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Abstract

Natural enzymes intricately regulate substrate accessibility through specific amino acid
sequences and folded structures at their active sites. Achieving such precise control
over the microenvironment has proven to be challenging in nanocatalysis, especially in
the realm of ligand-stabilized metal nanoparticles. Here, we use atomically precise
metal nanoclusters (NCs) as model catalysts to demonstrate an effective ligand
engineering strategy to control the local concentration of CO; on the surface of gold
(Au) NCs during electrocatalytic CO> reduction reactions (CO2RR). The precise
incorporation of two 2-thiouracil-5-carboxylic acid (TCA) ligands within the pocket-
like cavity of [Auxs(pMBA)ig]- NCs (pMBA = para-mercaptobenzoic acid) leads to a
substantial acceleration in the reaction kinetics of CO2RR. This enhancement is
attributed to a more favourable microenvironment in proximity to the active site for
CO,, facilitated by supramolecular interactions between the nucleophilic N*~ of the
pyrimidine ring of the TCA ligand and the electrophilic C*" of CO,. A comprehensive
investigation employing absorption spectroscopy, mass spectrometry, isotopic labelling
measurements, electrochemical analyses, and quantum chemical computation
highlights the pivotal role of local CO; enrichment in enhancing the activity and
selectivity of TCA-modified Auzs NCs for CO2RR. Notably, a high Faradaic efficiency
0f 98.6% toward CO has been achieved. The surface engineering approach and catalytic
fundamentals elucidated in this study provide a systematic foundation for the

molecular-level design of metal-based electrocatalysts.
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Introduction

Enzymes typically utilize specific functional groups, such as amino groups, to tailor the
microenvironment around their active metal sites.!" > The spatial arrangement of these
moieties significantly influences how substrate molecules approach the active sites
during the initial stages of catalytic reactions. Such precise manipulation of the
microenvironment is a crucial aspect of enzymatic chemistry, and there is a strong
desire for a comparable level of control in inorganic catalysis, which allows for the
rational customization of catalytic activity and selectivity in inorganic catalysts.
However, microenvironment engineering has rarely been investigated at the molecular
level, as previous reports have predominantly focused on engineering the active sites
of metal-based catalysts to promote activity and selectivity.> Atomically precise metal
nanoclusters (NCs) represent an emerging class of ultra-small particles with a typical
core size of 2 nm or less.*? Recent advancements in X-ray crystallography reveal that
metal NCs exhibit similar structural complexity and hierarchy as those of natural
proteins, positioning them as ideal model catalysts to mimic the intricate catalytic
performance of enzymes.!? In addition to the protein-like structural hierarchy, strong
quantum confinement effects in this ultra-small size regime also render metal NCs with
several intriguing molecule-like properties, such as discrete energy levels, quantized
charging, and redox behaviors.!! These physicochemical properties, governed by the
size and structure of metal NCs at the atomic level, provide a valuable avenue for

studying catalytic reactions occurring on the surface of metal NCs.

Due to their protein-like structure, metal NCs have been widely employed as
enzyme mimics for catalysing conversion reactions of crucial molecules in
sustainability research, with CO; as a good example. Taking the most investigated
[Au25(SR)18]~ NC (SR = thiolate ligand) as an example, it consists of an icosahedral
Auiz core, whose 12 out of 20 triangular facets are capped by six staple-like
SR—[Au(I)-SR]> motifs.'> 13 Combined X-ray crystallography and computational
simulations indicate that the arrangement of three core Au atoms, three motif Au atoms,
and three SR ligands can create pocket-like cavities on the surface of [Auxs(SR)is]~
NCs. These cavities function as nanoreactors for the electrocatalytic reduction of CO>
(CO2RR). The protecting ligands of Au NCs (i.e., SR ligands) are crucial constituents
of the pocket-like cavities in Au NCs, which can be tailored to enhance the activity and

selectivity in CO2RR.'*!7 For example, Zang group observed that thiolate-protected
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Auzg NCs demonstrated better CO2RR activity than Auxs NCs capped with alkynyl
ligands.'® In another study, Jin group explored the effect of ligand anchoring point on
the selectivity of Au NCs for CO.!° The majority of documented studies have focused
on the effects of SR ligands on the electronic structure of catalytically active Au sites,
with limited exploration of how ligands influence the accessibility of CO, molecules.
Given that numerous enzymatic reactions are known to be diffusion-control,*? it

becomes crucial to unravel the effects of ligands on the mass transfer of CO, at the

molecular level.

