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ABSTRACT: Carbon is emerging as an important metal-free
catalyst for multiple types of heterogeneous catalysis, including
thermocatalysis, photocatalysis, and electrocatalysis. However,
the study of mechanisms for carbon catalysis has been
impeded at an early stage due to the lack of quantitative
research, especially the intrinsic kinetics (e.g., intrinsic TOF).
In many carbon-catalyzed reactions, the surface oxygenated
groups were found to be the active sites. Recently, we have
shown that these oxygenated groups could be identified and
quantified via poisoning by small organic molecules; however,
these small molecules were toxic. As most of the oxygenated
groups are acidic groups, they could also be identified and quantified with respect to the acid properties. More importantly, the
method based on acid properties is very green and environmentally benign, because only inorganic bases are added. In this work,
the acid properties of carbon nanotubes (CNTs) treated by concentrated HNO3 were thoroughly studied by mass titration and
Boehm titration. The two titration methods were also compared to the conventional methods for acidity analysis including NH3
pulse adsorption, NH3-TPD, and FT-IR. Boehm titration was very effective to quantify the carboxylic acid, lactone, phenol, and
carbonyl groups, and the findings were consistent with the results from XPS and NH3 pulse adsorption. These CNTs were
applied in the oxidative dehydrogenation (ODH) of ethylbenzene, and the activity of these catalysts exhibited a good linear
dependence on the number of carbonyl groups. The value of TOF for the carbonyl group obtained from Boehm titration was 3.2
× 10−4 s−1 (245 °C, atmosphere pressure, 2.8 kPa ethylbenzene, 5.3 kPa O2). For better understanding the acidity of nanocarbon,
these CNTs were also applied in two acid-catalyzed reactions (Beckmann rearrangement and ring opening), and a good linear
relationship between the conversion and the number of acidic sites was found.
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1. INTRODUCTION

Recently, nanocarbons (e.g., carbon nanotubes, graphene,
mesoporous carbon nitride, and nanodiamond) are emerging
as important nonmetal catalysts for many types of heteroge-
neous catalysis, including thermocatalysis (e.g., dehydrogen-
ation of ethylbenzene and alkanes,1−4 oxidation of alcohol,5,6

hydrogenation of nitrobenzene,7 hydrogenation of olefin,8 and
cyclohexane oxidation9,10), photocatalysis,11 and electrocatal-
ysis.12 These nanocarbon catalysts show significant advantages
such as stable structure, high acid/base resistance, tunable
surface functional groups, unique electron properties, con-
venient recycling, and reusability compared to the traditional
metal and metal oxide based catalysts.1,2,13−15 However, the
research of mechanisms for nanocarbon catalysts grows slowly
due to the complex surface structure, coexistence of various
functional groups, residual metal impurities, and so forth.1,2,16,17

Consequently, an understanding of the detailed catalytic roles
of carbon catalysts and the intrinsic kinetic study of these
catalysts remain a challenge, because the active sites are difficult
to be identified and quantified.
The surface oxygenated groups on the nanocarbon have been

found to be very critical in the carbon-catalyzed reac-
tions.1,2,5,18−23 As most of the oxygenated groups are acidic
groups, it is very effective to study them with respect to the acid
properties. Besides, the research on the acid properties of the
nanocarbon will shed some light on the study of acid properties
of the solid acid catalyst, which is one of the most widely
applied catalysts in many large-scale industrial processes such as
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catalytic cracking and hydroisomerization. NH3-TPD is a
widely used tool to analyze the surface acid properties of
solid acid materials,24,25 whereas the number of the specific
functional groups could not be quantified.
Point of Zero Charge (PZC) is very useful to analyze the

surface acidity of nanocarbon materials and characterize the
surface oxygenated groups, and it is also very helpful to prepare
metal-supported catalysts via the “strong electrostatic adsorp-
tion” method.26,27 The generally used method to analyze the
PZC is based on the zeta potential measurement; the initial pH
of the solution should be changed during the analysis, and the
materials should be well dispersed in the solution, which makes
the method very complex and time-consuming, especially for
the material that could not be easily dispersed in water (e.g.,
carbon materials). In contrast, mass titration is considered to be
very simple and effective to study the PZC of materials, because
it is unnecessary to change the initial pH of the solution and
extensively disperse the materials.28 Although the PZC could
effectively describe the overall acid properties of the surface
oxygenated groups, these groups could not be quantified. It was
reported that four oxygenated groups, including carboxylic acid,
lactone, phenol, and carbonyl groups, could be measured via
Boehm titration by adding bases with different basicity.29,30

