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Abstract

Investigating spin dynamics in electrocatalysis is crucial for the rational design of
paramagnetically heterogeneous catalysts. Utilizing spin-polarized density functional
theory (DFT) calculation, herein, we identify spin dynamic of diatomic Coz-supported
y-graphyne (Co2-GY) catalysts during the process of CO electroreduction ( eCORR ),
focusing on the effect of the applied potential and acidy on spin dynamic and catalytic
performance. Specially, the obtained Co-GY shown a new efficient C, pathway of
CH>* + CHO* coupling mechanism, resulting in the optimal CH3CH2OH product with
AG of 0.50 eV and the selectivity of 99.99% under alkaline condition. Under acidic
media, Co>-GY exhibited the optimal C; product (CH30H) with AG 0of 0.27 eV and the
selectivity of 99.99%. During CO electroreduction, the reaction environment (pH and
applied potential) influences spin dynamics in catalyst-reactant systems, affecting the
spin transition of diatomic Co> active sites among four magnetic states: ferromagnetic,
antiferromagnetic, paramagnetic, and diamagnetic. These finding will be helpful for

rational design of transition-metal heterogeneous catalysts.

Keywords: Spin Dynamic; Dual Metal-Atom Catalyst; CO electroreduction; Applied

Potential
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1. Introduction

The latest five years have witnessed that carbon neutrality, balancing between
emitting carbon and absorbing carbon from the atmosphere, is spurring a large research
effort to develop new photocatalysts/electrocatalyst for the conversion from CO; to
high value-added chemicals (e.g., CHa,'* CH3;OH,> ¢ CH3CH3;,”” CH3CH,OH,!%1?
HCOOH' * et al.). However, the complexity of the proton-coupled electron transfer
(PCET) process in CO; reduction, influenced by various factors including catalyst
properties and reaction conditions, has limited the selectivity of these technologies for
specific products, hindering their commercialization. Fortunately, the exceptionally
high conversation rates (>99%) from CO; to CO was developed at commercially viable
levels because of relatively simple two-step PCET process.'> 16 Therefore, CO, as a
pivotal intermediate, opens the possibility of breaking down CO: reduction into two
distinct stages: COz to CO conversion and CO reduction. Therefore, the exploration of
high-selectivity catalysts for CO reduction (CORR) holds promise for advancing CO>
reduction technologies (CO2RR).

Electronically, unlike orbital property, which relates to the spatial distribution of
electrons, spin is an intrinsic property of electrons and is mainly responsible for the
magnetic behavior of atoms. Heterogeneous catalytical property, in the presence of non-
quenched magnetic moments of active sites and corresponding interactions, is
influenced by spin dynamic (e.g. magnetic exchange) as well as the orbital properties

both geometrically and electronically. The effect of spin dynamic on chemistry (e.g.

)7 )26 was realized half a

radical reaction and biology (e.g. magnetoreception of bird

century ago. In recent years, much effort has been paid to the enhancing role of spin
dynamic induced by magnetic field on catalytic properties, such as oxygen evolution
reaction (OER), oxygen reduction reaction (ORR), nitrogen reduction reaction (NRR).

For instance, Shen et al.?’

found effective magnetic field regulation of the radical pair
spin states during electron-transfer process for the enhanced properties of CO2
electroreduction. Sun et al.”® revealed the transition from ferrous to ferromagnetic

behavior in NiFe-LDHS, impacting OER performance, especially with Cu?** influence.

Yu et al.** demonstrated the significance of magnetic coupling in CoMNs-gra(OH) for
3
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enhancing ORR performance. Dang et al. *°

improved NRR catalytic activity by
controlling the electron spin moment of Mo in MoS; via doped metal atoms. While
electronic properties related to orbital degrees of freedom, such as metal-support
interaction and d-band center theory, have been extensively studied, the spin dynamics
during catalytic processes, especially in the context of the interaction between reaction
species and active sites, remained unclear both experimentally and theoretically.
Herein, we utilized spin polarization DFT calculation to investigate spin dynamic

behaviors of magnetic Coz supported ony-graphyne (Co2-GY) dual metal-atom catalyst
(DMAC) during eCORR process, focusing on the electrochemical environment and
spin dynamic on the activity and selectivity. Specially, rection condition, e.g. solvent
acid and applied potential, were taken into account under constant-potential implicit
solvent model, and different magnetic states of Co2-GY were considered. Co2-GY
displays intriguing spin dynamics with magnetic exchange between two Co ions, and
thereby features a novel and efficient C-C coupling mechanism. It is found that Co-
GY shown the outstanding catalytic activity and selectivity for CH;CH>OH.
2. Computational Details

