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ABSTRACT: The increasing interest for renewable electricity-driven CO,

electroreduction calls for effective strategies in catalyst design, which have so 'v, c-C p%
far mainly focused on the compositional modulation such as doping and g

alloying. Recently, attention has turned to the microstructural tailoring of \ . TN ,\Couplmg Cs
catalytic centers with a multi-center architecture to promote the formation ol

of multi-carbon products, but theoretical understanding lags far behind the (e -

experimental discoveries. Herein, a systematic first principles study is
performed on the representative electrocatalyst, Ni,P, which is characterized

by densely distributed Ni; catalytic centers and displays high selectivity to Water éssi;ted
C—C coupling during CO, reduction reaction (CO,RR). Not only the Ni proton transfe

atoms in each trinuclear Nij; site can cooperatively accommodate reaction
intermediates for better opportunities of their coupling, but the adjacent Nij
sites can also work in synergy to drive the highly endothermic hydrogenation
steps in forming critical multi-carbon species. At the core of this capability lies the participation of the hydrogen-bonding network of
water in transferring surface protons between neighboring Nij sites, which builds a kinetically feasible path to circumvent the
thermodynamic penalty in an electrochemical step. This work uncovers the mechanism by which cooperativity arises in multi-center
microstructures, with implications generally for the design of CO,RR electrocatalysts to obtain valuable chemicals.

KEYWORDS: CO, reduction, C—C coupling, density functional theory, multi-center cooperativity, hydrogen bonds

Bl INTRODUCTION surfaces'' ~'* and delicate modulation of electronic structure of
the electrocatalysts.'*~"® It is clear through these efforts that the
critical challenge in forming C,, products lies in the control of
C—C coupling, which is potential-independent and displays
sluggish kinetics at room temperature. This inherent feature can
help rationalize the finding that thermocatalytic CO,RR tends to
afford a higher yield of C,, products than the electrocatalytic
processes."”*® Therefore, conceptual breakthroughs are war-
ranted to address the kinetic limitations of C—C coupling during
electrochemical CO,RR.

A common strategy to address this difficulty is the chemical
modification of catalytic centers by doping or solid-solution
alloying, which has been widely adopted in the design of Cu-
based heterogeneous catalysts for CO,RR.">*'™* Cu is
renowned for its promising selectivity toward C,, products.
carbon loop, and hence the investigation into efficient CO,RR On tbe C.u st.lrface, C_S couPhng was bd‘i;’fgloto P r(.)cee‘d via
catalysts has become ever more demanding in recent years.é’7 the, dimerization of two *CO 1nter@ed1ates, s +the k‘“effc,s of

hich could benefit from the coexistence of Cu®" and Cu” sites
While extensive efforts have been put into this field, most w

During the last two decades, tremendous strides have been made
in the exploitation of renewable resources such as solar, wind,
and hydropower, which contribute to the sharply falling price for
renewable electricity." Nowadays, the application of renewable
electricity for chemical and fuel production is a much-heralded
approach not only to tackle the intermittent nature of these
natural energy sources but also to alleviate our overwhelming
reliance on fossil fuels.” One of the most impressive accomplish-
ments has been the realization of electrochemical CO, reduction
into multi-carbon (C,,) products that can serve as the building
blocks for long-chain hydrocarbon, oxygenates, and poly-
mers.” > Given the currently growing anthropogenic CO,
emissions, the electrochemical CO, reduction reaction
(CO,RR) offers a seductive promise of closing the global

catalysts for electrochemical CO,RR possess low selectivity —
toward C,, products. Yet, the less desirable C, products, such as Received: November 16, 2022 atalysisg
CO, formic acid, methanol, and methane, are much easier to Revised:  January 27, 2023 _

obtained in the reaction, with a Faradaic efficiency (FE) of Published: February 9, 2023

