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Six commonly used wet chemical oxidants (HNO3, KMnOj, H,SO4/HNOs, (NHy4),S,0g, HyO,,
and Os) were evaluated in terms of their effects on the surface chemistry and structure of
MWCNTs using a combination of analytical techniques. X-ray photoelectron spectroscopy
(XPS) and energy dispersive spectroscopy (EDX) were used to characterize the extent of sur-
face oxidation, while chemical derivatization techniques used in conjunction with XPS
allowed the concentration of carboxyl, carbonyl, and hydroxyl groups at the surface to
be quantified for each MWCNT sample. Our results indicate that the distribution of oxy-
gen-containing functional groups was insensitive to the reaction conditions (e.g., w/w%
of oxidant), but was sensitive to the identity of the oxidant. MWCNTs treated with
(NHy4)2S,03, H,0,, and O3 yielded higher concentrations of carbonyl and hydroxyl functional
groups, while more aggressive oxidants (e.g., HNO3, KMnO,) formed higher fractional con-
centrations of carboxyl groups. IR spectroscopy was unable to identify oxygen-containing
functional groups present on MWCNTSs, while Raman spectra highlighted the frequently
ambiguous nature of this technique for measuring CNT structural integrity. TEM was able
to provide detailed structural information on oxidized MWCNT, including the extent of
sidewall damage for different oxidative treatments.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction covalent or non-covalent modification strategies. Covalent

surface modification involves the incorporation of hydro-

Carbon nanotubes (CNTs) have enormous commercial poten-
tial in applications including polymer composites [1] and bio-
medical applications [2]. To be useful in these applications, it
is necessary to overcome the CNTs’ extreme hydrophobicity
which leads to aggregation in polar liquids [3,4]. To improve
the CNT’s hydrophilicity, their surfaces are often tailored by

philic substituents into the exterior CNT sidewalls [5]. In con-
trast, non-covalent surface modification involves adsorption
of a surfactant (e.g., NaDDBS [6]) onto the CNT so that proper-
ties can be tailored without affecting the intrinsic CNT struc-
ture [7]. Both covalent and non-covalent modification
strategies have been used to prepare CNTs for consumer
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applications [7-10]. For example, the surface of CNTs used in
reinforced polymer composites are often modified covalently
by the addition of polar functional groups, not only to im-
prove dispersion properties but also to enhance chemical
interactions with the resin matrix [1,3,4,11].

Among the various types of covalent surface modification
strategies, deliberately grafting oxygen-containing functional
groups at the open ends and sidewalls of CNTs is a popular
and versatile approach [5]. Indeed, this strategy is often used
to create CNTs that disperse in water [12-14]. Surface oxida-
tion can also occur unintentionally after CNTs are released
into the environment, either through exposure to natural oxi-
dizing agents such as ozone and hydroxyl radicals [15,16], or
as a result of common water treatment processes that employ
UV irradiation and ozonolysis [17,18].

The deliberate incorporation of surface oxygen into CNTs
has been achieved through a variety of methods, chiefly wet
chemical oxidation [14,19-21], plasma treatments [22,23],
and rational functionalization strategies involving synthetic
organic chemistry [24]. Among these various treatment
methods, wet chemical techniques using different oxidizing
acids (e.g., HNO3) and strong oxidants (e.g., Os) tend to be the
most prevalent due to their easy implementation in labora-
tory and industrial settings. These same oxidative treat-
ments are also used to help remove amorphous carbon
and metallic impurities from as-produced CNTs [25-27].
Despite the fact that a wide variety of oxidizing conditions
(defined by the oxidant and the reaction conditions) are used
to treat and modify CNTs, the rationale behind the choice of
a particular set of oxidizing conditions is rarely discussed,
with few exceptions [28]. Furthermore, the effect of different
oxidizing conditions on CNT surface chemistry or structure
is seldom considered.

Different oxidizing conditions are likely to affect both the
concentration of oxygen atoms incorporated into the CNTs
and the distribution of oxygen-containing functional groups.
The importance of determining both of these parameters
can be appreciated by considering the effect that surface
chemistry exerts on a number of important properties. For
example, surface oxidation has been shown to exert a pro-
nounced effect on both the sorption properties and colloidal
stability of CNTs [12,13,29,30]. Obtaining more detailed infor-
mation on the effect that different oxidizing conditions have
on the distribution of oxygen-containing functional groups
will be important in optimizing the structure and function
of more complex nanostructures, where CNT oxidation is of-
ten the first step. In functionalization strategies, the role of
oxidation is to create “foothold” functional groups, such as
carboxyl groups, which then serve as attachment points to
anchor either larger biomolecular structures [31,32] or nano-
particles [19,28-32]. In rational functionalization strategies
used to modify CNT surface chemistry, oxygen-containing
functional groups are often subjected to chemical transfor-
mations; for example, COOH groups are transformed to acid
chlorides as a route to create aminated CNTs [24]. Conse-
quently, knowledge of the concentration and distribution of
different oxygen functional groups on the CNT surface fol-
lowing wet chemical oxidative treatments would allow
researchers to better control the ultimate structure and prop-
erties of the CNT-based materials.

