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In the past, aligned arrays of carbon nanotubes (CNTs) have been observed to exhibit a

foam-like dissipative response in compression, garnering attention for possible mechanical

applications. Nanoparticles have previously been integrated with graphitic materials for

electrochemical applications. Here, we synthesize nanoparticles of SnO2 and MnO2 in the

interstices of aligned arrays of CNTs without altering the ordered structure of the arrays,

and we characterize their mechanical response. We report that CNT arrays with embedded

particles present superior energy dissipation relative to unmodified CNT arrays. In addition,

energy dissipation, strain recovery, and structural failure (observed after repeated loading)

depend on particle type (SnO2 versus MnO2).

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The remarkable mechanical properties of carbon nanotubes

(CNTs) have received much attention [1], leading to many

efforts to design materials that realize macroscale advantages

through integrating these nanoscale structures [2]. Among

the approaches taken, it has been noted that nominally

aligned arrays (or ‘‘forests’’) of millimeter-scale CNTs can be

readily synthesized via standard chemical vapor deposition

(CVD) techniques. These materials exhibit behavior similar

to fatigue-resistant, open-cellular foams under compression

[3,4], with significant recovery from deformation and orders

of magnitude superior energy dissipation relative to commer-

cial foams of comparable density (0.1–0.3 g cm�3) [5].

Recent attempts have been made to understand structure–

property relationships for these materials, such as how the

bulk mechanical response is affected by various structural

features [6–8]. In these studies, synthesis parameters were al-

tered to obtain CNT arrays with different features, allowing

the study of how CNT surface roughness [6], CNT diameter
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araio).
distribution [7], or partially-graphitic layering around individ-

ual CNTs [8] affects the bulk mechanical response. The con-

trol of these synthesis parameters, combined with the

modification of CNT arrays after synthesis (such as by the

infiltration of polymer into array interstices [9] or by the incor-

poration of surfactants and nanoparticles via solvent wetting

[10]), allows for tuning of the mechanical response, such as

array stiffness and energy dissipation, under compression.

Here we develop a novel approach for modifying the

mechanical response of CNT arrays post-synthesis. Namely,

we reinforce the CNT arrays by coating the individual CNT

surfaces or filling the interstices of the arrays with metal

oxide particles. We adopt two different procedures to synthe-

size MnO2 and SnO2 particles in the CNT arrays. For the syn-

thesis of MnO2 particles, we use a solution-based approach,

as described in more detail later. For the synthesis of SnO2

particles, we use a kinetically-controlled catalytic synthesis

approach, similar to that used in the past for growing Sn

particles in situ in graphitic anodes for electrochemical appli-

cations [11]. In both cases, the particles are synthesized in situ
.
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in the CNT arrays. In contrast, most work in the past involving

nanoparticle modification of CNTs has been performed on

disordered arrangements of CNTs that have first been dis-

persed in solution (often an acid) and then filtered. Such pro-

cedures have been performed to synthesize particles on

disordered arrangements of CNTs such as ZnO [12], Au [13],

Ni [14], CaCO3 [15], Cu [16], and others [17]. Specifically rele-

vant to this work, SnO2 nanoparticles have been integrated

with disordered arrangements of CNTs in the past using

CVD [18] and solution-based techniques [19]. MnO2 particles

have also been integrated with disordered CNTs [20,21]. Such

materials have already been created in the past for various

electrochemical applications, such as aqueous supercapaci-

tors [22]. Thus, these materials based on disordered agglomer-

ates of surface-modified CNTs are useful for certain

applications, and do not require the infiltration of particles

deep inside CNT arrays, which can be a challenge for many

synthesis approaches. While dispersing the CNTs into disor-

dered arrangements prior to modification avoids the problem

of needing to obtain good particle infiltration into the arrays,

it necessitates the loss of the ordered structure of CNT arrays.

For most applications, such a CNT powder must be integrated

into another, usually polymeric, matrix. This process has

many challenges of its own, such as the difficulty in obtaining

uniform dispersion of the CNTs in the matrix [23].

