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To create new catalyst materials for fuel cell applications, multiwalled carbon nanotubes (CNTs) were
functionalized with—C=0, —C—0—C—, —COO—, and—C—OH groups using a sonochemical treatment
method under acidic aqueous solution (HNQSO,) conditions to make them amenable to deposition
of highly dispersed~4 nm diameter Pt nanoparticles. The-RINT interface was probed with X-ray
photoelectron spectroscopy (XPS), extended X-ray absorption fine structure spectroscopy (EXAFS), and
Raman and attenuated total reflection infrared (ATR-IR) spectroscopies to elucidate the nature of the Pt
cluster-CNT surface binding. The degree of disorder of thelggbridized C from the CNTs, as measured
by the Raman D-to-G integrated peak area ratios, increased with the degree of surface oxidation of the
CNTs. EXAFS of the Pt |y edge showed Pt coordination with oxygen (in the form of JPt&@ the
outermost perimeter of the Pt clusters while the majority of the bulk, as shown by the XPS Pt 4f core
level, was in the metallic form. Infrared measurements showed that the carbe®@k@etching at 1700
cm ! red shifted to~1550 cm* following Pt cluster deposition. In addition, changes in the@structural
features at~1030 and 1150 crit were observed, indicative of Pt cluster binding with the ionic form of
carboxylate, COO(Pt), or ester-like,<€Q)CO(Pt), O atoms.

Introduction et al’ have shown that Pt supported on CNTs produced a
greater power density than when supported on carbon black
in the oxygen reduction reaction (ORR) of direct methanol
fuel cells (DMFC). Moreover, we further increased the

Fuel cells are electrochemical devices with a constant
replenishment of reactants as “fuel”, which are promising

als i'?a’} renewgble SOU;CZSb of hene_rgyl.l In thE Proiessﬂelectrocatalytic activity by 48% relative to carbon black using
electrical energy 1S genératéd by chemically combining tWo ¢, i-ation to pretreat the CNT8! The reasons underlying

reactants at a solid catalyst interface between the chemical, improved performance are not well-understood but are
cells. Because noble metals are typically used as the C"’u"’“yst";ﬁkely related to the PtCNT interfacial structure. There is

a maximum in ca}talytlc power corresponding to a mi nlma! a paucity of surface structural information to explain reasons
mass of catalyst s highly desirable for reduced CO.St n thgw underlying the optimum nanoparticle dispersion and avoid-
d:ES',?n' _garbdon ninot_utglas (CNtTS)’ hdue BO theler sgetual ance of agglomeration. The nature of the CAHt cluster
Eec I’O?II anh Tec anic prop?r Ilest' ave ;]edn OUS_I 0 binding in terms of the participation of the various types of

€ T.SZL; aTDt € eroger:_e?uz ca a_;:_s sulpiI@rl t (;_ea Ly Li oxygen species has not been well elucidated and is the focus
applied for Ft nanoparticle deposition. Initial SUAIEs by Lt ¢ this current study. Investigation of these Pt loaded surfaces

N - : may lead to a better understanding of factors governing Pt
el Qo correspondence should be addressed. E-mall: chusuei@umr-edu. oNT stability and leading to improved ORR activity.
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Figure 1. (A) Raman shifts showing the emergence of the D and G bands of sonochemically treated CNTs before deposition of Pt nanoparticles. Raw data
are shown. (B) A plot of the uptake of D-to-G integrated peak area rape{t-hand axis) and atomic percent oxygen from ref B3 ight-hand axis)
versus sonochemical treatment time. The dashed line serves as a guide to the eye, denoting functional group sat@dtion at

ticles. For the purposes of this study, we focused on 20 wt % Pt at the APS while those of the aqueous solution Pt/CNT were
loadings on the 2-h sonicated CNTs because this produced theobtained at the NSLS. Anhydrous Bt@9.95% purity, metals
optimum Pt+CNT surface both in terms of the quality of the basis) obtained from Alfa Aesar, 8 mg of which were diluted in
dispersion and short preparation time. CNTs without deposited Pt 170 mg BN, was used for the reference spectrum. In both beamlines,
and 4-h sonochemically treated surfaces with a 20 wt % Pt loading a double crystal Si(111) monochromator was used for energy
were examined for comparison. selection. Spectra taken in the fluorescence mode used a 13-element
The integrity of the oxidized CNTs with and without the Pt Ge detector. The ion chambers employed had a 8:2 gas mixture of
clusters was examined with a Triax 320 Raman spectrometer, N>-to-Ar. Data were processed using the IFEFFIT library of
equipped with a confocal microscope, a liquid, Kooled Ge numerical XAS algorithms written in Perl programming that utilizes
detector, and an Ar ion lasei & 514.4 nm) to probe the 3p  the ab initio EXAFS code, FEFF 6.0%!3
(ordered) and $p (disordered) hybridized C peaks. Raman samples ~ Surface vibrational data were obtained using a Nicolet Nexus
were prepared by dropping aliquots of the sonochemically treated 470 Fourier transform infrared spectrometer having a resolution of
CNTs (with and without the Pt clusters from the colloidal aqueous 4 cnm*. A horizontal attenuated total reflection infrared (ATR-IR)
solutions) onto Si(100) 1 cmx 1 cm substrates and drying in air. ~ Solid powder holder, consisting of a ZnSe crystal, was incorporated
To verify that Pt nanoparticles were formed on the surface, into the sample compartment to analyze the functionalized and Pt
transmission electron microscopy (TEM) micrographs were obtained cluster deposited CNTs. The-RENTs were pipetted onto the ZnSe
using an EM430 Philips electron microscope operating at 300 kV. surface and allowed to dry prior to scans. To exclude spectral
A small quantity of the Pt nanoparticles supported on the CNTs artifacts from HO and atmospheric G@ontamination in the ATR-
(Pt=CNT) was dispersed in ethanol, of which a drop was then IR experiments, the sample was purged withgils (99.9% purity)
deposited on a 400 mesh carbon-coated Cu TEM grid (Electron for 30 min prior to and during IR data collection. The infrared data
Microscopy Sciences) which was then allowed to dry prior to was processed using OMNI-C, version 5.0 (Nicolet Instrument
imaging. A total of 456-500 nanoparticles were counted to ensure Corp.), software. The signals from the untreated CNTs were used
a statistically representative sampling. X-ray photoelectron spec- as blanks for obtaining the infrared difference spectra.
troscopy (XPS) elemental binding energy (BE) and integrated peak
area measurements were made using a Kratos 165 XP spectrometer

