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Modulating the Hydrogenation Mechanism of
Electrochemical CO, Reduction Using Ruthenium Atomic

Species on Bismuth

Xiao Liu, Cheng Zhen, Junxiu Wu, Xiao You, Yudong Wu, Qi Hao, Gang Yu,

M. Danny Gu,* Kai Liu,* and Jun Lu*

The conversion of CO, into formate through electrochemical methods

is emerging as an elegant approach for industrial-scale CO, utilization

in the near future. Although Bismuth (Bi)-based materials have shown
promise thank to their excellent selectivity, their limited reactivity remains

a challenge. Herein, this study demonstrates a significant enhancement

in the CO,-to-formate efficiency of Bi by incorporating ruthenium (Ru)

atomic species. Ru single atom doped Bi exhibited a nearly twofold higher
partial current density compared with pure Bi and Ru clusters doped Bi, while
over 95% Faradaic efficiency (FE) is maintained. Through comprehensive
investigations using a combined approach of electrochemical techniques,
operando spectroscopy, and theoretical calculations, this study elucidates that
the presence of Ru single atom promotes H,O dissociation and H* migration
to Bi sites for CO,-to-formate conversion by significantly reducing the energy
barrier via a H* spillover path. Besides, it is constructed Ru—Bi bridge sites
for efficient CO, hydrogenation via a non-spillover path, which served as the
major mechanism for CO,-to-formate conversion in Ru single atom doped Bi.

1. Introduction

CO, capture from point or diluted sources,
combined with subsequent electrochemi-
cal reduction (CO,RR) using renewable en-
ergy, offers an attractive approach to pro-
duce high value chemicals while mitigat-
ing greenhouse gas emission at the same
time.l'! Among various chemicals that can
be obtained via CO,RR, formate is partic-
ularly attractive due to high energy den-
sity, and its potential use as chemical
fuel.l?! In addition, CO,-to-formate con-
version is widely regarded as one of the
most probable process to achieve indus-
trialization amongst various CO,RR pro-
cesses due to high energy efficiency and
selectivity.}] As the result, tremendous
efforts have been dedicated to develop
high performance CO,RR catalysts to pro-
duce formate. Among various catalysts
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reported, main group metal elements, including Sn,* In,5]
and Bi,l° have demonstrated high reactivity and selectivity to-
ward CO,-to-formate conversion. In particular, Bi-based catalysts
attract much attention due to their superior ability to adsorb CO,
and to form HCOO* intermediate, both are essential for formate
formation.”]

For CO,-to-formate catalyzed by Bi-based catalysts, it is well-
established that the first proton-coupled electron transfer (PCET)
is the rate-determining step (RDS).I®! Thus, over past years, re-
searchers have extensively focused on the reduction of the en-
ergy barrier for this step, primarily via the optimization of the
electronic structure of Bi-based catalysts. However, recently it was
reported that an alternative step maybe responsible for the effi-
cient CO,-to-formate process. More specifically, reactive hydro-
gen (H*) is first generated at active sites for Volmer step, fol-
lowed by migration to adjacent active sites to form HCOO* inter-
mediates (Equations 1 and 2).°) Unfortunately, for Bi-based cat-
alysts, hydrogen evolution reaction (HER) is usually suppressed
and large applied potentials are needed to generate H* to drive
the CO,RR at the expense of charge utilization efficiency.'%! Fur-
thermore, undesired Heyrovsky step may occur if H* cannot mi-
grate immediately to the CO,RR site.

H,0 +M +¢ - M- H"+OH~ (1)
* + CO, + H* - * + HCOO* (2)

Therefore, it can be expected that efficient H,O dissociation
and H* spillover at more positively applied potentials can greatly
promote CO,-to-formate electrochemically. In fact, previously
sulfur species have been reported to facilitate such process by
lowering the H,O activation potential.®! Besides, noble metal
possesses excellent hydrogen adsorption—desorption features. It
has been reported that when Ag nanoparticles were added to bis-
muth subcarbonate nanosheet array, significant improvement in
CO,-to-formate conversion was observed due to accelerated H,O
dissociation and H* spillover."] During H* spillover, H* is mi-
grated from water splitting site on Ag nanoparticles to the sub-
strate, and continues to migrate on the substrate until it is re-
acted. However, along the migration path, H, production from
H* recombination (via Tafel step) or reaction with water (via Hey-
rovsky step) may be expected. In this case, reducing the size of
nanoparticles to clusters or even single atoms is a promising
strategy to improve atom utilization, as well as shorten or even
eliminate the H* migration path, which can reduce the unde-
sired HER.