One popular analytical method used to quantify the extent
(or level) of surface oxidation following different oxidative
treatments is X-ray photoelectron spectroscopy (XPS)
[5,12,13,30]. With this technique, the distribution of oxygen-
containing functional groups (e.g., C—0, C=0 and O—C=0)
is also often characterized by deconvoluting the C(1s) spectral
envelope to obtain quantitative information, based on differ-
ences in binding energies [19]. However, the C(1s) spectral
envelope is typically broad and featureless due to both the
proximity of the binding energies associated with different
oxygen-containing functional groups and the limited resolu-
tion of typical energy analyzers [5,33]. Furthermore, the pres-
ence of the n—n shake-up feature in materials such as CNTs
with delocalized n-electron systems causes further conges-
tion in the C(1s) region [5]. Consequently, peak-fitting the
C(1s) region typically leads to misleading and ambiguous re-
sults in terms of the calculated distribution of oxygen-con-
taining functional groups.

To overcome the limitations inherent in XPS peak-fitting,
derivatization methods have been developed to characterize
certain key oxygen-containing functional groups on plasma-
treated polymer surfaces [34], and more recently on carbona-
ceous surfaces such as CNTs [23,30,35]. In these applications
of chemical derivatization, a targeted oxygen-containing
functional group reacts selectively with a specific derivatizing
reagent that contains a unique chemical tag (e.g., fluorine
atoms). After each derivatization reaction, the concentration
of the chemical tags can be quantified, allowing the concen-
tration of the targeted functional group to be determined.
Chemical derivatization methods for quantifying the distribu-
tion of oxygen-containing functional groups on CNTs have
been used in several recent studies. For example, Zschoerper
et al. have used chemical derivatization reactions utilizing
fluorine tags in conjunction with XPS to show that Ar/O,
and Ar/H,0 plasma treatment conditions (e.g., pressure, time)
affect the distribution of oxygen-containing functional
groups on SWCNTs and MWCNTSs, primarily increasing the
C=0 functional groups [23]. In another type of chemical deriv-
atization study, Masheter et al. derivatized COOH functional
groups using a two-step method in which carboxyl groups
were converted to an acid chloride and subsequently reacted
with 4-nitrophenol to yield a nitro group. Analysis of the N(1s)
region by XPS was then used to measure increases in the
COOH group concentration of SWCNTs and MWCNTs after
H,SO4/HNO; treatment [36]. The florescent labeling of oxy-
gen-containing functional groups is another method of chem-
ical derivatization that has been developed to examine
oxidized CNTs. In this method, carboxyl, hydroxyl and car-
bonyl surface species are labeled with fluorescent tags [35].
Dementev et al, used this technique to determine the in-
crease in COOH, C=0 and C—OH group concentrations for
commercially available HCl and HNO; treated SWCNTSs. Re-
sults from these studies indicated that the carbonyl func-
tional groups showed the greatest increase in concentration
compared to the untreated material [35].

In this work, we have performed a systematic study of the
effect that different oxidants and reaction conditions have on
the surface chemistry and structure of MWCNTSs. Specifically,
the effects of six wet chemical oxidants (HNOj3 [13], H,SO4/
HNO; [37], KMnO, [38], H,O, [39], Os [40], and (NH,),S,0s
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[41]) used under different reaction conditions (e.g., W/w%)
were examined. Our decision to focus on MWCNTs was based
on the fact that they are less expensive to manufacture and,
thus, more often incorporated into large scale commercial
applications [11]. We also deliberately selected a single source
of MWCNTs, allowing us to directly compare and contrast the
effect of different oxidizing conditions on a common starting
material. Changes in surface chemistry were studied using a
combination of infrared (IR) spectroscopy, energy dispersive
X-ray spectroscopy (EDX), XPS, and chemical derivatization.
In addition to changes in surface chemistry, we also evaluated
the effects of different oxidizing conditions on the MWCNT
structure, using transmission electron microscopy (TEM)
and Raman spectroscopy.

2. Experimental

2.1. Materials

MW(CNTs (outer diameters 15 + 5 nm, lengths 5-20 ym, 95% by
TGA, PD15L520-21408) were purchased from Nanolab, Inc.
(Newton, MA) and used as received. Poly(acrylic acid) (PAA)
and benzoic acid (BA) were purchased from Sigma-Aldrich.
Poly(4-vinyl benzoic acid) (PBA) was purchased from Polymer
Source, Inc. Polyethyleneterphalate (PET) and polyethylene
(PE) were purchased from Goodfellow. Derivatizing reagents:
2,2,2-trifluoroacetic anhydride (TFAA), 2,2,2-trifluoroethanol
(TFE), N,N’-di-tert-butyl-carbodiimide (DTBC), and 2,2,2-trif-
luoroethylhydrazine (TFH) were purchased from Sigma-Al-
drich and used as received. All reagents were 99% pure,
with the exception of TFH, which was obtained as a 70% solu-
tion (by volume) in water.

2.2. Wet chemical treatments

The experimental details of each wet chemical treatment
were based upon established procedures used to either oxi-
dize or purify CNTs [13,27,37-41]. At the conclusion of the oxi-
dation process, excess oxidizing agents, dissolved salts, and
reaction byproducts were removed by centrifugation, fol-
lowed by repeated washing, decanting and further centrifuga-
tion of the CNTs in fresh Milli-Q water until the resistance of
the supernatant exceeded 500 kQ. At this stage, the residual
acid or electrolyte concentration was deemed to be negligible.
In the final step, the solution was evaporated by heating to
100 °C and the MWCNT powder was ball milled for 15 min.
The ball milled samples were then stored in glass vials until
surface or structural analysis was performed.

