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Abstract: We report the tuning of the redox properties of iron and iron oxide nanopatrticles by encapsulation
within carbon nanotubes (CNTs) with varying inner diameters. Raman spectroscopy was employed to
investigate the interaction of the encapsulated nanoparticles with the CNTs. A red shift of the Fe—O mode
is observed in the nanoparticles deposited on the outer CNT surfaces with respect to bulk Fe,O3. However,
this mode is found to be stepwise blue-shifted with decreasing inner diameter in the CNT-encapsulated
Fe,O3 nanoparticles, suggesting an enhanced interaction of Fe,O with the inner CNT surface as its curvature
increases. The autoreduction of the encapsulated Fe,Os is significantly facilitated inside CNTs with respect
to the outside nanopatrticles. Interestingly, it becomes more facile with decreasing CNT channel diameter
as evidenced by temperature programmed reaction, in situ XRD, and Raman spectroscopy. The oxidation
of encapsulated metallic Fe nanoparticles on the other hand is retarded in comparison to that of the outside
Fe particles as shown by in situ XRD and gravimetrical measurements with an online microbalance. We
attribute this tunable redox behavior of transition metal nanoparticles inside CNTs to a particular electronic
interaction of the encapsulates with the interior CNT surface, which stabilizes the metallic state of Fe.

1. Introduction bination of the unique properties of nanotubes and the confine-
ment effect of the channels.

Although extensive studies have been undertaken to introduce
transition metals into the CNT channéls!3 there is a lack of
rlmowledge of the physiochemical properties of encapsulated
transition metal nanoparticles. In particular the redox behavior
and chemical stability of the encapsulated transition metals are

d " h d electrical ductivit hani Iessential for applications in catalysis. Iron, a typical d-block
and properties such as good electrical conduclivity, mechanicaly . qition metal, and its oxides are important catalysts for many

strength, and thermal stab_ilf‘tyalso make CNTs intr_iguing _ reactions, e.g., Fischeffropsch, ammonia synthesi,or
catalyst supports. Many.studles have.s:hown the benefits of us'ngethylbenzene dehydrogenation to styr&héle have previously
CNTs as supports to d_lsp_erse transition metal_ catalysts on thefound that CNT-confined F©; nanoparticles can be autore-
outer CNT surface for liquid-phase hydrogenation and fuel cell y, coq and that this process is facilitated when they are located

electrode reac?tipnfsresulting in an improved activity and/or jnsije CNT channels rather than on the outer surface of G Ts.
product selectivity~—8 However, few efforts have been made Here we study systematically the redox behavior of the

to carry out reactions on transition metal catalysts encapSUIatedencapsulated Fe and /& nanoparticles. The results obtained
ithi -10 i i : N AN X

within nanotubes; *° although this may bring forth an unex-  om 5 series of in situ characterization experiments such as

pected and interesting catalytic performance due to the COM-temperature programmed reaction (TPR), XRD, and Raman

. . spectroscopy as well as gravimetrical analysis employing an

(1) Khiobystov, A. N.; Britz, D. A.; Briggs, G. A. DAcc. Chem. Re2005 on-line microbalance coupled with a mass spectrometer (MS)

(2) Santiso, E. E.; George, A. M.; Sliwinska-Bartkowiak, M.; Nardelli, M. B.;  confirm that the redox properties can be tuned by varying the
Gubbins, K.Adsorption2005 11, 349.
(3) Halls, M. D.; Schlegel, H. BJ. Phys. Chem. B002 106, 1921.

