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SUMMARY:  25 
  26 
Presented here is a protocol for the synthesis of silver-palladium (Ag-Pd) alloy nanoparticles (NPs) 27 
supported on ZrO2 (Ag-Pd/ZrO2). This system allows the harvesting of energy from visible light 28 
irradiation to accelerate and control molecular transformations. This is illustrated by performing 29 
the nitrobenzene reduction under light irradiation catalyzed by Ag-Pd/ZrO2 NPs. 30 
 31 
ABSTRACT:  32 
 33 
It has been demonstrated that the localized surface plasmon resonance (LSPR) in plasmonic 34 
nanoparticles (NPs) can contribute to accelerate and control the selectivity of a variety of 35 
molecular transformations. This opens possibilities for the use of visible or near-IR light as a 36 
sustainable input to drive and control reactions when plasmonic nanoparticles support LSPR 37 
excitation in these ranges are employed as catalysts. Unfortunately, this is not the case for several 38 
catalytic metals such as palladium (Pd). One strategy to overcome this limitation is to employ 39 
bimetallic NPs containing plasmonic and catalytic metals. In this case, the LSPR excitation in the 40 
plasmonic metal can contribute to accelerate and control transformations driven by the catalytic 41 
component. The method reported herein focuses on the synthesis of bimetallic silver-palladium 42 
(Ag-Pd) NPs supported on ZrO2 (Ag-Pd/ZrO2) that acts as a plasmonic-catalytic system. The NPs 43 
were prepared by co-impregnation of corresponding metal precursors on the ZrO2 support 44 



   

followed by simultaneous reduction. This leads to the formation of bimetallic NPs directly on the 45 
ZrO2 support. The Ag-Pd/ZrO2 NPs were then used as plasmonic catalysts for the reduction of 46 
nitrobenzene under 425 nm illumination by LED lamps. Using gas chromatography (GC), the 47 
conversion and selectivity of the reduction reaction under the dark and light irradiation 48 
conditions can be monitored, demonstrating the enhanced catalytic performance and control 49 
over selectivity under LSPR excitation after alloying non-plasmonic Pd with plasmonic metal Ag. 50 
This technique can be adapted to a wide range of molecular transformations and NPs 51 
compositions, making it possible for the characterization of the plasmonic catalytic activity of 52 
different types of catalysis in terms of conversion and selectivity. 53 
 54 
INTRODUCTION:  55 
 56 
Among the several applications of metal nanoparticles (NPs), catalysis deserves special attention. 57 
Catalysis plays a central role in a sustainable future, contributing to less energy consumption, 58 
better utilization of raw materials, and enabling cleaner reaction conditions1–4. Thus, progress in 59 
catalysis can provide tools for enhancing the atomic efficiency of chemical processes, making 60 
them cleaner, more economic viable, and more environmentally-friendly. Metal NPs 61 
encompassing silver (Ag), gold (Au) or copper (Cu) can display interesting optical properties in 62 
the visible range that arise from the unique way these systems interact with light at the nanoscale 63 
via the localized surface plasmon resonance (LSPR) excitation5–8. In these NPs, referred to as 64 
plasmonic NPs, the LSPR comprises the resonant interaction between the incident photons (from 65 
an incoming electromagnetic wave) with the collective motion of electrons5–8. This phenomenon 66 
takes place at a characteristic frequency which is dependent on size, shape, composition, and 67 
dielectric constant of the environment, for example9–11. For Ag, Au, and Cu, these frequencies 68 
can range from the visible to the near-IR, opening up possibilities for the utilization of solar 69 
energy to excite their LSPR5–8, 12, 13. 70 
Recently, it has been demonstrated that the LSPR excitation in plasmonic NPs can contribute to 71 
accelerate the rates and control the selectivity of molecular transformations5, 14–19. This gave 72 
birth to a field called plasmonic catalysis, which focus on using energy from light to accelerate, 73 
drive, and/or control chemical transformations.5, 14–19 In this context, it has been established that 74 
the LSPR excitation in plasmonic NPs can lead to the formation of energetic hot electrons and 75 
holes, referred to as LSPR-excited hot carriers. These carriers can interact with adsorbed species 76 
through electronic or vibrational activation15, 16. In addition to increased reaction rates, this 77 
process can also provide alternative reaction pathways not accessible via traditional 78 
thermochemically-driven processes, opening up new avenues for the control over reaction 79 
selectivity20–25. Importantly, it is worth noting that the plasmon decay can also lead to thermal 80 
dissipation, leading to a temperature increase in the vicinity of the NPs which can also contribute 81 
to speed up reaction rates15, 16. 82 
Due to these interesting features, plasmonic catalysis has been successfully employed towards a 83 
variety of molecular transformations18. Nevertheless, an important challenge remains. While 84 
plasmonic NPs such as Ag and Au display excellent optical properties in the visible and near-IR 85 
ranges, their catalytic properties are limited in terms of the scope of transformations. In other 86 
words, they do not display good catalytic properties for several of transformations. Additionally, 87 
metals that are important in catalysis, such as palladium (Pd) and platinum (Pt), do not support 88 



