.*™° As a result, the introduction of
heteroatoms often brings about some new functions. For
example, the electrocatalytical reduction of oxygen has been
recently explored as a gromising application of N-doped
graphene in fuel cells.**™>

Recently, significant progress has been made in the
carbocatalysis of carbon materials. Su®'™** reported an
oxidative dehydrogenation and hydrodation reaction catalyzed
by carbon nanotubes. More recently, Bielawski and co-
workers®* ™% have shown a comprehensive study on the
chemical function of graphene oxide, which was able to catalyze
several new chemical processes, including C—H oxidation,
autotandem oxidation—hydration—aldol coupling reaction,
oxidation of thiols and sulfides, and dehydrative polymerization.
Herein, we demonstrate another new chemical function of N-
doped graphene. It was found that the multilayer graphene
nanosheets doped substitutionally by N heteroatoms can
efficiently catalyze aerobic selective oxidation of primary
alcohols via an adduct mechanism under mild conditions.
Dioxygen molecules may be activated by the N-graphene to
possibly form an sp*> N—O, adduct transition state, which can
oxidize alcohols to directly aldehydes without any byproduct,
including H,O, and carboxylic acids.

B RESULTS AND DISCUSSION

Synthesis and Characterization of N-Doped Graphene
Nanosheets. Thermal annealin§ of graphite oxide (GO) in
ammonia reported by Dai et al.®' is a facile route and, thus,
used to obtain gram-scale NG materials in this work. In our
preparation procedure for the NG materials, natural flake
graphite as the starting materials was first oxidized to GO by a
modified Hummers method reported in the litertaure,”> and
then three N-doped graphene samples (denoted as NG-T,
where T means nitridation temperature) were prepared by a
postnitridation of GO in flowing NH; atmosphere at a
temperature range of 1073—1273 K. Undoped graphene was
prepared by a high-temperature exfoliation of GO in He
atmosphere at 1073 K, without introducing NH; in the
feedstock. It is also referred to generally as reduced GO in the
literature.”> All of the as-prepared samples were characterized
by transmission electron microscopy (TEM), X-ray powder
diffraction (XRD), visible Raman spectroscopy, and atomic
force microscopy (AFM).

Figure 1 shows XRD patterns of the three NG-T samples and
the undoped graphene sample. GO represents one main
reflection centered at 10.9°, corresponding to a c-axis interlayer
spacing of 0.81 nm (see Figure Sl in the Supporting
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Figure 1. XRD patterns of the as-made NG-T and graphene samples.

Information). It indicates that graphite is oxidized completely.
After GO was annealed in He atmosphere at 1073 K for 10 b, it
shows three weak and broad diffraction lines at ~15.5° (d =
0.57 nm), 22.6° (d = 0.39 nm), and 26.6° (d = 0.34 nm) in the
patterns, followed by the complete disappearance of the
characteristic peak of GO at ~10.9°. It suggests that GO
cannot be completely and uniformly exfoliated by the interlayer
expansion along the c-axis direction at such a temperature,
leading to the formation of graphene nanosheets with a range
of thickness. But after being annealed in NH; atmosphere
above 1073 K for 10 h, the (002) reflection of GO is retained,
and the characteristic peak at ~10.9° disappears completely.
Especially for the NG-800 sample, a considerable amount of N-
graphene sheets was not completely exfoliated to single-layer
along the c-axis direction, as indicated by the two broad peaks
at ~15.5° and 22.6°. Comparison of the intensity of the two
broad peaks finds that increasing the annealing temperature can
more effective in exfoliating the expanded graphene sheets.

The morphology and structure of these as-made NG-T
samples and the graphene sample were studied further by TEM,
HRTEM, and EDX analysis. As shown in Figure 2, all samples
exhibit the typical nanosheet structure of graphene. HRTEM
characterization further indicates that these nanosheets consist
of 1-10 layer graphenes. The interlayer distance is averagely
~0.38 nm, slightly larger than the interlayer distance of graphite
(~0.34 nm), as a result of the thermal expansion. It can be seen
clearly from these HRTEM images that the interlayer distance
of outer sheets is evidently larger than that of inner sheets,
confirming the XRD results. The EDX patterns shows both C
and O elements for the undoped graphene sample, and the
NG-T samples represent N element in addition to C and O
elements, indicating that N is doped into these graphene
nanosheets. All samples show a strong copper signal originated
from the used copper grid holder.

