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ABSTRACT 

We report a bimetallic Zn/Al complex as an efficient inorganic dispersant for SWCNT, 

synthesized from Zn(CH3COO)2 and Al(NO3)3. The Zn/Al complex shows more than four times 

greater efficiency at dispersing SWCNT than widely used surfactants (CTAB and SDS). Besides 

remarkable dispersibility, the Zn/Al complex does not foam upon any shaking treatment and it 

can be used just after quick dissolution of the powdered form, which is a marked advantage over 

surfactants. The Zn/Al complex, containing amorphous Al(CH3COO)3 and a complex of  Zn2+ 

and NO3
−  ions, should have a unique dispersion mechanism, differing from the surfactants. 

Al(CH3COO)3 has higher affinity for SWCNT than ions, adsorbing onto their surface in the first 

layer and attracting Zn2+ and NO3
− ions. Charge transfer interactions between the Zn/Al complex 

and SWCNT as evidenced by optical absorption spectroscopy should induce a charge on 

SWCNT; the zeta potential of such coated SWCNT was +55 mV, which is in agreement with the 

high stability of SWCNT in water. Hence, the Zn/Al complex can widen the applications of 

SWCNT to various technologies such as the transparent and conductive films, as well as high 

performance composite polymers. 

1. Introduction 

Single-wall carbon nanotubes [1] (SWCNT) are known to possess outstanding physical 

and chemical properties such as high electrical and thermal conductivities, photo luminescence, 

and mechanical properties [2–5]. However, pure SWCNT form firm bundles [6], which hampers 

their application to various technologies. Hence, it is indispensable to dissociate the bundles to 

make use of the outstanding properties of SWCNT. Non-covalent methods using surfactants 

[7,8] and polymers [9,10], and covalent chemical functionalization [11] have been widely used to 

disrupt the bundle structures in aqueous media. One of the major drawbacks of using surfactants 

and polymers is foam formation, which is not environmentally friendly, causing serious hurdles 

in industrial application [12,13]. Chemical functionalization, which is quite efficient for 

dispersing SWCNT,  affects their electronic properties due to sp3 hybridization of C-atoms [14], 

diminishing electrical conductivity, which is a disadvantage of this method. Recent super-

molecular chemistry approaches have offered a powerful route for the reversible and controllable 

dispersion of SWCNT [15,16]. However, there has been little research on inorganic dispersants 

for SWCNT; our preceding study showed that nanosilica can disperse SWCNT, but loses its 
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dispersibility over time [17]. Thus, the inorganic SWCNT dispersant of sufficient stability should 

offer a new application field of SWCNT. 

Sol-gel chemistry has been used in energy-saving ceramics processing. The sol-gel 

method enables us to prepare powders, thin films, and fibers of metal oxides and/or hydroxides 

[18,19]. This suggests that sol-gel agents can form intermediate self-assembly oxophilic 

structures, depending on the precursors of the process. We hypothesized that the self-assembly 

structures in sol-gel chemistry [20,21] can play a role as dispersants for SWCNT. The dispersion 

stability arises from electrostatic repulsive interactions between charged SWCNT [22]. 

Bimetallic sol-gel agents of mixed valence should be promising for the dispersion of SWCNT. A 

systematic study of bimetallic sol-gel agents lead to a Zn/Al complex as an outstanding 

dispersant for SWCNT. This paper reports high dispersion of highly crystalline SWCNT (Fig. 

S1) with an order bundle structure (Fig. S2), aided by a bimetallic Zn/Al complex, including its 

dispersion mechanism as well.  

2. Experimental 

2.1. Carbon nanotube samples and preparation of bimetallic complexes 

We used highly pure and crystalline SWCNT (Meijo) prepared by arc method [23] as 

delivered without any future purification; the SWCNT samples were used for the dispersion 

experiments without any pre-treatment. Zn/Al complex was prepared by the sol-gel method 

using Zn(CH3COO)2 and Al(NO3)3. 1 g of the reaction mixture with a molar fraction of Zn of 

0.66 and Al of 0.34 was dissolved in distilled water of 20 g, and the reaction was conducted in an 

oil bath with reflux at 373 K for 2 h. After the reaction, the solvent was evaporated using a rotary 

evaporator, and a viscous colorless liquid was obtained. The obtained product was dried in a 

vacuum oven for 3 h at 373 K to yield the solidified Zn/Al complex.  

