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Abstract

Electrochemical carbon dioxide reduction reaction (CO2RR) provides a sustainable strategy to
relieve global warming and achieve carbon neutral. However, practical application of CO2RR
is still limited by the poor selectivity and low current density. Here we first report the surface
molecular functionalization of unusual phase metal nanomaterials for high-performance
CO2RR under industry-relevant current density. It was observed that S5-mercapto-1-
methyltetrazole (MMT)-modified 4H/face-centered cubic (fcc) Au nanorods demonstrate
greatly enhanced CO2RR performance than original oleylamine (OAm)-capped 4H/fcc Au
nanorods in both H-type cell and flow cell. Significantly, MMT-modified 4H/fcc Au nanorods
deliver an excellent carbon monoxide selectivity of 95.6% under the industry-relevant current
density of 200 mA cm™. Density functional theory calculations reveal distinct electronic
modulations by surface ligands, in which MMT improves while OAm suppresses the surface
electroactivity of 4H/fcc Au nanorods. Furthermore, this method can be extended to various

MMT derivatives and conventional fcc Au nanostructures in boosting CO2RR performance.



1. Introduction

The energy-efficient conversion of carbon dioxide (CO») has attracted worldwide attention as
it holds huge potential to relieve global warming and achieve carbon neutral.'*l Among
different CO conversion technologies, electrochemical CO; reduction reaction (CO2RR) offers

[5-8

a sustainable strategy to convert COz into value-added chemicals and fuels.>*! To promote the

practical applications of electrochemical CO2RR, great research efforts, such as composition

13-16 t[17’ 18

modulation,” '% facet regulation,!'’: 1?1 defect control,!*"'® strain adjustmen I and phase

19-23
g[

engineerin 1 of catalysts, have been devoted to tune the reaction pathway and increase the

(241 In particular, highly efficient and selective conversion of CO2

selectivity of target products.
into carbon monoxide (CO) is a promising way toward industrial application as CO can be
easily separated and widely utilized as a feedstock to generate various high-value chemicals
and fuels.> 2/ Metal nanomaterials, especially gold (Au)?"3% and silver (Ag),?!% are
promising catalysts for the electrochemical reduction of CO> to CO. However, most metal

catalysts still suffer from low activity and the volcano-type CO Faradaic efficiency (FE) as a

function of applied potentials.

Very recently, surface modification of metal materials has emerged as a versatile strategy to
improve the electrochemical CO2RR performance.[** 3> On the one hand, surface modification

could fine tune the electronic structure,*® 7]

chemical state,[*>3% composition***!1 and surface
roughness!*> *! of metal materials to boost the electrocatalytic CO2RR activity. On the other
hand, surface modification of metal materials could also enhance the CO2RR selectivity by
modulating the stability of intermediates and regulating the reaction pathways.** 1 To enhance
the CO2RR performance, surface modification has been applied to functionalize the surface of
various metal materials, such as copper (Cu),[**1, Ay 10 44 5% pajladium (Pd),?% 37 1 and

Ag[* 52 31 Unfortunately, the crystal phase of all the aforementioned metal materials is

constrained to conventional phase, which could greatly impede the practical application of
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CO2RR. Note that recent studies have indicated that unusual phase metal nanomaterials usually
possess much higher intrinsic catalytic activity than their conventional phase counterparts.>4-l

Therefore, surface modification of unusual phase metal nanomaterials could be a promising

approach to further facilitate the real application of CO2RR.

Herein, for the first time, we report the surface molecular functionalization of unusual phase
4H/face-centered cubic (fcc) Au nanorods with 5-mercapto-1-methyltetrazole (MMT) for high-
performance electrochemical CO2RR under industry-relevant current density. The MMT-
modified 4H/fcc Au nanorods (denoted as 4H/fcc Au-MMT) demonstrate significantly
enhanced CO2RR performance than the initial oleylamine (OAm)-capped 4H/fcc Au nanorods
(denoted as 4H/fcc Au-OAm) in H-type cell and flow cell under a wide range of potentials and
current densities, respectively. Density functional theory (DFT) calculations indicate that
surface molecular functionalization of 4H/fcc Au nanorods with MMT could improve the
electroactivity and reduce the energy barriers to guarantee efficient CO2RR. This facile surface
molecular functionalization strategy is applicable to not only a family of MMT derivatives but

also conventional fcc Au nanostructures in improving the CO2RR performance.