In the following text, we outline details specific to each
oxidative method. However, it should be noted that in some
cases, the reaction conditions for a particular oxidant were
varied by using different ratios of oxidants to MWCNT. (i)
HNO; [13]. MWCNTSs (100 mg) were sonicated (70 W, Branson-
ic) in 200 mL of 10-70% w/w HNOj; for 1 h. Typical literature
methods for CNT purification and oxidation use 70% [13],
but lower percentages have also been reported [27]. To affect
oxidation, the MWCNT/HNO; mixture was refluxed for 1.5h
at 140 °C. (ii) KMnO, [38]. KMnO, (87-250 mg) was dissolved
in 200 mL of 0.5M H,SO,. MWCNTSs (100 mg) were sonicated

in 200 mL of 0.5 M H,S0, for 30 min. The MWCNT/H,SO4 mix-
ture was then heated to 150 °C prior to the KMnO, solution
being added dropwise. The resultant MWCNT/KMnO, mixture
was then refluxed for 5h at 150 °C. When the reaction had
cooled to room temperature, 10 mL of concentrated HCl was
added to dissolve the MnO, byproduct. (iii) H,O, [39].
MWCNTs (100 mg) were added to 15mL of 30% H,0, and
the mixture heated to 70 °C for 4 days with continuous stir-
ring. Every 24 h, 1-5 mL of 30% H,0, was added to account
for the volume lost to evaporation. (iv) H,SO4/HNO3 [37].
H,S0, and HNO; were combined in a 3:1 ratio to create a solu-
tion with a final volume of 8 mL. MWCNTs (100 mg) were
added to this solution and the mixture was heated to 70 °C
for 8 h without stirring. (v) O3 [40]. MWCNTs (200 mg) were
added to 200 mL of Milli-Q water, and the mixture was soni-
cated for 30 min. The gas phase effluent from an arc dis-
charge O3 source was then bubbled through the suspension
for 1 h with vigorous stirring. The steady-state aqueous con-
centration of Os in solution was determined to be 12 mg/L
as measured by a modified indigo colorimetric method [42].
(vi) (NH4)2S20g [41]. MWCNTs (50 mg) were added to 50 mL
of piranha solution (4:1 96% H,S04:30% H,0,) at 80°C. To
the MWCNTSs, 4-6 g of (NH,),S,05 dissolved in 50 mL of 96%
H,SO, was added and the resultant mixture stirred for 4 h.
The reaction was then quenched by the addition of 250 mL
iced Milli-Q water.

2.3.  Surface analysis of oxidized MWCNTs

2.3.1. X-ray photoelectron spectroscopy (XPS)

For XPS analysis, a small quantity (~5 mg) of MWCNTs was
dusted onto double sided copper tape (1x1cm?) such that
no copper was visible. Samples were then loaded into a PHI
5400 XPS system (Ppase<5x107°Torr) and analyzed using
Mg Ko X-rays (1253.6 eV). Ejected photoelectrons were mea-
sured with a precision high energy electron analyzer operat-
ing at constant pass-energy. Two sets of parameters were
used for the scans depending on the information required:
elemental quantification was performed using a pass-energy
of 178.95 eV with a scan rate of 0.250 eV/step, while high-res-
olution spectral envelopes
performed with a pass-energy of 44.75eV and a scan rate
0.125 eV/step. XP spectra were processed with commercially
available software (CasaXPS), and atomic concentrations were
quantified by integration of the relevant photoelectron peaks.

scans of individual were

2.3.2. Energy dispersive X-ray spectroscopy (EDX)

To prepare samples for EDX, a film (>50 pm) was created by
pressing MWCNTs onto double sided copper tape. The
samples were then placed into a JEOL JSM-6700F SEM and irra-
diated with a 10 keV electron beam. Compositional informa-
tion on each MWCNT was acquired through EDX, using a
Silicon SUTW-Sapphire EDAX detector to analyze the energy
and relative intensity of emitted X-rays.

2.3.3.
analysis
Based on previously developed protocols [33,43], individ-
ual derivatizing reactions were performed using: (i) TFE
(1.0 mL/pyridine (0.4 mL))/DTBC (0.2 mL) to quantify carboxylic

Chemical derivatization in conjunction with XPS
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acid groups (COOH), (ii) TFAA (1.0 mL) to quantify hydroxyl
groups (C—OH), and (iii) TFH (0.2 mL) to quantify carbonyl
groups (C=0). Each derivatization reaction was carried
out in a specially designed glass reaction vessel [33]. Two
types of samples were used: 5mg MWCNT powder or a
1x1cm? polymer substrate, the latter used in reference or
control studies. For MWCNTSs, separate 5-mg aliquots
were used for each derivatization reaction. The MWCNT
or polymer substrate was placed in a glass cup suspended
within the reaction vessel. Once the sample had been
placed in the cup, the liquid phase derivatization reagents
were placed in the bottom of the reaction vessel in close
spatial proximity (~2cm) to the sample; our results have
shown that this close physical proximity promoted the
reaction efficiency. At this stage, the liquid phase derivatizing
reagents were frozen with liquid nitrogen before the reaction
vessel was evacuated to <10 mTorr and sealed. The reaction
vessel was then allowed to thaw, filling the glass reaction
vessel with vapor phase derivatizing reagents. Each deriv-
atizing reaction was allowed to proceed for 18 h at room
temperature. At the conclusion of each derivatization reac-
tion, samples were removed from the sealed reaction vessel
and promptly analyzed by XPS to quantify the surface
composition.

