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a b s t r a c t 

In this work sodium polyacrylate functionalized carbon nanotube aerogels were prepared from aqueous medium 

by simple ionic cross-linking using copper nitrate and calcium chloride as cation sources to obtain self-standing 

3D structure. The complete procedure involves gelation of functionalized carbon nanotubes, freeze-drying and 

calcination to obtain the self-standing structures. These structures were characterized by scanning electron mi- 

croscopy (SEM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). The 

self-standing structure is formed by entangled carbon nanotubes arranged in sheet-like assemblies. After calcina- 

tion, the presence of the carboxylate contribution in C1s XPS spectra in the cross-linked materials, suggests its 

important role in thermal stability of the aerogels. This method also allowed obtaining metal particles embedded 

within the carbon nanotube network of the final material, which is a feature that could also contribute to the 

overall properties of the aerogel. 
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. Introduction 

Since their discovery, the properties of carbon nanotubes have

ranted them great attention for applications as diverse as polymer

nd metal reinforcing, solar cells, displaying, electromagnetic shielding,

atalysis, batteries, and other energy related applications. In all cases,

he goal is to develop materials that allow taking full advantage of their

roperties at the macroscopic scale. One of the commonly used proce-

ures to accomplish this is through the preparation of free-standing 3D

aterials. 

As free-standing materials, carbon nanotubes have been prepared

n the form of fibers, mats, films, forests, foams, sheets, aerogels, and

ponges. Low density highly porous 3D networks have been of interest

or several years, an interest that is reflected in the diversity of meth-

ds reported for CNT aerogel preparation, with methods like single and

ultiple step CVD [1] , chemical cross-link [ 2 , 3 ], polymer reinforcement

4–6] and freeze-casting [7] being amongst the most commonly used.

ll these methods have in common the attempt to increase the stiffness

f the aerogel while using low amounts of binders, if any, to prevent a

ossible negative effect on the final material properties. 
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Sodium polyacrylate is a polyelectrolyte, usually used as an ab-

orbent agent due to its high affinity to water. When exposed to poly-

alent cations in liquid solution, a process of ionic exchange is favored,

esulting in the formation of a gel due to crosslinks between polyacry-

ate chains. This phenomenon has been known for a long time [8] and

sed in applications like the formation of templates [9] . 

The functionalization and grafting of carbon nanotubes with sodium

olyacrylate and its acid form, polyacrylic acid, have been found to im-

rove their poor dispersibility in water [10–12] . More recently, porous

aterials have been prepared by crosslinking sodium polyacrylate with

ivalent cations, with emphasis in the obtention of both amorphous car-

on structures [13] and metallic frameworks [ 14 , 15 ]. In both cases,

olyacrylate gels are reported to provide steric hinderance, prevent ag-

lomeration and serve as a template that influences the final microstruc-

ure and the morphology of the prepared materials [15] . 

There are some reports of nanostructured aerogels prepared using

olyacrylic acid as reinforcement [ 16 , 17 ], crosslinked by a mechanism

hat takes advantage of the thermal reduction of the carboxylic groups,

owever, to the best of our knowledge there is still no report on the use

f the gelation of sodium polyacrylate with divalent ions to generate

arbon nanotube nanostructured aerogels via freeze-casting. 
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Fig. 1. XRD diffractograms of the prepared aerogels. ( : Metallic copper; : 

Rouaite (Cu 2 (NO 3 ) (OH) 3 ); : Cuprite (Cu 2 O); X: Halite (NaCl)). Relative 

diffraction intensities obtained from PDF cards are included as reference. 
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In the present work, carbon nanotube aerogels are prepared by a

imple yet effective freeze-casting method, where ionic exchange is used

s intermediary step to from gels of sodium polyacrylate functionalized

arbon nanotubes. In principle the preparation of aerogels using this

echnique can be done using any divalent cation, with the advantage of

enerating metal oxide particles homogeneously embedded within the

arbon nanotube network of the final material. 