nearly 100% achieved over some particular catalysts.””"’
Endeavors have been made to convert these C, products to C,
species via concentration of C, intermediates on the catalyst
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Figure 1. Schematic diagram of the formation path of C,, products on Ni,P. The surface of Ni,P is characteristic of densely distributed trinuclear Ni;
sites, with protons adsorbed at the center of Ni; under experimental conditions.
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Figure 2. Reaction path of C, species. (a) Schematic depiction of reaction pathways for C, intermediates. Reaction energy (eV) is shown for each step.
The black line between the adsorbate and catalyst surface indicates chemical bonding between the corresponding atoms. (b) Structures of
representative C, intermediates in the explicit water hexamer model. The black dashed line indicates the hydrogen bond. Color code: nickel, blue;
oxygen, red; hydrogen, white; carbon, gray. (c) Free energy diagram for the reaction routes to C, intermediates at 0 V vs RHE.

at the catalytic center.””*' Recent studies showed that main- negative potential, usually over —0.7 V versus reversible
hydrogen electrode (RHE) is necessary.

As compared to the compositional approach, strategies based
although a sufficiently on microstructural control are much rarer. Recently, notable

group element dopants could increase the FE for C, hydro-

. . 15,24
carbons to an impressive ~80%,
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Figure 3. Reaction path of C, species. (a) Schematic depiction of reaction pathways for C, intermediates. Activation energy barriers (eV) are shown in
bracket. Intermediates in the dashed frame are related to the feasible path for the formation of C,, products. WAPT process in forming (b) *CO +
*COOH and (c) *CO + *CHO via the proton relay in the water hexamer. The transferred proton is highlighted by the green sphere. The hydrogen

bond is highlighted by the dashed black line.

accomplishments were made by using trinuclear Cuj clusters
stabilized by functional groups as electrocatalysts for CO,RR,*”
which can reach an FE 0f 91% for CO,-to-C, conversion at —0.7
V versus RHE. Each catalytic center is composed of three
embedded Cu atoms, providing adsorption sites for at least two
carbon species in close vicinity. In contrast to si 6gle atom
catalysts’ that produce mainly C; products,”*° such a
spatially confined multi-center structure’””~*" is conducive
to the coupling reactions because the constrained distance
between adsorbates at the catalytic center will offer ample
opportunities for their encounter. We speculate that this type of
microstructural configuration might be adapted in inorganic
crystalline materials in order to facilitate access to C,, products.
Intriguingly, a recent report’' identified Ni,P as an electro-
catalyst with high C,, selectivity, and this compound is well
characteristic of trinuclear Ni; sites, resembling the above-
mentioned trinuclear Cuj clusters. The trinuclear Ni; structure
in Ni,P is likely essential to the extraordinary performance of
>98% FE toward C; and C, products at 0.01 V versus RHE.
Traditionally, only the copper-based catalysts are used for the
generation of C,, products. Ni,P and the recently reported
partially oxidized nickel*” have demonstrated that Ni-based
catalysts are also capable of producing multi-carbon products.
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Moreover, these Nij sites of Ni,P are isolated by P atoms but are
not distant from each other, which leads to a multi-center
scenario in a higher hierarchy level where the synergy between
neighboring trinuclear sites may arise. Nevertheless, it is still
unclear from a microscopic point of view as to how these multi-
center configurations contribute to the C—C coupling process.
With the ongoing research in CO,RR, a detailed mechanistic
understanding in this regard would be vital and increasingly
meaningful for the design of C,,-selective electrocatalysts.

In this work, we employ a Ni,P crystal as a platform to study
the role of multi-center catalytic sites on the efficiency of C—C
coupling. Leveraging density functional theory calculations, we
find that the trinuclear Nij site can reversibly trap protons at the
surface and enable co-adsorption of two closely located CO
molecules after facile reduction of CO, to CO (Figure 1). The
hydrogen-bonding network of water molecules above two
adjacent trinuclear sites can facilitate the transfer of surface
proton from one site to the adsorbates on the other site, leading
to further reduction of the *CO intermediates. After this
hydrogenation step, two C, intermediates on the Nij site can
readily combine, with a much lower activation energy than that
of *CO—*CO dimerization. This promotion is rationalized by
the filling of antibonding orbitals of the CO molecule and the

https://doi.org/10.1021/acscatal.2c05611
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radical nature of the corresponding carbon species, which can be
generalized to the analysis on other catalysts. Collectively, we
demonstrate that the multi-center microstructure of closely
distributed trinuclear sites engenders a high cooperativity for
efficient C—C coupling in electrochemical CO,RR

