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ABSTRACT:

Direct methanol oxidation is expected to play a central role in low-polluting future power
sources. However, the sluggish and complex electro-oxidation of methanol is one of the
limiting factors for any practical application. To solve this issue, the use of plasmonic cathodes
is considered a promising way to accelerate the methanol oxidation reaction. In this study we
report on a novel approach for achieving enhanced methanol oxidation currents. Perforated

gold thin films cathodes were decorated with Pt/Ru via electrochemical deposition and
investigated for their ability for plasmon-enhanced electrocatalytic methanol oxidation in
alkaline media. The novel methanol oxidation cathode (AuNHs/PtRu), combing the strong
light absorption properties of a gold nanohole array-based electrode (AuNHs) with surface
anchored bimetallic Pt/Ru nanostructures, known for their high activity towards methanol
oxidation, proved to be highly efficient in converting methanol via the hot holes generated in

the plasmonic electrode. Without light illumination AuNHs/PtRu displayed a maximal current
density of 13.7 mA/cm? at -0.11 V vs. Ag/AgCl. Enhancement to 17.2 mA/cm ? was achieved
under 980 nm laser light illumination at a power density of 2 W/cm 2. The thermal effect was
negligible in this system, underlining a dominant plasmon process. Fast generation and
injection of charge carriers were also evidenced by the abrupt change in the current density

upon laser irradiation. The good stability of the interface over several cycles makes this system

interesting for methanol electro-oxidation.

Keywords: localized surface plasmon resonance, hot carriers, electrocatalysis, electrochemical

methanol oxidation, photoelectrochemistry.
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INTRODUCTION

Direct methanol fuel cells are one of the most promising non-polluting energy
sources.!-3 Despite significant advances in recent years, the development of high performing
anodic catalysts for methanol oxidation remains a challenge. - +7 Fast surface poisoning of the
Pt surface by the CO intermediates formed during this reaction and the high cost and scarcity
of Pt-based catalyst remain hurdles to overcome.* > ® Methanol oxidation follows a 6-¢lectron
pathway, which is believed to occur via a dual pathway mechanism, where C—H bond cleavage
generates an adsorbed hydroxymethyl CH ,OH intermediate, which is further dehydrogenated
to CO,qs, while O—H bond cleavage leads to adsorbed methoxy, CH ;0, which binds to Pt via
the oxygen.* The adsorbed methoxy intermediate is further dehydrogenated to H,CO,4,, which
can subsequently desorb as formaldehyde. The main poisoning species for Pt, identified in
many studies, is surface-bonded carbon monoxide (CQyqs). As the interaction between adsorbed
CO and Pt sites is very strong, active Pt sites are readily blocked leading to a decrease in
catalytic activity.

The strong coupling of light with charge carriers in plasmonic nanostructures has been
lately considered ideally suited to accelerate sluggish and complex multi-electron
electrochemical reactions. >-13 This is due to the generation of energetic charge carriers, hot
electrons and holes, through the localized surface plasmon resonance (LSPR) effects occurring
in noble metal nanostructures. The integration of LSPR structures onto electrochemical
interfaces has thus become an essential part for improving electrocatalytic redox processes!3->2
In spite of its large potential for boosting catalytic transformations, current advancement of
plasmon-enhanced electrocatalysis towards direct methanol oxidation is still under
investigation.!? 17-19 In this context, it has been demonstrated that bimetallic AgPt hollow
nanoparticles with an ultrathin shell of less than 2 nm Pt enhanced the electrocatalytic activity
towards methanol oxidation in basic media and CO poisoning tolerance. '8 Light irradiation at
600 mW/cm? resulted in a current density of 18.8 mA/cm?!'® Huang et al. prepared
palladium-silver alloy nanotubes and found that the peak current density increased with
increasing the excitation intensity in a linear fashion to reach a current density of 6 A/mg Pt
under 530 nm light illumination at a power of 1.2 W/cm 2.!2 Gold nanofiber-based electrodes
revealed to be efficient for plasmon-enhanced electrocatalysis of methanol, notably in
decreasing the passivation due to CO adsorption during electrocatalysi§’ Highly ordered,
porous ZnO/a-Fe,03/Au nanotube arrays offered efficient and stable operation for methanol

oxidation to formaldehyde with a current density of 1.85 mA/cm?.!° The catalytic process was
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2 believed to occur through hot electrons formation in the gold nanostructures, followed by
5 electron injection into o-Fe, O3, which flow into ZnO. The resultant electron-deficient gold

