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Continuous photolysis experiments and transient absorption spectroscopy were performed in combi-
nation with other techniques including HRTEM, XPS, Raman, TGA, and ESR spectroscopy, to investigate
the role of residual metals and amorphous carbon on the photochemical process taking place after 350
—355 nm light irradiation of as obtained commercial multi-walled carbon nanotubes, denoted as pCNT.

The results indicate that 350—355 nm photolysis of pCNT leads to the oxidation of surface oxygen-
containing groups and defects which in turn are eliminated leading to more graphitic —like multi-
walled carbon nanotubes (MWCNT). Residual metal catalysts and oxygen containing amorphous car-
bon and oxidized C-functionalities of MWCNT play an important role in the generation of MWCNT
photoinduced charge-separated states. The process of 350 nm excitation of pCNT leads to exciton for-
mation followed by hole transfer to metal oxides and further oxidation of C-O functionalities. A plausible
mechanism explaining the elimination of oxidized groups attached to pCNT graphene walls and amor-
phous carbon and leading to more graphite-like CNTs is discussed. The results presented may have

implications in the nanoscale semiconductor materials for optoelectronics applications.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Because of their excellent electrical, optical, and chemical
properties, multi-walled carbon nanotubes (MWCNT) are being
vastly used in a broad range of applications within the medical,
technological, and environmental sectors with the consequent
production reaching the millions of tons [1]. MWCNT electronic
properties and the number of defects at the edges and plane sites
are influenced by the way in which the graphite sheets are rolled up
in concentric tubes. Defects play a major role and can even domi-
nate the physical and chemical properties of MWCNT [2]. Most
popular synthetic methods produce a mixture of MWCNT of various
diameters and chiralities usually contaminated with metallic cat-
alysts (iron/graphite, cobalt/graphite, and iron/silica, among others)
and amorphous or graphitic carbon [1—3]. Residual metals are
difficult to remove [4] and it is nowadays recognized that they may
alter the electronic and electrochemical properties of MWCNT [5,6].
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Light irradiation has long been recognized to induce strong ef-
fects on carbon nanotubes morphology as evidenced in the Raman
spectrum obtained with different wavelengths and power density
of the excitation laser [7,8]. Among the different effects reported in
the literature are: the loss of impurities, induction of defects, and
the irreversible destruction of MWCNT and single wall carbon
nanotubes (SWCNT). In particular, SWCNT photolysis with 266 nm
light in N, atmosphere develops very high temperature and pres-
sure [9] leading to the total melting and amorphization of the
material with the increase in the laser fluence and pulse accumu-
lation. UV light was also reported to accelerate SWCNT oxidation
and cross-linking involving light-generated surface radicals and
solvent molecules [10]. Despite most work has been reported for
well controlled and purified SWCNT, little is known on the UVA-
visible light effect on as-obtained commercial MWCNT which are
the most widely used for industrial applications.

Herein, we report the effect of lamp irradiation with light of
350 nm of commercial pristine MWCNTSs (pCNTs) in an attempt to
understand the effect of metallic impurities and surface functional
groups on the radical formation capacity of these materials. Lamp


mailto:gonzalez@inifta.unlp.edu.ar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2018.05.078&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2018.05.078
https://doi.org/10.1016/j.carbon.2018.05.078
https://doi.org/10.1016/j.carbon.2018.05.078

162 D. Rodriguez Sartori et al. / Carbon 138 (2018) 161—168

irradiation avoids the occurrence of possible multiphoton absorp-
tion processes frequently taking place with intense lasers. However,
to obtain information on the chemical processes initiating light -
induced morphological changes, time resolved photochemical ex-
periments were performed with a laser flash photolysis equipment
using the third harmonic of a Nd-YAG laser under conditions where
mainly one photon processes are observed.

2. Experimental methods

The list of reactants and the standard equipment used (FTIR, IR-
ATR, XRD, HRTEM, XPS, TGA, ICP, magnetization curves, and UV-vis
and Raman spectrometers) are described in the supporting data
(S.D. Reactants and Equipment, respectively). In particular, Com-
mercial MWCNTs, here denoted as pCNTs, were NanocylTM
NC7000 Industrial grade, C purity 90%, Diameter 9.5 nm, Length
1.5 um, Specific Surface Area 475 m? g~ . Published content of main
impurities determined by EDX analysis: Al (5.9 wt%) Fe (0.5 wt%),
and Co (0.2 wt%).

