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Four types of carbazole dendrimers were applied as modification
molecules of Au surfaces to improve carbon dioxide electroreduc-
tion. The reduction properties depended on the molecular struc-
tures: the highest activity and selectivity to CO was achieved by
9-phenylcarbazole, probably caused by the charge transfer from
the molecule to Au.

Practical carbon dioxide conversion processes are being con-
sidered to generate valuable chemicals for achieving carbon
neutrality." Electrochemical CO, reduction is crucial as one of
the conversion processes of CO, to carbon monoxide (CO) and
various chemicals such as hydrocarbons, alcohols, and formic
acid, at ambient temperature and pressure. Therefore, practical
electrolysis systems and the required materials have been
intensively investigated.>”” Previous research has shown that
Au, Ag, and Zn electrodes selectively convert CO, to CO.® In
particular, Au showed relatively high efficiency for CO,
reduction compared to that for hydrogen evolution, which is a
competitive reaction of CO, reduction in aqueous solutions.®*™*°
However, the activity and selectivity of the Au electrode for
converting CO, to CO remain insufficient for widespread appli-
cation, and further research on CO, electrolysis systems is
necessary to attain industrialisation.

We should notice that Au electrodes modified with various
organic molecules enhance the reduction activity and selectivity
to CO.**™* For example, Zhao et al. used various amines to
modify the surfaces of Au nanoparticles and found that oleyla-
mine effectively improved the selectivity to CO."" Lee et al.
investigated surface-modified Au nanoparticles experimentally
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and theoretically using density functional theory calculations,
where polymeric binders such as Nafion, polyvinyl alcohols,
and polytetrafluoroethylene (PTFE) were used as modifying
molecules. They showed that PTFE improved the selectivity to
CO and the enhanced selectivity was originated from promot-
ing CO, adsorption on the surface and suppressing the compet-
ing hydrogen evolution reaction (HER).>® These reports clearly
indicate that surface-modifying molecules affect the adsorption
of CO, and H,O on Au electrode surfaces and determine the
efficiency of the electrochemical CO, reduction reaction
(CO,RR).

Dendrimers are dendritic polymers with precisely controlled
structures that have potential applications as electronic and
catalytic materials.>'”>* Carbazole dendrimers (CDs), in parti-
cular, have unique photo- and electrochemical properties, and
therefore are applicable as hole transport and luminescent
materials."®** The molecular backbones, functional groups,
and molecular weights of CDs can be easily controlled as a
function of the generation (the number of repeated branching
cycles). Furthermore, the chemical and physical properties of
CDs can be tuned by the terminal and core functional groups.
Due to molecular designability and resulting unique properties,
CDs are also applicable for fundamental study to understand
the relationship between the surface modifications of electrode
surfaces.

In this study, four types of CDs were used to modify Au
electrode surface for CO, electrochemical reduction. First, we
showed that the conversion of CO, to CO using an Au disk
electrode in an H-type electrochemical cell was enhanced most
by the 9-phenylcarbazole (G1Ph) modification. Then, the
enhanced electrochemical CO, reduction was also confirmed
at high current density electrolysis using a gas diffusion elec-
trode (GDE) cell designed for use in a practical CO, electrolyser.

A CD-modified polycrystalline Au disk (¢ = 5 mm) was used
as the working electrode for CO, electrochemical reduction
experiments in a CO,-saturated 0.1 M KHCO; solution using an H-
type electrochemical cell. The four CDs investigated are depicted in
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Fig. 1 Molecular structures of the carbazole dendrimers used for surface
modification of the Au electrode.

G3Cz

Fig. 1. The CDs with phenyl (Ph) or NH groups are described as
GxPh (x = generation number of 1 and 3) and GxCz, respectively.
The surface modification by the CDs was conducted by drop-
casting toluene solutions containing 0.1 mM CDs onto the Au disk
electrode, followed by drying in air.

