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� Facile functionalization of carbons
by partial decomposition of Nafion
ionomers.

� Physical adsorption of Pt ions on the
functionalized carbon surface.

� Improved lifetime performance of
mass activity for methanol electro-
oxidation.

� Reduced migration and detachment
of Pt nanoparticles after lifetime tests.
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a b s t r a c t

Nafion ionomers were partially decomposed to produce oxygenated functional groups on Vulcan XC72R
(XC72R) that enabled increased Pt ion adsorption when the functionalized XC72R was immersed in a
5 mM aqueous H2PtCl6 solution. X-ray absorption spectroscopy spectra indicated that the oxidation state
for the Pt ions remained unchanged upon adsorption on the functionalized XC72R whereas a notable
reduction in the oxidation state was recorded when the Pt ions were adsorbed onto untreated XC72R.
After a hydrogen reduction treatment, the Pt nanoparticles on the functionalized XC72R demonstrated
impressive mass activities and durability retention during the methanol electro-oxidation reaction
(MOR), compared to those of commercial E-TEK Pt/C samples. After the durability test, transmission
electron microscope images showed that the Pt nanoparticles on the functionalized XC72R exhibited
significantly reduced agglomeration, and X-ray photoelectron spectra confirmed that the functional
groups from the decomposed Nafion ionomers were still present. We attributed the notable durability
improvement to the anchoring effect of decomposed Nafion ionomers that prevented the Pt nano-
particles from contacting XC72R directly, thus minimizing the undesirable migration and detachment of
Pt nanoparticles during repeated MOR cycles.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The development of clean power sources has recently received
significant attention regarding the reduction of harmful carbon di-
oxide emissions from conventional fossil fuel sources. Among the
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many studied systems, the direct methanol fuel cell (DMFC) and
polymer membrane fuel cell (PMFC) have emerged as promising
candidates for applications in portable electronics and trans-
portations [1e3]. To facilitate the oxidation of methanol or hydrogen
at theanodeandthe reductionofoxygenat thecathode,nanoparticles
of Pt and its alloys are employed as electrocatalysts [4e7]. In practice,
the Pt-based nanoparticles are supported on carbonaceous materials
to improve their distribution and enhance the catalystutilization rate.
Although the Pt-based nanoparticles have demonstrated impressive
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electrocatalytic abilities, undesirable performance degradation is
often observed during durability tests, which precludes the eventual
commercialization of DMFC and PMFC systems. As reported in the
literature, both the oxidation of carbon supports and the loss of active
Pt sites are believed to cause performance degradation [8e10].

The oxidation of carbon supports can be significantly improved by
graphitizing carbons and carefully selecting the electrolyte and po-
tential windows for the durability test. However, the loss of Pt active
sites is amore critical problem thatposes a serious challenge. Carbon-
supported Pt nanoparticles are known to dissolve, migrate, agglom-
erate, anddetachduring lifetime test, leading toagradual reduction in
the active Pt sites,which consequently deteriorates thenanoparticle’s
electrocatalytic ability [8,9]. To date, extensive efforts have been
devoted to improve the performancedurability of Pt nanoparticles by
establishing a stronger interaction between the Pt nanoparticles and
carbon supports. A straightforward strategy entails the surface
treatment of carbon supports to produce selective functional groups.
This treatment isdesigned tofirmlyanchor the Pt nanoparticles to the
carbon surface via the functional groups after the impregnation of Pt
precursors and their subsequent chemical reductions [11]. Alterna-
tively, the surfacemorphologyof thecarbon supports canbemodified
to physically immobilize the Pt nanoparticles.