Carbon nanotubes (CNTs) exhibit a well-defined tubular
morphology and are proposed to be utilized as templates for
the synthesis of other nanomaterials or as nanosized reactio
vesseld:3 Theoretical studies indicate that chemical reactions
could be sensitive to the confinement in nanoscopic channels
of CNTs273 The nonplanar sghybridized carbon framework

(4) Ajayan, P. M. @em. Re. 1999 99, 1787. (11) Ajayan, P. M.; Ebbesen, T. W.; Ichihashi, T.; lijima, S.; Tanigaki, K.; Hiura,
(5) Planeix, J. M.; Coustel, N.; Coq, B.; Bretons, V.; Kumbhar, P. S.; Dutartre, H. Nature 1993 362, 522.
R.; Geneste P.; Bernier P.; Ajayan P. Wl.Am. Chem. Sod994 116, (12) Guerret-Plecourt, C.; Le Bouar, Y.; Lolseau, A.; Pascardy&ture 1994
7935. 372 761.
(6) Serp, P.; Corrias, M.; Kalck, PAppl. Catal. A2003 253, 337. (13) Chen, Y. K.; Chu, A.; Cook, J.; Green, M. L. H.; Harris, P. J. F.; Heesom,
(7) Yoon, B.; Wai, C. M.J. Am. Chem. So@005 127, 17174. R.; Humphries, M.; Sloan, J.; Tsang, S. C.; Turner, J. B.®™ater. Chem.
(8) Girishkumar, G.; Hall, T. D.; Vinodgopal, K.; Kamat, P. ¥..Phys. Chem. 1997 7, 545.
B 2006 110, 107. (14) Westerberg, S.; Wang, C.; Chou, K.; Somorjai, G.JAPhys. Chem. B
(9) Tessonnier, J.; Pesant, L.; Ehret, G.; Ledoux, M. J.; Pham-Huapgl. 2004 108 6374.
Catal. A2005 288 203. (15) Weiss, W.; Zscherpel, D.; Schloegl, Batal. Lett.1998 52, 15.
(10) Zhang, A. M.; Dong, J. L.; Xu, Q. H.; Rhee, H. K,; Li, X. Catal. Today (16) Chen, W.; Pan, X.; Willinger, M. G.; Su, D. S.; Bao, X.Am. Chem. Soc.
2004 93-95, 347. 2006 128 3136.
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nature of the host (CNTs, SBA-15), the location on the exterior ~ For monitoring the autoreduction temperature of aplzeencap-
or interior surface of CNTs, and the diameter of the CNT sulate by Raman spectroscopy, a sample was heated in Ar at a rate of
channels. In particular Raman spectra indicate that theGFe 2 “C/min up to 500°C and then cooled down to around 3C.

vibration modes of the encapsulates are sensitive to the innerSubsequently, a Raman spectrum was recorded. Then this heating,
diameter of CNTs cooling, and recording procedure was repeated increasing the maximum

temperature during these cycles in 40 steps until 65CC (upper
2. Experimental Section temperature limit of the in situ cell). In this way the dependence of the
FeO; autoreduction temperature on the CNT diameter was probed.
2.1. Material Synthesis Raw CNTs (Chengdu Organic Chemicals) This autoreduction process was also followed by mass spectrometry
were first treated in aqueous HN@olution following a procedure by heating the samples in a flowing He stream (30 mL/min) at a rate
adapted from the literatufé Briefly, 3 g of CNTs were suspended in  of 2 °C/min. Since the reduction of F®; by carbon yields CO as the
150 mL of concentrated HN{Y68 wt %) and refluxed at 148C in an main product, the CO signain(e = 28.06) was monitored by an on-
oil bath. Our experiments with different refluxing durations-@) h) line quadrupole mass spectrometer (MS, Balzers OmniStar 300). In
indicated that almost all CNTs had opened tips after refluxing for 14 addition, the chemical transformation from,BPg to metallic Fe of the
h. After the mixture was cooled down to room temperature, it was samples was followed by in situ XRD (Rigaku X-ray diffractometer).
filtered through a PTFE film with a pore diameter of @& and washed Diffraction patterns were recorded within & 2ange of 30—50°
with deionized water until the pH value of the filtrate was around 7. continuously while the samples were heated at a rate’6f@in since
Then the product was dried at 8 for 12 h. This treatment removes  the most intense diffraction peaks of Fe and@sphases are located
the caps of the nanotubes as well as amorphous carbon and metain this 29 range. The scanning speed was/ifin.
catalyst residues. The treated nanotubes were subsequently added into The oxidation behavior of Fe nanoparticles was studied in situ XRD
an aqueous Fe(N} solution under stirring followed by ultrasonic by heating the samples in a gas mixture ofH (1 vol %) at a rate
treatment and simultaneous stirring for 2 h. Then the solvent was of 2 °C/min. The samples Fie-CNT(4) and Fesut-CNT(4) had been
evaporated slowly under ambient conditions. The resulting solid mixture obtained by prereduction of the oxides in the in situ XRD cell.
was gradually heated to 14Q in air and kept fo8 h atthis temperature Following reduction the cell was purged by a He stream for 30 min to

