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ABSTRACT: Enzymes can perform complex multistep
cascade reactions by linking multiple distinct catalytic sites
via substrate channeling. We mimic this feature in a
generalized approach with an electrocatalytic nanoparticle
for the carbon dioxide reduction reaction comprising a Ag
core surrounded by a porous Cu shell, providing different
active sites in nanoconfined volumes. The architecture of
the nanozyme provides the basis for a cascade reaction,
which promotes C—C coupling reactions. The first step
occurs on the Ag core, and the subsequent steps on the
porous copper shell, where a sufficiently high CO
concentration due to the nanoconfinement facilitates
C—C bond formation. The architecture yields the
formation of n-propanol and propionaldehyde at
potentials as low as —0.6 V vs RHE.

he outstanding turnover rates and selectivity of enzymes,
as nature’s catalysts, have long provided inspiration to
researchers.”” Integral to their performance is a key structural
feature: a catalytically active site located at the end of a
substrate channel. This structural feature allows control over
the local solution environment in which the reaction occurs
and spatially constrains the reactants for optimal reactivity.
Incorporating more than one type of active site in the substrate
channel enables multiple steps in a cascade reaction to proceed
in one enzyme complex.”* This substrate channeling of
intermediate products to new active centers prevents their
diffusion to the bulk solution. This enables locally high
concentrations of an intermediate product, facilitating the
formation of more complex molecules from simple reactants.™®
Mimicking these features in an attempt to obtain the superior
catalytic behavior of enzymes in artificial systems is highly
desirable in heterogeneous catalysis.”
We recently articulated a nanozyme concept where nano-
particles mimic the three-dimensional architecture of enzymes
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with an active site inside a substrate channel. We showed that
the control over the solution environment inside this substrate
channel resulted in substantial enhancement in the electro-
catalytic activity of a PtNi nanoparticle for the oxygen
reduction reaction.'® Herein, we extend the nanozyme concept
to cascade reactions for which multiple active sites with
different catalytic properties are located in close proximity
within a nanoconfined substrate channel. The electrocatalytic
CO, reduction reaction (CO,RR) was used as a model
reaction, where the multistep conversion of CO, into a range
of higher organic molecules is achieved via sequential proton-
coupled electron transfer reactions.'"'”

The CO,RR to higher products can be divided into two
major processes: (i) electroreduction of CO, to CO and (ii)
the bimolecular electroreduction of CO to multiple higher
organic molecules. The latter reaction depends on multiple
parameters including the nature of the catalyst, local pH,
electrolyte, temperature, and CO, and CO concentrations."
Whereas Ag shows high catalytic activity for converting CO, to
CO with high selectivity at a potential as low as —0.60 V vs
RHE, it is inactive for the follow-up reactions.'*™'® Cu is able
to catalyze the second step of the cascade reaction, the
reduction of CO to C, products, at cathodic potentials as low
as —0.25 V vs RHE."”™** However, at —0.60 V vs RHE Cu
exhibits a negligible activity for the formation of CO from
C0,.>*7* In order to couple the properties of Ag and Cu and
decrease the required overpotential for the formation of Cs,
products, the two-step conversion of CO, on bimetallic
catalysts was recently investigated.”*"*® Herein, in contrast
to conventional bimetallic systems where active sites are
exposed to the bulk of the electrolyte, we suggest enzyme-
inspired substrate channeling to connect two different catalytic
sites in a nanozyme approach toward CO,RR. The proposed
nanozyme architecture is shown to support a cascade reaction
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mechanism, which ultimately shifts the product distribution to
C,, products such as n-propanol and propionaldehyde at low
overpotentials.

A nanozyme with Ag and Cu active sites for CO,RR needs
to fulfill two structural requirements to enable substrate
channeling for an enzyme-like cascade reaction: (i) accessi-
bility for reactants to the first active site and (ii) channeling of
the intermediates to the second active site within a
nanoconfined volume for further reaction prior to their
diffusion into the bulk solution. Exploiting the aforementioned
properties of Ag and Cu for a cascade reaction, the proposed
nanozyme in Scheme 1 comprises a Ag core acting as primary