Several research groups have previously demonstrated the
impressive electrocatalytic behaviors of Pt nanoparticles by adding
Nafion ionomers to the electrode structures [12e21]. Nafion ion-
omers are sulfonated tetrafluoroethylene-based fluoropolymers that
are widely used as proton exchange membranes. Utilizing a mixture
of Nafion ionomers, carbon supports, and Pt nanoparticles not only
strengthens the transient electrocatalytic current but also reduces
performance degradation. Nafion ionomersmay act as a binder to fix
the Pt nanoparticles on the carbon supports and simultaneously
provide additional channels for proton diffusion to substantially in-
crease the effective three-phase interface. However, Nafion ionomers
are expensive and their effective loading amounts are still debated.
Recently, we developed a simple electrochemical route to produce
oxygenated functionalgroupson thesurfaceofVulcanXC72R(XC72R)
by subjecting the XC72R tomultiple cyclic voltammetric (CV) sweeps
in a 0.5MH2SO4 aqueous solution in the presence of ambient oxygen
andNafion ionomers [22]. The formationofhydroxyl radicals fromthe
oxygen reduction reaction during the CV scans initiates the partial
decomposition of Nafion ionomers, producing eC]O and eCOOH
groups on the XC72R surface while keeping the main structure of
XC72Rmostly intact. In addition, these oxygenated functional groups
can also be generated by immersing untreated XC72R in a solution
containing concentrated residues from the decomposition of Nafion
ionomers. We show that the presence of oxygenated functional
groups renders theXC72Rhydrophilic. Therefore, theXC72Rbecomes
conductive to precursor adsorption. These oxygenated functional
groups are expected to serve as the nucleation sites for Pt precursors,
strongly anchor the Pt nanoparticles after hydrogen reduction and
stabilize them for long-term operation.

In this work, we adsorbed Pt nanoparticles onto functionalized
XC72R and investigated the system’s performance durability during
methanol electro-oxidation (MOR). Material characterizations and
electrochemical measurements were carried out to analyze the
mechanism underlying the durability improvements. These data
were compared to those obtained from identical tests on commer-
cially available Pt nanoparticles.

2. Experimental

2.1. Sample preparation

8mgofXC72Rand10mgof freshNafion ionomer solution (5wt%)
weremixed in 5mLof ethanol (99.5wt%) to formahomogeneous ink
dispersion. To prepare the working electrode, 5 mL of the ink
dispersion was deposited onto a 2 � 2 cm2 carbon cloth (CC), fol-
lowed by drying at 80 �C to remove any residual solvent. Next, CV
scans were performed for 20 cycles between �0.2 and 1.1 V at
50mV s�1 in 50mL of a 0.5MH2SO4 aqueous solution. During the CV
scans, theback side of theworking electrodewas exposed to ambient
oxygen to initiate the partial decomposition of Nafion ionomers,
thereby leading to the formation of oxygenated functional groups
residing on both the XC72R and remaining Nafion ionomers. The
working electrode was therefore labeled as the “functionalized
electrode”. The experimental setups, as well as the formation
mechanism and nature of the oxygenated groups on the function-
alized electrode have been previously reported [22].

To adsorb the Pt nanoparticles onto the functionalized electrode,
the sample was immersed in 20 mL of a 5 mM H2PtCl6 aqueous
solution (pH adjusted to 8) at 40 �C for 48 h to ensure the sufficient
adsorption of Pt ions. Next, a hydrogen reduction treatment (99.9%
H2 at 100 sccm and 99.9% Ar at 100 sccm) was conducted at 80 �C
for 2 h to reduce the adsorbed Pt ions to metallic Pt nanoparticles.
For comparison, we also mixed 8 mg of commercial Pt nano-
particles (E-TEK Pt/C) with 10 mg of Nafion ionomer solution in
5 mL of ethanol (99.5 wt%), and deposited the mixture onto a CC
(4 cm2) with an effective Pt loading of 0.8 mg cm�2. The E-TEK Pt/C
was used as received without the hydrogen reduction treatment.
2.2. Electrochemical analysis

To investigate the durability of the Pt nanoparticles on the
functionalized and E-TEK Pt/C electrodes during MOR, 500 CV
scans were performed between �0.2 and 0.9 V at 50 mV s�1 in
500 mL of an aqueous mixture of 0.5 M H2SO4 and 1 M CH3OH.
After the durability test, the samples were retrieved from the
electrolyte and rinsed gently in deionized water. Next, the samples
were submerged in 500mL of 0.5 MH2SO4 aqueous solution for CV
scans between �0.2 and 0.9 V at 50 mV s�1. The integrated charge
associated with hydrogen desorption was estimated to determine
the electrochemical surface area (ECSA). The area of the working
electrode was 1 cm2, and the Ag/AgCl and Pt foil (10 cm2) were
used as the reference and counter electrodes, respectively during
sample preparation and electrochemical analysis. Electrochemical
experiments were carried out at 26 �C using an EG&G 263A
potentiostat.
2.3. Materials characterization