With this understanding, within the current study, we em-
ployed Ru doped Bi as a model system, as Ru is known to ex-
hibit excellent hydrogen adsorption—desorption features.!'?l CO,-
to-formate conversion efficiency was evaluated as a function of
Ru species. We found Ru single atom doped Bi achieves about
twofold higher CO,-to-formate reactivity in comparison to pure
Bi and Ru cluster doped Bi, and high Faradaic efficiency (FE)
of formate (>93%) can be maintained over a wide range of ap-
plied potential from —0.8 to —1.2 V versus RHE. A combined
approach of electrochemical techniques, operando spectroscopy,
and theoretical calculations revealed in addition to the existing
H* spillover mechanism, Ru single atom doped Bi facilitated
CO,-to-formate conversion by enabling CO, hydrogenation at
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Scheme 1. Schematic representation of the preparation of catalysts.

Ru-Bi bridge sites, thus mitigates HER. Our finding is important
for the designing of high performance electrocatalytic systems,
especially for those that involves hydrogenation as RDS.

2. Results and Discussion

2.1. Characterization

The typical synthetic route via galvanic replacement is shown
in Scheme 1 (see the Experimental Section for details). The Ru
doped Bi samples with different Ru loading contents were pre-
pared by varying the volume of ruthenium chloride (RuCl;) so-
lution. The Ru loading contents, measured by inductively cou-
pled plasma mass spectrometry (ICP-MS), were shown in Table
S1 (Supporting Information). Ru single atoms and Ru clusters
supported by Bi are denoted as Ru, @Bi (with 0.6 wt.% Ru con-
tent) and Ru, @Bi (with 1.2 wt.% Ru content), respectively.

The crystal structure of all samples was analyzed by X-ray
diffraction (XRD). As depicted in Figure S1 (Supporting Infor-
mation), Ru, @Bi and Ru, @Bi shared similar XRD pattern with
Bi substrate, exhibiting a typical rhombohedral crystal structure
of Bi (JCPDs#44-1246), which did not reveal significant structural
variations. This can be attributed to the small feature size of the
Ru species deposited on the surface. It is worth noting that a
small but broad diffraction peak at ~32° can be observed. This
peak may be ascribed to Bi, O, (JCPDS 45-1344), consistent with
previous reports that metallic Bi is prone to oxidation in the am-
bient environment.!*]

All samples shared similar morphology as observed by trans-
mission electron microscopy (TEM) as shown in Figure S2
(Supporting Information). Aberration-corrected high-angle an-
nular dark-field scanning transmission electron microscopy (AC-
HAADF-STEM) image of Bi was collected (Figure S3a, Support-
ing Information), which displays lattice fringes corresponding to
(110) planes of the rhombohedral Bi crystal in accordance with
XRD results. The fast Fourier transform (FFT) pattern also con-
firmed the [001] zone axis for the pure Bi (Figure S3b, Support-
ing Information). In addition, AC-HAADF-STEM revealed that
the Bi substrate for Ru, @Bi (Figure 1a) demonstrated dominant
orientation of crystal facet with 0.332 nm distance, which can be
assigned to (012) facet of rhombohedral Bi crystal (Figure 1b in-
sert). Furthermore, the characteristic lattice distance of 0.279 nm
can be ascribed to (200) facet of Bi, O, (Figure S4, Supporting In-
formation), it confirms the existence of Bi,O, in the as-prepared
Ru, @Bi and Ru, @Bi samples. Although, it has to be noted that
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Figure 1. Structural characterization of the catalysts. a) AC-HAADF-STEM image of the Ru; @Bi and corresponding FFT pattern (insert). b) EDS mapping
images (green: Bi element; red: Ru element) and c) Atomic-resolution AC-HAADF-STEM image of Ru; @Bi. d) Intensity profiles of Ru single atoms in
Figure 1c; e) The normalized XANE spectra at Ru K-edge; f) The k?-weighted FT-EXAFS in R-space, along with the spectra of Ru foil and RuO, as reference.

the peaks responding to Bi—O stretches!®!! were disappeared dur-
ing the CO,RR process according to in situ Raman spectroscopy
(Figure S5, Supporting Information).

