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Noble metals supported on high-surface-area carbon materi-
als are widely used in low-temperature fuel cells.'! Recent
studies have revealed that single-wall carbon nanotubes
(SWNTs) with excellent electrical conductivity, high mechan-
ical properties, large surface areas, and well-defined tubular
structures should in principle facilitate electron transfer
giving better device performance than those of conventional
carbon materials.*! However, their tubular shape, consisting
of interconnected stable hydrophobic carbon atoms, offers
a poor surface to host noble metal particles. As a result,
considerable progress has recently been made in the use of
functionalized carbon nanotubes in fuel-cell catalysts. For
example, oxidation treatment with HNO3/H,SO, was used to
introduce carboxylic acid groups onto the tubular surface to
host noble metals.*”! Tour and Bahr, and others, demon-
strated that aryl diazonium attachment onto carbon nano-
tubes can provide a uniform derivatized benzene monolayer
on a SWNT surface and that these modified materials can be
used as fuel-cell supports.*” Their surface affinity, hydro-
philicity match, and chelating abilities for the noble metal
precursors in solution gives different degrees of metal particle
dispersion. Furthermore, these surface organic functional
groups are also likely to modify the catalytic performance of
the overlying noble metal particles when they are placed in
a close proximity.® However, there is not yet a systematic
study to elucidate such interaction to disentengle this effect
from the dispersion.

Herein, we employed a solution-based reduction method
by refluxing ethylene glyco/KOH with ammonium tetra-
chloropalladate to prepare uniform supported Pd nanopar-
ticles of the same size distribution on a range of modified
SWNTs with surface organic groups prepared using the Tour
method.”’ These supported Pd materials were then studied as
anode catalysts in electrocatalytic oxidation of formic acid.
Herein, we demonstrate for the first time that the catalytic
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activity of Pd nanoparticles prepared by this controlled
synthesis depends on the type and quantity of surface organic
functional groups on the SWNTs. The superior electrocata-
lytic activity for formic acid oxidation of SWNTSs covered with
phenolic groups for Pd particles is clearly evident when
compared to a commercially available benchmark catalyst
and a conventional porous carbon material that has been
similarly modified.

The synthesis strategy is summarized in Scheme 1 (for
details of the synthesis of Pd nanoparticles deposited onto as-
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Scheme 1. Preparation of SWNTs with different functional moieties to
give f-SWNTs-R. Palladium is then deposited on these as-prepared f-
SWNTs-R and p-SWNTs (purified SWNTs). It is assumed that there are
no defects on the SWNT surface in this simple model.

prepared functionalized single-wall carbon nanotubes, f-
SWNTs-R, see the Supporting Information). The chemical
functionalization of SWNTs with different derivatized aro-
matic residues (including C,H,CH,COOH, C,H,CH,NH,,
C¢H,OH, C,H,NO,, and C¢H,Cl) was achieved according to
the solvent-free technique previously reported.”’ These func-
tional-group moieties were selected with various degrees of
electron-donating abilities. The success of the chemical
attachments was confirmed by Raman, ATR-IR, and TGA
(Supporting Information). The different as-prepared f-
SWNTs-R were then exploited as supports for Pd in the
electrooxidation of formic acid. The Pd size and percentage
loading were carefully fixed during the synthesis, giving
uniform size and distribution.'” The XRD patterns (Support-
ing Information) showed that the supported Pd metal has
a face-centered cubic (fcc) structure at the 20 positions of 40,
46, 67, and 81°, corresponding to (111), (200), (220), and (311)
planes. A peak located at 25° is associated with its (002)
reflection of SWNTs graphitic plane. The same average Pd
size (ca. 5nm) on all the modified SWNTs-R was derived
from the Scherrer’s equation."! A typical TEM image shown
in Figure 1 also indicates that circa 5nm spherical and
uniform Pd particles dispersed on the SWNTs-R with only
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Figure 1. a) A typical TEM image of Pd/f-SWNT-ArCl. b) Histograms
showing the same size distribution of Pd nanoparticles (most probable
mean size is 5 nm) on different carbon nanotubes supports.

a small degree of particle aggregation. A size histogram from
the TEM suggests that the Pd nanoparticle size and distribu-
tion on these modified SWNTs were identical within exper-
imental error. The XPS analysis confirmed the presence of
Pd’ on functionalized SWNTs-R. The Raman spectroscopy
indicated almost no change in the Ip/I; relative intensity with
the same quantities of tubular defects relative to tubular
structure for all of the samples before and after the Pd
deposition.

