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This study presents theoretical insight into the mechanism of the CO, reduction reaction (CO>RR) to formic acid
(HCOOH) on Bi (01 2) surfaces in the presence of alkali metal cations (M*: Cs*, K*, and Li*) and/or halide
anions (X : Cl7, Br™, and 1) using density functional theory (DFT). The adsorption energy (E.qs) and work
function (Wy) of the anions increases with decreasing anion size (i.e., CI~ > Br~ > I7). On the other hand, the
larger the cation size is, the higher is the E.4 (ie., Lit < K™ < Cs*) but the lower is the W (i.e.,
Cs™ < K* < Li"). In the presence of the cation-anion pairs (M* /X ™), E,q; of the pairs on hydrated Bi (Bi-2H)
becomes more negative than that in the cases of anions or cations alone, particularly when the ionic radius of the
paired cation and anion do not differ significantly. Such a synergistic effect of the mixed ions is also observed for
the work function values. In the case of anions alone, CO, molecules prefer to coordinate directly with hydrated
Bi atoms via the oxygen bidentate mode; in the case of cations alone, CO, molecules directly bind to the cations
via the oxygen monodentate mode, rather than the hydrated Bi atoms. Between two possible CO,RR pathways
involving *OCHO and *COOH intermediates on Bi-2H pre-adsorbed with M* /X ™, the former pathway requires
less energy for all M* /X~ pairs. In addition, cascaded reaction profiles from CO,* to HCOOH are obtained with
Cs*/Cl~ and K*/Cl~ pairs in the former. This indicates that once CO, is adsorbed, the following reactions
proceed spontaneously on Bi-2H with Cs*/Cl~ or K* /Cl~ pairs. This study thus shed light on the positive effects
of supporting electrolytes (e.g., CsCl and KCI) on catalytic CO-RR.

1. Introduction surface, shifting the equilibrium of the reaction toward CO production

[12]. This suggests that the selectivity of Bi materials largely depends

Electrochemical CO, reduction reaction (CO,RR) has been demon-
strated to be an efficient method to convert CO, into value-added
chemicals such as formic acid (FA) [1], CO [2], methanol [3], and
ethylene [4]. The faradaic efficiency and selectivity of CO5RR is im-
proving, but the practical application of the system on a large scale is
still limited due to the large overpotentials and low durability of the
electrocatalysts involved [3,5]. To overcome these challenges, sig-
nificant efforts have been directed toward synthesizing efficient, dur-
able, and inexpensive electrocatalysts [2,6-11]. Among them, bismuth-
based materials are considered suitable due to their operation with high
selectivity of FA and durability in aqueous potassium bicarbonate so-
lutions [2,11]. Interestingly, the use of an ionic liquid (e.g., 1,3-dialkyl-
substituted imidazolium) enhanced the interaction of CO, with the Bi
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on the type of supporting ion and/or size of the ions in the solution
[13-15].

Such an effect of the electrolyte on the selectivity of CO,RR does not
necessarily hold true for other catalyst materials. For example, Ag be-
came more selective for CO production when Li* was replaced with a
larger ion, Cs* [16]. In contrast, Cu-based catalysts led to similar ratios
of C,He/H, in aqueous electrolytes when using Li* and Cs* [15]. The
effect of halide anions on the selectivity is also dependent on the type of
materials used. CI~ has been noted to enhance the selectivity of CO
production with Ag [15,17] and Au [18], whereas I~ exerted the
greatest effect on the CO production on Cu followed by Br~ and Cl™
[19,20]. On the other hand, for Bi electrodes, halide anions (X~) and
alkali metal cations (M™) significantly influenced the selectivity of FA
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by enhancing the charge transfer (CI~ > Br~ ~ I") and increasing the
local CO, concentration (Cs* > K* > Li*) [2,15]. Despite these
observations, the reason behind the type of ions changing the selectivity
remains unclarified in terms of the mechanism involved. This is partly
attributed to the fact that the interactive influence of certain ions and
their counter ions (i.e., cations and anions) on the charge transfer of
CO,RR can be significantly altered simply by changing either the ions
or the counter ions. So far, mixed types of cations—anion combinations
(M* /X ™) have not been sufficiently studied in terms of their structures
and behaviors, as most theoretical and experimental studies on the ef-
fect of ions have focused on the role of only one type of cations or
anions (M* or X 7).

