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Abstract: Localized surface plasmon resonance (LSPR)
excitation of noble metal nanoparticles has been shown to
accelerate and drive photochemical reactions. Here, LSPR
excitation is shown to enhance the electrocatalysis of a fuel-
cell-relevant reaction. The electrocatalyst consists of PdxAg
alloy nanotubes (NTs), which combine the catalytic activity of
Pd toward the methanol oxidation reaction (MOR) and the
visible-light plasmonic response of Ag. The alloy electro-
catalyst exhibits enhanced MOR activity under LSPR excita-
tion with significantly higher current densities and a shift to
more positive potentials. The modulation of MOR activity is
ascribed primarily to hot holes generated by LSPR excitation
of the PdxAg NTs.

Localized surface plasmon resonances (LSPRs) of metal
nanoparticles (NPs) allow the strong coupling of visible light
with charge carriers in the NP. Energetic charge carriers
produced by LSPR excitation of metal NPs catalyze chemical
transformations on the surface of the NPs[1–4] and enable light
harvesting.[5] Here, we uncover how LSPR excitation of
charge carriers in a plasmonic electrocatalyst accelerates
a fuel-cell reaction.

Direct methanol fuel cells, while critical for realizing
electric vehicles, are difficult to commercialize owing to two
limitations of the electrocatalyst: 1) the low catalytic activity
for the cathodic oxygen reduction reaction and the anodic
methanol oxidation reaction (MOR), and 2) the high cost of
the precious-metal-based catalyst.[6] It is desirable to improve

the catalytic activity and/or to reduce the use of expensive
precious metals in the catalyst. Visible-light excitation of
a plasmonic metal nanostructure-based electrocatalyst has
been shown to promote the MOR.[7] Herein, we investigate
the manner in which LSPR excitation enhances the activity of
a electrocatalyst toward MOR. For the study, we developed
a plasmonic electrocatalyst consisting of PdxAg alloy nano-
tubes (NTs), which combine the electrocatalytic MOR
activity of Pd and the visible-light LSPR absorption of Ag.
The alloy electrocatalyst exhibits enhanced current densities
under LSPR excitation. Although photothermal heating of
the electrochemical interface contributes to the enhance-
ment, the primary mechanism involves hot holes (h+)
generated in the alloy by plasmonic excitation. These hot h+

drive methanol oxidation, forming a pathway complementary
to electro-oxidation.

Pd was chosen as a component of the electrocatalyst not
only because of its MOR activity but also its relative
resistance against poisoning by CO, a common issue with
Pt.[8] Pd and Ag are fcc metals with close lattice constants, so
their alloying is favorable over a range of compositions.[9]

Four different alloys were prepared, the elemental composi-
tions of which were found by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) to be x = 0.65, 0.52,
0.41, and 0.33, where x is the molar ratio of Pd to Ag. The
surface composition, however, is less Pd-rich than the overall
composition (Supporting Information, Table S1). Pd0.65Ag
and Pd0.52Ag alloy NTs were characterized (Supporting
Information, Figure S1) by transmission electron microscopy
(TEM), elemental mapping, and X-ray diffraction (XRD).
The NTs were found to exhibit hollow morphologies, which
are desirable from the point-of-view of high specific surface
areas. High-resolution X-ray photoelectron spectra (XPS) of
the PdxAg NTs (Supporting Information, Figure S2) are
consistent with alloying.[9, 10]

The PdxAg NTs were supported on carbon nanotubes
(CNTs). The electrocatalytic activity of PdxAg/CNTs toward
MOR was measured by cyclic voltammetry (CV) in a conven-
tional three-electrode setup in a home-made quartz cell
equipped with a cooling bath. The mass activities of Pd0.65Ag/
CNTs, Pd0.52Ag/CNTs, and Pd0.41Ag/CNTs were measured to
be 0.99, 1.38, and 0.84 Amg@1 Pd, respectively, while Pd0.33Ag,
surprisingly, showed little to no MOR activity (Supporting
Information, Figure S3). This dependence of the intrinsic (Pd
content-normalized) MOR activity of PdxAg alloy NTs on the
relative content of Pd and Ag may be a reflection of
differences in active site geometry[11] and third-body effects
between the alloys. The intermediate Pd0.52Ag composition
emerges to be most optimal, in line with the volcano-type
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dependence of the catalytic activity of alloy nanoparticles on
the composition.[11]

