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The thermal stability and the reducibility of oxygen-containing functional groups on the surface of nitric
acid-treated multiwalled carbon nanotubes (CNTs) have been studied using temperature-programmed
desorption and reduction (TPD and TPR) and high-resolution X-ray photoelectron spectroscopy (XPS).
The thermal treatments up to 720 °C were carried out in the XPS setup, either under ultrahigh vacuum
(UHV) or in diluted hydrogen. Deconvoluted XP spectra were used for the quantitative determination of
the amount of the different functional groups on the CNT surfaces as a function of the pretreatment. The
number of the oxygen atoms per unit surface area was obtained from the oxygen to carbon (O/C) ratio derived
from the corresponding peak areas in the XP spectra. The results obtained by XPS agree quantitatively with
the observations by TPD and TPR. The acid treatment not only introduced carboxyl, carbonyl, and phenol
groups on the surface but also generated ether-type oxygen groups between the graphitic layers as indicated
by the oxygen balance. Generally, the presence of hydrogen decreased the thermal stability of the oxygen-
containing functional groups. Both XPS and TPR provided evidence for the reduction of carboxylic groups
to phenolic groups at 300 °C in hydrogen. Heating in hydrogen was found to be more effective in removing
the oxygen-containing functional groups compared to heating in UHV but did not allow either to remove all

oxygen species even at 720 °C.

1. Introduction

Because of their unique texture and properties such as superior
electrical conductivity and mechanical stability, carbon nano-
tubes (CNTs) have become one of the most promising materials
in various fields of applications.!™ In the field of heterogeneous
catalysis, attention is being focused on multiwalled CNTs as
support due to their excellent mechanical and chemical stability
and their high thermal and electrical conductivity.>® Like
graphite, CNTs are hydrophobic and inert in nature, and it is
therefore difficult to achieve a high dispersion of metal particles
on CNTs. Treatment of CNTs with oxidizing agents in the gas
or liquid phase results in partial surface oxidation, that is, the
formation of surface oxygen-containing functional groups, which
can be acidic or basic in nature.”~® Nitric acid or other oxidizing
media such as ozone or oxygen plasma have been reported to
be highly effective for this purpose.'®~!* It has been shown that
the basal planes of the graphite are attacked by molecular oxygen
only at their periphery or at defect sites such as edge planes
and vacancies.">"!7 Toebes et al.'® reported that in nitric acid
the nitronium ion (NO,™) is able to attack aromatic compounds,
which is probably the first step for the generation of the oxygen
containing functional groups. After oxidation, the CNT surfaces
have hydrophilic properties, which enhances the wettability for
polar solvents. Moreover, the oxygen functional groups can be
used as anchoring sites for the immobilization of metal particles
and large molecules.!*?0 Therefore, the detailed knowledge of
the nature and amount of oxygen functional groups on the CNT
surfaces is of great interest, especially for using CNTs as catalyst
support.
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SCHEME 1: Schematic Representation of Oxygen
Functional Groups Present on the Carbon Nanotube
Surface
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The nature and concentration of surface functional groups
can be modified by thermal treatments. Heating in inert
atmosphere may be used to selectively remove some of these
functional groups. The type and the amount of the oxygen
functional groups depend on the oxidizing agents. Scheme 1
shows several functional groups on CNT surfaces after nitric
acid treatment.'®72! Carboxyls, carboxylic anhydrides, and
lactones are generally present. Hydroxyl groups at the edge of
the graphitic planes exhibit phenolic character. Carbonyl groups
can remain isolated like quinones, or they can be arranged like
pyrones. Furthermore, the ether-type oxygen or pyran can
substitute one carbon atom at the edge. Finally, aldehydes can
also be present on the surface of the oxidized CNTs.

A variety of experimental techniques has been used up to
now to identify the oxygen functional groups present on oxidized
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CNTs, such as acid—base titration,”%16-22 infrared spectroscopy
(IR),19:21.23.24 X_ray photoelectron spectroscopy (XPS),21.23~27
and temperature-programmed desorption (TPD).1920:28.29 How-
ever, the identification of the nature and the determination of
the amount of oxygen functional groups remains a challenge
due to their complexity.

Boehm et al.”8 used the titration method to determine the
total oxygen content and the type of functional groups. In contact
with the aqueous solutions with different pH values, negatively,
neutral, and positively charged surface sites can be formed on
CNT surfaces. However, this method is limited by the fact that
it failed to account for a large amount of the total oxygen content
on the carbon surface.!%? Ros et al.!”” employed IR and
thermogravimetry-mass spectroscopy (TG-MS) and showed that
the surface oxidation of CNTs in the liquid phase proceeds via
carbonyl groups followed by the conversion into carboxylic
groups and carboxylic anhydrides. Park et al.’® identified the
oxygen functional groups such as C=0 (1710 cm™!), C—0O
(1300 cm™"), and OH (3450 cm™!) by means of IR spectroscopy.
FTIR can only be used for highly oxidized carbon surfaces,
otherwise the intensity of the absorption bands is very poor.
Diffuse reflectance IR spectroscopy (DRIFTS) is preferable to
avoid the problems caused by sample dilution. However, the
interpretation of the spectra is complicated, because each band
can include contributions from various functional groups,?* and
it is essentially impossible to perform a quantitative analysis of
these data.