Due to the limited solubility of CO> in aqueous electrolyte (~34 mM), CO2RR is
susceptible to a CO; diffusion-controlled process. Recent studies also found that the
local concentration surrounding the catalytically active sites was considerably low, 2
leading to unsatisfactory reaction kinetics.?”-?® To tackle this challenging issue, several
strategies have been developed to engineer the microenvironment of CO2RR on the
surface of metal-based nanocatalysts.*2%3° As an example, the customization of cations
in the electrolyte at the outer Helmholtz layer allows for the effective tuning of the
double electrical layer and local pH surrounding the nanocatalysts, providing a
promising method for controlling the reaction rate or selectivity in electrocatalytic
processes.’!* ¥ Moreover, enhancing the hydrophobic properties of the electrocatalyst
surface facilitates the reduction of the thickness of the CO> diffusion layer and lowers
the activation energy barrier for CO,.> More recently, Sargent group has also
developed a nanostructured gold tip electrode that, under catalytic conditions, generates
high electric fields.>* In this manner, electrolyte cations can accumulate around the
active sites, enriching the local CO> concentration and accelerating the reaction kinetics
of CO2RR. However, challenges remain in improving local COz concentration through
the modulation of organic molecules, hindering the atom-by-atom customization of

metal-based electrocatalysts for CO2RR.

Herein, we developed an atomically precise surface engineering strategy for
enhancing the local concentration of CO> near the active sites of metal NCs, which led
to a substantial acceleration of the electrocatalytic kinetics of metal-based
electrocatalysts for aqueous CO2RR. Recently, nitrogen-doped polymers have been
widely employed for CO: capture, owing to the strengthened interactions between

electronegative N (i.e., N*) and electropositive C (i.e., C*") of CO2.>5*® We therefore
hypothesized that the incorporation of thiolate ligands containing a nitrogen-
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heterocyclic ring into the pocket-like cavity of metal NCs might be able to increase
local CO> concentration, consequently enhancing the CO2RR performance. By using
atomically precise [Auxs(pMBA)ig]~ NCs (pMBA = para-mercaptobenzoic acid) as
model clusters, we selectively replaced two pMBA ligands with pyrimidine-containing
thiolate ligands, namely 2-thiouracil-5-carboxylic acid (abbreviated as TCA). A
combination of experimental and computational investigations suggests that the
incorporation of two TCA ligands accelerates the mass transfer of CO> from the
protecting ligand shell to the active Au centers, significantly increasing the local CO>
concentration near the pocket-like cavity of [Auxs(SR)is]” NCs. The enhanced local
CO; concentration readily transmits into an improved electrocatalytic performance of
[Au25(SR)18]” in CO2RR, delivering a close-to-unit Faradaic efficiency (FE) of CO> to
CO (98.6% at —0.9 V), a low overpotential (660 mV for a CO partial current density of
10 mA/cm?), and an appreciable turnover frequency (39 s~!). This work exemplifies the
efficacy of enzyme-like microenvironment engineering through delicate ligand control
to regulate the mass transfer profile of substrate molecules. The findings suggest that,
besides active site engineering, controlling microenvironment around the active sites
could provide an alternative avenue for promoting the electrocatalytic performance of

metal nanoparticles or NCs.