With this in mind, we employed DFT calculations to gain theoretical
insight into the selective CO,RR in various electrolytes using Bi (012)
as a model electrocatalyst since the (012) plane was found to be the
highest intensity in X-ray diffraction experiments [21]. Prior to
studying the selectivity, we first examined the structural and electrical
properties occurring in the interface between Bi and the single or mixed
types of ions. Then, DFT calculations were performed to identify the
activities of cations alone or anions alone, as well as mixed types of ions
on hydrated Bi (i.e., Bi-2H). In particular, the possible reaction path-
ways from CO, to FA were explored through *OCHO or COOH* inter-
mediates in the proton-coupled electron transfer processes on the hy-
drated Bi with those ions. A previous work focused on the CO,RR
pathways with monatomic ions [22], but this study further advances
the existing knowledge in the field by highlighting the effect of mixed
types of ions on the CO,RR pathways and products.

2. Computational methodology
2.1. Method and model construction

All the calculations in this study were performed using density
functional theory (DFT) implemented in the Atomistix ToolKit-Virtual
NanoLab package [2]. To describe the electronic interactions in bis-
muth, the exchange-correlation functional of Perdew, Burke, and Ern-
zerhof (PBE) within the generalized gradient approximation (GGA) was
applied. Grimme DFT-D2 correction was adopted to allow for van der
Waals interactions between the CO, molecule and Bi, or between the
CO, molecule and adsorbates (single and mixed types of ions). The
PBE + D2 methodology predicted the phase stability of ions adsorbed
on the Bi (012) surface [21]. The bulk unit cell structure of Bi men-
tioned in Table S1 was optimized to determine the equilibrium lattice
structure, which was then cleaved into a slab model to describe the
surface orientation of Bi. The slab model supercell was constructed in
repetitions (2 X 1 x 1) with a 15 A vacuum layer to prevent interac-
tions between artificial inter-slabs. For geometry optimization,
3 X 3 x 1 k-point samplings were performed. Of the total five layers,
three lower layers were fixed, while the two upper layers adsorbing all
species were allowed to relax at the force tolerance of 0.05 eV A1 for
optimization. We assumed in the same way as previous papers dealing
with metal catalysts that attempted surface chemistry with the slab
model [14,23]. Also, Mavrikakis et al. and Izzaouihda et al. investigated
a correlation between adsorption energy of adsorbates and a number of
pure metal layers. They concluded that the adsorption energy of small
adsorbate molecules was not affected by over two metal layers [24,25].
Based on this result, we considered the stability between an adsorbate
and the Bi slab surface and the fixed bottom layers for the remaining
bulk below the surface. Adsorption sites for adsorbates were considered
from the initial guesses of the adsorption structures by inferring the
binding geometry and adsorption potential sites in an arbitrary pattern.
This approach focused on the adsorption state of CO, and ions on the
high- index plane (01 2) of Bi found in previous experiments [2]. Then,
DFT calculations were performed to find the most stable adsorption
sites by relaxing the atomic positions until a total residual force was less
than 0.05 eVA ~'. Based on the reaction pathways of the CO, molecule,
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*OCOH, *COOH, and *HCOOH species are adsorbed on the top layer of
Bi-2H and HCOOH is present as a species from desorbed the Bi-2H
surface. The transition state through the reaction pathway was con-
firmed by DynamicMatrix of the Nudge Elastic Band (NEB). The asterisk
(*) denotes the state of being adsorbed on the Bi surface.