AFM is considered the most direct method of quantifying the
degree of exfoliation to a single-layer graphene sheet level and,
thus, was used to estimate the average layer number of these
nanosheets. As shown in Figure 3 demonstrating the AFM
images of the four samples and their randomly chosen height
profiles, the undoped graphene contains nanosheets with a
thickness of ~3.0 nm, confirming the XRD results and leading
to a conclusion that GO cannot be completely exfoliated to
single-layer graphene under the conditions. A graphene sheet is
atomical flat with a well-known van der Waals thickness of
~0.38 nm indicated by the above-reported HRTEM results.

dx.doi.org/10.1021/cs3000396 | ACS Catal. 2012, 2, 622—631
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Figure 2. TEM and HRTEM images and EDX patterns of the NG-T and graphene samples.

The average layer number of the graphene nanosheets can be
estimated to be ~8. For the three NG-T samples, the reactive
NHj; atmosphere has a negligible effect on the degree of high-
temperature exfoliation of GO. The determined thickness of N-
doped graphene nanosheets is between 2.9 to 3.2 nm,
corresponding to a layer number of 8—9, which is consistent
with that of graphene nanosheets. These AFM results are in
good agreement with the above TEM results.

Raman spectroscopy is a powerful tool for identifying carbon
materials and detecting the doping effect of graphene. Figure 4
compares the Raman spectra of NG-800, NG-900, NG-1000,
and graphene. All samples display one intense D band at ~1310
cm™" and one relatively weak G band at ~1597 cm™!, without
the 2D band of graphite at 2630 cm™' (see Figure S2 in
Supporting Information). This is consistent with the results of
Gong.** It was well-known that the D band is a signature for
disorder-induced vibrational mode. It is attributed to structural
defects on the graphitic planes. The G band is commonly
observed for all graphitic structures and assigned to the E,,
vibrational mode present in the sp* bonded graphitic carbons.

The intensity ratio of the former to the latter, namely, the I,/
I ratio, is an indication of the number of structural defects and
a quantitative measure of edge plane exposure.’* The
disappearance of the 2D peak results from structural disorder
and damaging of the lattice. Interestingly, the graphene
obtained by annealing of GO in a He atmosphere exhibits an
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average value of I/I; ratio (~1.56), comparable to that of the
NG-800 (1.58) and NG-900 (1.51) samples, less than that
(1.77) of the NG-1000 sample. This result offers us two aspects
of information: One is that the high-temperature annealing in
an inert atmosphere can create a large number of structural
defects on graphitic planes by exfoliation of GO. Partial N
heteroatoms may be introduced on these structural defect sites
to form substitutional N species during nitridation. Another is
that the formation of defects is with respect to annealing
temperature, independent of nitridation. Annealing above 1273
K can produce larger numbers of structural defects.

Chemical States of N Species Doped in Multilayer
Graphene. The chemical states of these N species doped into
the flat lattice of graphene were characterized in detail by XPS.
XPS spectra of N1s, Cls, and O1s obtained are shown in Figure
S. The atomic content of C, N, and O elements in these
samples calculated from XPS spectra is summarized in Table 1.
GO was annealed in He atmosphere at 1073 K, and the
obtained graphene nanosheets show a weak Ols signal and no
Nls signal in the XPS spectrum (Figure. SA). After reaction
with ammonia at a temperature range of 1073—1273 K, a weak
N1s signal could be discerned from the XPS spectra, in addition
to the Ols signal, indicating the incorporation of N atoms. It is
estimated roughly from the intensity of the N1s signal that the
content of te N species may decrease in the order NG-800 >
NG-900 > NG-1000.

dx.doi.org/10.1021/cs3000396 | ACS Catal. 2012, 2, 622—631



ACS Catalysis

Research Article

- Section Analysis
| 2690m  2790m 280 nm
T, S "
|15 4 E— Oy .
200 400 600
pm
am Section Amalysis
331am 324nm
—_— o
1.00 200 300 400
pm
nm Section Analysis
290m
P R —
4 o
1.00 um 200
nm Section Analysis
3.2nm
1
— | po— (o———
250 5100
um

Figure 3. AFM images (left) and height profiles (right) of the NG-T
and graphene samples.
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Figure 4. Visible—Raman spectra of the as-made NG-T and graphene
samples.