For Ru; @Bi, AC-HAADF-STEM combined with energy dis-
persive spectroscopy (EDS) mapping revealed that Ru atoms
are well dispersed on Bi substrate as shown in Figure 1b and
no segregation of Ru atoms are observed. We then employed
atomic resolution AC-HAADF-STEM to further distinguish Ru
atoms from the Bi support based on contrast difference. As
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shown in Figure 1c, darker dots and atom-sized features sus-
pected to attribute to individual Ru atoms can be discerned on
the surface of Ru, @Bi. Note that the contrast difference be-
tween Ru and Bi atoms is subtle, therefore intensity profiles at
various regions (Figure 1d) were used to demonstrate the ex-
istence of possible Ru single atoms. In contrast, the adjacent
bright Ru element mapping spots in EDS mapping of Ru, @Bi
(Figure S6, Supporting Information) are suspected to be Ru
clusters.['
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To further probe the chemical state and local coordination envi-
ronment of the Ru atoms in Ru, @Bi and Ru, @Bi, we performed
X-ray adsorption spectroscopy (XAS), including X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements. The Ru K-edge XANES spec-
trum of Ru,; @Bi and Ru, @Bi are located between those of Ru foil
and RuO, reference sample (Figure 1f), illustrating the oxidation
states of Ru atoms in Ru, @Bi and Ru, @Bi were +6 and +¢ (0
< € < § < 3), respectively. The presence of oxidized Ru species
can be attributed to sample oxidation due to exposure of the am-
bient environment.[") During the subsequent CO,RR test, the
applied potentials were much lower than the standard reduction
potential of Ru**/Ru (0.6 V vs RHE), thus we expect that the oxide
cannot be retained and the main form of Ru in the working cata-
lystis Ru’. Fourier-transformed (FT) EXAFS spectra are shown in
Figure 1g, the k?-weighted FT-EXAFS curve of the Ru, @Bi shows
a peak at ~1.53 A which is attributed to Ru—O bond, in accor-
dance with the XANES results. Note that no Ru—Ru bonds were
detected, verifying the presence of solely atomically dispersed Ru
atoms. Whereas, for Ru, @Bi, a peak ~2.40 A can be assigned to
Ru—Ru bond scattering, confirming the existence of Ru clusters.
Therefore, combine the above results, we have demonstrated that
isolated Ru single atoms and clusters were successful immobi-
lized on the Bi substrate of Ru; @Bi and Ru, @Bi, respectively.