2. Results and discussion

The 4H/fcc Au-OAm were synthesized by our previously reported method with slight
modification,®! see “Methods” for details. As shown in Figure Sla, b, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) images show that Au
nanorods with diameters of 10-30 nm and lengths of 300-1000 nm were successfully
synthesized. High-resolution TEM (HRTEM) image of a representative Au nanorod and the
corresponding selected-area fast Fourier transform (FFT) patterns confirm the formation of
unconventional 4H/fcc crystal phase heterostructure (Figure Slc-e). The X-ray diffraction

(XRD) pattern of 4H/fcc Au-OAm also identifies two sets of diffraction peaks associated with



4H and fcc phases, respectively (Figure S2). Besides, the Fourier-transform infrared (FT-IR)

spectrum of 4H/fcc Au-OAm suggests that their surfaces are capped by OAm (Figure S3).

The surface molecular functionalization of 4H/fcc Au nanorods was achieved through the
ligand exchange method, as shown in Figure 1a. Typically, 4H/fcc Au-MMT were obtained by
mixing the solution of 4H/fcc Au-OAm with MMT solution, followed by vortexing and stirring
at ambient conditions (see “Methods” for details). After the ligand exchange, SEM and TEM
images reveal that 4H/fcc Au-MMT possess identical morphology to the original 4H/fcc Au-
OAm (Figure S4). Both “ABCB” and “ABC” characteristic stacking sequences along the close-
packed directions can be observed in the aberration-corrected high-angle annular dark-field
scanning TEM (HAADF-STEM) images (Figure 1b, c¢), indicating the existence of 4H/fcc
crystal phase heterostructure after ligand exchange. The crystal phase heterostructure of 4H/fcc
Au-MMT was further confirmed by the XRD pattern (Figure S5). In addition, the FT-IR
spectrum of 4H/fcc Au-MMT exhibits the similar spectral features to that of pure MMT in the
range of 1700—700 cm™ (Figure S6), suggesting the successful molecular functionalization of
4H/fcc Au nanorods with MMT. The representative HAADF-STEM image and the
corresponding STEM-energy dispersive X-ray spectroscopy (STEM-EDS) elemental mappings
show the homogeneous distribution of Au, S and N elements on 4H/fcc Au-MMT (Figure 1d-
f), indicating the uniform coating of MMT on 4H/fcc Au nanorods. The X-ray photoelectron
spectroscopy (XPS) spectra confirm the metallic state of Au in both 4H/fcc Au-MMT and
4H/fcc Au-OAm (Figure S7).1°% Note that the Au 4f peaks of 4H/fcc Au-MMT slightly shift to
the higher binding energy compared to that of 4H/fcc Au-OAm, which could be attributed to
the strong interaction between Au atoms and thiol groups in MMT.[®*] Owing to the spin—orbit
splitting, the S 2p spectrum of 4H/fcc Au-MMT can be fitted into two sets of doublet peaks
(Figure S8a). Two major peaks at 161.7 eV and 162.8 eV are associated with S 2p32 and S 2pi12

spectra, indicating the formation of Au-S bonds.[®* The other two minor peaks (i.e., S 2p3»



(163.4eV) and S 2p1/2 (164.5 eV)) are assigned to S-C bonds.[*> %1 The N 1s spectrum of 4H/fcc
Au-MMT also shows two peaks located at 399.5 eV and 400.3 eV (Figure S8b), which are
attributed to the two kinds of nitrogen environment in MMT, i.e., N=N/N—N and N=C/N—C,
respectively.[®® The aforementioned XPS results further corroborate the successful surface

molecular functionalization of 4H/fcc Au nanorods with MMT.