2.3.3.1. Derivatization reactions.

2.3.3.1.1 TFE/DTBC As shown in Fig. 1, the reaction of TFE
with carboxylic acid (COOH) groups, 1, in the presence of
DTBC can yield two surface products: the first is a
trifluoroethyl ester, 4, (containing a CFs; group) whose
formation releases the volatile 1,3-di-tert-butyl urea, 5, as
a byproduct; the second is a surface bound di-tert-butyl-N-
acyl urea, 3, containing two nitrogen atoms. Despite the
popularity of carbodiimide activators in coupling reactions
involving COOH groups in surface science [5,34,43] and
organic synthesis [32,44], the nitrogen containing N-acyl
urea has been largely ignored. However, evidence of N-acyl
urea, 3, formation has been observed in a number of
coupling reactions between DTBC and carboxylic acid
groups. For example, Nakajima and Ikada proposed that
in the presence of excess DTBC, the N-acyl urea, 3, is
produced when the O-acyl isourea activated complex, 2,
that initially forms from the reaction of DTBC with
carboxylic acid groups, undergoes an irreversible
rearrangement [45]. Iwasawa et al. have suggested that
the N-acyl urea, 3, can also form by rearrangement of an
O-acyl isourea activated complex, 2, that is sterically
hindered and inaccessible to nucleophilic attack [46]. As
part of our present investigation, we performed an
extensive set of experiments (detailed in Supporting
Information) involving DTBC reactions with both MWCNT
and polymer substrates. Results from these studies
indicated that: (i) both reaction pathways detailed in Fig. 1
are possible, (ii) the N(1s) signal observed as a result of the
TFE/DTBC reaction with MWNCTs is principally due to
the formation of an N-acyl urea, and (iii) although the
trifluoroethyl ester, 4, is the dominant product, both the
N(1s) and F(1s) signals must be considered to accurately
quantify the concentration of COOH groups present.

2.3.3.1.2 TFAA As shown in Fig. 2, TFAA reacts selectively
with hydroxyl (C—OH) groups to form a trifluoromethyl
ester group and expels trifluoroacetic acid as a byproduct.
This reaction has been previously studied using reference
polymers in our research group and proceeds with high
selectivity and efficiency [33].

2.3.3.1.3 TFH As shown in Fig. 3, the reaction of carbonyl
(C=0) groups with TFH produces one exclusive surface
product, a trifluorinated hydrazone, where the terminal
nitrogen group in TFH forms a double bond with the
carbonyl (C=0) carbon, and oxygen is expelled as H,0. This
reaction has been studied previously in our research group
on reference polymers and proceeds with high selectivity
and efficiency towards C=0 groups [33].

2.3.3.2 Determining the extent of non-specific binding In any
derivatizing reaction, non-specific binding of the
derivatization reagents with the substrate (i.e., via
physisorption) is possible. Under these circumstances,
spectroscopic signatures of derivatization products (in
the present case, F(1s) and N(1s) signals) would cause an
overestimation of the functional group concentration. To
quantify the extent of non-specific binding, a series of
derivatization reactions were conducted on MWCNTs that
had been thermally heat-treated (1800 °C for 12 h under
vacuum) to remove essentially all of their surface oxygen
functional groups (1% oxygen as measured by XPS). The
fluorine and nitrogen atomic concentrations measured on
these heat-treated MWCNTSs (<0.5% for both fluorine and
nitrogen) were used to quantify the extent non-specific
binding. These quantities served as baseline values and
were subtracted from all fluorine and nitrogen atomic
concentrations measured on the MWCNTs studied in this
investigation, following each derivatization reaction.

2.3.3.3 Quantifying functional group concentrations As
shown in Figs. 1-3, derivatization reactions yield specific
surface products with known stoichiometries. From the
measured C(1s), F(1s), and N(1s) XPS peak areas measured
before and after each derivatization reaction, as well as the
oxygen XPS peak area prior to derivatization, it is possible
to calculate the surface concentration of oxygen atoms
contained in COOH ([O]coon), C—OH ([O]on), and C=0
([Olc=0) groups at the MWCNT surface. The advantage of
this approach is that it does not require the O(1s) XPS peak
area to be measured after each derivatization reaction,
which often exhibit non-systematic variations, probably
due to water adsorption. The validity of ignoring the O(1s)
signal after derivatizing reactions was verified by using this
approach with reference polymers and calculating the
correct concentration of functional groups. Thus, in the
following sections, [F], [N] and [C] refer to the atomic
concentrations of these three elements determined
after each derivatization reaction, ignoring the O(1s) XPS
signal.

2.3.3.3.1 Carboxyl groups Based on the stoichiometries of
the two possible reaction products shown in Fig. 1, an
analytical expression for the [O]cooy can be derived using
[F] and [N] values measured after the TFE/DTBC reaction,
along with the atomic concentration of carbon ([Co))
measured prior to the derivatization reaction:
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Fig. 1 - The selective reaction of carboxyl (COOH) groups, 1, with DTBC to form an O-acyl isourea intermediate, 2. Subsequent
decomposition of the intermediate can produce either the fluorinated ester, 4, or the N-acyl urea, 3.
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Fig. 2 - The selective reaction of hydroxyl (OH) groups with trifluoroacetic anhydride (TFAA) to form a fluorinated ester.
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Fig. 3 - The selective reaction of carbonyl (C=0) groups with
trifluoroethylhydrazine (TFH) to form a fluorinated
hydrazone.
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The derivation for Eq. (1) is outlined in the Supporting infor-
mation.