   

LSPR excitation in the visible or near-IR ranges. To bridge this gap, bimetallic NPs containing a 89 
plasmonic and catalytic metal represents an effective strategy20, 26–29. In these systems, the 90 
plasmonic metal can be employed as an antenna to harvest energy from the light excitation 91 
through the LSPR, which is then used to drive, accelerate, and control molecular transformations 92 
at the catalytic metal. Thus, this strategy enables us to extend plasmonic catalysis beyond 93 
traditional plasmonic metal NPs20, 26–29.  94 
This protocol describes the facile synthesis of bimetallic silver-palladium (Ag-Pd) alloyed NPs 95 
supported on ZrO2 (Ag-Pd/ZrO2) that can act as a plasmonic-catalytic system for plasmonic 96 
catalysis. The Ag-Pd/ZrO2 NPs were prepared by co-impregnation of the corresponding metal 97 
precursors on the ZrO2 support followed by simultaneous reduction30. This approach led to the 98 
formation of bimetallic NPs around 10 nm in size (diameter) directly at the surface of the ZrO2 99 
support. The NPs were composed of 1 mol % of Pd to minimize the utilization of the catalytic 100 
metal while maximizing the optical properties of the resulting Ag-Pd NPs. A protocol for the 101 
application of the Ag-Pd/ZrO2 NPs in plasmonic catalysis was demonstrated towards the 102 
reduction of nitrobenzene. We employed 425 nm LED illumination for the LSPR excitation. By 103 
using gas chromatography, it is described how to monitor the conversion and selectivity of the 104 
reduction reaction under the dark and light irradiation conditions. It is shown that the LSPR 105 
excitation led to enhanced catalytic performance and control over selectivity in Ag-Pd/ZrO2 NPs 106 
relative to purely thermally driven conditions. The method described in this video protocol is 107 
based on a simple photocatalytic reaction setup coupled with gas chromatography, and can be 108 
adapted to a wide range of molecular transformations and NPs compositions. Thus, this method 109 
makes possible the characterization of photocatalytic activity, in terms of conversion and 110 
reaction selectivity, of different NPs and for a myriad of liquid-phase transformations. We believe 111 
the video protocol will give important guidelines and insights to both newcomers and more 112 
experienced scientists in the field.  113 
 114 
PROTOCOL:  115 
 116 
1. Synthesis of Ag-Pd/ZrO2 NPs  117 
 118 
NOTE: In this procedure, the Pd mol % in Ag-Pd corresponded to 1 %, and the Ag-Pd loading on 119 
ZrO2 corresponded to 3 wt. % 120 
 121 
1.1. Place 1 g of ZrO2 powder in a 250 mL beaker. 122 
 123 
1.2. Add 50 mL of an AgNO3 (aq) (0.0059 mol/L) and 9.71 mL of a K2PdCl4 (aq) (0.00031 mol/L) 124 
solutions to the beaker under vigorous magnetic stirring (500 rpm) at room temperature. 125 
 126 
1.3. Add 10 mL of lysine (0.53 M) aqueous solution. 127 
 128 
1.4. Keep the mixture under vigorous stirring (500 rpm) for 20 min. 129 
 130 
1.5. After 20 min, use a pipette to add to the suspension 10 mL of a freshly prepared NaBH4 (aq) 131 
(0.035 M) solution dropwise, at a rate of 1 mL/min. Keep the suspension under stirring (500 rpm) 132 