? nanostructures oxidize methanol and return to their original metallic state. !

g Lately Chen et al. synthesized anisotropic Pt-edged Au nanodisks as catalysts for
%(1) plasmon-enhanced electrochemical methane oxidation. A 3-fold higher catalytic currents were
12 obtained under visible light irradiation than under dark conditions.”? Free-standing
%Z nanopourous gold electrodes were proposed by Wang et al. for direct plasmon enhanced
12 electro-oxidation of methanol?* These Schottky-barrier-free plasmonic catalysts enhanced
%; significantly the electro-oxidation of methanol, reaching maximal current densities of 531
19 HA/cm?.

5(1) In this study, we investigated the efficiency of gold nanoperforated electrodes decorated
gg with PtRu nanostructures through electrochemical deposition (AuNHs/PtRu) for methanol
5451 oxidation in basic medium under light illumination. Indeed, PtRu bimetallic nanostructures are
26 recognized as one of the best bimetallic catalysts for the electro-oxidation of small organic

%; molecules,?!> 25 as well for the methanol oxidation reaction®3? They are less sensitive to
gg surface poisoning as they are able to oxidize intermediates, such as CO, at reduced
31 overpotentials. Tian et al. reported in this respect a PtRu nanoparticle supported nanoporous

gg gold electrode for direct methanol oxidation. ?° Owing to the reduced CO adsorption energy,

3451 this electrode showed a 3-fold enhanced methanol oxidation activity when compared to a
3675 commercial PtRu/C anode. The influence of the Pt-shell thickness of Pt/Ru core-shell

38 nanostructures on the methanol oxidation reaction (MOR) was investigated lately by Klein e?
28 al. They demonstrated that the MOR activity increases with increasing Pt film thickness,
i% whereas the selectivity for CO , formation remains essentially constant. 2 Multiwalled carbon
32 nanotubes functionalized by oxygen plasma and decorated with Pt/Ru nanoparticles were used
45 by Chetty et al. for electrochemical methanol oxidation?® Electrochemical deposition of Pt/Ru
3(75 nanoparticles onto graphene nanoribbons electrodes resulted in methanol oxidation anodes
jg with substantial activity (960.2 mA/mg) and long-time stability.

50 Perforated gold thin films were chosen in this work as anodes for methanol oxidation

g% due to their strong plasmonic activity under light illumination in the near infrared and good

gi electrochemical stability.!3- 223! Indeed, the use of perforated gold thin films was motivated by
g 2 the demonstrated promotional role of gold? and gold nanostructures on the methanol oxidation
57 in the literature.?33-35 The AuNHs/PtRu interface achieved 1.3 times increase of the recorded
gg current density under laser light illumination at 980 nm using a power density of 2 W/cm 2,
60
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reaching 17.2 mA/cm 2. No increase in the current density was observed on a non-patterned

gold thin film when irradiated under the same conditions, underlining the plasmonic effect.

RESULTS AND DISCUSSION

Gold nanohole arrays modified with PtRu nanostructures (AuNHs/PtRu)

The electrode used for methanol oxidation (Figure 1a) was formed in a two-step
process. First, a gold nanohole array (AuNHs) with holes of an average diameter of 630 nm
and center-to-center spacing of 980 nm was constructed using colloidal nanolithography as
shown in recent articles. !> 2% The gold thin film was deposited on top of an ultra-thin (<5 nm)
of Ti/TiO, adhesion layer, as mechanistic investigations revealed that Ti/TiO ,/AuNHs based
plasmonic electrodes are an efficient source of hot electrons, contributing to their injection into
the underlying TiO,-based adhesion layer and improve the electrochemical reduction of
water.!3 Indeed, such electrodes support LSPR modes (Figure 1b) at 660 nm with a broad
maximum at around 980 nm with an increase in absorption <500 nm due to the underlying
Kapton substrate as reported before.