equipped with a hemispherical analyzer and Mg &node (v = . .
1253.6 eV). High-resolution scans of the Pt 4f level were performed 1€ Raman stackplot (Figure 1A) of the sonochemically
at a 20 eV pass energy. treated CNTs show D and G bands at 1352 and 1596 cm

Further structural analysis was performed using extended X-ray Corresponding to the $pand sp-hybridized carbons signify-
absorption fine structure (EXAFS). Spectra were obtained from the iNg disordered graphite and the ordered state on the CNT
12-BM BESSRC Advanced Photon Source (APS) beamline at the Surface, respectiveff:*> Upon deposition of the Pt nano-
Argonne National Laboratory and the X18B beamline at the particles, the Raman line shapes and relative D-to-G band
National Synchrotron Light Source (NSLS) at the Brookhaven intensities (not shown) remained unchanged. The presence
National Laboratory to analyze the Pfyledge (11.564 keV) of  of these peaks verified that the CNTs remained largely intact

the Pt nanoparticles tethered to the CNT surface. Although all of during the oxidation procedure and after deposition of the
the spectra could have been obtained at either facility, due to limited

beamtime access both were used to acquire the data. A spectrunelz) Newville, M. J. Synchrotron Radiag001 8, 322-324.

of a 5um thick Pt foil was taken in the transmission mode for (13) Ravel, B.; Newville, M.J. Synchrotron Radia005 12, 537-541.
absolute energy calibration. The absorption edge of the data obtained14) Dresselhaus, M. S.; Dresselhaus, G.; Jorio, A.; Souza Filho, A. G.;
for each sample, plotted #¢F), was checked to ensure alignment ;. fﬁtr‘t’i'n eRz'C&rb?r-] ZC%(I)IZejg(s)' fﬂo‘f‘_ éoeﬁnlit-o A M. Cochet, M.: Seeger
prior to plotting ink space. Spectra of the dried Pt/CNT samples NOA S L G C - Mar ' Che '

) | ! T.; Anson, A.; Schreiber, J.; Gordon, C.; Marhic, C.; Chauvet, O.;
and PtQ standard (obtained in fluorescence mode) were obtained Fierro, J. L. G.; Maser, W. KCarbon2003 41, 2247-2256.

Results and Discussion
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Figure 2. TEM image of 4-h sonochemically treated CNTSs followed by Pt nanoparticle deposition. Histogram shows a mean particle siz¢ af(®45
nm (left panel). Histograms of Pt nanoparticles deposited on the 2- and 4-h treated CNTs are also shown (right panel). The scale bar is 100 nm.

Pt nanopatrticles. In examining the D-to-G integrated peak in sufficient surface damage to hamper Pt cluster binding
area ratios (Figure 1B), it should be noted that the disorderedon the CNT surface. Pt nanoparticles were observed,
sp® state increases with longer sonochemical treatment. Thehowever, on the 2- and 4-h treated surfaces. The 2-h
largest increase occurs between @ arh ofsonication with sonochemical treatment yielded the best results, readily
a plateau being reached-af h. Because the cross sections reproduced from ref 10, having an average cluster diameter
of the sp- and sp-hybridized carbon are known to vary of 3.57 4+ 0.78 nm at a 20 wt % loading as measured by
greatly;®itis difficult to quantify the degree of CNT surface  TEM in terms of the quality of dispersion and lack of
oxidation based upon examination of the disordered versusnanoparticle aggregation. [The previously published TEM
ordered carbon on the basis of the intensities. The relativeimage from ref 10 for the 2-h sonochemically treated CNTs
Raman D-to-G band intensitie®( left-hand axis) were s included in Supporting Information.] Figure 2 (left panel)
comparable to previously measured atomic percent moleshows a TEM image and histogram of finely dispersed Pt
fractions of oxygen M, right-hand axis}; obtained from  nanoparticles deposited on the 4-h treated CNTs. The clusters
normalizing XPS high-resolution energy scans of the O 1s had an average cluster size of 3:43.02 nm, approximately
core level with established sensitivity facttrgFigure 1B).  the same mean size as those of the 2-h treatment. However,
The Raman D-to-G integrated peak area ratios are inthe distribution is skewed toward larger cluster sizes in the
excellent agreement with functional group saturation occur- 4-h treatment, and they are less uniform than those of the
ring at~2 h after sonochemical treatment; a direct correlation 2-h treatment (Figure 2; right panel) owing to different
is thus shown between the amount of disordered-to-orderedpinding interactions between the two interfaces that we
carbon with—COO—/—CO—/—C=O0 surface density growth.  describe more fully in the ATR-IR data below.