B RESULTS AND DISCUSSION

Ni,P Crystal Surface and the Pathways to C,
Intermediates. We start with the investigation of stable
termination for the Ni,P(0001) crystal surface, which was
reported to be one of the dominant low-index surfaces.”
According to the calculated Pourbaix diagram (Figure S2), a
configuration of Ni;P, + H is identified to be the ground-state
surface structure for neutral aqueous environment (pH ranging
between 7 and 8) at 0 V versus RHE, in a case close to the
experimental conditions. This structure features an architecture
of densely distributed trinuclear Ni; sites, on each of which there
stands a proton adsorbate at the hollow position (Figure 1). The
hydrogenated surface termination is in agreement with a
previous study** emphasizing the aqueous surface stability of
Ni,P crystal during hydrogen evolution reaction (HER).

Based on the Ni;P, + H surface configuration, we examine the
reaction path of CO,RR for the formation of C, intermediates,
which is a prerequisite for C,, products. CO,RR begins with the
hydrogenation of CO, to form either *HCOO (2a) or *COOH
(2b) at the catalytic center (Figure 2a, detailed structures shown
in Figure S3). These elementary steps are accomplished by
direct transfer of the surface proton on the Ni; site to the
adsorbed CO,. The *HCOO species shows lower formation
energy than *COOH if we do not consider the contribution
from hydrogen bonds, which is consistent with a recent work."
However, if we place a water hexamer, which has been previously
recognized as one of the possible constitutional units of
interfacial welter,46’47 near the reaction intermediates so as to
take into account the hydrogen-bonding interaction (Figures
2b,c and S4 and Table S4), the formation of *COOH would be
more ener§e‘gically favorable instead. Given that several recent
reports’”**~>* have pointed out the strong contribution of
hydrogen bonds to the reduction mechanism of CO,, we choose
to employ the water hexamer model in the rest of our work, and
as will be shown below, this model is indispensable for the
interpretation of the cooperativity between the Ni; catalytic
centers.

The further hydrogenation of *HCOO generates *HCOOH
(3a) with an exothermic reaction energy, while the desorption of
*HCOOH to produce a formic acid consumes an energy of 0.70
eV, which can be regarded as the main attribute to the low FE
(<5% at all potentials)*' of formic acid observed in previous
experiments. Similar to *HCOO, the formation of *CO (3b) is
exothermic while its desorption is highly endothermic. We note
that both *HCOOH and *CO could not be hydrogenated into
*COH because the *COH configuration is kinetically unstable
(Figure S6). The formation of *CHO (4) is also electrochemi-
cally unfavorable due to the considerable energy inputs for 3a —
4 and 3b — 4 steps. Therefore, C, intermediates with higher
hydrogenation degree than HCOOH/CO will hardly be formed
in the experimental conditions of 0.01 V versus RHE. In this
scenario, *CO can be perceived as a critical C, intermediate that
has to be bypassed in the formation path of C,, products.