The AuNHs electrodes were further modified with metallic nanostructures via
electrodeposition at -0.8 V (vs. Ag/AgCl) from a solution containing K ,PtCls and RuCl 5 in
different molar ratios (Table 1). A representative cyclic voltammogram of an aqueous solution
of K,PtCl, / RuCl; (1 /1) is seen in Figure 1b. In an anodic scan, Pt—O and Ru—O formation
starts at approximately 0.8 V (peak I). In the cathodic scan reduction occurs around 0.5 V (peak
IT) with a clearly visible hydrogen absorption with redox couples at about -0.18 / -0.37 V (peak
III / peak 1V). The UV/Vis absorption of this interface (Figure 1c) showed a strong overall

increase in light absorption, partially masking the plasmon band at 980 nm.
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Figure 1. Characteristics of AuNHs/PtRu electrodes. (a) Schematics of
plasmon-electrocatalytic electrode used in this work. (b) UV/vis absorption spectra of AuNHs
(blue) and AuNHs/PtRu (green). (c) Cyclic voltammogram in an aqueous solution of NaCl (0.5
M) containing K,PtCl, / RuCl; (1 / 1), scan rate = 20 mV/s. (d) Cyclic voltammograms in 0.1
M NaOH / 0.1 M CH;O0H for the studied samples (see Table 1).

The influence on the molar ratio of K ,PtCl, / RuCl; on the electrocatalytic activity of
the different electrodes for methanol oxidation in NaOH (0.1 M) is seen in Figure 1d. In order
to ensure correct comparison among the electrodes,? the electrochemically active surface area
(EASA) was determined and used for comparing the current densities involved. The AuNHs
modified with K,PtCl, / RuCl; (1 / 1) gave the best methanol oxidation results with a catalytic
peak at -0.12 V vs. Ag/AgCl during the forward scan associated with the electro-oxidation of
methanol with a current density of 13.7 mA/cnt. The AuNHs system shows no electrocatalytic
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activity. Figure 1d furthermore underlines that the AuNHs cathode does not show any activity
towards methanol oxidation; the same is true for AuNHs/Ru only. This indicates that the main

catalytic activity is via the Pt component of the system.

Table 1. Methanol oxidation characteristics of AuNHs electrodes modified by

electrodeposition at -0.8 V with Pt, Ru, and PtRu deposits from different initial solutions

Substrate ~ KoPtCly RuCly i Epeax
(mM) (mM) (mA/cm?) (V vs. Ag/AgCl)