Present mechanism research on the carbon catalyst suggests
that the ketonic carbonyl groups might be the active sites for
ODH of ethylbenzene and light alkanes.31−33 Zarubina et al.
found that nanocarbon catalyst was very active and stable under
industrially relevant conditions,34 suggesting that the nano-
carbon catalyst was very promising for industrial application.
However, the ODH reactions lack the quantitative research,
especially the intrinsic kinetics (e.g., intrinsic TOF). Although
XPS and TPD were applied by some researchers to quantify the
surface oxygenated groups,35 there was a controversy about the
peak fitting. Besides, it is almost impossible to deconvolute the
XPS and TPD spectra into many individual specific groups, as
the signals of these groups overlap. Recently, it was shown by
our group that the carbonyl, phenol, and carboxylic acid groups
could be identified and quantified via poisoning by phenyl-
drazine, benzoic anhydride, and 2-bromo-1-phenylethanone,
respectively.36 However, these organic molecules used in that
method were toxic. Herein, we show that the oxygenated
groups could also be studied with respect to the acid properties.
More importantly, this method is green and environmentally
benign, because only inorganic bases are added. A series of
carbon nanotubes (CNTs) treated by concentrated nitric acid
at temperatures in the range of 80 to 140 °C were prepared in
this work. The acid properties were studied by mass titration
and Boehm titration, which were then compared to the
conventional methods for acidity analysis, including NH3 pulse
adsorption, NH3-TPD, and FT-IR. The activity of these CNTs
for ODH of ethylbenzene was investigated, and a good linear
relationship was found between the activity and the surface
number of carbonyl groups. For better understanding the
acidity of the nanocarbon, these CNTs were also applied in two
typical acid-catalyzed reactions (Beckmann rearrangement and
ring opening).

2. EXPERIMENTAL SECTION

2.1. Materials. Carbon nanotubes (surface area, 215 m2/g)
were obtained from Shandong Dazhan Nano Materials Co.,
Ltd. (Zouping County, Binzhou City, Shandong Province,
China). Ethylbenzene (analytical grade) was bought from Alfa

Aesar. Concentrated nitric acid and concentrated hydrochloric
acid were supplied by Sinopharm Chemical Reagent Co., Ltd.

2.2. Sample Preparation. Prior to the HNO3 treatment,
the pristine CNTs were washed with concentrated HCl at room
temperature for 20 h to remove the residual metal impurities, as
nonoxidative acid was reported to be more efficient than
oxidative acid (e.g., HNO3).

37 Then, the sample was washed
with distilled water to neutral (denoted as wCNT). After being
sonicated in concentrated HNO3 for 10 min, the CNTs were
refluxed at 80, 100, 120, and 140 °C (the temperatures of the
oil bath) in concentrated HNO3 for 2 h, respectively. Samples
were then washed with distilled water to neutral, and the
obtained samples were referred as CNT80, CNT100, CNT120,
and CNT140, respectively. The 20 wt % V2O5/MgO catalyst
was prepared as follows. H2C2O4 was added to an aqueous
solution of Mg(NO3)2 at 70 °C. The resulting MgC2O4 was
washed with deionized water, dried at 120 °C overnight, and
then calcined at 500 °C in air for 8 h to complete the
decomposition of MgC2O4 to MgO. The obtained MgO
powder was added into an aqueous solution of ammonium
vanadate at 70 °C, and the solution was evaporated to dryness.
Finally, the resulting solid was calcined at 600 °C in air for 6 h.