A transmission electron microscope (TEM; Philips Tecnai-20)
was used to observe the morphologies, distributions, and sizes of
the Pt nanoparticles before and after the durability test for both the
functionalized and E-TEK Pt/C samples. The exact loading amount
of Pt nanoparticles on the functionalized electrode was obtained
using an inductively coupled plasma mass spectrometer (ICP-MS;
SCIEX ELAN 5000). X-ray absorption spectroscopy (XAS) was
employed to determine the chemical nature and local environment
of the adsorbed PtCl62� ions on the functionalized electrode by
recording the absorption profiles of the Pt LIII-edge (11,564 eV) in
fluorescence mode. For comparison, we also acquired the XAS
spectra of samples including the 5 mM H2PtCl6 aqueous solution,
untreated XC72R immersed in 5 mM H2PtCl6 aqueous solution, and
Pt foil. The detailed experimental setups and signal processing for
XAS analysis have been previously reported [23,24]. X-ray photo-
electron spectroscopy (XPS; Thermo Microlab 350) was adopted to
evaluate the presence of oxygenated functional groups and their
relative amounts before and after the durability test for both the
functionalized and E-TEK Pt/C samples.
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3. Results and discussion

XAS spectra, including X-ray absorption near edge structures
(XANES) and extended X-ray absorption fine structures (EXAFS),
have been established as powerful tools for determining the
oxidation state, fractional d-electron density, and electronic envi-
ronment of the absorbing atom, as well as its short-range ordering
and geometric arrangement. To determine the chemical nature of
the Pt ions on the functionalized electrode and untreated XC72R,
we performed X-ray absorption measurements of the Pt LIII-edge,
which the 2p3/2 / 5d5/2 and 2p3/2 / 5d3/2 transitions are allowed.
The resulting absorption profiles are displayed in Fig. 1, in which an
enlarged region is shown in the inset. For the XANES, a higher
oxidation state is usually indicated by increased white-line in-
tensity, because additional unoccupied states are available for the
photo-excitation process. As expected, the Pt foil, which served as a
reference, showed the lowest absorbance for its metallic state,
whereas the Pt ions in the H2PtCl6 aqueous solution exhibited the
highest absorbance because of theirþ4 state. Interestingly, a simple
immersion of untreated XC72R into the H2PtCl6 aqueous solution
revealed a notable reduction in the white-line intensity magnitude
of the Pt ions compared to that of the Pt ions in the aqueous H2PtCl6
solution. This lower absorbance indicated that the adsorbed Pt ions
were partially-reduced by the functional groups on the surface of
the untreated XC72R. Literature reports indicate that the reducing
power of a carbonaceous material varies considerably based on the
carbon structures and surface functional groups [8]. For example,
carbon nanotubes (CNTs) can significantly and directly reduce
Na2PtCl4 to Pt nanoparticles in a mixture of distilled water and
ethanol [25]. For XC72R, however, the reducing power is more
associated with the presence of surface groups whose types and
amounts are often determined by the synthetic steps involved. The
Fig. 1. The Pt LIII-edge XAS spectra of a 5 mM aqueous H2PtCl6 solution, a function-
alized electrode immersed in a 5 mM aqueous H2PtCl6 solution, untreated XC72R
immersed in a 5 mM aqueous H2PtCl6 solution, and metallic Pt foil. Inset is an enlarged
area of the absorption curves.
observed partial reduction of Pt ions on the untreated XC72R is
consistent with earlier reports by Van Dam and Van Bekkum, and
by Coloma et al. [26,27].

The white-line intensity of Pt ions adsorbed onto the function-
alized electrode showed amagnitude similar to that of Pt ions in the
aqueous H2PtCl6 solution. This finding indicated that the Pt ions
were physically adsorbing a charge transfer reaction between the
oxygenated functional groups on the XC72R and the adsorbed Pt
ions. This mechanism stands in contrast to the immersion of un-
treated XC72R in an aqueous H2PtCl6 solution, where only a mod-
erate chemical reduction occurred. In our previous work, we
determined that the functional groups on the XC72R after partial
decomposition of Nafion ionomers consisted of eC]O and eCOOH
[22]. We believed that these oxygenated species were unlikely to
reduce the adsorbed Pt ions. The absence of chemical interaction
between the adsorbed Pt ions and the functionalized XC72R sug-
gested that the surface of XC72R was mostly covered by the
oxygenated functional groups from the decomposition of Nafion
ionomers. We rationalized that a reductive adsorption would have
beenobserved if the Pt ionswere indirect contactwith the surface of
XC72R. However, we only recorded the phenomenon of physical
adsorption in the functionalized electrode. Therefore, we concluded
that the PtCl62� ions were residing on the decomposed Nafion ion-
omer sites and atop the oxygenated functional groups on the XC72R
surface. Because the Nafion ionomers are cation exchange oligo-
mers, the concentration of PtCl62� on the Nafion ionomers was ex-
pected to be low relative to that on the XC72R surface. This finding
indicates a significant difference between our samples and those
reported in the literature, where the Pt ions were in direct contact
with the carbon support in close proximity with intact Nafion ion-
omers [12e14].