Deposition of 'Fhe Pt nanoparticles on the 2-h and 4-h CNTs The XPS Pt 4f, core level of the PtCNT (prepared using
(not shown) did not change the Raman features. . -
a 2-h sonochemical treatment), referenced to the graphitic

f Tot_ cre?tet.a St??rl]e EE_INT mterface_:‘,l |fn|t|al surfac;e” C 1s level at a BE= 284.4 eV for the C 1s levéf®had a
unctionafization of the LI!S Was crucial ‘or SUCCesSIUY g — 71 4 ev. XPS analysis of the PENT produced with

gepors]:glrlﬁ f|£1_ehly dr:?pet:Sﬁd Pt nflr:jo?argclers. dTrt(;atmgS_trthe 4-h sonication was identical to that of the 2-h treatment.
eyo c sonication appeared fo degrade he This BE indicated that the Pt was predominantly in the

surface without significant gain in the population of surface . o . 2 .
oxidized species. These structures that resulted in the 48(ymetall|c (zero) oxidation state (Figure 3)* XPS signals

) . . . . .  *°”%rom the C 1s and O 1s and Pt 4f levels and from no other
increase in electrocatalytic activity, relative to its deposition elements were observed. Normalizing to established sensitiv-
on Vulcan XC72 carbon black,were readily reproducible. ' 9

Attempts at depositing finely dispersed4 nm diameter Pt ity factors!’ the atomic percent mole fraction of the Pt was
clusters were unsuccessful at the 1- and 8-h sonochemical

(18) Ago, H.; Kugler, T.; Cacialli, F.; Salaneck, W. R.; Shaffer, M. S. P.;
treatments. In thg _former case, the CNT surfaces were Windle, A. H.; Friend, R. HJ. Phys. Chem. B.999 103 8116~
apparently not sufficiently functionalized to form stable-Pt 8121,

CNT bonds. In the latter case, oxidation may have resulted (19) Suzuki, S.; Watanabe, Y.; Ogino, T.; Heun, S.; Gregoratti, L.; Barinov,
A.; Kaulich, B.; Kiskinova, M.Phys. Re. B 2002 66, 8119-8121.

(20) Delrue, J. P.; Pireaux, J. J.; Caudano, R.; Robert, T.; Hecl}, \ac.
(16) Banerjee, S.; Hemraj-Benny, T.; Balasubramanian, M.; Fischer, D. Sci. Technol., A981, 19, 257-259.
A.; Misewich, J. A.; Wong, S. SChem. Commur2004 772—-773. (21) Fleisch, T. H.; Mains, G. J. Phys. Chem1986 90, 5317-5320.
(17) Wagner, C. D.; Davis, L. E.; Zeller, M. V.; Taylor, J. A.; Raymond, (22) Fleisch, T. H.; Zajac, G. W.; Schreiner, J. &ppl. Surf. Sci1986
R. H.; Gale, L. H.Surf. Interface Anal198], 3, 211—225. 26, 488—-497.
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Figure 3. XPS spectrum of the Pt 4f core level after nanoparticle deposition
on 2-h sonochemically treated CNTSs. Shirley background subtractions were
employed; dotted lines denote curve fitting using a 30% Lorenztian
Gaussian line shape. BE peak center of Rp4frbital = 71.4 eV. Arrow
denotes PtQ

65

~2%. Asymmetry was observed in thes4flevel at~78
eV, which may indicate a small population of PtO or
Pt0,,?223 which is masked by the much larger signal from
metallic Pt. Unfortunately, there was insufficient signal from
the Pt oxide (PtQ) to determine the relative stoichiometric
proportions of the PtO and PtQvith precision.

To further shed light on this surface structure, EXAFS

was performed on the Pt deposited on the 2-h sonochemicallyf

treated CNTs to examine the local structure of the nanopar-
ticles. The PECNT samples were examined both as a
colloidal suspension in aqueous solution and as a dry
powderlike form to get a stronger signal. The density of the
Pt—CNT per unit volume was significantly greater as

compared to the colloidal suspension, resulting in higher
counts. EXAFS is an oscillatory feature in the X-ray

absorption above the absorption edge of the target atoms anq

is defined as the fractional deviation in the absorption
coefficient:

W=y

whereR = distance from the target to neighboring atds,
= coordination number of the neighboring atom, arfds
the disorder of the neighbor distance (i.e., the Deballer
factor). The photoelectron wavenumber= [2m(E — Eg)/
h?Y2, (k) is the scattering amplitude, amdk) is the phase
shift?* Oscillations arise from the photoelectron wave

Nfi(K) exp[-2K’o;’]
kR?