2.3. Sample Characterization. The XRD patterns of the
samples were obtained using a D/MAX-2500 PC X-ray
diffractometer with monochromatized Cu Kα radiation (λ =
1.54 Å). Transmission electron microscopy (TEM) images
were recorded on a FEI Tecnai T12 with an accelerating
voltage of 120 kV. Thermogravimetric analysis (TGA) was
performed on a Netzsch-STA 449 F3 instrument in air with 10
°C/min from 35 to 900 °C. The specific surface area was
measured by the Brunauer−Emmett−Teller (BET) method
using nitrogen adsorption−desorption isotherms on a Micro-
metrics ASAP 2020 system. Pore size distributions were
estimated from the desorption branches of the isotherms
using the Barrett−Joyner−Halenda (BJH) method. The total
pore volumes (VP) were estimated on the basis of the number
of N2 molecules adsorbed at a relative pressure of 0.99. The X-
ray photoelectron spectroscopy (XPS) spectra were carried out
on an ESCALAB 250 XPS system with a monochromatized Al
Kα X-ray source (1486.6 eV) with correction for cross sections
and escape depths. The data fitting was performed by fixing the
peak maximum within ±0.4 eV for all the spectra and applying
a full width at half-maximum (fwhm) of 1.2−1.6 eV by means
of Avantage analysis software. Raman spectroscopy was tested
by a LabRam HR 800 using 633 nm laser. Temperature-
programmed desorption (TPD) was performed on Catlab with
a QIC-20 gas analysis system from Hiden Analytical in He with
10 °C/min from 150 to 900 °C and kept at this temperature for
20 min. NH3 pulse adsorption was conducted on the above-
mentioned Catlab at 35 °C to analyze the acidity, and all the
samples were pretreated at 120 °C in He for 2 h prior to
adsorption. After the sample was saturated with NH3, the NH3-
TPD experiment was conducted in He with 10 °C/min from 35
to 900 °C. The acidity was also measured by pyridine and NH3
adsorption with FT-IR (Tensor 27, Bruker). First, the samples
were evacuated in situ at 120 °C in an IR cell for 1 h. After the
temperature decreased to room temperature, the background
spectra were recorded. Then pyridine and NH3 was introduced
into the cell, respectively, and the IR spectra were acquired.
Finally, the samples were evacuated in situ at room temper-
ature, and then the IR spectra were taken.

2.4. Mass Titration and Boehm Titration. Two methods
of mass titrations were performed to determine the Point of
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Zero Charge (PZC) as follows. For method 1, CNTs sample
was added in 10 mg increments into 10 mL of deionized water
while stirring. The resulting pH was measured after 10 min to
reach an equilibrium pH value. The PZC was determined from
the appearance of a plateau in the plot of pH vs mass. As to
method 2, 10 mL of a solution with a given initial pH from 2 to
12 was prepared by adjusting with HCl or NaOH. Fifty
milligrams of CNTs sample was added and stirred for 30 min to
reach an equilibrium pH value. The pH value was then
measured, and the PZC was determined from the plateau in the
plot of final pH vs initial pH. The carboxylic acid, lactone,
phenol, and carbonyl groups were quantified by Boehm
titration. Specifically, 0.35 g sample was placed in 35 mL
each of the following 0.1 mol/L solutions: NaHCO3, Na2CO3,
NaOH, and C2H5ONa. After slowly stirred for 24 h, 10 mL of
each filtrate was pipetted, and the excessive base was titrated
with 0.1 mol/L HCl. The number of various types of acid
groups was calculated under the assumption that C2H5ONa
neutralized carboxylic acid, lactone, phenol, and carbonyl
groups; NaOH neutralized carboxylic acid, lactone, and phenol
groups; Na2CO3 neutralized carboxylic acid and lactone groups;
NaHCO3 neutralized carboxylic groups.
2.5. Catalytic Test of CNTs. The ODH reactions were

carried out on CNTs catalysts (100 mg) in a fixed-bed quartz
reactor at atmospheric pressure at various temperatures from
518 to 573 K. Carbon catalysts were fixed between two plugs of
quartz wool. Reaction mixtures contained ethylbenzene,
oxygen, and helium at a typical gas flow rate of 6000 mL h−1

gcat
−1, and the flow rates were adjusted to give the desired

ethylbenzene and O2 pressures (2.8 kPa and 1.1−28 kPa,
respectively). The products were monitored by an online gas
chromatograph (Agilent 7890) with FID and TCD detectors.