. Experimental details 

.1. Materials and reagents 

Nitrogen doped multiwalled carbon nanotubes (CNx) were obtained

rom a previous synthesis performed following the method reported by

errones et al. [18] . Sodium polyacrylate 30% wt. solution (Mw ∼1200)

as bought from Sigma-Aldrich. Copper nitrate was bought from J.T.

aker. Calcium chloride was bought from Jalmek Scientific. Hydrogen

eroxide was bought from Fermont. All chemicals were reactive grade

nd used without further purification. 

.2. Sample preparation 

.2.1. Carbon nanotube purification 

In order to reduce the amount of amorphous carbon and other un-

anted byproducts, nitrogen doped carbon nanotubes were purified us-

ng a modification of the procedure reported by Belmonte et al. [19] ,

s follows: 40 mg of carbon nanotubes (CNx) were added under son-

cation to a beaker containing 60 ml of hydrogen peroxide and con-

inuously stirred. After one hour, the obtained suspension was filtered,

ashed with several volumes of deionized water, and dried in air at

0 °C overnight. 

.2.2. Carbon nanotube functionalization 

For the functionalization of carbon nanotubes, 10 mg of the purified

arbon nanotubes (p-CNx) were dispersed in 20 ml of deionized water in

 sonic bath for 1 h, added dropwise to 20 ml of a 4 mg/ml aqueous so-

ution of sodium polyacrylate and then left in the sonic bath for another

our. This suspension was filtered and washed with deionized water to

emove unbind polymer residues. The filtration cake was immediately

esuspended in water to a final concentration of 0.5 mg/ml. Multiple

atches were synthetized following this procedure, stirred together to

repare a stock suspension, and stored for later use. 

.2.3. Preparation of aerogels 

To generate the gels, 10 ml of the functionalized carbon nanotube

uspension were vigorously stirred with 5 ml of a 0.3 M solution of a

ivalent cation salt. Additionally, a control aerogel was prepared using

eionized water instead of cation solution and given the same exact

ollowing treatments. 

To remove salt excess from the material, the gels were washed three

imes by centrifugation at low speeds, replacing the supernatant with

eionized water every time. The last wash was followed by a final cen-

rifugation at 2465 RCF for 15 min, to increase the gel density. 

In a freeze-casting process, the obtained gel was frozen overnight in a

onventional freezer, at a temperature of -15 ± 5 °C, and then lyophilized

n a Labconco FreeZone 2.5 freeze dry system until complete absence of

ce. Finally, the lyophilized aerogels (AG, AG-Cu & AG-Ca) were calci-

ated at 450 °C for two hours in a tube furnace under nitrogen flow to

btain the final materials (AG-T, AG-Cu-T, AG-Ca-T). 

. Characterization 

The prepared materials were characterized using SEM (JEOL JSM-

600F, using silicon wafers to support pieces of aerogel), as well as

EI DUAL BUEAM HELIOS NANOLAB600 SEM, using ultra high reso-

ution (UHR) reaching 100 000x, Raman spectroscopy (WI Tec Alpha
2 
00, 488 nm laser), XRD (Bruker d -8 Advance diffractometer, Cu-K 𝛼1

adiation,40kv, 30 mA), XPS (Thermo Scientific K-ALPHA Photoelectron

pectrometer, Al-K 𝛼 monochromatic X-ray beam, 40 W. Irradiated area:

00 μm 

2 ) and TGA (TA Instruments Discovery, from 30 °C to 900 °C at

 rate of 10 °C/min, in air atmosphere). Peak fitting of the obtained

PS spectra was performed using CasaXPS software (V. 2.3.18) assum-

ng Shirley background. Raw Raman spectra were fit by the Levenberg-

arquardt method using 5 bands located at 1624, 1583 1487, 1351 and

220 cm 

− 1 , as reported by Maldonado et al. [20] . 