The bonding configurations of N and O atoms in these N-
doped multilayer graphenes were further studied on the basis of
high-resolution XPS spectra. As shown in Figure 5B, the Nls
peaks in the high-resolution XPS spectra of the NG-800, -900,
and -1000 samples can be fitted into three peaks centered at
398.1 + 0.1, 399.4, and 401.7 + 0.1 eV, indicating that there are
three types of N species present in these NG nanosheets.
According to the literature,®***>™7 the binding energy of 398.1
eV is attributed to pyridinic N (N), and the binding energy of
399.4 eV is ascribed to pyrrolic N (N,). The peak at 401.7 eV
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Figure S. XPS spectra of the NG-T and graphene samples.

corresponds to graphitic N (N;). Their molecular bonding
structures are depicted clearly in Figure SD. It can be seen from
Table 1 that the N atomic content decreases monotonically
from 4.16 to 1.71 at. % with an increase in the annealing
temperature from 1073 to 1273 K, and pyridinic, and pyrrolic
N species (N; + N,) are predominant in these NG-T samples.
It is important to note that a maximum content of 1.02 at. % for
graphitic N species can be obtained upon reaction with
ammonia at 1173 K, indicating an optimal temperature for the
formation of Nj species. Although the mechanism of N doping
and the formation process of three types of N species remain
unclear, it is unambiguous that the destruction of oxygen
functional groups and the bonding reconstruction are necessary
to incorporate N atoms into the flat lattice of graphene.

A primary clue to understanding the formation of graphitic N
can be found from the evolution of N species with annealing
temperature. As listed in Table 1, with increasing temperature
from 1073 to 1173 K, the N, content decreases from 2.18 from
NG-800 to 1.02 at. % from NG-900 along with the increase in
the N; content from 0.57 for NG-800 to 1.02 at. % for NG-900,
and the N, content keeps almost a constant value of 1.4 at. %. It
suggests that N; maybe originate from N,, which probably
undergoes a condensation reaction of =N"—H + =C—OH —
=N'—C= + H,0 at high temperature.®® As such, annealing
above 1173 K can also make C—N bonds break, leading to
removal of the N dopant and formation of larger numbers of
structural defects, as indicated by the aforementioned Raman
results of NG-1000. This is consistent with the results reported
in the literature.*’

Figure SC displays the high-resolution Ols XPS spectra of
the NG-800, -900, and -1000 samples and the graphene sample.
The broad Ols peak can be divided into three peaks centered
at 530.6 + 0.1, 532.2 + 0.1, and 533.3 + 0.1 eV. According to
the literature,"”%" the two subpeaks at 530.6 and 533.3 eV
belong to C=0 and =C—OH groups, respectively. However,

dx.doi.org/10.1021/cs3000396 | ACS Catal. 2012, 2, 622—631
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Table 1. Distribution of Element Species Obtained from the De-Convolution of the Cls, N1s and Ols Peaks by XPS

at. %
entry binding energy (eV) graphene NG-800 NG-900 NG-1000

total carbon (C) 96.1 92.4 92.7 95.1

total nitrogen (N) 4.16 3.48 1.71

pyridinic nitrogen (N;) 398.0—398.2 1.41 1.44 0.65

pyrrolic nitrogen N,) 399.4—399.7 2.18 1.02 0.59

graphitic nitrogen (N;) 401.3—401-6 0.57 1.02 0.47

total oxygen (O) 39 344 3.82 322

oxygen of C=0 (0,) 530.5-530.7 0.5 0.88 141 0.49

adsorbed oxygen (O,) 532.0-532.3 1.7 0.98 1.51 1.95

oxygen of C—O (0;) 533.2—533.4 1.7 1.58 0.90 0.78

N/C (at. %) 451 3.75 1.79

N,/C (at. %) 153 1.55 0.68

N,/C (at. %) 236 1.10 0.62

N,/C (at. %) 0.62 1.10 049

0/C (at. %) 4.06 3.72 443 3.00

0,/C (at. %) 0.52 0.95 1.52 0.52

0,/C (at. %) 177 1.06 1.63 2.05

0,/C (at. %) 177 171 0.98 0.83

Table 2. Catalytic Oxidation of Various Types of Alcohols over the NG-T and Graphene Samples®
OH
Ro |, 1120, —Cat 5 Cat + HO
Ri
reaction conditions