2.1. Sample preparation and purification

Purification of pCNTs by HCL Briefly, 1g of pCNTs were dispersed
in 200 mL 12M HCI and left stand for 5 h under continuous stirring
at room temperature. The purified MWCNT, denoted as HCItCNTs,
were filtered with 0.45 pm membranes and washed several times
with deionized water, dried at 80 °C under vacuum, and stored in
dark-colored flasks.

Photolyzed pCNTs: To observe changes in the morphology and
characteristics of UVA lamp-photolyzed pCNTs, ca. 200 mL of an
aqueous suspension containing 10 mgL~! of pCNT were inmersed
in a tubular quartz reactor and laterally irradiated for 20 h with
350nm light from eight Rayonet lamps (Southern N.E. Ultra-
violetCo.). The light incident intensity on the reactor cell was of
3.3 x 10~ einstein/s. Irradiated suspensions were filtered with
0.45 pm membranes and the filtrate solids, denoted iCNTs, were
washed several times with deionized water, dried at 80 °C under
vacuum, and stored in dark-colored flasks.

2.2. Equipment and methods

The metal content of the particles was measured by ICP-AES
after acid digestion of the MWCNTSs. To that purpose, ca. 65 mg of
PCNT were suspended in a 1:3 solution of concentrated HNO3 and
HCI acids contained in a Teflon reactor. The system was heated for
30 min with a standard microwave program, cooled at room tem-
perature and filtered. The remaining filtrate was further diluted
with milliQ water to a final volume of 40 mL. Signals were cali-
brated against standard metal solutions.

Laser Flash Photolysis Experiments (LFP) were performed at
25 + 2 °C with standard equipment described in the S.D. A pulse of
355nm light was used to excite 2mL of aqueous suspensions
containing 10 ppm of either pCNT, HCItCNT, or iCNTs contained in a
1 cm path light quartz cuvette. To avoid deterioration of MWCNT,
fresh sample is continuously exposed to the laser pulse.

EPR experiments were performed at 25+ 2 °C with standard
equipment described in the S.D. All experiments were carried out
by adding the spin trap in the cell before irradiating and the EPR
spectra were acquired immediately after the irradiation. To that
purpose, 5mL of an aqueous suspension containing 10 ppm of
PCNT were mixed with the spin trap and the mixture irradiated for
5 min. Irradiation was performed with a 550W Xenon short arc
lamp with an incident photon rate over the 280—550 nm range.
Either 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide
(DEPMPO, 5 mM) and 5,5—dimethyl-1-pyrroline-N oxide (DMPO,

174 mM) were employed as trapping agent for O, and HO-,
respectively.

Hydrogen peroxide determination: [Ho03] was measured by an
enzymatic colorimetric method employing the commercial kit
Colestat for cholesterol quantification, Wiener Lab Argentina.
Calibration curves were performed using standard H,O, commer-
cial solutions. To that purpose, 2 mL of a 10 ppm aqueous suspen-
sions of either pCNT, HCItCNT, or iCNT were photolyzed for 60 min
in a quartz cell with light of 350 nm from a Rayonet lamp to allow
for H,0, accumulation. The irradiated suspension was filtered and
0.4 mL of the filtrate were added to 1.8 mL of Colestat reactant, the
mixture was allowed to react at 37 °C for 5 min and the absorbance
at 505 nm was measured.

The software application called Glotaran [11], free edition, was
used as a tool for global and target analysis of time-resolved
spectroscopy data.

3. Results and discussion
3.1. Irradiation experiments with lamps

Continuous irradiation experiments were performed to observe
the effects of light on pCNT. Several methods were used to obtain a
detailed characterization of pristine (pCNT) and light irradiated
PCNT (denoted as iCNT). Treated pCNT with HCl to reduce the metal
content, HCItCNT, were used as a control when required.