Pathways to C, Intermediates. We then proceed to
investigate the reduction of the second CO, on a Nij site and the
subsequent C—C coupling process (Figure 3a, detailed
structures shown in Figure S7). Due to the presence of an
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already formed *CO at this catalytic center, a relatively strong
steric hindrance effect will be exerted on the adsorption of the
second CO, molecule, thus leading to a high energy input (0.32
eV) for its electrochemical hydrogenation (Figure S8).
However, given that the surface protons captured by Nij sites
may participate in the reaction, we here propose another
possible pathway for the hydrogenation of the second CO,
molecule (Figure 3b). We note that the water hexamer at the
surface could build a proton relay between the surface protons
and the reaction intermediates under the Grotthuss proton
transfer mechanism.””* This water-assisted proton transfer
(WAPT) process involves the detachment and transfer of the
surface proton to a nearby water molecule (9 — 9-1), the
hopping of another proton from this hydronium to one of its
neighboring water molecules (9-1 — 9-2), and finally the
hydrogenation of *CO, with proton received from the
hydrogen-bonding network (9-2 — 10). Unlike the first and
the last steps, the 9-1 — 9-2 step is potential-independent with a
kinetic barrier of 0.69 eV. Importantly, the 9 — 9-1 step
corresponds to an electrochemical oxidation reaction (*H +
H,0 — * + H;0" + e7) that requires a potential of 0.06 V to
become exothermic, while the 9-2 — 10 step corresponds to an
electrochemical reduction reaction (*CO, + H;0" + ™ —
*COOH + H,0) with a limiting potential of —0.14 V. The
counterbalance between both steps implies that an operating
potential close to the experimental value (10 mV vs RHE) is
desirable to drive the WAPT process. Therefore, the WAPT
process is more energetically favorable than direct electro-
chemical hydrogenation of the second CO, molecule (requiring
—0.32 Vvs RHE). Moreover, we would like to note that there is
an intrinsic link between the kinetics of the WAPT process and
the formation of hydronium ion at the interface, which means a
nontrivial role for the pH of the solution in regulating the WAPT
process on Ni,P.

In the co-adsorption configuration of two *CO (11), one of
the CO molecules is located at the bridge site between two Ni
atoms, while the other is on top of the third Ni. Their formation
into *OCCO (12a) has to overcome an energy barrier of 1.65
eV. Previous study showed that the activation energy for C—C
coupling may change according to the electrode potential.””
Thus, we examine the potential-dependent activation energy for
the formation of *OCCO with the constant potential method
proposed by Chan et al.”*” We find that even at a very negative
potential (—1 V vs RHE), the formation of *OCCO is extremely
difficult with an activation energy of 1.49 eV (Figure S12).
Although many studies have invoked *CO dimerization as the
C—C coupling step on electrocatalysts,”*”%”%" the result
presented here suggests that this is a kinetically frustrated
process on Ni;, which has prompted us to propose another
reaction path for C—C coupling. As shown in Figure 3c, the
WAPT process can also mediate the C—C coupling reaction by
forming *CO + *CHO (12) with a maximum energy input of
0.17 eV. Although this configuration still exhibits a high energy
barrier for C—C coupling (1.01 eV, 12 — 13a), its further
reduction into *CO + *CHOH (13) is remarkably facile, and
more importantly, the C—C coupling barrier at this stage is
reduced to 0.66 eV (13 — 14). Thus, the WAPT mechanism
outlines a kinetically controlled and desired pathway to enable
hydrogenation of the 2*CO configuration and highlights the
cooperative nature of neighboring Ni; sites in steering the
reaction toward C,, products.

Pathways to C; and C, Products. With the knowledge on
the reaction pathways to C, species, we can analyze the

https://doi.org/10.1021/acscatal.2c05611
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Figure 4. Formation of C; product. (a) Schematic depiction of the reaction pathway for a C; product. Activation energy barriers (eV) for C—C
coupling are shown in bracket. (b) Free energy diagram for the reaction route to a C; product at 0 V vs RHE.

mechanism for C; formation on Ni,P. The *CO-CHOH
intermediate is chosen as the beginning configuration, and
methylglyoxal (C;H,0,), one of the main products observed in
the experiments,” is taken as the end-point of the C;-formation
reaction. The most plausible path towards this product and the
corresponding free energy profile are displayed in Figure 4
(detailed structures shown in Figure $17). The hydrogenation of
*CO—CHOH to other C, species will proceed through *CH—
CO (15), *CH—COH (16), *CH—CHOH (17s), and *CH,—
CHOH (18s) on a downhill energy landscape. Further
hydrogenation of 18s is energetically unfavorable (Figure S18)
and therefore its reduction products are not taken into
consideration in the following analysis. The reduction of the
third CO, molecule which proceeds via WAPT is similar to the
second one (Figure S19), resulting in the formation of an
additional *CO at the catalytic site. We then examine the
activation barrier for C—C coupling between each of the C,
intermediates (from 14 to 18s, Figure S20) and this *CO
adsorbate. The coupling between 15 and *CO turns out to be
the most kinetically accessible, with an activation barrier of 0.57
eV to reach *CO—CO—CH (19). Further hydrogenation steps
from this C—C coupling product to methylglyoxal via *COH—
CO—-CH (20), *COH—CO-CH, (21) and *COH—CO—CHj,
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(22) are all exothermic, and the desorption of 22 only takes 0.23
eV.