TPD has been reported as one of the most commonly used
techniques to identify the surface functional groups on CNTs,
which decompose at different temperatures releasing CO, CO»,
and water. There are some inconsistencies in literature with
respect to the assignment of the TPD peaks to specific surface
groups, as the peak temperature may be shifted due to the
differences in sample mass, heating rate, gas-flow rate, and the
reactor dimensions of the experimental set-ups.'®183! However,
a specific temperature range can be defined for particular
functional groups in general.

Okpalugo et al.?> showed that high-resolution XPS is an
excellent tool to identify the oxygen-containing functional
groups, and also tried to quantify the amount of oxygen. In
another study, Lakshminarayanan et al.?® investigated the relative
percentage of different oxygen functional groups from the
deconvoluted XP spectra. Toebes et al.!8 reported the amount
and the thermal stability of the oxygen functional groups in inert
atmosphere by combined thermogravimetry, acid—base titration,
and XPS measurements. However, the thermal stability of these
oxygen surface groups in hydrogen has not yet been studied in
detail.

Here, we report on the thermal stability of oxygen-containing
surface groups on CNTs both in UHV and in reducing
atmosphere investigated by TPD, TPR, and high-resolution XPS.
The amount and the type of oxygen functional groups were
identified, and the transformation of these groups upon heating
to high temperature in UHV and in hydrogen was studied. The
number of oxygen atoms per unit surface area was derived from
the XPS-based O/C ratio and compared with the quantitative
results obtained from the TPD and TPR experiments.

2. Experimental Section

Multiwalled CNTs with inner diameters of 20—50 nm and
outer diameters of 70—200 nm were obtained from Applied
Sciences Inc. (Ohio, USA). These CNTSs consist of concentric
graphene sheets parallel to the structure axis. The as-received
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at 800 °C to remove the polyaromatic impurities on the surface.
The thermally treated CNTs were then refluxed in boiling nitric
acid (65%) for 90 min. After cooling, the CNTs were filtered
and washed with distilled water until pH 7. The CNTs were
finally dried at 100 °C for 16 h.

The TPD and TPR experiments with the oxidized CNTs were
carried out in a flow setup operating at atmospheric pressure in
helium and in a mixture of helium and hydrogen, respectively.
The gas composition leaving the reactor was monitored via a
quartz capillary by an online mass spectrometer (MS, Omnistar,
Pfeiffer), which was calibrated for He, H,, CO, CO,, NO, and
H,O to determine quantitatively the gas species evolved during
the TPD and TPR. Argon was used as internal standard, and
zero-gas calibration was performed before each calibration and
also before each measurement to obtain a reliable background.
The following high-purity gas mixtures were used for calibra-
tion: 5.04% He in Ar, 4.09% H, in Ar, 9.98% CO in Ar, 1.05%
CO; in Ar, and 3133 ppm NO in Ar. The calibration of water
was achieved by passing He (10 sccm) through three saturators,
filled with distilled water, in series kept at 0 °C. The calibration
factors obtained for all the gases were then verified by
introducing known amount of gas mixtures. In a typical
measurement, 200 mg of the oxidized CNTs were loaded into
a tubular quartz reactor with an inner diameter of 20 mm. The
CNTs were first dried at 80 °C for 60 min in flowing helium.
Subsequently, the CNTs were heated under He at a flow rate of
50 sccm with a heating ramp of 10 K min~!, and TPD profiles
of CO, CO,, H,0, and NO were monitored by the online MS.
In case of TPR, a gas mixture of H, and He (1:9, total flow 80
sccm) was used. TPR profiles of H,, H,O, CO, NO, and CO,
were obtained at a heating rate of 10 K/min. Both experiments
were repeated several times to verify the reproducibility of the
data.

XPS measurements were carried out in an ultrahigh vacuum
(UHV) setup equipped with a high-resolution Gammadata-
Scienta SES 2002 analyzer. A monochromatic Al Ko X-ray
source (1486.6 eV; anode operating at 14 kV and 55 mA) was
used as incident radiation. The base pressure in the measurement
chamber was around 2 x 107! mbar. XP spectra were recorded
in the fixed transmission mode. The analyzer slit width was set
to 0.3 mm and a pass energy of 200 eV was chosen, resulting
in an overall energy resolution better than 0.5 eV. Charging
effects were compensated by applying a flood gun. The binding
energies were calibrated based on the graphite C 1s peak at
284.5 eV. The thermal treatment of the oxidized CNTs in UHV
(1 x 107 mbar) was carried out in the preparation chamber of
the XPS setup for 30 min at 300, 440, 590, and 720 °C,
respectively. The treatment under H, at around 5 mbar was
performed in the reaction chamber of the XPS setup at 300,
440, and 590 °C for 30 min. Because of experimental limitations,
prolonged treatment for 120 min at 590 °C was performed
instead of 30 min at 720 °C. It was observed that treating the
sample at 590 °C for 30 min in H; resulted in a strong decrease
in the oxygen amount from 13.7 to 2.0%. Prolonged treatment
for 2 h at 590 °C in H; led to a further decrease of the oxygen
content to 1.5%. Hence, only the results obtained after treating
the sample for 2 h in Hj at 590 °C are presented and discussed
in the following. The hydrogen-treated samples were then
transferred in UHV to the measurement chamber. Prior to
individual elemental scans, a survey scan was taken for all the
samples to detect all of the elements present.