Spin-polarized density functional theory (DFT) calculations were carried out
utilizing the Vienna Ab initio simulation package (VASP 6.3.1).3! The Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) was
used to describe the exchange-correlation interaction in Kohn-shame equation.*®** The
projector-augmented wave (PAW)*-based pseudopotential, featuring the greater
computational efficiency and high accuracy, was utilized to describe the interaction
between ions and electrons.** ¥ The cutoff energy of 400 eV was used to expand plane
wave function to describe valence electrons. For all calculations, the convergence
thresholds for energy and force were set to 10~ eV and 0.05 eV/A, respectively. k-points
sampling of 3x3x1 following Monkhorst-Pack strategy was used for structural
optimization, while a comparatively denser k-points grid of 9x9x1 was used for the
electronic structure and magnetic-property calculations.*® A vacuum layer of 15 A was
used to prevent the interaction between periodic images. The DFT-D3 method of

Grimme was used to correct the vdW interactions.?”> *® The VASPKIT code was used
4
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for postprocessing of the VASP computational data.>® To confirm the magnetic state,
Dudarev's formulation*® with a Hubbard model (Uesr= 5.25 eV for Co, 5.16 for Fe and
4.967 for Ni)*!' was utilized to include strong correlation effects of 3d electrons. The
effective Hubbard (Ukfr) values of Co and Fe were calculated utilizing linear response
method*. To validate PBE+U results, we utilized the OPBE functional, derived from
OPTX exchange functional®, known for its computational reliability and efficiency in
describing the electronic structure of transition metals,** in the self-consistent field
(SCF) calculation. More computational details were given in the Supporting
Information.

The Gibbs free energy (AG) was calculated as followed:*

AG = AEprr + AZPE -TAS + AGpu +AGu Eq (1)

where AEprr is the system energy from DFT calculation. AZPE represents the zero-
point energy by frequency calculation. Temperature 7 is equaled to 298.15 K. AS is
entropy. The AZPE and AS of steady intermediates of Ci/C reaction pathways were
listed in Table S20-S21. The AGpn and AGy are defined as follow:

Gu=-neU Eq (2)

where 7 is the transferred electron number. U is neglected in calculation.

Gpu=-kgTIn(H") = pH X kg TIn10 Eq (3)

where ks is the Boltzmann constant. pH is typically set as zero in all calculations.

The selectivity of Co/CORR was estimated according to the Boltzmann distribution:
fcacorr = 1/[1+exp(8G/ksT)] Eq (4)

where dG is the difference in free-energy change between two competitive reactions,
kg 1s the Boltzmann constant, and 7' is the temperature.

The double-reference method was employed to simulate the electrochemical
metal/solution interface and to evaluate the effects of solvation and the applied potential
on the whole catalytic reaction.*> *” Specially, the solvent environment was described

by implicit solvation model utilizing the VASPsol,*3 4’

and the relative permittivity of
80 was set to model the aqueous electrolyte. To mimic the compensating charge, the
linearized Poisson—Boltzmann model was applied with a Debye length of 3.0 A. To

clarify the reaction mechanism under different electrode potentials, we added the excess

5
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charge of the unit cell (An) from —2.0 e to +2.0 e with step size of le. The optimal
magnetic state under the constant-potential model is obtained by the combination of the
potential correlation curves of each intermediate under different magnetic states and pH
corrected energy.

The electric potential of the slab referenced to the SHE is formulated in Eq 5.

Uq (V/SHE) =-4.6 V - Og/e Eq (5)

where -@4 is the work function of the charged system. —4.6 V is the absolute electrode
potential of the SHE benchmarked in VASPsol.

The potential-dependent energy of the system (£) is defined in Eq 6.

E = Eprr — An(Vsot — Dg/e) Eq (6)

where Eprr is the DFT-calculated energy, Vso is the electrostatic potential of the bulk
electrolyte.