   

throughout the process. 133 
 134 
1.6. Let the mixture stir for 30 min at room temperature. 135 
 136 
2. Separation and purification of the catalyst 137 
 138 
2.1. Transfer the suspension to centrifuge tubes and separate the solids from the mixture by 139 
centrifugation at 3260 x g for 10 min. 140 
 141 
2.2. Carefully remove the liquid phase with a pipette and add 15 mL deionized water to the tubes. 142 
 143 
2.2.1. Shake vigorously until the dispersion of the solid. If you cannot achieve good dispersion, 144 
place the tubes in an ultrasonic bath for 5 min.  145 
 146 
2.2.2. Centrifuge the dispersion at 3260 x g for 10 min. 147 
 148 
2.3. Repeat the washing steps (2.2. to 2.2.2.) two more times using deionized water, then once 149 
using ethanol instead of water. 150 
 151 
2.4. Remove the ethanol and dry the solid in an oven at 60 °C for 24 h. 152 
 153 
2.5. The prepared Ag-Pd/ZrO2 NPs can then be characterized by a variety of microscopy, 154 
elemental, and spectroscopic techniques. 155 
 156 
3. Synthesis of Ag/ZrO2 NPs  157 
 158 
NOTE: In this procedure Ag loading on ZrO2 corresponded to 3 wt. % 159 
 160 
3.1. Place 1 g of ZrO2 powder in a 250 mL beaker. 161 
 162 
3.2. Add 50 mL of an AgNO3 (aq) (0.0059 mol/L) solution to the beaker under vigorous magnetic 163 
stirring (500 rpm) at room temperature. 164 
 165 
3.3. Add 10 mL of lysine (0.53 M) aqueous solution. 166 
 167 
3.4. Keep the mixture under vigorous stirring (500 rpm) for 20 min. 168 
 169 
3.5. After 20 min, use a pipette to add to the suspension 10 mL of a freshly prepared NaBH4

 (aq) 170 
(0.035 M) solution dropwise, at a rate of 1 mL/min. Keep the suspension under stirring (500 rpm) 171 
throughout the process. 172 
 173 
3.6. Let the mixture stir for 30 min under room temperature. 174 
 175 
4. Separation and purification of the catalyst 176 



   

 177 
4.1. Transfer the suspension to centrifuge tubes and separate the solids from the mixture by 178 
centrifugation at 3260 x g for 10 min. 179 
 180 
4.2. Carefully remove the liquid phase with a pipette and add 15 mL deionized water to the tubes. 181 
 182 
4.2.1. Shake vigorously until the dispersion of the solid. If you cannot achieve good dispersion, 183 
place the tubes in an ultrasonic bath for 5 min. 184 
 185 
4.2.2. Centrifuge the dispersion at 3260 x g for 10 min. 186 
 187 
4.3. Repeat the washing steps (4.2. to 4.2.2.) two more times using deionized water, then once 188 
using ethanol instead of water. 189 
 190 
4.4. Remove the ethanol and dry the solid in an oven at 60 °C for 24 h. 191 
 192 
4.5. The prepared Ag/ZrO2 NPs can then be characterized by a variety of microscopy, elemental, 193 
and spectroscopic techniques. 194 
 195 
5. Investigation of plasmonic catalytic performance towards the nitrobenzene reduction under 196 
LSPR excitation (light illumination) 197 
 198 
5.1. Place 30 mg of catalyst in a 25 mL round-bottom flask along with a magnetic stirring bar. 199 
 200 
5.2. Add to the reactor 5 mL of a solution of nitrobenzene (0.03 mol/L) in isopropyl alcohol (IPA). 201 
 202 
5.3. Then, add 11.22 mg of KOH powder (0.0002 mol). 203 
 204 
5.4. Purge the reactor by bubbling the suspension with an argon flow for 1 min. Immediately after 205 
purging, seal the flask. 206 
 207 
5.5. Place the reactor in an oil bath heated at 70 °C above a temperature-controlled magnetic 208 
stirrer (500 rpm). 209 
 210 
5.6. Irradiate the tube using 4 LED lamps with a wavelength of 425 nm as the light source, and a 211 
light intensity of 0.5 W/cm2 as described in Figure 4. The distance from the lamps to the reaction 212 
flask should be 7 cm. 213 
 214 
5.7. Let the reaction proceed for 2.5 h at 70 °C under vigorous magnetic stirring (500 rpm). 215 
 216 
5.8. Then, turn the light off, open the reactor and use a syringe and a needle to collect a 1 mL 217 
sample. Filter it through a Millipore filter (pore size 0.45 μm), to remove the catalyst particulates, 218 
into a gas chromatography vial. 219 