The Beckmann rearrangement of cyclohexanone oxime was
performed as follows. Cyclohexanone oxime (115 mg) and
CNTs catalysts (50 mg) were dispersed in benzonitrile (10
mL) in a flask. The reaction mixture was carried out at 130 °C
for 6 h. The products were analyzed by GC (Agilent 7890) with
HP-5 column, and DMF (50 μL) was added as a GC internal
standard.
The ring opening of styrene oxide with methanol was

performed in a flask in the presence of 0.5 mL of styrene oxide
and 10 mL of methanol over 50 mg CNTs catalysts at 50 °C for
3 h. The products were analyzed by GC (Agilent 7890) with
HP-5 column, and ethylbenzene (200 μL) was added as a GC
internal standard.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. The TEM images of
wCNT and HNO3 oxidized CNTs at different temperatures
from 80 to 140 °C are shown in Figure 1. It appears that the
morphology of the CNTs samples did not significantly change
after the treatment in nitric acid. A little more amorphous
carbon is observed on the surface of the CNTs treated at higher
temperatures. The initial temperature of these CNTs from the
TG curves slightly shifts to lower temperatures at the samples
with high treatment temperature (Figure S1). The reason can
be attributed to the amorphous carbon formed during the
refluxing process in nitric acid at high temperatures. The above
results indicate that the graphitic structure of the CNTs used in
this study was slightly destroyed after treatment in nitric acid,
and a small amount of amorphous carbon formed during the
nitric acid treatment.
However, from the XRD results, it is found that all these

CNTs samples depict typical (002), (100), (004), and (110)
graphitic diffraction peaks (Figure S2), indicating that the

Figure 1. TEM images of (a) wCNT, (b) CNT80, (c) CNT100, (d) CNT120, and (e) CNT140.
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graphene layers of these CNTs samples remained almost intact
after the treatment in nitric acid. It is also found that the
position of these peaks does not obviously shift after the
treatment, which demonstrates that the expansion of the lattice
that is likely induced by the HNO3 intercalation during
refluxing could be neglected.38

Raman spectroscopy is widely used to study the structure of
nanocarbon materials.39,40 The Raman spectra were deconvo-
luted into four Lorentzian peaks and one Gaussian peak
definitely according to Sadezky et. al,39 and the ID1/IG values
from the Raman spectra of these CNTs were determined by the
intensity ratio of the D1 band (∼1350 cm−1) and G band (1580
cm−1). As shown in Figure 2, the ID1/IG values of the CNTs do
not obviously change after refluxed in nitric acid, indicating that
the ordered structure of the CNTs was not significantly
destroyed and that the number of surface defects did not
obviously increase after the nitric acid treatment.
The results from N2 adsorption/desorption analysis show

that all the samples exhibit type IV isotherms (Figure S3). The
BET surface area of the CNTs with the treatment at low
temperatures remained similar (Table 1), however the surface

area significantly increased when the treatment temperature
increased above 120 °C. All the samples show bimodal pore
size distribution (Figure S4), the peaks at small pore width
might be from the inner side of the CNTs, while the peaks at
large pore width are likely contributed by aggregated pores
among the isolated CNTs.
As we all know, HNO3 treatment is an effective tool to

functionalize the carbon materials with oxygenated groups.1,2,31

These surface oxygenated groups can be detected by XPS
analysis, and the O 1s and C 1s spectra are shown in Figure 3
and Figure S5, respectively. The O 1s spectra were

deconvoluted into three peaks at 531.4 eV (CO), 532.5 eV
(OC−O), and 533.7 eV (OH), respectively.36 As shown in
Figure 3, the surface concentration of these oxygen species
significantly increases with the increase of treatment temper-
ature. The C 1s peak is not deconvoluted because the
deconvolution of C 1s peak is generally more difficult and
ambiguous, as the contribution from the C 1s intensity of the
carbon in oxygenated groups is very low compared to the whole
C 1s signal.36,41

The functional oxygen groups can also be identified from the
evolution profiles of CO2 (Figure S6) and CO (Figure S7)
during the TPD test. The evolution profiles of CO2 were
deconvoluted into three peaks around 260 °C (carboxylic acid),
400 °C (carboxylic anhydride), and 600−700 °C (lactone).16,42

Two peaks at around 700 and 870 °C observed from the
evolution profiles of CO could be assigned to phenol and
carbonyl groups, respectively. It is found that the O content for
OC−O groups (sum of carboxylic acid, carboxylic anhydride,
and lactone) and phenolic group from TPD profiles shows
nearly linear dependence on the O content for OC−O
groups and phenolic group from XPS spectra (Figure S8 and
S9), respectively, indicating that the TPD results are consistent
with the XPS results. The linear relationship for the carbonyl

Figure 2. Raman spectra of these CNTs and a typical curve fitting of CNTs sample (CNT140).

