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• Two atomically precise Ag NCs were designed with identical sizes and different surface

microenvironments. Specifically, through the development of an interfacial ligand-exchange (LE)

reaction of aqueous thiolated Ag25 NCs with an aromatic thiol composed of a bulky alkyl group adjacent to

metal binding site, we obtained organic-soluble Ag25 NCs with a well-defined surface microenvironment. 

• These two model NCs enable us to study the role of local surface hydrophilicity and hydrophobicity in the

eCO2RR. The hydrophobic Ag25 cluster exhibits excellent eCO2RR performance with >90% CO Faradaic

efficiency (FECO) both in H-cell and membrane electrode assembly (MEA) device. 

• On the other hand, Ag25 cluster with confined hydrophilicity exhibits only 66.6% FECO due to a distinct

interfacial structure of water. Furthermore, the hydrophobic cluster exhibits high eCO2RR activity with a

COpartial current density (jCO) of up to −240 mAcm−2 in an MEAdevice. 

• Operando surface enhanced infrared absorption spectroscopy reveals the effect of the nature of ligand-

shell on the interfacial structure of water, which plays vital role in the reaction kinetics. Furthermore,

theoretical calculations support the experimental findings and reveal the critical role of confined surface

microenvironment in eCO2RR.

Introduction
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Captopril (Capt)

Captopril, sold under the brand name Capoten among 

others, is an angiotensin-converting enzyme (ACE) inhibitor 

used for the treatment of hypertension and some types of 

congestive heart failure. Captopril was the first oral ACE 

inhibitor found for the treatment of hypertension.
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Figure 1 Synthesis and mass-characterization. A) Synthesis scheme of [Ag25(Capt)18]‾ NCs. B) Comparison of UV–vis absorption spectra of as-
synthesized and purified NCs with that of the [Ag25(Capt)18]‾ NCs synthesized on a large scale (see inset). The red and blue spectra are vertically 
shifted for clarity. C) HR-ESI-MS of as-synthesized [Ag25(Capt)18]‾ NCs. Insets show the comparison of experimental (Exp.) and calculated (Calc.) mass 
spectra of displayed compositions.
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Captopril (Capt) 2-Isopropylbenzenethiol (IPBT)

Ligand exchange reaction at a hydrophilic-hydrophobic interface
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Figure 2 Size-preserved LE synthesis and mass-characterization. A) Biphasic LE synthesis scheme. Photographs show the biphasic separation of 
[Ag25(Capt)18]‾ NCs in water (left) and [Ag25(IPBT)18]‾ NCs in DCM (right). B) UV–vis absorption spectra of [Ag25(Capt)18]‾ NCs and LE product 
[Ag25(IPBT)18]‾ NCs. The red trace is vertically shifted for clarity. Insets show the photographs of respective NC solutions. C) HR-ESI-MS of 
[Ag25(IPBT)18]‾ NCs synthesized through LE. Inset shows the comparison of Exp. and Calc. mass spectra of [Ag25(IPBT)18]‾.
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UV-vis absorption spectra of [Ag25(IPBT)18]―, [Ag25(DMBT)18]― and [Ag25(Capt)18]― 

clusters. Insets show the molecular structures of respective thiol ligands. 
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Analysis of the atomic-level structure obtained from SCXRD data. A) Total molecular structure of [Ag25(IPBT)18]‾ NC. B) Ag13 icosahedron core and C) 
six equivalent Ag2(IPBT)3 motifs. D) Formation of the structure of [Ag25(IPBT)18]‾ by capping the Ag13 core with motifs in C. E) Ag25 framework without 
thiolates. F) Thiolate-bound Ag13 core. G) Ag25 with thiolate-free Ag13 core. Carbon and hydrogen atoms of IPBT ligand are omitted in (C–G) for clarity.
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CO2 electroreduction. 

A) Polarization curves 

of Ag25(IPBT)18 and 

Ag25(Capt)18 in Ar- and 

CO2- saturated 

0.5 mKHCO3. B) 

FECO and jCO of 

Ag25(IPBT)18 and 

Ag25(Capt)18 in the 

potential range from 

−0.54 to −0.97 VRHE in 

the H-cell. C) 

FECO and jCO of 

Ag25(IPBT)18 in the cell 

potential range from 

−2.8 to −3.6 V in the 

MEA cell. D) Long-

term operation of 

Ag25(IPBT)18 at −3.2 V 

cell potential in the 

MEA cell. The error 

bars in (B) and (C) 

indicate the standard 

deviation of three 

independent 

experiments.
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Full-range operando ATR-SEIRAS spectra on (A) [Ag25(IPBT)18]― and (B) [Ag25(Capt)18]― clusters during eCO2RR. 

ATR-SEIRAS stands for attenuated total reflectance surface-enhanced infrared absorption spectroscopy. It is a 

surface-sensitive technique similar to surface-enhanced Raman spectroscopy (SERS).

ATR-SEIRAS uses a silicon prism with one surface coated with a thin (~ 30 nm) metal film. Infrared light passes 

through the prism and is totally internally reflected. The evanescent wave excites surface plasmon polaritons at 

the metal/ air interface.

The increased  electric field is confined to the interface, so absorption probabilities of surface molecules 

increase by an order of magnitude or more!
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Operando 

spectroscopy. 

Operando ATR-SEIRAS 

spectra collected in the 

CO2-saturated 

0.5 m KHCO3 

electrolyte with 0.1 V 

intervals from 0.0 to − 

1.2 VRHE on A–C) 

Ag25(IPBT)18 and D–F) 

Ag25(Capt)18. Full-range 

spectra in Figure S12, 

Supporting 

Information are shown 

as three separate 

parts: A,D) *CO, B,E) 

νH2O, and C,F) δH2O. 

Here, *denotes catalyst 

surface. The symbols in 

Figure 5 are not 

reproduced as in 

original Figure 5. 

Please correct them as 

per provided Figure 5.
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Theoretical analysis of eCO2RR. Comparison of the free energy change of eCO2RR to CO versus HER on dethiolated A) [Ag25(SCH(CH3)2)17]− and B) 
[Ag25(SCH2COOH)17]− clusters at zero applied potential. The PDS of the reaction is framed in red. C–E) Optimized structures of the reaction 
intermediates, C) *CO2, D) *COOH, and E) *CO adsorbed on the surface of dethiolated [Ag25(SCH(CH3)2)17]− cluster exposed to H2O molecules. Here, 
*denotes catalyst surface. Color legend: Ag, blue; S, yellow; C, gray; O, red; H, white.
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Conclusion 

• We presen t the design and large -sca le syn thesis of two atom ically precise Ag25 NCs protected

with th io la te ligands tha t crea te d iffe ren t local m icroenvironm ents, one with hydrophobicity and

the othe r with hydrophilicity. 

• Specifically, the hydrophobic Ag25 cluste r exhibits rem arkable se lectivity for CO (>90%) and

achieves a high curren t density of up to −240 m A cm −2 with exce llen t durability lasting for m ore

than 120 h . 

• Operando ATR-SEIRAS and theore tica l calcula tions are u tilized to gain a tom istic insigh ts in to the

crucia l ro le of the ligand type in CO2 e lectroreduction . 

• The supe rior perform ance of the hydrophobic Ag25 cluste r unde rscores the im portance of its

ta ilored surface m icroenvironm ent in enhancing in trinsic CO2 reduction activity by decreasing

the in te raction with the wate r m olecule s. These resu lts have va luable im plica tions for the

deve lopm ent of e fficien t and se lective ca ta lysts for CO2 conversion , con tribu ting to the

advancem ent of susta inab le ene rgy technologie s.
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