before being heated to 35C in He at a rate of 2C/min and held remove residual Hprior to oxidation. The diffraction patterns were
there for 3 h. In this way, Fe(N§l decomposes inside CNTs into,Bg again recorded within@= 30°—50° during the reoxidation process.
and the obtained sample is denoted asOgzén-CNT(x). The x in The oxidation process was also investigated by gravimetrical analysis

parentheses represents the smallest inner diameter of a CNT type. Threemploying a microbalance (TEOM, Rupprecht & Patashnick). Simul-
types of CNTs are used: CNT(2) (i.d—% nm), CNT(4) (i.d. 48 taneously the composition of the effluents was analyzed by an online

nm), and CNT(8) (i.d. 812 nm). The loading of F©s is 8 wt % for MS. This TEOM operates with fixed-bed samples with reaction gases
all samples unless otherwise stated. TEM reveals thdt B% particles passing through the catalyst bed and allows a highly accurate measure-
are located inside the nanotube channels of thgOFm-CNT(x) ment of the mass changaif = 10 «g) at a high time resolutionAt

samples, while the rest resides on the outer surface of CNTs (vide infra).= 0.1 s).
For comparison, the same amount ob®gwas deposited on the
outer surface of nanotubes by impregnating CNT(4) with aqueous

Fe(NQ)s sglution. For thi; CNT(4) wi?h closed caps were us_ed, which 3.1. Morphology of the FeO3s/CNT Composites. TEM
were obtained by refluxing CNTs in 37 wt % HNGolution at images reveal that the f@; particles of FeOs-outCNT(4) are
110°C for 5 h. In the TEM images of these CNTs, we did not observe omogeneously dispersed on the outer surface of the nanotubes.
tubes with opened caps. After impregnation, the same drying procedure e harticle size is fairly uniform with over 80% particles having
was "’Tpp“ec' and 523'OUt'C2L(T4)4waS Obta;)ne_d' d by reduction of & size in the range of-58 nm. In the samples of F@z-in-
Fein-CNT(4) and FesutrCNT(4) were obtained by reduction o CNT(x), we found that there are 80 5% particles located inside

Fe0zin-CNT(4) and FgO-out CNT(4) with FeOs loading of 20wt 4 oo (Table S1). Figure 1 shows TEM images of these
% in flowing H, at 500°C, respectively. - F19 . ) L

samples and the corresponding size distributions of overall

2.2. Characterization. Transmission electron microscopy (TEM) icl | b hat th ticle si .
measurements were carried out on a FEI TecAan{Broscope operated particles. It can be seen that the particle size ofCzevaries

at an accelerating voltage of 120 kv. The samples were ultrasonically With the diameter of CNTs. It is around-@ nm n CNT(8),
suspended in ethanol and placed onto a carbon film supported over @>—7 nm in CNT(4), and 34 nm in CNT(2), respectively. Note
copper grid. that the outside particles are of a very similar size as those inside
The optical spectrum of the blank CNT sample indicates a maximum the tubes in the respective sample.