Table 1. Textural Properties of CNTs

sample SBET (m2/g) Smicro (m2/g) Vp
a (cm3/g) Dp

b (nm)

wCNT 233 2 1.60 21.5
CNT80 233 0 1.69 23.0
CNT100 231 2 1.33 18.9
CNT120 250 12 1.34 19.2
CNT140 276 11 1.41 18.3

aPore volume measured at the single point of P/P0 = 0.99. bBJH
desorption average pore diameter.

Figure 3. O 1s XPS spectra of these CNTs samples.
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group could not be obtained because the maximum temper-
ature for TPD analysis on our equipment could only reach as
high as 900 °C. The carbonyl group (m/z = 28 signal), which is
considered as the active sites for the ODH reactions,1,2,36 could
not be completely desorbed at this temperature. It would make
great sense only when the carbonyl group could be accurately
quantified for the ODH reactions. Therefore, the oxygenated
groups were not accurately quantified from the TPD profiles,
and peak area was employed to preliminarily describe the
number.
The above results from different characterizations demon-

strate that the surface of the CNTs was efficiently function-
alized with a large number of oxygenated groups after the
HNO3 treatment, while the ordered graphitic structure of the
CNTs was not obviously destroyed.
3.2. Mass Titration. Mass titration is an effective tool to

determine the Point of Zero Charge (PZC) of these CNTs
samples.28 The PZC of these CNTs was studied by two kinds
of mass titration methods (the details for the titration are given
in the Experimental Section). As shown in Figure 4, the PZC

obtained from method 1 severely decreases to 3−4 after the
CNTs are refluxed in HNO3 at 120 or 140 °C, and the PZC of
these CNTs samples decreases in the order of as-received CNT
> wCNT > CNT80 > CNT100 > CNT120 ∼ CNT140.
The results from mass titration method 2 are given in Figure

5, which is similar to that from Figure 4. The PZC of these
CNTs also decreases in the order of as-received CNT > wCNT
> CNT80 > CNT100 > CNT120 ∼ CNT140. These results
indicate that many acidic functional groups were generated
during the HNO3 treatment. Although the overall properties of
oxygenated groups on the nanocarbons could be studied by
PZC, the specific oxygen functional groups could not be
identified and quantified.
3.3. Boehm Titration. Boehm titration is an effective tool

to identify and quantify the specific oxygenated groups,
especially for the carboxylic acid, lactone, phenol, and carbonyl
groups,29,30 using different bases with different basicity.
Although the carbonyl group is sometimes regarded as a
Lewis base group due to high electron density,31 it could be
titrated by the strong base NaOC2H5 in Boehm titration.
Herein, the number of NaHCO3 and Na2CO3 molecules
adsorbed on the wCNT can be neglected, which further
confirms that the adsorbed HCl or HNO3 in the pretreatment

process could be almost removed during the washing step by
distilled water before they went to the titration steps. As shown
in Table 2, the number of all the four groups on the CNTs
increases with the treating temperatures. These results are
correlated with the results from XPS characterization, and a
good linear relationship is found between the result of Boehm
titration and XPS for the quantification of carbonyl group
(Figure 6a). A linear relationship between the result of Boehm
titration and XPS for the quantification of phenolic group is
also found (Figure 6b), indicating that the result from Boehm
titration and XPS characterization are convincible, at least for
the carbonyl and phenol groups. Four different kinds of groups
(carboxylic acid, anhydride, lactone, and ester groups) are
contained in the OC−O species from XPS character-
ization.36 Among the four oxygenated groups, only carboxylic
acid and lactone groups could be quantified by Boehm titration,
and thus, the quantification for the OC−O species from
Boehm titration and XPS characterization could not be well
correlated with each other (Figure S10). Compared to XPS
characterization, Boehm titration has an obvious advantage to
quantify the specific oxygen groups, because it is nearly
impossible to completely deconvolute the XPS spectra into
many individual peaks which represent the specific oxygenated
groups.31,36,43,44