Next, the electrocatalytic performance of PdxAg/CNTs
toward MOR was tested (Figure 1) under visible-light irradi-
ation. Broadband visible-light of wavelengths longer than
400 nm from a Xe lamp was used for photoexcitation. The

temperature of the electrolyte system was maintained by
a temperature bath at 30 88C over the course of illumination
and measurement. Pd0.65Ag/CNTs, Pd0.52Ag/CNTs, and
Pd0.41Ag/CNTs showed enhanced mass activity toward
MOR under visible-light illumination as compared to the
activity in the dark. The activity increased linearly as
a function of the incident light intensity (Figure 1 D). The
magnitude of light-excitation-induced enhancement of the
MOR activity of PdxAg/CNTs depended on the molar ratio of
Pd to Ag. Among the three active alloys, Pd0.41Ag displayed
the poorest activity in the dark; however, this alloy showed
the largest enhancement in activity upon light excitation. On
the other hand, Pd0.52Ag was the most active catalyst in the
dark, but the light-induced enhancement in catalytic activity it
exhibited was in-between those of Pd0.41Ag and Pd0.65Ag. The
trends in the MOR activity of PdxAg/CNTs in the dark and
under visible-light illumination were consistent with the
trends in their charge transfer resistances measured by
electrochemical impedance (Supporting Information, Fig-
ure S4).

The catalytic activity of Pd/C and Ag nanowires/CNTs
toward MOR was also examined both in the dark and under
illumination of visible-light of an intensity of 84.5 mWcm@2

(Supporting Information, Figure S5). The MOR activity of

Pd/C showed negligible enhancement upon illumination,
which is consistent with the fact that Pd NPs, smaller than
10 nm in size, have no LSPR absorption in the spectral range
of 300–1500 nm.[12] Despite their strong LSPR absorption, Ag
nanowires were not active toward MOR in the dark.
Consistently no photo-enhanced activity was observed.
Thus, photo-enhanced activity toward MOR is displayed
only by nanostructures that possess both native electrocata-
lytic activity due to the Pd component and the ability to
harvest light via LSPR excitations due to the Ag component.

The PdxAg NTs exhibit LSPR absorption peaking in the
350–400 nm range. The enhanced current density measured
for Pd0.52Ag NTs as a function of the excitation wavelength
shows a peaked behavior similar to the light absorption
response of the NTs (Figure 2A), as expected for a photo-

enhanced process. The photo-enhancement can originate
from a photothermal effect and/or photogenerated electrons
(e@) and h+ resulting from LSPR excitation, as shown
instructively by Fang and co-workers[7e] and others.[13] LSPR
excitations decay via 10–100-fs timescale e@–e@ scattering
producing energetic e@–h+ pairs.[14] These charge carriers can
modulate the nature and kinetics of electrochemical reactions
occurring at the interface. The photoexcited carriers relax via
1 ps timescale e@–phonon coupling, resulting in heating of the
metal lattice, followed by 100 ps timescale transfer of heat to
the surrounding medium.[15] Although a cooling bath main-
tained the temperature of the bulk electrolyte at 30 88C, limits
in the kinetics of heat removal can result in a spatial
temperature profile, whereby the electrocatalyst/electrolyte
interface may be at an elevated temperature. Consequently,
the diffusion of reactive species[13b] and kinetics of electro-
chemical reactions at the interface may be enhanced by such
photothermal heating, potentially resulting in the increase in
activity upon visible-light illumination.

The photo-enhancement is reversible but it is not
instantaneous. It took minutes after the light-excitation was
introduced for the MOR activity of Pd0.52Ag/CNTs to stabilize
(Figure 2B). The minutes-scale response to LSPR excitation
may be reflective of a gradual approach of the photoinduced

Figure 1. CV scans of CNT-supported A) Pd0.65Ag, B) Pd0.52Ag, and
C) Pd0.41Ag electrocatalysts in an aqueous solution of 1.0m CH3OH
and 0.5m NaOH under illumination of white light of different
intensities. The CV scan rate was 50 mVs@1. D) Mass activity of Pd/C
and PdxAg/CNTs (x =0.65, 0.52, and 0.41) electrocatalysts in MOR as
a function of the incident light intensity. Data points in (D) represent
the average of measurements from three identical trials, the standard
deviation of which is represented by the error bars. Dashed-dotted
lines in (D) represent linear fits of these data points.