AuNHs/Ru 0.0 2.0 1.5 0.11

AuNHs/Pt 2.0 0.0 11.8 0.13

AuNHs/PtRu 1.0 1.0 13.7 -0.12

AuNHs/PtRu, 0.5 1.0 6.3 0.11

Figure 2a displays the scanning electron microscopy (SEM) images of the AuNHs
electrode before and after PtRu deposition with a ratio of 1 / 1. A granulated structured film is
evidenced on top of the AuNHs after electrochemical deposition PtRu with a thickness of about
20 nm. The electron dispersive spectroscopy (EDS) mapping of Au, Pt and Ru (Figures 2b-2d)
revealed that Pt and Ru were preferential present on the top of the AuNHs.
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35
36 Figure 2. Physico-chemical features of AuNHs/PtRu electrodes. (a) SEM images of AuNHs
37 .
38 and AuNHs/PtRu. (b-d) EDS mapping of Au (b), Pt (c) and Ru (d) of the AuNHs/PtRu
28 electrode. (e) Core level spectra of Ru 3p. (f) Core level spectrum of Pt 4f.
41
42 To get more information on the chemical nature of the PtRu particulate thin film, X-ray
43
44 photoelectron spectroscopy (XPS) analysis was performed. The high-resolution spectrum of
32 the Pt 4f band (Figure 2f) exhibited bands at 71.1 and 74.5 eV corresponding to Pt 4f7/2 and
i; Pt 415/2 of metallic Pt, while the core level XPS spectrum of the Ru 3p (Figure 2e) can be
49 curve-fitted with bands at 461.2 (Ru 3p3/2) and 484.3 eV (Ru 3p5/2) ascribed to metallic Ru.
50
51 The mass percentage of PtRu present on the AuNHs was determined as 52 mass %Pt) to 48
gg mass %Ru in good agreement with the molar ratio in solution of 1/ 1.
54
g 2 Methanol oxidation under light irradiation
57
58 Figure 3a depicts the electrocatalytic behaviour of AuNHs/PtRu electrodes in 0.1 M
59
60 NaOH /0.1 M CH;OH under light irradiation at 980 and 808 nm at 2 W/cm. The AuNHs/PtRu
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electrode exhibited a catalytic peak at -0.12 vs. Ag/AgCl during the forward scan associated
with the electro-oxidation of methanol. During the backward scan, a band at -0.40 V vs.
Ag/AgCl is observed, attributed to the additional oxidation of absorbed carbonaceous species
such as CO to CO..'® Under light illumination at 980 nm (2 W/cr), an increase in the oxidation
current density to 17.2 mA/cm % was recorded, which accounts for an increase of 1.3 times
(Figure 3a). This effect was less pronounced upon laser light irradiation at 808 nm, where
indeed a minimum is observed in the UV/Vis absorption spectrum (Figure 1b). As expected

for a plasmon-mediated effect, the acceleration of electrochemical methanol oxidation is not
only wavelength responsive (Figure 3a) but depends in addition on the incident laser power
density (Figure 3b). No increase in the current density was recorded on a non-plasmonic gold

thin film upon irradiation at 980 or 808 nm (Figure S2).

25 —— AuNHs/PtRu 20
------- AuNHs/PtRu 980 nm
20 e AUNHs/PtRu 808 nm 18+
_ 15} T
g .: / .L. / H g 16 I
< 10} %
= £ 14}
> 5 =
O ==X et
: (b)
-5 | | . 10 ' ‘ '
-1.0 -05 00 05 1.0 00 05 10 15 g.o
E |V vs. Ag/AgClI Power density / W cm’

Figure 3. Electrocatalytic methanol oxidation under light irradiation. (a) Cyclic
voltammograms of AuNHs/PtRu in 0.1 M NaOH / 0.1 M CH3OH upon light irradiation at 980
and 808 nm at 2 W/cn?. (b) Influence of 980 nm laser light power density on the current density
of AuNHs/PtRu in 0.1 M NaOH / 0.1 M CH;0H.

Table 2 summarizes some of the plasmon-enhanced methanol electrocatalytic systems

used to date.

10
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Table 2. Methanol oxidation systems: Comparison of plasmon-enhanced and other

platforms
Current
System Exp. parameters . Ref.
densities
MWCNTs/PtRu H,S04 (0.5 M) 0.2 A/mg Pt 26
Pt-Ru nanowires HCI10, (0.1 M) 0.8 A/mg Pt 30
NaOH (0.1 M)
PdAg alloy nanotubes 530 nm, 6 A/mg Pt 12
1.2 W/em?
Porous graphene
H,S04 (0.5 M) 0.96 A/mg Pt 27
nanoribbons + Pt/Ru
Graphitic carbon nitride
KOH (0.5 M) 0.99 mA/cm? 33
+ AuNPs
Free-standing nanoporous KOH (0.5 M)
0.35 mA/cm? 24
gold film 100 mW/cm?
Au/Ag core-shell KOH (0.5 M) 0.38 mA/cm? 34
Nanoporous gold/PtRu H,S04 (0.5 M) 0.44 mA/cm? 29
Ptxmr/Ru(001) H,S04 (0.5 M) 0.7 mM/cm? 28
Zn0O/a-Fe;O3/Au nanotube NaOH (0.1 M)
1.8 mA/cm? 19
arrays Xe lamp irradiation
Pt NaOH (0.1 M) 11.8 mA/cm?  This work
PtCus HCl10,4 (0.1 M) 14.1 mA/cm? 8
NaOH (0.5 M)
Bimetallic AgPt hollow
Xe lamp irradiation 18.8 mA/cm? 18
nanoparticles
at 600 mW/cm?
NaOH (0.1 M)
AuNHs/PtRu 17.2 mA/cm?  This work

980 nm, 2 W/cm?