As mentioned above, the results from Boehm titration are
consistent with the results from XPS analysis, and thus, the XPS
results can be calibrated by the Boehm titration for our CNTs
samples. As most of the oxygenated groups exist in the outer
surface of the CNTs, the result from Boehm titration describes
the surface properties of these CNTs, which is in accordance
with that from XPS. In the Boehm titration, the relative error
(δ) can be calculated in the following equation:

δ = Δ ×L/ 100%

Δ is the absolute error, while L is the true value. A larger true
value corresponds with a smaller relative error. It is quite
challenging to improve the accuracy of Boehm titration. In
order to solve this problem, a large number of samples and a
low base concentration should be used to enlarge the difference
between samples and then reduce the titration error. From the
results, it is found that the consumed base decreased in the
order of NaOC2H5 > NaOH > Na2CO3, and thus, the relative
error of the consumed base increases in the order of NaOC2H5
< NaOH < Na2CO3. In Boehm titration, the number of various

Figure 4. Determining the PZC of CNTs samples by mass titration
method 1.

Figure 5. Determining the PZC of CNTs samples by mass titration
method 2.
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types of acidic groups was calculated under the assumption that
C2H5ONa neutralized carboxylic acid, lactone, phenol, and
carbonyl groups; NaOH neutralized carboxylic acid, lactone,
and phenol groups; Na2CO3 neutralized carboxylic acid and
lactone groups.29,30 On the basis of this assumption, the
number of carbonyl groups was calculated by the difference
between the consumed NaOC2H5 and NaOH, whereas the
number of phenolic groups was calculated from the difference
between the consumed NaOH and Na2CO3. Therefore, the
number of carbonyl groups was more accurate.
3.4. Acidity Characterizations by NH3 Pulse Adsorp-

tion, NH3-TPD, and FT-IR. In order to better understand the
acidity of the nanocarbon catalysts, NH3 pulse adsorption,
NH3-TPD, and FT-IR, which are widely applied to describe the
acidity of solid acid, were employed to characterize the acidity.
As shown in Table 3, the number of acidic sites calculated from

NH3 pulse adsorption is consistent with that obtained from
Boehm titration. Herein, the number of acidic sites from
Boehm titration is based on the number of relative strong acidic
sites, including carboxylic acid, lactone, and phenol. The NH3-
TPD profiles are given in Figure 7. It can be seen that the NH3
uptake increases with increasing treatment temperature for
CNTs samples, and the main NH3 release peak appears at

about 100 °C, indicating that most of the NH3 molecules are
weakly adsorbed. FT-IR analysis is performed to study the type
and strength of acidic sites (Figure S11). When the sample
preadsorbed with probe molecules (NH3 and pyridine) was
evacuated at room temperature, the signals for the adsorbed
base molecules were not detected, indicating the acidity of the
CNTs sample was very weak. Therefore, the adsorption of NH3
found in NH3 pulse adsorption experiment is likely ascribed to
the weak interactions such as hydrogen bonds.45

3.5. Catalytic Activity of CNTs. The ODH of ethyl-
benzene is selected as a model reaction to study the roles of
specific oxygenated groups. For the kinetic study, the
conversions were controlled to less than 10%. The reactions
were carried out at 245 °C, and it can be found from TG
analysis that the ordered graphitic structure of CNTs was not

Table 2. Surface Oxygenated Groups by Boehm Titration

carboxylic acid lactone phenol carbonyl

sample (μmol/m2) (mmol/g) (μmol/m2) (mmol/g) (μmol/m2) (mmol/g) (μmol/m2) (mmol/g)

wCNT 0 0 0 0 0.47 0.11 0.20 0.05
CNT80 0.35 0.08 0.16 0.04 0.79 0.18 0.51 0.12
CNT100 0.50 0.12 0.16 0.04 1.04 0.24 0.86 0.20
CNT120 1.39 0.35 0.46 0.11 1.46 0.36 1.44 0.36
CNT140 1.50 0.41 0.48 0.13 1.4 0.39 1.47 0.41

Figure 6. Correlate the O content for carbonyl group (a) and phenolic group (b) from Boehm titration with the surface atom content of O in
carbonyl group and phenolic group from XPS analysis, respectively.