The first-order Raman spectra of pCNT and iCNT show the
characteristic sharp Raman peaks of MWCNT: (i) the weakly
asymmetric G-band at ~1580 cm™! of graphitic layers related to the
lattice vibration of all carbon materials with sp2 bonds and (ii) the
dispersive D and D' modes at about 1350 and 1620 cm™, respec-
tively, with defect-dependent intensities [ 12]. The D band activated
by the presence of disorder in carbon systems [7] has been related
to the presence of amorphous carbon in double-walled CNT studies
[13,14] while the D' mode has been associated with disorder
introduced by functionalization and strain of graphite-like mate-
rials [15]. Comparison of the area of the D and G peaks, Ap/Ag
(Fig. 1A), is widely accepted to give information on the structural
quality of nanotubes. pCNT show larger Ap/Ag (1.5 + 0.1) than iCNT
(0.8 £0.1) thus indicating that defective nanotubes and/or amor-
phous carbon are partially removed after 350 nm irradiation
[12,16].

Both powder X-ray diffraction patterns of pCNT and iCNT, see
Fig. 1B, show a broad peak centered at 20 = 26.0° with similar width
at half height but of different height. This behavior suggests that the
peak is formed by the superposition of a broad and weak amor-
phous C peak (low angle side) and a sharp (002) graphitic peak at
26.5°, which corresponds to an interlayer graphitic lattice spacing
of 0.335 nm. NiO (200) diffraction pattern at 43.2° (JCPDS card no.
#47—-1049) is also observed in both samples.

The FTIR spectrum of pCNTs (see curve a in Fig. 2A) shows
important absorption bands at 3440, 2925, and 2860 cm™! attrib-
uted to OH stretching and asymmetric and symmetric CH stretch-
ing, respectively. Peaks at 1640, and 1540 cm~! may be assigned to
conjugated C=C stretching and aromatic bending, respectively. In
fact, bands ca. 1550 and 1200 cm ™! have been related to the G and D
bands observed in the Raman spectra [ 14]. The small peak observed
at 1445 cm~! has been identified as unique to MWCNT [14]. Peaks
at 1391 and 1097 cm ™! are attributed to C—O stretch in alcohols and
phenols, respectively. The presence of C—O containing functional
groups may have being introduced during the production processes
and by atmospheric moisture [17]. However, the contribution of
Si—0 stretching vibrations in the 1050—1100 cm ™! region may not
be discarded considering that SiO; is present as residual impurity.
Peaks around 1740cm™, assigned to stretching vibrations of
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Fig. 1. (A) First order Raman spectrum of pCNT and iCNT. (B) X-ray diffraction spectra of (from down to top) pCNT and iCNT. (A colour version of this figure can be viewed online.)
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Fig. 2. (A) FTIR spectrum of (a) pCNT, (b) HCI-tCNT, (c) iCNT. (B) TGA curves and corresponding derivatives of pCNT (black) and iCNT (red) in an oxygen atmosphere. (A colour

version of this figure can be viewed online.)

carbonyl groups (C=0) present in carboxylic acids are of little sig-
nificance. The broad intense bands in the 680—540 cm ™' range may
be due to metal oxides used in the synthesis process, as magnetite
and iron oxides showing characteristic bands in the 630 - 572 cm ™!
region. In fact, the spectrum of HCItCNT (see curve b in Fig. 2A) do
not show significant peaks attributed to metal oxides while char-
acteristic peaks due to surface-oxidized MWCNT are still of
importance, in agreement with the reduced metal content of these
materials. Interestingly, FTIR spectrum of iCNT samples, curve c in
Fig. 2A, show depleted C—0O and H—O signals when compared to
those of CH stretching, thus supporting a lower content of oxygen-
containing surface groups after irradiation. Peaks assigned to metal
oxides in the 690—500 cm™! region are still observed.
Thermogravimetric analysis curves (TGA) and their corre-
sponding derivatives are shown in Fig. 2B. TGA performed for pCNT
in air atmosphere shows an oxidation temperature of 610 °C at the
point of maximum weight loss and a final residual mass of 24%
attributed to oxidized metals [18]. On the other hand, iCNT show
several oxidation processes occurring in the range from 610 to
685 °C, denoted by a large peak in the derivative curve. MWCNTs
oxidation processes typically occur in the range from 400 to 650 °C;
any modification caused by surface functionalization, introduction
of defect sites, and shortened lengths are reported to decrease the
oxidation temperature [14]. Therefore, the higher oxidation tem-
peratures observed for iCNT samples suggest the formation of more
resistant to oxidation components after light irradiation [17]. XRD

