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C
ompared to metal and semiconduc-

tor nanoparticles, single-walled

(SWCNTs) and multi-walled carbon

nanotubes (MWCNTs) are considered one-

dimensional nanomaterials due to their

large aspect ratios that provide them with

a unique combination of mechanical, elec-

trical, and thermal properties.1 Among the

abundant carbon nanotube chemistry de-

veloped in the past decade,2 the integration

of one-dimensional nanotubes with zero-

dimensional nanoparticles into hybrid

structures has received increased

attention.3�5 These nanoparticle�

nanotube hybrids often possess interesting

structural, electrochemical, electromag-

netic, and other properties that are not

available to the respective components

alone. As a result, they have been envi-

sioned to be useful for catalysis,6�8 hydro-

gen storage,9 electronic sensor devices,10,11

and many other unique applications.3�5,12,13

The first demonstration of a metal

nanoparticle�carbon nanotube hybrid,

also known as metal nanoparticle-

decorated carbon nanotubes, was reported

over a decade ago by Planeix et al. via the

hydrogen reduction of an organic ruthe-

nium salt in the presence of SWCNTs.6 Since

then, the preparation of such nanohybrids

from metal salt precursors has usually in-

volved the use of hydrogen14 or using other

reducing agents such as sodium borohy-

dride15 or ethylene glycol16 while in solu-

tion to reduce the metal cations. Alterna-

tively, the formation of metal nanoparticles

on a carbon nanotube surface can be

achieved electrochemically by applying a

current through an aqueous metal salt solu-

tion with carbon nanotubes serving as one

of the electrodes.17,18

Decoration of carbon nanotube surfaces

with metal nanoparticles by metal salt re-

duction can also be achieved without the

use of reducing agents or electric

current.19�22 For example, the low redox po-

tential of SWCNTs resulted in the spontane-

ous formation of Au and Pt nanoparticles

from aqueous HAuCl4 and Na2PtCl4 solu-

tions directly deposited on the surface of

SWCNTs grown on a silica substrate.19 How-

ever, most other metal cations (e.g., Ag�,

Ni2�, and Cu2�) have lower redox poten-

tials compared to SWCNTs and thus could

not be directly reduced. To overcome this

problem, Qu et al. reported a somewhat

more complex experimental setup in which

the nanotube network was supported on a

metal substrate with a much lower redox

potential, such as Cu or Zn.20,21 The nano-

tube network served as a conductive
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ABSTRACT A rapid, solventless method is described for the decoration of carbon nanotubes with metal

nanoparticles. The straightforward two-step process utilizes neither reducing agents nor electric current and

involves the dry mixing of a precursor metal salt (e.g., a metal acetate) with carbon nanotubes (single- or multi-

walled) followed by heating in an inert atmosphere. The procedure is scalable to multigram quantities and

generally applicable to various other carbon substrates (e.g., carbon nanofiber, expanded graphite, and carbon

black) and many metal salts (e.g., Ag, Au, Co, Ni, and Pd acetates). As a model system, Ag nanoparticle-decorated

carbon nanotube samples were prepared under various mixing techniques, metal loading levels, thermal

treatment temperatures, and nanotube oxidative acid treatments. These nanohybrids were characterized by a

variety of microscopic and spectroscopic techniques. For example, X-ray diffraction and scanning electron

microscopy indicated that the average size of the Ag nanoparticles has little to do with the thermal treatment

temperature but can be easily controlled by varying the Ag loading. Raman spectroscopy illustrated both the

metal�nanotube electronic interactions and the surface enhancement effect from the Ag nanoparticle

attachment. High-resolution transmission electron microscopy captured the in situ salt-to-metal conversion events

on the nanotube surface. The mechanistic implications from the characterization results are discussed.

KEYWORDS: carbon nanotubes · metal decoration · nanohybrids ·
solventless · bulk preparation
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channel with the contacting metal support under-

neath serving as the actual electron source, making

possible the spontaneous nanoparticle formation of a

far larger variety of metals on the nanotube surface.

Thermal decomposition, sometimes called pyroly-

sis, of metal salts has also been used extensively for

the preparation of metal-containing nanoparticles and

nanorods.23�28 To obtain particles in nanometer sizes,

salt decomposition was often performed at a slow heat-

ing rate and/or in a solvent.23 Reports on the direct salt

decomposition in the presence of nanosized

substrates29�31 (including carbon nanotubes32�35) for

the preparation of metal�substrate nanohybrids, how-

ever, have been quite scarce. In this paper, a rapid, sol-

ventless, and readily scalable method to prepare vari-

ous metal nanoparticle-decorated carbon nanotubes

from the thermal decomposition of metal acetate/car-

bon nanotube solid mixtures without the use of any re-

ducing agent is described.36 Compared to most of the

synthetic strategies available in the literature, this

simple but effective “mix-and-heat” method has the ad-

vantages of many of those combined. The procedure

was successfully applied to carbon nanotubes and vari-

ous other carbon substrates with the use of many dif-

ferent metal acetates. As a model system, Ag

nanoparticle-decorated carbon nanotube samples were

prepared by heating mixtures of silver acetate and car-

bon nanotubes in an inert atmosphere. The

Ag�nanotube hybrid products from various combina-

tions of mixing techniques, metal loading levels, ther-

mal treatment temperatures, and nanotube oxidative

acid treatments were characterized and evaluated to

elucidate the synthetic mechanisms.

RESULTS AND DISCUSSION

Ag Nanoparticle-Decorated Carbon Nanotubes. The forma-

tion of metal nanoparticles on the carbon nanotube

surface was achieved in a straightforward “mix-and-

heat” process in the absence of any solvent, reducing

agent, or electric current. In the procedure, carbon

nanotubes and metal acetate powders were first manu-

ally mixed at room temperature via a mortar and pestle.

Upon heating the acetate/nanotube mixture in a nitro-

gen atmosphere above the salt decomposition temper-

ature, the metal acetate (e.g., CH3COOAg) converted

into the corresponding metal (e.g., Ag) and formed

nanoparticles on the surface of the carbon substrates.