Table 3. Number of Acidic Sites Calculated from NH3 Pulse
Adsorption and Boehm Titration

sample NH3 pulse adsorption (μmol/m2) Boehm titration (μmol/m2)

wCNT 0.31 0.47
CNT80 1.11 1.30
CNT100 1.57 1.71
CNT120 3.14 3.31
CNT140 3.29 3.39

Figure 7. NH3-TPD profiles of CNTs samples.
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obviously destroyed by O2 at such low temperature. Negligible
ethylbenzene conversion and styrene formation were observed
in the blank experiment in the absence of catalysts, indicating
that the ethylbenzene conversion and styrene formation were
mainly result from the CNTs samples. The activities of these
CNTs samples were compared with the activity of V/MgO
catalyst, which was widely studied in ethylbenzene oxidative
dehydrogenation during the past 20 years.31,46,47 However, the
20 wt % V2O5/MgO catalyst was quickly deactivated, and the
conversion decreased to only 0.5% after 20 h (Figure S12),
which was much lower than that on CNTs catalyststhe
conversion on the CNT140 could reach as high as 3.4% under
the same conditions (Figure S13). The optimum reaction
condition for V/MgO catalyst is at 500−600 °C in the presence
of steam, whereas the catalyst could not give the best
performance at such low temperature as low as 245 °C in the
absence of steam. Steam is generally introduced into the
reaction system catalyzed by V/MgO catalysts to suppress the
undesired carbon deposition.
As reported previously, the carbonyl group is the active site

for the ODH reactions,1,2,31,32 and the reaction mechanism is
assumed to be similar to that on transition metal oxide
catalysts.48 We correlated the ODH activity (initial styrene
formation rate) with the surface number of carbonyl groups
(Figure 8). It is found that the activity exhibits a linear

dependence on the number of carbonyl groups, further
confirming that carbonyl groups are the active sites. These
results indicate that the acid properties can indeed be
successfully applied to identify and quantify the active sites in
the ODH reactions. As shown in Figure 8, when the number of
carbonyl groups is extrapolated to zero, the activity intersects
the y axis at a nonzero value, which might be ascribed to the in
situ formed ketonic carbonyl group on the defects.36 The slope
of the line represents the catalytic activity of single carbonyl
group, namely the value of the TOF for these CNTs samples
normalized by the number of active sites, which reflects the
intrinsic activity of the nanocarbon catalysts. The value of TOF
is 3.2 × 10−4 s−1, which is very similar to our previous reported
result under similar reaction conditions.36 It seemed from early
research that the ODH reactions occurred on the adjacent
diketone groups,31,32 and the TOF obtained was mainly
ascribed to these adjacent diketone groups. Recently, it has

been shown by our group that the isolated ketone group could
also activate the dehydrogenation of C−H bond during the
ODH reactions,49 which demonstrates that the ODH reactions
might occur both on the isolated ketone and the adjacent
diketone groups, and the TOF obtained is likely to be the
average value of these different types of ketone groups.
In our experiment, it was found that the activity of these

CNTs slowly decreased with time on stream and stabilized at
about 20 h. The long-term stability of the CNTs was also
investigated, and it was found that the catalytic performance of
the CNTs was very stable up to 112 h at 573 K (Figure S14).
As shown in the high-resolution TEM images, the morphology
of these spent CNTs slightly changes (Figure S15). The surface
area of the CNT140 after reaction for 112 h decreased from
276 m2/g to 240 m2/g, while the pore volume slightly
decreased from 1.41 cm3/g to 1.21 cm3/g. However, it can be
found from the TG curves (Figure S16) that the initial
temperature of the spent CNTs sample is much higher than
that of the fresh sample, indicating the change in surface area
and pore volume is likely attributed to the remove of intrinsic
amorphous carbon instead of the carbon deposited during the
reaction. Moreover, the carbon balance during the whole
reaction remained stable around 100%, indicating the carbon
deposition on the CNTs sample did not obviously occur. The
surface oxygenated groups correspondingly changed when the
activity was stabilized as we found from the XPS character-
ization (Table S1). However, the stabilized activities of these
CNTs samples still show a linear dependence on the surface
number of carbonyl groups (Figure S17).
The effect of O2 partial pressure on the catalytic performance

was studied, and the results are given in Figure 9. Here, the

partial pressure of ethylbenzene was fixed at 2.8 kPa. It can be
found that the styrene formation rate increases significantly
when the O2/ethylbenzene partial pressure ratio increases from
0.4 to 1.9, and then the formation rate slowly increases with the
further increase of O2/ethylbenzene ratio. The dependence can
be fitted using a reaction order of 0.34 in PO2