. Results and discussion 

This simple freeze-casting method allows to produce the macroscopic

elf-standing aerogels depicted on the digital pictures available in Fig.

1 of the supporting information. 

An initial coarse indication of the compounds present on the pre-

ared aerogels was determined using XRD by comparing the diffrac-

ograms of the prepared aerogels and the nanotube powders, shown on

igs. 1 and S2, to powder diffraction files (PDFs) obtained from the ICDD

DF-4 + database [21] . The main diffraction peak in all the samples in

he present work is located at circa 26°, which corresponds to the 002

eflection of the multiwalled carbon nanotubes [22] . This is the only

eak detected on the control aerogels (AG & AG-T). 

The diffractogram of pristine carbon nanotubes, CNx in Fig. S2,

hows multiple peaks between 35 and 50° that match the diffraction

attern of cementite, a crystalline phase of iron carbide (Fe 3 C) (PDF

0–034–0001 [21] ), a byproduct obtained from the iron catalyst used

uring nanotube synthesis. In the same figure, the diffraction pattern

f purified carbon nanotubes (p-CNx) shows the reduction of the inten-

ity of these peaks, due to removal of some of this impurity during the

eroxide treatment performed on the ultrasonic bath. The intensity of

hese carbide peaks is further reduced after the functionalization process

f-CNx). 

The diffractogram of the freshly freeze-dried copper treated aerogel

AG-Cu) shows peaks at 12.8, 25.77, 33.5, 36.5, 39.8 and 43.59°, a good

atch with the reflections of the 001, 002, 120, 121, − 202 and 122

rystal planes of rouaite (PDF 00–015–0014 [21] ), a metastable poly-

orph of copper hydroxyl nitrate (Cu (NO )(OH) ), probably formed
2 3 3 
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Table 1 

D and G band analysis from deconvolution of Raman spectra. 

Material I D D ” G D’ I D /I G 

CNx 1130.3 1355.6 1476.3 1574.2 1611.5 0.524 

p-CNx 1135.4 1356.4 1476.3 1574.1 1609.8 0.516 

f-CNx 1177.1 1362.5 1487.0 1578.6 1606.3 0.598 

AG 1198.6 1356.5 1494.4 1573.4 1603.8 0.672 

AG-T 1146.8 1357.1 1480.5 1575.1 1608.7 0.613 

AG-Cu 1113.6 1363.2 1476.4 1580.1 1601.7 0.633 

AG-Cu-T 1137.2 1359.3 1484.7 1578.0 1612.6 0.678 

AG-Ca 1154.6 1363.7 1504.4 1581.7 1617.1 0.529 

AG-Ca-T 1156.5 1363.0 1487.3 1580.5 1615.4 0.515 
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rom residual copper nitrate after lyophilization. After thermal treat-

ent (AG-Cu-T) rouaite peaks disappear, indicating its thermal degrada-

ion during the treatment. In the calcined copper treated aerogel, sharp

eaks appear at 29.57, 36.42 and 42.31° attributed to the 110, 111 and

00 planes of Cu 2 O (PDF 04–007–9767 [21] ), respectively, with and

dditional diffraction peak at 43.3° is attributed to a relatively small

mount of metallic copper (PDF 00–004–0836 [21] ). By using the most

ntense cuprite peak (111) and the Scherrer equation, the Cu 2 O crystal-

ite size was estimated to be 41.15 nm. It is possible that Cu 2 O formation

s related to the thermal treatment from the oxidation of metallic Cu as

bserved in the Fig. 1 diffractogram. 

The diffractograms of the calcium chloride treated aerogels (AG-Ca &

G-Ca-T) show peaks at circa 31.6 and 45°, which match the reflections

f the 200 and 220 planes of halite (PDF 00–005–0628 [21] ) formed

s a byproduct of the ion exchange between sodium polyacrylate and

alcium chloride. No other crystalline phases could be identified, which

uggests that the copper and calcium polyacrylates present on the aero-

els are in an amorphous state. 