An SEM image of a Ag�MWCNT nanohybrid with

�1 mol % Ag loading (or �9 wt %) is shown in Figure

1a. The average size of the Ag nanoparticles was �47

nm. A TEM image of the sample showed the close prox-

imity of the Ag nanoparticle and the nanotube surface

(Figure 1b). The flat interface indicates that the Ag

nanoparticles were grown using the nanotube surface

as the template rather than by loose attachment after

nanoparticle growth. At higher resolution, the Ag(111)

phase (d spacing � 0.24 nm) was readily observed for

the nanoparticles decorated on MWCNTs (Figure 1c).

XRD investigations (and also data from X-ray photo-

electron spectroscopy (XPS); see Figure S1 in Support-

ing Information) confirmed the 0-valence nature of the

Ag nanoparticles. As shown in Figure 2, the XRD spec-

trum of a starting CH3COOAg/MWCNT mixture exhib-

ited typical patterns from the acetate (JCPDS 14-0733),

while that of the same sample after thermal treatment

showed signature patterns of Ag metal (JCPDS 04-0783)

at 38.0, 44.2, 64.3, and 77.2°, corresponding to the (111),

(200), (220), and (311) crystal planes of Ag0, respec-

Figure 1. (a) SEM and TEM images at (b) lower and (c) higher magnifica-
tions of a Ag nanoparticle-decorated MWCNT sample with 1 mol % Ag
loading.

Figure 2. XRD patterns of (a) a Ag nanoparticle-decorated
MWCNT sample (1 mol % Ag loading, manual mixing) and
(b) the CH3COOAg/MWCNT mixture before thermal
treatment.
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tively. The lack of any remaining acetate diffraction pat-

terns in the spectrum of the final nanohybrids also sug-

gests that the salt-to-metal conversion was essentially

complete. The peak at 26°, corresponding to the (002)

MWCNT graphitic sidewall, exhibited little intensity

change before and after the thermal treatment, sug-

gesting the nanotube structure was well preserved.

The preparation method is highly scalable. For ex-

ample, CH3COOAg and MWCNTs with a total weight of

�10 g (1 mol % Ag loading) was mixed and heated in

the same procedure except that a larger container

(packed to 3 cm tall in a 100 mL glass beaker) was used

for the thermal treatment. The result showed no signifi-

cant difference from those obtained with much smaller

batches (�100 mg in total weight). The Ag nano-

particle-decorated MWNTs were also successfully syn-

thesized at 100 g scale using a similar procedure, sug-

gesting the even greater scalability potential of the re-

ported method.

In Situ Observation of Salt-to-Metal Conversion on MWCNT

Surface. In order to investigate the formation process of

the Ag nanoparticles on the MWCNT surface, micros-

copy investigations were carried out on samples pre-

pared close to the salt decomposition threshold tem-

perature (�150 °C). While there was a significant

presence of multicrystalline Ag nanoparticles for a

manually mixed CH3COOAg/MWCNT sample upon full

conversion (treated to 250 °C or above; see the Effect of

Thermal Treatment Temperature section), the same

sample heated to only 150 °C showed a predominance

of many sub-10-nm “dual-crystal”-like structures scat-

tered on the MWCNT surfaces (Figure 3). Although Ag

nanostructures were reported to be able to sinter at

this temperature,37,38 the observed “intermediate” spe-

cies were not two sintering Ag nanoparticles. Rather, as

shown in the high-resolution TEM (HR-TEM) image (Fig-

ure 3b), only part of the nanostructure was metallic

Ag, as the crystalline lattices could be attributed to (111)

(d � 0.23 nm) or (200) phases (d � 0.20 nm) of Ag0.

The rest of the dual-crystal nanostructure, however, was

instead the nanocrystalline phase of CH3COOAg (d �

0.30 nm).

There were two types of morphologies for the

CH3COOAg/Ag0 dual-crystals found in samples heated

to 150 °C. One is shown in Figure 3b, where both

CH3COOAg and Ag0 phases were in contact with the

nanotube surface (the droplet -type). The “mushroom”-

type is shown in Figure 4, and only the CH3COOAg

phase is in contact with the nanotube surface while

the Ag0 phase is at the tip of the salt crystal. This mor-

phology suggests that the first formation of the Ag

phase started away from the nanotube surface. Upon

electron beam irradiation in TEM (mimicking the further

heating of the bulk sample to a higher temperature),

the CH3COOAg phase gradually collapsed upon decom-

position, while the Ag0 phase grew larger from top

down and eventually attached to the nanotube sur-

face. At this time, the salt fully converted into the metal,

and no residual CH3COOAg phase could be found (see

Figure 4 and Video S1 of the conversion process in Sup-

porting Information).

Figure 3. (a) SEM and (b) HR-TEM images of the dual-crystal
species decorated on MWCNTs from a CH3COOAg/MWCNT
sample (1 mol % Ag loading, manual mixing) after thermal
treatment at 150 °C. The species in the HR-TEM image is des-
ignated as the “droplet”-type.

Figure 4. Progressive HR-TEM images of a mushroom-type
dual-crystal from a CH3COOAg/MWCNT sample (1 mol % Ag
loading, manual mixing) after thermal treatment at 150 °C.
The images were taken after approximately (a) 1, (b) 3, (c) 7,
and (d) 10 min of electron irradiation on the dual-crystal.
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Since carbon nanotubes are known for their reduc-

tion capability in the formation of some metal nanopar-

ticles in solution,19,22 it was of interest to investigate if

it was also true in the thermal transformation of metal

acetate to 0-valence metal. The observations here for

salt-to-metal transformation of the mushroom-type in-

termediate CH3COOAg/Ag0 dual-crystals strongly indi-

cated that the nanotube carbons did not chemically

participate in the transformation because of physical

distance between the nanotube and the newly formed

Ag phase. This observation is consistent with the find-

ings (vide infra) that even chemically inert substrates

could be used to support the formation of Ag nanopar-

ticles. On the other hand, the salt-to-metal transforma-

tion upon electron beam irradiation was also captured

by HR-TEM for the droplet-type CH3COOAg/Ag0 dual-

crystal (see Video S2 in Supporting Information), where

the decomposition of the salt did occur at close proxim-

ity to the nanotube surface. In this configuration, it is

possible that the nanotube carbons did chemically par-

ticipate in the reaction by reducing the activation en-

ergy for the decomposition of the acetate. This will re-

quire more detailed investigations in future studies.