(Figure S18),
which is very similar to that in our previous report.50 It can be
also seen from Figure 9 that the styrene selectivity gradually
increases when the ratio increases, while the COx selectivity

Figure 8. ODH activities (initial styrene formation rate) of CNTs
samples with different surface number of carbonyl groups. Reaction
conditions: 245 °C, 2.8 kPa ethylbenzene, 5.3 kPa O2, He as balance,
100 mg of catalyst.

Figure 9. Effect of O2/ethylbenzene partial pressure ratio on the
catalytic performance. Reaction conditions: 245 °C, 2.8 kPa
ethylbenzene, He as balance, 100 mg of catalyst.
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correspondingly decreases. It seems that high O2 pressure is
favorable for the styrene formation.
The apparent activation energy from the ODH reaction rates

at different temperatures from 245 to 300 °C for different
CNTs samples was also studied (Figure S19). The activation
energy of wCNT and CNT120 is around 61 and 60 kJ/mol,
respectively, which further confirms that the active sites on the
two CNTs samples are identical.
For better studying the acidity of nanocarbon, these CNTs

samples were applied in two typical acid-catalyzed reactions,
including Beckmann rearrangement and ring opening. The
Beckmann rearrangement of cyclohexanone oxime is an
important catalytic process because caprolactam, the main
product of the reaction, is a precursor of Nylon-66, which is
very important in industry. As expected, the conversion of
cyclohexanone oxime exhibits a linear dependence on the
number of acidic sites (Figure S20). Although the acidity of
CNTs samples is weak, the maximum conversion can reach
44.2%, which is comparable to other solid acid catalysts such as
HZSM-5, HY, and heteropoly acids under similar reaction
conditions,51 indicating the reaction proceeds well on weak
acidic sites.
The ring opening of styrene oxide with methanol was also

conducted to describe the acidity of these CNTs samples. It can
be seen from Figure S21 that there is a linear relationship
between the conversion of styrene oxide and the number of
surface acidic sites. However, the maximum conversion is only
12.7%, which is too low compared to other acid catalysts.52

4. CONCLUSION

The acid properties of CNTs were thoroughly studied in this
work. The surface of CNTs was efficiently functionalized with
oxygenated groups, while the ordered graphitic structure was
not obviously destroyed after refluxed in HNO3 at different
temperatures from 80 to 140 °C. The Point of Zero Charge,
which reflected the overall acid properties of oxygenated
groups, decreased in the following order of as-received CNT >
wCNT > CNT80 ∼ CNT100 > CNT120 ∼ CNT140. Specific
oxygenated groups, including carboxylic acid, lactone, phenol,
and carbonyl groups, could be identified and quantified by
Boehm titration, and the result was consistent with that from
XPS characterization. For comparison, the acidity of these
CNTs samples was also studied by NH3 pulse adsorption, NH3-
TPD, and FT-IR, which are widely used to analyze the acidity
of solid acid catalysts. The number of acidic sites from NH3

pulse adsorption was consistent with that from Boehm
titration; however, the strength of the acidic sites was very
weak.
The ODH activity (initial styrene formation rate) exhibited a

good linear dependence on the surface number of carbonyl
groups, further confirming that carbonyl groups were the active
sites in the ODH reactions. The TOF for all these CNTs
samples was 3.2 × 10−4 s−1, which reflected the intrinsic activity
of the nanocarbon materials. Similar apparent activation energy
(about 60 kJ/mol) was obtained on wCNT and CNT120,
which further confirmed that the active sites on the two CNTs
samples were identical. These CNTs samples were also applied
in two typical acid-catalyzed reactions (Beckmann rearrange-
ment and ring opening) to better understand their acidity, and
a good linear relationship was found between the conversion
and number of acidic sites.
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