Fig. 2 shows the CO, reduction properties of the CD-
modified and non-modified Au electrodes. In this condition,
CO was the only product of the CO,RR, irrespective of the kinds
of CDs, and thus faradaic efficiencies and partial current
densities for the generated CO are estimated (described in
detail in supplementary information; ESIt). As shown in
Fig. 2(a), the G1Ph-modified electrode showed enhanced far-
adaic efficiencies (FE¢o) relative to the non-modified electrode
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Fig. 2 (a) Faradaic efficiency and (b) partial current density for CO of
surface-modified and non-modified Au electrodes evaluated in a CO,-
saturated 0.1 M KHCOj5 solution. (c) Normalized CO partial current density
of G1Ph, G3Ph- and G1Cz, G3Cz-modified Au.
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at —0.4, —0.5, and —0.6 V vs. reversible hydrogen electrode
(RHE), particularly ca. 10% higher FEco at —0.4 V. In contrast,
the G1Cz-, G3Cz-, and G3Ph-modified electrodes exhibited
enhanced FEqg at —0.4 V, while the efficiencies at —0.5 V and
—0.6 V were almost identical to or lower than that of non-
modified Au.

Fig. 2(b) and (c) show the partial current densities for CO
(Jco) of the CD-modified electrode surfaces, where the current
densities are normalised to that of the non-modified Au elec-
trode at each applied potential. As shown in (b), G1Ph- and
G1Cz-modified Au electrodes exhibited enhanced jco, while the
current densities of the G3Cz- and G3Ph-modified electrodes
were comparable to and less than that of the non-modified
electrode, respectively. These results suggest that CDs of smal-
ler size (G1Ph and G1Cz) were favourable surface-modifying
molecules. The maximum enhancement factor of joo was ca.
1.2 for G1Ph at —0.5 V, in comparison to non-modified Au (c).
The results clearly indicate that introducing a phenyl group to
the first generation carbazole (G1Ph) was the most effective
surface modification at the applied potentials tested (—0.4 to
—0.6 V).

Pb-underpotential deposition (UPD) was conducted for the
CD-modified Au electrodes to estimate the active surface areas
for the CO,RR. Fig. 3(a) shows cyclic voltammograms recorded
in an Ar-purged 1 mM Pb(OAc), + 0.1 M NaOH solution for the
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Fig. 3 (a) Cyclic voltammograms for Pb underpotential deposition col-

lected in an Ar-purged 1 mM Pb(OAc), + 0.1 M NaOH solution. (b) Pb-
stripping charges estimated from (a). XP spectra of N 1s (c) and Au
4f (d) orbitals for G1IPh-modified and non-modified Au. (e) Linear-sweep
voltammograms for the HER recorded in Ar-purged 0.1 M PBS electrolyte
with a pH of 6.8.
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most effective G1Ph-modified Au, less-effective G3Ph-modified,
and non-modified Au electrodes. Because Pb-UPD potential is
sensitive to the surface crystal facets of Au electrodes,*® active
surface areas of CD-modified Au electrode surfaces can be
estimated for each crystal face of the modified Au electrodes.
The potential region below 0.3 V vs. RHE (green) corresponds to
the overpotential deposition (OPD) of Pb. The peaks located at
the approximately 0.34 V (blue) and 0.51 V (red) regions in an
anodic sweep can be ascribed to the stripping of Pb from the
(111) and (110) facets, respectively, of the non-modified Au
(black).”® According to a previous report,”® the Pb-stripping
peak for the Au(100) face appears at ca. 0.4 V. In contrast, the
corresponding peak is absent in Fig. 3(a), suggesting that the
Au polycrystalline electrode used in this study was mainly
composed of the (111) and (110) facets.

The Pb-striping peaks for G1Ph- (red) and G3Ph-modified
(blue) Au electrodes are located at similar potential regions for
the non-modified one (black), suggesting that the (110) and
(111) facets of the Au electrode surfaces are even active for CO,
reduction sites under the presence of modifying molecules,
though the estimated average Pb-stripping charges slightly
decreased, particularly for the (110) facet, even by the effective
G1Ph-surface-modification (Fig. 3(b)).