Fig. 2 shows the Pt LIII-edge Fourier-transformed EXAFS spectra
for the functionalized electrode immersed in an aqueous H2PtCl6
solution, untreated XC72R immersed in an aqueous H2PtCl6 solu-
tion, and the aqueous H2PtCl6 solution. The peaks at 2 and 2.31 �A
(without phase correction) were associated with the PteO and Pte
Cl bonds, respectively. The EXAFS fitting results are provided in
Table 1. According to Spieker et al., the number of chloride ligands
on the Pt complexes is affected by the pH level of the H2PtCl6
aqueous solution because the chloride ligands can be replaced by
the hydroxide (OH) or water (OH2) ligand due to the hydrolysis
Fig. 2. The Pt LIII-edge Fourier-transformed EXAFS spectra, and their respective fitting
results for the functionalized electrode immersed in a 5 mM aqueous H2PtCl6 solution,
untreated XC72R immersed in a 5 mM aqueous H2PtCl6 solution, and a 5 mM aqueous
H2PtCl6 solution.



Table 1
EXAFS fitting parameters at the Pt LIII-edge for the functionalized electrode immersed in an aqueous H2PtCl6 solution, untreated XC72R immersed in an aqueous H2PtCl6
solution, and an aqueous H2PtCl6 solution.

Path Coordination
number, N

Bond distance, R (�A) Inner potential shift,
DE0 (eV)

DebyeeWaller factor, Dsj2 (� 10�3 �A2)

Functionalized electrode/H2PtCl6 solution PteO 3.98 2.00 8.0 2.59
PteCl 0.84 2.31 15.35 1.28

Untreated XC72R/H2PtCl6 solution PteO 2.91 2.00 6.11 3.25
PteCl 1.04 2.31 14.9 583

H2PtCl6 solution PteO 3.58 1.99 1.44 4.21
PteCl 2.42 2.31 13.83 4.21

Fig. 3. The MOR CV curves and mass activity for selected cycles of (a) a functionalized
electrode and (b) an E-TEK Pt/C electrode. The electrolyte is a 0.5 M H2SO4 and 1 M
CH3OH aqueous solution, and the scan rate is 50 mV s�1.
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reaction [28]. The intrinsic pH level for the 5 mM aqueous H2PtCl6
solution was 2.2, and the number of PteCl and PteO ligands
complexing the Pt ions was 4.35 and 1.65, respectively [23]. In our
case, the pH level of the 5 mM aqueous H2PtCl6 solution was
adjusted to 8. Thus, the number of PteCl ligands was reduced to
2.42 and the number of PteO ligands was increased to 3.58.

For the functionalized electrode immersed in the aqueous
H2PtCl6 solution, the number of PteO ligands was slightly increased
to 3.98, while the number of PteCl ligands was decreased consid-
erably to 0.84. This change indicated that PteCl bonds were
breaking while PteO bonds were forming when the Pt ions
adsorbed onto the functionalized electrode. This reaction is favor-
able as earlier reports have suggested that a change in the Pt co-
ordination from Cl to O atoms leads to a stronger interaction
between the Pt ions and the carbon support [29,30]. In our case, the
replacement of PteCl ligands by PteO engendered negligible vari-
ations in the oxidation state for the Pt ions during the adsorption
process despite reduction in the total number of PteCl and PteO
ligands from 6 to 4.82. Because the electronegativity of oxygen is
greater than that of chlorine, the PteCl bond is expected to be
replaced by PteO when the Pt ions approach the functionalized
electrode. For the untreated XC72R immersed in the aqueous
H2PtCl6 solution, however, the numbers of PteCl and PteO ligands
were decreased considerably to 2.91 and 1.04, respectively, with a
total bonding number of 3.95. This change can be attributed to the
number of intrinsic functional groups on the XC72R, which was
much smaller than that of functionalized electrode and inhibited
the formation of additional PteO ligands. Instead, the Pt ions were
partially reduced by the electrons from the carbon structure.