SiN[2kR + 6,(K)]

backscattering from the nearest neighbor atoms. Assuming. Y i -
g g %ntensmes is observed when comparing lower and higher

a cuboctahedron structure, predicted for the Pt nanopatrticle
of this size (3.5 nm in diameter) deposited on a carbon
surface?® there are~1500 atoms per cluster on the 20% Pt

Chem. Mater., Vol. 18, No. 7, 200633
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k A
Figure 4. EXAFS oscillationsk™ (k) plotted ink space, of Pt nanoparticles
deposited on 2-h sonochemically treated CNTSs in dry, powder-like form at
k weightsn = 1 (blue), 2 (red), and 3 (green). Arrows denote areas of
destructive interference.

Table 1. EXAFS Background Removal and Forward FT Parameters

PtO, dry aqueous
parameter Pt foil standard Pt—CNT Pt=CNT
edge step, eV 1.231 4.709 3.321 0.039
Rokg A 1.25 1.00 0.900 1.00
pre-edge —141.80to —91.50to —91.00to —152.02 to
range, eV —30.00 —65.00 —40.00 —144.81

norm. range, 150.00-757.90 150.6-498.99 150.06699.49 150.06503.18
eV

k spline 0—15.006 0-12.539 1.4939.000 0-12.582
range,

E spline 0—857.932 0-599.031  8.493308.609 6-603.146
range, eV

fast FTk 2 2 1 1

weight

ast FTk 2—14.95 2-12.65 2.88%+8.5 2-12.532

range, A1

loaded, 2-h sonochemically treated CNT surface. Excluding
other effects, a majority of the bonding would emanate from
bulk Pt-Pt interactions. However, the EXAFS oscillations
point to Pt coordination to lower molecular weight atoms.

Figure 4 shows thg(k) EXAFS oscillations of the dry
Pt—CNTs plotted withk weights,n = 1, 2, and 3. Parameters
or background subtraction for the dry-RENT sample were
identical (Table 1) for all of the generated EXAFS spectra,
except for the aforementionddweightings. In processing
the EXAFS data, higlk weighting places a higher priority
on selecting a spline matching to background at higher
values while lowek weighting has the same effect at lower
k values?® Contributions to the EXAFS oscillations of low
molecular weight neighboring atoms are pronounced at lower
k while those of higher molecular weight are pronounced at
higherk. Because th& weightings are applied to the same
data, if all of the interactions were bulk-P®t (theoretically),
there would be no mismatch in the EXAFS oscillations.
However, a progressively increasing mismatch of the EXAFS

weights. The degree of mismatch is particularly pronounced
where the oscillations destructively interfere, denoted by the

(23) Kim, K. S.; Winograd, N.; Davis, R. E.. Am. Chem. S0d.971, 93,
6296-6297.

(24) Stern, E. A. Theory of EXAFS. liX-ray Absorption: Principles,
Applications, Techniques of EXAFS, SEXAFS and XAIKBBings-
berger, D. C., Prins, R., Eds.; Wiley and Sons: Eindhoven, 1988; Vol.
92, pp 3-51.

(25) Frenkel, A. I.; Hills, C. W.; Nuzzo, R. GJ. Phys. Chem. R00],
105 12689-12703.

(26) Sayers, D. E.; Bunker, B. A. Data Analysis. Xaray Absorption:
Principles, Applications, Techniques of EXAFS, SEXAFS and XANES
Koningsberger, D. C., Prins, R., Eds.; Wiley and Sons: Eindhoven,
1988; Vol. 92, pp 21%+253.
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Figure 5. FTs of EXAFS oscillations plotted iR space of (A) PECNTs
in an aqueous colloidal suspension; (ByBNTs in dry, powderlike form
(solid gray line; a Pt foil scan is shown as a dotted, orange spectral line);
and (C) PtQ standard. PtCNTs prepared from 2-h CNT sonochemical
treatment, followed by deposition of Pt nanoparticles.

Hull et al.

of solid Pt-CNT samples, the predominant 1NN interaction
in these samples is clearly not with-FHRt. The only two
low-molecular-weight atoms present that can interact with
Pt are C and O. Because the@NT colloidal solution
conditions did not exceed 12%& during the reduction step

to produce the Pt nanoparticl¥sthe formation of PtC in

the cluster was unlikely because temperatures in excess of
560°C are required to form the carbid®?® PtO, or PtO is
more likely to form than the carbide. A FT of a reference
PtG, powder is shown in Figure 5C. The location of its 1NN,
signifying PO, is seen aiR = 1.59 A which closely
matches the observed nearest neighbor distance in the
colloidal aqueous solution suspended-BNT sample aR

= 1.53 A. Evidence points to the presence of Pt the
Pt—CNT surface but not in the bulk of the nanoparticles.
Because the EXAFS scattering is sensitive only to the first
few atomic shells and given the size of the Pt nanoparticles
(~1500 atoms), PtQappears to be present only at the top-

arrows at the wave troughs (Figure 4). The abscissa most surface layers of the cluster. A majority of the Pt atoms
coordinates where the mismatches are observed (distanceare in the metallic (zero) oxidation state, consistent with the
between the highest and lowest troughs in parentheses) ar@bserved XPS Pt 4f core level shift.

atk = 7.75 (0.0024), 6.35 (0.0043), and 4.7040.0126).

