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DOI: 10.1039/x0xx00000x Electrochemical reduction of CO, in aqueous media is a strategy for sustainable production of fuels and commodity
www.rsc.org/ chemicals. Cu is the only catalyst which converts CO, to significant quantities of hydrocarbons and oxygenates. Here we
demonstrate that oxygenate products can be favored over hydrocarbons by positioning a local source of CO generated by
a CO producing catalyst (Au or Ag) in close proximity to a Cu catalyst. Use of a bimetallic device comprising interdigitated
and independently controllable lines of Au and Cu allows the local CO concentration to be modulated. Notably, diffusional
simulations show that the saturation concentration of CO can be exceeded locally. Actuating both the Au and Cu lines
increases the oxygenate to ethylene ratio compared to actuating Cu only. Increasing the relative area of CO-producing Au
relative to Cu also increases this ratio. These insights are translated into a second bimetallic system comprising Cu
dots/lines patterned directly onto a Ag substrate, allowing for the distance between Cu and the CO generating metal to be
precisely controlled. Controlling the relative areas of Ag and Cu allows for tuning of the oxygenate to ethylene ratio from
0.59 to 2.39 and an increase in oxygenate faradaic efficiency from 21.4% to 41.4%, while maintaining the selectivity to
C,/Cs products in the 50-65% range. We attribute this change in selectivity to be due to an increased *CO coverage on Cu.
By utilizing diffusional transport of CO to the Cu, a sequential catalysis pathway is created which allows for the control of

oxygenate selectivity in aqueous CO, reduction.

Broader Context

Electrochemical reduction of CO, to form fuels and/or chemical feedstocks represents a potential path towards reducing CO,
emissions and combatting global climate change. However, despite decades of research, electrocatalysts with the requisite activity
and selectivity to commercially develop this process have not been discovered. Inspired by the multi-step enzymatic pathways
found in the Calvin cycle, a two-step sequential electrocatalysis pathway is demonstrated which uses CO as an intermediate
species. The higher areal density of active sites on metals as compared to enzymes allow diffusional transport of intermediates
over micron length scales and thus allows bimetallic sequential catalysis devices to be fabricated with standard photolithographic
techniques. The sequential catalysis pathway dramatically increases the yield of oxygenated products when Cu is used as the
second catalyst in the sequence. This approach represents a new paradigm in the design of selective catalysts for electrochemical
CO, reduction. The bimetallic design is essential modular, allowing for individual components to be optimized before integration,
potentially allowing for entirely new libraries of catalysts to be explored.

There has therefore been considerable interest in developing
efficient and selective electrocatalysts to facilitate this
chemical conversion process.s_13 Of the electrocatalysts
Electrochemical reduction of CO, (EC CO,R) to chemical fuels investigated to date for CO,R in aqueous solution, Cu remains
and feedstocks via the use of renewable electrical energy is a the only catalyst with significant faradaic yields of C,,

potential way to mitigate rising atmospheric CO, emissions.”™ hydrocarbons and oxygenates.**®

Introduction

However, selectivity
towards a specific product such as ethylene or ethanol is not
yet high enough to be relevant for practical
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fabrication and images of interdigitated devices, fabrication and images of line/dot

devices, supplemental electrocatalysis data, control experiments and simulations.

See DOI: 10.1039/x0xx00000x distribution as CO,R,

Reduction of CO on Cu produces a similar product
8 albeit with a much lower current

This journal is © The Royal Society of Chemistry 2018 Energy Env. Sci., 2018, 00, 1-3 | 1



Energy & Environmental'Science

density due to the lower solubility of CO in water (1 mM vs.
~33 mM for CO, at 1 atm and 25 °C)."*™%
principles calculations have shown that all known products of
CO,R on Cu, with the exception of formate, have CO as the
primary intermediate.”” It is thus reasonable to expect that
changes in CO activity at the surface of a Cu electrode could
affect the product distribution. In fact, very recently it has
been predicted that “CO dimerization [could be accelerated]...
by increasing the local concentration of CO by conjoining Cu
with another element such as Ag or Au that can produce CO
from CO,,” although a method for creating these conditions
was not spet:ified.29

A number of first

Here we posit that a sequential catalysis strategy using CO
as an intermediate species can be used to tune the C, product
distribution in agqueous CO,R. To realize such a strategy, a
system consisting of 2 sites can be envisioned whereby one
site converts CO, to CO, which then diffuses to a second site
where it is further reduced to the desired product.
specially, to produce the intermediate, we will use a metal
such as Ag or Au, which produces CO with high selectivity. If
this metal is placed in close proximity to Cu, the CO can diffuse
to the Cu where it can react further, along with the CO, which
is being reduced concurrently.