entry R, R, 0, P (10° Pa) T (K) conversion (%) selectivity (%) yield (%)
1° H H 1.0 313
2k H H 1.0 343
3¢ H H 1.0 313 0.4 100 >99
4¢ H H 1.0 343 0.3 100 >99
S H H 1.0 313 3.5 100 >99
6 H H 1.0 343 12.8 100 >98
7 NO, H 1.0 313 42 100 >99
8 NO, H 1.0 343 13.4 >9S5 >98
9 F H 1.0 313 4.4 100 >99
10 F H 1.0 343 15.9 100 >98
11 CH;0 H 1.0 313 32 100 >99
12 CH;0 H 1.0 343 14.8 100 >98
13 CH, H 1.0 313 30 100 >99
14 CH;, H 1.0 343 10.6 >98 >98
15 H CH; 1.0 313 0.5 100 >99
16 H CH;3 1.0 343 1.8 >98 >98
174 H H 1.0 343 6.1 100 >98
18¢ H H 1.0 343 6.5 100 >98
19" H H 1.0 343 40 100 >98

“Reaction conditions: 30 0 mg of NG900; 0.1 mmol of alcohol dissolved in 80 mL of H,O; stirring speed, 1300 rpm; reaction time, 10 h. bNo catalyst.
“Graphene nanosheets. “N-doped MWCNTs (for preparation information, please refer to the Supporting Information). “NG-800. Reactlon time: 3
h; yield (%) = Cgap/ACga X 100%, where BAD and BA are the abbreviations of benzaldehyde and benzylic alcohols, respectively. ING-1000.
Reaction time: 3 h; yield (%) = Cgap/ACg, X 100%, where BAD and BA are the abbreviations of benzaldehyde and benzylic alcohols, respectively.

the assignment of the binding energy of 532.2 eV seems to be
not straightforward. It may be contributed from both adsorbed
oxygen and a minor amount of C—OH in —COOH groups for
the graphene sample.””~"> But for the three NG-T samples, it is
believed that the subpeak at 532.2 eV belongs only to the
adsorbed oxygen, because C—OH in residual —COOH groups
can be consumed completely by the acid—base reaction of
—COOH + NH; - O=C-NH, + H,0 at high temperature.
As seen from Table 1, the content of the adsorbed O species in

the NG-T samples increases monotonically with annealing
temperature. This change is related to both the average Ip/Ig
ratio obtained in Raman spectra, which is an indication of the
number of structural defects, and the content of the graphatic N
species. This suggests that O, molecules could be adsorbed on
defects and N3 sites.

Catalytic Behavior for Aerobic Selective Oxidation of
Primary Alcohols. The above-reported characterization
results clearly indicate that N heteroatoms are incorporated

626 dx.doi.org/10.1021/cs3000396 | ACS Catal. 2012, 2, 622—631



ACS Catalysis

Research Article

16

A 353K
14
y—v
124 /343K
v
10 ,// 333K
8- /'/ e

Conversion (%)

T

— T T T T T T T T T T T
0 100 200 300 400 500 600 700

Time (min)

-10
B
114 In k£ =7.75-6752/T
-12 4
=
=
—(
-13 4
-144 E, = 56.1+3.5 kJ/mol
A =12320
-1

T T T T T T T T
0.0026 0.0028 0.0030 0.0032 0.0034
TlK1

Figure 6. (A) Benzyl alcohol conversion profiles obtained at the indicated reaction temperature using NG-900 catalyst. (B) Arrhenius plot of the

oxidation of benzyl alcohol with molecular oxygen.

into the flat lattice of multilayer graphene nanosheets as
pyridinic, pyrrolic, and quaternary N complexes by the
postnitridation. Much study**”* has shown that the doping of
N species can transform the p-type graphene into n-type
graphene. Consequently, the intrinsic change in electron
structure of graphene will bring about some unique chemical
properties.

In this study, we explore systematically a novel application of
N-doped multilayer graphene in aerobic selective oxidation of
primary alcohols in water. We chose six types of alcohols as
reactive substrates to fully evaluate the selectively catalytic
performance of these NG-T samples under mild conditions. A
special emphasis was placed on the oxidation of benzyl alcohol
to benzaldehyde to better understand the nature of nonmetal
catalysis for the aerobic oxidation of alcohols.