The CASA XPS program with a Gaussian—Lorentzian mix
function and Shirley background subtraction was employed to

CNTs were first thermally treated under flowing helium %ralghe ) O(ie(ioﬁvolute the XP spectra. The fwhm values were fixed at a
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Figure 1. TPD profiles of HNOs-treated CNTs in helium at a heating
rate of 10 K min™!.

maximum limit of 1.5 eV for all of the peaks during the fitting
procedure. The peak positions were reproducible along with the
fixed Lorentz to Gaussian ratio and fwhm. Care was taken that
all the fitting results are self-consistent, so that the corresponding
deconvoluted peaks can be compared quantitatively.

The O/C ratio obtained from the XPS measurement was
converted to the number of oxygen atoms per unit surface area.
The model used for the calculations is mainly based on two
assumptions: first, the inelastic mean free paths (1) of the oxygen
and carbon 1s electrons are equal, that is, A = 3 nm.3? Because
the interlayer spacing of graphite layer is 0.335 nm, one inelastic
mean free path comprises nine consecutive graphite layers. The
second assumption is that the thickness of one monolayer of
oxygen atoms on the CNT surface is */o. An areal density of
carbon atoms of 38.3 nm™2 based on the ideal graphite structure
is used for the calculations.

The physisorption measurements were carried out with a
Quantachrome Autosorb-1-MP system. The BET surface area
was determined by static nitrogen physisorption at 77 K
subsequent to outgassing at 573 K, until the pressure was lower
than 5 mbar.

3. Results

3.1. Thermal Stability in Helium or UHV. The HNOs-
treated CNTs (90 min at 110 °C) were first studied by TPD
experiments in helium. Figure 1 shows the TPD profiles of
released CO, CO,, H,0O, and NO obtained upon heating from
80 to 750 °C at 10 K min~!. It can be seen that CO and CO,
are the major gases evolved. Additional drying at 80 °C before
the TPD measurement removed the physisorbed water during
sample transfer, as evidenced by the corresponding H,O peak
(not shown). The broad H,O peak ranging from 150 to 450 °C
with a maximum at around 280 °C can be mainly assigned to
the formation of carboxylic anhydrides from the dehydration
of adjacent carboxyl groups. Another possible source of this
water peak could be the dehydration of phenolic hydroxyl
groups. The first CO, peak evolved at around 340 °C can be
attributed to the decomposition of carboxylic groups. The
shoulder at about 470 °C and the peak at around 650 °C in the
CO, profile are believed to be associated with the decomposition
of carboxylic anhydrides and lactones, respectively, which are
more stable than carboxyl groups. The CO profile shows a
dominant peak at 700 °C with additional contributions at lower
temperatures of around 470 and 280 °C. The shoulder at 280
°C could be attributed to the decomposition of the ketone or
aldehyde groups. The decomposition of carboxylic anhydrides
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Figure 2. XPS survey scans of as-received and HNOs-treated CNTs
before the thermal treatment in UHV.

°C similar to CO,. The CO peak at 700 °C is associated with
the decomposition of phenol, quinone, and ether groups,
whereas the decomposition of pyrones occurs at even higher
temperatures.!%182830 The generation of CO and CO; in
different but well defined temperature ranges indicates the
presence of chemically different oxygen-containing functional
groups on the CNT surfaces.

On the basis of the information obtained from TPD, the
oxygen-containing functional groups were further characterized
by XPS after thermal treatments at different temperatures. The
XPS survey scan shows the elements present on the CNT
surfaces (Figure 2). Carbon and oxygen were detected both in
the as-received and the acid treated samples. However, the O
Is peak increased significantly after nitric acid treatment.
Furthermore, an additional peak appeared at about 400 eV after
the nitric acid treatment, indicating the presence of nitrogen-
containing species. Impurities were not detected on the sample
surfaces.

There is general agreement in literature on the assignment
of the peaks in the C 1s, O 1s and N 1s spectra.?!>>=27 Part a
of Figure 3 shows the C 1s spectrum of the oxidized CNTs,
which can be deconvoluted into the following bands: carbon in
graphite at 284.5 eV, carbon singly bound to oxygen in phenols
and ethers (i.e., C—O) at 286.1 eV, carbon doubly bound to
oxygen in ketones and quinones (i.e., C=0) at 287.5 eV, carbon
bound to two oxygens in carboxyls, carboxylic anhydrides, and
esters (i.e., —COO) at 288.7 eV, and the characteristic shakeup
line of carbon in aromatic compounds at 290.5 eV (r—m*
transition). The deconvolution of the O 1s spectrum results in
two peaks (part b of Figure 3): oxygen doubly bound to carbon
(i.e., O=C) in quinones, ketones, and aldehydes at 531.6 eV,
and oxygen singly bound to carbon (i.e., O—C) in ethers and
phenols at 533.2 eV. Because oxygen atoms in esters, carboxyls,
anhydrides, and pyrones have both single bonds and double
bonds with carbon atoms, the oxygen atoms in these groups
contribute to both the above-mentioned two peaks. As shown
in part ¢ of Figure 3, deconvolution of the N 1s spectrum results
in two peaks at 400.9 and 406.7 eV, which can be attributed to
the nitrogen atoms bound to carbon (i.e., N—C) and to oxygen
(i.e., N—0), respectively.