Results and Discussion

[Au2s(pMBA)1s]- NCs were synthesized using a CO-reduction method following our
reported protocol with minor modifications.>* The incorporation of TCA onto Auzs NCs
was achieved through an in-situ growth method, where aliquots of pMBA ligands were
replaced by TCA in the CO-reduction method (refer to the section Methods for more
details). The resulting [Au2s(pMBA)13]” NCs are reddish-brown in aqueous solution
and exhibit characteristic absorption features of pure [Auxs(SR)ig]” NCs. The
absorption peaks are located at 430, 460, 575, 690, and 815 nm in the ultraviolet-visible
(UV-vis) absorption spectrum in Figure 1a, consistent with our reported results. After
the introduction of TCA, the raw aqueous solution also retains a similar reddish-brown
color. Distinct absorption peaks were also observed at the same positions as those of
[Au2s(pMBA)13]~ NCs, confirming the successful synthesis of [Au2s(SR)ig]” NCs. The
successful incorporation of TCA into the protecting shell of [Auxs(pMBA)1s—x(TCA)x]~

5
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NCs was further verified by Fourier transform infrared (FT-IR) spectroscopy (Figure
1b), where a notable band corresponding to N-H bending in the pyrimidine ring was
distinctly observed at 1531 cm™!. Electrospray ionization mass spectrometry (ESI-MS,
in negative ion mode) was used to further confirm the precise molecular formula of the
obtained Au NCs. The ESI-MS spectrum of [Auzs(pMBA)ig]~ NCs shows three sets of
peaks within the m/z range of 1000-4000, which account for Auzs NCs capped by
pMBA carrying 7, 6, and 5 negative charges, respectively (Figure Ic). The isotope
distribution of the base peak (green line) matches well with the simulated isotope
distribution of [Auzs(pMBA)15—6H]’~ (filled peaks) (Figure lc, inset). Regarding the
ESI-MS spectra of Auxs NCs co-protected by pMBA and TCA, three sets of peaks
corresponding to Auxs NCs with 7, 6, 5 negative charges were also observed in their
ESI-MS spectra (Figure 1d). A zoom-in spectrum reveals some additional peaks
compared to [Auzs(pMBA)is]~ (Figure S1), originating from the replacement of one or
two pMBA ligands by TCA ligands, i.e., [Aus(pMBA)is(TCA)]™ (x = 1 or
2). A distinguished isotope distribution of the base peak (blue line) located at ~1285.2
(Figure 1d, inset) matches well with the simulated isotope distribution of
[Auzs(pMBA)16(TCA)>—5H]%" (filled peaks), confirming the successful formation of
[Au2s(pMBA)16(TCA)2]~ . Further increasing the parent molar proportion of TCA led
to an increase in the substituted numbers without changing the formula, [Au2s(SR)is]~

as suggested by UV-vis absorption spectrum and ESI-MS spectra (Figure S2).
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Figure 1. Characterizations of Au2s NCs capped by pMBA and pMBA/TCA. (a)
Ultraviolet—visible absorption spectra (inset digital photo is the raw Aups aqueous
solution). (b) Fourier transform infrared (FT-IR) spectra of pMBA, TCA, and Auzs NCs
capped by pMBA/TCA. (c) and (d) Electrospray ionization mass spectra of Auzs NCs
capped by pMBA and pMBA/TCA. The inset shows the zoom-in mass spectrum
marked by a red dashed rectangle (the filled peaks in inset belong to the simulated

isotope distribution peaks).