Raman Spectroscopy on Ag�Carbon Nanotube Interactions.

Although the interaction between Ag nanoparticles

and carbon nanotubes is likely via van der Waals forces,

microscopy studies suggest that many Ag nanoparti-

cles were still attached to the nanotube surface after a

brief sonication of the nanohybrids in a solvent. Never-

theless, the physical proximity of the metal nanoparti-

cles to the nanotubes is expected to alter the electronic

transitions of the nanotubes,

which can be probed via Raman

spectroscopy. Compared to

MWCNTs, SWCNTs are more suit-

able for spectroscopic studies

due to their more distinctive

spectral characteristics.

It is now well-established

that excitation within the prox-

imity of the electronic transitions

of SWCNTs of certain chiralities

(or metallic/semiconducting

characteristics) results in reso-

nantly enhanced Raman sig-

nals.39 Thus by studying the Ra-

man spectra of a given SWCNT

sample at various excitation

wavelengths, one can selectively

probe the electronic information

of a certain group of SWCNTs in

the sample. According to the

electronic transition�diameter

dependence plot (also known as

the Kataura Plot40), Raman exci-

tation at 785 nm (1.58 eV) mainly

probes the metallic SWCNTs in

the sample (resonant with the M11 transition), while ex-

citation at 532 nm (2.33 eV) selectively probes the semi-

conducting SWCNTs (resonant with the S33 transition)

for the nanotubes used in this study (d � 1.5 nm).

Raman spectra obtained with excitations at 532 and

785 nm (Figure 5) of a Ag�SWCNT nanohybrid with

�1 mol % Ag loading showed features typical of

SWCNTs, including the G-band (�1584 cm�1 at both ex-

citations), D-band (�1330 and �1290 cm�1, respec-

tively), G=-band (�2659 and �2564 cm�1, respectively),

and the radial breathing mode (RBM) peaks (�150,

164 cm�1 and �151, 165 cm�1, respectively).

Compared to those of pristine SWCNTs, the G-band,

G=-band, and RBM peaks of the nanohybrids exhibited

little change at 532 nm excitation. This indicated that

there was insignificant electronic interaction between

Ag nanoparticles and semiconducting SWCNTs. At 785

nm excitation, where mainly metallic SWCNTs are in

resonance, however, the relative peak intensities and

line shapes underwent significant changes.

It is known that the G-band of metallic SWCNTs ex-

hibits an unsymmetrical Breit�Wigner�Fano (BWF)

line shape appearing as a shoulder to the main sym-

metrical Lorenzian feature.41,42 Since the 785 nm excita-

tion is mainly in resonance with the metallic SWCNTs,

the BWF line shape was prominent in the spectrum of

the pristine SWCNTs. However, with 1 mol % Ag load-

ing, this unsymmetrical feature greatly diminishes,

strongly suggesting the electronic structures of metal-

lic SWCNTs in the sample were disturbed by the attach-

ment of Ag nanoparticles. Such a reduction was previ-

Figure 5. Full (top) and magnified regions (bottom) of Raman spectra of a Ag nanoparticle-decorated
SWCNT sample (1 mol % Ag loading, manual mixing) (red solid line) and pristine SWCNTs (black
dashed line).
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ously reported in the p-doping of

metallic SWCNTs, in which electrons

are depleted from the nanotubes by

the dopants.43�46 During the prepara-

tion of this paper, similar phenomena

were reported in the doping of SWCNTs

with Au species.49,50

Consistent with the electron deple-

tion from metallic SWCNTs by the at-

tached Ag nanoparticles was the obser-

vation of the decrease in RBM and G=-

band signal intensities relative to the

G-band. The decrease of RBM signal in-

tensities in the Ag�SWCNT nanohy-

brid may indicate that fewer (metallic

SWCNT) species were in resonance at

the given excitation wavelength (785

nm). The G=-band intensity decrease

(see IG=/IG values in Table S1 in Support-

ing Information) has been related to the decrease in

the metallic character of the sample.50,51 It should be

noted that both electron and hole doping of SWCNTs

are sometimes accompanied by spectral shifts of G-

and/or G=-bands at appropriate conditions.52 However,

no significant shift was observed for the Ag�SWCNT

samples studied in this work.

Another obvious change in the spectra at both 532

and 785 nm excitations shown in Figure 5 was the sub-

stantial increase of the SWCNT D-band with Ag load-

ing (see ID/IG values in Table S1 in Supporting Informa-

tion). Since the D-band is known to be related to

nanotube defects, such an increase is often attributed

to the direct functionalization of the nanotube conju-

gated sidewall with the aromatic carbons being con-

verted to an sp3 hybridization.2 To determine if the

nanotube sidewall was indeed damaged (i.e., change

of hybridization from sp2 to sp3) upon Ag attachment,

a Ag nanoparticle-decorated SWCNT sample with 50

mol % Ag loading (and thus a very prominent D-band)

was refluxed in 2.6 M HNO3 for 1 h to dissolve the Ag

nanoparticles. As shown in Figure 6, the D-band of the

same sample after acid treatment significantly de-

creased, with the spectrum almost identical to that of

a control SWCNT sample after the same treatment.

Since the use of nitric acid could only bring more de-

fects to the nanotubes,2 the observed reversibility of the

D-band intensity strongly suggests that the signal in-

crease was not due to any permanent damage of the

nanotube sidewall structure from the attachment of Ag

nanoparticles.