To gain more insight into the thermal stability of these
functional groups, XPS measurements of the CNTs after heat
treatments at different temperatures were performed. After peak
fittings based on these assignments, relative changes of different
peak areas can be observed, corresponding to the transformations
of different surface functional groups. Figure 4 shows the

also leads to the release of CO, which appears at aroung 470 3 O(ieioavoluted C Is spectra, where the intensity variations of the

age



16872 J. Phys. Chem. C, Vol. 112, No. 43, 2008

@ 2.4x10°-

. 1.8x10°+

1.2x10°

Intensity (arb. units

6.0x10°

00 T o T ' T T T T T
294 292 290 288 286 284 282 280
Binding Energy (eV)

(b)  9x10°

8x10°

7x10°

6x10°

Intensity (arb. units)

(&)
x
a
(=)
G
1

4-X105 — 1 T 1 1T 71T 71
538 536 534 532 530 528 526
Binding energy (eV)

(©)  45x10°

4.2x10°

3.9x10°

Intensity (arb. units)

3.6x10°

T " T . T » T ¥ T €
408 406 404 402 400
Binding energy (eV)
Figure 3. Deconvoluted XP spectra of the (a) C 1s region, (b) O Is

region, and (c) N Is region obtained with HNOs-treated CNTs before
a thermal treatment in UHV.

derived peaks are clearly visible after heat treatments. The
relative concentration of the corresponding functional groups
were derived and summarized in Table 1. The amount of
graphitic carbon increases upon heating as a result of the
decomposition of oxygen- and nitrogen-containing surface
functional groups. It can be seen that the functional groups with
C—0 bonds (phenols, ethers, etc.) are the dominant species on
the oxidized CNTs. The second major species are —COO
(carboxyls, anhydrides, esters, etc.), which are nevertheless less
stable in comparison with other species, as can be seen from
the strong decrease of their concentrations with increasing

temperature. The groups with C=0 bonds (carbonyls, qui?pnes, 4

age
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etc.) are found to be present with the lowest amount as compared
to other species at room temperature.

On the basis of the deconvoluted XP C 1s spectra, the atomic
ratio of different functional groups to graphitic carbon is plotted
and shown in Figure 5. The —COO functional groups decrease
significantly after heat treatment at 300 °C, which is mainly due
to the decomposition of the carboxylic groups. At the same time,
a decrease of the C—O contribution is observed, which can be
attributed to the dehydration of adjacent phenolic groups forming
water. The change of the C=0 peak upon heating to 300 °C
appears to be mainly due to the decomposition of aldehyde
groups. The —COO groups decrease further rapidly until 590
°C, which can be attributed to the decomposition of the
carboxylic anhydrides and ester groups. The TPD results also
show pronounced CO; and CO peaks in this temperature range.
The gradual change of the C—O and C=0 spectra between 300
and 600 °C indicates that the decomposition of phenol and
pyrone groups already started in this temperature range. After
heating to 720 °C, a strong decrease of C—0O and C=O0 is
observed indicating the decomposition of ether and quinone
groups at high temperatures. The residual —COO groups are
believed to be mainly lactones.

Figure 6 presents the deconvoluted XP O 1s spectra of the
oxidized CNTs after heat treatment at different temperatures.
Fitting of the spectra gives two peaks corresponding to singly
and doubly bound oxygen. As discussed above, —COOR
contributes to both peaks. At room temperature, more single-
bond species are found (60.8%) as derived from the peak areas.
The intensities of both the single- and double-bond peaks
decrease after heating to 300 °C, which can be attributed to the
decomposition of carboxyl groups in this temperature range.
Further heating to 590 °C leads to continuous decreases of both
peaks with little changes of their area ratios. It is known that
mainly the carboxylic anhydrides and ester groups decompose
in this temperature range, resulting in the decrease of both C—O
and C=O0 peaks simultaneously. Finally, after heating at 720
°C, the area of the double-bond peak is larger than the single-
bond peak (38.7%), which indicates that the single-bond groups
are less stable than the double-bond groups at high temperatures.
Therefore, although the general trend is the decrease of all
oxygen species upon heating, their relative amount is different.
These features are in agreement with the results obtained from
C Is spectra and the TPD observations.

The surface atomic concentrations of C, O, and N on the
oxidized CNTs are calculated from the corresponding peak areas
of the XP spectra (Table 2). The concentration of oxygen
increases with a factor of 6 from 1.8 to 10.7% due to the HNO;3
treatment. Additionally, the treatment also introduces around
2% of nitrogen to the CNT surface. It can be seen that both the
oxygen and the nitrogen concentrations decrease with increasing
treatment temperatures. After heating at 720 °C in UHV, the
oxygen concentration on the CNT surface decreases to 4.3%,
which is nevertheless still much higher than that of the CNTs
before HNO; oxidation (1.8%). After thermal treatment at 720
°C in UHV, the rest is believed to be mainly ether-, carbonyl-,
and lactone-type oxygen, which were reported to decompose
in the range of 700 to 980 °C.283! However, it is shown in the
next section that they can decompose at lower temperatures in
hydrogen.