To gain molecular insights into ligand distribution on the Auzs NC surface, nuclear
magnetic resonance (NMR) spectroscopy was employed to probe the surface
environment of Auzs NCs (Figure 2). Both 'H NMR and 2D 'H-'H nuclear Overhauser
effect spectroscopy (NOESY) were conducted to deduce the surface ligand distribution
by analysing the detailed spatial coupling of these two ligands. In the 'TH NMR spectra,
the signals from pMBA of [Au2s(pMBA)15]” NCs were split into two sets of peaks,
indicating two different chemical environments of pMBA ligands on the cluster surface.
This is in good accordance to the two types of SR ligands in the SR-[Au(I)-SR]> motifs,
where the vertex-type SR coordinates to two motif Au atoms, while the edge-type SR
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coordinates to both motif and core Au atoms (Figure 2a).*’ As shown in Figure 2b, the
peaks at 6 =7.53 and 7.38 ppm are attributed to Ha  and Hg  of edge-type pMBA ligands
(superscript ’ indicates edge-type SR), respectively, while the peaks at 6 = 7.45 and
7.25 ppm should be attributed to Ha and Hg of vertex-type pMBA ligands. Such
assignment was further verified by peak area analysis, where the integral area ratio of
Ha and Ha’ peaks is 0.51, closely resembling the theoretical ratio of 0.5. In sharp
contrast, an addition peak at 6 = 7.50 ppm was observed in the 'TH NMR spectrum of
[Au2s(pMBA)1s-(TCA),]~ , which stems from the Hc resonance of TCA ligands. For
easy reference, the "H NMR spectra of free pMBA and TCA are depicted in Figure 2b.
Furthermore, the area ratio of Ha/Hs from pMBA ligands is below 2/1, clearly
indicating the partial replacement of edge-type pMBA by TCA. More importantly, a
clear cross-peak between Hc of TCA and Hg of pMBA was observed in the 2D 'H-'H
NOESY spectrum of [Auzs(pMBA)1s-«(TCA)x]” NCs, (Figure 2b and 2c), probably due
to the spatial proximity of TCA ligand to the edge-type pMBA ligand from the
neighbouring SR-[Au(I)-SR]> motif. This observation aligns well with the
incorporation of TCAs on the edge sites of SR-[Au(I)-SR]> motifs. The major factor
that determines the favorable positioning of TCA is how comparable steric hindrance
is to pMBA. This phenomenon can be explained by a proposed ligand exchange
mechanism.*! The average distance between close inter-staple Au-Sedge (3.92 A) and
Sedge-Sedge (5.01 A) is shorter than that of Au-Syerex (6.23 A) and Svertex-Svertex (8.50 A),
respectively. This suggests that there is less steric hindrance around the edge sulphur
than the vertex sulphur. In this scenario, ligands with greater steric hindrance might
preferentially arrange themselves at the vertex rather than the edge. In addition, we
conducted X-ray photo-electron spectroscopy (XPS) measurements to investigate the
Au valence states of Auzs NCs before and after the incorporation of TCA ligands. As
shown in Figure S3, the high-resolution XPS spectra of Au 4f reveal a negative shift of
~0.197 eV after the incorporation of TCA ligands, indicating a profound electron flow
from TCA to [Au2s(pMBA)1s«(TCA)x]™. A typical peak of pyrimidine nitrogen located
at ~400.3 eV was also observed in the XPS spectrum of [Auzs(pMBA)13-«(TCA)«]~
(Figure S4), supporting the presence of TCA on the cluster surface.
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Figure 2. Molecular-level insights into ligand distribution on the surface of Auas
NCs. (a) Partial structural scheme of [Auxs(pMBA)g]~ and [Auzs(pMBA)1s—«(TCA)«]".
(b)) 'H NMR spectra of pMBA, TCA, [Aus(pMBA)s]-, and
[Auzs(pMBA)is-(TCA)]-. (d) 2D  'H-'H  NOESY  spectra  of
[Au2s(pMBA)15-«(TCA)x]~. (d) Zoom-in view of the boxed regions in (c¢). Color code:
yellow Au, purple S.