By using the 4H/fcc Au nanorods as a model catalyst, we systematically investigated the effect
of surface molecular functionalization on the catalytic performance of 4H/fcc Au nanorods
towards the electrochemical CO2RR. The catalytic activity of 4H/fcc Au-MMT and 4H/fcc Au-
OAm were first evaluated in the H-type cell with 0.5 M KHCOs3 aqueous electrolyte. The
obtained gaseous and liquid products of CORR were analyzed through an on-line gas
chromatography and characterized by the 'H nuclear magnetic resonance (NMR) spectroscopy,
respectively. As shown in Figure 2a, the linear sweep voltammetry (LSV) measurements
revealed that 4H/fcc Au-MMT exhibit a much larger current density than the 4H/fcc Au-OAm.
The 4H/fcc Au-MMT also delivers a much higher FE of CO than the 4H/fcc Au-OAm in a wide
operating potential window (Figure 2b). In particular, the 4H/fcc Au-MMT demonstrates a FEco
over 97.5% in the potential range of —0.5 V to —0.8 V (vs reversible hydrogen electrode (RHE)),
suggesting the almost complete suppression of the competing hydrogen evolution reduction
(HER) process (Figure S9a). In contrast, the 4H/fcc Au-OAm only shows the maximum FEco
0f83.1% at —0.6 V (vs RHE). As a result, the 4H/fcc Au-MMT exhibits a much larger geometric
CO partial current density (Jco) than 4H/fcc Au-OAm over a wide potential range (Figure 2c).
Significantly, the geometric Jco of 4H/fcc Au-MMT reaches 14.5 mA cm 2 at —0.9 V (vs RHE),
which is almost two times that of 4H/fcc Au-OAm. By normalizing the Jco to the
electrochemical active surface area (ECSA, Figure S10), the specific Jco under different
potentials was obtained (Figure 2d). The 4H/fcc Au-MMT also shows relatively higher specific

activity than 4H/fcc Au-OAm, which suggests that 4H/fcc Au-MMT possesses larger intrinsic



catalytic activity than 4H/fcc Au-OAm. In addition, as shown in Figure S9b, formate (HCOO")
is one of the main products at the applied potential of —0.4 V (vs RHE). In specific, the FEucoo™
of 4H/fcc Au-MMT is 42.7%, which is over two times that of 4H/fcc Au-OAm. Only trace
amount of HCOO™ was detected in the potential range of —0.5 V to —1.0 V (vs RHE) for both
4H/fcc Au-MMT and 4H/fcc Au-OAm. These results suggest that 4H/fcc Au-MMT possess
much superior electrochemical CO,RR performance than the 4H/fcc Au-OAm in the whole

operating potential window of —0.4 V to —1.0 V (vs RHE).

To investigate the reaction kinetics, Tafel slope analysis was conducted by linearly fitting the
plot of overpotential versus the logarithm of the absolute value of geometric Jco. As shown in
Figure 2e, 4H/fcc Au-MMT demonstrates a much smaller Tafel slope of 73.5 mV dec™! than the
4H/fcc Au-OAm (86.7 mV dec™!). The aforementioned Tafel slopes suggest that both Au
electrocatalysts possess a common reaction mechanism: undergoing a fast one-electron transfer
process to form CO,", and followed by the combination of CO,"™ and a proton to generate
*COOH as the rate-determining step. The smaller Tafel slope of 4H/fcc Au-MMT indicates that
they can deliver a higher charge transfer coefficient than 4H/fcc Au-OAm. Moreover,
electrochemical impedance spectroscopy (EIS) measurements were also performed to further
compare their charge transfer behaviors. As shown in the Nyquist plots (Figure 2f), the 4H/fcc
Au-MMT show a lower charge transfer resistance (Re) of 54.22 Q than the 4H/fcc Au-OAm
(63 QQ), which suggests that the surface molecular functionalization of 4H/fcc Au nanorods with

MMT can enhance the charge transfer to CO».

As a control experiment, the CO,RR performance of pure MMT in H-type cell was also
evaluated under the same testing condition with a loading amount of 200 ug cm (Figure S11).
The onset potential of MMT in CO2RR is —0.57 V (vs RHE). It was observed that products are
mainly H> and HCOO, together with a trace amount of CO (below 5 ppm). MMT exhibits the

FEn2 over 80% and the FEncoo™ below 20% in the potential range of —0.6 V to —1.0 V (vs RHE).
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These results suggest that MMT in the 4H/fcc Au-MMT is not the active site for the

electrochemical reduction of CO; to CO.