The E-Uj points follow a quadratic function as

E(Ug) = -1/2C(Uq — Uy)* +Eo Eq (7)

where Uy, C, and Ey are the fitted values of the potential of zero charge (PZC),
capacitance of the corresponding system, and the energy of the system at the PZC,
respectively.
3. Results and Discussion
3.1 Geometry and Magnetic Configuration

Firstly, the optimized y-graphyne (GY) with lattice constants of 13.79 A, compatible
with previously reported results, was presented in Figure 1a. Structurally, the average
C-C bond attains the lengths of 1.22 A for sp-sp carbons, 1.41 A for sp-sp? carbons and
1.41 A for sp*-sp® carbon in two neighboring C» rings, respectively (see Figure S1 and
Table S1-S2). Transition metals, especially for VIII group metals, usually exhibits good
catalytic activity for heterogeneous catalysis. Thus, three VIII group transition metals,
consisting of Fe, Co and Ni, were selected as theoretical active site and load on GY by
the d-m types coordination bonds of M and acetylene, resulting in three types of DMACs
( label as M>-GY ) as shown in Figure 1b. Structurally, two adjacent metal ions in y-
graphyne feature the distance of 3.85 A by an acetylene bond.

Electronically, two adjacent paramagnetic (PM) metals feature two types of magnetic
6
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exchange, containing spin-parallel ferromagnetic (FM) state and spin-antiparallel anti-
ferromagnetic (AFM) state. Thus, magnetic ground states of M>-GY were firstly
identified. As is well-known, Fe, Co and Ni ions experimentally feature two valence
states (+2 and +3), leading to the different d-block electron conformations (Fe: 3d°, 3d°;
Co: 3d%, 3d’; Ni: 3d’, 3d®). To identify electronic configuration of FM and AFM ground
states of DMAC:s, the initial structures with possible unpaired electron number were
fully relaxed (see Figure S2-S3 and Table S3). Clearly, it is revealed that (1) Each Fe
of Feo-GY both FM and AFM states feature +2 valence with triplet. (2) Each Co of Co;-
GY both FM and AFM attains features +2 with doublet. (3) Each Ni atoms of Ni>-GY
for FM and AFM states feature closed-shell electronic configuration with +2 valence.
Subsequently, magnetic ground state of M>-GYs was further identified. However,
accurately determining these states was challenging due to the self-interaction error
associated with the pure PBE functional. Thus, through the contrast calculations (PBE,
OPBE and PBE+U), we validated that Fe2/Co2-GY thermodynamically features weak
ferromagnetic property (see Table S4). Such magnetic properties are mainly
contributed by ferromagnetic exchange between two paramagnetic Fe/Co metals (see
Table S3). The partial density of states (PDOS) of d orbitals in Fe/Co on ground states
Fe2/Cox-GY ( see Figure 1d and Figure S3 ) shown obvious spin polarization between
the PDOS of spin-up and spin-down (see Table S3). The spin arrangements in five d
orbitals of Fe/Co on ground-states FM and AFM Fe»/Co2-GY are fascinating. The
optimized structures of ground states FM and AFM Fe,/Co2-GY were exhibited in
Figure S4. Take C02-GY as an example. From Figure S4, the Co and GY were in a
plane, as well as each Co is coordinated by three C=C bonds of GY via the z-type
electron pairs, resulting in the planar triangular coordination fields with D3, symmetry.
According to coordination field theory, the splitting of d orbitals is depicted in Figure
le-1f for FM and AFM Co-GY. The double degenerate dxy and dxz.y2 orbitals was
singularly occupied by unpair electron, which propagates with the adjacent Co*" ion via
the supper-exchange interaction of C=C. Similarly, the magnetic configurations of

ground states FM and AFM Fez-GY were traced in Figure SS.
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Figure 1. (a) The optimized structure of GY. (b) The structure scheme of M>-GY. (c)
The scheme of FM and AFM M>-GYs. (d) The PDOS of d orbitals in Co on ground
states FM and AFM Co2-GY. e-f) The schematic diagrams of d orbitals splitting and
spin electron arrangement in each Co for FM and AFM Co>-GY.