Palladium is known to catalyze formic acid electrooxida-
tion by a direct pathway to produce CO, and H,.'*> This
electrooxidation reaction was monitored over the Pd on
SWNTs with different surface functional groups. A conven-
tional three-compartment cell was therefore used for electro-
chemical measurements. The working electrode was a glassy
carbon film electrode, which was coated with a thin layer of
catalyst ink (14 pgecm™). The electrodes were immersed in
0.5M H,SO, (electrolyte) and 2.0M HCOOH (reactant) and
the potentials were scanned at a scan rate of 50 mVs™! for
measurement to obtain the cyclic voltammograms (CV) of
circa S5nm Pd/p-SWNTs and Pd/f-SWNTs-R (Supporting
Information). The first scan of the voltammograms and
current densities at potential 0.2 V were taken as the arbitrary
activities for the comparison of different palladium-SWNT
catalysts. Thus, the mass activities (the activity per gram of
catalyst) of Pd on different f-SWNTs-R can be summarized
(Supporting Information). The mass activity follows the order
of  f-SWNTs-CI < f-SWNTs-NO, < f-SWNTs-CH,NH, < -
SWNTs-CH,COOH < {-SWNTs-OH. This order appears to
have a correlation with the electron-donating ability of the R
group (except that there was leveling off of the mass activities
in the cases of hydroxy and carboxylic groups, which is
presumably due to attainment of mass limitation over these
high-surface-area SWNT materials). Although it would be
expected that amine groups would give the highest electron-
donating ability to the Pd metal nanoparticles than any of the
other functional groups when they are in neutral form,['! it is
evident from this study that the carboxylic acid and phenolic
acid moieties gave a higher mass activity than the amine. It
should be borne in mind that under the high-pH synthesis,
these species will be totally ionized (as phenolate or
carboxylate with potassium ions in solid forms, even when
placed in acidic solution), and therefore be more strongly
electron-donating.
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CO stripping voltammetry is another effective method to
determine catalytic activity of electrooxidation (pre-adsorbed
CO on a given sample, followed by stripping off the CO in
H,O to CO, under increasing voltage) in anode fuel cells.""'")
We attempted to evaluate the electrooxidation activity of CO
to CO, over our samples in parallel with the CV measure-
ments of formic acid oxidation activity. As a result, CO was
allowed to flow through and presaturate the catalyst material
for 20 min in 0.5H,SO,, followed by CV stripping for the CO
oxidation (Supporting Information). It is interesting to note
that an increasing stripping voltage follows the same order,
which again reflects the electronic donating ability of these
surface groups to the Pd. Interestingly, there is no leveling off
for the increasing CO stripping voltage compared to the
corresponding mass activities at higher values (Supporting
Information), which is due to the fact that CO is pre-adsorbed
on palladium nanoparticle surface, which would not encoun-
ter diffusion limitation. We dispelled the possibility that the
activity differences lead to the variations in the Pd contents
because Pd was totally precipitated at the high pH during the
synthesis. Furthermore, the exposed metal surface areas of
these samples measured using electrochemical surface area by
the hydrogen evolution method (ECSA-H) were comparable
to each other (Supporting Information). It is thus clear that
the electron-donating ability of the R group plays an
important effect on the electrochemical activity of the
composite material.

Catalytic activity enhancement of metal particles by
support materials can be in general attributed to either
geometric or electronic effects.’”l For example, a lattice
mismatch between the Pd “skin” and the underlying support
surfaces may cause an isomorphic (structural) effect on the
electronic structure of Pd. The created expansion in lattice
parameters of Pd at interface could result in higher activity.
We thus checked the lattice constants of different Pd
crystalline planes from XRD extensively and found no
correlation with respect to the chemical functionalities
(Supporting Information).