To elucidate the role of ligand engineering in tuning the catalytic microenvironment,
the electrocatalytic CO> reduction (CO2RR) was conducted as a model reaction. The
CO2RR  performance of [Auxs(pMBA)ig]- and [Au2s(pMBA)is-(TCA),]~ was
evaluated in a standard H-type cell using KHCO; as the electrolyte (0.1 M). Linear
sweep voltammetry (LSV) was performed under the Ar and CO> atmosphere. As shown
in Figure 3a, the LSV profiles of [Auzs(pMBA)is]” and [Auzs(pMBA)1s-«(TCA)]~
show higher current densities in the COz-saturated electrolyte than in the Ar-saturated
electrolyte, suggesting the occurrence of CO>RR in both cases. Moreover,
[Au2s(pMBA)15-«(TCA),]” shows a lower onset potential and higher current density for
CO2RR in the tested potential window compared with [Auzs(pMBA)ig]~, providing
clear evidence of the superior activity of the former toward CO,RR. The controlled

CO2RR in a potentiostatic mode was conducted in a broad potential window from —0.5
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to —1.6 V to investigate potential-dependent FE for CO generation (FEco). The only
detected gaseous products were CO and H». Negligible liquid products, such as formic
acid and methanol, were detected throughout the entire potentiostatic measurements
(Figure S5 and S6). As shown in Figure 3b, [Au2s(pMBA)i1s-«(TCA),]~ exhibits higher
CO selectivity across a broad potential range. Specifically, it exhibits a higher FEco
over 90% within a relatively broad potential window from —0.6 to —1.4 V, whereas a
FE 0f 98.6% was achieved at —0.9 V (CO current density of 15.5 mA/cm?). Furthermore,
[Au2s(pMBA)1s-(TCA)]~ requires a lower overpotential of 660 mV to reach a
normalized CO partial current density (jco) of 10 mA/cm?, whereas a similar
overpotential required for [Auzs(pMBA)is]™ is approaching 900 mV (Figure S7). In
terms of CO partial current density, [Auxs(pMBA)is-+(TCA),]~ yielded —15.5 mA/cm?

at —0.9 V, which is significantly higher than -7.9 mA/cm?

delivered by
[Aus(pMBA)s]™ at the same overpotential (Figure 3c). Further increasing the TCA
substituted numbers led to a rise in jco with a flat FEco trend above 95% (Figure
S8). Additionally, we compared the potential-dependent turnover frequency (TOF) of
the two Auzs NCs. [Auzs(pMBA)is-+(TCA),]” has a TOF of 38.8 s~! at an applied
potential of —0.9 V, which is approximately twice as that of [Au2s(pMBA)is]~ (Figure
S9). We also compared the highest TOF of [Auxs(pMBA)1s8..(TCA),]” with those of
recently reported cluster-based electrocatalysts (Figure S10), suggesting that
[Au2s(pMBA)15<(TCA):]~ have a decent TOF conducive to practical application in

electrocatalytic CO2RR.

To gain insights into the electrocatalytic mechanism, Tafel analysis was performed
to probe the rate-determining step (RDS) of CO2RR. The RDS can be inferred from the
dependency of current density on overpotentials.** Figure 3d depicts similar Tafel
slopes of 144 and 141 mV dec! for [Aus(pMBA)s]” and
[Au2s(pMBA)15-«(TCA),] ™, respectively, suggesting that these two Auzs NCs share an
identical RDS. To account for any possible difference in the electrochemical active
surface area (ECSA) of these two Auzs NCs, the ECSA was normalized to the total
current density and compared (Figure S11 and S12 and Figure 3e). The normalized
ECSA of [Au2s(pMBA)15-(TCA),]~ was consistently recorded as higher than that of
[Auz2s(pMBA)18] 7, indicating that the activity of [Au2s(pMBA)1s-x(TCA)]™ is slightly
higher than that of [Auxs(pMBA)is]~. In addition, to rule out the decomposition of