absorption in the UVvis range peaking at about 255 nm (see 3.2. Raman Spectroscopic Study of the Encapsulated
Supporting Information, Figure S1). Therefore, we chose the Ik Fe,O3 Particles. The spectrum of the blank CNT(4) sample
laser with an excitation wavelength of 632.8 nm for characterization exhibits two Raman bands centered around 1590 and 1325 cm
of the FeO; encapsulated within CNTs, because longer wavelength \yhich correspond to the characteristigyand D modes of
light is expected to penetrate deeper into the saripié.Raman carbon nanotubes, respectivély22 We do not observe Raman
experiments were carried out on a LabRam | confocal microprobe bands from CNT(4) in the frequency region below 1000&m
Raman instrument (Dilor, France) at a laser power of ca. 7 mW. The . . 1

£nd in particular the 266600 cm* range where the charac-

powdered sample was pressed into the sample holder, which was ther™ "~ | ) . . . locaf
placed into a home-built high-temperature reaction cell for in situ teristic Fe-O vibration bands of iron oxides are locatécs

3. Results and Discussion

Raman measuremeri. shown in Figure 2A-a. After deposition of #8; particles on
the outer surface of CNT(4) three new Raman bands appear at
(17) Tsang, S. C.; Chen, Y. K.; Harris, P. J. F.; Green, M. LNdture 1994 215, 273, and 383 cmt (Figure 2A-b), respectively. These
372 159 bands are in agreement with the typical frequencies observed

(18) DombroWski, K. F.; De Wolf, I.; Dietrich, BAppl. Phys. Lett1999 75,
2450

(19) Holtz, M.; Duncan, W. M.; Zollner, S.; Liu, Rl. Appl. Phys2004 88, (21) Wang, Y.; Alsmeyer, D. C.; McCreery, R. Chem. Materl99Q 2, 557.
2523. (22) Ekund, P. C.; Holden, J. M.; Jishi, R. 8&arbon1995 33, 959.

(20) Weng, W.; Pei, X.; Li, J.; Luo, C.; Liu, Y.; Lin, H.; Huang, C.; Wan, H. (23) De Faria, D. L. A; Silva, S. V.; De Oliveira, M. T. Raman Spectrosc.
Catal. Today2006 117, 53. 1997, 28, 873.
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Figure 1. TEM images and the size distributions of the®Bgnanoparticles encapsulated within CNTs with varying inner diameters (a) CNT(8) with i.d.

8—12 nm; (b) CNT(4) with i.d. 48 nm; (c) CNT(2) with i.d. 25 nm.
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Figure 2. (A) Room-temperature Raman spectra of theQzeparticles
encapsulated within various CNT channels. (a) Blank CNT(4); (bDEe
out-CNT(4); (c) FeOs-in-CNT(8); (d) FeOs-in-CNT(4); (e) FeOs-in-CNT-

(2); (f) blank CNT(2). (B) Raman shift versus the inner diameter of CNTs.

for o-F&03, although a shift toward lower frequency is noted
compared to the reported features for the bulk material (220,
283, and 396 cm').2® These features can be assigned to the
A1g (215 cmr?) and (273 and 383 cmt) vibration modes of
Fe—0.23 Since the feature at 215 cthis too close to the side

band of the excitation laser line, we do not pay detailed attention
to this band in the following.

When FgO; particles are introduced inside the channels of
CNT(8), there also appear three new bands with the latter two
centered at 276 and 387 cfn(Figure 2A-c). They are blue-
shifted compared to those for the Bg particles on the outer
surface of CNT(4). Figure 2A-d shows that these two bands
further shift to 281 and 391 cm inside CNT(4), respectively.
Note that there is an 8 cm shift of each Fe-O mode between
exterior and interior F€s particles of CNT(4). The first &
mode is further blue-shifted to 286 cfin the spectrum of
Fe0s3-in-CNT(2), while the second one is hardly discernible
as a very broad and weak band between 390 and 40G cm
there (Figure 2A-e and the inset of Figure S2). In addition this
sample exhibits a few new features at 214, 235, 307, and 331
cm™1, which can be assigned to modes of SWNTs by compari-
son with the spectrum of the blank CNT(2) (Figure 2/44).

