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The inner tubes of carbon nanotubes (CNTs) have significant 
promotion effect on the electrocatalytic activity of Pd 
nanoparticles (NPs) on the ethanol oxidation of direct alcohol 
fuel cells (DAFCs) and Pd NPs supported on CNTs with 3-7 10 

walls show a much higher activity as compared to that 
supported on typical single-walled and multi-walled CNTs. 

Carbon nanotubes (CNTs) are the most common and superior 
supports for precious metal-based electrocatalysts such as Pt, Pd, 
PtRu mainly because of their excellent conductivity, ultrahigh 15 

surface area and good chemical, thermal and structural stability.1, 

2 Moreover, graphitized CNTs are intrinsically resistance to 
corrosion in favour of supporting metal catalysts in acid as well 
as alkaline environment.3 CNTs also provide high catalyst 
dispersion and promote electron transfer in the catalyst layer, 20 

enhancing the electrocatalytic activity of metal catalyst.4 
However, although it has been well established that doping of 
CNTs with nitrogen substantially enhances the electrocatalytic 
activity of CNTs for fuel cell reactions such as oxygen reduction 
reactions,5, 6 it is generally believed that pristine CNTs without 25 

nitrogen-doping have little electrocatalytic activity since the 
active sites of edge plane exposure alone are far too low for the 
electrochemical reactions of fuel cells.6-8  
 Most recently, we showed that pristine CNTs composed of 
between 2-7 concentric tubes or walls have an outstanding 30 

activity for the O2 evolution reaction (OER) in alkaline solutions 
as compared with typical single-walled and multi-walled CNTs 
(SWNTs & MWNTs).9 The results indicate that the outstanding 
activity of pristine CNTs for OER is most likely originated from 
the effective electron transfer between the outer wall and inner 35 

tubes of CNTs. For the OER on CNTs with specific number of 
walls, efficient electron transfer could occur on the inner tubes of 

the CNTs most likely through electron tunnelling between outer 
wall and inner tubes under the electrochemical polarization 
driving force, significantly promoting the charge transfer reaction 40 

of OER at the surface of outer wall of the CNTs. Such promotion 
effect of inner tubes of CNTs for the charge transfer process 
implies the possible activation effect on the electrocatalytic 
activity of supported precious metal catalysts for alcohol 
oxidation of fuel cells. To verify this hypothesis, we selected Pd 45 

nanoparticles (NPs) as model catalysts for the ethanol oxidation 
reactions (EOR) of direct alcohol fuel cells (DAFCs). 
 Pd is the promising potential substitute for Pt-based catalysts 
in the DAFCs because of the low cost and relatively high 
abundant resources on earth in comparison with Pt.10, 11 50 

Moreover, Pd shows higher alcohol oxidation activity and higher 
CO poisoning resistance than Pt in alkaline solutions due to the 
low desorption energy of CO on the surface of Pd.12-14 Herein, Pd 
NPs with similar particle size were uniformly assembled on the 
outer wall surface of selected CNTs with average number of 55 

walls of 1, 3, 7 and 12 and the electrocatalytic activity of Pd NPs 
supported on CNTs was investigated for EOR in alkaline 
solutions. The electrocatalytic activity of Pd NPs supported on 
CNTs showed a distinctive volcano-type dependence on the 
number of walls of CNT supports and the highest electrocatlaytic 60 

activity was obtained on Pd NPs supported on CNTs with average 
3-7 walls. 
 Figure 1 is the TEM micrographs of the CNT supports used in 
this study. CNTs were purified by ultrasonic treatment in 
concentrated HCl solution before use. After purification, the 65 

amount of Fe, Co, Mo and Ni elements are substantially reduced 
to less than 100 ppm as confirmed by the ICP-OES analysis 
(Table S1, ESI†). CNTs-1 mainly consists of SWNTs (79%) with 
outer diameter of 1.97 nm. CNTs-2 is dominated by triple-walled 
CNTs (TWNTs, 52%) with outer diameter of 3.80 nm. The 70 

average number of walls of CNTs-3 is 7 with outer diameter of 
7.45 nm, while CNTs-4 is a typical MWNT with average 12 
walls and outer diameter of 13.9 nm. CNTs with small outer 
diameter prefers to form bundles (marked by the circles in Fig.1A 
and B) because of the van der Waals interactions;15 however, 75 

CNTs with large outer diameters, CNTs-3 and CNTs-4, are 
dispersed well without bundles. Raman spectroscopy analysis 
shows that the intensity ratio of defect-derived D band (ID) to 
graphite-derived G band (IG), ID/IG, is 0.16 for CNTs-1 (Fig.S1, 
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ESI†), consistent that reported for SWNTs,16 while the high ID/IG 
ratio of 2.5 for CNTs-4 shows that CNTs-4 is typical MWNTs 
with the high structural defects due to its multiple graphite 
layers.17, 18 

 5 

Fig.1 TEM images and related size and number of walls distribution of 
(A) CNTs-1, (B) CNTs-2, (C) CNTs-3 and (D) CNTs-4. 