It is important to note that there are two oxygen atoms for
each COOH group and the values we report are for the atomic
oxygen concentration, [O]coon, rather than the functional
group concentration, [COOH]. The equation for the TFE/DTBC
reaction has two efficiency factors, ¢ and ey, that correspond
to the efficiency of the two possible reaction pathways that
lead to fluorine and nitrogen incorporation, respectively. To
test the ability of Eqg. (1) to quantify [O]coon, [F] and [N] were
measured on a COOH-containing reference polymer, polyben-
zoic acid (PBA - (-CH,CH—(C¢H4COOH)),,) following derivatiza-
tion with TFE/DTBC. Data from these experiments revealed a

surface composition of 18.5%F and 1.3%N. Using Eq. (1) and
e = &y = 1 resulted in a value of [O]coon = 17.8% which is 98%
of the expected value (18.2%). This supports the idea that
ep = en = 1 is correct. It should also be noted that if only [F] is
used, a value of [O]coon = 14.5% is calculated (80% of the ex-
pected value). This further supports the idea that both fluo-
rine and nitrogen XPS signals are needed to accurately
quantify [O]coon-

Eg. (1) can also be used on substrates that contain COOH
groups, but where no nitrogen XPS signal was observed after
reaction with TFE/DTBC, such as polyacrylic acid (PAA -
(-CH,CH-(COOH)),)). Thus, for PAA, the atomic concentration
of fluorine was 37.7%, and if we apply Eq. (1) using ep=en=1,
a value of [O]coon =42.7% is obtained, 107% of the expected
value (40%). This is identical to the value obtained when the
possibility of N-acyl urea formation was excluded, demon-
strating that Eq. (1) can be applied whether or not a nitrogen
XPS signal is observed.

2.3.3.3.2 Hydroxyl groups For the TFAA reaction, the
atomic concentration of fluorine measured after
derivatization ([F]) and the initial atomic concentration
of carbon ([Co]) are sufficient to calculate the original
concentration of C-OH groups present at the surface,
using Eq. (2) [33]:

F Co
Olon =51 ooy )
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The fact that ¢ ~ 1 has been verified previously by reactions
performed on reference polymers (e.g., polyvinyl alcohol, PVA
- (-CH,CH~(OH)),) [33].

2.3.3.3.3 Carbonyl groups For the TFH reaction, the
measured fluorine and nitrogen atomic concentrations
after derivatization ([F] and [N]), as well as the initial
atomic concentration of carbon ([Co]), are sufficient to
calculate the original concentration of C=O groups
present at the surface, using Eq. (3) [33]:

__[FI[G]
©c0 =3, 67 (3)

The fact that ¢ ~ 1 has been verified in control studies per-
formed on reference polymers (e.g., polyvinyl methyl ketone,
PVMK - (-CH,CH-(C(=0)CHa))y) [33].

2.3.3.3.4 Infrared (IR) spectroscopy Attenuated total
reflectance-IR (ATR-IR) and transmission IR spectroscopies
were used to study functional groups present on
MWCNTs. All spectra were acquired using a Mattson
Infinity Series FTIR spectrometer with a mercury cadmium
telluride detector (4 cm™! resolution). ATR-IR spectra were
collected with an attenuated total reflection device (Pike
Technologies MIRacle) equipped with a diamond crystal in
single reflection mode. Transmission IR spectra were
collected from pressed KBr pellets loaded with MWCNT at
a concentration of 4 mg MWCNT/400 mg of KBr. All IR
spectra represent an average of 500 scans.

2.4.  Structural analysis of MWCNTSs

2.4.1. Transmission electron microscopy (TEM)

TEM was performed by dipping a holey-carbon TEM grid into
a colloidal suspension of the MWCNTSs. Samples were imaged
using a Philips CM 300 field-emission gun, transmission elec-
tron microscope operating at 297 kV. Images were collected
using a CCD camera mounted on a GIF 200 electron energy
loss spectrometer.

2.4.2. Raman spectroscopy

MWCNT samples were analyzed with a Horiba LabRam
HR800 system with a 15 mW 633 nm He-Ne laser with excita-
tion line set to 4 = 514.57 nm and magnification set to 40x. De-
tailed scans from 300 cm ™" to 4000 cm ™' were conducted on
each MWCNT sample.

3. Results
3.1. Material assessment

A complication when studying CNTs is that the quality of the
starting materials varies widely among commercial manufac-
turers, with the most notable difference being the presence of
macroscopic amounts of residual amorphous carbon. To ver-
ify that the materials we investigated were primarily com-
posed of CNTs, we performed low magnification TEM
imaging of MWCNTSs both before and after selective oxidative
treatments. Results from this analysis are shown in Fig. 4 and
reveal, in all cases, that the materials under investigation are
predominately MWCNTSs. This is in contrast to some MW and
many SWCNT materials where the purity of the CNTs avail-
able from commercial sources can be less than 50%. It should
be noted, however, that almost all commercial sources of
CNTs also contain amorphous carbon adsorbed onto the side-
walls. We consider that this type of amorphous carbon to be a
component of the CNT and, thus, intrinsic to the surface
chemistry of the CNT. More detailed, high magnification
TEM images that compare the effect of different oxidative
treatments on the MWCNTSs structure and surface-bound
amorphous carbon content can be found in Section 3.7.