It should be pointed out that the metd vibrations could
be influenced by the particle size due to an increased fraction
of surface atoms, confinement of optical phonons, crystal
defects, and et€26 Figure 2B shows the Raman shift of the
more intense Fe—0 band versus the inner diameter of CNT-
(%), in which the particle size of E6s varies accordingly. One
sees that thisr.—o frequency of FgO3; nanoparticles on R8s-
outCNT(4) is significantly red-shifted compared to the bulk
Fe0s; in agreement with the general observation in earlier
reports?327-29 However, it shifts to higher frequencies when
the particles are moved from the exterior to the interior of CNTs.
It further blue-shifts when the particle size becomes smaller
inside narrower CNT channels. This does not line up with the

(24) Dresselhaus, M. S.; Dresselhaus, G.; Jorio, A.; Souaz Filho, A. G.; Saito,
R. Carbon2002 40, 2043.

(25) Xu, J. F.; Ji, W.; Shen, Z. X,; Li, W. S.; Tang, S. H.; Ye, X. R.; Jia, D. Z.;
Xin, X. Q. J. Raman Spectros@999 30, 413.

(26) Liu, F. X.; Yang, J. L.; Zhao, T. FPhys. Re. B 1997, 55, 8847.

(27) Owens, F. J.; Orosz, $olid State Commur2006 138, 95.

(28) Wang, X.; Chen, X. Y.; Ma, X. C.; Zheng, H. G.; Ji, M. R.; Zhang, Z. D.
Chem. Phys. LetR004 384, 391.

(29) Wang, J.; White, W. B.; Adair, J. H. Am. Ceram. SoQ005 88, 3449.
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800°C Table 1. Autoreduction Temperatures (7) of the Encapsulated
A Fe,O3 within Various CNTs Detected by TPR, in situ XRD, and
Raman Spectroscopy
;E‘_a Tby TPR Thy XRD T by Raman
s 621°C sample (°C) (°C) (°C)
2 Fe05-in-CNT(8) 621 ~ 615 ~ 620
E|p Fe03-in-CNT(4) 600 ~ 600 ~ 610
g 600 °C Fe03-in-CNT(2) 584 ~ 590 ~ 590
[&] C .
84 °C
d increasingly difficult diffusion of CO out of the nanotubes as
150 300 450 600 750 900 indicated by a reduction experiment with,Bg-in-CNT(2) at

Temperature (°C)

a heating rate of 0.8C/min.

In situ XRD detects the crystal phase changes of the samples
accurately without interference by the CO diffusion. The XRD
patterns in Figure 3B show the transformation of the encapsu-
lated FeOs-in-CNT(4) during the heating in Ar. The two weak
peaks at 34.5and 42.8 are the characteristic [110] and [202]
diffraction peaks of Fg3 (JCPDS 24-0072). The latter peak
overlaps with the [100] diffraction peak of graphite (JCPDS
65-6212). The two F®; peaks do not change significantly
between room temperature and 585 However in a narrow
range of 590+ (1—5) °C, the FeO3 phase vanishes abruptly,
while a new peak rises at 44.torresponding to the [110]
reflection of the metallic Fe phase (JCPDS 06-0696). This is in
very good accordance with the reduction temperature detected

Figure 3. (A) CO evolution during TPR of the E®3/CNT composites.

(a) FeOsz-o0utCNT(4); (b) FeOsin-CNT(8); (c) FeOsin-CNT(4); (d) by the CO release during TPR. The 44gkak becomes more
Fe03-in-CNT(2). (B) the chemical transformation of #&&-in-CNT(2) intense with a further increase in temperature. The disappearance
monitored by in situ XRD. of Fe&0; and appearance of Fe phases are also observed for the
) ) 30729 . other samples within a narrow temperature range. The XRD
red shift generally reported for nanosize¢®¢* implying transformation temperatures of these samples also agree well

the presence of an interaction of the,®g particles with the with those corresponding to the maximum intensity of the
inner CNT surface. Furthermore, this interaction is enhanced respective CO MS signals detected by TPR, as shown in Table
within smaller nanotubes. . _. 1. Thisimplies that the CO diffusion does not delay the detection