2.2. Electrical properties and reaction energies

To investigate the thermodynamic stability of adsorbates on clean Bi
and Bi-2H surfaces, we computed the adsorption energy (E.qs) as fol-
lows:

Eags = E(ions—slab) - E(slab) - E(ions) 1

where Eqd.s1ab), Egsiaby, and Eqag) are the total energies of ions on the
clean Bi slab, the total energy of the slab, and the total energy of an
isolated type of ions, respectively. Herein, the ions represent one type
(M™* or X~) and mixed types (M*/X™) of ions adsorbed on Bi. The
single types of ions consist of an atom and the cation—cation mixed
types are defined as two atoms in total: one alkali metal atom and one
halide atom. The Bi-2H structure refers to H* species adsorbed onto a
clean Bi surface mediated by water. The adsorption energy of clean Bi
was compared with that of Bi-2H. The adsorption energy of CO,
(Eads coz) was calculated as follows.

Eadsfcoz = E(COZ/ions—slab) - E(ions—slab) - E(COZ) (2)

where Eco2/ions-siab)s Eions-slaby, and E¢cozy are the total energies of a
CO, molecule (adsorbed on Bi with the ions), Bi with the ions, and an
isolated CO, molecule, respectively. All calculations for the adsorption
energy were carried out for one side of the slab. In addition, the work
function (Wy) was calculated to quantify the minimum thermodynamic
energy required to remove electrons from the Bi catalyst to CO, (Eq.

(3)).
W = —e@ — E; 3

where e is a charge of an electron, @ is the electrostatic potential in the
vacuum near the Bi surface, and E; is the Fermi level inside the Bi metal
[26]. To observe the distribution of charges between adsorbates (i.e.,
ions and CO,) on Bi through the assigned cell structure, the charge
transfer, the electron density of the isolated system (adsorbates), and
the electrical potential of the bulk system (all adsorbates + Bi crystal
structure) were calculated. To account for the charge transfer, Bader
charge analysis was performed at all electron densities. The electro-
static potential was obtained through the Poisson solver, in which the
boundary condition for the bulk systems was periodic [27]. The com-
putational hydrogen electrode (CHE) model described by Ngrscov et al.
[28] was used to establish a free energy pathway in the chemical po-
tential of proton—-electron pairs, i.e., u(H* + e™). The chemical po-
tential (1) in the model is equal to 1/2[(u(H2(g))] which means a half of
the hydrogen in the gas phase at 0 V (reversible hydrogen electrode,
RHE) for any pH. Based on the total chemical potential of a proto-
n-electron pair, a potential-dependent reaction free energy (AG;_.; (U))
generated by the electrochemical CO,RR at an electrode potential (V vs.
RHE) can be expressed as follows [29,30].

AG;_;(U) = AG(U = 0) — AG,(U = 0) + eU @

where G is the free energy for the individual species (i, j) generated
sequentially according to the electrochemical CO, reduction step. In
previous studies, the contributions to free energies of CO5 molecule and
its intermediates were obtained from the zero-point energy (ZPE)-cor-
rections and entropies [31]. The ZPE-corrections were obtained by
calculating vibrational frequency [21,32]. e and U in the chemical po-
tential of the electron (eU) are the elementary charge and electrode
potential (V vs. RHE), respectively. To clarify the role of single and
mixed types of ions on Bi on the selectivity of CO, reduction products,
the solvation corrections of water effect was implicitly considered. As a
key parameter accounting for the solvation, the dielectric constant
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Fig. 2. Tllustration of optimized structures and adsorption energies of mixed ions (M* /X ™) adsorbed on the top site of clean Bi (01 2). The geometric structures of the
mixed ions are initiated by adsorption on the top site of clean Bi with 2/9 surface coverage. M* and X~ denote alkali metals cations and halide anions, respectively.

function of the implicit solvent was set at 80 [33].