analyses of TGA residues of iCNT shows the presence of small peaks
at 20 ca. 35.5, 43, 47, 63.2, and 67, see S.D. XRD, attributed to Fe;0y,
NiO, and Co,03 thus evidencing that TGA residues are mainly due to
metal oxides. It is almost surprising that the residual mass observed
for iCNT is much higher than that of pCNT (24 vs. 40%, respectively).
However, as will be discussed later in the text, HRTEM micrographs
suggest that irradiation causes a carbon loss due to the light-
induced pealing, thus inducing an enrichment in metals in the
iCNT sample leading to the consequent increase of the TGA residue
amount.

TEM micrographs of pCNT, see Fig. 3, show characteristic images
of MWCNT bundles of ca. 12 nm wide tubes with mostly closed ends
and the presence of amorphous material. iCNT micrographs, see
Fig. 3, also depict characteristic images of MWCNT bundles. How-
ever, differing features from those of pCNT are the presence of
crystalline, non-tubular entities of varying size and spiral-like
graphitic structures, as shown in Fig. 3. Non tubular crystalline
entities show plane spacing of 0.335 nm (corresponding 26 values
of 26.5 in XRD, vide supra), of the order of the inter-shell spacing
between graphene sheets [19]. It is highly probable that the crys-
talline graphitic material is formed from broken pCNT as suggested
by the presence of thinner tubes in some iCNT images, see S.D
HRTEM. However, the high agglomeration observed in these TEM
micrographs prevents the performance of a statistical analysis
determining the higher number of iCNT bundles <12 nm wide and/
or of shorter length compared to pCNT.
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pCNTs

Fig. 3. TEM and HRTEM micrographs of pCNT and iCNT. White lines highlight graphitic entities.

EDS analysis of pCNT suggest the presence of Fe, Co, Al, and Si,
see S.D. EDS. However, not all the metals are in the external side of
PCNTs available for reaction and interaction with suspension
components. XPS analysis of pCNT samples on a silicon support
shows the presence of traces of Fe, Co, and Al at the MWCNT
external surface. Argon etching of pCNT inside the XPS sample
chamber allows the observation of metals located within the
interior of the MWCNT. Fe and Co increase with etching time and Ni
is observed only after etching, as depicted in Fig. 4.

The Al 2p3/2 band at 75,5 eV and spaced by 0.44 eV from that of
p1/2 (see S.D. XPS) agrees with those of alumina coated graphite
[19] and with aluminum oxide/hydroxide films. Nonetheless, a
detailed analysis is misleading since Si satellites are superposed to
Al signals.

Ni is located deep in the inner part of pCNTs, as well as Fe and
Co. However, minor quantities of Fe and Co are also observed in
PCNT surface. In the inside, Fe is present as Fe® and FeO as sug-
gested by the 2p3/2 characteristic peaks at 707 and 710eV,
respectively; separated by 12.7 eV from the corresponding 2p1/2
spin-orbit components, see Fig. 4. In the outer part, Fe traces are
oxidized, as mainly peaks at 710eV are observed. Co 2p region
shows a complex feature of peaks prevailing those at 778.9
(asymmetric), 781.5, and 784—787 eV characteristic of metallic Co,

CoO, and Co(Il) satellite, respectively. Ni 2p3/2 peaks at 853.2 eV
with split spin-orbit components 2p1/2 at 870.6 eV and satellites at
859.2 and 875.6 eV are characteristic of metallic Ni [20].