Ramaq spectroscppy has been widely used to study transrglonof the reduction temperature by TPR significantly.
metal'('mdes and.ls aIsp a prov?rgg method to characterize The autoreduction was further studied in situ by tracking the
graphitic carbon mc_ludmg CNT@ The abovg results characteristic FeO Raman band. As shown in Table 1 (also
demonstrate that this technique is also effective for the see Figure S3), the band 276 Thof FeOs-in-CNT(8)
investigation of the encapsulated transition metal oxide particles. disappears at- éZO °C indicating that the oxide has been
Furthermore, it is a powerful tool to probe the differences in reduced to metallic Fe because metals are not Raman active.
the interaction of the encapsulated and surface nanoparticles.].he 281 cm oo Mode inside CNT(4) becomes very weak
with CNTs. To the best of our knowledge, this is the first near 600°C and vanishes at610°C, and the corresponding
example of employing Raman spectroscopy for this purpose 286 cn1! feature within CNT(2) disafopearsa690°c. These
opening a new avenue for the notoriously difficult study of temperatures agree well with those observed by TPR and in
encapsulates in C.NTS' . situ XRD. This further corroborates that we can monitos&=

33 Autor_eductlon of the Encapsn_JIated '_:@3 Pa_lrtlcles. nanoparticles inside CNTs by Raman spectroscopy. In summary
The interaction of the R8s nanoparticles W'th.the inner gnd these experiments demonstrate conclusively that the autoreduc-
outer CNT surfaces affects the autoreduction behavior of tion of the encapsulated §®&; nanoparticles varies with the inner

16 i : . Co .
F&0s.™ This interaction was StUd_'ed in greater det_all here by diameter of CNTs and is significantly facilitated within smaller
temperature programmed reaction (TPR) focusing on the CNT channels

influence of the CNT inner diameter. The evolution of CO was
monitored in the effluent while heating the samples in a He
stream. Figure 3A-a shows that the,Bg particles located on
the outer surface of CNT(4) are reduced at 8@0 When the
FeOs _partlcles are moved Into the Interior of CNT(S)’ the sp? and sp in the graphene layers, and as a resuklectron
reduction takes place at 62C (Figure 3A-b). With the diameter L . .

. ) k . density is shifted from the concave inner to the convex outer
decreasing, the reduction temperature is stepwise lowered tosurface of CNT€-3! Thus the interior surface becomes
600 °C (CNT(4), Figure 3A-c) and further down to 58€ if )

e R0, ariclesar ocated nsde CNTR) (Pure aha). SO ST bl W ouer suiece becomes siecton,
The area of the CO peak of each sample in Figure 3A is ' y y

practically the same. However, the peak becomes wider and ;o 11 qdon. R CSciencel993 261, 1545
asymmetric with decreasing diameter, which is caused by the (31) Ugarte, D.; Chatelain, A.; de Heer, W. Bciencel996 274, 1897.

We have previously proposed that an electron deficiency of
the interior CNT surface is responsible for the facilitated
autoreduction of the encapsulated,®g!® Deviation from
planarity causes hybridization to become intermediate between

7424 J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007
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partially compensated through interaction with the encapsulated
FeOs. Apparently this destabilizes the oxidic nanoparticles and
facilitates the autoreduction of the encapsulates. This electron

shift should be enhanced as the CNT cross section becomes

smaller and should result in a stronger electronic interaction of
the concave inner surface with the encapsulate@fgarticles.
The clear correlation of the autoreduction temperature with the
CNT inner diameter observed here is consistent with this initial
hypothesis of us.