3. Results and discussion

3.1. Structural stability for single and mixed types of ions adsorbed on clean
Bi surface

The interaction between ions and Bi (012) surface plays a crucial
role in determining the interfacial reaction and catalytic efficiency. To
understand the interaction, the adsorption behaviors of single (M* or
X7) and mixed types (M* /X ™) of ions on the surface of Bi were stu-
died. Fig. 1 shows the optimized geometry and adsorption energy (E.qs)

of the single types of ions and H* adsorbed on the clean Bi. When the
geometry was optimized, the adsorption sites of all three halide anions
and the Li* cation changed from the top of Bi to the hollow sites,
making the structure more stable. The other two cations (Cs™ and K™)
were more strongly adsorbed at the bridge site. The preferential ion
adsorption sites on the clean Bi are consistent with the results obtained
for some other metals (Ag and Cu) in a previous study employing the
HF/BLYP method [2]. The adsorption energy of all the ions (except for
H™) was estimated to be negative (E.qs < 0), suggesting that the ion
adsorption occurs spontaneously regardless of the types of ions. No-
tably, the adsorption energy of the anions became more negative (i.e.,
Cl™ > Br~ > I7) with decreasing their size (0.181, 0.196, and
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0.220 nm for C1~, Br™, and I, respectively), whereas a larger cation
(0.069, 0.138, and 0.170 nm for Li*, K*, and Cs* respectively) showed
a more negative adsorption energy (i.e., Cs* > K* > Li%*) [34]. This
tendency for the adsorption energy depending on the type and size of
ions is similar to that noted previously [35]. Another notable point is
that Bader charge analysis shows the opposite trend of E,4s and W¢ of
cations and anions. As shown in Fig. 1, the charges for the adsorbed
anions have a positive value. More electron exchange between Cl ions
and Bi atoms means a small work function that can easily provide
electrons. It can also be seen that active electron exchange is strongly
adsorbed with Bi atoms. For adsorbed cations, it shows a negative
charge, as opposed to an anion. The cations showed more electron
transfer with Bi atoms and could promote CO, reduction as a more
active electron donor. On the other hand, the adsorption energy of two
H™* atoms on the top site of clean Bi was calculated to be +0.596 eV,
indicating that some external potential is necessary for inducing H*
adsorption.

The adsorption sites and energies of cation-anion pairs (M*/X")
adsorbed on the clean Bi surface were also examined (Fig. 2). During
the optimization process for the geometrical structure, Cs* /X~ and
K* /X~ pairs were bound to the bridge and hollow sites of clean Bi,
whereas L* /X~ pairs tended to be adsorbed to the hollow site only. It is
noteworthy that the average bond length (d.y.) of the ion pairs are
comparable to the ionic bond lengths of the respective ionic crystals.
More importantly, the pairs with a small anion for the same cation and
a large cation for the same anion bind more strongly. This indicates that
when the paired cation and anion bind more closely, they have a high
adsorption energy, resulting in structural and energy stability.

3.2. Adsorption energy vs. work function for CO, adsorption on hydrated Bi
surface

The adsorption energy and work function of single and mixed types
of ions for hydrated Bi surface (Bi-2H) was examined in the absence and
presence of CO, adsorption (Table S2). Generally, the adsorption en-
ergy serves as an indicator to determine thermodynamic properties of
the metal surface and the work function is a descriptor of the adsorption
energy [36]. In this study, the adsorption energy indicates whether the
Bi-2H surface is stable, depending on how strongly the Bi atoms binds
to the ions. The value of the work function is the magnitude of energy
indicating whether the stabilized Bi-2H surface can readily provide
electrons to interfacial electron acceptors (e.g., CO5). The ion adsorp-
tion on the Bi-2H surface can change the work function (Wy) of the Bi
due to the interfacial electrons.

The adsorption energy of halide ions adsorbed to the bridge site of
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Bi-2H increased in the same order (Fig. 3a) as that noted for clean Bi:
Cl~ > Br~ > 1. This trend for the E,q4 of halide ions is consistent
with previous reports on Hg [37]. The W¢ value of Bi-2H was found to
increase as the adsorption energy of halide ions increased
(ClI” ~Br~ > I7). The work function and adsorption energy of anions
were inversely proportional to their size. This suggests that a strong
adsorption of anion makes electron transfer from the Bi-2H to an in-
terfacial acceptor (i.e., CO,) more difficult. On the other hand, alkali
metal cations were preferentially bound to the top and bridge sites of
the Bi-2H, with the adsorption energy following the order
Li* < K* < Cs™. However, opposite results for alkali metal cations
have been reported elsewhere [36], due to the consideration of dif-
ferent adsorption sites in this study. It should be noted that the mag-
nitude of the E,4s for the alkali metal cations can vary, particularly
depending on the adsorption sites. For example, E,4; of K* was more
negative than that of Li™ at the top and bridge sites of a pristine gra-
phene, but the opposite result was found at the hollow sites [38].
Meanwhile, the W¢ was inversely proportional to the adsorption energy
of alkali metal ions: Cs™ < K* < Li *. The relationship between E,q,
and W is the opposite of that for halide anions; the larger the cation is,
the higher is the adsorption energy, but the smaller is the work func-
tion. This suggests that Bi-2H activated by Cs* cation requires a
minimal thermodynamic energy to transfer electrons to COy*, pro-
viding more stable sites to react with CO,.

