Supporting Information

The Importance of Catalytic Effects in Hot-Electron-Driven Chemical

Reactions

Farheen Khurshid,? Jeyavelan Muthu,"? Yen-Yu Wang,? Yao-Wei Wang,! Mu-Chen Shih,*
Ding-Rui Chen,>S Yu-Jung Lu,”? Drake Austin,” Nicholas Glavin,” Jan Plsek,” Martin
Kalbac,? Ya-Ping Hsieh,® and Mario Hofmann,’*

'Department of Physics, National Taiwan University, Taipei 10617, Taiwan

?Department of Low-Dimensional Systems, J. Heyrovsky Institute of Physical Chemistry,
Academy of Sciences of the Czech Republic, v.v.i., Dolejskova 3, 18223 Prague 8, Czech
Republic

3Research Center for Applied Sciences, Academia Sinica, Taipei 11529, Taiwan
4Graduate Institute of Applied Physics, National Taiwan University, Taipei 10617, Taiwan
SDepartment of Electrical Engineering and Computer Sciences, Massachusetts Institute of
Technology: Cambridge, US

®Institute of Atomic and Molecular Science, Academia Sinica, Taipei 10617, Taiwan

7Air Force Research Laboratory, Materials and Manufacturing Directorate, WPAFB, OH
45433, USA

*Correspondence to: Mario@phys.ntu.edu.tw



mailto:Mario@phys.ntu.edu.tw

1. Optical absorption mapping of gradient bimetallic alloy (Ag;Au;)
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Figure S1. Local absorbance mapping of bimetallic gradient alloy nanoparticles on FTO

substrate.



2. HR-TEM of gradient bimetallic alloy (Ag,Au;.y)
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Figure S2. HR-TEM image of bimetallic gradient alloy nanoparticles.

High-resolution transmission electron microscopy (HR-TEM) analyses were carried out to
examine the particle size and crystal orientation across different alloy compositions. The HR-
TEM images (Figure S2 and the corresponding histograms (Figure 1(d)) reveal that the alloy
particles exhibit a uniform size distribution across the various alloy compositions. These
findings indicate that the particles are indeed similar in size, regardless of the specific alloy
ratio. This uniformity in particle size and crystal structure ensures that the observed catalytic

performance and hot carrier dynamics are not influenced by variations in these parameters.



3. X-ray photoelectron spectroscopy (XPS) of gradient bimetallic alloy (Ag Au;)

INTENSITY (arb.units)

INTENSITY (arb.units)

(a)

T EELTETY | RRBREAGES | PARRAERR  BRRAREEE ERSARERRR T
3 2 23 <
K & %A °5
8 Eal - . FTD
8Os G <
n \PS M
4
MMA_.LN”
3
L‘-IJV\J«‘J__M
2
M
-
1
(1 mm)
NTREEE [ TR RN | RN EEY Liissiaass | PR | N
0 200 400 60 800 1000
BINDING ENERGY (eV)
(b)
T T T T T
Au 4f |
! 10
j 9

BINDING ENERGY (eV)

INTENSITY (arb.units)

INTENSITY (arb.units)

L A
s 48 T .22, 10
oo | F S (17.2 mm)
& 2% 2
1 ua o 2 M-UJM
9
M
L__,..l__._..._,.\_w.]
8
(13.7 mm)
MMM
7
Ly e T
6
N
AP b | AT | IR T TR NN | IR RN | I
0 200 400 60 800 1000

BINDING ENERGY (eV)

366

PR L PR
369 372 375 378
BINDING ENERGY (eV)




(©)