MWCNTs: multiwalled carbon nanotubes, ML: monolayer

11
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Mechanism

The conversion of methanol is based not only on the excellent catalytic properties of
the Pt/Ru nanostructures (mechanism iii in Figure 4a) for methanol, but also on the plasmonic
properties of the underlying AuNHs interface. The expected working mechanism for methanol
oxidation over AuNHs/PtRu electrodes under light irradiation is shown in Figure 4a. Under
laser excitation, localized surface plasmons are generated on the nanopatterned gold film
electrode forming electron-hole pairs. To differentiate between temperature effects and the
generation of hot carriers, the methanol oxidation reaction was performed at different solution
temperatures up to 70 °C. Laser irradiation of AuNHs/PtRu results in an increase of the
temperature to about 68 °C (980 nm) and 64 °C (808 nm) (Figure 4b). Performing methanol
oxidation at 70 °C solution temperature on AuNHs/PtRu showed only a slight enhancement in
methanol electro-oxidation (Figure 4c¢). The thermal effect is clearly weaker than the
plasmonic effect observed before at 980 nm light irradiation and the generated hot carriers as
highlighted in Figure 4a is most likely occurring. The generated hot electrons can be further
injected into the conduction band of the Ti/TiO , underlying adhesion layer (mechanism ii in
Figure 4a) and will stabilize the formed generated hot holes (h *) for methanol oxidation by
minimizing the recombination of hot carriers (mechanism 1) in the AuNHs/PtRu layer being
thus lost for electrocatalysis. Fast generation and injection of charge carriers upon light
irradiation are evidenced by the abrupt increase in the current density profile when the
AuNHs/PtRu interface is biased at -0.10 V vs. Ag/AgCl and illuminated at 980 nm. A steady
state current is obtained after about 1 min, with a decay time of the same time order (Figure
4d). This behavior is different from that observed when illuminated at 808 nm, where no

significant current enhancement is observed under irradiation (Figure 4d).

12
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Figure 4. Mechanistic considerations for methanol oxidation. (a) Schematic presentation of

the mechanism involved in methanol oxidation under plasmonic excitation. (i) recombination

of formed charges, (ii) generated hot electrons are injected into the conduction band of the

Ti/TiO, underlying adhesion layer, (iii) electrochemical conversion on Pt/Ru nanostructures.

(b) Change of solution temperature upon illumination of AuNHs/PtRu at 980 and 808 nm at 2
W/cm? for 10 min. (¢) Cyclic voltammogram of AuNHs/PtRu in 0.1 M NaOH/ 0.1 M CH;0H

at room temperature and at 70 °C solution temperature. (d) Current density - time curves of

biased AuNHs/PtRu under illumination at 980 and 808 nm at 2 W/cm?2.

In order to gain more insight onto the reaction products, methanol oxidation was carried out at

-0.1 V vs. Ag/AgCl for 2h and the solution analyzed by HPLC. 13 mM of methanol were

13
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converted using this condition. Neither the formation of formaldehyde (HCHO) nor methyl
formate could be validated by HPLC analysis. Formic acid (HCCOH) could be detected with
a concentration of 857 uM, the rest (12.15 mM) is most likely to of gases such as CO and CO,

mostly.