Ag is a well-known metal for surface-enhanced Ra-

man spectroscopy (SERS).53,54 In SERS, due to the close

proximity of the target molecules and metal surface, the

Raman signals of the target are enhanced by the sur-

face plasmon of the metal. Although the structural dis-

tortion (rather than damage) of the SWCNT conjugate

surface upon Ag decoration might lead to some D-band

intensity increase, the dominant mechanism for the

above observation should be that the Ag nanoparticle

preferentially attached adjacent to the intrinsic defect

sites on the SWCNT surface, thus providing a selective

surface-enhancement effect of the defect-induced Ra-

man signal (i.e., D-band).55

The overall SERS spectral intensity enhancement (G-

band, G=-band, and RBM) was rather insignificant possi-

bly because of the intrinsic resonance effect of

SWCNTs.56�58 MWCNTs, on the other hand, exhibit less

resonance effects, and the overall SERS enhancement

factors were much higher (e.g., G-band intensity in-

creased �10 times at 10 mol % Ag loading; see Figure

S2 in Supporting Information). Interestingly, and similar

to SWCNTs, the D-band enhancement of MWCNTs

seemed to also be higher relative to the G-band with

the increase of Ag loading, suggesting a similar selec-

tive local SERS effect.

In addition to the major SWCNT peaks discussed

above, there was also a prominent feature that ap-

peared at �470 cm�1 for the Ag�SWCNT nanohybrids

at both 532 and 785 nm excitations (Figures 5 and 6).

This peak was found to increase with the Ag loading

and disappeared after the previously discussed Ag re-

moval experiment. Although the exact origin of the fea-

ture is currently not well understood, the correlation of

its trend to the D-band intensity change seems to sug-

gest that it was also due to the SERS effect of some less

prominent nanotube Raman modes upon Ag attach-

ment. Several of the so-called intermediate frequency

modes (IFM) of SWCNTs are located in this spectral

region.59�61

Mechanical Mixing via Ball-Milling. Compared to simple

manual mixing with a mortar and pestle, mechanical

mixing using commercially available ball-milling equip-

ment might afford a more efficient mixing of the metal

salts with carbon nanotubes and hence improve the re-

producibility. Figure 7 shows an SEM image of the

Figure 6. Raman spectra of a Ag nanoparticle-decorated SWCNT sample (50 mol % Ag load-
ing, manual mixing) before (middle, red) and after (top, blue) refluxing with 2.6 M nitric acid
for 1 h to remove Ag. The spectra of pristine SWCNTs after similar acid treatment as controls
(bottom, black) are shown for comparison.
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sample prepared via ball-milling the CH3COOAg/

MWCNT mixture followed by the same thermal treat-

ment described earlier. Similar to the manually mixed

samples, the Ag nanoparticles were well distributed on

the MWCNT surface. Compared to the manually mixed

nanohybrid of similar Ag loading (�1 mol %, Figure 1),

however, the Ag nanoparticles decorated on the

MWCNTs were of a smaller average particle size (�28

nm). The reduction in the average nanoparticle size is

likely due to a more aggressive mixing via ball-milling,

which increased the available nanotube surface area

and/or the number of active anchoring/growth sites

such as defects. Prolonged ball-milling causes damage

to the carbon nanotube structure;62�64 therefore, short

milling time of �10 min was used. Under this condition,

MWCNTs were moderately shortened from tens of

micrometers to a few micrometers (Figure 7).

Effect of Metal Loading. A general observation during

the experiments of varying Ag loadings was that the av-

erage size of Ag nanoparticles increased with higher

Ag content from either manual or mechanical mixing.

For example, the average Ag nanoparticle size was �47

nm for the 1 mol % Ag�MWCNT nanohybrid sample

from manual mixing (Figure 1), whereas those of �4

and �7 mol % loadings showed average particle sizes

of �64 and �81 nm, respectively (Figure 8). Theoreti-

cally, if the total particle number is constant, the Ag

content (CAg) should be proportional to the average vol-

ume (VAg) of Ag nanoparticles, which our results

seemed to corroborate (Figure S3 in Supporting Infor-

mation). This suggests a rather consistent number of

nanoparticle anchoring/growth sites on the carbon

nanotube surface in spite of the metal loading level.

Therefore, under similar preparation conditions, the av-

erage size of Ag nanoparticles decorated on MWCNTs

could be conveniently predicted and controlled by sim-

ply varying the Ag loading.

The SEM images of Ag nanoparticle-decorated

SWCNTs of several Ag loadings from manual mixing

are shown in Figure 9. The average size of Ag nanopar-

ticles decorating SWCNTs was generally smaller than

that of MWCNTs with the same Ag loading, which was

likely due to the higher surface area of SWCNTs. Never-

theless, the images clearly showed a similar increase of

the Ag nanoparticle size with increasing Ag loading. Di-

rect particle size measurement using SEM might be af-

fected by the presence of catalytic particles (leftover

from the production process of SWCNTs). Alternatively,

UV/vis/NIR optical absorption experiments could be

used for a supportive qualitative assessment. The same

set of Ag nanoparticle-decorated SWCNT samples as

those shown in Figure 9 (Ag contents of 5, 10, and 20

mol % from manual mixing) was dispersed in DMF us-

ing a brief bath sonication. Each of the above samples

was then passed through a coarse filter and immedi-

ately placed in a quartz cuvette for the optical absorp-

tion studies. The spectra (Figure 10) showed the Ag

plasmon band typical for nanosized Ag species.65 It

was found that the Ag plasmon band red-shifted from

413 to 423 nm with higher Ag loading (from 5 to 20 mol

% Ag), which is consistent with the size increase of the

Ag nanoparticles.66

It should be noted that the optical spectra of Ag

nanoparticle-decorated SWCNTs dispersed in DMF also

featured typical electronic transitions of both semicon-

ducting and metallic SWCNTs (i.e., the second semicon-

ducting transition (S22) band centered at �1000 nm

and the first metallic transition (M11) band centered at

�750 nm). Compared to the spectrum of pristine

SWCNTs,67 both S22 and M11 bands appeared weaker

with higher Ag loading, with the latter somewhat more

affected. These observations are consistent with the

electronic interactions between metallic SWCNTs and

attached Ag nanoparticles revealed from the Raman re-

sults in the previous section.