Sequential or cascade catalysis has investigated previously
in the CO, reduction literature. Sanford and co-workers used 3
homogeneous catalysts to thermally hydrogenate CO,
selectively to methanol via formic acid and formate ester

More

intermediates.>® Jiang and co-workers used 3 enzymes co-
located in micelles to convert CO, to methanol with NADHP as
the reductant.® Very recently, Yang, Somorjai, and co-workers
demonstrated sequential thermal CO, reduction using CeO,-
Pt/SiO,-Co core-shell particles, with transport of the CO
intermediate proceeding from the core to the shell via the
mesoporous Si02.32 Furthermore, recent calculations by
Vesborg and Seger have shown that breaking down the
multistep CO,R process into two steps, first from CO, to CO on
one catalyst and subsequently from CO to further reduced
products such as ethanol on another catalyst, might be a
strategy to overcome fundamental efficiency limitations.®

In EC CO,R, there have been numerous recent studies
including  bimetallic aIons34'35 and phase separated
nanoparticles.ae_41 Of interest here are those for which a CO
generating metal is used in tandem with Cu for which a
sequential catalysis mechanism is proposed. Yeo and co-
workers studied EC CO,R on Zn-Cu composite nanoparticles
and attributed increased ethanol selectivity to “spillover” of
CO generated from Zn sites onto Cu sites, where it was further
reduced.*? Very recently, Meyer and co-workers found that a
mixture of Ag and Cu nanoparticles was able to generate
acetate with up to 21% selectivity and a mechanism involving
CO transport from the Ag to the Cu was tentatively
proposed.43 Lee and co-workers investigated a Ag-
incorporated Cu electrode and observed higher ethanol
selectivity.41 However, in this case, the selectivity to ethanol
was attribute to biphasic Ag-Cu boundaries.

The requisite length scale required for sequential catalysis
required merits discussion. The transport of the intermediate

2 | Energy Environ Sci., 2018, 00, 1-3

species between the different active sites competes with
diffusion away from them. It is exactly this trade-off between
inter-site transport and diffusion to the bulk which limits
sequential catalysis in enzymatic systems to active site
spacings of only a few nm.* Similarly, although there are some
exceptions,45 the surface transport required for “spill-over”
effects in multi-site heterogeneous catalysis also limits length
scales to the nm scale.’®” While we are not aware of an
experimental measurement of CO surface diffusion under
aqueous CO, conditions,“s_50 we will assume, based on
measurements of surface diffusion rates of other adsorbed
species,51 that this process will also be constrained to the
nanoscale.

Instead, we will show, both by simulations and experiment,
that sequential catalysis can be affected on the micron scale,
with diffusional transport of the intermediate CO in the liquid
phase. This is possible due to the far higher density of catalytic
sites (and corresponding molar fluxes) on the surface of a
metal electrocatalyst, compared to, for example, enzymatic
systems. Specifically, for a bifunctional system with a CO-
producing metal (Ag or Au) and Cu, we will show that CO
transport and further conversion is possible for spacing up to
fractions of the diffusion layer thickness, which is typically on
the order of ~100 pum in electrochemical systems.52 We
emphasize that long range transport of active species from
one electrode to another is not unprecedented in
electrochemistry and is the operating principle of a rotating
ring disk electrode.””™ We also note that interdigitated
electrodes relying on liquid phase diffusion of species from
one electrode to another have been successfully employed for
electroanalysis purposes.‘r’e'57 However, in these cases, one
electrode is used to reduce a species and the second is used to
oxidize the intermediate.

(a) Interdigitated, side view (b) Interdigitated, top view

Electrolyte
Au Cu Au Cu
sio.
Au Cu Au Cu

(c) dots, top view (d) lines, top view

Cu AU
or Cu

Ag

Au or Ag

Figure 1. Schematics of interdigitated bimetallic electrodes, (a) and (b), and
micropatterned electrodes, (c) and (d). Separation of the two metals in the
interdigitated design will allow for their independent operation. In all three designs,
the areal ratio of the CO-producing metal, Au or Ag, to Cu can be varied.