 Pd NPs were dispersed uniformly on tetrahydrofuran (THF)-
functionalized CNTs via self-assembly route.19 Figure 2 is the 
TEM micrograph and XRD curves of Pd-CNTs. Pd NPs with 10 

diameter of 2.1 to 2.8 nm were homogeneously deposited on the 
surface of CNTs with no agglomeration, and the size is much 
smaller than 4.3 - 8.4 nm of Pd particles deposited on CNTs 
reported in the literature.2, 20 This indicates that THF is an 
effective functionalization agent for CNT support. The distance 15 

between two lattice fringes of Pd NPs is 0.23 nm (Fig.2E), 
consistent with the d-spacing value of Pd (111) plane at 40.0 o 
(Fig.2F). The peak at 25.9 o is attributed to the hexagonal carbon 
structure of CNTs in (002) plane.21 The peaks at 46.3 o, 67.8 o and 
80.6o correspond to Pd (200), Pd (220), and Pd (311), 20 

respectively. The XRD result confirms the face centred cubic 
(fcc) crystal structure of Pd NPs.22 According to the Rietveld 
analysis in the XRD pattern, there is no preferred orientation 
effect on Pd NPs.  

 25 

Fig.2 TEM micrographs and histograms of (A) Pd-CNTs-1; (B) Pd-
CNTs-2; (C) Pd-CNTs-3; (D) Pd-CNTs-4.(E) HR-TEM image of Pd NPs 
and (F) XRD curves of (a) Pd-CNTs -1, (b) Pd-CNTs-2, (c) Pd-CNTs-3 
and (d) Pd-CNTs-4.  
 30 

 The electrocatalytic activity of Pd-CNTs was evaluated for the 
EOR and the results are shown in Fig.3. Ethanol oxidation is 
characterized by well-separated anodic peaks in forward and 
reversed scans and the magnitude of the anodic current density in 
the forward scan is directly related to the amount of ethanol 35 

oxidized at Pd electrodes (Fig.3A). The electrocatalytic activity 
of Pd-CNTs strongly depends on the characteristics of CNTs 
supports and the best results were observed on Pd supported on 
CNTs-2, Pd-CNTs-2, achieving a peak current density of 2858 
mA mg-1. This is significantly higher than 1484 and 1574 mA 40 

mg-1 for Pd-CNTs-1 and Pd-CNTs-4, respectively. The onset 
potential for Pd-CNTs-2 is 0.353 V, which is also more negative 
than 0.400 and 0.394 V observed on Pd-CNTs-1 and Pd-CNTs-4, 
respectively. The electrocatalytic activity of Pd-CNTs-3 is 
slightly lower than that of Pd-CNTs-2, but significantly higher as 45 

compared to Pd-CNTs-1 and Pd-CNTs-4. Pd-CNT catalysts show 
a distinctive volcano-type dependence of the electrocatalytic 
activity as a function of number of walls of CNT supports 
(Fig.3B). 
 The electrochemical stability of Pd-CNTs for EOR was also 50 

investigated. The initial rapid decay in the current density for the 
ethanol oxidation on Pd catalysts indicates the poisoning of 
intermediates (Fig.3C), similar to the reaction on Pt electrodes in 
acid solution.23 However, the current decay for the reaction on 
Pd-CNTs-2 and Pd-CNTs-3 is significantly slower than that on 55 

Pd-CNTs-1 and Pd-CNTs-4. The current density of Pd-CNTs at 
t=1000 s against the wall numbers of CNTs also shows a distinct 
volcano curves (Fig.3D). The results indicate that CNTs-2 and 
CNTs-3 support significantly promotes the tolerance and 
resistance of Pd NPs toward the poisoning effect of intermediate 60 

species of the EOR. 