We would like to note that 19 can be hydrogenated into
various intermediates including *CO—COH—CH (20s),
*CHO—COH-CH (21s), *CHO—COH—-CH, (22s), and
*CHO—COH—CHj; (23s) with a descending energy profile
(Figures 4b and S21). Similar to the C, species, these C;
intermediates will likely undergo C—C coupling with the fourth
*CO and give rise to C, species. A possible reaction pathway is
presented in Figure S (detailed structures shown in Figure S22).
The coupling between 21s and *CO (derived from the fourth
CO,) is kinetically feasible, with an activation barrier of 0.10 eV
to reach *CHO—COH—CH—-CO (25). This intermediate is
then converted into the 2,3-furandiol product through a proton
tautomerism (26), a hydrogenation step (27), and a cyclization
reaction (28). Notably, the intermediate 20s is more stable than
20 (Figure 4b), which creates more opportunities to generate C,
products than C; products. This may be responsible for the
higher FE of C, products (>70%) in experiments.”'

Overall, while the WAPT process presumably occurs at a
potential between 0.12 and —0.17 V versus RHE (according to
the 11 — 12 step), all other electrochemical steps for proton
coupled electron transfer in forming C,, species require
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remarkably low energy input (below 0.1 eV). Despite its inferior advantageous than —0.55 V for HER (Figure S24). Hence, at the

kinetics to HER, the CO,-to-C,, reaction on Ni,P corresponds experimental conditions, CO,RR will precede over HER, which
to a limiting potential of close to 0 V versus RHE, much more is in agreement with the experimental results. In the reaction to
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multi-carbon products, all the adjacent Ni; sites will act as a
proton reservoir to boost the hydrogenation of intermediates on
the targeted Ni; site, leading to acceleration of the C—C
coupling steps. This scenario underlines the importance of
multi-center cooperativity in circumventing the thermodynamic
penalty during the formation of multi-carbon products in
CO,RR.

Cooperative Effect of Ni; Centers. In line with the
experimental results,*' the calculations in this work unequiv-
ocally confirm that the trinuclear Nij; catalytic center endows
Ni,P with a high C,, selectivity in CO,RR. The multi-center
feature of Ni; affects C—C coupling in two ways: first, it provides
adsorption sites for two C,; species in a confined space, where the
two C atoms binding to the catalyst are to be separated by a
substantially shortened distance as compared to that on a metal
surface. As shown in Figure 6a, the *CO intermediates on the
Ni(111) surface are at least 4.30 A apart from each other in the
stable configuration, while this value is reduced to 2.86 A on Nij.
Such a confinement picture is key to catalyze C—C coupling in a
more kinetically efficient manner, similar to other structural
motifs such as atomic clusters.’”*%** While the strong binding of
*CO may exert a poison effect for C, formation, the different
adsorption configurations between both *CO molecules on a
Ni; site could produce an asymmetric electronic structure for
their C atoms (Figure S25), which may facilitate their further
hydrogenation and benefit the C—C coupling process afterward.
Second, unlike single atom catalysts where the metal centers
form strong bonding with the substrate and are oxidized to
relatively high valence state,*> 7% the Ni; sites in Ni,P exhibit a
delocalized electronic structure that is beneficial for exchanging
electrons with the adsorbates, thus mediating their activation
and yielding a flattened energy landscape in the CO,RR process.
More importantly, the availability of these labile electrons
creates the basis for the accommodation of C; and C, species,
because the electrons can participate in the termination of
dangling bonds on the reaction intermediates. We note that
most of the C; and C, intermediates require multiple metal-
carbon bonds to stabilize their configuration (Figures S17 and
$22). Therefore, it does not come as a surprise that the multi-
center microstructure is conducive to the formation of these C,,
species, while C—C coupling is barely accessible on single
atomic sites.