We chose Zn(CH3COO)2 and Al(NO3)3 for the best bimetallic complex through 

qualitative dispersion testing of different combinations of nitrates of Al, Fe, Co, Ag, Gd, Cu, Ni, 

Mg, Ca, Li, and K with Zn(CH3COO)2 at certain molar ratios. 

2.2. Evaluation of dispersibility 

SWCNT of 0.50 mg were dispersed in 25 g of aqueous solution containing dispersants of 

the different concentration, from 0.001 to 1.000 wt.%, with ultrasonic treatment for 20 min using 
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a homogenizer tip (SONIC, VS 505) of 150 W and 20 kHz. The dispersibility was evaluated 

using a calibration curve of the optical absorbance against the SWCNT concentration with an 

optical absorption spectrometer (JASCO, V 670); the standard calibration curve was obtained 

using cetyltrimethylammonium bromide (CTAB) as shown in Fig. S3. It is important to note that 

the dispersibility was expressed as relative wt.% of dispersed SWCNT, having values from 0 to 

100 wt.%. Relative wt.% of dispersed SWCNT is a ratio of the amount of SWCNT in the 

supernatant (determined from the calibration curve, Fig. S3) and the total amount of SWCNTs in 

the system. 

2.3. Structural characterization of the Zn/Al complex 

The solid complex was characterized with X-ray diffraction (XRD) using a Bruker X-ray 

diffractometer with CuKα, X-ray photoelectron spectroscopy (JPS-9200, JEOL, Mg Kα), Fourier 

transform infrared spectroscopy (FTIR; Nicolet 6700), and thermal gravimetric mass 

spectrometry (TGMS; Rigaku). The local structure of the complex in aqueous solution was 

studied with extended X-ray absorption fine structure (EXAFS; Aichi Synchrotron center). 

2.4. Analysis of the dispersion state of SWCNT 

The Zeta potential changes of the SWCNT dispersions at different concentrations of Zn/Al 

complex, from 0.001 to 1.000 wt.%, and at constant SWCNT concentration of 0.002 wt.% were measured 

with a Nicomp 380 ZLS at a laser intensity of 300 kHz. Raman spectra were recorded using an inVia 

Raman microscope (IAB 8303) at an excitation wavelength of 735 nm and 532 nm. The nanotubes were 

observed by a High-Resolution Transmission Electron Microscope (HRTEM), JEOL JEM 2100. 

3. Results and discussion 

3.1.  Zn/Al complex and surfactants in the dispersion of SWCNT 

Dispersion of SWCNT obtained using the Zn/Al complex is similar to the dispersion of 

SWCNT dispersed with surfactants. The Zn/Al complex does not form any foam after shaking, 

while the surfactants generate a stable foam as shown in Fig. 1.  
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Figure 1. SWCNT dispersed in water with Zn/Al complex and the two types of 

surfactants, CTAB and SDS, after shaking. 

The Zn/Al complex induces incredibly high stability to SWCNT, thus, it can be stably 

dispersed for hours, days, months, or up to one year as we have examined so far Fig 2. 

 

Figure 2. The relative dispersibility of SWCNT vs. age. The relative dispersibility 

diminishes about 6 wt.% after three months and does not change thereafter for nine months. 