2.2. Performance

To investigate the CO,RR performance of the electrocatalysts, we
first recorded linear sweep voltammograms (LSV) as depicted in
Figure 2a. In Ar-saturated electrolyte, both Ru; @Bi and Ru, @Bi
samples exhibit enhanced current densities for the HER in com-
parison to that of pure Bi. The current density increases with
the Ru content, demonstrating the acceleration of H,O dissocia-
tion. In comparison, in CO,-saturated electrolyte, the onset po-
tential of all samples shifted to a more positive value and the
current density increased obviously, indicating that the catalysts
strongly favor the CO,RR over the HER. Not surprisingly, the
current density increases with the Ru content too, demonstrat-
ing enhanced CO,RR kinetics. The catalytic performance at dif-
ferent cathodic potentials between —0.70 and —1.3 V (all poten-
tials are referenced to the reversible hydrogen electrode (RHE))
were investigated, and the resultant potential-dependent FE bar
graph was shown in Figure 2b. The FE of Ru; @Bi was not obvi-
ously improved compared with pure Bi, which is already high
enough (maintained at >90% from —0.7 to —1.2 V). Intrigu-
ingly, though Ru, @Bi displayed the highest reaction rate, its FE
was much lower than other catalysts. The partial current den-
sity for formate production can provide a more accurate com-
parison of CO,-to-formate performance of these electrocatalysts.
Our results confirmed that Ru, @Bi displayed the highest perfor-
mance amongst three electrocatalysts between —0.70 and —1.2 V
(Figure 2c), about twofold higher in partial current density com-
pared with pure Bi and Ru, @Bi. These results provide solid evi-
dence that when Ru species are properly interfaced with Bi sub-
strate, appropriate synergy between Ru and Bi may significantly
impact the HER versus CO,-to-formate selectivity. It is obvious
that when Ru species exists in the form of cluster, pronounced
HER was observed. In addition, it remains challenging to com-
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pletely inhibit HER at very low applied potential (—1.3 V) due
to H* dimerizing or reacting with H,O. Since Ru, @Bi displayed
the highest performance, the durability was examined via i~ test,
both current density and formate FE were largely maintained af-
ter 24 h of continuous electrolysis without the need of additional
overpotentials (Figure 2d). Indeed, XRD patterns of Ru, @Bi did
not reveal any change upon the CO,RR tests (Figure S7, Sup-
porting Information). These results demonstrate the high stabil-
ity of Ru; @Bi under the reaction conditions. Overall, such high
Jucoo- obtained from Ru; @Bi ranks among the highest levels
of CO,-to-formate performance of reported Bi-based electrocat-
alysts, as summarized in Figure 2e and Table S2 (Supporting
Information).

2.3. Mechanism

Ru, @Bi has shown a remarkable improvement in CO,-to-
formate performance at a wide range of applied potentials over
pure Bi and Ru, @Bi (Figure 2c). Therefore, it is imperative for
us to understand the origin of such improvement. To rule out
the possibility that the increased CO,RR performance is due
to variations in conductivity, and difference in concentration of
active sites of these electrocatalysts, we performed the follow-
ing experiments. We first compared the double-layer capacitance
(Cq) of the electrocatalysts to estimate the electrochemical sur-
face area (ECSA) as shown in Figure S8 (Supporting Informa-
tion). We observed the C;, values are 4.20, 4.37, and 3.97 pF-cm™2
for pure Bi, Ru; @Bi, and Ru, @Bi. Such negligible variations
in Cy values can be explained by the low concentration of Ru
species doped on Bi support, which does not significantly al-
ter the number of exposed active sites. Thus, Ru; @Bi still ex-
hibited higher current densities for formate after corrected with
ECSA (Figure S9, Supporting Information). Besides, the differ-
ence in CO,-to-formate performance may also arise from charge
transfer resistance. To this end, the Nyquist plots of the elec-
trochemical impedance spectroscopy (EIS) were conducted in
CO, saturated KHCO; electrolyte (Figure S10, Supporting In-
formation). Both Ru; @Bi and Ru, @Bi have comparable semi-
circle diameter in the Nyquist plot, suggesting similar charge
transfer resistance (R,). In contrast, pure Bi exhibits slightly
greater semicircle diameter, indicating that the loading of Ru
does not significantly improve the charge transfer property of
the catalyst, which is not the decisive factor for performance
improvement.

Previous works have demonstrated that H,O dissociation is a
slow step for the CO,RR in alkaline and neutral media.l* There-
fore, we speculate that the enhanced CO,RR performance of
Ru, @Bi may be related to the promoted H,O dissociation on Ru
to supply H* species. This can be verified by the kinetic isotope
effect (KIE) of H/D,['% which was defined as the ratio of formate
productivity in H,0 and D, O. As shown in Figure 3a, the KIE val-
ues of H/D in CO,RR to formate were calculated to be 1.93, 1.26,
and 1.17 for pure Bi, Ru, @Bi, and Ru, @Bi, respectively. The KIE
value for pure Bi is characteristic of primary KIE, suggesting H,O
dissociation was involved in the RDS for the CO,RR-to-formate
over pure Bi. However, since the introduction of Ru, the KIE value
dropped to &1, which suggests that H,O dissociation step is no
longer related to RDS.
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Figure 2. a) LSV polarization curve for CO,RR in CO,-saturated 0.5 m KHCOj3. b) Comparison of formate FE at various applied potentials. The FEs of
the products were taken after 30 min electrolysis. c) Partial current densities for formate of prepared catalysts. d) Durability via i~ test of RuT@Bi in the
H-cell configuration for 24 h at —1.0 V. e) CO2RR performance in H-cell systems comparison with reported data in the literature (The inserted reference

numbers represent the references in Table S2, Supporting Information).