The functionalized electrode increased the adsorption of Pt ions,
and thus also increased the Pt loading and widened the size dis-
tribution, compared to the untreated XC72R immersed in the
aqueous H2PtCl6 solution [22]. This difference can be attributed to
the hydrophilicity of XC72R after the functionalizing treatment,
which permitted intimate contact between the Pt ions in the
aqueous H2PtCl6 solution to facilitate nucleation. Similar behaviors
were observed by Yu et al. on chemically modified CNTs [31]. In this
work, ICP-MS determined the Pt loading for the functionalized
electrode to be 0.511 mg cm�2. For the E-TEK Pt/C sample, the Pt
loading was 0.8 mg cm�2. These values were used to calculate the
mass activities during MOR. Fig. 3 provides the MOR CV curves for
both the functionalized and E-TEK Pt/C electrodes during selective
cycles. In the CV curves, the anodic peak (ia) is attributed to the
oxidation of methanol, while the cathodic peak (ic) corresponds to
the oxidation of carbonaceous species produced from the earlier
methanol oxidation [32e34]. In addition, the ratio of ia/ic indicates
the electrocatalytic ability to remove carbon monoxide from the Pt
sites. In general, electrocatalysts with a larger mass activity and a
greater ia/ic ratio are always desirable.

Fig. 3 indicates that the potentials for ia and ic upon cycling for
both samples remained relatively unchanged. For example, the
functionalized electrode potentials for ia and ic were 0.71 and
0.44 V, respectively. For the E-TEK Pt/C electrode, ia and ic were 0.78
and 0.6 V, respectively. However, the magnitudes of ia and ic varied
substantially and showed opposite trends in the two samples. For
the functionalized electrode, the values of ia and ic increased for the
first 200 cycles, and then slowly decreased. We believe that this
unusual increase in ia and ic was caused by the further decompo-
sition of Nafion ionomers during the CV scans, which produced
additional oxygenated functional groups and facilitated the MOR.
Alternatively, earlier reports have indicated that, the presence of
functional groups on the carbon surface results in additional
oxidized groups [35e37]. After 200 cycles, this effect subsided, and
ia and ic returned to the expected pattern of slow decline. For the
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E-TEK Pt/C electrode, a steady deterioration in the catalytic ability
was observed as the number of cycles increased. This pattern was
attributed to the dissolution/agglomeration/detachment of the Pt
nanoparticles, which progressively reduced the active Pt sites and
consequently, lowered the MOR activity.

To better understand the cycling behaviors exhibited by these
two samples, we replotted the mass activity and ia/ic ratio as a
function of cycle number (Fig. 4). Fig. 4(a) indicates that the mass
activity of the functionalized electrode was consistently better than
that of the E-TEK Pt/C electrode. In addition, the Pt nanoparticles on
the functionalized electrode retained 94.8% of their initial value at
the 500th cycle, whereas the E-TEK Pt/C sample suffered a 58% loss.
This impressive stability of the mass activity of the functionalized
electrode was attributed to the anchoring effect exerted by the
decomposed Nafion ionomers which prevented the Pt nano-
particles from migrating on and detaching from the functionalized
XC72R. A similar trend can be observed in Fig. 4(b), which shows
that the ratio of ia/ic for the functionalized electrode was consis-
tently larger than that of the E-TEK Pt/C electrode. A larger ia/ic ratio
suggests a subdued poisoning effect which was attributed to the
oxygenated functional groups that facilitated the oxidation of car-
bonmonoxide at the Pt sites. Similar patterns of MOR promotion by
oxidized surface have been reported in the literature [38].

To further validate theanchoringeffect exertedby the oxygenated
functional groups and the decomposed Nafion ionomers, it is
necessary to determine the ECSA before and after the durability test.
Fig. 5 displays the CV curves of samples immersed in an aqueous
Fig. 4. The changes in (a) ia and the (b) ia/ic ratio as a function of CV cycles for the
functionalized electrode and E-TEK Pt/C electrode.