The NG-900 sample was used as a representative catalyst to
study in detail the selective oxidation. Table 2 lists the activity
results obtained with a range of substrates and reaction
conditions. In two control experiments without catalyst, which
were conducted at 313 and 343 K, no products derived from
oxidation of the substrate are detected by HPLC. In two
reference experiments with the undoped graphene sample as
catalyst, a negligible amount (0.3—0.4%) of benzyl alcohol is
selectively oxidzed to benzaldehyde within a reaction time of 10
h, independent of reaction temperature, suggesting that the
conversion over the undoped graphene nanosheets is not a
catalytic process, but originates from the oxidation of defects or
reactive O or carbene groups left at the edges and corners of
the graphene nanosheets.”* The introduction of N heteroatoms
into the flat lattice of graphene nanosheets enhances greatly the
benzyl alcohol conversion to 4.00% at 313 K and 12.8% at 343
K under the same conditions and keeps 100% selectivity to
aldehyde. For the oxidation of other primary alcohols, including
p-nitrobenzyl alcohol, p-fluorobenzyl alcohol, p-methyl benzyl
alcohol, and p-methoxybenzyl alcohol, the NG-900 catalyst also
exhibits a ~4-fold enhancement upon increasing the reaction
temperature from 313 to 343 K, indicating that the N-doped
graphene materials have a commonality in the catalytic aerobic
oxidation of primary alcohols. Moreover, we note that the NG-
900 catalyst seems to be catalytically inactive for secondary
alcohols, as indicated by a very low conversion of 1.8% for 1-
phenyl ethyl alcohol at 343 K. This is probably due to the

spatial confinement.

627

To reveal the origin and activity of N-doped graphene for the
aerobic oxidation of primary alcohols to the corresponding
aldehydes, the kinetic analysis for catalytic oxidation is
necessary. Here, the oxidation of benzyl alcohol to
benzaldehyde was used as a model reaction to obtain some
pivotal kinetic parameters. Figure 6A shows the benzyl alcohol
conversion as a function of reaction temperature. The results
were obtained at a high stirring speed of 1300 rpm, where the
reaction already escaped the mass-transfer-controlled regime
into a kinetic control regime independent of stirring. It appears
that as the reaction temperature increases from 313 to 353 K,
the benzyl alcohol conversion increases gradually from 3.5% to
14.5% after a reaction time of 10 h, but the selectivity slightly
decreases above 343 K. A minor amount of benzoic acid could
be detected at 353 K, indicating the occurrence of deep
oxidation at such a temperature.

Considering the selectivity, the optimal temperature that may
be usable for analysis of the reaction kinetics is between 313 to
353 K. According to the Arrhenius equation of In k =In A —
E,/RT, we plotted In k versus 1/T, where k is the rate constant
obtained by linearly fitting the conversion curve of benzyl
alcohol within the initial 60 min of the reaction at an indicated
temperature. The plot of In k versus 1/T is satisfactorily linear,
as shown in Figure 6B. The slope and intercept are —6752 and
7.75, respectively, from which the apparent activation energy
(E,) and pre-exponential factor (A) calculated by the Arrhenius
equation are 56.1 + 3.5 kJ-mol™" and 2.32 X 10* mol™"-dm*s7",
respectively. The moderate activation energy (E,) is very close
to that (51.4 kJ-mol™) reported for Ru/Al,O,-catalyzed
aerobic benzyl alcohol oxidation using PhCF; as solvent.”®
From the kinetic data, the reaction rate (R) can be expressed as
follows (eq 1):

R = —d[benzyl alcohol]/dt
= kobs[catalyst]1 [benzyl alcohol]* [Oz]ﬁ
where

kops = 232 X 10° exp(—6.75 x 103/T) 1)

The reaction orders on these N-doped graphene catalysts
were determined by considering eq 1. The a values were
determined by varying the benzyl alcohol concentration
between 0.3 and 2.4 mmol-L™" at a fixed O, partial pressure
(1.0 atm). Similarly, reaction order § was obtained by varying

dx.doi.org/10.1021/cs3000396 | ACS Catal. 2012, 2, 622—631



ACS Catalysis

Research Article

the partial pressure of O, (P ) between 0.4 and 1.0 atm while

keeping the benzyl alcohol concentration (Cg,) at 1.2
mmol-L™". In Figure 7, the r values obtained on the N-doped

A 12 B -10.5
-13 4
-11.0
2 _ =040 P
=) n=0.98 =)
= < -11.54
£ o
15 E
-12.04
_16_
-17 —————————— -12.5 . : - . T
9.0 -85 -80 -7.5 -7.0 -6.5 -6.0 -5.5 -1.0 -08 -06 -04 -02 0.0
In ¢, (BA) Inp(0,)