Furthermore, we examined the generation of H* qualitatively
using trapping experiment. The enhanced H* generation was
verified by the addition of tertiary butanol (t-BuOH) in the elec-
trolyte, which was reported to trap H* species.['’] As shown in
Figure 3b, the CO,RR current was decreased for all catalysts af-
ter the addition of t-BuOH. When a low concentration of t-BuOH
was added (0.1 m), the amount of reduction in current densities
were very close for these three catalysts, suggesting that the gen-
erated H* was only partially trapped by t-BuOH. When higher
concentrations of t-BuOH (2.5 M) were introduced, a larger de-
cay of current density was observed over Ru; @Bi and Ru, @Bi in
comparison with pure Bi, indicative of the higher concentration
of H* promoted by Ru species. It has to be noted that quantitative
approaches, when available, are needed to further investigate the
formation of H*.
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In addition to H* generation, H* spillover is also responsi-
ble for the CO, hydrogenation to form HCOO*,° which is a key
intermediate in CO,-to-formate process. We then speculate that
the superior CO,-to-formate performance observed on Ru, @Bi
over Ru, @Bi maybe due to the enhanced ability of H* spillover.
To this end, cyclic voltammetry (CV) measurements were carried
out. As shown in Figure 3¢, the CV curves of Bi exhibit a reduc-
tion peak at 0.2 V in the cathodic direction and an oxidation
wave at 0.6 V in the anodic direction, which are attributed to
the reduction of oxidized Bi to its metallic form, and its reoxi-
dation on the surface of the catalyst.[% In the anodic direction,
a small oxidation peak was observed at ~0.45 V before the oxi-
dation peak of Bi, which can be attributed to the desorption of
H*.118] The peak area of H* desorption peak appears to increase
with increasing Ru contents, indicating that Ru can significantly
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Figure 3. a) Comparison of the formate productivity over different catalysts in CO,-saturated KHCO;—H,O solution and a CO,-saturated KHCO;D,0
solution. b) I-t curves of different catalysts at —1.0 V in a CO,-saturated 0.5 m KHCOj3 solution with different concentrations of t-BuOH. c) CV curves
of different catalysts in Ar-saturated 1 M KOH solution with a scan rate of 10 mV-s~'. d) CV curves of Ru; @Bi in Ar-saturated and CO,-saturated 1 m

KOH solution with a scan rate of 10 mV-s~'.

increase the concentration of H*. Besides, the H* desorp-
tion peak of Ru, @Bi disappeared with the addition of CO,
(Figure 3d), suggesting that the migrated H* may react with CO,.
In addition, compared with pure Bi, a positive shift of Bi reduc-
tion peak was observed for Ru, @Bi (Figure 3c), suggesting the
H* may migrate from Ru to Bi and act as a reducing agent to
facilitate Bi reduction. Compared with Ru, @Bi, the Bi reduction
peak for Ru, @ Bi exhibited a negative shift, indicative of hindered
H* migration, which is consistent with our initial hypothesis.
This can be attributed to higher energy barrier for H* migration
according to our DFT results (Figures S11 and S12, Supporting
Information).

2.4. ATR-SEIRAS and DFT Calculations

To further probe the catalytic intermediates, in situ attenu-
ated total reflection-surface enhanced infrared absorption spec-
troscopy (ATR-SEIRAS) was employed to characterize the reac-
tion species over pure Bi, Ru; @Bi, and Ru, @Bi. Figure 4a,b,
and c revealed variations in several distinct infrared bands ob-
served while sweeping the potentials from —0.2 to —1.3 V. The
bands ~1613-1650 and 1400 cm™! correspond to OH bend-
ing vibration (6(OH)) of H,0* and symmetric OCO stretches
(v(OCO)) of HCOO*, respectively.*>'] In order to assess
the evolution of catalytic intermediates at different applied
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potentials, we integrated the peak areas of these IR peaks
(Figure 4d,e).

