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Abstract: In a world of constant rush towards novel energy sources, hybrid nanomaterials
have raised huge interest as their components can synergistically improve the expected
performances in terms of power. In this regard, direct methanol oxidation (DMO) is among
the most investigated reactions for implementation in portable and other devices. Herein, we
report the design of gold-decorated CNT-aryl nanohybrids as electrocatalyst of DMO. In a
first step, Azure A (AA), Neutral Red (NR) and Congo Red (CR) dye diazonium salts were
reacted with CNTs to provide CNT-Dye nanoscale platforms for the immobilization of gold
NPs. This step was conducted with CNT-Dye platforms evenly spread over glassy carbon
(GC) electrodes. The CNT-Dye@Au nanohybrid electrode materials served for DMO
electrocatalysis. Cyclic voltammograms show that bare CNT-Dye nanohybrids exhibit high
electrocatalytic activity, particularly for the CNT-CR nanohybrid which returned a 3-fold
improvement. With anchored Au NPs, a further 4 time remarkable increase in the oxidation
peak intensity was achieved (i.e. about 12-fold the peak intensity recorded in the absence of
any nanocatalyst). The forward to the backward anodic peak current density ratio J¢/J, was
found to be as high as is 1.68.

This work provides a simple, elegant and efficient approach for designing robust, nanohybrid
electrocatalyst for DMO, based on the smart combination of CNTSs, diazotized dyes and gold
NPs.
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1. Introduction:

Fuel cells convert the energy stored in chemicals into electricity without burning, therefore
avoiding the inefficiency of the polluting process such as traditional combustion. The growing
interest in fuel cells is indeed testified by number of publications indexed in Web of Science
since the early 21% century.* Direct methanol fuel cells (DMFCs) are considered to be one of
the most attractive portable power sources due to their environment friendly nature,
simplicity, and high durability [1,2]. The performance of DMFCs highly depends upon the
charge transportation processes. In order to enhance the transportation of charge throughout
this electrochemical device, a support system such as an electrocatalyst is required. An
electrocatalyst should be electrically conductive and resistant to corrosion in an
electrochemical environment. The most active anode materials explored for methanol
oxidation reactions (MOR) are nanostructured platinum (Pt) and its alloys owing to their large
surface area which provides more active sites, thus leading to high energy conversion
efficiency [3,4]. However, high cost, lack of resources and poisoning of active sites of Pt
electrocatalyst by residual carbon monoxide (CO) in MOR limits the widespread
commercialization of the DMFCs [5,6]. To design an efficient and environmental friendly
catalyst for DMFCs is a challenging task. It rests on the choice of metallic nanocatalyst
among other parameters. In this regard, Au, Ag, Pd and Rh metallic nanoparticles are suitable
substitutes for Pt. They exhibit an excellent catalytic activity in oxidation reduction reactions
(ORR) and interestingly they show higher stability during MOR against CO poisoning
intermediate [6,7,8,9,10]. However, these metallic nanoparticles can only be efficient if they
are in the solid state, dispersed media. In this regard, carbon nanomaterials emerged as
versatile platforms for the dispersion of nano-electrocatalysts [11,12,13,14]. Carbon
nanotubes (CNTs) were explored for proton exchange membranes and as catalyst support in
fuel cells [15,16,17,18] and for biofuel cells as anode materials [19]. CNT covalent surface
modification is mandatory in order to build stable supporting material that can resist to high
temperature and ultrasonication. Carbon covalent functionalization could be achieved through
chemical or electrochemical routes; such as oxidation, esterification, amidation or
diazotization [20,21]. Diazonium surface chemistry is an easy and effective mean for the
modification of CNTs. This could be achieved with either isolated or in situ generated

diazonium salts from aromatic amine precursors with a result of covalently attached

* The topic “fuel cell” returns 1,500-7,600+ papers a year from 2001 to 2010 and 8,500-12,200+ papers indexed
in Web of Science (data for year 2020 is partial). Last accessed 3 September 2020.



nanometer scale aryl layer. Of utmost importance, the said layer has uniform thickness and
withstands heat and (sono)chemical treatments. This plays an important role for enhancing the
electrocatalytic activity by creating strong substrate for metal NPs deposition [11,22].

