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Surface wettability plays an important role in heterogeneous 

electrocatalysis. Here we report a facile laser ablation strategy to 

directly modify the wettability of the silver catalyst surface and 

investigate its effect on oxygen reduction reaction (ORR). A broad 

range tuning of 2e-/4e- ORR pathways was achieved, with 

hydrophilic silver surfaces (contact angle ('w) 31.1��0.6�)  showing 

high activity and selectivity towards 4e- reduction of oxygen to 

water. 

An abiding goal in electrochemical energy storage and 

electrosynthetic systems is to design stable electrocatalysts that 

offer good control over chemical reactivity and product 

selectivity. Traditionally this has been accomplished by 

controlling the electronic structure of the electrocatalyst 

surface by defect engineering, alloying, or doping, to ensure 

optimal adsorption and desorption of reactant, intermediates, 

and products.1-5 Recently, it has been posited that the 

wettability of the electrocatalyst surfaces can also be used to 

control the activity and selectivity of chemical transformations 

involved.6 The latter has attracted particular attention in three-

phase electrochemical systems, wherein a gas-phase reactant, 

liquid electrolyte, and solid catalyst (electrode) are all in 

intimate contact.7-9 The underlying reasons have been mainly 

attributed to improvements in reactant mass transfer by 

enriching desired reactants at the electrocatalyst surface7 and 

inhibiting side reactions to improve product selectivity. In most 

seminal works, the typical electrode architecture is to have 

nanostructured catalysts deposited on a hydrophilic or 

hydrophobic carbon support. 4,5,10 While the above electrode 

architecture has practical relevance, we envision that the direct 

tuning of catalyst surface wetting state could decouple other 

confounding factors such as carbon electrode porosity and mass 

transport and consequently provide insights on solely how 

hydrophobicity of the catalyst surface impacts three-phase 

electrochemical reactions. 

Here, through a laser surface nanotexturing process and 

post-silane treatment, we directly modify the silver electrode 

surface wettability and investigate its effect on O2 

electroreduction reaction (ORR), a prototypical three-phase 

reaction of interest for energy conversion and storage 

applications.  Contrary to the other reports, we show that the 

reaction rates decrease with an increase in catalyst surface 

hydrophobicity (contact angle (?w) 31.1��0.6� to 136.6��1.9�) 

primarily due to an increase in charge and mass transport 

resistance at the electrode-electrolyte interface. Notably, the 

selectivity towards 4e- ORR pathway was high for both 

hydrophilic (?w 31.1��0.6�) and hydrophobic (?w 136.6��1.9�) 

silver electrodes, which we ascribe to different reaction 

mechanistic pathways at these surfaces. The above findings 

could shed new insights into the design and fabrication of highly 

efficient and selective electrocatalysts for various three-phase 

reactions.

A nanosecond, laser-based, high-throughput, surface 

nanostructuring (nHSN) process was employed to impart 

different wettability on the silver electrode surface. 11-13 nHSN is 

a two-step process (Fig. 1a) where the first step includes surface 

texturing with infrared Nd:YAG nanosecond pulsed laser 

(wavelength 1064 nm) under water confinement followed by 

chemical immersion treatment (CIT) to modify the surface 

chemistry. Details of the surface processing of the silver 

samples can be found in the supplementary information. To 

impart hydrophobicity, silver surfaces after laser texturing were 

immersed in an ethanolic solution of 1H,1H,2H,2H-

perfluorododecyltrichlorosilane [CF3(CF2)9(CH2)2SiCl3; 97%], 

also known as FDDTS. The FDDTS treatment reduces the surface 

energy of laser-textured silver due to attachment of the low 

energy functional groups (-CH2-, -CF2- and -CF3) on top of the 

nanostructures leading to hydrophobicity.11,14  Silver samples 

nanostructured with a laser intensity of 8.4 GW/cm2 and FDDTS 

treatment resulted in a contact angle ;?w) of 136.6��1.9� (Fig. 

1b). To achieve hydrophilicity, laser textured silver samples 

were immersed in an ethanolic solution of 3-

cyanopropyltricholosilane [CN(CH2)3SiCl3; 97%], also known as 

CPTS. The CPTS treatment, on the other hand, generates water 
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(Supplementary Fig. 5 and 6). All samples maintained their 

initial contact angles, indicating that the electrochemistry did 

not alter the physical and chemical structure of the surface.