Figure 7. SEM image of a Ag nanoparticle-decorated MWCNT
sample with �1 mol % Ag content prepared via ball-milling
process.

Figure 8. Size distribution plots of Ag nanoparticles in a se-
ries of Ag�MWCNT nanohybrid samples prepared via

manual mixing.
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Effect of Thermal Treatment Temperature. The thermal de-

composition temperatures were found to be �276 °C

for the as-received CH3COOAg powder and �250 °C for

a manually mixed CH3COOAg/MWCNT sample with 10

mol % Ag loading. This was determined from the endo-

thermic peak of the DTG curve obtained at 5.4 °C/min

in N2 (see Figure S4 in Supporting Information). The de-

crease of the salt thermal decomposition temperature

can be attributed to the distribution of smaller salt par-

ticles on the nanotube surface in the mixture. The ther-

mal decomposition of the salt for a similar mixture

from ball-milling occurred at an even lower tempera-

ture (�225 °C). This indicates that the salt particles were

better dispersed as a result of improved mixing and per-

haps more efficient heat adsorption from the proxim-

ity to thermally conductive MWCNTs. In addition, the

decomposition threshold of the CH3COOAg/MWCNT

mixture was as low as �180 °C from manual mixing and

�150 °C from mechanical mixing, suggesting that the

use of lower thermal treatment temperatures (instead

of 300 or 350 °C used in most of the experiments) might

also be successful.

Thus, a series of experiments were performed for

CH3COOAg/MWCNT mixtures at 1 and 10 mol % Ag

loadings, with the mixtures heated to 150, 175, 200,

250, 300, and 350 °C. The heating rate was kept con-

stant at 5.4 °C/min, and the isothermal time was ad-

justed so that the total thermal treatment time was con-

stant at 100 min. Taking the results for the CH3COOAg/

MWCNT mixture from manual mixing with 10 mol % Ag

loading as an example, the XRD data of the sample

heated to 150 °C (Figure 11) showed characteristic

peaks of CH3COOAg (e.g., 2� � 29°) with negligible

Ag0 phase (e.g., 2� � 38°), indicating that little salt-to-

metal conversion occurred at this temperature. As the

thermal treatment temperature increased to 200 °C, the

conversion increased dramatically as seen from the in-

crease of the Ag0 peaks and the concurrent decrease of

the CH3COOAg peaks in the XRD spectra. Further in-

crease of thermal treatment temperature resulted in

little spectral intensity change, suggesting the process

was driven to completion.

Since the nanotube structure remained essentially

unchanged after thermal treatment, the salt-to-metal

conversion yields may be estimated by comparing the

XRD intensity ratio of the Ag0(111) peak (�38°) to the

MWCNT(002) peak (�26°) at a given thermal treatment

temperature to the ratio found at 350 °C, at which the

Figure 9. SEM images of Ag nanoparticle-decorated SWCNT
samples with (a) 5, (b) 10, and (c) 20 mol % Ag loadings.

Figure 10. UV/vis/NIR spectra of Ag nanoparticle-decorated
SWCNT samples with 5 (black solid line), 10 (blue dashed
line), and 20 mol % (red dash-dot line) Ag loadings. The in-
set shows the enlarged Ag plasmon band region.

Figure 11. XRD patterns of the Ag�MWCNT nanohybrids from the
same CH3COOAg/MWCNT mixture (10 mol % Ag loading, manual mix-
ing) heated to different temperatures.

A
R
T
IC
L
E

www.acsnano.org VOL. XXX ▪ NO. XX ▪ 000–000 ▪ XXXX G

http://pubs.acs.org/action/showImage?doi=10.1021/nn8009097&iName=master.img-008.jpg&w=172&h=357
http://pubs.acs.org/action/showImage?doi=10.1021/nn8009097&iName=master.img-009.jpg&w=196&h=149
http://pubs.acs.org/action/showImage?doi=10.1021/nn8009097&iName=master.img-010.jpg&w=240&h=145


complete conversion is assumed. For example, the rela-

tive conversion yield for the CH3COOAg/MWCNT

manual mixture with 10 mol % Ag loading was calcu-

lated to be �85% when heated to 200 °C and became

nearly quantitative at 250 °C and above within the ex-

perimental error (Figure 12). A similar trend was also

found for the manually mixed 1 mol % Ag�MWCNT

sample.

At temperatures below 200 °C, the salt-to-metal con-

version yields for mechanically mixed samples via ball-

milling were higher than those from manual mixing at

the same loadings. For example, the conversion yield

for a CH3COOAg/MWCNT mixture at 1 mol % Ag load-

ing from ball-milling was as high as �70% when heated

to 150 °C, while those from manual mixing was only

�15%. This may be partially due to the lower decompo-

sition threshold temperature of the salt in the mechan-

ical mixture.68 Nevertheless, the conversions for me-

chanically mixed samples still reached the completion

plateau at similar temperature range (200�250 °C, Fig-

ure 12).

Analyses of SEM images of samples obtained at dif-

ferent thermal treatment temperatures indicated that

there was little change to the average size of the Ag

nanoparticles at and above 200 °C, where the salt-to-

metal conversion was near completion. Shown in Fig-

ure 13 as a representative example are the mechanically

mixed CH3COOAg/MWCNT samples of 1 and 10 mol %

Ag loading treated at various temperatures. The aver-

age sizes of Ag nanoparticles decorated on MWCNTs in

the thermal treatment range of 200�350 °C were rela-

tively consistent at �30 nm for 1 mol % loading and

�70 nm for 10 mol % loading (Table S2 in Supporting

Information). These results strongly suggest that the

thermal treatment temperature for decomposable salts

could be set slightly above their decomposition thresh-

olds to achieve satisfactory conversion into decorated

nanoparticles without significantly affecting their sizes.