Figure 2. A) Absorbance spectra (solids lines) of aqueous colloids of
Pd/C, Ag nanowires, and PdxAg (x =0.65, 0.52, and 0.41) NTs, plotted
in the form of the absorbed light intensity fraction, 1–10-Abs (left axis).
Alongside, the dark blue dots joined by the dotted blue line show the
wavelength dependence of the % enhancement (DI/I*100, right axis)
in the mass activity of Pd0.52Ag/CNTs resulting from light of
15 mWcm@2 intensity. B) Mass activity in MOR of Pd0.52Ag/CNTs in an
aqueous solution of 1.0m CH3OH and 0.5m NaOH at 30 88C under
various visible-light (42.6 mWcm@2) illumination conditions.

Angewandte
ChemieCommunications

8795Angew. Chem. Int. Ed. 2019, 58, 8794 –8798 T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


surface temperature and/or surface photopotential to
a steady-state value.

To determine if the observed photo-enhancement in the
current density is simply due to a photothermal effect, we
compared the effect of light illumination on the MOR activity
of Pd0.52Ag/CNTs with that of an increase in the electrolyte
temperature (Figure 3).[16] Under monochromatic 530 nm

laser illumination (Figure 3A), the peak current density
increased with increasing excitation intensity in a super-
linear fashion (Figure 3D). Alongside, the peak potential
progressively shifted to the positive direction. An increase in
the temperature of the electrolyte under dark conditions did
not reproduce the latter effect of light illumination; only the
peak current density increased (Figure 3 B). The peak poten-
tial remained unchanged (Figure 3 C). Thus, a photothermally
induced temperature rise does not fully account for the
enhanced electrocatalytic activity under visible-light excita-
tion. A non-thermal effect is at play.[2]

Photoexcited or hot e@ generated at the PdxAg electro-
catalyst by LSPR excitation can be transferred to the external
circuit or to e@-accepting adsorbates (Scheme 1).[4g] The hot
h+ left behind in the alloy can participate in MOR through
a pathway complementary to electro-oxidation. Hot h+

significantly deeper in energy, relative to the potential of
the working electrode, can be transferred to adsorbed

methanol at a rate much faster than that of h+ at the applied
potential. If h+ transfer to adsorbed methanol were the rate-
limiting process in the electro-oxidation by the PdxAg
catalyst, then the MOR rate would be enhanced under
conditions where hot h+ transfer is prevalent, resulting in
a mass activity enhancement. Thus, at the same applied
potential, the depletion in the methanol concentration at the
electrode is greater under light illumination as compared to
that in the dark. Consequently, a larger concentration
gradient is built up between the electrode and the bulk
solution and a higher peak current density is attained under
light excitation. The higher the light illumination intensity, the
deeper in energy, on average, is the hot h+ distribution
generated by LSPR excitation, the faster is the kinetics of h+

transfer, and the higher is the peak oxidation current.
Furthermore, owing to the larger concentration gradient
setup under light excitation, the flux of methanol to the
electrode reaches its maximum only at a more positive
potential as compared to that in the dark. This phenomenon
explains the shift in the peak potential observed under LSPR
excitation (Figure 3A).