3.2. Thermal Stability in Hydrogen. For comparison with
the inert atmosphere (helium or UHV), the HNOs-oxidized
CNTs (90 min at 120 °C) were also studied in TPR measure-
ments using diluted hydrogen. The TPR profile in Figure 7

that H,O is the most abundant gas evolved upon heating,
of'90 " £ P £
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Figure 4. XP C 1s deconvoluted spectra of oxidized CNTs with different pretreatment temperatures in UHV: (a) room temperature (RT), (b) 300
°C, (c) 440 °C, (d) 590 °C, (e) 720 °C.

TABLE 1: Relative Content of Functional Groups Presents 0.17
in XP C 1s Spectra of Oxidized CNTs after Pretreatment at 0.16-" _:_ g-oO//CC-%
Different Temperatures in UHV 0.15] \_\ A -0_00/(-:-0
pre treatment relative atomic concentrations (%) 0.141 e U
temperature peak I peak II” peak III¢ peak V¢ o
£ 0.124
RT 77.6 12.7 43 5.4 S 0111
300 78.3 132 39 4.6 ‘3;1 Tz Z
440 81.4 11.2 34 4.0 > A
590 81.8 11.0 43 2.9 B T \\\
720 85.4 9.2 3.1 2.3 2 0.05 S,
@284.5 eV: graphitic carbon. »286.1 eV: C—O (phenol, pyran, = 0.04- '\.
ether or alcoholic hydroxyls). <287.5 eV: C=0 (carbonyl, quinone). ST
4288.3 eV: —COO (carboxyl, carboxyl anhydride, ester). 0.034
0.02

other than CO and CO; in the TPD measurement. The
contribution of physisorbed water can be largely excluded due
to drying before the TPR measurement. The overall profile of
CO; in the TPR experiment is similar to that of the TPD
experiment in helium. The CO, peak evolved at 325 °C
corresponds to the decomposition of carboxylic groups. The
release of CO; at 430 °C and higher temperatures is presumably
associated with the decomposition of carboxylic anhydrides and
lactones. However, more CO; is detected in TPR (0.145%) than
in TPD (0.125%) at higher temperatures of about 650 °C. At
high temperatures in H», both the amount of desorbed CO in
the gas phase and the concentration of the active surface
complexes, which release CO upon decomposition, are at their
maximum,?? which can therefore enhance the probability of the
following secondary Boudouard-type reaction:

CO,F C(O)yyee = CO,+ C (1

The reaction could be the source of the excess amount of

surface free

0 100 200 300 400 500 600 700 800
Tmeprature (°C)
Figure 5. Variation of the atomic ratio of different functional groups

to the graphitic carbon after pretreatments at different temperatures in
UHV.

consumption peaks were detected in the TPR experiment. The
first one, a relatively small peak in the range of 150 to 500 °C
with a minimum at around 250 °C, can be attributed to the
partial reduction of the carboxylic groups to phenolic groups
accompanied by the release of water. It has been reported that
the carboxylic anhydride groups are not directly reduced by H,,3*
which is also confirmed here by the evolution of CO, and CO
peak at about 430 °C. The carboxylic anhydrides are present at
two adjacent dangling carbon sites. It is believed that hydrogen
attacks either of the two surface carbon atoms and forces the
anhydride complex to form the orientation with minimum
potential energy.’* Finally, it weakens the bond between the

CO; at higher temperatures in TPR compared to TPD. Tygo H. ing carbon atom and the surface carbon atom, resultin
2 at higher temp P Pabe 5 of 10" g
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Figure 6. XP O 1s deconvoluted spectra of oxidized CNTs with
different pretreatment temperatures in UHV: (a) room temperature (RT),
(b) 300 °C, (c) 440 °C, (d) 590 °C, (e) 720 °C.

TABLE 2: XPS Surface Atomic Concentrations® of C, O,
and N of HNOs-Treated CNTs (90 min at 110°C) after
Pretreatment at Different Temperatures in UHV

pretreatment
temperature (°) C% 0% N% O atoms/nm?
RT 87.0 10.7 2.3 41
300 °C 88.7 8.6 2.7 33
440 °C 90.9 6.6 2.5 25
590 °C 92.3 5.9 1.8 22
720 °C 94.9 4.3 0.8 15

“ Sensitivity factors, carbon 0.25, oxygen 0.66, nitrogen 0.42.%
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Figure 7. TPR spectra of HNOs-treated CNTs at a heating rate of 10
K min~! in diluted hydrogen.

in the desorption of carboxylic anhydride groups at relatively
lower temperatures (430 °C) than in the absence of hydrogen
(470 °C).