For pure Bi, H,0* showed a positive band, and the peak
area steadily increased from —0.2 to —1.3 V (Figure 4a,d). This
suggests a gradual accumulation of H,0O molecules on the sur-
face of pure Bi, which is consistent with its poor ability of H,O
dissociation. A similar trend was observed for Ru; @Bi in the
range from —0.2 to —0.8 V, but a plateaued region can be ob-
served at more negative potentials (Figure 4b,d). We speculate
that a matched rate of H,O dissociation and CO, hydrogena-
tion to form HCOO* are responsible for this region. However,
the peak aera of H,O* rapidly dropped when the potential was
decreased to —1.3 V, which is consistent with the pronounced
HER (Figure 2b). In contrast, sunken peak of H,0* was ob-
served for Ru, @Bi (Figure 4c,d), suggesting rapid consumption
of H,0%,[2%] which confirms that the introduction of Ru cluster
can greatly promote H,O dissociation. Unfortunately, competi-
tive HER took place at these conditions, leading to a decreased
selectivity of CO,RR (Figure 2b).

On the other hand, HCOO* is considered as a key interme-
diate for CO,-to-formate. For pure Bi, the peak area of HCOO*
gradually accumulated after —0.8 V (Figure 4a,e), while similar
trend can be observed at much higher potentials for Ru; @Bi
and Ru, @Bi (Figure 4b,c,e). This observation agrees well with
our LSV result (Figure 2a) where the onset potential shifted to
a more positive value after the introduction of Ru species. It’s

© 2024 Wiley-VCH GmbH
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Figure 4. In situ ATR-SEIRAS obtained during LSV in a potential range from —0.2 to —1.3 V versus RHE for a) Bi, b) Ru; @Bi, and c) Ru, @8Bi, highlighting
peaks associated with intermediate species H,0* and HCOO*. Potential-dependent integrated peak aera plot for d) H,O* and e) HCOO* derived from
Figure 4a,b,c. f) Schematic illustration of coordination modes of HCOO* at Ru-Bi bridge site and Bi-Bi site. g) Gaussian fitting of HCOO* IR peak for
Ru; @Bi, red represents HCOO*-RuBi, blue represents HCOO*-Bi. h) Potential-dependent integrated peak aera and peak ratio plot of HCOO*-RuBi and

HCOO*-Bi peaks from Figure 4g.

worth nothing that for Ru; @Bi, the peak area of HCOO* steadily
increased, suggesting the accumulation of formate. In contrast,
the peak of HCOO* for Ru, @Bi remained largely unchanged
between applied potential of —0.8——1.2 V. Since concentration
of HCOO* was unchanged, increase in overall reaction rate can
be attributed to the increase of competitive HER. In summary,
based on the above analysis, we conclude that efficient water dis-
sociation by Ru species contributes to the improved performance
of CO,RR-to-formate, and Ru;@Bi outperformed Ru, @Bi
due to balanced water dissociation and CO, hydrogenation
rate.
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It is possible that for Ru species, water dissociation and CO,
hydrogenation may occur by a H* spillover path, where the
former occurs on Ru species and the latter occurs on Bi; or
via a non-spillover path where they may occur simultaneously
on Ru species. DFT calculations were implemented to evaluate
both scenarios and our results are summarized in Figures S11
and S12 (Supporting Information) for Ru; @Bi and Ru, @Bi, re-
spectively. The relaxed possible structures of reaction interme-
diate on Ru,@Bi and Ru, @Bi substrate (Bi(001)) and corre-
sponded total energy are displayed in Figures S13 and S14 (Sup-
porting Information). We found Ru, @Bi favors non-spillover