It would be essential to seek for direct evidence on the
electron modification of Pd exerted by the surface pendant
groups on the SWNTs. Recently our group has employed
solution NMR spectroscopy to probe the “C nucleus of
adsorbed formic acid and formate on unsupported metal
catalysts. Despite the fact that a very small degree of chemical
shift of the *C is detected owing to the presence of an oxygen
spacer from metal surface (to reduce the Knight shift in
a direct contact), this technique can reflect the bonding
strengths of these surface species with metal surface.’"* In
this study, the *C NMR chemical resonances of H*COOH on
Pd/f-SWNTs-R colloids were collected and used to analyze
the adsorption strengths of H*COOH at room temperature.
The catalysts were dispersed in aqueous H®COOH with
a mole ratio of metal nanoparticles to formic acid of 1:1.
Polyvinylpyrrolidone (PVP) was added into the sample
mixture of Pd supported f-SWNTs-R catalysts and
H"®COOH to enhance dispersibilities of the catalysts for the
NMR analysis. PVP is water-soluble polymer which is
generally used to improve the dispersion of carbon nanotubes
by non-covalent functionalization™ and is exploited as
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a stabilizer for nanoparticle synthesis. To study the effect of
concentration of PVP on chemical shift of H®COOH
adsorption, the concentration of PVP was varied. It was
found that only at a high concentration the PVP can affect the
chemical shift value of adsorbed H®COOH. As a result,
a carefully selected low concentration of PVP was used for all
of the samples. Under these conditions with a dilute Pd-
containing colloid, the three modes of dissociative formate
adsorptions (bridged, multidentate, monodentate) were too
weak to be detected.’’] However, a high-intensity signal at
165.37 ppm was clearly detected and assigned to the non-
dissociative formic acid adsorption on the metal surface in
a rapid exchange with excess free formic acid in solution (a
slightly downfield shift compared to the molecular form at
165.76 ppm.”?l). We also observed an NMR signal at
124.55 ppm, which was assigned to free dissolved CO,.””
Thus, this result indicates a small degree of decomposition
of formic acid to CO, and H,, which represents a direct
pathway mechanism for formic acid oxidation even without
the input of electrical current.’” We note that the CO, peak
gradually increased while formic acid peak steadily decreased
along the reaction time, which is strongly indicative of the
gradual decomposition of adsorbed formic acid molecule to
carbon dioxide and hydrogen. The chemical shift values (with
error estimations) over different Pd-supported functionalized
SWNTs-R (Figure 2) clearly show an excellent correlation
with respect to their order of samples in mass activities
(leveling with diffusion limitation) or CO stripping voltage
(no diffusion limitation and no leveling off), which in turn
depend on electron-donating abilities of the surface func-
tional groups (chemical shift values) in alkaline conditions. It
is thus clear that the increase in electron density of the Pd
metal surface by the electron-donating groups allows elec-
trons from surface to interact with the m* of the C=0O or
related surface bound structure of formic acid or thus
strengthening their adsorptions.

To elucidate the effect of surface organic functional
groups on supported noble metal nanoparticles is not
a straightforward task, as it can be masked by factors such
as the variations in material nonhomogeneity, surface cover-
age, and metal dispersion. However, SWNTs appear to allow
such detailed elucidation because of their uniform structure
and surface. For efficient utilization of a supported noble
metal for fuel-cell applications, it is important to reveal the
significant activity promotion effect to Pd exerted by simple
organic groups on its surface in this study. However, it is also
important to assess the degree of promoting effects of each of
the pendant groups to the activity of supported Pd on
different carbon materials. A benchmark commercial carbon,
Vulcan XC 72R, was used for the comparison. Figure 3 shows
the comparison of mass activity for 20% w/w Pd on both
Vulcan carbon and SWNTs with and without chemical
functionalization. Furthermore, another benchmark commer-
cial catalyst (Johnson Matthey 10% Pd on Vulcan) was
included. As seen from the Figure 3, increasing the metal
loading from 10 % (JM catalyst) to 20 % (20 % Pd on Vulcan)
gives a more than fourfold increase in mass activity, suggest-
ing a high loading is desirable for this reaction. The use of
SWNTs clearly outperforms the use of Vulcan with and
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Figure 2. a) A correlation plot between mass activity at a reference
voltage of 0.2 V for Pd nanoparticles supported on f-SWNTs-R and
their >C NMR chemical shift of adsorbed H'*COOH, which indicates
a diffusion limitation at higher mass activities (leveling off). b) A
correlation plot of CO stripping potential and measured chemical shift
for all of the Pd samples (no diffusion limitation and no leveling off).
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Figure 3. Comparison of mass activity at 0.2 V of commercial 10 w/
w% Pd on Vulcan carbon (C), and 20% w/w Pd with both SWNTs and
Vulcan carbon with and without chemical modifications (R).