In comparing the differenk weights, a greater a mismatch
is observed at lowek, which is suggestive of Pt bound to a
lower molecular weight atom in the local coordination.
Fourier transformations (FTs) of the oscillations of this solid
Pt—CNT sample into real space were performed and
compared with those of the PENT in colloidal suspension.
For further comparison, a FT of a Pi@eference sample
(magnitudes irR space) was plotted (Figure 5). All of the
Pt—CNT EXAFS spectra were obtained in the fluorescence
mode. No low spline clamp, a strong high spline clamp, and
a &k = 4 and a KaiserBessel window were used for the

FTs. Other parameters used for optimized background
removal and the forward FT for each of the three samples

are listed in Table 1. Scans of the-RENT were taken as a
colloidal suspension to simulate conditions under which it
would be used as a DMFC catalyst. The-BNT in colloidal

Although the degree of surface oxidation was readily
quantitated in our previous study,spectroscopic peak
assignments from—COOH in the XPS could not be
unambiguously made as a result of the fact that the C 1s
core levels of—~COOH overlap with those of- C—OH and
—C=0 groups'>3%-32which were also present. The infrared
data (vide infra), however, expands our ability to make these
functional group assignments. The ATR-IR difference spectra
stackplot of the CNTs (with the raw, untreated nanotubes
used as a blank) clearly showed distinct stretches of the (1)
—C=0, (2) asymmetric—COO—s, and (3) symmetric
—COO—(, ester groups from the 1-, 2-, 4-, and 8-h
sonochemical treatment times (Figure 6). Hydroxyl stretches
on the CNT surface at-3150 and 3600 cnt were also
observed (Figure 7; left panel). Key ATR-IR frequencies
observed for the sonochemically treated CNTs are sum-

suspension had the poorest signal-to-noise ratio because offarized in Table 2.

the limitations in the decreased sample density (Figure 5A).
The FT data show the nearest neighbor to the target=at

It should be noted that there is a paucity of vibrational
data on multiwalled CNTs as most of the literature focuses

1.53 A, a distance that is too short for the typical 2.77 A on single-walled CNT systems; hence, some imprecision is
bulk Pt=Pt bond length. To enhance the S/N for EXAFS anticipated when making direct comparisons with literature
analysis, the sample was dried to concentrate it prior to values to date. Intensities on single-walled CNTs, observed

placing in the beamline. In the dry PENT sample, the
nearest neighbor distances were still shorier<1.78 A)
than predicted for PtPt (Figure 5B). The lowR value
feature aR = 1.01 A is an artifact of imperfect background
subtraction due to the intense Pt Lwhite line at the
absorption edge. The FTs of both the dry and the colloidal
solution suspended PCNTs seemed to point to Pt low-
molecular-weight atom coordination. The dotted-line spec-
trum is that of the reference foil, obtained in the transmission

mode for comparison. The strong peaks between 2 and 3 A

correspond to the interaction occurring between the first

nearest neighbor (INN) Pt atoms. Peak positions of the FT 33) Mawhinney, D. B.; Naumenko, V.; Kuznetsova, A.; Yates, J. T

atR=2.12 and 2.70 A are in good agreement with positions
observed by othet3?” for Pt foil. In comparingR values

with both those of the colloidal aqueous solution and those

between 1300 and 1600 c are typically left unassign-
ed3*35 However, the feature at1400 cn! can be assigned

(27) Zhang, Y.; Toebes, M. L.; van der Eerden, A.; O'Grady, W. E.; de
Jong, K. P.; Koningsberger, D. @. Phys. Chem. B004 108 18509~
18519.

(28) Kojima, I.; Miyazaki, E.; lwao, YAppl. Surf. Sci1982 10, 27—41.

(29) Lamber, R.; Jaeger, N. Surf. Sci.1993 289, 247—254.

(30) Hiura, H.; Ebbesen, T. W.; Tanigaki, ldv. Mater. 1995 7, 275~

276.

(31) Hidefumi, H.; Ebbeson, T. W.; Katsumi, Adv. Mater.1995 7, 275~
276.

(32) Lee, W. H.; Lee, J. G.; Reucroft, P. Appl. Surf. Sci2001 171,
136—-142.

N o
Lui, J.; Smalley, R. EJ. Am. Chem. So00Q 122, 2383-2384.
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Figure 6. ATR-IR difference spectra of the 216®@00 cnt! region of

sonochemically treated CNTs before Pt nanoparticle deposition. Untreated

CNTs were used for background subtraction. Features from (1) carbonyl
and ester (2) asymmetric and (3) symmetric stretches are observed.

to a C—H bending motioff*”on hydrogenated single-walled
CNTs. Because we observe accompanying mode820
cmtin our data after 1- and 2-h sonochemical treatments
(2916 cn1?) followed by Pt cluster deposition (2920 ci
vide infra) near the hydroxyl region (Figure 7; blue trace on

right panel), we also make this assignment. Note that these

bending modes were not observed in the 2-, 4-, and 8-h
treatments because the-€l bend absorbance signal from

Chem. Mater., Vol. 18, No. 7, 2005

ment of they(C—O—C),s stretci® at peak 2 and the(C—
O—C); stretch at 1037 cmi (peak 3§ which grows until
reaching a plateau between the 2l@nh oftreatment before
decreasing a8 h of treatment. We attribute the loss of
intensity to degradation of the surface groups (not the CNTSs)
from over-oxidation. The CNTs, as shown by the Raman
data (Figure 5A), retained most of their carbof spucture
from the graphene sheets. Although the peak 2 feature at
1090-1190 cn1? can be assigned to-€0 stretching from

the CNT surfacé’ it does not indicate a carboxylic acid
moiety. The feature falls just outside the expected 1315
1280 cn! (ref 40) range. The acidic form of COOH has a
reported stretch at1735 cm'?, signifying the COOH group
tethered onto single-walled CNTs observed by others.