© 2024 Wiley-VCH GmbH

85USD17 SUOWLIOD BAIRERID 3|qed|dde au) Ag pausenob e a1l YO B8N J0 S3IN1 10} AIqIT3UIIUO AB]IA UO (SUOIPUOD-PUB-SWRIALIY A8 |1 AseIq 1jBulUO//SdNY) SUORIPUOD PUe SWLB L 81 885 *[7202/2T/e2] uo ARiqiauliuo As|im ‘AiseAun axepsam A SEBSOYZ0Z LWJPe/Z00T OT/10p/wod Ao 1M Aselq1jpul|uoy/sdiy wouy papeojumod ‘v ‘¥Z0Z ‘820E9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a Non-spillover path

H#*+#*OH
H*-s

H, 0"

pillover

#OH+HCOO*
path

H*+OH  #OH+HCOO*
c 2
Sl RDS *OH+HCOO*
Q
) RDS . __ *OH+HCOO*
9 0 " .- ’4’ _________--—:--
o k" “""""'RDS *OH+HCOO*
o _, ] \‘
o Bi N ——
= Y Ru,@Bi (non-spillover path) RDS -~ = fOH+HCOO*
&8 1——Ru,@Bi (H* spillover path)s &7 .
g g Rw@s —_—
y+ 0¥ OO 0f £ €O ps0ReC02 yrOHeCO2 4oH+HCO0

Reaction coordinates

Figure 5. Optimized geometries for a) non-spillover path and b) H* spillover path of CO,-to-formate mechanism on Ru; @Bi. # and * denote the support
and are used to distinguish differences in reaction sites. The optimized geometries for the reaction intermediates are also displayed with the color of
elements labeled. c) Gibbs free energy landscapes for CO, reduction to formate at 0 V versus RHE. The RDS is labeled with a black text.

path, since the H* spillover path exhibited higher energy barrier
(0.620 eV) (Figure S11, Supporting Information). More specif-
ically, H* tends to drift toward the edge of Ru-Bi, where it
participates in the hydrogenation CO, to form Ru-Bi bridged
HCOO* intermediate. In contrast, we found that Ru, @Bi fa-
vors the hydrogen spillover path, which has lower energy bar-
rier compared to that of non-spillover path (Figure S12, Support-
ing Information). In other words, the preferential coordination
mode of HCOO* was HCOO-RuBi and HCOO-Bi as illustrated
in Figure 4f, for Ru,; @Bi and Ru, @Bi, respectively.

In order to gain additional experimental evidence, we decon-
voluted the IR peak of HCOO* from in situ ATR-SEIRAS to
search for evidence of difference in coordination environment.
For Ru, @Bi, we found the IR peak of HCOO* appears to be
broad and asymmetrical compared to that of Ru, @Bi and Bi
(Figure 4b). Gaussian fitting shows that the HCOO* stretching
band can be resolved into two distinct components (Figure 4g).
The wavenumber ~1404-1426 cm™! is rather close to v,(OCO)
of pure Bi and Ru, @Bi, suggesting similar coordination envi-
ronment. For the lower wavenumber (1365-1383 cm™'), we sus-
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pected that the red shifts are due to a different coordination en-
vironment. Therefore, to validate our hypothesis, the electron
transfer and configuration was analyzed by optimized structure
of HCOO* adsorption Ru; @Bi and Ru, @Bi, since which can
represent the HCOO-RuBi and HCOO-Bi coordination mode, re-
spectively. We found the charge transfer from Ru, @Bi support
to HCOO* is lesser than that of Ru, @Bi according to Bader
charges, leading to lower charge density of the OCO double bond
(Figure S15, Supporting Information). It is known that decrease
in charge density generally result in the red shift of the IR spec-
tra. In addition, DFT calculations based on the Blyholder model
show that the binding energy of HCOO* is lower at Ru-Bi bridge
site compared to Bi site (Figure S16, Supporting Information),
which leads to the red shift of the HCOO* vibration frequency.?!]
Hence, we can reasonably infer that the bands ~1404-1426 and
1365-1383 cm™! can be assigned to HCOO* adsorbed on Bi and
Ru-Bi bridge site, respectively. We further analyzed the poten-
tial dependent integrated peak area and ratio of HCOO-RuBi
and HCOO-Bi (Figure 4h). Results show that the peak areas of
HCOO-RuBi were consistently higher than that of HCOO-Bi at
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all applied potentials, which imply that non-spillover path is the
major mechanism for Ru,; @Bi, and H* spillover path is the mi-
nor mechanism. This result is consistent with our DFT calcula-
tion, which shows that CO, hydrogenation at Ru-Bi bridge site
was favored due to lower energy barrier.