Fig. 5. The CV curves of samples in a 0.5 M aqueous H2SO4 solutions; the highlighted
area was used to determine the ECSA values before and after the durability test for (a) a
functionalized electrode and an (b) E-TEK Pt/C electrode.
0.5 M H2SO4 solution, and the areas used to estimate the ECSA are
highlighted. For the functionalized electrode, the ECSA value was
62.9 cm2 before the durability test, andwas reduced to 58.6 cm2 after
the durability test. This decrease represented a 7% loss in the ECSA,
consistentwith the slight reduction in themass activity (5.2%) shown
in Fig. 4(a). In addition to the reduced ECSA, the hydrogen desorption
profile slightly shifted, which suggested a modest morphology
variation for the Pt nanoparticles.We believe that the Pt atoms could
moderately dissolve and subsequently precipitate and that, as a
result, the morphology or exposed planes of the Pt nanoparticles
were somewhat altered. It is also noted that the oxidative currents
between 0.2 and 0.8 V were caused by the oxidation of residual
methanol, because the functionalized electrode retained some
methanol due to its hydrophilic nature despite being rinsed prior to
the ECSA measurements. The hydrogen desorption profiles of the E-
TEK Pt/C electrode revealed a readily apparent variation in the ECSA
values before (91.28 cm2) and after (67.6 cm2) the durability test. This
decrease amounted to a 26% loss in the ECSA, which reasonably
agreed with the observed severe loss of mass activity (Fig. 4(b)). In
addition, themethanol oxidation currentswere clearly absentwhich
could be attributed to the repulsion of methanol by the hydrophobic
E-TEK Pt/C after being rinsed with deionized water.

Fig. 6 demonstrates the TEM images of Pt nanoparticles before
and after the durability test for the functionalized and E-TEK Pt/C



Fig. 6. The TEM images of the functionalized electrode (a) before and (b) after the durability test; and for the E-TEK Pt/C electrode (c) before and (d) after the durability test.
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electrodes. The Pt nanoparticles were distributed evenly on the
functionalized electrode before the durability test without notice-
able agglomeration, and their average size was 1.83 � 0.8 nm. After
the durability test, the Pt nanoparticles retained their original
distributions and morphologies but the average size increased to
2.29 � 0.9 nm. This change suggested that the undesirable migra-
tion and detachment of Pt nanoparticles were avoided, but Pt atoms
could still dissolve and subsequently precipitate. The Pt nano-
particles were distributed evenly on the E-TEK Pt/C electrode before
the durability test, and showed an average size of 47 � 1.5 nm.
Nevertheless, these particles exhibited slight agglomeration at this
point. After the durability test, severe agglomerationwas observed,
and the average sizes increased to 7.92 � 5.7 nm. This substantial
increase in size was indicative of the typical Pt nanoparticle
dissolution and precipitation, as well as their migration and
detachment upon repeated CV cycling.

The preservation of Pt nanoparticles in repeated CV cycles re-
quires the presence of oxygenated functional groups on the XC72R
to firmly anchor the Pt nanoparticles. Therefore, it is necessary to
obtain the XPS spectra on the C1s signal after the durability test to
accurately evaluate the presence and magnitude of oxygenated
functional groups. Fig. 7(a) presents the C1s XPS profiles (resolution
in 0.1 eV) for the functionalized electrode before and after the
durability test. A strong C1s peak at 284.5 eV was observed which
represented the CeC backbone of XC72R. In addition, minor signals
were recorded between 286 and 294 eV, which were associated
with the oxygenated functional groups of the eC]O and eCOOH
moieties produced from the partial decomposition of the Nafion
ionomers [22]. Because the magnitude of these minor signals
increased considerably after the durability test, we concluded that
additional functional groups were formed during CV cycling. Ac-
cording to earlier reports, oxidized functional groups can produce
additional functional groups [35e37]. Our results are consistent
with these findings because the eC]O and eCOOH moieties, and
decomposed Nafion ionomers generated additional functional
groups. The XPS profiles of the E-TEK Pt/C electrode showed
negligible variations, indicating that the surface structure of the
carbon support remained relatively intact. It should be noted that in
preparing the E-TEK Pt/C sample, the Nafion ionomers were added
to the mixture, but their chemical structures were not altered.
Hence, the formation of oxygenated functional groups after
repeated CV cycles was minimal.

The surface groups on the functionalized electrode strongly
anchor the Pt nanoparticles because they served as an adhesion
layer sandwiched between the underlying XC72R and the Pt
nanoparticles. This unique structure was obtained because we
deliberately decomposed the Nafion ionomers to produce sufficient
oxygenated functional groups to cover the surface of XC72R and
minimize direct contact between the Pt nanoparticles and the
XC72R. This anchoring function effectively reduced the undesirable
dissolution of Pt atoms and migration of Pt nanoparticles, and
consequently maintained the MOR activities during repeated CV
cycles. This sandwiched configuration is different from the struc-
ture of conventional electrodes inwhich the intact Nafion ionomers
are intimatelymixedwith the Pt nanoparticles and carbon supports
without chemical interactions.