Furthermore, the water profiles of the TPD and TPR experi-
ments are quite different. The water amount is higher in TPR
(about 0.08%) in the range of 210 to 500 °C in comparison
with the TPD profile (about 0.05%). The water evolved at
around 250 °C is tentatively assigned to the dehydration of
neighboring carboxylic groups with the formation of a carboxy-
lic anhydride group. Water formation at relatively high tem-
peratures (>400 °C) could be assigned to the direct reduction
of the aldehyde groups and phenolic hydroxyl groups, which
also contribute to the first hydrogen consumption peak. The CO
desorption step located at relatively low temperatures of about
280 °C is associated with the decomposition of aldehydes similar
to that in TPD. Carboxylic anhydrides decompose into CO and
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650 °C. In hydrogen, a fraction of the CO-containing complexes
(mainly quinones and semiquinone-type functional groups) can
be directly reduced to H,O giving rise to the intense water peak
at higher temperatures. The surface groups can also be desorbed
as CO resulting in the peak around 650 °C. The selectivity
depends on the heating rate, and it has been reported that lower
heating rates favor the conversion of a large fraction of these
surface groups to water-evolving complexes.

Above 600 °C, the H, profile shows a strong consumption
peak until the final temperature of 750 °C, which is in good
agreement with literature.>* The TPR profile exhibits a sharp
increase of the water signal in the high temperature region,
whereas a decrease of CO is observed in TPR as compared to
the TPD profile. Moreover, the CO peak in the TPR profile
shows a clear shift toward lower temperatures. It is known that
the release of CO at higher temperatures can be partially
attributed to the readsorption of CO at free active sites created
after the desorption of surface functional groups at lower
temperatures.’33> However, in the presence of H, the active sites
can also interact with Hy. When the chemisorption of H is
energetically more preferable over CO, then CO is released at
relatively lower temperatures in TPR than in TPD. Because there
is less (or no) CO readsorption at lower temperatures, the
amount of CO evolved at higher temperature is much lower
during TPR.

The effect of H, on the thermal stability of the oxygen
functional groups on the CNT surface was also studied by high
resolution XPS. Survey scans were found to be similar to those
shown in Figure 2. The C 1s spectra obtained after thermal
treatments in H, (5 mbar) are shown in Figure 8. It can be seen
that all the deconvoluted peaks corresponding to different
functional groups decrease in intensity upon heating. On the
basis of the deconvolution, the atomic concentrations of different
functional groups were derived and are summarized in Table
3. The deconvoluted spectra show that the relative percentage
of the phenol and ether groups is much higher (about 12.9%)
and hence are the major species on CNTs before heat treatment,
similar to the sample heat-treated in UHV. In comparison with
the treatment in UHV, the evolution of the surface groups upon
heating appears different in H, atmosphere, reflecting the effect
of H; on the thermal stability of the functional groups.

The atomic ratio of functional groups to the graphitic carbon
was plotted against the heating temperature in Figure 9. After
heating to 300 °C in H,, we can see a clear increase of the
C—O peak, which can be assigned to the reduction of the
carboxylic groups leading to the formation of the phenolic
groups. At the same time, carboxyl groups decompose in this
temperature range giving rise to a sharp decrease in the —COO
peak. Furthermore, a stronger decrease of —COO groups is
evident in H, (from 6.8 to 5.5%, a decrease of 19%) than in
UHV (from 5.4 to 4.6%, a decrease of 15%). These findings
support the hypothesis that the carboxyl groups are reduced to
phenol groups in this temperature range. The decrease of
carbonyl groups can also be attributed to the formation of phenol
groups in Hy. All of these results lead to a significant rise of
the amount of C—O, which is in good agreement with the TPR
observations.

The carboxylic anhydride and lactone groups are known to
decompose at relatively high temperatures, which causes a
further decreases of —COQO groups after heating to 440 and 590
°C (Figure 9). There is a sharp decrease of the amount of C—O
groups at 440 °C. One possible reason might be the reduction
of phenol groups by H; leading to the formation of water. A

CO; at around 430 °C. The CO profile shows a maxirrtpgll gate 6 Olil% amount of water desorption was also observed in TPR
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Figure 8. XPS C Is peak deconvolution of oxidized CNTs after

pretreatments in H, at different temperatures: (a) room temperature

(RT), (b) 300 °C, (c) 440 °C, (d) 590 °C.

in the same temperature range. The C=O groups decreased
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TABLE 3: Relative Content of Functional Groups Present
in XP Cl1s Spectra of Oxidized CNTs after Pretreatment at
Different Temperatures in Hydrogen

relative atomic concentrations (%)

pretreatment

temperature peak 1¢ peak I1° peak III¢ peak IV¢
RT 75.7 12.9 4.6 6.8
300 74.2 16.7 3.6 55
440 79.4 14.3 33 3.0
590 91.4 5.7 1.5 1.4

@284.5 eV: graphitic carbon. ?286.1 eV: C—O (phenol, pyran,
ether or alcoholic hydroxyls). ©287.5 eV: C=O0 (carbonyl, quinone).
4288.3 eV: —COO (carboxyl, carboxyl anhydride, ester).

0.24
—u—C-0/C-C
0.22 1 e C=0/C-C
0.204 —A—-COO/C-C
0.18 1
c
8 0.16
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Figure 9. Variation of the atomic ratio of different functional groups
to the graphitic carbon after pretreatment at different temperatures in
hydrogen.
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Figure 10. XP O Is spectra of oxidized CNTs after pretreatment in
hydrogen at different temperatures: (a) room temperature (RT), (b) 300
°C, (c) 440 °C, (d) 590 °C.

H,, which can be assigned to the decomposition of quinone
groups. At the same time, a drastic decrease of the C—O groups
was observed due to the decomposition of the phenol and ether
groups, in good agreement with the TPR results.