Based on the above analysis, we summarized the optimal reac-
tion path of CO,-to-formate conversation and the optimized ge-
ometries are illustrated in Figure 5a,b, and Figure S17 (Support-
ing Information). Gibbs free energy (AG) landscapes in Figure 5c
and the values of AG were listed in Table S4 (Supporting Informa-
tion). As is shown in Figure 5c, for pure Bi, the Volmer step is the
RDS with an energy barrier of +1.126 eV. After introduction of
Ru species, it became exothermic with AG equals to —0.32 eV for
Ru, @Bi and —1.128 eV for Ru, @Bi. That is to say, the introduc-
tion of Ru on Bi shifts the active site for the Volmer step from Bi to
Ru, facilitating generation of H*. For Ru, @Bi, non-spillover path
is the dominating CO,-to-formate mechanism, with HCOO* for-
mation as the RDS with energy barrier of +0.337 eV. H* spillover
path is the minor mechanism, by which H* migration is the RDS
with energy barrier of +0.620 V. It has to be noted that, the en-
ergy barrier of H* migration for Ru; @Bi is lower than that of
Ru, @Bi (+0.771 eV), certified of facilitated H* migration. On the
other hand, compared with Ru, @Bi, Ru, @Bi favors HER and
are more prone to *OH poisoning due to lower energy barrier
(Figure S18 and Table S5, Supporting Information).

3. Conclusion

In summary, we have demonstrated that the CO,-to-formate per-
formance was improved with reducing dimension of Ru species.
We found the Ru, @Bi exhibited about twofold higher partial cur-
rent density compared with Ru, @Bi, while over 95% Faradaic
efficiency (FE) was maintained. Various electrochemical tech-
niques suggested a balanced adsorption and activation of H,0O
and CO, molecules on Ru, @Bi. Moreover, ATR-SEIRAS and
DFT calculations confirmed the excellent H,O dissociation and
H* migration ability of Ru single atoms, as well as the presence
of Ru-Bi bridge sites for accelerated CO, hydrogenation. These
together enable efficient CO,-to-formate conversion. Our study
provides a mechanistic insight that is important for the designing
of high performance electrocatalytic systems, especially for those
with hydrogenation as RDS. Future studies can be improved by
directly monitor H* spillover using advanced operando spectro-
scopic methods.

4. Experimental Section

Synthesis of Bi Nanoparticles: For a typical synthesis, 0.5 g of PSS
(Poly(sodium 4-styrene-sulfonate), MW = 100 000, Aldrich) and T mL of
hydrazine hydrate (80% water solution) were dissolved in 50 mL of distilled
water. 300 mg of Bi(NO3)3-5H,0 were added and stirred for 30 min to ob-
tain a white suspension. The suspension was transferred into a teflon-lined
stainless steel autoclave with capacity of 100 mL and kept at 160 °C for 6 h.
Finally, after centrifugation and being washed with water and ethanol sev-
eral times, the black powders was collected and dried in a vacuum oven at
60 °C.

Synthesis of Ru@Bi Electrocatalysts:  As synthesized Bi nanoparticles
(100 mg) were immersed in 40 mL of dimethyl sulfoxide, the various vol-
ume of ruthenium chloride (RuCl, 10 mg mL™") solution was then added
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into the mixture followed by stirring for 24 h at room temperature. Since
the Bi>*/Bi redox couple has a lower standard reduction potential (E® =
0.31V) compared with Ru3*/Ru (E® = 0.60 V), the galvanic replacement
reaction of Bi and Ru3* will take place theoretically.??! After centrifuga-
tion and being washed with water and ethanol, the as-prepared sample
was dried under vacuum conditions. The Ru@Bi samples with different
Ru loading contents were prepared by adding ruthenium chloride solution
with different volume of 1 and 2 mL.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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