Dyes have numerous functions besides staining textiles or biological cells; however the recent
decades have witnessed their implementation in electronic devices such as chemiresistive gas
sensors [23,24,25], fuel cells [26,27]. Azure A dye was used for electrocatalytic application
such as the oxidation of NADH [28]. Azo dyes were used for microbial fuel cell [29]. Congo
Red azo dye is widely used as a pH indicator [pH variation between 3-5 (from blue to red)].
Neutral red was investigated for pH measurement as an optode material [30], and as

demonstrated by some of us, CNT-NR hybrid exhibit excellent pH responsive behavior [31].

Given the heterocyclic nature of the dyes grafted to CNTs and the remarkable properties they
impart to the latter, we reasoned that such aryl would be beneficial for the immobilization of
metallic nanocatalysts such as gold nanoparticles. Much has been said about the attachment of
nanocatalysts to aryl-modified CNTs [11] and other carbon allotropes [32], but the process
concerned only classical functional groups borne by the phenyl rings from the aryl layer,
namely NH;, SH, COOH. For this reason, this works offers alternative anchoring groups from
dye diazonium salts for nanocatlysts. This choice was motivated by the rich chemical
composition of the dyes providing azo groups and phenothiazine blocks.

Herein, we propose a new and efficient process of using CNT-Dye nanohybrids for the
DMFC application and to extend it to applied aspects. For synthesizing CNT-Dye
nanohybrids, we took advantage of a synthesis protocol conducted in water at RT [31] in
order to synthesize robust CNT-Dyes nanohybrids namely; CNT-AA, CNT-NR and CNT-CR.
A comparative study of the catalytic efficiency of CNT-Dye and CNT-Dye@Au nanoparticles
was performed as well. The grafted aromatic heterocyclic compounds could easily bind gold
nanoparticles (Au NPs). Despite the developments in surface chemistry, nanomaterials and
energy sources summarized above, no similar nanohybrids were reported before, that combine

the salient properties of CNTSs, dyes and Au NPs for the purpose of new energy sources.



2. Experimental

2.1. Materials

Azure A, Neutral Red and Congo Red (all Alfa Aesar products) were used as received.
MWCNTSs (diameter 1-10 nm, length 60-100 nm, purity >90%) were Nanocyl 7000 products.
Deonized water was used for various cleaning and dilution processes. Ether and acetone
(Aldrich, spectrophotometric grade) were used as received. MWCNTSs were Nanocyl® - 7000
type purchased from Nanocyl S.A., Belgium. The MWCNT characteristics are the following:
90% purity, metal oxide impurity of 10 %, the average diameter is around 9.5 nm, the average
length is 1.5 pm, and surface area is 250-300 m%g (supplier’s data). Dimethyl formamide
(DMF) was purchased from Sigma Aldrich and used as the solvent for dispersion of CNT-
Dye nanohybrids, Nafion® 117 solution (Sigma Aldrich) was used as proton conductor for
proton exchange membranes (PEM). KOH solution as electrolyte for electrochemical
measurements (Sigma Aldrich), tetrachloroauric acid (AuHCls;) and sodium tricitrate
(C18H15NagO,;) were purchased from Sigma Aldrich to synthesize the Au NPs.

2.2. Preparation of Au-decorated CNT-Dye nanohybrids

e Synthesis of CNT-Dye nanohybrids:

To prepare CNT-Dye (CNT-AA, CNT-CR and CNT-NR) nanohybrids, we adopted
the same procedure previously reported by our team [31]. In short, 40 mg CNTs were
modified in 200 ml water at RT with diazonium salts (200 mg) of Congo Red, Azure A and
Neutral Red dyes named as; CR-N,", AA-N,", and NR-N,", respectively.

e Deposition of Au NPs on CNT-CR nanohybrid:

Gold nanoparticles were prepared as previously described [33], using 0.5 M AuHCl,, and
Ci1gH15NagO,; solutions (0.5 M) [33]. The freshly prepared red wine colloidal solution was
characterized using UV-visible method (Supplementary Material Fig. SM1) to track the
absorption band located at 538 nm, a characteristic of Au NPs [34]. Meanwhile, the
synthesized nanohybrids were gently dispersed in DMF for 15 min. at RT. After
ultrasonication one can observe a homogenous dispersion, like ink. The as-prepared
nanohybrid inks were drop-cast on pre-cleaned glassy carbon (GC) electrode. The deposited
films were dried under air atmosphere for 1 h. To prepare CNT-CR@Au electrode, we drop-
casted a thin layer of Au NPs solution on top of CNT-CR modified GC electrode dried film
(prepared as previously described above). The deposited amount of Au NPs was left to dry

under air atmosphere. Finally, 10 pL of Nafion® 117 solution was drop-cast on all prepared



electrodes. Nafion is a synthetic polymer used to ensure the attachment of CNT-Dye solutions
and Au NPs solution to GC electrode; we noticed no leaching of the nanohybrids during the
course of electrocalysis. During the electrocatalytic studies all measurements were carried out
at RT in 0.5 M KOH solution.