On multiwalled CNTSs, the characteristic stretching frequency
has been reported to absorb at 1710 €nef 44) but was

not observed in our data. Also, the carboxylate group has
asymmetric—=COO—s and symmetric-COO— stretches

at 1560 and 1400 cm, respectively®? Neither of these
intensities were pronounced in the ATR-IR spectra prior to
Pt deposition (Figure 6). The COOH does not seem to be
present in appreciable quantities. On the basis of the ATR-
IR data, the—COO— species detected in the XP@ppears

to be attributed to an ester-like species rather than a
carboxylic acid. Prior to the deposition of the Pt nanopatrticles
the CNT surfaces were covered predominantly with
—C=0, —COO—, and —C—OH groups. It is with these

the': qure mtensek:)OH st(rjetlchis tgart, a;cc()jmpan]eo(leNT Sun‘a;]c‘:moieties that the Pt nanopatrticles interact and bind. Surface
oxidation was obscured. In the 2-h, Pt-deposited system, t ehydroxyls, on the other hand, were prevalent throughout the

diminished OH stretch (vide infra) allowed for observation
of the C—H bend.

The most pronounced feature development is that of the
carbonyl stretch consistent with interaction with an ester
group®® The peak at 1725 cm in the 1-h treated sample
grew in and shifted to a lower frequency at 1700 éifpeak
1) after a 2-h sonochemical treatment. The shift continued
to 1705 cm? after a 4-h sonochemical treatment; this peak
position is predicted for an ester group with increasing
conjugation accompanying surface oxidat®he shift to
lower frequency is due to increased surface oxidation, which

changes the local electronic environment through increased
availability for resonances that act to decrease the effective

bond order of the carbonyl borsd.Overall, the IR peaks

shift to lower frequencies as the surface oxidation increases.
Note that the frequency stretches are higher for the 4- and
8-h treated samples than for the 2-h sample (Figure 6). This

result is consistent with the Raman data (Figure 1) showing
CNT surface decomposition with excess sonication time,
further validating our previous XPS findings showing that

increased sonication decomposes the surface functional

groupst! Another frequency shift from 1189 crhto 1134

cm! (peak 2) was observed between the 1- and 2-h sono-

chemical treatments. Also apparent is the intensity develop-

(36) Khare, B. N.; Meyyappan, M.; Cassell, A. M.; Nguyen, C. V.; Han,
J.Nano Lett.2002 2, 73—77.

(37) Ellison, M. D.; Good, A. P.; Kinnaman, C. S.; Padgett, NJEPhys.
Chem. B2005 109, 10640-10646.

(38) Smith, A. L.Applied Infrared SpectroscopWiley and Sons: New
York, 1979.

(39) Drago, R.Physical Methods for Chemist&nd ed.; Surfside Scien-
tific: Gainesville, FL, 1992.

sonochemical treatments from ® 8 h asseen in the
stretching region near the-3150 cm?! (peak 4) region
(Figure 7; left panel). Disordered OH stretching on the CNT
surface appeared at 3568800 cni! (peak 5), likely due

to weakly bound surface hydroxyls with possible lateral
interactions (e.g., H bonding) between th#Reak 4 remains
intense throughout the sonication treatment times. Peak 4
broadens and increases in intensity with increased oxid&tion.
Peak 5 begins to develop aft2 h of sonication and then
dominates after the 8-h treatment. Although precise quan-
tification of peak 5-to-peak 4 is difficult because of the high
background, an increase in the peak 5 intensity with longer
sonochemical treatment is observed. The relatively larger
peak 5-to-peak 4 peak area ratio at the 8-h sonochemical
treatment (Figure 7; left panel) is likely a result of surface
over-oxidation that decomposed the surface functional groups
prior to nanoparticle deposition. Peak 43150 cnt?) is
assigned to an ordered OH stretch where the hydroxyl is
coordinated to the CNT surface. Peak 5 is assigned to

(40) Colthup, N. B. Infrared spectroscopy. Encyclopedia of Physical
Science and Technolog@rd ed.; Meyers, R. A., Ed.; Academic
Press: New York, 2002; Vol. 7, pp 793816.
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8375.

(43) Zhang, J.; Hongling, Z.; Qing, Q.; Yang, Y.; Li, Q.; Liu, Z.; Guo, X.;
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Figure 7. ATR-IR spectra of 39062950 cnv! region of sonochemically treated CNTs before Pt nanoparticle deposition. Raw data are shown. Peaks 4 and
5 denote ordered and disordered OH stretches, respectively (left panel). The red trace denotes a reduced signal from OH after Pt nanopaticlengeposit
blue trace denotes stretches from-B& bending modes due to the multiwalled CNT surface (right panel).