Figure 7. (A) Dependence of benzyl alcohol oxidation reaction upon
the alcohol concentration. Catalyst, 30 mg of NC-900; O, partial
pressure, 1.0 atm. (B) Dependence of benzyl alcohol oxidation
reaction upon oxygen partial concentration. Catalyst, 30 mg of NC-
900; reactant concentration, 1.2 mmol-L™!,

graphene catalysts are represented in logarithmic plots as a
function of Cpap and Po. Reaction orders @ and f are
determined graphically from Figure 7A and B to be 0.98 and
0.40, respectively. The obtained reaction orders a and f are
close to their corresponding theoretical values, 1.0 and 0.5,
indicating that the N-doped graphene-catalyzed aerobic alcohol
oxidation is an atom-economic reaction. However, the
representation of eq 1 cannot elucidate fully the reaction
mechanism, and hence, further analysis and discussion is
necessary below.

In general, a heterogeneous catalytic reaction proceeds by
three possible mechanisms as follows: (i) the Eley—Rideal
mechanism; (ii) the Langmuir—Hinshelwood model; (iii) the
Mars—van Krevelen mechanism.”> The Eley—Rideal mecha-
nism requires one of the reactants to be in the gas phase, and
the Mars—van Krevelen mechanism involves participation of
the lattice oxygen of the catalyst in the catalytic network.
However, here, the conversion of benzyl alcohol is basically
invariant whether O, is bubbled through the slurry phase or just
passed over the liquid surface (see Figure S3 in Supporting
Information). This implies that mass transfer of oxygen to the
liquid phase is not a rate-determining step, and the reacting
species is dissolved oxygen. Moreover, the active component of
the catalyst can be established to be N species, according to the
characterization results above; hence, it can be concluded that
the reaction mechanisms above noted as i and iii are not
applicable. The classical Langmuir—Hinshelwood model
involves adsorption of reactants (benzyl alcohol and oxygen)
on active sites at the surface, followed by an irreversible rate-
determining surface reaction to give products. The following
rate expression is obtained by the L—H rate law:

kKl [PhCH,0H][0,1%°
[1 + Ky[PhCH,OH] + K[0,1°°7

)

where k is the rate constant for the surface reaction and K; and
K, are the adsorption constants of PhCH,OH and O,
respectively. If both PhCH,OH and O, molecules have very
low adsorption on active sites, together with the low
concentrations of PhCH,OH and oxygen dissolved in water
(0.0569 mmol-L™", at 1.0 atm oxygen and 343 K), that is,
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K,[PhCH,0OH] and K,[0,] < 1, eq 2 can be simplified to the
following rate expression [eq 3].

R = kKK [PhCH,O0H][0,]% 3)

Equation 3 is basically equivalent to eq 1 obtained above. This
suggests that the L—H mechanism is most likely occurring in
the oxidation of benzyl alcohol over N-doped graphene. The
weak adsorption of reactants (PhCH,OH and O,) on active
sites is well verified by the lowest A value of 2.32 X 10°, which
is 3 orders of magnitude smaller than that (3.44 X 10°) taking
place on the catalyst Ru/Al,O; using PhCF; as solvent.”
Proposed Reaction Mechanism for N-Graphene
Catalyzed Aerobic Alcohol Oxidation. To clarify the
noncatalytic conversion of benzyl alcohol over graphene, we
first detected the intermediates formed during reaction by a
spin-trapping electron paramagnetic resonance (EPR) techni-
que using S,5-dimethyl-1-pyrroline N-oxide (DMPO) as the
spin trap. As shown in Figure 8A, these sextet peaks are the

—— Graphene|
A ——NG-800

201 200 199

g factor

203 202 1.98

—— Without benzyl alcohol
—— With benzyl alcohol

Graphene

200  1.99

g factor

2.01 1.98

Figure 8. (A) EPR spectra of TEMPO-OCH; adduct over NG-T and
graphene catalysts.

typical EPR signatures of DMPO—-OCH; adducts;”® no other
signals originating from species such as DMPO--OH,
DEMPO-0,*", and DMPO—-CH,OH adducts appear. This
shows that these NG-T and graphene samples prepared by the
high temperature exfoliation method can react directly with
methanol to produce the methoxy radical, independent of N
dopant. It indicates that the formation of -OCHj is correlated
closely with electron-deficient defects emerging on the surface.
Moreover, it appears that the intensity of the EPR lines
decreases in the order of NG-1000 > NG-800 ~ graphene, in
line with their average Ip/I; ratio obtained in the Raman
spectra. This further confirms the aforementioned conclusion.