without surface modifications owing to its higher intrinsic
surface area (SA; SA of SWNTs=400-900 m*g~', SA of
Vulcan =254 m?g ') and possibly the well-defined tubular
structure. It is interesting to note that similar promotion
effects for different surface functional groups are also evident
and on the same order, showing the generic nature of the
promotion, however, to a much lesser extent. Estimations of
these organic groups on both the carbon materials by TGA
(Supporting Information) suggest that SWNTs-R carry sig-
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nificantly larger quantities of these groups, which is presum-
ably due to the higher surface area and more well-defined
crystalline aromatic tubular surface for the chemical deriva-
tization. Furthermore, the extensive entangling of the small
surface-modified nanotubes will also enhance the degree of
electronic modification to the overlying Pd particles. Surface
phenolate on the SWNTs is apparently the most effective
organic group in promoting Pd particles with the same metal
content. We estimate that at least 700 Ag!at 0.2 V should be
obtained if the diffusion limitation is overcome (Figure 2a
and Figure 3). Thus the phenolate groups on SWNTs can
enhance the activity of Pd (20 w/w %) more than twofold
compared to unmodified SWNTs, and 14 times more than the
commercial benchmark Johnson Matthey catalyst (10 % w/w
on Vulcan).

In conclusion, it has been demonstrated that chemical
functionalization of SWNTs can exert a strong electronic
promoting effect on the activity of the overlying Pd particles.

Experimental Section

Raw chemical vapor deposition (CVD): SWNTs were supplied by
Thomas Swan & Co Ltd. SWNTs were purified using steam treatment
at 900°C for 4 h to remove amorphous carbon and graphitic particles
(Supporting Information). The modification of SWNTs were per-
formed using solvent-free technique of different para-substituted
anilines (Scheme 1): a) 4-acetic acid aniline, b) 4-aminoaniline, c) 4-
hydroxyaniline, d) 4-nitroaniline, and e) 4-chloroaniline in isoamyl
nitrite to introduce various functional moieties onto tubular walls of
SWNTs. Isoamyl nitrite solution (4.8 mol equiv of carbon) was slowly
added to the mixture of purified CVD SWNTs (50 mg, 4.167 mmol of
carbon) and para-substituted anilines (4 mol equiv of carbon) by
a syringe in a round-bottom flask. To investigate the electronic effect
on Pd, different as-prepared f-SWNTs were exploited as supports for
the Pd deposition. A fixed loading of Pd with size control was
synthesized by polyol process using ethylene glycol and water mixture
as a reducing agent (Supporting Information). In this study, we
focused on a 20 % w/w loading because it produced Pd/SWNTs that
feature high dispersion and short preparation times. The preparation
procedure involved the following steps. PA/SWNTs and Pd/f-SWNTs-
R catalysts with 20 % w/w metal loading were carried out under basic
condition to control their nanoparticle sizes by the added KOH in the
precursor solution. Ammonium tetrachloropalladate ([(NH,),PdCl,],
13.34 mg) was dissolved into ethylene glycol/deionized water
(12.50 mL, 1:1 v/v) and then certain amount of KOH (calculated
from the stoichiometric concentration) was added into the solution.
After the reaction mixture was completely dissolved, purified SWNTs
(or as-prepared f-SWNTs-R; 20 mg) were added into the solution.
Then, the pH value of the precursor mixture was measured by a pH
meter and the pH was adjusted until pH 13.2 was obtained. The
reaction precursor was ultrasonicated for 30 min before it was
refluxed and stirred for 3h under N, atmosphere in oil bath
(170°C). The reaction product was diluted with deionized water

Angewandte

before it was filtered using 0.2 um polycarbonate membrane then
washed thoroughly with deionized water, followed by drying over-
night under vacuum at 40°C. Experimental details (synthesis, testing,
and characterization) can be found in the Supporting Information.
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