   

 220 
6. Reaction in the absence of LSPR excitation (dark conditions) 221 
 222 
6.1. Follow the same steps as described in 5, but without light irradiation. Wrap the reaction tube 223 
with aluminium foil to prevent any light exposure. 224 
 225 
7. Gas chromatography (GC) analysis preparation 226 
 227 
7.1. Prepare an IPA solution containing approximately 30 mmol/L nitrobenzene (NB), 30 mmol/L 228 
of aniline (AN), and 30 mmol/L of azobenzene (AB). 229 
 230 
7.2. Run a GC analysis of the solution using a suitable method. Different methods can be tested 231 
by varying the column temperature and gas flow programs. The selected method should be able 232 
to separate the peaks corresponding to IPA, NB, AN, and AB in the minimum period of retention 233 
time. 234 
 235 
7.3. Once the method has been selected, prepare a set of solutions of 50 mM, 25 mM, 10 mM, 5 236 
mM and 2.5 mM NB in IPA, and another set of solutions of AN and AB in IPA with the same 237 
concentrations. 238 
 239 
7.4. Run a GC analysis of the prepared solutions. Each chromatogram should present 2 peaks: the 240 
higher one corresponds to IPA and the lower one corresponds to NB, AN, or AB. For each 241 
chromatogram, note down the retention time and peak area of all the peaks. 242 
 243 
7.5. Trace the calibration curves of NB, AN, and AB by plotting the concentration versus peak area 244 
of each sample. 245 
 246 
8. GC analysis 247 
 248 
8.1. Run a GC analysis on the samples collected in steps 5. and 6. with the same method used for 249 
steps 7.2. and 7.4. 250 
 251 
8.2. For each chromatogram, note down the retention time and peak area and use the calibration 252 
curves plotted previously to determine the concentration of NB, AN, and AB in the samples. 253 
 254 
8.3. Calculate the nitrobenzene conversion as well as the aniline and azobenzene selectivity using 255 
the equations: 256 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛	(%) = 	
𝐶!"# − 𝐶!"

𝐶!"#
∗ 100 257 

 258 

𝐴𝑁	𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦	(%) = 	
𝐶$!

𝐶!"# − 𝐶!"
∗ 100 259 

 260 



   

𝐴𝐵	𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦	(%) = 	
𝐶$"

𝐶!"# − 𝐶!"
∗ 100 261 

 262 
Where 𝐶!"#  is the initial NB concentration (0.03 mol/L), and 𝐶!", 𝐶$! , 	𝐶$" correspond to the NB, 263 
AN, and AB concentrations, respectively, after 2.5 hours reaction by the GC analysis.  264 
 265 
REPRESENTATIVE RESULTS:  266 
 267 
Figure 1A shows digital photographs of the solid samples containing the pure ZrO2 oxide (left) 268 
and the Ag-Pd/ZrO2 NPs (right). This change in color from white (in ZrO2) to brown (Ag-Pd/ZrO2) 269 
provides the initial qualitative evidence on the deposition of Ag-Pd NPs at the ZrO2 surface.  270 
Figure 1B shows the UV-visible absorption spectra from the Ag-Pd/ZrO2 NPs (blue trace) as well 271 
as ZrO2 (black trace) and Ag/ZrO2 NPs (red trace). Here, the ZrO2 support and Ag/ZrO2 NPs were 272 
employed as reference materials. ZrO2 did not display any bands in the visible range. Therefore, 273 
it should not contribute to any photocatalytic activity. A signal centered at 428 nm could be 274 
detected for the Ag/ZrO2 NPs (red trace). This signal is assigned to the LSPR dipolar mode in Ag 275 
NPs9. The Ag-Pd/ZrO2 NPs displayed a peak centered at 413 nm which is slightly blue-shifted and 276 
lower in intensity relative to the Ag/ZrO2 NPs. The blue shift could be assigned to the change in 277 
material permittivity upon alloying with Pd31. Also, the decrease in the peak intensity is evidence 278 
on the formation of alloyed Ag-Pd NPs, as it is well established that the addition of a non-279 
plasmonic metal to a plasmonic nanoparticle leading to core-shell or alloyed systems lead to the 280 
damping in the intensity of the LSPR peak32. It is important to note that in this case, we kept the 281 
Pd wt. % in the Ag-Pd NPs low (~1 %) so that the LSPR peak is not completely suppressed and the 282 
Ag-Pd samples still retain optical properties (LSPR excitation) in the visible range and therefore 283 
are active for plasmonic catalysis.  284 