10
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organic ligands as a possible source of CO, we carried out a '*CO, isotopic labelling
experiment. By supplying '*CO; in the CO2RR, the enhanced production of 3CO was
clearly observed (Figure S13). It is worth noting that the minor signal of 1*CO observed
before the supply of *CO> could be attributed to the natural occurrence of the '3C
isotope in the atmosphere. The above results suggest that the improved electrocatalytic
activity and selectivity of [Auxs(pMBA)is-«(TCA),]” should be attributed to the

regulation of the catalytic microenvironment enabled by the incorporation of TCA.
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Figure 3. Electrocatalytic CO2RR performance of [Au2s(pMBA)is]~ and
[Auzs(pMBA)18—(TCA)«]~ in 0.1 M KHCO:3. (a) Linear sweep voltammetry (LSV) in
quiescent Ar-purged and CO»-saturated 0.1 M KHCOs solution (dashed and solid lines
for the operating conditions in Ar and CO», respectively). (b) Faradaic efficiency (FE)
of CO during CO2RR. (¢) Au molar number normalized CO partial current density (jco)
at different cathodic potentials. (d) Tafel slopes. (e) Electrochemical surface-active area

(ECSA). (f) Electrochemical stability test of [Auxs(pMBA)1s-«(TCA).] at -0.9 V.

One notable concern associated with CO2RR for metal NCs is the stability of the
ligands during catalysis. Several studies have observed the dissociation of thiolate
ligands during CO,RR.**® We have studied the stability of [Auzs(pMBA)1s-«(TCA),]~
at —0.9 V over a time course of 16 h (Figure 3f). The FEco and jco maintain almost

unchanged, suggesting good electrochemical stability of [Auzs(pMBA)1s-(TCA),]~ for
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CO2RR. The electrocatalysts were also examined by XPS analysis before and after
long-term electrocatalysis. As shown in Figure S14, only a marginal increase (from
1.07 to 1.18) was recorded for the ratio of Au(I)/Au(0), indicating negligible
decomposition of Au NCs during electrocatalysis. Of note, a common decomposition
pathway of Au NCs is degradation into Au(I)-SR complexes. Moreover, the signal of
N 1s peak for pyrimidine nitrogen remains almost unchanged in
[Au2s(pMBA)15-(TCA),] after constant potential electrolysis (CPE) tests at both —0.6
and —-0.9 V, implying that TCA was retained during CO2RR in the low negative
potential region (Figure S15). However, when the applied potential was increased to
—1.6 V, the N 1s peak intensity faded, suggesting the removal of TCA at this high
overpotential. This should be the root cause of the deteriorated performance of

[Au2s(pMBA)1s-(TCA),]™ at high overpotentials.

Based on the identical RDS and similar ECSA of these two Auzs NC catalysts, we
hypothesized that the enhanced catalytical activity and selectivity of
[Auz2s(pMBA)13-«(TCA)x]™ could be attributed to the enhanced local CO; concentration.
To verify this assertion, we compared the current density of generated CO (jco) and the
corresponding FEco under different CO; partial pressures (Pco.) at 273 K. As shown in
Figure 4a, a fitted log(jco) vs. log(Pco.) plot reflects the affinity between Auzs NCs and
CO; molecules at a fixed potential of —0.9 V. The slope of this plot for
[Auz2s(pMBA)18-«(TCA)x]™ is 0.087, indicating an approximate zero-order dependence
on CO» concentration. As for [Auxs(pMBA)is] ™, the log(jco) vs. log(Pco.) plot shows a
slope of 0.321, suggesting its propensity toward a first-order dependence on CO-
concentration.  In  addition, the FEco for [Aus(pMBA)ig]- and
[Au2s(pMBA)15-«(TCA),]~ were assessed in Figure 4b, where similar FEco values were
recorded with CO; partial pressure up to 0.2 atm. Further increasing the CO> partial
pressure to 1 atm led to a slightly higher FEco of [Au2s(pMBA)1s-»(TCA)], in
comparison to that of [Auws(pMBA)ig]. The close FEco between
[Au2s(pMBA)15-«(TCA),]” and [Auxs(pMBA )]~ indicates that the turnover capability
of individual active sites should not be the dominant cause for the distinct difference in
the catalytic activity of these two Auzs NCs, corroborating the role of local CO>
enhancement in accelerating the CO2RR kinetics. Besides, similar enzyme-like zero-