The adsorption energy of CO, onto Bi-2H pre-adsorbed with halide
anions decreased with decreasing anion size (Fig. 3b). Hence, the Bi
surface with C1™ is most favored for CO, adsorption, whereas the lar-
gest thermodynamic energy is required for the interfacial electron
transfer to the adsorbed CO, on the Bi with Cl™ due to the largest W¢
value. Among the cations, Cs* was found to be the best for CO, ad-
sorption while minimizing Wy, followed by K* and Li*. In contrast to
the case of halide anions, the cation size plays a positive role in the CO,
adsorption and following interfacial charge transfer.

The optimized adsorption geometries of CO, on the Bi-2H pre-ad-
sorbed with anions or cations is shown in Fig. S1. The CO, adsorption
led to rearrangement of the pre-adsorbed ions from the bridge site to
the top site of the Bi-2H, where each ion covered 2/9 of the surface.
Two adsorption modes of CO, were found: the oxygen bidentate mode
for anions and oxygen monodentate mode for cations. The oxygen
monodentate and bidentate modes represent that one and two O atoms
of adsorbed CO, (i.e., CO5*) are coordinated with the Bi surface, re-
spectively [38]. In the case of anions, CO, molecules prefer to co-
ordinate directly with Bi atoms; in the case of cations, CO, molecules
directly bind to the cations rather than the Bi atoms. Accordingly,
electron transfer can occur directly in the presence of anions (i.e., Bi —
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Fig. 3. Calculated adsorption energy and work function (a) before and (b) after CO, adsorption on the Bi-2H in the presence of different single type of ions. The clean

Bi has a work function of 3.41 eV according to the GGA + D2 method.
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CO,*) and indirectly in the presence of cations (i.e., Bi — cations —
CO,*). The molecular angle of CO,* in the oxygen bidentate adsorption
increases with increasing anion size (124.1° for CI~ < 130.2° for
Br~ < 172.7° for I7) (Fig. Sla—c); in contrast, the angle in the oxygen
monodentate adsorption decreases with increasing cation size (144.3°
for Li* < 176.2° for K* < 177.8° for Cs™) (Fig. S1d-f). Considering
the three-fold effect of ionic size on CO.RR (adsorption energy, work
function, and molecular angle), the Cs™ effect is obvious: decreasing
the CO, adsorption energy and reducing the work function for the
electron transfer from the preadsorbed Cs™ (on Bi atom) to CO,*. On
the other hand, the positive effect of C1™ (decrease in E,q4) should be
offset by the effect of the increase in Wy; the overall effect on CO>RR
should be determined by the relative magnitudes of the two.

The E.qs values of cation-anion pairs were further calculated. As
shown in Fig. 4a, the adsorption energies of M* /X~ were greater than
those of the respective single types of ions (i.e., M" or X~) at Bi (01 2)-
2H surface (e.g., E.gs = —3.97, —4.65, and —5.43 eV for Cs* Cl ™, and
Cs™/Cl™, respectively; see Table S1). The large E,.qs values of the ion
pairs indicate that they have more stable and charge-rich states for
following CO, adsorption. Such the enhanced effect by co-presence of
cations and anions was also found for W. For example, W of Cs* /Cl~
was estimated to be 2.42 eV, whereas W; values of Cs* and Cl~ were
3.10 and 3.50 eV, respectively. The attraction between M* and X~ on
the Bi-2H appears to decrease the W and facilitate the electron transfer
to CO,*. In addition, the CO, adsorption energy with the ion pairs

(> —3.84 eV) was greater than that with one kind of ions
(< —3.64 eV) (Fig. 4b). Such a synergistic effect of mixed ions was also
observed for the W¢ values (< 3.55 eV), which were lower than those
with one type of ions (> 3.57 eV). This indicates that the pre-adsorp-
tion of the ion pairs provides a better environment for the adsorption
and reduction of CO, than one type of ions.