The thermodynamic stability of ground states Fe»/Co2-GY with both FM and AFM
configurations was thoroughly examined through the analysis of binding energies, as
depicted in Figure 2a. The results reveal a notable absence of cluster formation for
Fe/Co, as all binding energy values are consistently below zero (Fe: -4.34 for FM state,
-4.32 for AFM state; Co: -5.37 for FM state, -5.31 for AFM state). These findings
strongly suggest the feasibility of experimental realization of Fex/Cox-GY.
Comparatively, the interaction between cobalt (Co) and graphene (GY) exhibits a more
pronounced binding affinity, owing to the considerably lower binding energies

observed in both FM and AFM configurations. Notably, the stability characteristics of

8
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Fe/Co are nearly indistinguishable between FM and AFM configurations. In addition,
the stability of FM Fe/Co was basically same as that for AFM ones. These suggests the

stability of magnetic metals is closely related to the classes of metals in DMAC:s.

3.2 CO Adsorption

According to Sabatier principle,*® achieving a moderate bond strength between the
reactant CO and M»>-GY emerges as a pivotal prerequisite for catalyzing CORR.
Examining Table S5, we observe that when a single CO molecule is adsorbed, the
magnetic ground state remains unaltered for Fe»-GY, whereas for Co2-GY, the magnetic
exchange shifts from FM to PM states. During the initial CO adsorption event, Fe>-GY
features an adsorption energy of -1.59 eV, while Co2-GY records -1.40 eV with a
magnetic inversion. Similarly, upon the second CO adsorption, the adsorption energy
for Fe>-GY reaches -2.19 eV, accompanied by a magnetic phase shift from FM state to
diamagnetic (DM) state, leading to pronounced CO poisoning. This underscores the
unsuitability of Fe>-GY to catalyzing CORR. In contrast, Co>-GY exhibits a slightly
reduced adsorption strength, decreasing from -1.40 eV to -1.25 eV, while maintaining
an AFM state. This suggests that Co2-GY holds promise for exhilarating research in
eCORR . Moreover, it is essential to highlight that the transformation of the magnetic
phase significantly influences adsorption pathways in catalytic reactions. To assess the
potential for competing hydrogen evolution reactions (HER) during eCORR, the
adsorption energy of hydrogen on Co2-GY, calculated based on the most-steady state
principle, stood at 0.05 eV. This value is lower than the adsorption energies of the two
CO molecules (-1.40 and -1.25 eV), indicating a preference for CO reduction. In general,
when experimentally exposed to CO environment, both Co2-GY and Fe>-GY adsorbs

two CO molecules. Co2-GY has suitable adsorption property to catalyzing eCORR.
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Figure 2. (a) The binding energy of Fe/Co, and (b) The adsorption energy of the first
and second CO for Fe2/Coz-GY with FM and AFM. (c) The schematic diagram of three
traditional C-C coupling mechanisms and five possible coupling modes. (d) The

corresponding reaction pathways via the above C-C coupling mechanisms.

3.3 C-C Coupling Mechanisms and C: Reaction Pathway
The C-C coupling is a crucial step for the formation of high-value added multi-carbon

(C2+) chemicals via CO reduction. Nevertheless, electrocatalytic C-C coupling remains

10
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a challenging experimental objective. The diversification of reactive sites and coupling
mechanisms plays a crucial role in promoting C-C coupling reactions. Typically,
Copper catalysts are prevalent in CORR/CO2RR, with Cu-Cu sites spaced at
approximately 2.7 A.5-4 Frustrated Lewis pairs (FLP) exhibit nonmetal-nonmetal
active sites, typically with B-N distances ranging from 3.2 to 4.1 A.% Whether it is
possible for two Co site with the distance of 3.80 A catalyze the coupling reaction of
two adsorbed CO molecules under electrochemical condition? Therefore, we firstly
conducted following coupling studies. C-C coupling requires a significant amount of
energetic penalty, making it a potential limiting factor. Simplifying C-C coupling is
essential to enhance C» product yields. Three mechanisms (I-III) of C-C coupling (see
Figure 2c¢), involving CO* dimerization, CO* + CHO* coupling, and carbine (CH2*)
dimerization, have been extensively studied both theoretically and experimentally to
date. To realize the three mechanisms, the reaction pathways (A-C) based on the most
stable structures in both FM and AFM states were described in Figure 2d and structure
energies of all intermediates were counted in Table S6. (I) CO* Dimerization: A free
energy of 1.00 eV is needed to accomplish this step on Co>-GY without inducing
magnetic conversion. In Pathway A, dual CO* coupling was the potential-limiting step
(PLS) and the magnetic transition sequence along this pathway was: FM - PM - AFM -
AFM. (II) CO* + CHO* Coupling: In Pathway B, achieving this step involved a 1.40
eV increase in free energy and a transition from PM to FM, making it a potential
limiting step. The magnetism transition sequence throughout this process was FM - PM
-AFM - PM - FM. (IIT) CH2* Dimerization: Unfortunately, Co>-GY with adsorbed CH>
was not in the most stable state; instead, Co2-GY adsorbing CHj3 in the sixth
hydrogenation (Figure 2d and Table S6) emerged as the more stable option, suggesting
that CH>* dimerization is not practically feasible. The challenging reality is that CO*
dimerization was the most favorable, but its realization incurred a substantial cost due
to the 1.00 eV free energy constraint. Under this situation, five possible coupling
pathways as follows: (1) CHO* dimerization, (2) CH.O* + CHO* coupling, (3)
CH2*OH + CHO* coupling, (4) CH>* + CHO* coupling and (5) CH3* + CHO*