2.3. Characterization of nanohybrids

X-ray diffraction (XRD) study was performed on D8 FOCUS, Bruker Ettlingen using
Cu K, line (A = 1.54 A) in the range of 5-80°. The morphology of nanohybrids was studied
using Carl Zeiss (Supra 55) field emission scanning electron microscope (FESEM) fitted with
an X-ray detector for the energy dispersive X ray spectroscopy (EDX). For investigating the
optical properties of the samples, absorption spectra were recorded by using Shimadzu UV-
2450 spectrophotometer. XPS spectra were recorded using K Alpha (Thermo) fitted with a
monochromatic Al K, X-ray source (spot size: 400 pum). The pass energy was set to 200 and
50 eV for the survey and the narrow regions, respectively. Electron and argon flood guns were
used to compensate for the static charge build-up of the glassy carbon modified with Au
nanoparticles. The composition was determined using the manufacturer sensitivity factors.
The electrochemical measurement was performed using Autolab potentiostat galvanostat
(PGSTAT302). A standard three compartments electrochemical cell was used with glassy
carbon (GC) as anode, Pt wire as the counter electrode and saturated calomel electrode (SCE)
as the reference electrode. Cyclic Voltammetry (CV) tests were carried out between -0.2 and

1.0 V at constant scan rates using PGSTAT302 system.



3. Results and Discussion

3.1. Modification of glassy carbon with CNT-Dye nanohybrid film
The CNT-Dye nanohybrids were prepared as previously reported [31]. CNT-Dye/GC

and CNT-Dye@Au/GC electrocatalysts were studied for methanol oxidation reactions.
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Figure 1. Upper panel: general pathway of dye diazonium synthesis and spontaneous aryl
grafting of MWCNTSs. Example is given for CR diazonium tetrafluoroborate. Lower panel:
electrocatalyst fabrication for DMO measurements:

(1) CNT-Dye/GC, and (2) CNT-CR@AU/GC.

Fig. 1 (upper panel) describes a spontaneous pathway to prepare CNT-Dye nanohyrids by
modifying CNTs with diazotized dyes in a simple and green process. The nanohybrids
showed very good dispersions in DMF. As shown in the lower panel, the solution of CNT-
Dye nanohybrid/DMF was drop casted onto GC electrode for MOR. Two routes were
investigated for this purpose. Fig. 1 (1) shows GC electrode modified with CNT-Dye solution
however, in fig. 1 (2) we drop casted Au NPs solution on CNT-CR/GC. We run a comparative
study of the eletrocatalytic activity of the modified GC electrodes. DMO studies were done

under same conditions (RT and in 0.5 M KOH solution).



3.2. X-ray powder diffraction analysis (XRD)
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Figure 2. XRD patterns of (a) CNT, (b) CNT-CR200, () CNT-NR2, (d) CNT-AA.
Diffraction peaks are indexed as C (JCPDS file no. 26-1076)..

Fig. 2 shows the XRD patterns of pristine and dye modified CNTs. The XRD pattern
displayed in SM2a exhibit various diffraction peaks accounting for the crystalline hexagonal
structure of carbon as referenced in (JCPDS 26-1076) [35, 36]. The intense (006) peak located
at 26° suggests dominant exposure of these planes in the sample [37, 38]. Interestingly, the
main peak (006) as shown in SM2(a-d) is present in all XRD patterns of CNTs and CNT-Dye
nanohybrids which indicate that the hexagonal structure of carbon nanomaterial is maintained
after covalent surface modification with dyes. On other hand, the peak position corresponding
to (006) planes shifts from 26° (CNT) to 25.8° (CNT-CR) to 25.6° (CNT-NR) to 25.5° (CNT-
AA) respectively as shown in Fig. 2. This shift in peak position suggests the presence of strain

in the modified CNT. This strain can be estimated using relation:
macrostrain (%) = (dnk-dy)/dr,

where d, and dy are the interplanar spacing of reference sample (CNT) and modified sample,
respectively [39]. The interplanar spacing d=A/2sin® was obtained from known values of

A=1.54A and respective peak position for (006) planes.