The current density in H-type cell is usually restricted by the mass transfer limitation of CO in
aqueous media. In order to achieve efficient electroreduction of CO; to CO under the industry-
relevant current density, CO2RR performance of 4H/fcc Au-MMT and 4H/fcc Au-OAm was
investigated under constant current densities with the flow cell, as shown in Figure 3a. To avoid
the energy loss resulted from the reaction between CO, and KOH aqueous electrolyte, 1.0 M
KHCO; was adopted as catholyte.®®1 Firstly, the CO.RR performance of two Au
electrocatalysts was measured with the Au loading amount of 200 pg. CO and H; are the main
products (Figures 3b and S12a), along with trace amount of HCOO™ (Figure S12b). The 4H/fcc
Au-MMT demonstrates much higher CO selectivity than the 4H/fcc Au-OAm under entire
current density range of 10—200 mA cm™. In specific, the FEco of 4H/fcc Au-MMT could well
maintain over 96.3% in a wide current density range of 25—100 mA cm™ (Figure 3b). In contrast,
the 4H/fcc Au-OAm just exhibits the FEco of over 80% in a narrow current density range of
10—50 mA cm™. As the current density increases above 50 mA cm, the FEco of 4H/fcc Au-
OAm decreases sharply, together with the greatly enhanced HER process (Figures 3b and S12a).
Impressively, at the current density of 200 mA cm2, the FEco of 4H/fcc Au-MMT is still around
70%, while 4H/fcc Au-OAm mainly favors the competing HER process. To further optimize
the CO2RR performance of 4H/fcc Au-MMT, the Au loading amount of 4H/fcc Au-MMT was

increased to 400 u g. Significantly, under this condition, the 4H/fcc Au-MMT demonstrates
FEco of 95.6% at the current density of 200 mA cm™, and FEco over 95% in the wide current
density range of 10-200 mA cm™ (Figure 3b). These results suggest that the surface molecular
functionalization of 4H/fcc Au nanorods with MMT can significantly enhance their CO.RR
performance under the industry-relevant current density.

The long-term durability test of 4H/fcc Au-MMT was performed at 50 mA cm? for CO,RR
8



(Figure 3¢). The FEco of 4H/fcc Au-MMT exhibits negligible decrease, and well maintains over
92.3% after the 12 h electrolysis. Simultaneously, the potential for 50 mA ¢cm™ remains stable
at around —0.7 V (vs RHE) during this long-term stability measurement. TEM, HRTEM and
EDS characterizations confirm that the structure and composition of 4H/fcc Au-MMT are well
preserved after the durability test (Figure S13), suggesting that 4H/fcc Au-MMT possess
excellent electrocatalytic stability. The CO2RR performance of 4H/fcc Au-MMT in flow cell is
much superior over those of previously reported Au electrocatalysts with neutral or quasi-
neutral catholytes, and even better than those using strong alkaline catholytes (Figure 3d and

Table S1).128 70-73]

DFT calculations were conducted to unravel the modulation effect of different ligands on
4H/fcc Au nanorod surface for the CO2RR. The electronic distributions near the Fermi level
(Er) have been compared on both 4H/fcc Au-OAm and 4H/fcc Au-MMT (Figure 4a, b). For
the synthesized 4H/fcc Au nanorods with OAm on the surface, both bonding and anti-bonding
orbitals are mostly dominated by the surface OAm molecules. The electronic distributions on
Au surface are not evident, indicating that OAm molecules are able to passivate the
electroactivity of Au surface (Figure 4a). Meanwhile, the coverage of OAm also hinders the
adsorption of reactants due to spatial barriers. In comparison, the evident activations of Au
surface are observed by the adsorption of MMT molecules (Figure 4b). The strong p-d
couplings between Au and the S sites of MMT molecule achieve the electron-rich feature of Au
surface, which supports the high electroactivity for CO2RR. These results indicate that different

ligands display distinct electronic modulations for the Au surface.

To obtain more information on the electronic structures, we have demonstrated the projected
partial density of states (PDOS) of the 4H/fcc Au-OAm and 4H/fcc Au-MMT (Figure 4c, d).
For the 4H/fcc Au-MMT, Au-5d orbitals show a peak near Ev-2.42 eV with d-band center at

Ev-3.48 eV (Ev =0 eV). Meanwhile, the s,p orbitals of MMT molecules on the surface exhibit
9