coupling, were further identified in Pathway C (see Figure 2¢c-2d). Within this context,
11
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C-C coupling remained unachievable due to a substantial increase in free energy by
0.94 and 2.03 eV in modes 1 and 2, respectively. These coupling steps were all PLSs,
accompanied by magnetic transitions from DM to FM and PM to PM. Additionally, the
coupling between CH,OH* and CHO* in mode 3 could not be realized due to the
significant steric hindrance posed by CH,OH?*. Furthermore, in mode 5, the free energy
required for C-C coupling was only 0.68 eV (PLS, DM - AFM), significantly lower
than the 0.94 eV threshold, indicating that C-C coupling became considerably less
challenging. Intriguingly, in mode 4, the reaction's free energy for CH* + CHO*
coupling (PM - PM) was -0.23 eV, suggesting that this coupling step was
thermodynamically spontaneous. This spontaneity was due to a combination of reduced
steric hindrance (see Figure S6) and enhanced attraction between the double carbon
atoms during pre-coupling, as indicated by Bader charge analysis (see Table S7). In
this pathway, the PLS is no longer the C-C coupling step but the hydrogenation from
CHO* + CHO* to CH20* + CHO*, involving a magnetic transition from DM to PM
and an associated reaction energy of 0.58 eV (< 0.68 eV in mode 5). As aresult, a highly
efficient and new C-C coupling reaction pathway (CH»* + CHO* coupling) has
emerged, featuring magnetic transitions in the sequence FM - PM - AFM - PM - DM -
PM - PM - PM - PM. Similarly, when considering only FM or AFM, the optimal C-C
coupling mechanisms were either CH.O* + CO* coupling or CHOH* + CHO*
coupling, with the potential limiting step being the formation of CHO* + CO* (0.47
eV) or CHOH* + CHO* (0.77 eV), as shown in Figure S7-S8. All structure energies
of intermediates are detailed in Table S8. Hence, the magnetic transition is also a
significant factor to affect C-C coupling mechanism and pathway.

Furthermore, the PM Ho,CCHO* was selected as the precursor of C products on FM
and AFM Co2-GY (see Figure S9), and all the most stable intermediates were shown
in Table S9. The initial protonation of PM H>CCHO* occurs on the C or O atoms,
resulting in HCCHOH*, H,CCH>O* or H3CCHO* intermediates. Among them, the
first protonation of PM H,CCHO* to FM H3CCHO* was thermodynamically favorable
with the free energy of -0.45 eV. Then, a proton attacked the C or O atoms of FM