To determine the number of electrons utilized for ORR (4e- 

for hydroxide formation versus 2e- for peroxide formation), 

Koutecký–Levich (K-L) plots were constructed from LSV’s in 

which the current density and rotational speed are compared at 

a single potential (Supplementary Fig. 7). The silver electrodes 

were mounted directly on the rotating disk, and LSVs were 

obtained for five rotational speeds (400, 900, 1600, 2500, and 

3600 RPM). The slope of the K-L plot was then used to 

determine the number of electrons used for the reaction at the 

tested potential (Fig. 3a). As shown in Fig. 3a, with a decrease in 

?w from 136.6��1.9�  to 54.6��0.9�, the electron transfer 

number decreases from 4 to 3. Remarkably, for the silver 

electrode with ?w 31.1��0.6�, the electron number increases 

back towards 4. Chemical treatment alone did not show any 

significant changes in ORR activity and product selectivity 

(Supplemental Fig. 8). The mechanistic impact on the electron 

transfer number as a function of the silver electrode wetting 

state can be explained by the influence of water on the 

adsorbed O2,ads.
20 The increased selectivity towards 4e- ORR 

reaction pathway for hydrophobic environment is likely due to 

the restriction of water access around the active sites that 

results in the dissociation of  adsorbed O2 to 2Oads species which 

then favors a four electron reduction process as shown in the 

Fig. 3b left panel.  As silver electrode wettability is increased, 

the adsorbed O2 undergoes a reduction in the presence of water 

to form hydroperoxyl species which favors either a two-electron 

reduction pathway (Fig. 3b middle panel) or a 4e- reduction 

pathway with increasing water access (Fig.3b right panel).4 

Density functional theory calculations show that, as the 

coverage of water around the active site is increased, the 

dissolution of OOH- is energetically disfavoured compared to 

the dissolution of OH-, increasing selectivity toward the 4e- ORR 

reaction pathway in the super hydrophilic environment (see 

Supporting Information S8).  Thus, directly tuning the 

hydrophobicity/hydrophilicity of the silver electrode could tune 

the absorbability of the ORR intermediates leading to product 

tunability (H2O vs. H2O2). 

In summary, a facile laser nanotexturing process coupled 

with chemical treatment allowed direct modification of the 

wetting state of the catalyst surface for investigating the three-

phase oxygen reduction reaction. Contrary to other reports, we 

observed an increase in activity with an increase in catalyst 

wettability which we ascribe to a decrease in charge transfer 

and mass-transport resistances at the electrode-electrolyte 

interface.  Both hydrophobic and hydrophilic samples showed 

high selectivity towards 4e- oxygen reduction pathway, albeit 

likely due to different mechanistic pathways. The findings 

indicate that the direct tuning of the catalyst surface wetting 

state could potentially be used to design high-efficient and 

selective catalysts for three-phase electrochemical reactions.

Acknowledgment
The authors gratefully acknowledge the financial support of the 

National Science Foundation under grant no. CMMI-1762353. A.M  

also acknowledges the support through HyperSolar Inc., under grant 

number 18786500 and CRISP funding.

Conflicts of interest
There are no conflicts to declare.

References
1 T. Kumeda et al, Nat. Commun. 2018, 9, 4378.
2 Y. Wang et al., ACS Appl. Energy Mater., 2020, 3, 9841-9847
3 M. Tahir, B. Tahir, N. A. S. Amin, Applied Catalysis B: 

Environmental, 2017, 204, 548-560
4 L. Yu et al., Journal of Catalysis, 2011, 282, 183-190.
5 G. Hao et al., Chem. Commun., 2015, 51, 17285
6 T. Burdyny et al., ACS Sustainable Chem. Eng., 2017, 5, 4031-

4040
7 A. Li et al., Angewandte Chemie, 2019, 131, 14691-14697
8 Z. Xu, Nano-Micro Lett., 2018, 10, 8
9 Y. Wang et al., Nano Research, 2019, 12(9), 2055-2066
10 R. Shi et al., Nature Communications, 2020, 11, 3028
11 Q. Wang, A. Samanta, S. K. Shaw, H. Hu and H. Ding, Appl. 

Surf. Sci., 2020, 507, 145136. 
12 H. Ding, Q. Wang, A. Samanta, and N. Shen 

US20190054571A1, 2019.
13 A. Samanta, Q. Wang, S. K. Shaw and H. Ding, J. Laser Appl., 

2019, 31, 022515.
14 A. Samanta, W. Huang, H. Chaudhry, Q. Wang, S. K. Shaw, 

and H. Ding, ACS Appl. Mater. Interfaces, 2020, 12(15), 
18032-18045.

15 J.L. Questel M. Berthelot, and C. Laurence, J. Phy. Org. 
Chem., 2000, 13, 347-358.

16 M. A. Osman and B. A. Keller, Appl. Surf. Sci., 1996, 99, 261–
263.

17 G. Valette, J. Electroanal. Chem. Interfacial Electrochem., 
1982, 139, 285–301.

18 A. Samanta, Q. Wang, S. K. Shaw, H. and Ding, Mat. & Des., 
2020, 192, 108744.

19 J. Long, P. Fan, M. Zhong, H. Zhang, Y. Xie, and C. Lin, Appl. 
Surf. Sci., 2014, 311, 461-467.

20 S. Bhatia, Introduction to Pharmaceutical Biotechnology, 
2018, 2, 1-29

21 T. E. Springer, T. A. Zawodzinski, M. S. Wilson, and S. 
Gottesfeld, J. Electrochem.Soc., 143, 587 (1996).

Fig. 3. a) Average number of electrons per product formed with two electrons forming peroxides and four electrons forming hydroxides 
and b) proposed product pathway for hydrophobic (left), hydrophilic (middle), and super hydrophilic (right) samples.
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