Here, we seek to improve the mechanical performance of

CNT arrays without disrupting their ordered structure. We

investigate the mechanical stability of these hybrid CNT–

nanoparticle structures, which could be useful in multifunc-

tional applications. Inorganic materials have been infiltrated

into ordered CNT arrays previously. A sol–gel process has been

used to create a CNT–glass composite, but the focus was on

enhancing thermal and electrical conductivities of the materi-

als [24]. Low pressure CVD has also been used, but only for

very short CNT arrays (�50 lm) due to difficulties in getting

reactions to take place more than a few tens of microns deep

in the array [25]. More recently a vapor-assisted technique has

been used to successfully synthesize TiO2 uniformly in short

CNT arrays, a procedure possibly generalizable to other types

of oxides in the future [26]. However, none of these studies

examined how the presence of the nanoparticles affects the

mechanical properties of CNT arrays, which is important for

understanding issues such as mechanical stability. Here we

obtain dispersion of particles deep within millimeter-scale ar-

rays without altering the crystalline structure of the individual

CNTs or the ordered arrangement of them. In addition to mod-

ifying the CNTarrays we test them under quasistatic compres-

sion to examine how energy dissipation, strain recovery,

loading/unloading modulus, and permanent damage are af-

fected by the modifications. Understanding these mechanical

properties is also a necessary first step toward the use of mate-

rials based on nanoparticle–CNT array structures in relevant

applications, such as electrochemical applications that have

recently been investigated [27].
2. Experimental

We synthesized arrays of multiwall carbon nanotubes (CNTs)

using a thermal chemical vapor deposition (CVD) system and
a floating catalyst approach described in the past [7,28]. Our

growth substrate was thermally oxidized Si placed in a CVD

furnace set to 827 �C. We injected a 0.02 g ml�1 solution of fer-

rocene (a precursor of Fe, a catalyst for CNT synthesis) and

toluene (a carbon source for CNT synthesis) at a rate of

1 ml min�1 using a syringe pump into the heating zone, with

Ar as a carrier gas. This approach results in continued depo-

sition of new catalyst, and thereby continued initiation of

new CNT growth, throughout the synthesis process. CNT ar-

ray samples (with typical heights of 1–1.5 mm, areal cross sec-

tions of 10–20 mm2, volume occupied by CNTs �10% , and

individual CNT diameters of 40–50 nm, as characterized by

transmission electron microscopy in our previous work [7])

were removed from their growth substrates using a razor

blade. The mass for each of these samples was measured

using a microbalance, and this was used to calculate the bulk

density, both before and after synthesis of the oxide particles.

Loading of SnO2 particles followed steps similar to those

discussed in previous work [11]. CNT samples were first added

to aqueous SnCl2 (0.2 M, 5 ml), with 0.6 ml of acetone added to

aid absorption into the array. After soaking for 46 h at room

temperature, the CNT samples were fully wetted with the

SnCl2 solution and placed in a sealed container that con-

tained an open solution of ammonia (2 wt.%). The ammonia

vapor gradually diffused to the sample, initiating hydrolysis

of the SnCl2 solution contained inside the CNT array. The

samples were then removed and washed with deionized

water, followed by further heat treatment in N2 at 450 �C for

1 h at the heating rate of 5 �C min�1, yielding the final CNT/

SnO2. To load MnO2 particles into the CNT arrays, we soaked

the CNT samples in aqueous KMnO4 (0.2 M, 5 ml) for 46–120 h

(with the variation in time controlling the loading amount) at

room temperature. During the soaking, MnO�4 spontaneously

reduced to MnO2 on the surface of the CNTs, which acted as a

reducing agent [21]. After soaking, the sample was subjected

to further heat treatment in N2 at 450 �C for 1 h at a heating

rate of 5 �C min�1, yielding the final CNT/MnO2. Whether

modifying the CNT arrays with SnO2 or MnO2, there was no

observable change in the dimensions of CNT arrays (as can

sometimes be observed due to solvent wetting effects). Scan-

ning electron microscopy (SEM) was used to obtain images of

sample structure at different magnifications and locations for

each sample. By counting the number of CNTs crossing an

arbitrary horizontal line at different locations it was deter-

mined that there were no statistically significant changes in

the spacing of individual CNTs.