It is interesting to note that NG-900 with the fewest defects
shows a greater amount of DMPO—-OCH; compared with
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NG-800 and graphene, suggesting that one among the three
types of N species is able to activate methanol to form the
methoxy radical. After adding benzyl alcohol, the EPR line
intensity decreases immediately and stays constant for both
NG-900 and graphene, as shown in Figure 8B. This suggests
that benzyl alcohol may be activated by the electron-deficient
defects and the N dopant to form the CH;CH,O- radical,
which competes with -OCH;, consequently causing the
decrease in the DMPO—-OCH; adducts. Therefore, it is
reasonable to deduce that the minor amount of product
benzaldehyde obtained may be derived from the noncatalytic
oxidation of benzyl alcohol by the electron-deficient defects
emerging on the graphene flat. Considering that the activity
results following the decreasing order of NG-900 > NG-800 >
NG-1000 (Figure S4 of the Supporting Information), we are
sure that the aerobic alcohol oxidation taking place on the NG-
T samples originates predominantly from the catalysis of the N
dopant. It can be thus concluded that the N dopant is the
catalytically active component, instead of C and O elements,
whereas the noncatalytic contribution from these defects,
including reactive edges, corners, and carbene, cannot be
excluded completely for the alcohol oxidation reaction.®’

The aforementioned XPS results show that the postnitration
for multilayer graphene results in the formation of three types
of N species: pyridinic N (N;), pyrrolic N (N,), and graphitic
N (N;). Which one is the catalytically active species? According
to the atomic content obtained from XPS spectra for N species,
we plotted the N/C atomic ratio versus the initial reaction rate.
As shown in Figure 9, a good linear relationship is found

1.4-
1.2-
1.0-
0.8
0.6 ®

0.4

Initial Reaction Rate (uM/min)

0.2

0.0+— T T T T
04 06 08 1.0 1.2
N,/C atomic percentage (at.%)

1.4

Figure 9. Relationship between initial reaction rate and graphitic N
species.

between the N;/C atomic ratio and the initial reaction rate, but
for the other two kinds of species, N; and N,, no correlation
with the activity results can be established. It suggests that the
graphitic sp> N species are closely correlated with the aerobic
catalytic oxidation. The aforementioned kinetic analysis reveals
that the aerobic alcohol oxidation reaction catalyzed by N-
doped graphene follows a L—H mechanism. Thus, we can
demonstrate a general picture of the oxidation reaction process
as displayed in Scheme 1.

The adsorption and activation of molecular oxygen over the
graphitic N active sites to form a sp*> N—O, adduct transition
state may be a key element step. The activated oxygen shows
high chemical reactivity to primary alcohols, possibly because it
directly attacks the a-H atom of alcohol to finally form water.
This can well explain the formation of the larger number of
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Scheme 1. Proposed Reaction Pathway for Aerobic Alcohol
Oxidation over N-Doped Graphene Nanosheets

c. 9% OH
e ?

0]

2 ©)k +2H0

methoxy radicals over the NG-900 catalyst. No H,O, during
the catalytic reaction was detected, as shown by Figure SS (see
the Supporting Information), indirectly verifying the assump-
tion. Secondary alcohols, such as 1-phenyl ethyl alcohol,
commonly present a low conversion due to the steric
interference from the methyl group as the electron donor.
The spatial selectivity in the reactive domain may be one of the
important parameters determining the pre-exponential factor
value of N-doped multilayer graphene catalysts.

O,

B CONCLUSIONS

In summary, N doping unexpectedly creates a new chemical
function for graphene nanosheets. Green, efficient, aerobic
oxidation of primary alcohols to corresponding aldehydes can
proceed over metal-free, N-doped graphene nanosheets under
mild conditions. The detailed surface analysis for a series of
samples prepared at different temperatures discloses the
structural—performance relationship of the N-doped graphene
materials and demonstrates that the metal-free catalysis takes
place on the graphitic sp* nitrogen sites. The detailed kinetic
analysis clearly reveals a Langmuir—Hinshelwood pathway for
the graphitic sp” nitrogen-catalyzed aerobic alcohol oxidation. It
has a moderate overall activation energy of 56.1 + 3.5 kJ-mol™"
and a very low pre-exponential factor of 2.32 X 10°, which is
one of the important parameters affecting the unsatisfactory
conversion. No other active oxygen species, such as O,”*, -OH,
or H,0, that were often found in the noble metal-catalyzed
system, are determined using EPR spin trapping technique and
photometric method, suggesting that the reaction may involve
the formation of a sp* N—O, adduct transition state that has a
high chemical reactivity to alcohols. The EPR characterization
results definitely elucidate the noncatalytic conversion of
alcohols to aldhydes over graphene, which was contributed
mainly from the reaction of carbene or electron-deficient
defects with reactant alcohol.