Scheme 1. Cascade Reaction Mechanism on a Ag—Cu
Nanozyme for CO,RR“

( co, @ co

w C,, products

“In the nanozyme, we propose the CO,RR is following the cascade
reaction mechanism: (i) diffusion of CO, through the porous Cu shell
to the Ag core, (i) adsorption of CO, on the Ag surface, (iii) proton-
coupled reduction of CO, to CO, (iv) desorption of CO and diffusion
through the porous Cu shell, (v) adsorption of CO on the Cu channel
walls, (vi) proton-coupled bimolecular reduction of multiple CO
molecules to Cs, products, and (vii) desorption and diffusion of Cs,
products to the bulk of the solution.

active site at the bottom of a mesoporous Cu shell. The Cu
shell serves as both the secondary active site and the substrate
channel. In this scenario, CO, is reduced to CO on the Ag, not
the Cu. The CO produced is then spatially confined in the Cu
channels, where a bimolecular C—C coupling reaction between
two CO occurs next, leading toward higher order organic
molecules.

A two-step seeded growth synthesis procedure was
employed. First the Ag core” was synthesized. It was then
encapsulated within a porous Cu shell®® (see methods in the
SI). Transmission electron microscopy (TEM) reveals that Ag-
core—porous-Cu-shell particles, which constitute the nano-
zyme, were obtained (Figure la). The nanozymes exhibit an
average diameter of 145 + 15 nm with an average Ag-core
diameter of 75 + 11 nm and an average porous-Cu-shell
thickness of 35 + 9 nm (Figure S1). Energy dispersive X-ray
spectroscopy (EDX) allows for distinction between both
metals and indicates that no alloying between Ag and Cu was
observable (Figure 1b). The porosity of the Cu shell is visible

in dark-field scanning transmission electron microscopy (DF-

Figure 1. (a) DF-STEM image, (b) EDX elemental mapping of Ag
(green) and Cu (red), (c) SEM image, and (d) SAED of the
synthesized nanozyme particles.

STEM) and scanning electron microscopy (SEM) images
(Figure la,c respectively). Selected area electron diffraction
(SAED) confirms the presence of face-centered-cubic Ag and
cubic Cu,O (Figure 1d and S2). Hence, it is assumed that the
active Cu sites of the nanozyme during CO,RR are derived
from Cu oxide.’** Altogether, electron microscopy provides
conclusive evidence for the synthesis of the nanozyme as
proposed in Scheme 1.

Electrochemical addressability of the core of the nanozyme
was demonstrated by anodically stripping the Ag in sodium
thiocyanate solution (Figure S3). Partial dissolution of Ag
verified the successful wetting of the channels with electrolyte
as well as electric contact down to the Ag core of the
nanozyme. Traces of Ag on the surface and throughout the
particles in postexperiment TEM images attest to the ability of
Ag ions to diffuse through the substrate channels to the
exterior of the nanozymes (Figures S3 and S4). Once it was
demonstrated that the Ag cores are electrochemically
accessible, electrochemical reduction of CO, was performed
next. Different potentials were applied in order to investigate
the influence of the structural features of the nanozyme on the
potential-dependent product distribution of the CO,RR.

Electrochemical analysis was performed in CO,-saturated
0.1 M KHCO,; as electrolyte (pH = 6.8). Chronoamperograms
were recorded for a duration of 120 min each at five different
potentials between —0.55 and —0.80 V vs RHE (Figure S5),
the potential range in which a substantial increase in CO
formation on the Ag core is expected. Gaseous products were
analyzed and quantified by online gas chromatography and
liquid products by 'H NMR from aliquots of the electrolyte.
Along with formate and hydrogen, five major products were
detected: carbon monoxide (CO), ethylene (C,H,), ethanol
(C,H(O), and n-propanol/propionaldehyde (C;HgO). Meth-
ane (CH,) was only present in trace amounts (Figure S6).
Comparison of the conversion rate profiles for the different
products depending on the electrolysis potential (Figure 2)
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reveals two major changes in product distribution with
increasing potential.
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Figure 2. Product formation rates of CO, C,H,, C,H¢O, and C;H;O
as moles per second and gram of nanozyme particles. Vertical lines
separate three distinct potential windows.

At the lowest applied cathodic potential of —0.55 V vs RHE,
the only detectable product is CO. At —0.60 and —0.65 V vs
RHE an increase in CO formation was accompanied by the
conversion of CO, into C, products, mainly C,HsO. The
formation of C;HgO is also observed, with the formation rate
of the C;HgO being higher than that observed for C,H4O.
Subsequent '"H NMR analysis revealed that the C;HO signal
is a superposition of n-propanol and propionaldehyde in the
ratio of 1 to 1.78 (Figure S7). At more cathodic potentials of
—0.70 and —0.80 V vs RHE, a substantial difference in the
product distribution is observed with the disappearance of C;
products and a significant increase in the CO, C,H,, and
C,H4O production rates.