The C1s XPS band of pCNT, see Fig. 4, shows the contribution of
peaks at 284.5, 285.2, 287.1,289.1 and 291 eV, in line with literature
reports [21,22]. Bands with binding energies (BE) of 287.1, 289.1 and
291 eV are assigned to carbon atoms bound to oxygen atoms,
adsorbed carbonates, and w-7 satellite, respectively [20,21,23].
Peaks at 284.5—284.0 (asymmetric) and 285.2 eV (Gaussian) were
attributed in the literature [21,22] to sp2-hybryidized graphite-like
C atoms and sp3 C atoms no longer in the regular tubular structure,
respectively. Unfortunately, the vast majority of surfaces following
air exposure, as is the case of our samples, get contaminated with
very small amounts of adventitious carbon which dramatically
affect the interpretation of the latter peaks [24]. Consequently, any
attempt to herein quantify the sp2:sp3 C ratio may be subjected to
important errors. Deconvolution of pCNT O1s peak shows mainly
the contribution of a broad band at 533.1 eV and two minor con-
tributions with BE of 531.9 and 534.8 eV, respectively, see S.D. XPS.
Contributions at 531.9 and 533.1 eV confirmed the presence of
hydroxyl and carboxylic functions onto the pCNT surface, respec-
tively [20]. Contributing peaks to the C1s and O1s XPS signals of
iCNT are similar to those observed for pCNT. The percent
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Fig. 4. Co 2p3/2, Fe 2p3/2, and C1s XPS peaks observed for: pCNT (black lines), iCNT (red lines), and argon etching of pCNT (green lines). Black dashed line curves represent the
components obtained from the deconvolution of the peaks, as explained in the text. The C1s peak of argon etched pCNT shows the peak at 284.0 eV in blue. (A colour version of this

figure can be viewed online.)

contribution for Cl1s signals for as obtained, Ar-bombarded, and
irradiated samples are depicted in S.D. XPS Table 1.

Interestingly, argon etched pCNT show the contributions
already described for pCNT as well as a new peak at 284.0 eV, see
Fig. 4, which may be assigned to sp2 C [21] and/or to amorphous C
on a Ni surface [20] in line with the fact that Ar etching exposes the
interior tubes of MWCNT and Ni impurities.

Considering the experimental sensitivity factors of the different
elements, and the areas below all signals, except for the contribu-
tion of the signal at 284.6 eV, the average surface composition of
pCNT, iCNT, and Ar-bombarded pCNT are estimated as
C101.25Fe0.013C00.008,  C100.98F€0.014C00007 and  C10qg7Feqs.
CogNig o, respectively. Since Ar-etching decreases the thickness of
the original nanotubes, XPS signals from both, the oxidized and
amorphous carbon and the virgin nanotubes from below overlap.
Consequently, an important reduction in the oxygen content and an
important increase in metal catalysts in inner tubes is observed. On
the other hand, a 20% decrease in the oxygen content of surface
functionalities and an unmodified residual metal content was
observed after 350 nm photolysis of pCNT.

PCNT treatment with HCl and further analysis of the filtered
solution by ICP, see experimental section, shows the presence of
2.9 %1075, 4.94x 107>, and 15x 10> mol of Co, Fe, and Al,
respectively, per g of pCNT inside accessible sites to HCl. The fact
that Ni was not observed in the filtrate and that HCItCNT still show
magnetic properties (see S.D. Magnetization curves) strongly sup-
port that mainly externally located surface metals are accessible to
mild acid treatment. Aluminum is the most abundant metal (>75%
of total metals) probably present as a free residue. Also, TEM mi-
crographs of HCItCNTs still show that amorphous materials remain
after HCI treatment, see S.D. TEM.

The attenuance spectrum of pCNT and iCNT (10 ppm analytical
concentration) in aqueous suspensions (Fig. 5) increases monoto-
nously with decreasing wavelength in the range from 400 to
800 nm and show a broad absorption peak ca. 270 nm attributed to
7-7* optical transitions [23]. m-plasmon resonance transitions
dominate the high-energy part of the spectrum and extends into
the far-IR [25]. However, the contribution of non-nanotube carbo-
naceous impurities to m-plasmon absorption, as reported for
single-wall CNT, cannot be discarded [25,26]. iCNT shows a lower
overall attenuance than pCNT in aqueous suspensions. Sodium
Dodecyl Sulfate (SDS) was added to both pCNT and iCNT suspen-
sions to improve the dispersibility of MWCNT [27]. iCNT suspen-
sions with added 6 uM SDS and further 20 min sonication show
higher overall attenuance than equally treated pCNT (see Fig. 5
inset), thus suggesting that iCNT surface is more hydrophobic
than that of pCNT.