Effect of Oxidative Acid Treatments. Refluxing carbon

nanotubes in oxidative acids such as nitric acid is a com-

mon purification method to remove metal catalysts

and some carbon impurities from the nanotube pro-

duction.2 The oxidative acid treatment induces the for-

mation of oxygen-containing functionalities such as

carboxylate groups at the nanotube end and along sur-

face defect sites due to the oxidation of nanotube car-

bons. These functional groups are amenable to further

modifications with various organic and inorganic com-

pounds,2 including the chelation of the carboxylates

with solvated metal ions followed by reduction to form

metal nanoparticles on the nanotube ends and

surface.69,70

Although the above-reported results with pristine

carbon nanotubes indicate that the formation of metal

nanoparticles on a nanotube surface does not require

the significant presence of nanotube surface-attached

carboxylate functional groups, it was still interesting to

investigate whether such oxidative acid treatment on

the nanotube would have any prominent effect on the

decoration of metal nanoparticles in this solventless

process.

The treatment of pristine MWCNTs was conducted

by refluxing with 70% HNO3 for 16 h, followed by filter-

ing and thorough washing of the material with deion-

ized water until pH �7. The acid-treated MWCNTs were

dried in a vacuum oven and subjected to a similar “mix-

and-heat” process with CH3COOAg to afford Ag

nanoparticle-decorated MWCNTs. As shown in Figure

14, the density of the nanoparticle decoration on the

acid-treated MWCNTs appeared higher than that from

Figure 13. SEM images of two series of Ag nanoparticle-decorated MWCNTs
generated using mechanical mixing and 1 (left) and 10 mol % (right) Ag
loadings obtained after thermal treatment at 200 (top), 300 (middle), and
350 °C (bottom).

Figure 12. Relative salt-to-metal conversion yield versus

thermal treatment temperature of the same CH3COOAg/
MWCNT mixtures: (o) 1 mol % Ag loading, manual mixing;
(▫) 1 mol % Ag loading, mechanical mixing via ball-milling;
(Œ) 10 mol % Ag loading, manual mixing; and (9) 10 mol %
Ag loading, mechanical mixing via ball-milling. The yields
were calculated from the intensity ratios of Ag(111) peak
and MWCNT(002) peak and normalized to 100% at 350 °C.
The lines are provided as aids for visualization.
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pristine MWCNTs as seen in Figure 1. In addition, the

decorated Ag nanoparticles appeared more spherical

with a somewhat smaller average size (�39 nm from

treated MWCNTs vs �47 nm from pristine MWCNTs at

1 mol % loading). This can be attributed to new defect

sites generated on the nanotube surface by the oxida-

tive acid treatment, resulting in additional nucleation

centers for Ag nanoparticle growth, allowing for a

denser distribution of nanoparticles and thus smaller

sizes given the same total loading. Additionally, it is

likely that the oxygen-containing functional groups,

even in this solventless process, could lead to a more

homogeneous nucleation of the forming metal nano-

particle at each anchoring site, thus making the final

nanoparticles appear somewhat more spherical.

Different Substrates. The same mix-and-heat process

successfully applied to both MWCNTs and SWCNTs dis-

cussed above was found to be generally applicable to

various other carbon substrates, including carbon

nanofibers, expanded graphite, and carbon black. As

shown in Figure 15, despite the differences in average

sizes and size distributions, Ag nanoparticles were

formed on all of the carbon substrates investigated.71

It was interesting to observe that the Ag nanoparticle

decoration could also be achieved on Zeeospheres,

silica�alumina ceramic microspheres. This result sug-

gests that the reduction capability of the substrate is

not a prerequisite for metal nanoparticle formation

from thermal decomposition of metal salts, consistent

with the mechanistic discussions emanating from the

high-resolution TEM study in the previous section. How-

ever, the size, shape, and decorating location of the

nanoparticles formed should vary according to the sur-

face nature of the substrates.

Different Metal Acetates. To further test the general ap-

plicability of the mix-and-heat method, many other

metal acetates, including gold(III), colbalt(II), copper(II),

iron(II), nickel(II), lead(II), palladium(II), and zinc(II) ac-

etates, were also used as starting materials in similar ex-

periments with MWCNTs as the substrates.76 In these

experiments, the metal salts were manually mixed with

MWCNTs and heated to various temperatures from

300 to 450 °C according to the decomposition temper-

atures of the respective salts (Table S3 in Supporting In-

formation).

It is known that thermal decomposition of a metal

acetate usually yields the corresponding metal or metal

oxide77�80 (similar to metal nitrates81�83). Indeed,

gold(III), cobalt(II), nickel(II), and palladium(II) acetates

were found to behave similarly to CH3COOAg, yielding

the corresponding metallic nanoparticles on the

MWCNT surfaces. As shown in Figure 16, the decompo-

sition of these acetates yielded nanoparticle-decorated

MWCNTs, with narrowly distributed particle sizes on the

order of several to tens of nanometers (dependent

upon the metal and the loading level). The metallic na-

ture of these nanoparticles was confirmed via XRD (Fig-

ure S5 in Supporting Information).

Thermal decomposition of the mixtures of MWCNTs

and other metal acetates, such as iron(II) and zinc(II),

yielded nanohybrids with the corresponding metal ox-

Figure 14. SEM image of a Ag nanoparticle-decorated
MWCNT sample (1 mol % Ag loading, manual mixing) in
which MWCNTs were pretreated with concentrated nitric
acid before mixing with the acetate.

Figure 15. SEM images of Ag nanoparticle-decorated (a)
carbon nanofiber, (b) expanded graphite, and (c) carbon
black. The Ag loadings were all 1 mol %.
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ide nanoparticles decorating the nanotube surfaces

(Figure 17 and Figure S6 in Supporting Information). It

is interesting to note that while iron oxide (Fe3O4 or

�-Fe2O3) appeared as individual nanoparticles similar

to the metallic nanoparticles discussed above, ZnO

tended to form clusters of nanoparticles on the MWCNT

surfaces at the given experimental conditions (ramped

to 350 at 5.4 °C/min and held for 3 h).