 285 
[Place Figure 1 here] 286 
 287 
During the synthesis of the catalysts, the amount of Ag and Pd salt used were calculated in order 288 
to reach 3 wt. % metal loading on the support, and a composition of 99 % Ag and 1 % Pd by weight 289 
(wt. %) for Ag-Pd/ZrO2. To verify the composition of the catalysts, an Atomic Emission 290 
Spectroscopy (AES) study was conducted (MP-AES 4200 from Agilent Technologies). Calculated 291 
amounts of Ag/ZrO2 and Ag-Pd/ZrO2 were digested in concentrated nitric acid. The obtained 292 
solutions were then analyzed by AES and the amount of Ag initially present in the catalysts was 293 
deduced from calibration curves. To determine the Pd content of Ag-Pd/ZrO2, the same process 294 
was employed, except that the catalyst was digested using aqua regia. The AES results revealed 295 
that the metal loading was 2.6 wt. % for both catalysts, while the composition of the Ag-Pd was 296 
1 wt. % Pd as expected.  297 
Figures 2A-C show scanning (SEM, Figure 2A) and transmission electron microscopy (TEM, Figure 298 
2B) of the Ag-Pd/ZrO2 NPs. The Ag-Pd NPs at the surface of the ZrO2 supports are difficult to be 299 
identified from SEM images (Figure 2A) due to their small NPs sizes. However, the formation of 300 
Ag-Pd NPs with mean particle size around 10 nm (Figure 2C) in diameter can be identified from 301 
the TEM images (some of them are indicated by the arrows in Figure 2B for clarity). They 302 
displayed a spherical shape and a relatively uniform dispersion over the surface of the ZrO2 303 



   

supports. 304 
 305 
[Place Figure 2 here] 306 
 307 
After the synthesis of Ag-Pd NPs supported on ZrO2, this method focused on application as 308 
alloyed systems in plasmonic catalysis. Specifically, it describes the utilization of the reduction of 309 
nitrobenzene as a model transformation in the liquid phase as illustrated in Figure 3. This probe 310 
reaction is interesting as the reduction of nitrobenzene can lead to the formation of azobenzene 311 
and aniline33, 34. Therefore, this model transformation enables the simultaneous investigation of 312 
conversion percentages and reaction selectivity as a function of the light illumination (LSPR 313 
excitation) in plasmonic catalysis. Here, the reaction was performed in the presence of 314 
isopropanol as the solvent and KOH. Also, 70 oC was employed as the reaction temperature, four 315 
425 nm LED lamps were employed as the light illumination source, and 2.5 h was the reaction 316 
time (as described in section 5. of the protocol). In addition to the use of Ag-Pd/ZrO2 NPs as 317 
plasmonic catalysts, blank reactions (absence of catalyst), and Ag/ZrO2 NPs as reference catalysts 318 
to demonstrate the role of Pd in the alloyed bimetallic NPs were also described.  319 

 320 
[Place Figure 3 here] 321 
 322 
Figures 4A and B show a scheme (Figure 4A) and a digital photograph (Figure 4B) of the reactor 323 
and lamps setup employed in the plasmonic catalysis investigation. The setup used for LSPR 324 
excitation was made of four 425 nm LED lamps equally spaced around the reactor, at a distance 325 
of 7 cm. The reactor was positioned in the center of the system, immersed in an oil bath over a 326 
temperature-controlled magnetic stirrer. This enables control over the temperature and more 327 
uniform illumination of the reaction mixture from all directions. 328 
 329 
[Place Figure 4 here] 330 
 331 
After the reaction proceeds, the conversion and selectivity for the formation of azobenzene and 332 
aniline can be measured by gas chromatography. Figures 5A and B show the chromatograms 333 
obtained at the end of the reaction catalyzed by Ag-Pd/ZrO2 NPs that was carried out under LSPR 334 
excitation (Figure 5A) and dark conditions (Figure 5B). In this case, one must ensure to use a GC 335 
method that enables the separation of nitrobenzene, azobenzene, and aniline in different 336 
retention times to correctly identify these molecules, while calibration curves for each molecule 337 
were employed to perform their quantification. Moreover, the reaction mixture can also be 338 
analyzed by gas chromatography-mass spectrometry (GC-MS) to confirm the formation of 339 
azobenzene and aniline and also for any other products that could be formed.  340 