Fig.3 (A) Cyclic voltammetry curves of Pd-CNTs catalysts for EOR 
measured in a 1.0 M ethanol + 1.0 M KOH solution at scan rate 50 mV s-

1, (B) plots of peak current density and on set potential of EOR against 
wall numbers of CNTs, (C) chronoamperometry curves of Pd-CNTs 65 

catalysts for EOR, measured at 0.67 V in a 1.0 M ethanol + 1.0 M KOH 
solution, (D) plots of current density measured at t=1000 s for EOR. Pd 
loading was 0.05 mg cm-2. 
  The high electrocatalytic activity of Pd NPs supported on 
CNTs with average 3-7 walls, Pd-CNTs-2 and Pd-CNTs-3, is not 70 

related to the particle size of Pd NPs or the surface area of CNTs. 
As shown in Fig.2, the average size of Pd NPs of Pd-CNTs-2 is 
2.5 nm, higher than 2.1 nm for Pd-CNTs-1. Based on the N2 
adsorption isotherms the BET surface area of CNTs-1, CNTs-2, 
CNTs-3 and CNTs-4 is 576.7, 523.2, 538.8 and 270.6 m2 g-1, 75 

respectively. The surface area of CNTs-1 is much higher than 
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CNTs-4, but the electrocatalytic activity of Pd-CNTs-1 and Pd-
CNTs-4 is very close. Also, the distinctive volcano-type 
relationship between the activity and number of walls of CNTs 
support cannot be attributed to the electronic interaction between 
the Pd NPs and CNTs nor the PdO content. XPS analysis 5 

indicates that the binding energy of 3d3/2 = 341.1 eV and 3d5/2 = 

335.8 eV in Pd-CNTs is more or less the same, as compared with 
the standard spectra of metal Pd(0) (Fig.S2, ESI†). The content of 
PdO increases from 44.3 % to 67.3 % as the number of walls of 
CNTs increases from 1 to 12. PdO, like RuO2, could donate 10 

oxygen to promote the oxidation of CO to CO2,  facilitating the 
EOR on Pd catalyst with high PdO content.24 However, the 
activity of Pd-CNTs-4 is much lower than that of Pd-CNTs-2 
despite its high PdO content of 67.3%. In addition, CNTs shows 
no activity for EOR (Fig.S3, ESI†), indicating that defects, 15 

surface functionalities or impurities of pristine CNTs used in the 
present studies have no electrocatalytic effect for the EOR. 
 The most significant finding of the present study is that the 
distinctive volcano-type curve observed for the electrocatalytic 
activity of Pd NPs (Fig.3) is exactly the same as that observed for 20 

the OER on pristine CNTs in alkaline solution (see Fig.4A).9 
Although the mechanism of the EOR in alkaline systems is still 
disputed, it is generally accepted that the EOR involves many 
intermediates (e.g., CH3CO, CO),25 similar to that reported in the 
acid solution.26 As shown by Liang et al,25 rate-determining step 25 

for EOR is the removal of the adsorbed ethoxi, CH3COads, by the 
adsorbed hydroxyl on the Pd electrode. The outstanding activity 
of CNTs with 2-7 concentric tubes or walls for OER indicates 
that the adsorption and migration or diffusion of oxygen-
containing species, OHads, on the outer wall surface of CNTs is 30 

facile.9 This would lead to the fast stripping of ethoxi and CO 
species via the interaction with OHads, releasing acetate as final 
product. Similar to OER on pristine CNTs, the intact inner-tube 
could serve as the effective electron conducting pathway for the 
EOR. The charge transfer could occur on the inner tubes through 35 

the electron tunnelling between the outer wall and inner tubes 
under the electrochemical polarization potential driving force. 
Such effective charge transfer process can effectively reduce the 
PdO/Pd-OH and release the active sites on Pd NPs for the 
reaction. Such charge transfer through electron tunnelling would 40 

not be possible with SWNTs and diminishes with the increase of 
the number of walls higher than 7 for typical MWNTs. Such 
promotion effect of inner tube on the EOR is schematically 
shown in Fig.4B. 

Fig.4 (A) Comparison of mass specific activity of Pd-CNTs catalysts for 45 

EOR and OER in alkaline solutions. The current density for OER was 
measured at 1.8 V vs RHE in 1 M KOH solution with scan rate of 1 mV s-

1 and CNT loading of 0.025 mg cm-2.9 (B) Scheme of EOR on Pd-CNTs-
2, facilitated by adsorption of oxygen containing species, OHads and 
charge transfer between outer wall and inner tubes via electron tunnelling 50 

under electrochemical polarization driving force. 

  In summary, we have demonstrated for the first time that 
electrocatalytic activity of Pd NPs depends critically on the 
number of inner tubes of CNT supports. The inner tubes of CNT 
support play an important role for EOR in the facilitation of 55 

adsorption and migration of oxygen-containing species and 
promotion of the charge transfer between outer wall and inner 
tube via electron tunnelling effect under electrochemical 
polarization potential.  
 This work is financially supported by the Australia Research 60 
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