Raman spectroscopy is a useful tool to gain information on the elec-

ronic properties of carbon nanotubes. In this study, the 488 nm laser

as used because it is more sensitive to the 𝜎 (sp 3 ) bond, which allows

 finer analysis of the defects generated by the functionalization of the

anotubes [23–27] . The region surrounding the expected positions of

 and G band in the Raman spectra of the prepared aerogels and their

tarting materials was fit by the Levenberg-Marquardt method using 5

ands located at 1624, 1583 1487, 1351 and 1220 cm 

-1 , corresponding

o the D’, G, D ”, D, G and I bands, respectively [20] . Fitted spectra is

vailable in Figs. S4 and S5 on the supporting material. Table 1 summa-

izes the obtained information. 

As can be seen in Table 1 , there are not significant differences be-

ween the positions of the D and G bands on pristine (CNx) and per-

xide purified (P-CNx) carbon nanotubes. Only a slight decrease in the

 D /I G ratio is observed, which could be attributed to the removal of

morphous carbon from the nanotubes surface. Functionalization with

odium polyacrylate (f-CNx) increased the I D /I G ratio beyond its original

alue, which could be attributed to the addition of sp 3 carbon from the

olymer. The displacement observed on the positions of D and G bands

nd the increase in the width of the G band (Figure S4) can be attributed

o interactions with polymer. Liu et al. [11] report blueshifts of about

 cm 

− 1 in D and G bands after functionalization with polyacrylic acid.

he greater shift in the present system could be attributed to a more

ntense interaction between the carbon nanotubes and the polymer due

o nitrogen doping within the nanotube. 

In the control aerogel (AG), both D and G bands shift closer to their

riginal positions. Probably due to the partial removal of sodium poly-

crylate during the gel washing procedure. In contrast, copper nitrate

nd calcium chloride treated aerogels (AG-Cu and AG-Ca, respectively)

reserve D and G band positions like those of the functionalized carbon

anotubes (f-CNx). Ionic exchange generates calcium and copper poly-

crylates that are not water-soluble and are not removed during the gel

ashing procedure. The shifts observed from f-CNx sample to both ma-
3 
erials after ionic exchange with Ca (Ag-Ca) and Cu (Ag-Cu) could be

elated to the ionic interactions between the polymer and the ions. 

On the calcinated copper treated aerogel (AG-Cu-T) small displace-

ents of D and G band to lower wavenumbers are attributed to a change

f the way that the polymer interacts, probably because of the degra-

ation of copper polyacrylate at this temperatures and the formation of

etallic particles [28] . 

It can also be noticed that while the rest of materials show reduction

n their I D /I G ratios after thermal treatment, because of the degrada-

ion of unlinked polymer, the I D /I G ratio on the copper treated aerogel

ncreases after calcination. This is attributed to the formation and at-

achment of copper oxide particles to the nanotube surface [29] . 

Raman spectra of calcium treated aerogels (AG-Ca & AG-Ca-T) show

o significant change in the positions of D and G bands. 

The presence of a shoulder is observed on G band of all materials

fter functionalization, and especially after thermal treatments. Decon-

olution in this zone (Figs. S4 and S5) allows to identify the shoulder as

he D’ band, related with the turbostratic character in graphene plane

tacking [20] . While its intensity and position present only slight vari-

tions, it is more perceptible on the calcinated materials because of a

eduction on the width of the G band, product of polymer degradation.

For a more detailed characterization on the chemical state on the

aterials, XPS was performed. Deconvolution of C1s XPS spectra of pris-

ine carbon nanotubes (Fig. S6) showed bands at 284.6 eV, 285.15 eV,

85.94 eV and 286.81 eV attributed to C = C, C 

–C, C 

–N and C 

–O species,

espectively [ 30 , 31 ]. 