Among the acetates investigated in this work,

lead(II) acetate decomposed into a mixture of Pb metal

and PbO with MWCNTs as the substrate.

The particles formed on the nanotube sur-

face in sizes as large as hundreds of nano-

meters likely because the necessary ther-

mal treatment temperature for decomposi-

tion (�360 °C) exceeded the melting point

of the Pb metal (�327 °C). Copper(II) ac-

etate, on the other hand, did yield metallic

Cu upon thermal treatment of its mixture

with MWCNTs according to XRD, but

micron-sized chunks with sparsely deco-

rated nanospecies were found on the nan-

otube surface. The difference in the capabil-

ity of nanosized particle formation on the

substrates from these metal acetates may

be related to the nanotube surface wetta-

bility with the corresponding metals or

metal oxides.84,85 In addition, the phase

transformation of the salt itself during the

thermal decomposition event may also play

a significant role. For example, palladium(II)

acetate is known to sublimate before it de-

composes,78 which might explain the for-

mation of quite evenly distributed Pd0 nanoparticles

decorated on the MWCNT surfaces. It is worth noting

that because of such difference in the nanoparticle for-

mation for various metal salt precursors on a given sub-

strate, the experimental parameters used to control

the decorated particle size and distribution in the re-

ported mix-and-heat procedure might also vary for dif-

ferent metal salt/substrate systems.

SUMMARY

A rapid, solventless, and scalable method was re-

ported for the preparation of Ag nanoparticle-

decorated carbon nanotubes using silver acetate as

the thermal decomposable precursor without the use

of any reducing agent or electric current. In this proce-

dure, the metal salt and the nanotubes were simply

mixed in the solid state and heated to the thermal de-

composition temperature of the salt in an inert atmo-

sphere to produce the metal�nanotube nanohybrids.

The Ag nanoparticle-decorated MWCNTs and

SWCNTs were synthesized as model systems and char-

acterized in detail via instrumental techniques such as

SEM, HR-TEM, XRD, Raman, and optical absorption spec-

troscopy. The metallic nature of the nanoparticles was

confirmed by HR-TEM and XRD. The average nanoparti-

cle size was found to be independent of thermal treat-

ment temperature (as long as the salt-to-metal conver-

sion was nearly complete) but increased with metal

loading. The latter observation clearly indicates that

there is a relatively consistent number of nanoparticle

anchoring sites on the nanotube surface, making the

control of nanoparticle size possible by simply varying

the metal loading levels. The use of mechanical mixing

or oxidative acid treatment of the starting MWCNTs pro-

Figure 16. SEM images of MWCNTs decorated with metallic nanoparticles of (a) 10 mol %
Au (manual mixing), (b) 1 mol % Co (manual mixing), (c) 10 mol % Ni (manual mixing), and
(d) 1 mol % Pd (mechanical mixing via ball-milling).

Figure 17. SEM images of MWCNTs decorated with metal
oxide nanoparticles of (a) 10 mol % Fe (manual mixing) and
(b) 10 mol % Zn (manual mixing).
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vided decorated Ag nanoparticles with reduced sizes,

likely due to the increased number of nanotube surface

anchoring sites.

Results from resonance Raman spectra of various

Ag�SWCNT nanohybrids suggest that electrons were

depleted from metallic SWCNTs by Ag nanoparticles,

but no electron flow could be identified with semicon-

ducting SWCNTs. The D-band intensity increase and the

new feature appearing at �470 cm�1 upon Ag nano-

particle decoration were both reversible when the

metal was removed and are likely due to the selective

local SERS effects from the Ag nanoparticles. The over-

all SERS effect of Raman signals was more pronounced

for the MWCNT-based nanohybrids since less resonance

effect was involved.

HR-TEM studies of a CH3COOAg/MWCNT mixture

heated to 150 °C (close to the salt decomposition

threshold in the mixture) not only revealed the pres-

ence of intermediate CH3COOAg/Ag0 nanospecies but

also visually demonstrated that the thermal decompo-

sition of the salt could occur both on and remotely from

the nanotube surface. The latter scenario strongly sug-

gests that the reduction role of the substrate is not a

prerequisite for metallic nanoparticle formation. In-

deed, the reported mix-and-heat method was gener-

ally applicable to not only carbon but also chemically in-

ert substrates such as silica�alumina ceramic

microspheres.

In similar mix-and-heat processes, other metal ac-

etates, such as those of Au, Co, Ni, and Pd, also success-

fully decorated the carbon nanotubes as metal nano-

particles, while the use of iron and zinc acetates yielded

the corresponding metal oxide�nanotube nanohy-

brids. Nevertheless, the facileness, versatility, and scal-

ability of the method should make it valuable in prepar-

ing various metal or metal oxide nanoparticle-

decorated carbon and other nanostructures for cata-

lytic, electronic, optical, or other applications. One of

the examples was our recent report on such Pd

nanoparticle-decorated SWCNT and EG samples, which

were found to have superior mercury adsorption capa-

bilities when used as injected sorbents.86 Polymeric

composites using the Ag nanoparticle-decorated

MWCNTs as fillers are being investigated for their elec-

tromagnetic properties potentially useful for antenna

applications.87

METHODS

Materials. MWCNTs (diameter � 20�150 nm) and SWCNTs (di-
ameter � 1.5 nm) were obtained from University of Kentucky
and Carbon Solutions, Inc., respectively. Silver(I) acetate (99%),
copper(II) acetate (98%), cobalt(II) acetate (99.995%), and palla-
dium(II) acetate (99.9�%) were purchased from Sigma-Aldrich
Co. Lead(II) acetate trihydrate (99.999%), gold(III) acetate
(99.99%�), nickel(II) acetate tetrahydrate (99.5%), and zinc(II) ac-
etate dihydrate (99%) were purchased from Acros Organics, ES-
PICorp Inc., J.T. Baker, and Mallinckrodt, respectively. Carbon
nanofibers, carbon black (Thermax Powder N-991), and ex-
panded graphite (Grade 3775, Lot 3438) were provided by Ap-
plied Sciences, Inc., Cancarb, Ltd., and Asbury Carbons, Inc., re-
spectively. Zeeospheres (Type 200, silica�alumina ceramic
microspheres) were obtained from Zeelan Industries, Inc. All ma-
terials and chemicals were used as received unless otherwise
specified.