Fig. 7. The C1s XPS profile before and after the durability test of (a) a functionalized
electrode and (b) an E-TEK Pt/C electrode.

Fig. 8. Liquid chromatograph tandem mass spectrometry analysis of the electrolyte
used in the Nafion decomposition experiments.

Fig. 9. FTIR spectra of XC72 and Nafion ionomers after CV scans of �0.2 to 0.9 V (vs.
Ag/AgCl), XC72 and intact Nafion ionomers, and XC72 only.
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In this study, the Nafion ionomers were decomposed by the CV
scans, the experimental evidence for which has been presented in
our previous work [22]. For example, the constituents F� and SO4

2�

were recorded via ion chromatograms, which showed that the
amounts of these species correlated positively with the number of
CV cycles [22]. These results strongly suggested that the Nafion
ionomers were decomposing to render residual side chains sus-
pended in the electrolyte. Furthermore, we used a liquid chro-
matograph tandem mass spectrometer to analyze the electrolyte
used in the Nafion decomposition experiment and identified
several residues from the decomposed Nafion ionomers. These
residues included CF2CF]O (m/z ¼ 96.8), H(CF2)3eCOOH (m/
z ¼ 194.9), H(CF2)2eSO3H (m/z ¼ 196.8), H(CF2)3eCF]O (m/
z ¼ 196.8), H(CF2)4COOH (m/z ¼ 247.6), and HCF2CFCF3O(CF2)2SO3
(m/z ¼ 346) (Fig. 8). We identified these residues according to the
suggestions of Chen and Fuller, and Chen et al. [39,40]. We also
conducted FTIR analyses of the samples containing XC72 and
decomposed Nafion ionomers (CV window of �0.2 to 0.9 V vs. Ag/
AgCl), the XC72 and intact Nafion ionomers, and the XC72 alone.
The resulting FTIR spectra are shown in Fig. 9. The XC72 powders
were mixed directly with KBr for the FTIR measurements. The
spectrum of XC72 was used as the background, and its signal was
subtracted from the sample spectra. The FTIR signals were assigned
based on prior similar studies published in the literature [41e43].
However, these FTIR signals did not directly prove the presence of
decomposed Nafion ionomers, as intact Nafion ionomers were ex-
pected to show similar responses.

Fig. 10 provides schematics for the sandwiched and conven-
tional electrode structures. The decomposition of Nafion ionomers
requires the presence of ambient oxygen, and the amount of dis-
solved oxygen in the electrolyte cannot initiate the decomposition
process. In addition, the decomposition of Nafion ionomers with
ambient oxygen requires only 17 min to produce a sufficient
number of oxygenated functional groups on the XC72R surface.
Therefore, our method provides a simple route for improving the
durability of Pt nanoparticles for electrocatalysis by stabilizing the
Pt nanoparticles on the XC72R surface. This stabilization minimizes
the dissolution of Pt atoms and the migration of Pt nanoparticles.
This finding is consistent with a recent article by Zhao et al., in
which the reduction of surface oxidized groups caused strong
migration and aggregation of Pt nanoparticles [11].

The DMFC catalyst performance can be determined in a single-
or half-cell by potentiostatic, galvanostatic, and cyclic voltammetric
(CV) scans. We used CV measurements in this study because the
resulting CV responses can provide insights into the structural
changes that occur on the electrocatalysts and carbon supports.



Fig. 10. Schematic diagrams of the fabrication steps involved for Pt nanoparticles impregnated on a conventional electrode (top row) and a functionalized electrode (bottom row).
The enlarged picture depicts the structure of damaged Nafion ionomers.