a broad overlapping with surface Au (Figure 4c), supporting the activations of Au by the p-d
couplings. In comparison, 4H/fcc Au-OAm display obviously different electronic structures
(Figure 4d). With the large OAm molecules on the surface, Au-5d orbitals become much
broader than that with MMT molecules. These modulations further lower the d-band center to
Ev-4.72 eV, revealing the suppressed electroactivity. Interestingly, the s,p orbitals of OAm show
the evident occupation near Er rather than Au-5d orbitals. Such electronic structures confirm
that the OAm molecules will significantly passivate the electroactivity of Au surface. Then the
site-dependent PDOS of Au-5d orbitals are calculated to compare the electroactivity
modulations by different ligands (Figure 4e, f). In 4H/fcc Au-MMT, Au-5d orbitals demonstrate
the synchronic upshifting trend from the bulk to the surface in both 4H and fcc phases (Figure
4e). In particular, the Au sites near adsorbed MMT molecules show an even higher d-band
center and the dominant peak of 54 bands, which further confirm the promotion effect by the
MMT molecules. On the other side, the OAm molecules apparently suppressed the Au-5d
orbitals to the lower position in 4H phase of 4H/fcc Au-OAm (Figure 4f). As a comparison, the
fcc phase shows a slight upshifting from bulk to the surface. These results suggest that the
coverage of OAm molecules decreases the Au surface electroactivity for the CO2RR process.
Moreover, the broad peak of Au-5d orbitals also leads to the low selectivity of the 4H/fcc Au-
OAm. Therefore, the different electronic structures of 4H/fcc Au-MMT and 4H/fcc Au-OAm

indicate that surface ligands play a critical role in modulating the electroactivity.

Besides the electronic structure, the reaction energies of HCOO™ and CO generation on 4H/fcc
Au-MMT and 4H/fcc Au-OAm were also compared (Figure 4g, h). For the formation of HCOO",
the 4H/fcc Au-MMT show an energy barrier of 0.11 eV for the initial hydrogenation step, which
is much lower than the energy barrier of 0.56 eV on 4H/fcc Au-OAm (Figure 4g). Moreover,
the overall reaction trend on 4H/fcc Au-MMT is also stronger than that on 4H/fcc Au-OAm,

supporting the higher HCOO" selectivity of 4H/fcc Au-MMT. For the generation of CO, the
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energy barrier for the formation of COOH* on 4H/fcc Au-MMT is significantly reduced
compared to that of 4H/fcc Au-OAm (Figure 4h). These results all support the greatly improved
electroactivity of 4H/fcc Au-MMT than 4H/fcc Au-OAm for CO2RR under different potentials.
For 4H/fcc Au-MMT, although the energy barrier for the formation of HCOO- is slightly smaller
than that of the CO, the transition levels (TS) of the initial hydrogenation of the CO pathway
(0.27 eV) are smaller than that of the HCOOH pathway (0.46 eV), leading to the improved
selectivity towards CO formation. Moreover, the reaction energy for CO generation shows
overall formation energy of -0.88 eV, which is lower than that of HCOO™ (0.43 eV), supporting
the stronger formation trend to CO. At lower potential, the lowered energy barrier leads to the

partial formation of HCOO™ while the CO becomes the dominant product at the higher potential.

Besides MMT, we have also investigated several other molecules, which possess a similar
chemical structure to MMT, for the surface molecular functionalization of 4H/fcc Au nanorods
towards electrochemical CO2RR (Figure 5). As shown in Figure 5a, four kinds of MMT
derivatives, including S5-mercapto-1-phenyl-1H-tetrazole (MPT), 3-mercapto-4-methyl-4H-
1,2,4-triazole (MCMT), 3-mercapto-1,2,4-triazole (MCT) and 3-methyl-1H-1,2,4-triazole-5-
thiol (MTT), were used to modify the surface of 4H/fcc Au nanorods via ligand exchange (see
“Methods” for details). The successful surface molecular functionalization of 4H/fcc Au
nanorods with MPT, MCMT, MCT and MTT was identified by FT-IR measurements (Figures
S14-S17). The LSV plots reveal that 4H/fcc Au-MPT and 4H/fcc Au-MCMT show almost equal
current density, while 4H/fcc Au-MCT and 4H/fcc Au-MTT exhibit higher current density,
compared to 4H/fcc Au-OAm (Figure 5b). Importantly, these four Au catalysts all show much
enhanced FEco than 4H/fcc Au-OAm under a wide potential window of —0.5 V to —0.9 V (vs
RHE, Figure 5¢). As a result, they all display much larger geometric Jco than 4H/fcc Au-OAm
in a broad potential range (Figure 5d). In addition, similar to 4H/fcc Au-MMT, HCOO' is also

one of the main products at —0.4 V (vs RHE) for these four Au catalysts (Figure S18). Under
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more negative potentials, the FE of HCOO" decreases sharply to below 5%. These results reveal
that surface molecular functionalization of 4H/fcc Au nanorods with a family of MMT

derivatives can also significantly improve the CO2RR performance.