After peroxide purification treatment there is an increase in the C-

/C = C area ratio, attributable to the increase of sp 3 carbon species,

ue to slight oxidation at the nanotube surface by the hydrogen per-

xide. This is consistent with the appearance of a new contribution at

round 288 eV, attributed to carboxylate groups (O = C-O) [30] . Func-

ionalization with sodium polyacrylate further increased the intensity of

his band due to the addition of carboxylate groups present in sodium

olyacrylate. 

While the carboxylate contribution, at 288 eV, is present on the C1s

pectrum of the control aerogel ( Fig. 2a ), it disappears after the thermal

reatment ( Fig. 2d ), most likely due to thermal reduction. In contrast,

opper and calcium treated aerogels preserved this contribution. This

howed the improvements in thermal stability of the material, product of

onic crosslinking, since these are the groups involved in the reticulation

f the material. The slight decrease in the relative intensity of this signal

s attributed to the degradation of unlinked carboxylate groups. 

A larger C-C/C = C ratio in can be observed in calcium treated aerogel

AG-Ca), probably because of a more effective retention of polymer after

onic crosslinking. No significant changes are observed after thermal

reatment (AG-Ca-T), probably because the degradation temperature of

his particular calcium polyacrylate, usually ranging from 470 to 495 °C

32] , was likely not exceeded during this treatment. 

The obtained O1s spectra (Fig. S6) are composed by three contri-

utions. The first, around 529 eV, is attributed to the presence of iron

xide (529.5 eV) [33] , another impurity generated form the iron catalyst

sed during CNx synthesis. The second contribution, around 531.7 eV,

s attributed to the presence of C = O bonds [30] , meanwhile the third

ontribution, around 533.3 eV, is attributed to C 

–O species [30] . 

After the nanotube purification treatment, (Fig. S6), the signal at-

ributed to iron oxides reduces its intensity considerably, due to the re-

oval of these impurities. Additionally, there is an increase in the areas

f the contributions of C-O and C = O species, due to oxidation on the

urface of the nanotubes. Upon functionalization (Fig. S6), the inten-

ity of iron oxides keeps diminishing probably because of the additional

onication time during the functionalization and a new contribution ap-

ears at around 535.5 eV, due to the KL 1 L 23 auger line of sodium [34] ,

rom the sodium polyacrylate. 

Fig. 3 shows SEM micrographs of the thermal treated aerogels. Both

ation-treated aerogels (AG-Cu-T & AG-Ca-T) and the control aerogel

AG-T) displayed the formation of tridimensional porous structures with
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Fig. 2. Deconvoluted high resolution C1s XPS spectra of the prepared aerogels. 

Fig. 3. Secondary electron SEM micrographs 

of the prepared materials. (200x, 1000x and 

20,000x). 
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alls composed by sheets of entangled carbon nanotubes. This arrange-

ent is a feature frequently seen in the particles that constitute freeze-

asted materials [7] . 

The control aerogel (AG-T) shows a partially collapsed structure with

rregular pores, which could be attributed to partial nanotube restack-

ng, due to lack of proper structural support. In addition to the absence

f crosslinking cations that bring support, both XPS and Raman spectra

uggest that less polymer is retained in this aerogel after the washing

tep, which probably affects its structural integrity. The copper nitrate
4 
reated aerogel (AG-Cu-T) shows a greater number of smaller and more

venly distributed cavities and a greater degree of order is observed. 

In the case of calcium treated aerogels (AG-Ca-T) the sheet-like struc-

ures form more compact walls with partially collapsed cavities. This

pparent collapse should be interpreted as densification due to a larger

mount of binder (i.e. polyacrylate) retained by the carbon nanotubes.

his hypothesis is supported by the comparatively larger C-C/C = C area

atio present in AG-Ca-T, an indication of a larger amount of non-

raphitic carbon in the samples. 
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Fig. 4. SEM micrographs of AG-Cu-T and AG- 

Ca-T aerogels (b & d, respectively) and their 

corresponding EDX spectra. 
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In aqueous solution copper nitrate and calcium chloride generate

olutions with different pH, being the product of a strong acid and a

eak base, copper nitrate tends to acidify aqueous media. On the other

and, calcium chloride generates solutions which pH does not deviate

ignificantly from the neutrality. 