B EXPERIMENTAL SECTION

Chemical reagents used for the preparation of samples include
graphite powder, NaCl, concentrated H,SO,, NaNO;, KMnO,,
H,0,, and HCl. They were all purchased from Sinopharm
Chemical Reagent Co., Ltd. All these chemicals were of
analytical grade purity and were used without further
purification. Ammonia gas, supplied by Fuzhou Xinhang
Industrial Gases Co., Ltd., was industrial grade (>95%).
Synthesis of Graphene and Nitrogen-Doped Gra-
phene Nanosheets. For the catalyst preparation, GO was first
made via a modified Hummers method.®> To produce
nitrogen-doped graphene nanosheets, a heat-treatment proce-
dure of the as-synthesized GO at different temperatures under
ammonia flow (300 mL-min~") was applied. The details of this
procedure are described as follows. GO samples were placed
into an Al,Oj; boat in the center of a tube furnace. After flowing
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with NH; for 30 min, the temperature of the furnace was raised
to 573 K in 15 min and then directly heated to the indicated
reaction temperature at a heating rate of 5 K:min™'. Three
nitridation temperatures of 1073, 1173, and 1273 K were
chosen to obtain samples with different nitrogen concen-
trations. After 10 h of calcination at an indicated temperature,
the furnace was cooled down naturally to room temperature.
To completely remove the ammonia adsorbed on the surface of
the samples, the furnace was flowed with a He stream for more
than 30 min after nitridation. The obtained products were
designated as NG-T (T = 800, 900, and 1000), respectively. For
comparison, graphene nanosheets were synthesized by heating
GO at 1073 K under flowing He.

Catalyst Characterizations. X-ray powder diffraction
patterns were recorded on a Bruker D8 Advance X-ray
diffractometer using Cu Kal radiation (4 = 1.5406 A), 40
kV, and 40 mA with a scanning speed of 0.2° (26) min~".
Transmission electron microscopy images were collected on a
JEOL model JEM 2010 EX microscope at an accelerating
voltage of 200 kV. The XPS spectra were carried out on an
ESCALAB 250 XPS system with a monochromatized Al Ka X-
ray source (15 kV, 200 W, S00 pm, pass energy = 20 eV).
Tapping-mode AFM measurements were performed on a
Nanoscope IIIA system. Samples for AFM imaging were
prepared by depositing suspensions of NG-T on freshly cleaved
mica surfaces. The Raman spectra were measured using a laser
with an excitation wavelength of 785 nm at room temperature
on a Renishaw Raman microscope. EPR spectra were recorded
by a Bruker A-300-EPR X-band spectrometer at room
temperature. Typically, the methanol solution of DMPO was
added to the samples (S mg), and then the mixture was
sampled using a capillary tube and placed in a EPR tube for
EPR experiments.

Catalytic Activity Testing. The oxidation reactions were
carried out in a flask containing 80 mL of deionized water, 0.1
mmol of alcohol, 30 mg of catalyst, and a stir bar. Unless
otherwise indicated, the aerobic oxidation reactions were
conducted in an oil bath at 343 K in a static O, atmosphere
(1.0 atm). The reaction solution was sampled periodically and
analyzed and quantified by liquid chromatography (Waters
2487) equipped with a Agilent Zorbax SB-C18 column. Kinetic
measurements were conducted at a temperature range of 313—
343 K. The conversion of alcohol was controlled below 5.0% to
collect data.

B ASSOCIATED CONTENT

© Supporting Information

XRD patterns of graphite and graphite oxide; Raman spectrum
of graphite as well as the statistics of the Ip/I; value for
different samples; conversion of benzyl alcohol in static O,
atmosphere and under bubbling O,; conversion of benzyl
alcohol over NG-T catalysts at 343 K for 1.5 h; experimental
details of the detection of H,0O,; preparation of nitrogen-doped
MWCNTSs. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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