H3;CCHO* to form two kinds of intermediates, i.e., H3CCH,O* and H3CCHOH¥*. In
12
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this regard, the AFM H3CCH>O* possessed optimal stability with the uphill trend of
AG = 0.12 eV, which is endothermal with non-magnetic phase transition. Similarly,
further hydrogenation of AFM H3CCH,O* results in the most stable FM H;CCH,OH*
with the downhill trend of AG = -0.28 eV among two classes of intermediates:
H3CCH>OH* and H3CCH3 + O*. In the end, the desorption of adsorbed CH3CH,OH
required 0.32 eV free energy, suggesting the desorption is relatively easy. Therefore,
combining the results of Figure 2d and Figure S9, the CH3CH>OH is the final C;
product via CH2* + CHO* coupling in the most steady state pathway, portrayed in
Figure 3a,ie.,* — CO* — CO*+CO* — CHO*+CO* — CHO*+CHO* —
CH.O* + CHO* — CH;OH* + CHO* — CHy* + CHO* + H,O — H>CCHO* —
H3;CCHO* — H3CCH,O* — H3CCH,OH* — H3CCH;OH + * with transition
process of magnetic phase: FM - PM - AFM - PM - DM - PM - PM - PM - PM - FM -
AFM - FM - FM (Magnetic moment of each intermediate is listed in Table S10), in
which the formation of PM CH,O* + CHO* was as the PLS with boost of 0.58 eV free
energy. All the most stable structures of intermediates in this pathway were enumerated
in Figure 3c. The reaction pathways of only considering FM or AFM based on the most
stable intermediates were exhibited in Figure S10-S11 and structural energies were
shown in Table S11, revealing the HOH>CCH>OH or CH3CHj3 was the final C; product
with the formation of CHO* + CO* (0.47 e¢V) or CHOH* + CHO* (1.00 eV) as the
PLS. These indicate a surprising conclusion was obtained, i.e., the magnetic phase
transition does change the Cs reaction pathway and activity.
3.4 Electrochemical Condition-Dependent Spin Dynamic and Catalytic
Performance for C: pathway

Experimentally, the activity and selectivity to C, products via CORR are significantly
influenced by pH values of solvent and applied potential due to the variation of
intermediates. Herein, the same reaction pathway as above study was selected. Figure
S13-S14 shown the potential dependence of energies and adsorption energy on bare Coo-
GY and intermediates (see Figure S13 are Table S12). Under applied potential, both
Co02-GY and intermediates undergoes magnetic transition, and thereby induces different

adsorption conformations of oxygenated species, inevitably affecting the reactivity of
13
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Co-pathway. At constant potential model, according to the equation: U/RHE = U/SHE +
ksTIn(10)pH/e, when U/RHE is fixed, the U/SHE is the function of pH. Thus, reaction
property to Ca products is also highly dependent on pH values.

Three environments (pH = 0, 7, and 14) were selected to investigate C»-catalytic
activity and magnetism transitions under acidic, neutral, and basic conditions, as shown
in Figure 3a. The structure energies were counted in Table S13. At pH = 0, the CH>*
+ CHO* coupling occurred with a 0.31 eV free energy change, distinct from the vacuum
conditions. Nevertheless, other steps' free energy changes and the magnetic ground
states of all intermediates remained like those in vacuum. The PLS still belonged to the
formation of CH>O* + CHO* with free energy change 0of 0.54 eV (< 0.58 eV in vacuum).
At pH = 7, the free energy changes for two steps, the creation of HCCHO* and the
removal of adsorbed H3CCH>OH, are significantly different from those in a vacuum
(0.24 and -0.05 eV versus -0.23 and 0.32 eV). Hence, the transition process of magnetic
phase was as follows: FM - PM - AFM - FM - DM - PM - FM - PM - PM - FM - DM -
PM - FM. While the PLS was also the production of CH>O* + CHO* with 0.50 eV (<
0.58 eV in vacuum) reaction energy. Likewise, at pH = 14, compared to reaction
energies in a vacuum, both the generation of H;CCH20* and the removal of adsorbed
H3CCH>OH shift from non-spontaneous to spontaneous (-0.09 eV from 0.12 eV; -0.35
eV from 0.32 eV), whereas the formation of HCCHO* changes from -0.23 eV to 0.29
eV. In whole pathway, the step, CHO* + CHO* — CH,0* + CHO*, was still as the
PLS with a rise 0f 0.50 eV free energy, which lower than 0.58 eV in vacuum. Moreover,
the transition process of magnetic phase was FM - PM - AFM - PM - DM - PM - FM -
PM - PM - FM - DM - FM - FM, in which three of them differed from those in vacuum.
Hence, adjusting pH serves as a crucial means to control Cs-catalytic properties and
induce magnetic transitions in the reaction. Moreover, C; reaction activity was similar
in neutral and alkaline solvents, slightly outperforming acidic solvents. Considering the
crucial role of external potential in electrocatalysis, it induces structural changes in
reaction intermediates. As shown in Figure S12, at different potentials (-0.973 V/SHE
and 1.575 V/SHE), the orientations of C-O bonds in the intermediates CH>O* and