3.2.  Measuring the extent of oxidation

XPS and EDX were both used to quantify the atomic oxygen
concentration following different oxidative treatments. These
techniques provide complementary information: XPS is inher-
ently surface sensitive, while EDX is more bulk sensitive. Re-
sults from these two techniques are compared in Fig. 5 for all
of the MWCNTs analyzed as part of this study. As shown, XPS
and EDX results are reasonably well correlated (r* = 0.70), dem-
onstrating that either technique can provide a measure of oxy-
gen incorporation. The close proximity of the absolute EDX and
XPSvaluesis a consequence of the fact thatin MWCNTs, like all
nanomaterials, a large fraction of the atoms are located at or
near to the surface. Fig. 5 also shows that there is a positive,
non-zero y-intercept, corresponding to ~2 at.% oxygen (mea-
sured by EDX) for MWCNTs that would be considered “oxygen
free” as determined by XPS. This is probably due to oxygen
atoms associated with residual iron oxide particles present in
the interior of the MWCNT, which would not be detected by
XPS. In fact, EDX data shown in Fig. S3 reveals the presence of

Fig. 4 - Low magnification TEM micrographs (left to right): pristine MWCNTSs (0.9% O), O; treated MWCNTSs (4.7% O), H,SO./

HNO; treated MWCNTS (10.2% O).
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Fig. 5 — Correlation between the at.% O measured by XPS and
EDX for both pristine and oxidized MWCNTs.

ironin all MWCNTs studied, in the concentration range of 0.78-
0.28 at.%. Fig. S3 also indicates that the imbedded metal nano-
particles are notremoved to any significant extent by the oxida-
tive treatments used in the present study based on the lack of
correlation between the extent of oxidation and theiron atomic
concentration (r? = 0.06). This inability to remove the internal
metal nanoparticles is a consequence of the fact that the ef-
fects of the oxidative treatments are dominated by changes
to the CNT surface.

In many studies, CNT oxidation is assumed to be localized
at the tip ends. A simple geometric calculation reveals that
there are ~20 million carbon atoms in a 15nm diameter
MWCNT that has nine walls and is 1 um long, comparable
to the CNTs used in the present investigation. Even if all
MWCNTSs are open at each end, then only 3000 of the 20 mil-
lion total carbon atoms are located at the ends. If each carbon
atom at the exposed ends is oxidized, this would only corre-
spond to ~0.0003 at.% oxygen. Based on our XPS and EDX re-
sults, this simple calculation demonstrates that the vast
majority of the oxygen atoms reside on the CNT sidewalls,
likely located at defect sites [47].

3.3.  Influence of commonly used oxidative methods on the
extent of MWCNT oxidation

Among common oxidizing methods (defined by the identity of
the oxidant and the reaction conditions) used to treat CNTs, we
observed marked differences in the extent of MWCNT oxida-
tion as illustrated in Table 1. The extent of surface oxidation,
as measured by XPS, varies from 0.9% for pristine MWCNTSs to
10.2% for the H,SO,/HNO; treated MWCNTs. The most com-
monly used oxidants/reaction conditions (H,SO4/HNOs,
HNOs;, and KMnOy,) typically resulted in the highest levels of
oxidation (>8%). In contrast, oxidation with H,0,, (NH4),S20s,
and O3 generally resulted in lower levels of oxidation (4.2-5.1%).

3.4.  Controlling the level of oxidation using w/w% HNO5

The easiest and most reliable way to control the extent of
MWCNT oxidation was to vary the oxidant concentration,

able 1 - Extent of MWCNT oxidation after common oxida-
tive treatments.

Oxidative method Oxidation level Ref.
(measured by XPS) (%)

Pristine (“as received”) ~1 n.a.
(NH,),S,05 45 [41]
H,0, 45 [39]
O3 4.7 [40]
20% HNO; 43 [27]
70% HNO; 9.5 [13]
KMnO, 9.0 [38]
H,S504/HNO; 10.2 137]

specifically the w/w% HNOj3; (from 0-70%). Using XPS analysis,
the increase in oxidation as the w/w% HNO; increases is
clearly observed by comparing changes in the intensity of
the O(1s) spectral envelope (Fig. 6). The inserts in Fig. 6 also
show that the n—n shake-up transition, associated with the
delocalized n-electrons in CNTs, is attenuated as the level of
oxidation increases. The disappearance of this spectral fea-
ture for increasingly aggressive reaction conditions can be as-
cribed to the increased disruption of the n-electron system,
indicating a significant change to the electronic structure of
the CNT sidewalls. Fig. 6 also highlights the broad and fea-
tureless nature of the C(1s) spectral envelope that, even for
highly oxidized CNTs, makes meaningful spectral deconvolu-
tion extremely difficult.