Changes in the product distribution allow for the
designation of three distinct potential windows, each
characterized by specific CO, conversion scenarios (Figure
3a). The formation of CO and the absence of any measurable
Cs, products characterize the first potential window at
—0.55 V vs RHE, where the proposed cascade mechanism is
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Figure 3. (a) Schematic representation of processes occurring at the
specific potential windows with active (red) or inactive (black)
nanozyme cascade mechanism. (b) Preference for the formation of C,
and C; products over other carbon-containing products as charge
ratio. Nanozyme activity window is marked in red.

not in effect. However, it is possible to reduce CO to C,,
products on Cu at this potential."’~>* Therefore, it can be
hypothesized that slow conversion of CO, to CO on the Ag
core and Cu channels at this potential does not provide a
sufficient local CO concentration to promote measurable
product formation in highly concentration-dependent bimo-
lecular C—C coupling reactions on Cu inside the substrate
channels.

The formation of C;HgO as well as C,H(O at the potentials
of —0.60 and —0.65 V vs RHE marks the second window. No
formation of C; products is observed at the same potentials for
a control nanoparticle composed of porous Cu without any Ag
(Figures S8 and S9). The formation of C;H;O on the
nanozyme combined with its absence on the pure porous Cu
control nanoparticle verifies the effect of the suggested cascade
reaction mechanism within the nanoconfined space with both
catalytic sites located in close proximity. It demonstrates the
viability of the proposed nanozyme concept for the CO,RR,
since a preference for C; over C, products is unreported in the
literature at —0.60 V vs RHE. In accordance with the cascade
mechanism depicted in Scheme 1, we hypothesize that the
formation of C;HgO at this potential window is a result of the
nanozyme architecture, which combines (i) an increased local
concentration of CO inside the substrate channel, which
induces a subsequent spillover of CO from Ag onto the surface
of Cu,” " and (ii) a prolonged residence time of the CO
intermediate within the channel system before it diffuses into
the bulk of the solution.””**** Both features increase the
likelihood of C,—C; coupling and hence promote the
formation rate of this bimolecular reaction.

The disappearance of C; species at the more cathodic
potentials of —0.70 and —0.80 V vs RHE implies that the
previously described cascade mechanism is inactive in this
potential window. Since very similar behavior in terms of
increased C, product formation is observed for both porous
Cu nanoparticles and nanozymes, active CO,RR directly on
the Cu active sites is suggested (Figure S9). Compared with
the control porous Cu nanoparticles, the nanozyme exhibits,
however, a significantly higher formation rate for CO. This
finding suggests that the Ag core of the nanozymes remains
accessible and active for the formation of CO, yet the cascade
is suppressed within the channels. The observation can be
rationalized by considering that a significant increase in the
hydrogen evolution reaction (HER) rate occurs at these higher
overpotentials (Figure S6). At these conditions, HER is known
to act as a strong competitor for the reduction of CO, and CO
on Cu by blocking active sites as well as increasing the local pH
value.”*>™*” These effects apply particularly to the spatially
confined mesoporous architecture of the substrate channels,
where hindered mass transport prevents fast equilibration with
the bulk solution.'” The changes in the reaction environment
in the nanozyme substrate channel appear to be detrimental for
the formation rate of C; species, which are the product of
multiple proton-coupled electron transfer reactions and are
therefore substantially influenced by the proton concentration
as well as the adsorption of multiple intermediate products.
The interplay of these effects in the channels creates a narrow
potential window, within which the cascade mechanism on
nanozymes can be successfully exploited to enhance the
electrochemical production of Cs, products from CO, (Figure
3b).

In conclusion, we have taken inspiration from architectural
features that allow enzymes to perform cascade reactions and
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transposed them to an electrocatalytic nanoparticle system for
the CO,RR reaction. It was demonstrated that the local
confinement of different active sites within the nanozyme
substrate channels leads to a shift of the potential-dependent
product distribution toward Cs, products at lower over-
potentials. The concept is relevant well beyond the CO,RR.
The presented results encourage the extension of the
nanozyme paradigm to other catalytic multistep reactions to
fully exploit the capabilities of different catalytically active sites.
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