Table 2. Vibrational Frequencies of Multiwalled CNTs after — & F © F 5 oo e
Sonochemical Treatment B /w 4 1
N . | k\‘ 4-hr with Pt ,("H“\q
sonochemical C=O, unassigned, C-Ostretch, COO, 0.005 [ I W W
treatment, h cm?t cm! cm1 cm1 [ ||I f '\”\ / A AVG
[
1 1725 1510 1191 1033 w \\"\\/.' | ,{ UJ N
2 1700 1487 1138 1031 2l \,f i
4 1705 1518 1143 1030 &
8 1700 1520 1133 1028 &
o I
disordered hydroxyls weakly bound (physisorbed) to the - |o00s v iRt 1
CNT surface. The increase in surface disorder resulted from If‘w\j’ “hf\’\\ & 0
the breakup of the $ghybridized carbon due to sonication fw ) i
as shown by the Raman data (Figure 1). We attribute the
increase in peak 5 (Figure 7; left panel) to the disordered 2000 1800 1600 1400 1200 1000
OH groups emanating from over-oxidation of the CNTSs. WAVENUMBER, om”!

In the 2- and 8-h samples the-® stretch of physisorbed Figure 8. ATR-IR difference spectra of 21600 cnt? region of 2- and

water can be seen at3650 cntl. We attribute the decreased 4-h sonochemically treated CNTs after Pt nanoparticle deposition. Untreated
’ CNTs were used for background subtraction. Vibrations from (1) carbonyl

signal of these peaks in the 1- and 4-h treatments to slightang ester (2) asymmetric and (3) symmetric stretches as seen in Figure 6
variations in drying. Upon Pt nanoparticle deposition, a are noted for comparison. Arrows denote a new set of frequencies signifying

marked decrease in peaks 4 and 5 (Figure 7; left panel) wascocrdination with Pt nanoparticles.
observed [the OH stretch greatly diminishes (red trace)] along
with a drop in the pH of the supernatant solution in which
the Pt nanoparticles were formed. Surface hydroxyls, bot
in the ordered {3150 cn?) and disordered~3600 cn?)

be acidic and (2) there is a lack of carboxylic acid surface
, groups. There is possibly interference from Coulombic effects
associated with Pt nanoparticle deposition interfering with

forms, decreased as the Pt nanoparticles were tethered ont§" accurate megsu_remen_t of proton_ release (via _mfluences
of the aqueous ionic environment) into the solution. The

the CNTs. Accompanying the disappearance of the OH .
stretch, a small but measurable drop in pH was observed.m;fects of the surface point-of-zero charge (PZC) were not
The sc;lution pH dropped byA(ApH) =] 0.358 + 0.037 investigated and are a subject for future study. Proton release

units before and after the Pt cluster deposition={ 3) was observed at conditions that are removed from the surface
Changes in pH before and after deposition were comparedpzc' Regalbuto and co-workers have demonstrated that pH

with pH changes in control experiments containing the same near charged surfaces can be unstabftthus, PZC. copdl—
reagents but without the CNTS; thus, the pH drop we report thn§ need to be taken into account when elucidating the
emanated from proton release of the CNT surface only. As origin of the proton release.

surface protons are given off into solution, the OH vibrational ~ Figure 8 shows ATR-IR difference spectra of Pt nano-
stretches, seen in peaks 4 and 5, greatly diminish, suggestivéarticles tethered to the 2- and 4-h surfaces. TheHC

of strong interaction between the Pt nanoparticles and surfacd?ending modes at1400 cnt* (Table 3) on both of these
hydroxyl O atoms. We hypothesize a—O—Pt binding
interaction; however, we have been unable to collect data (46) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
using our experimental setup in the 300 to 600-&m dination Compounds. Part B: Ap_plications.in Coordination Qrgano—
frequency range to verify the presence of the anticipated ?5}.2"?@3?,“ Bioinorganic Chemisirgth ed.; Wiley and Sons: New
Pt—0O stretch® This hypothesized structure therefore remains (47) Park, J.; Regalbuto, J. B. Colloid Interface Sci1995 175 239~
tentative. The measured drop in pH is a surprising result (48) f—|5a26, X.; Quach, L.: Korah, J.. Spieker, W. A.; Regalbuto, JJR.
because (1) protons from hydroxyl groups are not known to Mol. Catal. A2004 219, 97—107.
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Table 3. Vibrational Frequencies of Multiwalled CNTs after Pt Scheme 1. Proposed PtCNT Binding Sites
Nanoparticle Deposition Pt
Scheme Scheme C—H Scheme Scheme : ,Pt\
sonochemical 1a, 1b, unassigned,bend, 1a, 1b, : 0O 0

treatment,h cm™*  cm™! cm?t cm?! cm?!  cm? N /O\ ,/0 N 7
2 1712 1629 1536 1399 1092 C
4 1710 1643 1521 1397 1167 |
a b

surfaces further validate the-€H bend (vide supra) assign-
ment (Figure 7; right panel). In comparing the vibrational
spectral shifts between the two sonochemical treatments,

there appears to be greater Pt binding interactions with the . ;
-h d th th the 4-h d CNT surf on th nanoclusters (vide supra), has been reported to coordinate
-h treated than with the 4-h treate surtace. On the i ester O atoms in acidic aqueous metia.