Two samples with SnO2 and five samples with MnO2 were

synthesized following the procedures above, and compared to

the performance of three unmodified control samples. Sam-

ples were repeatedly compressed quasistatically, using a com-

mercial materials test system (Instron E3000), to 0.8 strain

(with strain being defined as the displacement normalized

by sample height; i.e., 0.8 strain is equivalent to compressing

the sample until it is only 20% of its original height). This

compression occurred at a strain rate of 0.03 s�1 (i.e., 3% of

the original sample height every second). For each modified

CNT array an unmodified ‘‘control’’ sample was tested that

had been removed from the growth substrate directly adja-

cent to it, and therefore had almost the exact same height,

density, mean CNT diameter, etc., prior to modification.
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Energy dissipation per unit volume was obtained by integrat-

ing the area of the stress–strain hysteresis for each loading

cycle. The loading modulus was calculated by examining

the initial slope of the stress–strain curve. The unloading

modulus was similarly calculated by taking the slope of the

stress–strain curve after unloading from maximum strain

had just begun (specifically, the slope is obtained from the

line that connects the point at maximum stress and strain

to the point at which the stress upon unloading has dropped

to 2/3 of the maximum stress).

Thermogravimetric analysis (TGA, Mettler–Toledo 851e

instrument) was conducted at 550 �C in air to quantify the

amount (wt.%) of particle loading for each modified sample.

The type of oxide was determined after synthesis of the par-

ticles using X-ray diffraction (XRD, Philips X’PERT MPD with

Cu Ka radiation). Samples were characterized with scanning

electron microscopy using a FEI Quanta 200F, and transmis-

sion electron microscopy using a FEI TF30UT at 300 kV.

3. Results and discussion

After synthesizing oxide nanoparticles in the CNT arrays with

various loadings (i.e., different quantities of SnO2 or MnO2 as

quantified by wt.%) following the procedures described in
Fig. 1 – Different types of CNT modifications (scale bars are 400

which has conglomerated in the array interstices and (c and d)

coated the individual CNTs themselves rather than forming con
Section 2, samples were characterized with scanning electron

microscopy (SEM) and transmission electron microscopy

(TEM). Fig. 1 compares SEM images of an unmodified array

(Fig. 1a) with one modified with SnO2 (Fig. 1b) and two in-

stances of arrays modified with MnO2 (Fig. 1c and d). These

images illustrate that the way in which the nanoparticles

modify the CNT arrays depends strongly on particle type

(i.e., SnO2 versus MnO2). In all cases, the images are represen-

tative of the appearance at this scale at every location internal

to the arrays at which it was investigated (i.e., there is no

apparent formation of separate densified or cell regions, as

determined by SEM images at many different locations and

magnifications). The SnO2 particles formed conglomerations

in the array interstices, forming pockets of oxide rather than

coating the individual CNTs (Fig. 1b). The MnO2 particles, in

contrast, formed uniformly along the individual CNTs

(Fig. 1c and d). This is in agreement with earlier qualitative

observations that MnO2 forms a more uniform, tightly-bound

coating around CNTs than SnO2 [22]. We expect that the dif-

ferent affinities are a result of the different roles that the

CNTs play in the two different reactions. As described in Sec-

tion 2, the synthesis of SnO2 is performed from aqueous SnCl2
precursor contained in the CNT array, using a hydrolyzing

agent (ammonia) to cause the precipitation of Sn(OH)Cl that
nm); (a) unmodified CNTs; (b) CNT array modified with SnO2,

two different MnO2 loadings, both of which predominantly

glomerations in the interstices.