3.4. Oxidation of the Encapsulated Fe NanoparticlesThe
oxidation of the Fe nanoparticles inside and outside CNT(4)s
with 1% O, in He is studied by in situ XRD. As shown in Figure
4, both the fresh Feut-CNT(4) and Fen-CNT(4) exhibit an
intense peak at@= 44.17° and a much weaker one at 42.7
The former peak corresponds to the characteristic metallic Fe
[110] reflection, and the latter, to graphite [100]. Figure 4A
shows that the intensity of the Fe phase oroBe€NT(4) starts
to decrease at90 °C (denoted ag;), while at~105°C (Ty)
the [110] FeOs; peak at 2 = 34.5 starts to emerge. The latter
peak grows more intense with increasing temperature, and
around 250°C other peaks at 32.4, 40.1 and 48.ére
also observed corresponding to the [104], [113], and [024]
Fe s facets, respectively. The metal peak at 44vanishes
around 290°C (Ts) suggesting that the oxidation of Fe is
completed.

In contrast, the significant decline of the Fe is observed at
~160°C (T1), and the emergence of the g phase only starts
to be discernible at 180C (T,) on Fein-CNT(4) and the Fe
phase does not fully disappear until 405 (Ts) (Figure 4B),
almost 100°C higher than the case for Fet-CNT(4). The
key temperaturesTg, T,, andTs) of both samples are listed in
Table 2 for comparison. The plot in Figure 4C shows the
intensity of the metallic Fe phases changing with the oxidation
temperature, from which the Fe oxidation rate can be roughly
approximated. Thus the activation energy was estimated to be
18 kJ/mol for the oxidation of the encapsulated Fe nanoparticles
of Fein-CNT(4), which is higher than the corresponding value
of 14 kJ/mol for Feeut-CNT(4). Both values are much smaller
than the 32 kJ/mol reported for the oxidation of bulk®¥&his
clearly indicates that nanosized Fe particles are more readily
oxidized, even though the encapsulated Fe is more difficult to
oxidize.

In an independent experiment the oxidation process is
monitored by following the mass change of the samples and
the composition of the effluent. The results are shown in Figure
5, in which dashed lines represent&&-CNT(4) and solid lines
represent F&-CNT(4). One sees that the mass ofdte-CNT-

(4) starts to increase at100 °C and reaches a plateau at
~320°C. In parallel the @signal decreases to a minimum at
~250 °C (Figure S4) indicating that the oxidation of the Fe
nanoparticles is completed in that temperature range. This is
consistent with a temperature of 29C where the XRD
diffraction of the metallic Fe phase completely disappears (Table
2). Note that the oxidation of Fe loaded on activated carbon
(Vulcan XC-72) is found to start and finish at temperatures
similar to those detected for Fr#-CNT(4). Figures 5 and S4
also show that above 32C the Q consumption increases again
concomitant with the evolution of CQlue to the oxidation of
CNTs.

(32) Grosvenor, A. P.; Kobe, B. A.; Mcintyre, N. Surf. Sci.2005 574, 317.
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Figure 4. In situ XRD patterns of (A) F&utCNT(4); (B) Fein-CNT(4);

(C) the intensity change of the Fe diffraction peaks during temperature

programmed oxidation. The dotted line in (C) denoteoBEEENT(4), and

the solid line, Fen-CNT(4).

The solid line in Figure 5 shows that the sample mass of
Fein-CNT(4) increases only above 15C significantly and
passes through a narrow plateau-d80°C, while the Q signal
reaches a minimum at365°C (Figure S4). This agrees again
very well with the in situ XRD measurements (Table 2). These
temperatures are higher than the corresponding ones for Fe-
OUtCNT(4). Interestingly, the oxidation of CNTs and the
concomitant CQrelease of Fén-CNT(4) are also shifted by
approximately 50C to higher temperatures. This suggests that
the FeOs; nanoparticles catalyze the oxidation of CNTSs.