1{Auaf) I{Ag3d)/| Int.suma(Au+
Sample ([mm | No x  [{Au4f) /Scot. B.E. (Audf) | I{Ag3d) Scof. B.E. (Ag3d) Ag) at. % (Audf ) |at. % (Ag3d )
1004 ™ 100
1|1 -45 8755 485 84.28 649 3§  368.10 523.25 92.75 7.25 " |
3 | 2 -25 146669 8130 84.21 57447 3356 368.19 11485.80 70.79 29.21 B4 g k8o
= 5 o 6
4 | 3 05 133695 7411 8421 121835 7117 368.27 14527.57] 51.01 4g.99 < ©®
AuAg S 604 80 oy
6 | 4 15 97525 5406 84.24 157617 9207 368.28 14612.64) 37.00 63.00 L <
2 o
8 | 5 35 86672 4804 8447 208522 12180  368.44 16984.41 28.29 77y ¥ % Al
— —
9.7 | 6 -4 76672 4250/  84.55 228081 13322 368.53 17572.5§ 24.19 7581 < Pl b . % <
|
1.7 7 2 73272| 4062 8454 265735 15522 368.49 19583.56 20.74 79.26 . B
LR L] 0
137| 8 0 44883 2488 84.44 239622 13997 368.49 16484.51) 15.09 84.91
157 9 2 26933 1493 8444 275624 16100 368.49 17592.45 8.49 91.51 b 4 6 i de R
Lateral displacement (mm)
17.2| 10 35 3572 198 8454 211469 12352 368.57 12550.13 15§ 98.42

Figure S3. X-ray photoelectron spectra (XPS), (a) Survey Spectra of bimetallic gradient alloy
nanoparticles. (b) Au and Ag high-resolution spectra of bimetallic gradient alloy nanoparticles.

(c) Atomic concentration of both Au and Ag, and plotted as function of lateral displacement.

XPS measurements were carried out using a VG ESCA3 MKII electron spectrometer under a
base pressure higher than 10 mbar. AlK, radiation was used for the excitation of electrons.
The binding energies were referenced to the binding energy of Ag 3d and Au 4f electrons.
Figure S3(a) displays XPS spectra of bimetallic gradient on TiO, coated FTO substrate. The
atomic concentration of both Au and Ag estimated from the high-resolution spectra (Figure
S3(b)). Figure S3(c) displays the continuous variation of atomic concentration of Au and Ag
confirming the formation of alloyed nanoparticles with finely controllable composition ratios

within a single sample.



4. Transient absorption spectra (TAS) of gradient bimetallic alloy (Ag,Au;.y)
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Figure S4. Transient absorption spectroscopy (a) SPR decay time (measured under 400 nm
pump excitation) as a function of alloy compositions. (b) TAS spctra of bimetallic alloys
measured under 532 nm pump excitation. (c) SPR decay time as a function of alloy

compositions.

Transient absorption spectroscopy (TAS) measurements under conditions were performed more
closely aligned with the surface plasmon resonance (SPR) maxima of the various alloy
compositions. Specifically, we utilized a 532 and 488 nm pump, and a 450-800 nm probe
wavelength range for these measurements. For, 400 nm pump wavelength, the decay time
decreased exponentially with higher Ag ratios (Figure S4(a)), indicating the faster relaxation of

HEs through enhanced emission in Ag-rich phases.

From the 532 nm pump TAS spectra (Figure S4(b)), we evaluated the SPR decay times across
different alloy compositions. Consistent with our previous observations using 400 nm pump
excitation, the decay time decreases as the Ag ratio increases (Figure S4(c)). This consistent
trend across different excitation wavelengths corroborates our initial findings and further
substantiates the observation that higher Ag content leads to faster relaxation of hot electrons

(HEs) through enhanced emission in Ag-rich phases.



5. In-situ photocatalytic Raman spectra of gradient bimetallic alloy (Ag,Au;.)
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Figure SS5. (a) Raman Spectra that corresponds to the plasmonic-hot electron-assisted
photocatalytic conversion of pATP into DMAB under 532 nm excitation wavelength. (b)

Normalized photocatalytic activity as function of different alloy compositions.



We investigate the hot-electron mediated photocatalytic conversion of para-amino thiophenol
(pATP) to p,p’-dimercaptoazobenzene (DMAB).! In situ photocatalytic Raman experiments
were recorded during conversion (Figure S5(a)) under 532 nm excitation. The recorded spectra
exhibit characteristic pATP peaks at ~1089, and 1145 cm™!, associated with the benzene ring
bending mode, and C—S (nC-S) and C-N (nC—N) stretching modes, respectively. Additionally,
peaks at 1392, 1345, and 1596 cm™! correspond to the C-N and N=N stretching vibrational
modes of DMAB.??