 341 
[Place Figure 5 here] 342 
 343 
Table 1 and Figures 6A and B depict the conversion percentages for the nitrobenzene reduction 344 
(Figure 6A) and the selectivity towards azobenzene and aniline (Figure 6B) under light 345 
illumination for the alloyed Ag-Pd/ZrO2 NPs as well as for Ag/ZrO2 NPs. In the absence of any 346 



   

catalysts (blank reactions), no nitrobenzene conversion was detected both in the presence and 347 
absence of light illumination. For Ag/ZrO2 NPs, while no conversion was detected in the dark, a 348 
36 % conversion was observed under LSPR excitation. A 56 % selectivity towards azobenzene (18 349 
% selectivity towards aniline) was detected. This result indicates that the Ag alone can catalyze 350 
this reaction under LSPR excitation. For the bimetallic Ag-Pd/ZrO2 NPs, no significant conversion 351 
was detected under dark conditions (2.2 %). Interestingly, under LSPR excitation, the conversion 352 
% corresponded to 63 %, with a 73 % selectivity towards azobenzene (27 % selectivity towards 353 
aniline). This observation demonstrates the potential of the bimetallic configuration in 354 
plasmonic-catalytic nanoparticles not only to increase conversion under LSPR excitation but also 355 
to control reaction selectivity.  356 
 357 
[Place Table 1 here] 358 
 359 
[Place Figure 6 here] 360 
 361 
FIGURE AND TABLE LEGENDS:  362 
 363 
Figure 1: Optical characterization of the catalysts. (A) digital photography of the solid ZrO2 364 
supports (left) and Ag-Pd/ZrO2 catalyst (right). (B) UV-Visible extinction spectra of ZrO2, Ag/ZrO2, 365 
and Ag-Pd/ZrO2 catalysts. The spectra were recorded using an integration sphere in Diffuse 366 
Reflectance Spectra (DRS) mode. 367 
 368 
Figure 2: Morphological analysis of the Ag-Pd/ZrO2 catalyst. (A) SEM image of the Ag-Pd/ZrO2 369 
catalyst. (B) TEM image of the Ag-Pd/ZrO2 catalyst. The white arrows in depict examples of 370 
regions containing Ag-Pd NPs. (C) Histogram of the size distribution of Ag-Pd NPs on the Ag-371 
Pd/ZrO2 catalyst. 372 
 373 
Figure 3: Schematic representation of the model reaction. Scheme of the photocatalyzed 374 
nitrobenzene reduction used as model reaction. Under LSPR excitation, this reaction leads to the 375 
formation of azobenzene and aniline as products. 376 
 377 
Figure 4: Representation of the photocatalytic reaction set-up. (A) Top-view scheme and (B) 378 
digital photography of the light reaction setup including the reactor in an oil bath surrounded by 379 
four 425 nm LED lamps positioned at a distance of 7 cm away from the reactor. 380 
 381 
Figure 5: Chromatograms of the reaction mixture. GC chromatograms obtained from the 382 
reaction mixture after 2.5 h catalysis by Ag-Pd/ZrO2 under LSPR excitation (light irradiation) (A) 383 
and dark (B) conditions. 384 
 385 
Table 1: Summary of the conversion and selectivity for the nitrobenzene reduction. Conversion  386 
and product selectivity for nitrobenzene reduction reaction under LSPR excitation and dark 387 
conditions. Peaks are not detected (ND) if their area is less than 10 000 counts. Ag-Pd/ZrO2 and 388 
Ag/ZrO2 were employed as catalysts and a blank reaction without any catalyst was also analyzed. 389 
Reaction conditions: catalyst (30 mg), solvent (IPA, 5 ml), base (KOH, 0.2 mmol/L) and reactant 390 



   