Fig. 2 – Transmission electron microscope images of CNTs modified with MnO2; (a) high resolution image showing individual

CNT walls and crystalline MnO2 particles (scale bar is 5 nm); (b) a group of aligned CNTs modified with MnO2 particles (scale

bar is 100 nm); (c) a closer view of a single CNT corresponding to the white box in panel b (scale bar is 20 nm) and (d) a high

resolution image of a MnO2 particle corresponding to the white box in panel c (scale bar is 5 nm).
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is converted to SnO2 in the subsequent heat treatment. In this

case, the CNT array just provides a substrate/space to accom-

modate the SnO2 but does not play an active role in the reac-

tion. For the synthesis of MnO2, with aqueous KMnO4 as

precursor, the CNTs can take a more active role in the reac-

tion, acting as both a reducing agent and a substrate for

MnO2 precipitation [20,21]. This results in particles being

formed mainly on CNTs, not everywhere in the interstices.

Two different examples are given for MnO2 (Fig. 1c and d) in

which the particle synthesis parameters used were nearly

the same yet slightly different morphological features devel-

oped. The sample in Fig. 1c has a lower total amount of

MnO2 loaded relative to the sample in Fig. 1d due to a shorter

soak time in the KMnO4 precursor solution, despite having

significantly larger particles. Past observations have shown

that the morphology of nanoparticles resulting from the

MnO2 synthesis is highly sensitive to local pH and tempera-

ture [21]. Minor variations in these parameters could there-
fore explain the observed morphological differences. As

small as these morphological differences are, they may affect

mechanical properties, as discussed later.

TEM images for CNT samples modified with MnO2 are gi-

ven in Fig. 2. High resolution images reveal the individual

walls of the CNTs and the crystalline nature of the attached

MnO2 particles (Fig. 2a). Approximately a dozen roughly

aligned CNTs with many MnO2 particles are shown entangled

together (Fig. 2b), displaying a similar morphology to that

shown in earlier SEM images (i.e., Fig. 1c). Higher magnifica-

tion images show the interface between a CNT and particles

(Fig. 2c) and a high resolution view of one of these particles

(Fig. 2d). The strong interaction between MnO2 particles and

CNTs observed in these images is not seen in the case of

SnO2 particles. It should be noted, however, that, despite

the affinity of the MnO2 particles for the CNTs, TEM did not

reveal any damage to the CNT walls or partial embedding of

the particles into the walls.



Fig. 3 – Stress–strain relationship of modified CNT arrays

relative to their unmodified counterparts; (a and b) the MnO2

modified samples display a larger improvement in energy

dissipation (area of the hysteresis) relative to their control

samples than do the SnO2 modified samples relative to their

control samples and (c) by the 4th compressive cycle the

samples in panel a both dissipate less energy than in earlier

cycles, but the sample reinforced by MnO2 still has a larger

hysteresis than the unmodified sample.
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Representative compressive stress–strain responses for

samples modified with MnO2 and SnO2 are given in Fig. 3a

and b, respectively, with the response of corresponding con-

trol samples indicated by the dashed lines. A hysteretic re-

sponse was observed in all cases, as is typical for CNT

arrays under compression to large strains [4], with separate
loading and unloading paths (following the path indicated

by the arrows in Fig. 3a). Similar stress–strain curves were

gathered for numerous samples, and were used to calculate

loading modulus (slope of the initial linear region correspond-

ing to small strains), unloading modulus (the slope of the

curve at high strain, right after the peak value has been

reached and unloading has begun), and energy dissipation.

These quantities are summarized in Table 1. The area of the

stress–strain hysteresis represents the energy dissipated per

unit volume. Note the greater improvement in energy dissipa-

tion for the sample modified with MnO2 relative to its control

(Fig. 3a), approximately 100% improvement in this case, as

compared to the sample modified with SnO2 relative to its

control (Fig. 3b), about 42% improvement in this case. Supe-

rior energy dissipation was consistently observed for samples

loaded with MnO2 relative to those loaded with SnO2.