The O 1s spectra of the oxidized CNTs after heat treatment
in H, are shown in Figure 10. At room temperature, the
concentration of O—C is higher (61.3% of the total peak area)
than that of the O=C (38.7%). With increasing heat treatment
temperature, the total intensity of oxygen decreases gradually.
Only traces are left after heating to 590 °C under H, for 2 h.

significantly, when the sample was heated at 590 °C forﬁg igne 7 O%Iorlﬁver, a significant change of the O—C to O=C ratio was
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TABLE 4: XPS Surface Atomic Concentrations® of C, O,
and N of HNOs-Treated CNTs (90 min at 120°C) after
Pretreatment at Different Temperatures in Hydrogen

pretreatment
temperature (°C) C% 0% N% O atoms/nm?
RT 83.9 13.7 24 55
300 88.1 9.3 2.6 36
440 92.4 5.8 1.8 21
590 97.5 1.5 1.0 5

“ Sensitivity factors, carbon 0.25, oxygen 0.66, nitrogen 0.42.38

_ —— under UHV | 98
14 A —-A--underH, A

1247 P -

C (at.%)
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L 84
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Figure 11. Variation of the XPS-derived composition of functionalized
CNTs after pretreatment in UHV and H, at different temperatures.

not detected throughout the whole temperature series. The
decrease in the O 1s peak intensity at 300 and 440 °C in H,
can be mainly attributed to the decomposition of carboxyl,
carboxylic anhydride, and ester groups. Treatment at 590 °C in
H; for 30 min leads to further decrease of both oxygen peaks
(spectra not shown). A further strong decrease of both peaks
was observed after 120 min at 590 °C, which is mainly
associated with the decomposition of the phenol, ether, and
carbonyl groups in Hp.

The surface atomic concentrations of C, O, and N are
summarized in Table 4 as a function of the thermal treatment
temperatures. The oxygen concentration increases from 1.8%
of the untreated CNTs to 13.7% after the acid treatment. Because
of the different temperatures (110 vs 120 °C) applied during
the HNOs treatment of the CNT samples, the batch treated at
higher temperatures had a higher initial oxygen concentration.
After heating at 590 °C for 120 min in Ha, the surface oxygen
concentration decreases to 1.5%, as compared to 4.3% after
treatment for 30 min at 720 °C in UHV. The comparison
between the treatments in UHV and H; is shown in Figure 11.
The surface oxygen concentration is even lower than that of
the untreated CNTs, although HNO3 treatment can introduce
surface defects, which are active sites for the binding of oxygen
species. Hence, it can be concluded that in H, atmosphere the
oxygen functional groups are less stable and can decompose or
be reduced at lower temperatures.

3. Number of Oxygen Atoms Present on the CNT Sur-
faces. From the TPD profile, it is possible to quantify the amount
of different gases evolved during the desorption process. From
the physisorption measurement the BET surface area of the
untreated CNT is determined to be about 45 m?/g, which
increases to 64 m?/g after the acid treatment. Hence, we can
calculate the amount of oxygen atoms present on the CNT
surface by considering the oxygen atoms present in the CO,

Kundu et al.

the detected oxygen functional groups are present only at the
surface of the graphite layer, not underneath the graphite layers.
The concentration of the oxygen atoms removed from the
oxidized CNT surface is derived to amount to 2.87 mmol/g,
that is, 27 atom/nm,? obtained from the desorption spectra in
helium by solving the mass balance. From the O/C ratio derived
from the XP spectra, we can also calculate the concentration of
the oxygen atoms present on the surface. The O/C ratio of the
untreated CNTs is 0.0175, which corresponds to a value of 6
oxygen atoms/nm.’> For the acid-treated CNTs without heat
treatment, a value of 41 atoms/nm? was estimated, whereas after
the thermal treatment at 720 °C under UHV the amount of the
surface oxygen atoms decreased to 15 atoms/nm?. Hence, the
amount of the oxygen atoms desorbed in this temperature range
was 26 atoms/nm? in good agreement with the quantitative TPD
results.

Similarly, from the TPR profile the concentration of surface
oxygen on the CNTs heated in hydrogen was calculated amount
to 6.23 mmol/g, that is, about 58 atoms/nm.? The fact that the
amount of the oxygen atoms present on the surface exceeds
that of the surface carbon atoms indicates clearly that more ether
groups are present underneath the topmost carbon layer. On the
basis of this assumption and considering the percentage of
different functional groups obtained from the C 1s spectra, we
can derive the O/C ratio which is about 0.167. The O/C value
obtained from the XPS measurements is 0.163 in good agree-
ment with the theoretically calculated value.

4. Discussion

The HNOj; oxidation of CNTs introduces a significant amount
of oxygen functional groups on the surface and also increases
the BET surface area. The TPD studies show that the decom-
position of carboxyl, carboxylic anhydride, and ester groups
mainly releases CO,, whereas the decomposition of phenol,
ether, and quinone groups leads to CO. The combination of
thermal treatment and high-resolution XPS gives more details
on the type and thermal stability of the surface functional groups.
It was found that H; has a pronounced influence on the surface
oxygen functional groups interacting with them in different ways
depending upon their chemical nature. On the one hand, H,
reduces some of the surface functional groups directly resulting
in the decomposition of these groups and the formation of water.
It also destabilizes the surface complexes by attacking the carbon
atoms that anchor them to the surface. Additionally, H, can
occupy the active sites created upon the desorption of the oxygen
functional groups by chemisorption, blocking them for the
readsorption of gas-phase species.