Fig. 3a shows the relative dispersibility of SWCNT dispersed with Zn/Al complex, cetyl 

trimethylammonium bromide (CTAB), and sodium dodecyl sulfate (SDS). The relative 

dispersibility maximum of SWCNT dispersed with the surfactants is more than five times larger 

than the relative dispersibility maximum of SWCNT dispersed with the Zn/Al complex. This 

suggests that the Zn/Al complex is highly efficient at dispersing SWCNT in comparison with 

surfactants. Dispersibility of SWCNT in aqueous solution sensitively depends on the 

composition of the Zn/Al complex. Pure components of Zn(CH3COO)2 and Al(NO3)3 cannot act 

as dispersants for SWCNT in aqueous media, while a bimetallic Zn/Al complex shows 
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remarkable dispersibility at a molar fraction of Zn in the range of 0.5~0.9 (Fig. 3b); the 

composition of Zn/Al yielding the highest dispersibility is 0.66. The molar ratio of Zn/Al giving 

the highest dispersibility corresponds to the stoichiometric ratio of Zn/Al for the synthesis of the 

complex (Fig. S4). This indicates that a Zn/Al complex of a definite structure is key to dispersing 

SWCNT stably.  

 

Figure 3. (a) Comparative study of the relative dispersibility of SWCNT vs. concentration of 

Zn/Al complex, CTAB, and SDS. (b) Relative dispersibility of SWCNT vs. the molar fraction of 

Zn in Zn/Al complex and (c) concentration of Zn/Al complex in the dispersion system. (d) Zeta 

potential of SWCNT dispersion against the concentration of Zn/Al complex. Here, all samples 

were characterized after centrifugation at 4000 rpm for 20 min, except for the sample in Fig. 3b.  

Dispersibility of SWCNT strongly depends on the concentration of the Zn/Al complex 

(Fig. 3c). Relative wt.% of the stably dispersed SWCNT gradually increases with the 

concentration up to 0.10 wt.% and then decreases. Fig. 3d shows the dependence of the zeta 

potential on the concentration of the Zn/Al complex. Importantly, the zeta potential dependence 

briefly agrees with the dispersibility vs. concentration of the Zn/Al complex. The dispersibility is 

maximized at 0.10 wt.%, which can be assigned to the uniform adsorption of Zn/Al complex per 
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unit surface area of SWCNT, exhibiting a positive charge of +55 mV. A highly positive zeta 

potential value indicates that SWCNT is stabilized due to electrostatic repulsive interactions [22].  

Below 0.10 wt.%, the amount of Zn/Al complex is insufficient to coat the surface of SWCNT 

completely, exhibiting lower dispersibility. Above 0.10 wt.%, SWCNT precipitate due to high 

loading of Zn/Al complex onto their surface, leading to destabilization and partial precipitation. 

3.2.The structure of Zn/Al complex 

In order to better understand the mechanism of SWCNT dispersion, structural 

determination of the Zn/Al complex is of crucial importance. The amorphous nature of the Zn/Al 

complex was confirmed by XRD (Fig. S5). The local structure around Zn was examined with 

EXAFS, while the structure around Al was investigated with XPS. Fig. 4a and b show the 

Fourier transform (FT) and k3-weighted EXAFS signals for Zn of the Zn/Al complex in solid and 

liquid phases and Zn(CH3COO)2 as a reference as well. The intense signal in FT corresponds to 

the Zn-O first shell distance, suggesting that Zn is coordinated with O. The coordination number 

of Zn and the bond length between Zn and O, obtained by fitting EXAFS data, are shown in 

Table S1. The coordination number of Zn increased up to 5.8 upon formation of the Zn/Al 

complex in aqueous solution. Thus, Zn was presented in the form of a Zn2+ ion hydrated with 6 

molecules of H2O, where the distance of Zn-O was determined to be 2.07 Å, corresponding to 

the literature value [24] of Zn2+ hydrated ions obtained by XRD analysis. Fig. 4c and d show 

XPS spectra of the Zn/Al complex for Al 2p and O 1s. The peak at 75.37 eV suggests the 

presence of oxidized Al, while the peak at 533.35 eV indicates the presence of O covalently 

bound with Al as suggested by Bournel et al. [25]. Accordingly, the Al and O atoms were bound 

in the sequence Al-O-C, which can be assigned to the frame structure of Al(CH3COO)3; C atoms 

of the Al-O-C structure correspond to a CH3COO- group (Fig. S6). These structural data lead to 

the conclusion that complex Zn(NO3)2 and amorphous Al(CH3COO)3 are obtained by a 

stoichiometric reaction of the synthesis of Zn/Al complex dispersant. The presence of 

hydrophilic carriers such as NO3
– ions and CH3COO- groups is additionally supported by FTIR 

and TG-mas spectra (Fig. S7a and b). 
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Figure 4. (a) Fourier transform (FT) and (b) k3-weighted EXAFS signals of Zn/Al complex 

aqueous solution with a concentration of 0.05 wt.% (green line), solid Zn/Al complex (blue line), 

and Zn(CH3COO)2 (black line). (c) XPS spectra of Zn/Al complex for Al 2p and (d) O 1s. 