In order to further explore the universality of this surface molecular functionalization method,
we also tried to modify the surface of conventional phase (i.e., fcc) Au nanostructures with
MMT for CO2RR. Specifically, high-purity fcc Au nanourchins capped with OAm (denoted as
fcc Au-OAm) were synthesized with a wet-chemical method (see “Methods” for details, Figures
S19-S21). After surface molecular functionalization of fcc Au nanourchins with MMT, both
morphology and crystal phase are well maintained, leading to the formation of fcc Au
nanourchins capped with MMT (denoted as fcc Au-MMT, Figures S22-S24). Subsequently, the
CO2RR performance of fcc Au-OAm and fcc Au-MMT was measured in H-type cell (Figure
S25). The LSV plots indicate that fcc Au-MMT exhibits a much higher current density than the
fcc Au-OAm (Figure S25a). For both fcc Au catalysts, CO is the main CO;-reduction product,
together with the generation of HCOO™ at low potentials, as shown in Figure S25b, d and e.
Importantly, the fcc Au-MMT exhibit much higher FEco than the fcc Au-OAm in the potential
range of —0.4 V to —0.6 V (vs RHE), while both fcc Au catalysts show comparable FEco in the
more negative potential window (Figure S25b). As a result, the fcc Au-MMT delivers a much
larger geometric Jco than fcc Au-OAm under the whole operating potential window (Figure
25c¢). Remarkably, the geometric Jco of fcc Au-MMT is more than two times that of fcc Au-
OAm in the potential range of —0.4 V to —0.6 V (vs RHE). These results suggest that surface
molecular functionalization of fcc Au nanourchins with MMT can also significantly enhance

the CO2RR performance.

3. Conclusion

In summary, a facile surface molecular functionalization strategy has been successfully

12



developed to boost the electrochemical CO>RR performance of unusual phase metal
nanomaterials under industry-relevant current density. The obtained 4H/fcc Au-MMT
demonstrated greatly enhanced CO2RR performance in H-type cell over a wide range of applied
potentials compared to the original 4H/fcc Au-OAm. Significant improvement of CO selectivity
was achieved in the flow cell through surface molecular functionalization of 4H/fcc Au
nanorods with MMT, especially at the industry-relevant current density. DFT calculations have
unraveled the converse modulation effect by OAm and MMT ligands on 4H/fcc Au nanorods.
The surface MMT activates the surface Au in both fcc and 4H phases for an efficient CORR
process with low reaction barriers. In comparison, surface OAm not only suppresses the
electroactivity but also induces spatial barriers for intermediate adsorptions. In addition, surface
molecular functionalization of 4H/fcc Au nanorods with a family of MMT derivatives can also
remarkably increase the CO>RR performance. And this facile surface molecular
functionalization method has also been extended to the conventional fcc Au nanomaterials in
improving CO2RR performance. It is believed that the rational surface modification could
provide an effective approach to enhance the CO,RR performance of metal nanomaterials

towards practical applications.
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Figure 1. Preparation and STEM characterization of 4H/fcc Au-MMT. (a) Schematic
illustration for the surface molecular functionalization of 4H/fcc Au nanorods via ligand
exchange between OAm and MMT. All hydrogen atoms in the chemical structure of OAm and
MMT molecules are omitted for clarity. (b) Aberration-corrected HAADF-STEM image of
4H/fcc Au-MMT. (¢) Zoom-in HAADF-STEM image taken from the corresponding square
region in (b). (d-g) STEM image (d) and the corresponding STEM-EDS elemental mappings

(e-g) of 4H/fcc Au-MMT.
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Figure 2. Electrocatalytic performance of 4H/fcc Au-MMT and 4H/fcc Au-OAm towards
CO2RR in H-type cell. (a) LSV plots of 4H/fcc Au-MMT and 4H/fcc Au-OAm in CO»-saturated
0.5 M KHCOs3 aqueous solution. (b-d) FEco (b), geometric Jco (¢), and specific Jco (d) of
4H/fcc Au-MMT and 4H/fcc Au-OAm under different potentials. (e, f) Tafel plots (e) and
Nyquist plots of the electrochemical impedance spectra (f) of 4H/fcc Au-MMT and 4H/fcc Au-
OAm. Inset of (f): schematic illustration of the Randles equivalent circuit used to fit
electrochemical impedance spectra. Rs, electrolyte resistance; CPE, constant phase angle

element; Re, charge transfer resistance; Zw, Warburg impedance.