CHO* change. This variation may have implications for subsequent coupling reactions.
14
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Subsequently, we evaluated the initial potential for the C; reaction on the catalyst at
different pH values, as illustrated in Figure 3b. The influence of pH on the applied
potential for the C; reaction was found to be extremely subtle, with a difference of
approximately 0.001 V observed across diverse pH levels. Figure 3b vividly
demonstrates that the applied potential exerts a substantial promotion on the catalytic
reaction activity. Notably, since desorption belongs to the realm of chemical processes,
the applied potential lacks the ability to modify its thermodynamic tendency.
Consequently, at U = -0.50 V/RHE and pH = 0, the desorption of ethanol remains an
endothermic process. It is worth noting that the presence of adsorbates typically triggers
alterations in the point of zero charge (PZC) and the capacitance of the electrochemical
surface. In comparison to the exposed Co2-GY, each reduced intermediate exhibits a
negative shift in their respective PZCs, signifying an enhanced surface electron release
capability and, thus, improved reduction performance (Table S14). During the PZC
transition, CO adsorption slightly raises capacitance, but as reduction continues,
capacitance slightly decreases. The adsorption behavior of reactants is notably affected
by both the PZC transition and capacitance changes, as illustrated in Figure S14. In
contrast to the bare Coz-GY surface, the PZC transition for the key adsorbates CH20*
+ CHO* is relatively small, approximately 0.03 V. Consequently, within the same
potential range (-3 V to 2 V), their adsorption fluctuations exhibit considerably more

pronounced variations.
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Figure 3. (a) The whole most-steady state C, reaction pathway and magnetic phase
transition via CH>* + CHO* coupling mechanism in vacuum and implicit solvent with
pH =10, 7 and 14 (IS, IM and FS represent initial state, intermediate and final state,
respectively). (b) Free energy profile of C; reaction pathway on Coz-GY at U = -0.50
V/RHE, pH = 0; U =-0.50 V/RHE, pH = 7 and U =-0.50 V/RHE, pH = 14. (c) All the
most stable structures of intermediates in the most-steady state Cz reaction pathway in
vacuum(cl corresponds to IS and FS in Figure a, while c2-12 correspond to IM1-11 in

Figure a, respectively).

3.5 Electrochemical Condition-Dependent Spin Dynamic and Catalytic
Performance for Ci1 pathway

Moreover, we evaluated the potential dependence of reaction pathway of Ci
products based on the steadiest state structures. In vacuum, CH30H was the final C,
product in the most stable pathway, i.e., * — CO* — CHO* — CHOH* —
CH,OH* — CH3OH* — CH3OH + *, accompanying with the magnetic transition
pathway: FM - PM - FM - DM - FM - FM - FM (see Table S15). Herein, the
hydrogenation of CO* to form CHO* was the PLS with the uphill trend of AG = 0.48
eV (see Figure 4a and Table S16). The most stable intermediate structures in this
pathway are shown in Figure 4c¢. Figure S15-S16 illustrated the total energies of five
types of intermediates and their adsorption energies under different magnetic states at
various applied potentials (see Figure S15 and Table S17). These results reveal the
significant impact of the applied potential on both the magnetic ground state and the
adsorption interactions between Co02-GY and adsorbed species. Additionally,
employing a constant potential model, we chose three solvent environments at pH levels
of 0, 7, and 14 to assess the influence of pH on catalytic activity and magnetic
transitions (see Figure 4a and Table S18). In the acidic environment, the change of
reaction free energy is different from that in vacuum, including the change of PLS (from
the formation of CHO* to the formation of CH30OH*), and the desorption of adsorbed
CH30H, which became spontaneous with a -0.18 eV free energy, in contrast to the 0.33