In addition to these differences resulting from the differ-

ent particle types, there may be an effect from particle mor-

phology even within a given category of particle type. As

mentioned earlier, the slight morphological differences be-

tween the samples displayed in Fig. 1c and d (both modified

with MnO2) could contribute to the differences in energy dis-

sipation between the two cases, with the former dissipating

approximately 70% more energy than the latter during equiv-

alent compression tests. This is noteworthy particularly be-

cause the latter sample, with less energy dissipation, was

actually loaded with a higher quantity of MnO2 (40.2 wt.%

rather than 34.9 wt.%).

We examined how the samples responded under repeated

compressive loading. One of the intriguing properties of as-

grown CNT arrays synthesized by floating catalyst CVD is

their ability to dissipate energy and to recover much of their

original height even after many compressive cycles to high

strain (0.8 or higher) [3,4]. The first cycle generally reaches

the highest peak stress and dissipates the largest quantity

of energy, with a significant drop in these for the second cycle.

After only a few compressive cycles, however, the material

begins to reach a steady state response that does not vary sig-

nificantly from cycle to cycle [7]. In this study we observed

that the response to repeated loading depended strongly on

whether the sample was reinforced with MnO2 or instead

with SnO2. Samples modified with MnO2 are observed to have

higher peak stress and larger hysteresis area (i.e., energy dis-

sipation) than their respective control samples even for re-

peated compressive cycles (Fig. 3c). The same is not

observed for samples modified with SnO2, which by the

fourth cycle show a nearly identical mechanical response to

their respective control samples.

Fig. 4 illustrates in more detail the significant difference

between the response of samples modified with MnO2 under

repeated loading and that of the samples modified with SnO2.

Because the unmodified control samples also show decreased

performance with repeated loading, Fig. 4 shows the re-

sponses of modified samples relative to this changing re-

sponse of the control samples (i.e., the first compressive

cycle for the modified samples are compared to the first cycle

of the unmodified samples, the second compressive cycle for

the modified samples to the second cycle of the unmodified

samples, etc.). Fig. 4a shows relative energy dissipation for

the first four compressive cycles. As already discussed, the



Table 1 – Loading and unloading modulus and energy dissipation per unit volume of modified and unmodified samples.

Loading mod.,
cyc 1 (MPa)

Loading mod.,
cyc 4 (MPa)

Unloading mod.,
cyc 1 (MPa)

Unloading mod.,
cyc 4 (MPa)

En. dissipation,
cyc 1 (MJ m�3)

En. dissipation,
cyc 4 (MJ m�3)

Control 6.6 ± 3.8 3.1 ± 1.8 1710 ± 330 900 ± 290 6.89 ± 0.49 0.71 ± 0.18
SnO2 41 ± 8 2.4 ± 0.6 2860 ± 230 1090 ± 150 9.71 ± 0.58 0.60 ± 0.05
MnO2 9.3 ± 5.6 23 ± 6 4170 ± 400 3180 ± 190 13.0 ± 1.6 1.40 ± 0.24
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Fig. 4 – Mechanical performance of modified CNT arrays relative to their unmodified counterparts for repeated loading; (a)

both MnO2 and SnO2 modified samples dissipate more energy during compression than control samples, but the

performance improvement for samples with SnO2 is almost entirely gone by the fourth compressive cycle; (b) though samples

with MnO2 dissipate more energy than both SnO2 and control samples, they do not recover strain as well after compression.
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sample modified with MnO2 dissipated approximately 100%

more energy than did its control during the first compressive

cycle. It continued to dissipate approximately 100% more en-

ergy than the control sample in subsequent cycles as well. In

the case of samples modified with SnO2, however, by the

fourth compressive cycle the material behaved almost identi-

cally to the control, dissipating approximately the same

amount of energy and attaining approximately the same peak

stress (Fig. 4a).

In terms of energy dissipation for repeated loading, it is

clear that the properties of CNT arrays modified with MnO2

particles are superior to those modified with SnO2, which lose

all advantages over their control within a few compressive cy-

cles. However, when strain recovery is considered the sam-

ples respond in the opposite manner. Fig. 4b shows the

initial heights of the modified samples relative to those of

their respective control samples at the beginning of each

compressive cycle. This indicates the amount of strain that

the CNT array recovers after the previous compressive cycle.