22



anion exchange

membrane ) -»gas out
working electrode

l’ | |
!
> ! g | X
7 i 2 &
S

a anolyte out <-1

-y
>

oy ®
IrO,/Ni foam 0\7§
anolyte in -»
<«-gasin
referencé’electrode
Cc 0.4
_ 1004 agg,, e . )
g 2999999« 29900000090000000000090000009099 | 0.2
>
Q
© 60+ -0.2
Q
©
T 401 --0.4
o
[T
Q +-0.6
O 207 %y *
FAIATA A A AR AT A A AAAKK A A A K AKA
+-0.8
0 2 4 6 8 10 12
Time (h)

Potential (V vs RHE)

(o3

100 +

CO Faradaic efficiency (%)

80+

60 -

40

20+

0

g>¢-‘*i~*$a»‘,7---0_---—q

4Hffec Au-MMT‘\°
--0--4Hffcc AUMMT? ~ “T--g

--9--4H/fcc Au-OAm
0 50 100 150 200
Current density (mA cm?)

d 1004 &
s *
= @
& 90 >
=
Q0
(&)
=
[0]
o 804 ©
©
B % This work (1.0 M KHCOy)
b Ref. 28 (1.0 M KOH)
L 701 @ Ref.70 (Water steam)
8 ® Ref.71 (1.0 M KCI)
b Ref. 72 (3.0 M KOH)
@ Ref. 73 (2.0 M KOH)
60

0 50 100 150 200 250

Current density (mA cm)

Figure 3. Electrocatalytic performance of 4H/fcc Au-MMT and 4H/fcc Au-OAm towards
CO2RR in flow cell. (a) Schematic illustration of the flow cell. (b) FEco of 4H/fcc Au-MMT
and 4H/fcc Au-OAm in CO»-saturated 1.0 M KHCO3 aqueous solution under different current

densities. “The loading amount of Au in this sample is 400 ug. (c) Long-term durability test of
4H/fcc Au-MMT at 50 mA cm™. (d) Comparison of the CO2RR performance of 4H/fcc Au-

MMT with reported Au electrocatalysts. The catholytes are also listed for comparison.
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Figure 4. Theoretical calculations for the electrocatalytic CO2RR on 4H/fcc Au-MMT and
4H/fcc Au-OAm. (a, b) The 3D contour plots of electronic distribution near Fermi level of (a)
4H/fcc Au-OAm and (b) 4H/fcc Au-MMT. Yellow, grey, light blue, pink and white balls
represent Au, C, N, S and H atoms, respectively. Blue and green isosurfaces refer to the bonding
orbitals and anti-bonding orbitals, respectively. (c, d) The PDOS of (c¢) 4H/fcc Au-MMT and
(d) 4H/fcc Au-OAm. (e, f) The site-dependent PDOS of Au-5d in (e) 4H/fcc Au-MMT and (f)
4H/fcc Au-OAm. (g, h) The comparison of reaction trend for the conversion of CO> to (g)
HCOO™ and (h) CO on 4H/fcc Au-MMT and 4H/fcc Au-OAm.
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Figure 5. Electrocatalytic performance of 4H/fcc Au nanorods capped with various MMT
derivatives towards CO2RR in H-type cell. (a) Chemical structures of MPT, MCMT, MCT and
MTT. All hydrogen atoms are omitted for clarity. (b) LSV plots of 4H/fcc Au nanorods
modified with MPT, MCMT, MCT and MTT in CO»-saturated 0.5 M KHCO3 aqueous solution.
(c, d) FEco (c) and geometric Jco (d) of 4H/fcc Au nanorods modified with MPT, MCMT,
MCT and MTT under different potentials.
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Surface molecular functionalization of unusual phase Au nanorods with 5-mercapto-1-
methyltetrazole (MMT) significantly enhances the electrochemical CO> reduction reaction
(CO2RR) performance in both H-type cell and flow cell, especially under industry-relevant
current density of 200 mA c¢cm, comparing to original Au nanorods. This facile surface
molecular functionalization strategy is also applicable to various MMT derivatives as well as
conventional Au nanostructures in boosting CO2RR performance.
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