Apart from the cooperativity among Ni atoms in a single Nij,
site that ensures the effective accommodation of intermediates,
the cooperativity between neighboring Ni; sites also proved
essential for circumventing the kinetic hindrance in C-C
coupling. This cooperativity lies in the WAPT process that
permits further hydrogenation of *CO in the co-adsorption
configuration. To understand why C—C coupling is promoted
upon further hydrogenation of the C, intermediates, we examine
all the C—C coupling processes that involve *CO, *CHO,
*CHOH, *OCH,, *CH,OH, *CH, and *CH,. For clarity of
discussions, here we call *CO intermediate “OH” and its
subsequently hydrogenated species *CHO “1H”. Likewise, the
rest of the intermediates can be designated as “2H”, “3H”, or
“4H” according to the hydrogenation degree. The reaction
energy for each pair of these C, species is displayed in Figure 6b
(details given in Table SS and Figure $26). For species with the
same hydrogenation degree, we selected the one with the lowest
reaction energy. Apparently, a descending trend of reaction
energy is shown from “OH” to “3H”: the higher degree of
hydrogenation both C, species undergo, the smaller the energy
consumption will be in C—C coupling. This trend is correlated
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with the filling of antibonding orbitals of the CO molecule. In
Figure 6¢, we show that the 27 molecule orbitals of *CHO,
*CHOH, *OCH,, and *CH,OH closely resemble that of *CO,
which corresponds to the lowest unoccupied molecular orbital
(LUMO) of the CO molecule with an antibonding character
(Figure 6d). The addition of electrons to the 27 orbital will
impair the C—O bonding, giving rise to a radical nature that
promotes the C—C coupling efficiency. This radical nature is
also witnessed in *CH and *CH,, with the former being more
reactive, as inferred from the Bader charge analysis (Table S6)
that reveal a more open-shell electronic configuration for the C
atom in *CH than in *CH,. Therefore, the evolution of C—C
coupling kinetics as a function of the hydrogenation degree can
be seen as a result of the variation in radical nature of both co-
adsorbed C, species.

As a final remark, we note that Fe,P, which is isostructural
with Ni,P, was recently reported as a selective electrocatalyst for
CO, conversion into C; and C, products.’® It can be deduced
that the densely distributed trinuclear motif is an ideal structural
basis to steer the reactions along the C—C coupling pathway.
The cooperativity between neighboring trinuclear catalytic
centers is rooted in the WAPT process, which is the rate-
limiting step of the CO, reduction on Ni,P. We therefore
envisage that by capitalizing on proper molecular proton
mediators®’~® to modulate proton transfer at the interfaces,
this multi-center catalytic scheme may advance to an optimal
level of efficiency for C,,-selective electroreduction of CO,.

B CONCLUSIONS

In summary, we have discovered that the superior selectivity of
the Ni,P electrocatalyst toward C,, products in CO,RR is
attributable to the multi-center cooperativity of the densely
distributed trinuclear Nij sites at the surface. This cooperativity
manifests itself in two hierarchical levels. First, the multiple
adsorption sites at each isolated Nij catalytic center can offer a
suitable accommodation for both C; and C,, species,
contributing to increased opportunities for C—C coupling and
reduction of the required energy input. Second, the transfer of
surface protons between neighboring Ni; sites via the WAPT
mechanism can assist in the further hydrogenation of *CO
intermediates in the co-adsorption configurations, thus lowering
the activation barrier for C—C coupling to a substantial degree.
Our results reveal a clear strategy for the microstructural design
of CO,RR electrocatalysts, where the multi-center cooperativity
could serve as an adaptive regulatory control for the selective
access of C,, products.
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