We normalized the catalytic activity relative to the Ag metal surface concentration (Figure
S5(b)). The results of this normalization process indicate that the overall catalytic trend remains
largely unchanged. This suggests that while the metal surface concentration does indeed
influence catalytic activity, the enhanced catalytic performance observed at the specific alloy
composition of AgjesAugss 1s not solely attributable to composition dependent hot-elelctron

generation.
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Figure S6. (a) Raman Spectra that corresponds to the plasmonic-hot electron-assisted
photocatalytic conversion of pATP into DMAB under 488 nm excitation wavelength. (b)

Photocatalytic conversion as function of different alloy compositions.



We have conducted additional photocatalytic experiments to ensure a more equitable
comparison across different alloy compositions. We performed photocatalytic measurements
using a 488 nm excitation wavelength, which is closer to the excitation wavelength of Ag-rich
alloys (Figure S6(a)). This is in addition to our previous measurements conducted at 532 nm,
which are more suitable for Au-rich alloys. Our results indicate that, similar to the findings with
532 nm excitation, the catalytic efficiency is highest at the intermediate composition of
AgoesAugss when using 488 nm excitation (Figure S6(b)). This suggests that the enhanced
catalytic activity at this specific alloy ratio is robust and consistent across different excitation

wavelengths.

6. Evaluation of thermophotonic effects

Previous work has demonstrated that heating could contribute to the yield of plasmonic
reactions.* To rule out this effect, we conduct power dependent photocurrent measurements
(Figure S7(a)) on the Au rich part. Thermal effects are expected to produce a saturation behavior.
Instead, the photocurrent follows a power-law dependence (Figure S7(b)) throughout the
measured range, that has been attributed to plasmonic emission of hot electrons.’ This trend
suggests that the low power employed and the good thermal contact of the nanoparticles with

the substrate limit the effect of heating.®

(a) (b)
2.5
34 gl y= 1E_O5X1.8337 -

2 2 2.0
=
o = L3
= c 1.5
@ ©
= =

=
5}
B! § 1.0 A ]
(o) 14 o
ic <
o A

Y
o 2
T T T T T T T T
0 100 200 300 40 80 120 160 200 240
time (s) Excitation Power (u\W)

Figure S7. (a) HE photocurrents as function of illumination intensity and (b) fitting showing

superlinear dependence.
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Moreover, we have shown that SERS spectra (Figure S8) show no appreciable change in peak
position and intensity upon heating, which confirms previous observations that the

photocatalytic pATP conversion is not affected by thermophotonic processes.”®
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Figure S8. SERS spectra at gold rich side obtained at different excitation powers that show
similar ratios of pATP and DMAB after 5-minute exposure.
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7. Calculation of hot electron yield

The plasmon dissipation rate is composed of several contributions including the hot-electron
loss.”

yplasmon = Ydrude + Yinter—band + Yhot—electron

The plasmonic dissipation rate was extracted from the SPR decay time 7, according
Vplasmon = 1/7:1

The hot electron loss can then be used to calculate the generation rate of hot electrons
according to

Eplasmon 1
Ratepot—electron =
hw

Yplasmon — (ydrude + yinter—band)
where all other dissipation rates were treated as fitting parameters. The hot-electron generation

rate is therefore reported in arbitrary units.

12



8. EIS and DOS spectra of gradient bimetallic alloy (Ag,Au;)
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Figure S9. (a) Electrochemical impedance spectral (EIS) analysis. (b) Density of State (DOS)

of bimetallic gradient alloy nanoparticles.

9. Photocatalytic CO, reduction reaction

We conduct CO,RR by illuminating different locations of the alloyed sample (Figure S10(a)).
Due to the large diameter of the light spot (~3mm) there is a substantial uncertainty in the
precise composition contributing. However, a clear difference in CO yield (Figure S10(c)) can

be seen when moving from the Au-rich side to the Ag-rich side that corroborates the difference

in reactivity for HE catalysts.

(a) (b) {c)
—— Bacground 25
7 co | & <1
1.2x107 2
e N 2 T4 Z
T rr\ =209
= o =3
- g <M,
280510 1o o 154 e
b [=]
: /AN E
B w— ———— - 101
= e
m'< 32 24 25 28 =
GO / O 5
56 T co, O
T T T 0- T
0 2 4 6 1 2 3 4
Retention time (min) Location

Figure S10. (a) Photograph of graded alloy sample used in photocatalytic CO2RR experiments,

(b) gas chromatograph measurements of CO evolution at different locations, (c¢) extracted CO

yield for different locations.
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