3.3. The interactions between Zn/Al complex and SWCNT and dispersion mechanism 

Thus, the Zn/Al complex consists of Al(CH3COO)3 acting as the amphiphilic carrier and 

a complex of  Zn2+ and NO3
−ions acting as the hydrophilicity carrier; the Zn/Al complex is 

amphiphilic. Since Zn(NO3)2 cannot disperse SWCNT in water, and Al(CH3COO)3 gives rise to 

an extremely poor dispersion of SWCNT (Fig. S8), the Zn/Al complex, which bridges 

Al(CH3COO)3 with Zn2+ and NO3
– ions, exhibits excellent amphiphilicity. Therefore, in the 

dispersion system, SWCNT can be embedded into the amorphous Zn/Al complex, inducing 

dissociation of SWCNT bundles in water as we observed by HRTEM (Fig. 5).  



9 
 

 

Figure 5. (a) HR-TEM images of SWCNT dispersion without Zn/Al complex and (b) with Zn/Al 

complex 

Highly stable dispersion of SWCNT indicates high affinity of Zn/Al complexes for 

SWCNT, whose interactions were studied by optical absorption and Raman spectroscopy. Direct 

evidence of a charge transfer interaction between Zn/Al complexes and SWCNT can be observed 

in Fig. 6. For pristine SWCNT, we observed three characteristic peaks at 0.63 eV, 1.18 eV, and 

1.62 eV, corresponding to S11, S22, and M11 transitions, respectively [14,26]. However, in the 

presence of the Zn/Al complex, the peak at 0.63 eV corresponding to the S11 transition cannot 

be observed, suggesting that valence electrons are depleted from SWCNT [14] due to a charge 

transfer interaction between them and the Zn/Al complex; the complex acts as an electron 

acceptor. S22 and M11 bands are slightly shifted, suggesting a charge transfer interaction as well.  

 

Figure 6. Optical absorption spectra of SWCNT and SWCNT-Zn/Al complex recorded in 

the film form. 

Raman spectroscopic examination also supports the presence of a charge transfer 

interaction at the metallic and semiconducting nanotubes. Metallic nanotubes were excited at 785 
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nm, showing interesting features of RBM and G-band, Fig. 7a and b. The intensity of the RBM 

band decreases markedly with the increase of the concentration of the Zn/Al complex. In 

particular, the depression of the band at 172.6 cm-1 is more remarkable than that at 161.5 cm-1. 

The intensity depression should come from the severe suppression of the RBM vibration due to 

the adherence of the dispersant on the SWCNT surface. On the other hand, the G-band change is 

more drastic. SWCNT without dispersant have a distinct doublet structure consisting of G- at 

1568.3 cm-1 and G+ at 1591.1 cm-1. The G-band is blue-shifted by 16 cm-1, suggesting a charge 

transfer from the nanotubes to the Zn/Al complex [27,28]. Semiconducting nanotubes were 

excited at 532 nm, Fig. 7c and d. The tendency of the depression of RBM band and shift of G-

band with the increase of the concentration of Zn/Al complex is similar to the metallic nanotubes. 

However, the intensity change of the RBM and blue-shift of the G-band is less significant, 

indicating that semiconducting SWCNT have smaller affinity for Zn/Al complex than metallic 

SWCNT.    