Altogether, the above results indicate that 350 nm photolysis of
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Fig. 5. Absorption spectra of an aqueous suspension of 10 ppm analytical concentra-
tion of pCNT (black curve) and iCNT (red curve). The green arrow stands for the
irradiation wavelength. Inset: Absorption spectra of an aqueous suspension of 10 ppm
analytical concentration of pCNT (black curve) and iCNT (red curve) also containing
6mM SDS. (A colour version of this figure can be viewed online.)

PCNT leads to iCNT with less disordered carbon structures (as
indicated by Raman) and with lower content of oxidized surface
groups (as supported by XPS and FTIR). These observations are in
line with the more difficult to oxidize carbon structures and the
lower dispersibility observed after photolysis (as suggested by TGA
and UV-vis spectroscopy, respectively). Photoinduced formation of
highly ordered graphitic material (observed by HRTEM) is sug-
gested to arise from broken pCNT walls. However, since photolysis
does not significantly remove synthesis residual metals (as indi-
cated by XPS data), extensive MWCNT pealing does not take place.
These observations are in line with literature reports on the
continuous 1064 nm laser light radiation showing C—C bonds
breaking and formation of new graphene layers on a silica surface
which was attributed to the light-induced temperature raise which
in turn prompts the occurrence of chemical reactions [28].

3.2. Time resolved experiments with pulsed lasers

Irradiation with 355 nm laser light was performed to observe
the nature of photogenerated transients. Comparison of the tran-
sients formed after irradiation of pCNT, iCNT, and HCItCNT depicted
in Fig. 6 brings some understanding on the effect of surface defects
and residual metals on the photophysics of MWCNT.

During the nanosecond laser pulse, all signals are dominated by
photobleaching, similar to that shown for HCItCNT in Fig. 6A. In
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Fig. 6. Transients observed after 355 nm irradiation with a laser flash of aqueous suspensions of: (A) HCItCNT (black lines); (B) pCNT transient A (black line) and transient B (red
line), iCNT transient C (blue lines). Blue crosses stand for the normalized sum of reported SWCNT*" and SWCNT** transient spectra and red crosses stand for the sum of SWCNT*" and
the radical cation spectra of resorcinol and catechol. (A colour version of this figure can be viewed online.)

fact, none of the samples showed photoluminescence, in agree-
ment with the expectation that the optical excitation and emission
of semiconducting shells would decay non-radiatively in the
presence of adjacent shells with metallic character. After photo-
bleaching, pCNT depict the consecutive formation and decay of two
transient species with 49 and 321 ns decay lifetimes and absorption
spectra depicted in Fig. 6B. On the other hand, iCNT mainly show
the formation of one transient after photobleaching with decay
times of 337 ns and absorption spectra shown by the blue traces in
Fig. 6B. HCItCNT show bleaching and no subsequent transient for-
mation in our experimental time window.

The formation of excitons by the direct photoexcitation of
semiconducting MWCNTs is observed as the initial short-lived
bleaching bands shown in Fig. 6A, in agreement with the re-
ported photobleaching of SWCNTs in deaerated DMF [29] taking
place before the photoinduced electron transfer from SWNT to
acceptors. Interestingly, the effect of single or multiple wall struc-
ture of the nanotubes or the predominant location of acceptor
groups is reported to play a minor role in the photochemical event
in the nanosecond or higher time scale [30]. Therefore, comparison
of transient spectra obtained here with those reported for SWCNT
seems reasonable.