Stability and Re

Cyclic voltammograms for 4 different electrodes are depicted in Figure 5a showing
that the interfaces can be reproduced with high accuracy. The long-term stability of
AuNHs/PtRu was assessed by recording the change of the current density over cycling time
(Figure 5b). After 20.000 cycles, the methanol oxidation current, determined via cyclic
voltammetry, decreased by ~20%. This is most likely linked to the loss of some of the catalyst

over time and/or surface oxidation (Figure 5¢). However, as seen from the SEM image in

ACS Applied Materials & Interfaces

producibility

Figure 5d, the interface morphology was not altered even after 20.000 cycles.
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Figure 5. Interface characteristics. (a) CV curves of 4 AuNHs/PtRu interfaces in 0.1 M

NaOH /0.1 M CH;OH at a scan rate of 20 mV/s in dark. (b) Variation of methanol oxidation
current under 980 nm (2 W/cm?) light illumination over 20.000 cycles. (c) Cyclic

14
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voltammograms of AuNHs/PtRu before and after 20.000 cycles in 0.1 M NaOH / 0.1 M
CH3OH under light illumination at 980 nm (2 W/cm 2). (d) SEM image of the interface after
20.000 cycles.

CONCLUSION

In summary, the coating of plasmonic electrodes based on gold nanohole arrays with
few nanometer thick PtRu films resulted in the development of a novel plasmonic system with
good electrocatalytic activity for methanol oxidation under basic conditions. The enhanced
performance towards methanol oxidation process was attributed to the synergetic effect
between the PtRu electrocatalytic capabilities and the plasmonic features of the AuNHs
electrode. In this plasmon-enhanced electrocatalytic methanol oxidation, hot electrons can be
transferred to the conduction band of the underlying TiQ thin film. This is expected to stabilize
holes in the Au NHs.Hot h significantly deeper in energy relative to the potential of the
working electrode, are believed to be transferred to absorbed methanol on the PtRu catalyst at
the rate much faster than that of h at the applied potential without light activation. The
presence of AuNHs on Ti/TiQ adhesion layers is in this respect a unique electron pump
removing hot electrons. Our studies suggest the AuNHs/PtRu interface to be a stable
electrocatalytic interface and an alternative to Pt and Pt/C composites. The conversion proved
not to be completely selective for CO and CO, with some formic acid formed as intermediate.
Nor detectable levels of formaldehyde nor methyl format were identified using HPLC analysis
of the solution. The easy fabrication method of the catalytic interface, with high reproducibility
makes it an interesting approach for methanol oxidation. The search for interfaces using in a
more efficient manner the generated hot holes on the Au NHs are under away and might

significantly contribute to enhanced methanol oxidation.
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EXPERIMENTAL SECTION

Materials

Ruthenium (III) chloride (RuCl;, Ru content 45-55%), potassium tetrachloroplatinate(II)
(K,PtCly, >99.9% trace metals basis), Sodium chloride (NaCl, >99.5% ), methanol (MeOH,
>99.9%), sodium hydroxide (NaOH, >98%), hydrochloric acid (HCI, 38%), sulfuric acid
(>299.9%), formic acid (>98%) were purchased from Sigma-Aldrich, France and used without
further purification.

Kapton HN polyimide foils (10 x 10 mm 2, thickness 5 um) were obtained from Goodfellow,
Cambridge, UK and polystyrene beads (1000 nm) from Microparticles GmbH, Germany.

Thin film electrodes were formed by physical vapour deposition of 5 nm Ti onto Kapton

followed by 50 nm gold as reported before.
Fabrication of gold nanohole arrays (AuNHs)

Kapton was modified with gold nanoholes, according to our previous works. !3-22 In short, a
monolayer of 1000 nm polystyrene beads was deposited onto Kapton by self-assembly,
followed by SE and oxygen plasma etching for 8 min (gas flow of 2 sccm and 30 sccm,
respectively, at 10 mTorr chamber pressure) to reduce the particle size. The samples were then
coated with 5 nm Ti and 50 nm Au at a constant deposition rate of 0.2 A/s using physical vapor
deposition. The beads were removed by peeling the surface with Blue Low Tack tape
(Semiconductor Equipment Corp.). The surfaces were copiously washed with acetone and
dried under nitrogen flow. The arrays display holes of 630 nm average diameter and

center-to-center spacing of 980 nm.
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Preparation of Au nanohole arrays coated with PtRu nanoparticles (AuNHs/PtRu)

PtRu nanostructures were deposited onto AuNHs electrodes via electrodeposition from a
solution of NaCl, RuCls, and K,PtCl, at pH 4 under N, atmosphere. Different molar ratio of Pt
/ Ru in an aqueous solution of NaCl (0.5 M) were investigated: RuCl 3 (2 mM), K ,PtCly (2
mM), K,PtCly (1 mM) / RuCl; (1 mM), K,PtCly (0.5 mM) / RuCl; (1.0 mM).