To further characterize the influence of LSPR excitation
on the MOR potential, the open-circuit potential (OCP) of
Pd0.52Ag/CNTs was measured in an aqueous solution of 1.0m
CH3OH and 0.5m NaOH under 530 nm laser illumination
(Figure 4). In the dark state, the OCP is determined by the
difference in the equilibrium potential of methanol oxidation
at the Pd0.52Ag/CNTs electrode and the reference potential.
Under laser illumination, the OCP shifted to a lower steady-
state magnitude on the timescale of minutes (Figure 4A). Hot
h+ photogenerated in the Pd0.52Ag NTs under LSPR excita-
tion accumulate over time as e@ are removed to the external
circuit aided by the high conductivity of the CNT support
(Supporting Information, Figure S6). The reduction in the
OCP can be attributed to the consequent lowering of the

Figure 3. CV scans of Pd0.52Ag/CNTs electrocatalyst in an aqueous
solution of 1.0m CH3OH and 0.5m NaOH (A) under illumination of
various intensities of a 530 nm laser and (B) at different temperatures
in the dark. The current densities are normalized to unit mass of Pd.
As seen from the vertical lines, meant as visual guides, the peak
potential shifts in the positive direction with increasing light intensity
in (A), but there is no such shift with increasing temperature in (B).
C) The peak potentials derived from the CV scans of Pd0.52Ag/CNTs
electrocatalysts in panels (A) and (B) plotted vs. the peak current
density; D) Peak current density of Pd0.52Ag derived from panel (A) as
a function of the light intensity. Alongside, the red dots show the peak
potential (right axis) under various light intensities. The dotted blue
line is a guide to the eye. The solid blue line represents a linear
extrapolation based on the (four) data points acquired at the lowest
levels of intensity (0–0.32 Wcm@2). Data points for peak current
density represent the average of measurements across three identical
trials, the standard deviation of which is represented by the error bars.

Scheme 1. Top: Energy diagram of PdxAg/CNTs electrocatalysts in the
dark (left) and under LSPR excitation (right). Eref is the reference
potential and Eeq represents the equilibrium potential of MOR and VO

is the OCP. LSPR excitation of the electrocatalyst is proposed to
generate energetic h+, leading to a decrease in the OCP by DV. e@ are
swept into the external circuit. Bottom: Enhanced electrocatalytic MOR
activity of CNT-supported PdxAg alloy NTs under LSPR excitation.
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quasi-Fermi level of the alloy under LSPR excitation. The
magnitude of the OCP decreased with increasing intensity
until the trend reached saturation at an intensity of
524 mWcm@2 (Figure 4B). The size of the accumulated hot
h+ population depends on the rate of photogeneration of h+

relative to the rate of their loss by e@–h+ recombination. The
former process has a first-order dependence on the excitation
intensity, whereas the latter has a second-order dependence
on intensity. Therefore, an increase in the light intensity
results in an increase in the size of the hot h+ population,
resulting in a larger down-shift of the quasi-Fermi level and
therefore of the OCP. At considerably higher light intensity,
e@–h+ recombination becomes dominant and the size of the
hot h+ population does not increase further with an increase
in the light intensity. As a result, the light-intensity-dependent
trend of the OCP reaches saturation. It must be noted that the
magnitude of the shift of the OCP (ca. 86 mV at
524 mWcm@2) upon LSPR excitation is on the order of
photoinduced potentials of Au NPs measured under LSPR
excitation by Atwater,[5a] Jain,[4f] and Brus[17] labs. The
progressive shift with increase in the illumination intensity
until a point of saturation is also consistent with these past
findings.[4f]

In summary, PdxAg alloy NTs synergistically combine the
plasmonic attributes of Ag with the electrocatalytic activity of
Pd toward MOR, a key fuel cell process. The MOR electro-
catalysis of these NTs is modulated by visible-light excitation
of LSPRs in the PdxAg alloy NTs. Under light, the mass
activity of PdxAg alloy NTs toward MOR is enhanced,
increasingly super-linearly with increasing light intensity. The
peak potential for MOR also shifts to more positive potentials
under LSPR excitation, which was ascribed to hot h+-assisted
methanol oxidation. The PdxAg NTs maintained 89.3% of
their activity and a largely stable composition after 6 h of
testing under light excitation (Supporting Information, Fig-
ure S7). Carbonate and formate were produced under both
dark and light excitation conditions (Supporting Information,
Figures S8 and S9), but no other gaseous products were
detected (Supporting Information, Figure S10). Thus, LSPR
excitation has the potential for reducing precious Pd usage in
fuel cell catalysts. The plasmonic/electrocatalytic alloys
described here may serve as platforms for studying the

influence of LSPR excitation on a gamut of electrocatalytic
processes.
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