On the basis of the TPR, TPD, and XPS results, it can be
seen that H, has a strong influence on the thermal stability
of the surface functional groups. The reduction of carboxyls to
the phenols by H, is supported by both the TPR and XPS results.
The intensity of the CO, peak evolved at around 340 °C, which
is mainly attributed to the decomposition of carboxylic group,
is lower (0.151%) in comparison to the CO, peak in the TPD
experiment (0.196%), that is, in H, a smaller amount of
carboxyls decompose into CO; than in inert gas. Furthermore,
a significant increase of the C—O concentration (12.9 to 16.7%
in TPR as compared to 12.7 to 13.2% in TPD) is obtained by
XPS after heating at 300 °C in Hj,, which can be attributed to
the formation of phenolic groups. Additionally, a major part of
the CO-releasing functional groups, mainly the quinones and
the phenols, are directly reduced by H, to H,O, which is
evidenced by the significant increase of the water peak and the

CO,, and H,O molecules. At the same time, we assunﬁ 2tlhgate 8 O]f\ieﬁ amount of CO evolved during the TPR profile at higher
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temperatures (>600 °C). Carboxylic anhydrides are not directly
reduced by Hy, but the interaction of these groups with H, leads
to their destabilization and final desorption at lower temperatures
than those in the absence of Hy. As a final point, the presence
of H, influences readsorption by blocking the active site created
due to the desorption of surface functional groups. These active
sites are then hydrogen-terminated and cannot anchor other
species. Without H,, CO and other species play the same role
resulting in the partial regeneration of surface functional groups.
All of the above results indicate that H, has a significant
influence on the thermal stability of the surface oxygen
functional groups and can be used as a probe molecule to
identify the functional groups on the CNT surfaces.

For the quantification of the surface oxygen concentration,
the frequently employed titration method failed to detect a large
amount of oxygen sites.'® Thus, the oxygen concentration
determined by other methods are always higher. 783136 It has
been suggested that, in addition to the oxygen atoms bound at
the edge planes, ether links between the adjacent carbon layers
are very likely present.'® These hidden atoms are not accessible
for titration, also not for TPD or TPR to some extent due to the
higher desorption energy of ether, but accessible for XPS. This
is verified by our TPD, TPR, and XPS studies, in which a
general agreement is established on the desorbing amount of
oxygen species obtained from these methods. The total amount
of oxygen atoms on CNTs was found to be 41 atoms/nm? based
on the XPS studies. It is actually not possible that all these atoms
are on the outermost surface because the oxygen content exceeds
the number of the exposed carbon atoms. Mawhinney et al.’’
found that only about 4% of the carbon atoms of SWNT were
bound to the oxygen atoms introduced by acid treatment. The
percentage could be higher in case of multiwalled CNTs due
to the presence of surface defects. However, there is no doubt
that a large amount of oxygen atoms is located subsurface, which
is also confirmed by the XPS studies, where the deconvolution
of the C 1s spectra shows that the concentration of C—O groups
is rather high. The embedded oxygen atoms are relatively stable
but can still be released upon heating, especially in the presence
of Hy. After treatment for 120 min in H, at 590 °C, the oxygen
concentration is even lower than that of the untreated CNTs,
although the nitric acid treatment can introduce surface defects,
which are active sites for the binding of oxygen species. Finally,
the surface is assumed to be largely terminated by C—H after
this treatment and is therefore fully inert.

5. Conclusions

The different oxygen functional groups on CNT surfaces were
quantitatively identified by XPS. In addition to carboxyl, carbonyl,
and phenol groups, ether-type oxygen between the two adjacent
graphite layers was found to be created by the nitric acid treatment.
The deconvoluted XP spectra allow the quantitative determination
of different oxygen species on the CNTs after thermal treatment
at different temperatures. It was found that the decomposition of
the carboxylic groups occurs in the lower temperatures range,
whereas the phenol, ether, and carbonyl groups are more stable
and decompose at higher temperatures. After heating to 720
°C in UHV, the concentration of surface oxygen atoms decreases
from 10.7 to 4.3%, revealing that the functional groups cannot
be completely removed under these conditions.

The comparison of the results obtained in UHV and H,
reveals that H, has a marked influence on the thermal stability
of the surface functional groups. The functional groups can be
removed by direct reduction (carboxyl, phenol, quinone, car-
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carbon surface (anhydride, etc.) in the presence of H,. Both
XPS and TPR provided evidence for the reduction of carboxylic
groups to phenolic groups at 300 °C in hydrogen. Generally, a
clear decrease of decomposition temperatures in H, was
demonstrated for different functional groups. The amount of
oxygen species reached a lower value (1.5%) after treatment in
H; than in UHV (4.3%) and even than the untreated CNTs
(1.8%), despite the presence of surface defects introduced by
the nitric acid treatment. The CNTs in this stage are assumed
to be largely C—H terminated, with a small amount of oxygen
atoms left between the graphite layers in form of ether-type
groups.
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