eV in vacuum. In this pathway, the formation of CH30H* exhibited lower PLS with a
17
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0.27 eV free energy (compared to 0.49 eV in vacuum, the formation of CHO¥).
Unfortunately, the magnetism conversion process remained consistent with that in a
vacuum. At pH = 7 and 14, the free energy trends for all reaction steps resembled those
in a vacuum. The PLSs were not the formation of CHO* or CH3OH*, but rather the
generation of CHOH* with free energies of 0.51 eV and 0.73 eV, both higher than the
0.49 eV value observed in a vacuum. Notably, there were distinct sequences of magnetic
transitions at pH = 7 (FM - PM - DM - PM - DM - FM - FM) compared to those
observed under vacuum conditions, while the magnetic transition sequence remains
unchanged at pH = 14 (FM - PM - FM - DM - FM - FM - FM). In general, both the
solvent and pH levels synergistically influence C; reaction activity and spin flipping.
Specifically, C; activity is highest in acidic conditions and lowest in alkaline
environments. In contrast to the C; reaction, the influence of pH on the applied potential
for the C; reaction is significant, as depicted in Figure 4b. At pH = 0, the applied
potential (U =-0.23 V/RHE) is lower than the -0.50 V/RHE observed for the C; reaction,
indicating that, under this pH condition, the C; reaction exhibits superior performance
compared to the C; reaction. As the pH increases, the applied potential undergoes a
sharp increase, reaching -1.27 V/RHE at pH = 7 and -1.73 V/RHE at pH = 14. This
remarkable shift can be attributed to the changes induced by pH-dependent potential-
limiting steps. Furthermore, the PZC and capacitance of the electrochemical surface
experience modifications in the context of the C; reaction. Additionally, each
intermediate displays a negative shift in their respective PZCs, as indicated in Table
S19. Among the intermediate species, CHOH* undergoes the most significant PZC
transition, approximately 0.37 V, in comparison to the bare Co-GY surface.
Consequently, the adsorption energy of CHO* exhibits a more prominent increase as
the external potential rises, resulting in a difference of approximately 3 eV in its

adsorption energy within the same potential range (-3 Vto 2 V).
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Figure 4. (a) The most-steady state C; reaction pathway and magnetic phase transition
in vacuum and implicit solvent with pH = 0, 7 and 14 (IS, IM and FS represent initial
state, intermediate and final state, respectively). (b) Free energy profile of C; reaction
pathway on Co>-GY at U =-0.23 V/RHE, pH =0; U=-1.27 V/RHE, pH=7and U = -
1.73 V/RHE, pH = 14. c) All the most stable structures of intermediates in the most-
steady state C; reaction pathway in vacuum (c1 corresponds to IS and FS in Figure a,

while ¢2-6 correspond to IM1-5 in Figure a, respectively).

4. Conclusions

In summary, we screened out the Co2-GY to systematically investigate the synergetic
effect of the applied potential and acidy on spin dynamic and catalytic performance
(especially for selectivity) for Co/C; products of CO electroreduction via the constant-
potential implicit solvent model. Our findings indicate that under acidic condition, Coa-
GY exhibits high CH30H selectivity (around 99%) and an activity of 0.27 eV, while
under basic conditions, it achieves a CH3CH20H selectivity of over 99% and an activity
of 0.50 eV. During electrocatalysis, Co>-GY displays intriguing spin dynamics with
magnetic exchange between two Co ions, following the pathway: FM - PM - AFM -
PM - DM - PM - PM - PM - PM - FM - AFM - FM - FM. This leads to a novel and
efficient C-C coupling mechanism involving the interaction between CH>* and CHO*.
Under the applied potential, C; activity improves (0.58 — 0.50 eV) under neutral and
alkaline conditions, and (0.58 — 0.54 eV) in an acidic solvent. The spin dynamic
proceed as follows: FM - PM - AFM - PM - DM - PM - PM - PM - PM - FM - AFM -
FM - FM at pH =0, FM - PM - AFM - FM - DM - PM - FM - PM - PM - FM - DM -
PM -FM. atpH=7 and FM - PM - AFM - PM - DM - PM - FM - PM - PM - FM - DM
-FM - FM at pH = 14. For the C; Pathway, the optimal CH30H product formation (0.48
eV for CHO* formation) occurs through spin dynamic of FM - PM - FM - DM - FM -
FM - FM. Under the applied potential, C; activity decreases (0.49 — 0.51/0.73 eV)
under neutral and alkaline conditions, while it improves (0.49 — 0.27 eV) under
acidic conditions. The corresponding spin dynamics are presented as follows: FM - PM

-FM-DM-FM-FM -FM inpH=0,FM - PM -DM - PM - DM - FM - FM at pH =
20
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7 and FM - PM - FM - DM - FM - FM - FM at pH = 14. These findings aid in
understanding spin dynamics during electrocatalytic reduction on paramagnetically

heterogeneous catalysts.
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