With the control samples indicated by the horizontal line at

0% (by definition), it is clear that samples modified with

MnO2 recovered significantly less strain after compression

than did either the control samples or those modified with

SnO2. The latter actually recovered slightly more strain after

compression than the control samples, which may be related

to disruption of some of the lateral entanglement between

CNT bundles.
It is also useful to examine the loading and unloading

moduli to better understand the compressive response under

repeated loading cycles. As summarized in Table 1, the initial

loading moduli for samples modified with SnO2 have an aver-

age value (41 ± 8 MPa) approximately an order of magnitude

higher than those of either the unmodified samples or those

modified with MnO2. However, by the fourth cycle (see Table 1)

the average loading modulus for samples with SnO2 has

dropped by an order of magnitude to closely match the aver-

age value for unmodified samples. In contrast, samples with

MnO2 show a substantial increase in loading modulus after

a few cycles. All samples show a dramatic decrease in unload-

ing modulus after the first cycle, though the samples with

MnO2 show a decrease of a smaller relative value.

The results discussed above and displayed in Fig. 4 can be

explained by returning to the SEM images in Fig. 1 to under-

stand the different morphologies that result from modifying

the CNTs by either SnO2 or MnO2. As discussed, the SnO2 par-

ticles appear to form interstitial conglomerations without

substantially modifying the individual CNTs (Fig. 1b) whereas

the MnO2 particles form directly on the individual CNT sur-

faces (Fig. 1c and d). It is useful to combine these observations

with top down SEM images taken of the samples after they

were repeatedly compressed, which indicate how the materi-

als tend to fail (Fig. 5). Note that the samples modified with

SnO2 display many lateral cracks that form perpendicular to

the long CNT axes (Fig. 5a). Such behavior is in accordance



Fig. 5 – Top down scanning electron microscope images for

the assessment of material failure after several compressive

cycles to 0.8 strain (scale bars are 1 mm); (a) CNT array

modified with SnO2, exhibiting many lateral cracks and (b)

CNT array modified with MnO2 displaying much less lateral

cracking comparatively.
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with the morphology displayed in Fig. 1b, in which brittle

pockets of oxide between elastic CNT bundles would serve

as natural locations of fracture. This also explains the high

loading modulus obtained in the first cycle, with a large con-

tribution from the oxide deposits, followed by very low values

of loading modulus for later cycles, since the oxide deposits

would have already failed in brittle fashion (Table 1). With

these parallel brittle and elastic elements in compression

the material fractures into small elastic bundles of CNTs.

After the first couple of cycles these elastic bundles no longer

interact as strongly with one another, causing the loss of the

initial improvement in energy dissipation with repeated load-

ing (Fig. 4a). Concomitantly, once the oxide is fractured and

no longer coupling adjacent CNT bundles, the recovery of

the material after compression will be entirely driven by the

elastic CNTs, which are known to be highly resilient against

bending and buckling [29,30], not inhibited by the fractured

oxide deposits. This results in the large strain recovery for
samples modified by SnO2 shown in Fig. 4b. In marked con-

trast, the samples modified with MnO2 show very little lateral

cracking (Fig. 5b), in accordance with a morphology predomi-

nantly consisting of individually modified CNT surfaces

(Fig. 1c and d) rather than large deposits of oxides between

separated CNT bundles. With this morphology it would be ex-

pected that the mechanical response would be driven by

interactions between individual CNTs rather than the

material breaking into separated CNT bundles. The result is

consistently improved energy dissipation even after repeated

compressive loading (Fig. 4a) but poor strain recovery due to

significant entanglement among the individual CNTs in the

compressed state (Fig. 4b). This is also in agreement with

the increase in loading modulus for the samples modified

with MnO2 (Table 1). Because samples modified with MnO2

do not recover well from compression, they remain in a

densified state. This increased density for later compressive

cycles corresponds to an increased loading modulus.