The structureless transient absorption spectrum consisting in a
broad band spanning the 370—800 nm wavelength range formed
following the initial photobleaching of pCNTs (see black curve in
Fig. 6B, denoted as transient “A”) resembles that reported in the
literature for the single transient formed after 355 nm laser irra-
diation of SWCNT acetonitrile suspensions [31]. On the other hand,
transients with an absorption band appearing in the 360—450 nm
range (see red curve in Fig. 6B, denoted as transients “B”) show
absorption in the same wavelength range than positive electron
holes on MWCNT [30,31]. However, the matching between ob-
tained and reported MWCNT" spectrum is not good. In fact,
transients with maximum absorption between 400 and 450 nm
resemble those of phenolic radical cations which lifetimes in
organic solvents is in the range of the hundreds of ns [32,33], in line
with our observations. On the other hand, the broad absorbance
between 490 and 580 nm is very similar to that attributed to a
delocalized SWCNT*" radical anion in organic solvent suspensions
[34—36]. Taking the linear combination of reported radical cation
spectra for resorcinol and cathecol [32,33] and that of SWCNT*
[34—36], the resulting overall spectrum is in good agreement with
that observed experimentally for transients “B” (see red crosses in

Fig. 6B inset). Thus, 355 nm laser irradiation of iCNT leads to an
efficient e~ ~ h™ charge separated state with decay lifetimes in the
range of 350 ns. Since oxygen-containing surface groups are ubiq-
uitous at the edges and mid-zone of the graphene walls of MWCNTSs
and in amorphous carbon impurities, these surface functionalities
might be responsible for much of the chemical reactivity of CNTs as
sp2 hybridized C atoms at the planes with a delocalized 7 electron
system are much less reactive. Therefore, the contribution of
phenolic type radical cations present as amorphous carbon or
oxidized surface functionalities cannot be discarded.

The transient formed after iCNTs photolysis shows a broad
absorbance between 490 and 580 nm which is very similar to that
attributed to a delocalized SWCNT* radical anion in organic solvent
suspensions [34—36]. On the other hand, transient absorption in
the wavelength range from 370 to 450 nm resembles that of
SWCNT-* radicals [30,31]. The good coincidence of the observed
transient absorption with the linear combination of SWCNT*" and
SWCNT-* spectra reported by different authors is also shown in
Fig. 6B inset. Thus, 355 nm laser irradiation of iCNT leads to an
efficient e~ ~ h'* charge separated state with decay lifetimes in the
range of 350 ns. Both transients are denoted as transients “C.”
However, the peak at 560 nm is still unassigned.

HCItCNT with minimized external adsorbed metals do not
generate, within the experimental error, MWCNT radical transients
upon 355 nm irradiation. HCI-treatment of MWCNT was also re-
ported to cause a significant decrease of oxygen bonded to disor-
dered carbon [21]. Therefore, remnant metal catalysts and oxygen
containing amorphous carbon must play an important role in the
generation of MWCNT photoinduced charge-separated states. In
fact, heptagon defect pairs in double walled carbon nanotubes,
DWCNT, tips and curvatures, carbon-oxygen functionalities on
DWCNTs surface and edges, and catalyst impurities have also been
proposed as the active sites for the improved activation behavior
reported for the electro reduction of O, to H,O, by DWCNT-
modified electrodes [37].

According to the previous evidence, a possible reaction mech-
anism taking place upon 350—355 nm irradiation of pCNT aqueous
suspensions is shown in Fig. 7. Photoexcitation of pCNT with
355 nm light leads to the formation of MWCNT excitons (transient
A in reaction (1)) which subsequently may undergo MWCNT hole
transfer to attached external metal impurities forming a charge
separation state (transient B in reaction (2)), in agreement with the
reported mechanism taking place upon excitation of Fe;03/CNT and
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pCNT/RI + hv (355 nm) — (¢ - h")pCNT/RI

(¢ - h")pCNT/RI — pCNT/RI + heat or light

(¢ - h")pCNT/RI — (¢)pCNT/RI(h")

(€)pCNT/RI(h") + O, — (0,7 )pCNT/RI(h")

(0,7)pCNT/RI(h")) — H,0, + pCNT/RI(h")

(€)pCNT/RI(h")) — Ox™ + ‘CNT/RI(h")

pCNT/RI(h") — pCNT/RIoxidized

exciton formation (1)
exciton recombination (-1)

charge separated state  (2)

adsorbed superoxide formation (3)

adsorbed superoxide recombination (4)

MWCNT " reactions on oxidized edges (5)

hole oxidation of amorphous carbon (6)

Fig. 7. Proposed reaction mechanism taking place after 350—355 nm irradiation of pCNT aqueous suspensions. RI stands for residual impurities as Fe oxides and amorphous C
attached to pCNT (pCNT/RI), h*™ and e~ for photogenerated holes and electrons, respectively, and Ox™ for oxidized molecules such as enolates.