Fig. 11. Impedance profiles for the working electrodes consisting of XC72 and Nafion
ionomers after CV scans of �0.2 to 0.9 and �0.2 to 1.1 V (vs. Ag/AgCl). The reference
sample consists of XC72 and intact Nafion ionomers without CV treatments.
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However, the same CV measurements cannot reveal the anchoring
effect on binary PtRu nanoparticles because the Ru atoms are dis-
solved and re-deposited upon repeated CV scans, gradually pro-
ducing a Pt-enriched surface. Therefore, the CV curves initially
increase, leading to a larger electrochemical surface area (ECSA)
and CO-stripping peaks [44]. This pattern reaches a maximum,
followed by an eventual decline (for example, the maximum is at
approximately 1000 CV cycles in Ref. [44]). The extent of Ru
dissolution and re-deposition is affected by the amount of Ru atoms
on the surface of PtRu nanoparticles. Thus, the surface and bulk
compositions of the PtRu nanoparticles become a critical factor.
PtRu nanoparticles with various compositions are therefore ex-
pected to demonstrate distinct electrochemical responses, which
confound the exact determination of the anchoring effect. There-
fore, we selected Pt nanoparticles to validate the anchoring effect of
decomposed Nafion ionomers.

The control of PtRu composition on the functionalized electrode
further complicates testing the anchoring effect in PtRu nano-
particles. The activities of Pt and Ru cations differ; thus, their
physical adsorption to the functionalized electrodes is expected to
differ. Therefore, the exact composition of PtRu nanoparticles is
determined empirically at best after hydrogen reduction. Conse-
quently, comparing the lifetime performance of these materials to
that of commercially available PtRu (which has a nominal 1:1 ratio
of Pt:Ru) would be inconclusive.

The addition of Nafion ionomers has been shown to improve the
performances of the electrocatalysts by decreasing the contact
resistance, reducing the micropore volume, and providing an
improved, finer dispersion of electrocatalysts. However, the elec-
trical conductivity of the Nafion ionomers is indeed a concernwhen
the amount of Nafion ionomers on the working electrode becomes
excessive. Hence, earlier studies have optimized the amount of
Nafion ionomers in the working electrode, but the exact optimized
amount is contingent on the processing steps and electrode
structure [45]. In this study, we anticipated the decomposed Nafion
ionomers to showworsened electrical conductivity. To validate this
hypothesis, we also measured the AC impedance of the working
electrodes (XC72 þ Nafion ionomers) with potential windows
of �0.2 to 0.9 and �0.2 to 1.1 V (vs. Ag/AgCl). The impedance
measurements were performed by imposing a 10 mV stimulus at
0 V (vs. Ag/AgCl) over a frequency range of 10�1e200 kHz in a 0.5 M
aqueous H2SO4 solution at 26 �C. Identical measurements were
carried out on the reference sample, which consisted of XC72 and
intact Nafion ionomers (this sample was not subjected to CV scans).
The resulting impedance spectra are shown in Fig. 11. Among these
samples, the reference sample demonstrated the smallest electrical
resistance, whereas the samples with XC72 and decomposed
Nafion ionomers exhibited increased resistances, with values pro-
portional to the imposed CV window. We surmised that a larger CV
window aggravated the decomposition of the Nafion ionomers.
Consequently, the number of functionalized groups on the carbon
surface increased. These decomposed Nafion ionomers inhibit the
proton transport and increase the electrical resistance of the sam-
ple. In summary, the decomposed Nafion ionomers strengthen the
adsorption/deposition of the electrocatalyst precursors and elec-
trocatalysts. However, severely decomposed Nafion ionomers
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increase the electrical resistance. Therefore, the Nafion ionomers
must be deliberately degraded to obtain the optimum results.

4. Conclusions

We demonstrated that the deliberate decomposition of Nafion
ionomers in the presence of ambient oxygen functionalized XC72R
by producing eC]O and eCOOH moieties to cover the surface of
XC72R. These oxygenated functional groups allowed the physical
adsorption of Pt ions and acted as an adhesion layer sandwiched
between the underlying XC72R and Pt nanoparticles after hydrogen
reduction. The XAS spectra confirmed that the Pt nanoparticles did
not directly contact the XC72R but resided atop the oxygenated
functional groups. The results of the MOR durability tests showed
an impressive retention in the mass activity and the ia/ic ratio for
the functionalized electrode. This retentionwas not observed in the
commercial E-TEK Pt/C sample in which the Pt nanoparticles
directly contact the carbon support. From the TEM images and ECSA
results, we concluded that the oxygenated functional groups could
anchor the Pt nanoparticles and thus effectively reduce the unde-
sirable dissolution of Pt atoms and migration of Pt nanoparticles.
The XPS spectra confirmed that the oxygenated functional groups
persisted on the XC72R and the amounts of these groups increased
after the durability test.
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