Furthermore, the Pb-stripping peaks shifted to approxi-
mately 20 mV higher potential for G1Ph-Au compared to the
non-modified electrode. The positive potential shift suggests
that G1Ph modification changed the electronic properties of
the Au surface. Indeed, a similar shift has been reported for
porphyrin-modified Au nanoparticles.”® Modification with
G3Ph caused a marked decrease in the corresponding charges,
particularly in the (110) facet, suggesting that the lower effi-
ciency might correspond to reaction-site blocking on the (110)
facet.’ Therefore, the molecular-modification-dependent differ-
ence in Pb-stripping charge probably stems from differences in
the molecular size of the CDs. The Pb-UPD experiment results
suggest that G1Ph modification-enhanced CO, electrochemical
reduction property is originated from suitable surface electro-
nic states on the modified Au electrode, since the active surface
area was nearly unchanged by the surface modification. In
contrast, the G3Ph-modification decreased the surface active
area, probably as a consequence of the larger molecular sizes of
the CDs.

The change in the surface electronic state by G1Ph modifi-
cation was also investigated by X-ray photoelectron spectro-
scopy (XPS). Fig. 3(c) and (d) show the XP spectra of the N 1s
and Au 4f orbitals of the G1Ph-modified and non-modified Au.
In the N 1s band of G1Ph-Au, the peak at 400 eV can be
attributed to the C-N bond in the five-membered ring of
carbazole.”” Simultaneously, the Au 4f7/2 band of the G1Ph-Au
shows a higher binding energy shift of ca. 0.2 eV, relative to that of
non-modified Au. CDs have electron-donating properties,®® and
thus G1Ph may donate electrons to the Au electrode surface.

To understand the influence of CD surface modification on
the competing HER, linear-sweep voltammetry (LSV) was con-
ducted for G1Ph-modified Au in an Ar-purged 0.1 M phosphate-
buffered saline solution with pH of 6.8, i.e., water electrolysis at
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the same pH (Fig. 3(e)). The LSV curves of G1Ph- (red) and non-
modified (black dashed) Au electrodes are similar to each
other, suggesting that the G1Ph modification does not affect
the HER on the Au electrode surfaces. Zhang et al. proposed
that the elementary step of CO, to a COOH* intermediate is the
rate-limiting step for electrochemical CO, reduction on Au
surfaces.” As shown previously for the Pb-UPD and XPS results
(Fig. 3), the G1Ph-modification probably causes local electron
enrichment at the Au electrode surface that can promote CO,
reduction by reducing the activation energy for the first reduc-
tive step of CO, to COOH*.%*®

Finally, we confirmed the enhanced CO, electrochemical
reduction activity of the G1Ph-modified Au electrode at a high
current density (~100 mA cm™?). Fig. 4(a) presents a schematic
of the flow-type GDE cell used in this study. The 100 nm-thick
Au thin film deposited by magnetron sputtering (see ESIT) on a
gas diffusion layer (Au-GDL) was used as a working electrode.
Then, the Au-GDL was modified using a toluene solution of
0.1 mM G1Ph by the same procedure described for the Au disk
electrode. Fig. 4(b) and (c) show the FE¢o and jco of the G1Ph-
(red) and non-modified (black) Au-GLD. As clearly shown, the
estimated FEco and jco increase ca. 10-20% by G1Ph modifica-
tion, except for jco at —0.5 V, indicating the feasibility of the
G1Ph-modified Au electrode for practical CO, electrochemical
conversion to CO.

In conclusion, we investigated the electrochemical CO,
reduction for CD-modified Au electrodes. The reduction prop-
erty conducted by using Au disk electrodes and an H-type
electrochemical cell depended on the backbone size (genera-
tion) and functional groups of the CDs. Among the CDs, G1Ph
was most effective for CO, conversion to CO. Based on the
results of XPS, Pb-UPD, and HER experiments, the enhanced
electrochemical CO, reduction of the G1Ph-modified Au can be
explained by a charge transfer from G1Ph to the Au surface.
G1Ph-modification also enhanced high-current density electro-
lysis (~100 mA cm ?) in a GDE electrochemical setup. These
results show that the G1Ph surface modification of Au electrode
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Fig. 4 (a) Schematic of the gas diffusion electrode type flow cell
(b) Faradaic efficiency and (c) partial current density for CO of G1Ph-
modified and non-modified Au-GDL.
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surfaces can facilitate a practical electrochemical conversion of
CO, to CO.
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