Before the electrochemical deposition process, the potential was kept at +0.2 V vs. Ag/AgCl
for 2.5 s to activate the substrate surface. Deposition was carried out at -0.8 V vs. Ag/AgCl for

2.5 s followed by a potential pulse of 0.2 V (vs. Ag/AgCl) for 3 s. This was repeated 2 times.
Characterization

Scanning electron microscopy images were obtained using an electron microscope ULTRA
55 (Zeiss) equipped with a thermal field emission emitter with 10 kV accelerating voltage, four
different detectors (EsB detector with filter grid, high efficiency in-lens Secondary Electron
detector, Everhart-Thornley Secondary Electron detector and Bruker XFlash 4010 Silicon
Drift Detector for EDS imaging).

X-ray photoelectron spectroscopy (XPS) experiments were carried out using an AXIS Ultra
DLD spectrometer from Kratos analytical, equipped with a monochromatic A1 K « radiation
(1486.6 eV) operating at 225 W (15 mA, 15 kV).

The UV/Vis absorption spectra were recorded using a Perkin Elmer Lambda UV/Vis 950

spectrophotometer in a quartz cuvette (1 cm). The wavelength range was 200-1100 nm.
HPLC analysis of the solutions

Chemicals in solution before and after reaction were analysed on an HPLC equipped with a

UV detector SPD-20A and a refractive index detector RID-20A (Shimadzu, Japan), using a
Bio-Rad Aminex HPX-87H (300 x 7.8 mm) cartridge column. Injection volumes of 10 uLL were
used for all the samples. The water elution phase contained 5 mM sulfuric acid. Elution was
carried out in isocratic mode, at 0.6 mL.min !, with a 40 °C oven temperature for the column,
and a total run time of 25 min. The products were detected at 210 nm in UV mode and in
refractive index (RI) mode. The reaction products were detected at the following retention
times and modes: formic acid: 13.1 min/210 nm & RI, formaldehyde: 13.8 min/RI, methanol:
19.5 min/RI. A calibration curve was realised for acetic acid and methanol quantification, with

concentration range of 0.5 to 10 mM and 0.5to 500 mM respectively, over 10 points.
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Electrochemical experiments

Electrochemical measurements were acquired using a potentiostat/galvanostat (Metrohm
Autolab) electrochemical test station in a standard 3-electrode system with AuNHs and
AuNHs/PtRu as the working electrode, a carbon plate as the counter electrode and an Ag/AgCl
(3.5 M KCl) as the reference electrode.

Cyclic voltammetry (CV) measurements were performed in NaOH (0.1 M) / CH ;0H (0.1 M)
solution at a scan rate of 20 mV/s.

The electrochemically active surface area (EASA) was derived from the double layer
capacitance method (Cy) (see SI, Figure S1) and was determined as: Au (1 cm), AuNHs (0.92
cm?), AuNHs/PtRu (3 cm?), Au/PtRu (1.66 cm?).

For plasmon-enhanced electrocatalysis, the electrodes were illuminated with light from a
continuous wave laser (808 and 980 nm, Gbox model, Fournier Medical Solutions) with a laser
power output between 0.5 and 2 W/cm?2. All measurements were repeated at least four times.
The amount of CO, formed (m in mol/cm?) was calculated according to m = n*F/Q, with F the
Faraday constant (96485 C/mol), Q (C/cm?) the charge passed during the experiment and n =

6 the number of electrons transferred.

ASSOCIATED CONTENT
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