TiO,/CNT semiconductor assemblies [38]. Otherwise it may
recombine, reaction (—1), liberating heat or emitting light. Fast
recombination, seems to be the main decay mechanism for
HCItCNT excitons.

Under oxygen saturation, SWCNT*" radical anions are expected
to efficiently react with O; to yield O, reaction (3). However, Oy*"
was not detected in continuous irradiation EPR experiments but its
recombination product, H,O,, was observed to be formed in
appreciable amounts (pCNT show estimated [H,02] of 15 mM/h and
iCNTs show seven-fold times higher concentration of ca. 103 mM/
h). An efficient O,*" recombination on MWCNT surface, reaction (4)
significantly competing with the solution reaction between 03"
and the trapping agent might be the cause impeding its detection
by EPR. These observations are in line with literature reports
indicating that free radicals are not observed in the presence of
H,0; and that MWCNT rather exhibit radical scavenging capacity
when in contact with an external source of hydroxyl or superoxide
radicals [39,40].

It should be recalled that the term pCNT also considers carbon-
oxygen functionalities on MWCNT surface and edges. Radical an-
ions of surface oxidized SWCNT* may lead to the elimination of
oxidized molecules and formation of radicals on the MWCNT sur-
face, denoted as ‘MWCNT radicals, reaction (5), in line with re-
ported reactions of substituted aromatic radical anions [41—43] and
the detection by EPR of RCH»* radicals in irradiation experiments of
PCNT aqueous suspensions (see S.D. EPR). Reaction (6) shows the
scavenging of holes on the metal oxides by amorphous carbon.

Reactions (5) and (6) removing oxidized surface groups and
amorphous C present in the form of chains or disordered clusters
causes the reduction of Raman Ap/Ac ratio observed for pCNT after
photolysis. These reactions are consistent with the lower content of
oxidized surface groups observed for iCNT by XPS and FTIR. The
occurrence of multiple reactions of the type shown in (5) and (6) is
a possible mechanism leading to the breakdown and stripping of
the outer walls, in line with literature reports on C radicals on the
carbon nanotubes which were considered to be responsible for the
modification of the MWCNT structures and the formation of new
carbon nanostructures [44].

A similar reaction scheme might apply to iCNT. The difference in
the transient nature of the charge separated state (reaction (2))
observed for pCNT and iCNT, is evidently related to the oxygen
content in amorphous and MWCNTSs graphene edge and mid-zones
of each sample. Formation of graphite and probably graphene

sheets in contact with metal impurities may act as hole acceptors in
the charge separated state after 355 nm photolysis of iCNT.

4. Conclusions

Several techniques including HRTEM, XPS, Raman, TGA, and EPR
spectroscopy, among others, were used in combination with steady
state photolysis and transient absorption spectroscopy to elucidate
the reaction mechanisms and morphology changes taking place
upon 350—355nm light irradiation of as obtained commercial
MWCNT. We demonstrated that residual metal catalysts and oxy-
gen containing amorphous carbon located in external MWCNT sites
and oxidized C-functionalities of MWCNT play an important role in
the generation of MWCNT photoinduced charge-separated states.
As also discussed in the literature for SWCNT, hole transfer to metal
oxides and further reaction with oxidized functionalities seems to
be the preferred reaction mechanism. As a consequence of the
photoinduced process, fragmentation of oxidized moieties and
generation of *"MWCNT radicals takes place. Finally, the photoin-
duced breakage of oxidized walls leads to the exposure of less
oxidized inner walls.

The information herein obtained is of importance for massive
technological uses of MWCNT were residual impurities from the
synthesis procedure may have unexpected consequences. Also, the
observed photoinduced processes may be used for the develop-
ment of new technological uses of as obtained MWCNT.
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