Measurements. High-resolution scanning electron microscopy
(SEM) was conducted using a Hitachi S-5200 field-emission scan-
ning electron microscope equipped with a “through-the-lens”
secondary electron detector and an energy dispersive spectro-
meter (EDS). Transmission electron microscopy (TEM) was con-
ducted on JEOL 2100 field-emission or Hitachi H-9500 transmis-
sion electron microscope systems. X-ray photoelectron spectros-
copy (XPS) studies were performed on a Kratos Axis 165 system.
X-ray diffraction (XRD) analyses were performed on Siemens
D5000 X-ray diffractometer or Scintag XDS-2000 powder diffrac-
tion system, both with Cu K� as the radiation sources (� 	

1.5418 Å). Optical absorption spectra were obtained using a
Perkin-Elmer Lambda 900 UV/vis/NIR or a Shimadzu UV-2101PC.
Raman spectroscopy was performed using a Thermo Nicolet
Almega dispersive Raman spectrometer with 785 and 532 nm ex-
citation sources. Thermogravimetric (TG) and differential ther-
mogravimetric (DTG) measurements were performed on a Seiko
TG/DTA 220 (SSC/5200) system at a rate of 5.4 °C/min with a
steady nitrogen flow.

Metal Nanoparticle-Decorated Carbon Nanotubes. In a typical manual
mixing experiment to prepare Ag nanoparticle-decorated
MWCNTs with 1 mol % Ag loading, MWCNTs (100 mg, �8 mmol
carbon equivalent) were dry mixed with powdered CH3COOAg
(13 mg, 0.08 mmol) using a mortar and pestle until homoge-

neous (about 10�15 min) under ambient conditions. The solid
CH3COOAg/MWCNT mixture was then transferred to a glass vial
or an aluminum pan and heated in a nitrogen oven (Blue M Elec-
tric A-5245-Q Inert Gas Oven) to 300 or 350 °C over 1 h and
held isothermally for 3 h. The product was then collected as the
final Ag nanoparticle-decorated MWCNT nanohybrid sample.

For mechanically mixed samples prepared via ball-milling
with the same Ag loading, MWCNTs (500 mg, �40 mmol car-
bon equivalent) and CH3COOAg (65 mg, 0.4 mmol) were added
to a zirconia vial (SPEX CertiPrep, 6.4 cm long, 5.7 cm outer diam-
eter, �20 mL mixing load). After placing two zirconia balls (diam-
eter 	 1.3 cm) in the vial, the set was secured in a SPEX Cer-
tiPrep 8000D High-Energy Shaker Mill and subjected to
mechanical shaking (�1060 back-and-forth cycles per minute,
5.7 cm back-and-forth and 2.5 cm side-to-side movements) for
10 min. The mixture obtained was subjected to the same ther-
mal treatment process as described above to yield the final
Ag�MWCNT nanohybrid product.

Such mix-and-heat procedures via manual or mechanical
mixing were performed with various amounts of CH3COOAg to
obtain Ag�MWCNT nanohybrid products in a series of Ag load-
ings. The same procedures were also applied using SWCNTs as
the substrate to produce Ag nanoparticle-decorated SWCNT
nanohybrids.

Acknowledgment. Y.L. and M.J.F. were supported by appoint-
ments to the NASA Postdoctoral Program at the Langley Re-
search Center, administered by Oak Ridge Associated Universi-
ties (through NASA contract NNH06CC03B) and the National
Research Council, respectively. The authors thank D. Hartman
for XRD experiments, T. Williams for assistance in sample prepa-
ration and particle size measurements, and Drs. P. Lillehei, A.
Belcher, and C. Wohl for their valuable comments and sugges-
tions. The authors are in debt to Prof. Y.-P. Sun and his research
group at Clemson University for their generous help in micros-
copy and other experiments, and Dr. J. Hudson at Clemson Uni-
versity for XPS measurements.

Supporting Information Available: Slideshow videos showing
the salt-to-metal conversion from the intermediate CH3COOAg/
Ag0 species to Ag nanoparticles on MWCNT surfaces; XPS spec-

A
R
T
IC
L
E

www.acsnano.org VOL. XXX ▪ NO. XX ▪ 000–000 ▪ XXXX K



trum (Ag 3d region) of a Ag nanoparticle-decorated MWCNT
sample; Raman spectra of Ag nanoparticle-decorated MWCNTs;
a plot of Ag nanoparticle volume vs Ag loading; DTG curves for
manual and mechanical CH3COOAg/MWCNT mixtures; XRD pat-
terns of various metal and metal oxide nanoparticle-decorated
MWCNT samples; SEM and XRD pattern of a Pt/MWCNT nanohy-
brid sample; a table of Raman peak intensity ratios (IG=/IG and ID/
IG) of Ag nanoparticle-decorated SWCNT samples of various Ag
loading levels; a table comparing the sizes of Ag nanoparticles in
the samples from Figure 13 as directly measured by SEM vs esti-
mated using the Scherrer equation; and a table of endothermic
peak temperatures of various acetate salts and the respective
thermal treatment temperatures used. This material is available
free of charge via the Internet at http://pubs.acs.org.
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82. Langley, C. E.; Šljukić, B.; Banks, C. E.; Compton, R. G.
Manganese Dioxide Graphite Composite Electrodes:
Application to the Electroanalysis of Hydrogen Peroxide,
Ascorbic Acid and Nitrite. Anal. Sci. 2007, 23, 165–170.
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