Fig. 7 shows the effect of varying the w/w% HNO3 on both
the overall atomic oxygen concentration and the distribution
of hydroxyl, carbonyl and carboxylic acid groups. The atomic
oxygen concentration increases linearly with increasing
HNO; concentration, while chemical derivatization results
indicate that [O]coon also increases linearly with increasing
w/w% HNO;. Regardless of the oxidant concentration, how-
ever, [O]c—ou and [O]c=o groups remains relatively low and
constant. Thus, although the level of oxidation can be tuned
by varying the w/w% HNOs, the distribution of surface oxygen
functional groups is relatively invariant to the reaction condi-
tions. For HNOs treatments, the functional group distribution
is determined by the oxidant.

In a related study, Dementev et al. found that, using fluo-
rescent labeling to derivatize hydroxyl, carbonyl and carbox-
ylic acid groups on commercially available SWCNTs that
had been oxidized with HNO;, the concentration of all three
functional groups increased compared to the untreated
SWCNTs [35]. In contrast to our results, Dementev found that
the largest increase in functional groups was associated with
the carbonyl groups, although roughly half of the oxygen
atoms were present in COOH groups, similar to our results.
However, a more direct comparison between these studies
is not merited due to differences in the both the detailed oxi-
dizing conditions and the base material (SWCNT vs. MWCNT).

3.5. Influence of the oxidant on functional
distribution

group

In Table 1, we compared the effect that different commonly
used oxidizing conditions have on the total amount of oxygen
imparted to the MWCNTs. However, to compare the effect
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Fig. 7 - Influence of %w/w HNO; on the level of oxidation, as

well as the distribution of oxygen-containing functional
groups.

that different oxidants have on the distribution of oxygen-
containing functional groups, we adjusted the reaction condi-
tions by changing the oxidant concentrations in such a way
that the overall level of oxidation was comparable (4.5-
5.5 at.% O based on integration of the O(1s) and C(1s) spectral
envelopes as shown in Fig. 8), irrespective of the oxidant. For
example, we oxidized one sample of MWCNTs with 40% HNO3
and another sample with 87 mg of KMnO, (as opposed to the
normally used 250 mg) to achieve a level of oxidation compa-
rable to that observed with O3 and H,0, treatments.
Derivatization results for the suite of MWCNTs shown in
Fig. 8 are presented in Fig. 9a. These results indicate that
the distribution of oxygen-containing functional groups is
sensitive to the oxidant with the largest concentration of
COOH groups found on KMnO, treated MWCNTs. Fig. 9a also
shows that treatment with either HNO; orH,S0O,/HNOs led to
similar concentrations of [O]coon, but also a comparatively
large fraction of residual (underivatizable) functional groups,
such as ethers and esters. In contrast, the H,0, and Os;
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treatments yielded the smallest concentration of [O]coon, and
also produced the largest fractional concentrations of [O]c—o
and [O]C—OH~

Fig. 9b shows the average fraction of oxygen contained in
COOH groups for each of the six different oxidants. We have
emphasized the COOH groups due to their importance in
attachment strategies [22,44,47-50], rationale functionaliza-
tion [24,31,51] and in determining environmental properties
[30]. For the (NH,4),S,0s, HNOs3, and KMnO, oxidants the frac-
tion of COOH groups has been measured over a range of reac-
tion conditions by varying the oxidant concentration.
Analysis of Fig. 9b reveals that although the fraction of COOH
groups among these different oxidants varied by more than a
factor of two, the distribution of oxygen-containing func-
tional groups remained relatively constant for a given oxi-
dant, regardless of the reaction conditions. This result is
analogous to the one observed for HNO; in Fig. 7, and high-
lights the fact that for a particular oxidant the distribution
of oxygen-containing functional groups produced is largely
insensitive to the reaction conditions. For the other three oxi-

dants used in Fig. 9b (O3, H,0,, and H,SO4/HNO3), multiple
batches of MWCNTs were treated under the same oxidizing
conditions. Derivatization results plotted in Fig. 9b indicate
that there is a large degree of reproducibility in the functional
group distribution when the same oxidizing conditions were
used on different batches of MWCNTs. The lone exception
to this trend was H,SO,/HNO3, where the COOH fraction var-
ied significantly (54 + 15%) between different MWCNT sam-
ples prepared under the same oxidizing conditions. In
contrast, the COOH concentration on HNO; treated MWCNTSs
was (46 + 6%), irrespective of the oxidizing conditions.

A comparison of Table 1 and Fig. 9b also reveals that, in
general, the higher [O]coon concentrations are observed for
MWCNTs treated with the most aggressive oxidants (as mea-
sured by the maximum amount of oxygen that can be incor-
porated) such as HNO3z and KMnO,, while lower [O]coon and
higher [O]c—o are observed for weaker oxidants, such as
H,0,. In other words, more aggressive oxidants produced a
larger fraction of highly oxidized functional groups, in line
with the expectations of basic chemical principles.
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were used, respectively.

In a previous study using chemical derivatization, we
investigated the effect of (HNOs, O3, Hy,O,, (NH4),S,0g) under
slightly different reaction conditions (e.g., not refluxing) on
another type of BC material, natural char [52]. A comparison
of the results from this study with those obtained in the pres-
ent investigation indicates that the effect of a given oxidant,
in terms of the change in atomic oxygen concentration and
functional group distribution, is sensitive to the type of BC

material. This is perhaps not surprising given the significant
differences in structure and initial surface chemistry exhib-
ited by CNTs and chars.