J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007 7425
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Table_ 2. _Oxidation Temperatures Detect_ed by in Situ XRD and (4) compared to F&-SBA. Furthermore, because of the
Gravimetrical Method Using an Online Microbalance? curvature of the graphene sheets in CNTs the corresponding
in situ XRD mass change coordination of the transition metal atoms differs between the
sample T, (°C) T,(°C) T,(°C) T, (°C) 75 (°C) concave inside and the convex outside of the nanotéflks.
Fe-outCNT(4) 90 105 290 100 320 has been pointed out above that the interior CNT surface is
Fein-CNT(4) 160 180 405 150 430 electron deficient with respect to the planar graphite sud&ceé.

aTr thet . hen the intensity of the Fe diffracti  start Thus, it can be assumed that the electron transfer from Fe to
1 e temperature wnen tne intensity o € e diffraction peak starts : . : .

to decreaseT,: the temperature when the 4 peak emergesT: when the interior CNT surface is enhancgd with respect to the outer
the diffraction peak of metallic Fe disappeaFs. when the sample mass ~ surface. Consequently, the oxidation of the encapsulated Fe

stlarts to increase due to oxidatiofs: when the sample mass reaches a should be more strongly retarded just as we have observed here.
plateau.

4., Conclusions

The redox behavior of iron and iron oxide nanoparticles
encapsulated within CNTs has been studied in detail. Raman
spectroscopy was employed for the first time to investigate such
encapsulates. The spectra reveal that characteristi©Ofeodes
are red-shifted in the nanoparticles in comparison to bufog.e
However, this frequency shift is reversed when theQze
particles are moved inside the CNT channels. A further blue
shift is observed with a decreasing inner diameter, suggesting
an interaction of the nanoparticles with the inner CNT surface.
As a consequence the reduction of,B¢ nanoparticles is
facilitated and depends on the diameters of CNT channels, as
100 200 300 400 500 conclusively evidenced by temperature programmed reaction,

Temperature ("C) in situ XRD, and Raman spectroscopy. The chemical transfor-
Figure 5. Change of the sample mass and the effluent composition during Mation during reoxidation of the Fe particles was monitored
temperature programmed oxidation. Dashed line representsitF@NT- by in situ XRD and online gravimetrical analysis, indicating
(4); solid line represents Fia-CNT(4); dotted line represents Fe-SBA that the Fe oxidation is also sensitive to the support and the
encapsulates. dimensions of the channels. We found that the oxidation

The oxidation of the encapsulated Fe particles requires oxygentemperature increases in the following sequence: inside SBA-
to diffuse into CNT channels. In order to evaluate the influence 15 channels< on XC-72~ on outer surface of CNTs inside
of diffusion inside nanotubes we deposited Fe particles within cNT channels. Obviously, the reactivity of the oxidic Fe
SBA-15 channels (F&-SBA). SBA-15 is a mesoporous silica  particles is increased while that of the metallic counterparts is
exhibiting a similar morphology with respect to the channel gecreased inside CNTs. This is attributed to an electron transfer
length (306-600 nm) and inner diameter{& nm) as CNT-  petween the Fe encapsulates and the CNT graphene sheets,
(4). Thus these channels can provide a similar geometrical which in effect stabilizes the metallic state of Fe. However, this
confinement for the Fe particles and similar diffusion path for tyning of the redox behavior of transition metal nanoparticles
oxygen to the Fe. The dotted line in Figure 5 shows that the \ithin CNTs is currently not well understood from a funda-
mass of the sample Fr-SBA begins to increase above %0 mental point of view. Therefore, further experimental and
and it levels off around 26€C. In addition, no obvious change  theoretical studies on the redox properties of these novel and
temperature, suggesting that the oxidation has been completed.
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There is a vast body of work devoted to the electronic Foundation of China (Project No. 20503033, 90206036, and
interaction between transition metals and graphene sheets in bottf0573107).

graphite and CNTs. However, those studies focus almost g pporting Information Available: The UV—vis spectrum
exclusively on the magnetic properties of the transition metals, of cNT(4), in situ Raman spectra of samples@gin-CNT-
but next to nothing is said about their redox properties. (x) and mass change of samples during oxidation. This material

Nevertheless, some implications for the redox behavior of the s ayajlable free of charge via the Internet at http:/pubs.acs.org.
transition metals can be inferred. Studies show that tbeitals

of graphitic carbonz-bonded states) hybridizes strongly with ~JA0713072
the d orbitals of transition metals such as 3Fe&* This
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