Table 1: d-spacing and macrostrain values of CNT and CNT-Dye nanohybrids

Sample CNT CNT-CR CNT-NR CNT-AA
d-spacing (A) 3.42 3.44 3.47 3.48
Macrostrain (%) - 0.5 1.32 1.54

As noted from Table 1, the d-spacing and macrostrain values increase with the grafting
of dyes onto CNT surfaces [40]. The d-values increase with addition of dyes and

corresponding positive macrostrain values confirm the lattice elongation [41].

3.3. Scanning Electron Microscopy (SEM) and EDX spectroscopy
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Fig. 3. SEM images of CNT-CR nanohybrid (a), and CNT-CR@Au NPs (b).

SEM was used to witness CNT surface modification with dye diazonium compounds
by comparing their morphologies before and after grafting of dyes as shown in SM3. CNTs
SEM image (SM3 (a)) shows more “dark holes” known as intertubular spaces as compared to
CNT-Dyes nanohybrids (SM3b-d) [42]. Compared to the morphology of CNTs displayed in
SM3a, the CNT-Dye hybrids imaged by SEM (see SM3b-d) exhibit neat texture, with smooth
surface of the sidewalls. Fig. 3 shows SEM images of the analyzed CNT-CR versus
CNT-CR@Au NPs. Clear morphological changes can be noted for the Au NPs treated
sample; indeed numerous bright dots are uniformly distributed on the CNT-CR surface,

interestingly without any agglomerated Au NPs (Fig. 3b)
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Fig. 4. EDX spectrum of CNT-CR@AuU NPs.

To account for the change in the chemical composition of CNTs, we have analyzed the
same nanotubes by EDX using the same SEM apparatus. The surface compositions are
reported in SM4. Through EDX analysis, we were able to measure the elemental composition
of each sample [43]. CNT is only composed of carbon atoms; CNT modified with dyes show
C from CNTs and dyes molecules beside other elements. In case of CNT-AA we obtained
nitrogen (N), oxygen (O), sulfur (S) and chloride (CI), for CNT-NR the spectrum shows C, N
and O whereas for CNT-CR; EDX shows C, N, O and S. Figure 4 displays EDX spectrum of
CNT-CR@AuU NPs and shows the effective impregnation of Au NPs onto CNT-CR platform.
As sulfur is a unique elemental marker (from sulfonate groups in CR), Au/SO3 atomic ratio

was found to be 3, and thus Au/CR is 1.5 since CR has two sulfonate groups.



3.4. XPS
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Fig 5. XPS analysis: surface composition (a), and high resolution Au4f spectrum of
CNT-CR@AuU NPs.

XPS was used to probe Au NPs deposited on CNT-CR/GC electrode. XPS survey
region (SM5) shows C1s (285 eV), O1s (532 eV), N1s (400 eV) and S2p (168 eV) peaks from
CR dye grafted onto CNTs [31], and Au4f doublet (84-88 eV) from the immobilized NPs.
Interestingly, Fig. 5a exhibits two Au4f doublets with Au4f;, core electron peaks located at
84 and 86.1 eV, respectively [40]. The peaks can be assigned to Au® and Au*® oxidation state
of gold [44,45,46]. Au NPs could be tightly immobilized via a complexation with azo bonds
within the Congo Red grafted layer where the nitrogen atoms act as electron donors to Au3+
species. Indeed, inspection of high resolution N1s region exhibits a shoulder at ~403 eV
which is in line with positively charged nitrogen atoms (See SM6). For each oxidation state,
the Au4fs,/ Audf;;, intensity ratio is ~3/4 which is in line with theory. XPS permitted not only
to confirm EDX results pertaining to Au NPs film deposition on CNT-CR nanohybrid, but
also to bring strong supporting evidence for the major metallic state of Au. Fig. 5b exhibits
the main peaks detected with different atomic% values relatively for CNT-CR nanohybrid
atomic composition. The XPS determined atomic percent of Au reached 0.08% (including
0.07% for metallic Au). Therefore, the Au/SO3; = 22.2 and Au/CR = 11.1; values way much
higher than those obtained by EDX. This is in line with the more specific surface technique
XPS which probe the outermost elements. In contrast, EDX is a more bulk technique probing
up to 10 pum. Since the Au NPs are sitting on the CNT/CR hybrids, it is logical to obtain
higher values by XPS compared to EDX for Au/SO3 and Au/CR molar ratios.
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3.5. CNT-Dye nanohybrids for methanol oxidation:

3.5.1. CNT-Dye/GC

Cyclic voltammograms (CVs) for CNT-CR, CNT-NR, CNT-AA nanohybrids and
commercial GC were recorded in 0.5 M KOH (electrolyte) and 0.5 M CH3OH solution at scan
rate of 100 mV.s™. One can notice two peaks in the CV curves, first one is called forward
anodic peak and it corresponds to oxidation of methanol, second one is called backward
anodic peak and it corresponds to oxidation of left out species mostly CO [47]. The forward
anodic peak current density (Js) values for CNT-CR, CNT-NR and CNT-AA are 19.36, 10.9
and 12.4, respectively. Current density for CNT-CR is around 1.55 times than its value for GC
electrode (12.5 mA cm™). The backward anodic peak current density (J,) values of non-
modified GC electrode, CNT-CR, CNT-NR and CNT-AA are 8.56, 9.42, 4.49 and 0.53 mA
cm?, respectively.
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Fig. 6. Cyclic Voltammograms of CNT-NR, CNT-AA, GC and CNT-CR in 0.5 M KOH and
0.5 M CH3OH solution at scan rate of 100 mV s™.

Ratio of Jf to Jy i.e. J¢/Jp is associated to the CO poisoning factor. Lower Jy, refers to a
significant response for CO total oxidation during the forward scan. Thus a higher J¢/Jy ratio is
criterian for good electrocatalyst and lower Ji/J, ratio corresponds to poor oxidation of
methanol in the forward scan [47, 13]. J#/J, ratio for GC, CNT-CR, CNT-NR and CNT-AA
are 1.46, 2.06, 2.42 and 23.39 as shown in Fig. 6. One can note that the CNT-Dye
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nanohybrids have better anti-poisoning capability than GC electrode. However, J¢/J, ratio for
CNT-AA seems to have the highest ratio among all used nanohybrids; the backward anodic
peak for CNT-AA in Fig. 6 has unusual shape. This could explain the poor catalytic capability
of CNT-AA to catalyze the left out species such as CO intermediate.

3.5.2. CNT-CR@AUNPs/GC

CNT-Dye are interesting materials for MOR however, CNT-CR nanohybrid shows
best oxidation results according to CV voltamograms shown in Fig. 6. In the present work, we
wished to go further and investigate more the possibility to enhance CNT-CR/GC electrode
performances by immobilizing a pure well dispersed metallic nanoparticles, herein Au NPs.
The Au NP dispersion was drop-cast onto the CNT-CR/GC electrode. Likely, the newly
prepared CNT-CR@AU/GC electrocatalyst gives very high value of current density (55.11
mA cm™) towards MOR as compared to CNT-CR (19.36 mA cm™) [47].
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Fig7. Cyclic Voltammograms of CNT-CR and CNT-CR/Au in 0.5 M KOH and 0.5 M
CH3OH solution at scan rate of 100 mV s*

The enhancement in the peak current density depicts the improved performance of
CNT-CR@Au nanocatalyst in MOR by ~ 4 times compared to CNT-CR nanohybrid.

According to literature, the results confirm that Au NPs are well dispersed with small size
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particles onto CNT-CR surface otherwise they could not catalyze the methanol [48]. The
oxidation potential for CNT-CR@Au of the oxidation peak is around -0.1 VV compared to
CNT-CR nanohybrid (-0.2 V), which represents a positive shift of 0.1 V in the oxidation
potential as reported in Fig. 7. These results account for the electrocatalytic performances of
the CNT-CR@AuU nanocatalyst [49,50].
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Fig 8. Tafel plots obtained from the rising portion of the forward anodic peak of CV curve on
CNT-CR nanohybrid in 0.5 M KOH + 0.5 M methanol solution

Further, to evaluate the kinetic parameters (exchange current density and Tafel slope)
associated with the catalytic activity of prepared electrocatalyst for MOR, the variation of

electrode potential with the logarithm current density was investigated [13] (Fig. 8).

The exchange current density and Tafel slope for the cathodic process were evaluated
using [51]:

2.303RT 2.303RT

n=a+blogj=— nF logjo + o

log j

where, i, o, F, T, R, Jo and j refer to the over potential, charge transfer coefficient, Faraday’s
constant (96485.3 C/mol), absolute temperature, universal gas constant (8.314 J/mol K),
exchange current density and apparent current density (in mA cm™), respectively. The

constants a and b were found from the straight line fitting of variation of E-vs-log j. The

13



calculated exchange current corresponding to CNT-CR@Au and CNT-CR nanohybrids while
catalyzing in methanol comes out to be 0.248 and 0.120 mA, respectively.
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Fig. 9. Chronoamperometric measurements at -0.2 V for CNT-CR@AU/GC, CNT-CR/GC,
CNT-NR/GC, GC electrode and CNT-AA/GC in 0.5 M KOH + 0.5 M CH3OH solution.