order reaction kinetics were observed for [Auxs(pMBA)is-(TCA),] at various
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negative potentials (Figure 4c), where the FEco values of individual active sites remain
consistent through the tested potential window (Figure 4d), indicating that the local CO»
concentration on the active site surface was not significantly influenced by the CO>

partial pressure due to the strong affinity of CO; and the TCA ligand.
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Figure 4. CO: partial pressure dependent Kinetic study. (a) jco and (b) FEco on
[Auzs(pMBA)lg]_ and [Aqu(pMBA)lg—x(TCA)x]_ at —0.9 V in 0.1 M KHCO:s. (C) jco
and (d) FEco on [Auxs(pMBA )1s-(TCA)]™ at various potentials.

The enhanced affinity of CO; to [Au2s(pMBA)1s—«(TCA).]- was further supported
by CO> adsorption experiments on free TCA and pMBA molecules. The uptake curves
of TCA and pMBA recorded at 298 K manifest up to 7 times higher uptake by TCA
over pMBA (Figure S16). This enhanced uptake by TCA should be attributed to the
affinity of electropositive pyrimidine N of TCA to electronegative C of CO>. The strong
affinity enables [Au2s(pMBA)1s-.(TCA)«]™ to have a faster CO> accumulation near the
active sites compared with [Auxs(pMBA)ig]™ (Figure 5a), which could boost the
kinetics of CORR. This data was further supported by the CO; binding energies on
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both ligands from density functional theory (DFT) calculations. We found that TCA
possesses stronger binding with CO> than pMBA (Figure S17). In other words, TCA
can better extract CO2 molecules and bring them closer to the active sites on the cluster
surface than pMBA. Such enhanced affinity of TCA to CO; can thus be readily
transmitted to [Au2s(pMBA)15-«(TCA)x] ™, as evidenced by our UV-vis absorption and
ESI-MS analyses. A previous study has shown that CO> adsorption can alter the
electronic structure and cause subtle changes in the UV-vis absorption spectrum.’
After bubbling CO; into the purified aqueous solution of [Auzs(pMBA)1s-(TCA),] ", a
slight bleaching of the absorption feature at ~700 nm was observed (Figure 5b), which
agrees well with the previous observation of a slight electron withdrawal by CO.*
More direct evidence of preferential CO; adsorption on [Auxs(pMBA)1s—(TCA)]~
comes from ESI-MS analysis on their aqueous solution saturated by CO», where an
important adduct of [Auzs(pMBA)i6(TCA),+2CO,—3H]* was successfully captured
(Figure 5c¢). The formula of captured adduct also suggests that every TCA molecule is
able to adsorb one CO> molecule, supportive to the TCA-assisted CO, adsorption
mechanism. By sharp contrast, similar CO; adducts were not observed in the ESI-MS
spectrum of [Aus(pMBA)1g]” in a similar CO-saturated solution (Figure S18),
suggesting the relatively weaker affinity of CO2 to [Au2s(pMBA)15]™. It should be noted
that capturing catalytic intermediates in CO2RR is a nontrivial undertaking, and our
ESI-MS results may represent a marked advance in uncovering the electrocatalytic
mechanism of CO2RR on Au NCs or nanoparticles at the atomic level.*3-° Such strong
affinity of [Auz2s(pMBA)13-«(TCA)x]~ for CO2 molecules poses a significant implication
for dilute or mixed gases containing COz in electrocatalytic conversion without the need
for a concentrating or separating step. Of note, the strong affinity affinity of
[Au2s(pMBA)15-«(TCA),]~ for CO> also allows us to estimate the adsorption behavior
at varied partial pressure of CO2, which can be well fitted by the Langmuir model