(nitrobenzene, 0.15 mmol/L), under Ar atmosphere, 2.5 h at 70 oC.  391 
 392 
Figure 6: Conversion percentage and selectivity under light illumination. (A) Nitrobenzene 393 
conversion under 425 nm light irradiation and in the dark for the reaction catalyzed by Ag-394 
Pd/ZrO2 (blue bar) and Ag/ZrO2 (red bar). (B) Aniline and azobenzene selectivity under light 395 
irradiation for the reaction catalyzed by Ag-Pd/ZrO2 (blue bars) and Ag/ZrO2 (red bars). 396 
 397 
DISCUSSION:  398 
 399 
The findings described in this method demonstrate that the intrinsic catalytic activity of Pd (or 400 
other catalytic but not plasmonic metal) can be significantly enhanced by LSPR excitation via 401 
visible-light irradiation in bimetallic alloyed NPs35. In this case, Ag (or another plasmonic metal) 402 
is capable of harvesting energy from visible-light irradiation via LSPR excitation. The LSPR 403 
excitation leads to the formation of hot charge carriers (hot electrons and holes) and localized 404 
heating5, 14–19. While localized heating can contribute to enhanced reaction rates, the LSPR-405 
excited charge carriers can participate in the vibrational or electronic activation of surface 406 
adsorbates5, 14–19. This allows for not only increased reaction rates but also changes in reaction 407 
selectivity due to selective activation of adsorbates or molecular orbitals at the metal-molecule 408 
interface, for example20–25. The method described herein effectively allows for the merging of 409 
plasmonic and catalytic properties in alloyed nanoparticle systems to extend the applicability of 410 
plasmonic catalysis to metals that are important in catalysis but do not support LSPR excitation 411 
in the visible range. Although the method described here focused on Ag and Pd as the plasmonic 412 
and catalytic metals, it can also be applied and adapted to other plasmonic catalytic combinations 413 
such as (Ag-Pt, Au-Pd, Au-Pt, etc.). Moreover, the plasmonic and catalytic properties of the 414 
bimetallic alloyed NPs can be further tuned by varying the relative molar ratios of the plasmonic 415 
and catalytic components. For instance, increasing the amount of Pd would make the 416 
nanoparticles more catalytic, while an increase in the Ag content leads to an increase in the 417 
optical properties. The synthesis method can also be adapted to achieve core-shell systems via 418 
the sequential deposition and reduction of precursors, for example36. It is noteworthy that there 419 
is also the possibility to extend the scope on the choice of plasmonic components to earth-420 
abundant materials that can also be employed as supports. Examples include metal nitrides (TiN 421 
and ZrN) and some oxides (MoO3) which support LSPR excitation in the visible and near-IR 422 
ranges37–40. 423 
In addition to the scope of the catalytic materials, the method presented in this paper can be 424 
applied to several types of liquid phase transformations that include other reductions, oxidations, 425 
and coupling reactions, for example18. Another advantage of this method is that the lamp's 426 
wavelength and number can be changed, which makes possible the study of the impact of the 427 
light’s intensity and wavelength on the photocatalytic reaction. Wavelength-dependent 428 
photocatalytic reactions have been used to correlate the plasmonic properties of photocatalysts 429 
to their performance5, 14–19. It has been established increased plasmonic catalytic performances 430 
are observed when the light wavelength has a better matching to the LSPR extinction position5, 431 
14–19.  432 
Finally, to be sure that the results are correct and representative, it is important to pay attention 433 
to some crucial steps of the protocol. When synthesizing the NPs, the amount of metal precursors 434 



   

added in the reactor must be precisely known. Indeed, a small error on the Pd content, which is 435 
exceptionally low, can result in a dramatic change in the catalytic properties. After the synthesis, 436 
the drying temperature should not exceed 60 °C, as it would result in possible oxidation of the 437 
silver or aggregation of the NPs, once again interfering with the catalytic activity. The atmosphere 438 
of the photocatalytic reaction should also be controlled with great care. In our case, if the reactor 439 
is opened, the presence of an ambient atmosphere will put an end to the reaction. Thus, if these 440 
issues are well controlled, the method presented here can be used to study the plasmonic 441 
catalytic activity and selectivity of various plasmonic catalysts toward a wide range of chemical 442 
reactions. This can enable a better understanding of plasmonic catalysis and aid to the design of 443 
catalytic systems having target activities and selectivity for a reaction of interest under mild and 444 
environmentally friendly conditions. 445 
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