The durability of the electrocatalysts CNT-CR@AuU, CNT-CR, CNT-NR, CNT-AA
and bare GC, during long-term operation, was evaluated by chronoamperometric curves. Fig.
9 illustrates the current density (j)-vs-time (t) chronoamperometry which indicates that the
CNT-CR@Au nanohybrid is more stable than all the other catalysts during long time
operation.
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Fig10. CV curves of methanol oxidation with CNT-CR@Au/GC nanocatalyst in 0.5 M KOH

solution with different methanol concentrations from (0.45-0.65 M)

Fig. 10 shows the CV curves of methanol oxidation using CNT-CR@Au catalyst with
different methanol concentrations. The catalytic current density increases with the increase in
methanol concentration. The increased methanol concentration accelerated the diffusion of
methanol at the interface of catalysts and promotes the MOR process [52]. Thus, the above
mentioned results demonstrate that the nanohybrid catalyst showed better performance for

MOR [13] as compared to those reported in the literature (see Table 2).
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Table 2: Summary of electrocatalytic studies on metal — CNT nanohybrids for DMO.

S.No. Material Ji/Jp | Reference
1. Pt nanoparticles on N-doped CNT 1.15 [53]
2, Pt on SWCNT 0.94 [54]
3. Pt on MWCNT 1.65 [55]
4. PdAu(Cu) on 3D rGO/CNT 1.11 [56]
5. alloy nanoparticles of Pt10_x—Fex supported on CNTs | 1.14 [57]
6. | Cerium Oxides on Pd/CNT 1.38 [58]
7. | Ptand Pd on Au nanoparticles loaded CNT 0.95 [59]
8. | Pt-AU/CNT@TiO; 2.7 [60]
9. | CNT-CR@AuU NPs 1.68 | This work

The Ji/J, ratio for CNT-CR@AuU is ~1.68, higher than the values reported from the
literature and gathered in Table 2, at the exception of Pt-Au/CNT@TiO; (entry 8). As our plan
is to eliminate Pt-based electrodes or Pt nanoparticles for future fuel cells due to high cost
issues, CNT-CR@Au NPs turn out to be an excellent alternative nanocatalyst for the
electrocatalyzed DMO given its remarkable performances.

Conclusion

In the domain of energy, the production of smart nanohybrid materials as electrocatalysts is
ever growing and challenging. Herein, we contribute to this domain by designing
CNT-CR@Au nanohybrids for the electrocatalyzed methanol oxidation reaction at the surface
of GC electrodes. The CNT-Dye were prepared via diazonium chemistry and coated on GC
prior to the even decoration by Au NPs. On one hand, the latter were found to be tightly
attached to the diazonium-modified CNT sidewalls via electrostatic interactions, and
synergetically improved the electrocatalytic properties of underlying nanotubes, on the other
hand. These new nanohybrids not only impart superior electrocatalytic activity, enhanced

current density and lower oxidation potential but also reduce the anti-poisoning (of e.g. Pt)

16



during methanol oxidation reaction process. These features of CNT-CR/Au nanohybrids make
them favorable lower-cost candidates for direct methanol fuel cells than electrocatalysts based
on Pt NPs. This opens new horizons for dye-modified CNTs (sp? nanocarbon allotropes in
general) and their use as nanoplatform to construct new electronic devices (sensors, fuel cells,

energy storage).
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Supplementary Material SM1. UV-Visible extinction spectra at three different

concentrations of gold colloidal suspensions prepared under the same conditions from

(10-30 pl of Au NPs solution).
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Supplementary Material SM2 (a) XRD pattern of (a) CNT, (b) CNT-CR, (c) CNT-NR, (d)

CNT-AA. Diffraction peaks are indexed as C (JCPDS file no. 26-1076)

Supplementary Material SM3. SEM images of MWCNT (a), CNT-AA (b), CNT-NR (c)

and CNT-CR (d).
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Supplementary Material SM4. EDX spectrum of CNT (a), CNT-AA (b), CNT-CR (c), and

Binding energy (eV)

CNT-NR (d).
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Supplementary Material SM5: XPS survey region of CNT-CR@AuU NPs
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Supplementary Material SM6: high resolution N1s spectrum of CNT-CR@Au NPs

26