(Figure S19).
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Figure 5. Molecular interactions between [Au2s(pMBA)1s-x(TCA)x]~ and COz. (a)
Schematic illustration of the affinity between Auzs NCs and CO2 molecules. (b) UV-
vis absorption spectra of [Auzs(pMBA)1s-«(TCA),]~ before and after bubbling COx. (¢)
ESI-MS spectra of [Auxs(pMBA)is—«(TCA).]~ after bubbling CO> (the insert is the
isotope patterns of cluster ions, confirming the accuracy of mass spectrum assignment,
where the filled line depicts the calculated isotope pattens of

[Au2s(pMBA)16(TCA)>—-3H]*+2CO0y).
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In the context of preferential CO> adsorption on [Aus(pMBA)1s-«(TCA)«]~, we
further studied the effects of TCA on the mass transfer profiles of CO,. CO:
concentration gradient distribution simulation was utilized to estimate the mass transfer
efficiency based on a steady-state model established in the reported CO2RR studies (See
more details in section Modelling, SI). Figure S20 describes the electrode-electrolyte
boundary layer in the CO2RR system. The analysis suggests that the resistances to mass
transfer are likely to occur in the hydrodynamic boundary layer, with a thickness to be
approximately 40 to 50 um based on the limiting current density of 22 mA cm~2. The
small current density is attributed to the lower solubility of CO; (0.0342 M) and the
lower buffer concentration (0.1 M) in the electrolyte.’! The concentration gradient in
this interfacial region (within 50 um from the surface of electrode) was calculated at
steady state, taking into account the interplay between CO2RR and HER activities.
Notably, we simulated the CO- diffusion gradient from the bulk electrolyte to the outer
layer of the NCs instead of the active surface itself to eliminate any interference from
the chemo-adsorption of CO> on the active sites. As shown in Figure S21, the
application of a cathodic potential disrupts the uniform CO> concentration between the
electrode surface (i.e., outer layer of the NCs) and bulk electrolyte in both cases. This
disruption creates a diffusion layer as a result of CO, consumption and transport.
However, it can be clearly seen that a concentration difference of CO» can be induced
at the outer layer of these two types of Auxs NCs due to the varied protecting ligands at
the same cathodic potential. This difference is attributed to the strong affinity of the
TCA ligand toward CO», which accelerates the transport of CO> from the outer layer to
the surface of the active sites, creating a higher local concentration of CO; near the
active sites. The mass transfer modelling indicates a greater concentration gradient for
[Au2s(pMBA)13-«(TCA)x]~, suggesting a faster consumption of CO; on the surface of
TCA-modified Auzs NCs. This implies that a faster mass transfer rate of CO; from TCA
to active sites can be achieved due to the greater concentration gradient, resulting in

higher CO» conversion on [Auxs(pMBA)1s-(TCA)«]".

Conclusions

In conclusion, we have precisely incorporated a secondary pyrimidine-containing

thiolate ligand into the protecting layer of atomically precise Auxs NCs, and
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investigated the ligand’s effect on tuning the microenvironment of Aus cluster catalysts
for CO2RR. The molecular-level distribution of these two ligands on Au NCs, including
their number and position, was elucidated. The precise surface ligand engineering
demonstrated in this study results in Au NCs with an enhanced local CO; concentration
near the active sites. This enhancement led to high reactivity and selectivity for CO
production (FE of 98.6% and TOF of 39 s~! at 0.9 V). Notably, the CO, reduction
selectivity for CO remains independent of CO» partial pressure, suggesting that this
ligand modification has significant potential in CO2RR under dilute CO; concentration
conditions, which are common in industrial application scenarios. Mechanistic
investigations reveal that the strong affinity of the pyrimidine ligand for CO; leads to
the in-situ accumulation of CO; surrounding the active Au sites, thereby boosting the
kinetics of CO2RR. The affinity between CO> molecules and TCA was qualitatively
and quantitively evidenced through optical absorption and mass spectrum analyses.
These findings exemplify a rational design on molecular modification aimed at tuning
the surface microenvironment of electrocatalysts, providing insights for the

development of efficient molecular catalysts for CO2RR.
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