2-h ;onochemically treated CNTs with deposited Pt nano- o, the basis of the ATR-IR data, we propose two possible
particles, the €O ester features, denoted by peaks 2 and 3, p—cNT surface structures: (1) Pt nanoparticle coordination
become a broad, single band with a center at 1092'cm o ester O atoms bound to the CNT surface, bridging between
indicative of strong interaction of the Pt nanoparticles with two carbons and serving as a binding site for the Pt
the ester O. In addition, the carbonyl O band at 1700°%cm  nanoclusters in the form of &0)CO(Pt) (Scheme 1a), and

is replaced by two peaks absorbing at 1712 and 1629 cm (2) attachment via carboxylate ions in which the O atoms
(Tables 2 and 3), indicative of Pt nanopatrticle interactions effectively have equal bond order and participation the Pt
with carbonyl O. On the 4-h treated sample, however, binding in the form of COO(Pt) (Scheme 1b). Features due
changes in these spectral features were not as pronounced? structures represented in Scheme 1a,b are simultaneously
As the sonochemical treatment ensuedH@-OH/—COO—/ observed in our data. Tables 2 and 3 summarize the
—C=0 functional groups may have partially decomposed vibrational bands qbserved b_efore (Figure 6) and after (Figure
which thus resulted in poorer binding with the Pt nanopar- 8) the Pt nanoparticle dfp_osmon onto the multlwalle_d CNTs.
ticles. Pt binding with the carbonyl O was evident from the Stretches at-1700 cnT” signify the G=O stretch prior to

absorbance shift from a single feature at 1700 €to two nanoparticle binding. The observgd blue shift to higher
peaks at 1712 and 1629 cfn Bands from the ester-€0 wavenumber (by-5-10 cnm) relative to peak 1 for both

tretch il t with vibrational stretch t1160the 2- and 4-h treatments (Figure 8) upon Pt nanoparticle
streiches were Still present with vibrational stretches & binding is consistent with coordination of Pt to the ester O

cm L. (Compare the frequencies of peak 2 between Eiguresatom (Scheme 1a). The pronounced signal at 1167 &rom

6 and 8 for the 4-h treated samples.)#26 cnr* shift Pt end-on binding to the ester O in the 4-h treated CNT
relative to the equivalent stretch was observed on the griace (Figure 8; top) is consistent with Scheme 1a and
sonochemically treated CNTs without the Pt nanoparticles. |iterature reports of transition metal end-on complexation to
The second €0 feature was still present at 1030 cthipeak (M)O—C=025% The coordination formed therein would
3) with the deposited Pt, but the intensity of the absorbancereduce electron density in the=€© causing this frequency
was greatly diminished on the 4-h treated CNT sample. Pt shift. According to Petroski and El-Sayé&dbecause the d
nanoparticles could still be tethered onto the 4-h treated band of Pt is close to the Fermi level, electron density to
CNTs, albeit more poorly than on the 2-h treated CNTs. In form new bonds will come from the=€0 group rather than
comparing the relative ATR-IR vibrational shifts of the-Pt the Pt. Hence, shifts in the=€0 stretch would be sensitive
CNT versus the CNT without Pt on the 4-h treated surface, {0 coordination with Pt. The unassigned frequenciesk00
interactions of Pt with carbonyl O atoms were greater than €™~ May be attributed to the €C structure in the
those with ester O atoms (Figure 8; top spectrum). There multiwalled CNT. Matranga and Bockrath have noted that

were no frequency shifts with peaks 2 and 3, but there Wasthese _\{lbratlons are cloge to th_ose .Of IR active phonons in
one with peak 1. The poorer PENT bindina on the 4-h graphitic carbons associated with single-walled CRfTs.

| P lik I. b dp to f A Ogt iiabl A red shift is observed from-1160 cm! (Figure 6) to
sample may likely be due fo fewer ester L aloms available _,1g cpyt (Figure 8; bottom) which we attribute toeC—

for binding to the Pt nar;opgrticles as compared to the 2-h 5 binding to Pt due to the fact that Pt nanoparticle
treatment from over-oxidation due to prolonged surface geposition resulted in this shift. However, this frequency (at
oxidation. Note that the intensity of the 2-h treatment is four 1100 cnr?) differs significantly from the anticipated stretch
times larger than that of the 4-h treatment (Figure 6). From at~1000 cnt! based on metalalkoxide frequencies in this
the 2-h treated samples, it is clear that the Pt loading of the region® We speculate that this 100 ctndifference may
oxidized CNTs dramatically altered the absorbance signal be due to Pt+O— interactions with the &C carbene sheets
from the C-O stretches in the 1300-t0-900 ciregion of the multiwalled CNTs. A corresponding blue shift is
(compare Figure 6 with Figure 8, bottom spectrum). The observed before and after Pt nanoparticle deposition, from
carbonyl G=0 signal at 1700 crt is less affected, though 1487 to 1536 cmt when Pt was deposited on the 2-h treated
there is a shift to a higher frequency of 1712 ¢nand the

emergence of another stretch at 1629 gnindicative of (49) 1519‘{"6%;%3'\45 Kao, L.-C.; Hutson, A. @. Am. Chem. S0d.992
multiple binding sites for the Pt nanoparticles. This would (50) Mascetti, J.; Tranquille, MJ. Phys. Chem1988 92, 2177-2184.

indicate that the Pt coordination is primarily through the C
O species in the 2-h treated CNT samples. Coordination of
Pt(ll), possibly present in the Pg@t the perimeter of the
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CNTs (Figure 8; Tables 2 and 3) which could result from  Acknowledgment. We gratefully acknowledge the support
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