The geometrical structures and charge changes of CO, adsorbed
onto Bi-2H with M* /X~ pairs were examined (Fig. S2). Although CO,*
was distorted by changes in some molecular angles and O—C—O dis-
tances, the optimized CO, adsorption configuration was found to be the
same as that with the cations (i.e., oxygen monodentate coordination).
Such direct bonding of the cations and the bent CO, molecule is at-
tributed to ion—dipole interactions. In addition, the net charge obtained
by the Bader charge analysis indicates how much charge transfer occurs
between the ion and CO, molecules on the Bi surface. The net charge of
O—C—O in the bent CO, molecule is negative, indicating CO, activa-
tion. On the other hand, negative and positive signs with the adsorbed
ions mean that charges are accumulated and depleted, respectively,
during CO,, activation. To examine the reaction activity of CO,* in the
oxygen monodentate, joint plots of the electron density and electro-
static potential were illustrated in a visual manner (Fig. 5). The electron
density isosurface plays as a descriptor of electrons at a particular value
and indicates that electrons are more concentrated in CO,* and anions.
Among the anions in the presence of Cs*, the magnitude of electron
density for C1~ was largest followed by Br~ and I™. Similar results were
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observed for K¥ /X~ and Li* /X~ pairs (Fig. S3).

In addition, high electron density was found around the oxygen
atoms of CO5*. In typical, if CO, with a non-dipole moment has a bent
molecular structure during adsorption [39], then the positive charge of
C atom and the negative charge of the O atom in the bent 0—C—O have
a dipole moment (Fig. S2). The topography of electrostatic potential
further illustrates a three-dimensional contour map that identifies the
reactive sites of Bi-2H for electrophilic attack of CO,. The CO5 molecule
and halide ions encircled by a negative region have charge density
leading to electric fields and favors positive charge species such as
proton. On the contrary, the positive region has the maximum elec-
tronic potential to act as electron donors. This indicates that adsorbed
CO,, species necessarily bind to proton, causing a reduction reaction to
transform into C—H products.

3.3. Reaction pathways for HCOOH formation

Based on aforementioned adsorption studies, the electrochemical
CO,RR pathways on Bi-2H with M* /X~ pairs in aqueous media was
simulated while considering the proton-coupled electron (H*/e™)
transfers in the initial stage followed by the C—H bond formation and/
or O—C bond breakage (R1)-(R4).

CO, — CO,* (R1)
CO,* + H" + e~ — *OCHO (Path-I) or *COOH (Path-II) (R2)
*QCHO (or *COOH) + H* + e~ — HCOOH* (R3)
HCOOH* — HCOOH + * (R4)

Two reaction intermediates (oxygen-bound *OCHO intermediate
and carbon-bound *COOH intermediate) were considered and their free
energy diagrams were constructed. Two reaction pathways were ex-
amined until reaching the desorption state of final product (HCOOH*)
from gas-phase CO, adsorption through the *OCHO and *COOH in-
termediates (Fig. 6). More detailed information about the adsorption
configurations of *OCHO, *COOH, and HCOOH* is shown in Fig. S4,
S5, and S6, respectively.

Cs*/X: Fig. 6a shows the reaction pathways in the presence of
Cs™ /X ™. For the *OCHO-mediated pathway (Path-I), the CO, adsorp-
tion (R1) with CI~ was more favorable than those with Br~ and I". The
same tendency was found for the *COOH-mediated pathway (Path-II).
In the following first and second H* /e~ transfer steps ((R2) and (R3),
respectively), the free energies with Br~ and Cl~ were significantly
lower than that with I” in both pathways. However, the *OCHO-
mediated pathway was favored over the *COOH for the same anions in
the first H* /e transfer step (R1). This indicates the former being a
dominant intermediate. In the desorption step (R4), the low free energy
of CI™ ™ allows to produce HCOOH more preferentially than Br~ and
1™, suggesting that the presence of Cl~ results in a more favorable
pathway to produce HCOOH.