Fig. 6 illustrates this discussion in the form of diagrams

and additional SEM images for clarity. Fig. 6a represents a

sample modified with SnO2 that is compressed, requiring

the brittle fracture of oxide between CNT bundles, followed

by recovery driven by the now uninhibited elastic CNT bun-

dles. Fig. 6b and c provide a view from the side and top of

the CNT array, respectively, using SEM. Notice that the side

view shows excellent recovery of the CNT bundles, and the

top view shows significant separation of the bundles. In

contrast, the samples modified with MnO2 (Fig. 6d–f) show lit-

tle cracking but recover much less of their original height

after compression. Fig. 6e and f show significant permanent

entanglement of individual CNTs at two different

magnifications.

This discussion also explains the existence of plateaus in

the stress–strain curves for samples modified with SnO2

(e.g., Fig. 3b) which are not observed for the samples modified

with MnO2 (e.g., Fig. 3a). It is noteworthy that such plateaus

are only observed for the first compressive cycle, and are

therefore thought to correspond to brittle failure during the

formation of lateral cracks through the oxide deposits. It is

clear from Fig. 5b that even the samples modified by MnO2

display some lateral cracking along the edges of the samples

after compressive loading. This can occur to some extent

even in unmodified CNT arrays due to a lack of inward lateral

support at the edges.

In addition to Sn and Mn oxides we also synthesized Fe

oxide and Co oxide particles using corresponding metal salts

as precursors and following similar procedures as described

earlier. We have also successfully formed metallic particles

by subjecting the oxide particles to carbothermal reduction.

While we have thereby verified the versatility of the processes

described in this study as a proof of concept, further work is

necessary, including the synthesis of a larger number of such

samples, to understand the systematic effects of these

different types of particle loadings on the mechanical proper-

ties. It is especially important to understand the integrity of

these structures under mechanical stresses by understanding

how the affinities of the various types of particles for CNTs

might differ from one another, as we have done for SnO2

and MnO2.



Fig. 6 – CNT morphology before and after compression and recovery for samples modified with SnO2 (panels a–c) and MnO2

(panels d, e and f); (a) SnO2 forms in clumps between CNT bundles, leading to brittle fracture and lateral cracking during

compression followed by CNT-driven partial elastic recovery; (b and c) SEM images of the SnO2-modified CNT array after

compression and recovery from both the side and top, respectively (scale bars are 250 lm); (d) MnO2 forms as smaller particles

along each CNT, leading to entanglement after compression, and less subsequent strain recovery; (e) SEM image taken from

the side of a MnO2-modified CNT array near the base, where compressive deformation predominates (scale bar is 100 lm) and

(f) an image from the same region as in panel e but at higher magnification (scale bar is 500 nm).
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4. Summary

We have synthesized SnO2 and MnO2 in CNT arrays without

disrupting the ordered structure of the individual CNTs or

the overall structure of the arrays themselves. Under com-

pression the structures exhibit a hysteretic response, as ex-

pected for CNT arrays. The structures modified with

nanoparticles dissipate up to twice the amount of energy as

unmodified samples. Modifying CNT arrays with SnO2 results

in brittle deposits of the oxide in the array interstices sepa-

rated by elastic bundles of CNTs. Compressing these struc-

tures results in lateral fracturing through the oxide deposits,

followed by elastic recovery of the CNT bundles. After only a

few compressive cycles the material with SnO2 responds sim-

ilarly to unmodified CNT arrays in compression (as compared

by quasistatic stress–strain data). In contrast to this, when

MnO2 particles are synthesized in CNT arrays by immersion

of the CNTs in aqueous KMnO4 the particles form on the indi-

vidual CNTs themselves. The modifications result in higher

energy dissipation during compression and minimal lateral

fracturing, even after repeated cycling, but also yield more

entanglement of the individual CNTs, resulting in less strain

recovery after compression. With electrochemical applica-

tions already being developed for similar materials, continued
study of the mechanical properties of these systems could

lead to useful multifunctional materials with simultaneous

mechanical and electrochemical uses.
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