 

Figure 7. Raman spectra of the metallic and semiconducting SWCNT dispersed using Zn/Al 

complex. (a) The RBM and (b) G-band of the metallic SWCNT was recorded at the laser 

wavelength of 785 nm; (c) the RBM and (d) G-band of the semiconducting SWCNT was 

recorded at the laser wavelength of 532 nm. 
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The charge transfer interaction can be attributed to the presence of the Al atoms, whose 

species have a tendency to act as electron acceptors [29], suggesting their presence on the surface 

of SWCNT. Hence, the molecules of Al(CH3COO)3 were strongly adsorbed onto the surfaces of 

SWCNT via Al atoms, which possess hydrophobicity as shown in Fig. 8. The Zn2+ and NO3
− ions 

are then electrostatically bound to such coated SWCNT, inducing a charge on their surface. 

Since a positive charge is detected, we assume that Zn2+ ions should be present in the outer layer 

of SWCNT, inducing a highly positive charge to the SWCNT surface. Zeta potential was 

measured to be +55 mV.  A higher zeta potential value indicates a higher stability of the SWCNT 

dispersion; the magnitude of zeta potential should be greater than ±15 mV for the electrostatic 

stabilization of the colloidal dispersions. Conventional surfactants such as Dowfax 3B2, SDS, 

CTAB and NaDBS have large magnitudes of the zeta potential of -97,3 -79,3 +61,5 and -60,4 

mV, respectively. [22] Such a large magnitude of zeta potential arises from the high degree of 

packing of SWCNT surface with the surfactant molecules; the higher degree of packing, the 

more difficult to remove the surfactant from the SWCNT surface in a dry state. This feature is 

important in the transparent and conducting film fabrication, where it is necessary to remove 

dispersants from the surface of film in order to improve the opto-electronic properties. Thus, the 

Zn/Al complex has relatively large zeta potential, which is slightly lower in comparison with the 

surfactants, guaranteeing a high stability of the SWCNT aqueous dispersion and easy 

removability from the SWCNT surface as well.  

 

Figure 8. The mechanism of SWCNT dispersion stabilized by Zn/Al complexes. The surface of 

the nanotube is coated with Al(CH3COO)3 via Al atoms in the first layer, while the second layer 

is composed of Zn2+ and NO3
− ions. 
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To examine the importance of surface charge on the dispersibility of SWCNT, we 

conducted a series of experiments of relative dispersibility and zeta potential versus pH, Fig 9a 

and b. The relative dispersibility of SWCNT is closely related to the pH of the dispersion system. 

At a pH below 2, zeta potential was diminished to -3 mV, indicating that Zn/Al complexes were 

dissolved from SWCNT surfaces, showing the surface charge of the intrinsic SWCNT [30]. The 

dissolution of Zn/Al complexes caused complete precipitation of SWCNT. On the other hand, at 

a pH above 6.5, Zn/Al complexes were transformed into Al jelly structures that cannot act as 

dispersants for SWCNT, causing their precipitation. Therefore, there is a certain range of the pH 

values, from 3.8 to 6.8 at which the Zn/Al complex is preserved of the chemical changes, acting 

as the dispersant for SWCNT.  

 

Figure 9. (a) Relative dispersibility and (b) zeta potential dependence of SWCNT aqueous 

dispersion vs. pH. 

 

4. Conclusions 

Here, we showed a foam-free bimetallic Zn/Al complex dispersant for dispersing 

SWCNT in aqueous media whose dispersion efficiency is much higher than those of CTAB and 

SDS. The Zn/Al complex was synthesized from Zn(CH3COO)2 and Al(NO3), with coupling at a 

molar fraction of Zn to Al of 0.66. The Zn/Al complex is stable and can be preserved in powder 

form; it can be used to disperse SWCNT in water just after quick dissolution. The Zn/Al 

complex containing amorphous Al(CH3COO)3, Zn2+, and NO3
− ions is strongly adsorbed onto the 

surfaces of the SWCNTs, leading to their stabilization. Optical absorption demonstrated a charge 

transfer interaction between Zn/Al complexes and SWCNT, which should cause a positive zeta 

potential; the observed highly stable dispersion of SWCNT in water comes from electrostatic 

repulsion with a zeta potential of +55 mV. The Zn/Al complex is a potential candidate for the 
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fabrication of transparent and conducting films as well as hybrid materials based on SWCNT-

Zn/Al species. 
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