The pH has been reported to influence the morphology of structures

ormed by carbon nanotubes functionalized with polyacrylic acid and its

odium salt. At high pH polyacrylate is tied more strongly to nanotubes

ue to electrostatic interactions between deprotonated groups [12] .

ince pH is less acidic for the calcium chloride precursor, a stronger

dherence of polyacrylate to the nanotubes is observed, more calcium

olyacrylate is formed over the surface of nanotubes during gelation,

esulting on saturation of the surface and a more densified material.

hen adapting the method to different cations and salts, the precursor

roportions will need to be tuned according to the application specific

ecessities. 

The formation of particles is observed on the surface of the AG-Cu-T

erogel ( Fig. 4b ), with composition confirmed by EDX ( Fig. 4a ). Detailed

lemental mapping showing the distribution of the particles is available

n Figs. S7–S9. The final metal loading of thermal treated aerogels is

47%wt of Cu for AG-Cu-T and ∼9%wt of Ca for AG-Ca-T, calculated

rom TGA profiles available in Fig. S11 of the supporting information. 

Fig. S10 shows the results obtained using UHR SEM (a) of the AG-

a-T aerogel, where multiple particles adhered to the wall of the nan-

tubes are observed, these particles have sizes around 10 to 20 nm in

iameter. Fig. S10(b) shows the quantification of the EDX analysis in

ome of these particles finding the presence of calcium and iron. This

ndicates that nanotubes retain some of the iron, which was used as

 catalyst during the synthesis, agreeing with the XPS analysis where

e remnants can be observed. In Fig. S10(a) it is possible to observe

he typical bamboo structure of carbon nanotubes doped with nitrogen.

n the other hand, in Fig. S10(c) they observe the samples correspond-

ng to the AG-Cu-T samples corresponding to the sample obtained with

o

5 
opper nitrate, where it is possible to observe that the particles have a

ize around 20 nm, these particles tend to agglomerate in some places

orming clusters on the walls of the nanotubes. EDX analysis was per-

ormed in some areas (Fig. S10(d)), identifying the presence of copper

nd iron, which indicates that the iron remaining from the synthesis

as not completely eliminated. In Fig. S10(c) it is possible to observe

he typical bamboo structure of carbon nanotubes doped with nitrogen

s well as iron particles within the nanotubes, which is typical of carbon

anotubes synthesized by CVD using an iron catalyst. 

. Conclusions 

Sodium polyacrylate functionalized carbon nanotube aerogels were

repared on aqueous medium by a simple ionic cross-linking procedure

sing copper nitrate and calcium chloride as cation sources. The pres-

nce of the carboxylate contribution in C1s XPS in the cross-linked cal-

ined materials, suggests the important role that this group has in the

hermal stability of the aerogels. 

Ion exchange turns water soluble sodium polyacrylate into insol-

ble calcium or copper polyacrylates by means of the formation of

rosslinking coordination bonds between the divalent cation and the

arboxylate groups of polyacrylate. The formation of crosslinking pro-

uces a gel that acts as a template that guides and reinforces the mi-

rostructure, enabling greater degree of order in cross-linked aerogels

hen in comparison with the prepared without the addition of divalent

ations. 

In principle the preparation of aerogels using this technique can be

one using any divalent cation, with the advantage of the metal ox-

de particles embedded within the carbon nanotube network. This fact

pens the possibility to obtain self-standing carbon nanotube structures

ith properties and chemical characteristics suitable for different ap-

lications in several fields lika catalysis, medicine, energy, and some
thers. 
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