K*/X™: Fig. 6b also compares the effects of K* /X~ on HCOOH
formation through the two Paths. In the *OCHO-mediated route (Path-
I), CI~ was found to be the most beneficial in CO, adsorption and
desorption of HCOOH*. The latter step was endergonic for Br~ and I™.
In the *COOH-mediated route (Path-II), CO, adsorption with I~ and
desorption of HCOOH* with Cl1~ and Br~ were endergonic. Overall,
Path-I is favored over Path-II, which is similar to the case of Cs*/X~.

Li*/X": The reaction pathway diagram with Li*/X~ was also
compared (Fig. 6¢). In the *OCHO-mediated route (Path-I), C1~ was the
most effective in the CO, adsorption and yet made the HCOOH* des-
orption most endergonic. In the Path-II, the CO, adsorption step is the
most endergonic with Br~ and I~, whereas the first H" /e~ transfer
step requires a significant energy with Cl~. Overall, Li* /X~ favors
Path-I slightly over Path-II, like the cases of Cs* /X~ and K*/X".

As discussed above, the *OCOH-mediated routes require less energy
than the *COOH-mediated ones in all the cases of M* /X ™. Hence the
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HCOOH formation should predominantly follow the former route on Bi-
2H surface, which is consistent to the other computational mechanism
studies on the photocatalytic and electrocatalytic HCOOH production
[2,11,39-42]. In the *OCOH-mediated route, cascaded reaction profiles
from CO,* with overall energies of 0.37 eV and 0.50 eV were obtained
with Cs*/Cl~ and K*/Cl™~ pairs, respectively. This indicates that once
CO, is adsorbed, then the following reactions proceed spontaneously on
the Bi-2H with either Cs*/Cl~ or K*/Cl~ pairs. Our recent experi-
mental study found a positive effect of supporting CsCl and KCl elec-
trolytes on the electrocatalytic conversion of CO, to HCOOH with
porous Bi dendrites [2,11,40], consistent with this computational re-
sult.

4. Conclusions

This DFT study revealed that alkali metal cations and halide anions
pairs played major roles in determining the reaction pathways of
electrochemical CO, reduction on the Bi surface. The adsorption of a
single type of ions (except for H*) occurred spontaneously (i.e.,
E.gs < 0) with larger adsorption energies for the smaller anions and
the larger cations. In the co-presence of the anions and cations, the
adsorption energy of cation-anion pairs on hydrated Bi (Bi-2H) became
more negative than the cases of the anions alone and the cations alone,
particularly when the cation is larger than the paired anion. Such a
synergistic effect of the mixed ions was found for the work function
values as well. This suggests that the Bi surface adsorbed with the
mixed ions are promising for CO, adsorption and following interfacial
electron transfer. The simulation on the CO,RR pathways on the Bi-2H
surface adsorbed with the mixed ions confirmed this hypothesis.
Between the two possible reaction pathways involving *OCHO and
*COOH intermediates, the former pathway required less energy than
the latter in all types of the cation—anion pairs. This suggests that the
selective HCOOH formation on Bi surface proceeds predominantly via
the *OCHO intermediates. In this route, cascaded reaction profiles from
CO,* to HCOOH with overall energies of 0.37 eV and 0.50 eV were
obtained with Cs*/Cl~ and K*/Cl™ pairs, respectively. Accordingly,
once CO, is adsorbed, the following reactions proceed spontaneously on
the Bi-2H with either Cs*/Cl~ or K*/Cl~ pairs. This finding is con-
sistent with recent experimental studies on the positive effect of sup-
porting CsCl and KCl electrolytes on the electrocatalytic conversion of
CO, to HCOOH with porous Bi dendrites.
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