3.6. IR analysis

All MWCNTSs were analyzed by both ATR-IR and Transmission
IR. However, no well-resolved spectral features could be
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Fig. 10 - Representative TEM Micrographs (left to right): pristine MWCNTs (0.9% O), H,O, treated MWCNTSs (4.5% O), H>SO4/
HNO; treated MWCNTSs (5.1% O), KMnO, treated MWCNTSs (5.3% O). Amorphous carbon is indicated with arrows, sidewall

defects highlighted by circles.

discerned (Fig. S5). In some work with SWCNTs, researchers
have found that IR can provide information on the surface
functional groups present [47]. However, the added surface
functionalities can be difficult to observe at loadings >5%
due to contributions from the electronic and intrinsic IR
modes of the SWCNT [53]. With MWCNTs, results from the
present study and other related investigations of surface oxi-
dation [54] have generally shown that IR spectra are not par-
ticularly informative in elucidating surface functionality.
Another issue in the IR analysis of CNTs is that vibrational
intensity observed at ~3200cm™" is often erroneously as-
signed to hydroxyl stretching modes (vOH) associated with
surface bound hydroxyl groups rather than water adsorbed
onto CNT surfaces [55]. Thus, we have concluded that IR spec-
troscopy is not an effective technique for identifying the pres-
ence or concentration of functional groups on MWCNTs.

3.7. Effect of oxidative treatments on MWCNT structure

Raman and TEM were both used to examine the effect of differ-
ent oxidative treatments on the structure of MWCNTSs. From
TEM micrographs it is possible to assess the diameter, number
of walls, relative concentration of defect sites in the CNT side-
walls, as well as the presence of adsorbed amorphous carbon.
Fig. 10 compares representative micrographs of pristine
MWCNTSs to ones that were exposed to mild (H,0,) and aggres-
sive oxidants (H,SO4/HNO;, KMnO,) yet contain a similar
amount of surface oxygen (~5 at.%). For the pristine MWCNTs,
TEM images show the presence of amorphous carbon wrapped
around the MWCNT. In addition, the outermost walls of the
MWCNTwere long and straight, indicative of a uniform and lar-
gely defect-free sidewall structure. Following H,0, treatment,
the overall level of amorphous carbon was reduced and a few
defects were generated in the sidewall as evidenced by “breaks”
in the outermost graphene sheets of the MWCNT. In stark con-
trast, treatment with H,SO4/HNO; produced a distortion in the
linearity of the MWCNT structure due to damage that, in some
cases, extends well beyond the outermost graphene sheet and
into the underlying sidewalls. Interestingly, the KMnO, treated
MWCNTs exhibited a larger fraction of COOH groups compared
to the other oxidized MWCNTSs, yet a relatively low amount of
sidewall damage.

Raman spectra of carbonaceous materials exhibit two
characteristic peaks at around 1330cm ' (D-band) and
1590 cm~? (G-band), as shown in Fig. $6 [56]. The G-band is
indicative of well ordered structure associated with sp? car-
bon atoms in the graphene sidewalls [56], while the D-band
can be caused by either sp carbon atoms at defect sites in
the MWCNT sidewalls or amorphous carbon [57]. In princi-
ple, the In:Ig band ratio can provide a metric of the overall
CNT structure; however, this approach is complicated by
the adsorbed amorphous carbon that is pervasive in almost
all commercial sources of CNTs. Since the oxidative treat-
ments used in this study remove amorphous carbon while
simultaneously introducing sidewall defects, Ip:Ig band ratio
analysis is ambiguous in terms of the structural information
that can be obtained. Consequently, analysis of Fig. S6 re-
veals little or no correlation between the Ip:Ig band intensity
ratio and the oxidant or the extent of oxidation. The one
exception is for H,SO4/HNO; treated MWCNTs where the
Ip:lg band intensity ratio decreases significantly compared
to the pristine MWCNTSs, presumably a reflection of the
effective removal of amorphous carbon from the MWCNT
surface, as shown by the TEM image in Fig. 10 (left), despite
the extensive sidewall damage. In general, however, our re-
sults point to the limitation of Raman in providing unambig-
uous structural information on the effect of oxidation,
unless the pristine CNTs are themselves completely free of
amorphous carbon.

To facilitate a direct comparison between different oxidiz-
ing conditions, including the effects of different oxidants and
reaction conditions, we have restricted the present study to a
common source of MWCNTSs. Minimally, the degree of sur-
face-bound amorphous carbon is expected to vary between
different sources. Regardless, we hypothesize that the quali-
tative trends observed in the extent of oxidation, functional
group distributions, and structural transformation amongst
the different oxidative treatments will hold true for other
CNTs. However, it is likely that the absolute magnitude of
the different chemical and structural changes will be sensi-
tive to the specific CNT under investigation, due to the fact
that the intrinsic reactivity of the sidewall carbon atoms is
sensitive to the curvature of the CNT [58,59] as well as the de-
fect density.
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Appendix A. Supplementary material

The supporting information contains three sections: Sec-
tion S1 includes a full discussion of the TFE/DTBC reaction
and characterization of the N-acyl urea surface product
which includes one table, one reaction and two figures of
NMR data. In Section S2, there is a discussion of the selectiv-
ity of the TFE/DTBC reaction towards carboxylic acid groups.
Section S3 includes a derivation of Eqg. (1). In Section S4, there
are three figures on oxidized MWCNTs including EDX, IR, and
Raman spectra. Supplementary data associated with this arti-
cle can be found, in the online version, at doi:10.1016/
j.carbon.2010.08.034.
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