The sequential catalysis concept is realized in the two
micropatterned systems shown in Fig. 1. The first consists
interdigitated lines of Au and Cu on an insulating SiO, substrate
(Fig. 1a). The Au lines are electronically isolated from the Cu
lines, which allows for the independent actuation of just one

This journal is © The Royal Society of Chemistry 2018
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set of lines or both at the same time, Figure 1b. The Au lines
generate CO, while the Cu lines reduce the CO and also the
externally supplied CO, to further reduced products. The ratio
of Au and Cu can be adjusted by varying the width of the Au
lines, while keeping the width of Cu lines constant, allowing for
a systematic study. Having a larger ratio of Au to Cu should
result in higher CO availability per active Cu site present. Our
approach, in which both sets of lines are used synergistically in
two successive reduction steps is a new concept, which to the
best of our knowledge does not have a precedent in the
electrocatalysis literature. In the second system, Cu consisting
of 2 different shapes and sizes are patterned onto a Ag or Au
substrate (Figs. 1c and 1d); the exposed Ag or Au generates
CO. We will show that these bimetallic microfabricated
catalysts allow for considerable tuning of the CO,R product
distribution.

In these systems, we will show that majority of the CO
generated from Au/Ag is able to diffuse towards Cu where it is
further reduced as evidenced by significantly low CO partial
current densities, even at large Au/Ag coverages. Lower areal
coverages of Cu favor C,/C; oxygenates, whereas higher areal
coverages favor ethylene, allowing for tuning of the
oxygenates to ethylene ratio from 0.59 to 2.39 (while
maintaining C,/C; product selectivity at >60% faradaic
efficiency). Additionally, typically minor oxygenate products
such as acetaldehyde and acetate produced on Cu is greatly
enhanced, e.g, from 1% to >10%, on these systems as a result.
Finally, we will also demonstrate that generating the CO locally
in close proximity to the Cu produces a catalytic outcome that
is different from simply using a gas feed mixture of CO,/CO at
ambient pressure. This is because a non-equilibrium state is
established on the surface of the Cu, whereby a high local
concentration of CO can exist, above the solubility limit,
without reducing the bulk CO, concentration.

Results and Discussion

Simulations of intermediate species transport

To develop our design for our interdigitated AuCu device
system, we simulated the transport of CO from Au lines to Cu
lines as well as to the edge of the diffusion layer (see ESI for
full modelling details). Four different devices were modelled,
in which Au and Cu lines have the same spacings apart (26 um)
and same width of Cu lines (4.2 um), but different widths of
the Au lines (3.5, 16.25, 35.0 and 147.5 pm). Such an
arrangement yields 4 different Cu compositions (by geometric
area), which are 55%, 21%, 11% and 3% respectively. For a X%
device, X% refers to the ratio of the geometric area of the Cu
lines to the total metal area (total metal area = Cu area + Au
area). Thus, the 55% AuCu device has the highest Cu coverage,
but the lowest Au coverage. On the other hand, the 3% AuCu
device has the lowest Cu coverage, but the highest Au
coverage.

A CO molar flux of 1.6 x 10% mol cm™s™ was fixed on the
Au, which is equivalent to a partial current density of 3 mA cm’
% to CO. This value is within range of the expected production
rate when a potential of ~-0.8 V to -1.2 V vs RHE is applied.‘r’8

This journal is © The Royal Society of Chemistry 2018

As the CO consumption rate on the Cu is not known a priori, a
boundary condition of zero CO concentration was set on the
surface of Cu (ideal sink, see ESI Fig. S2 for calculations which
evaluate the effect of sink ideality). Figure 2 shows the CO
concentration profile and the fraction of the CO generated on
the Au which is further converted on the Cu for the 4 different
relative areal coverages of Cu. The simulation clearly shows
that a significant fraction of the CO generated on the Au is
available for further reduction on the Cu and that the devices
will allow for control of the flux.
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Figure 2. Calculated CO concentration contours in mM for interdigitated devices with
relative area coverages of Cu ranging from 55% (a) to 3% (d). The CO-producing metal is
placed in the centre of the unit cell and the Cu is placed at the corners (See Fig. S1 ESI
for schematic of the modelling geometry). The width of the Cu lines is fixed at 4.2 um
while the Au line width is varied from 3.5 um (a) to 147.5 um (d). The spacing between
the metal lines is fixed at 26 pm. A current density of 3 mA cm™ for the formation of
CO on the Au as assumed. The fraction of the CO produced on the Au which is further
converted after diffusion to the Cu is indicated, assuming that Cu is an ideal sink for the
co.

The modeling results show that in some cases, the
concentration of CO near the surface exceeds the solubility
limit of 1 mM. Bubble formation, which could reduce the CO
transfer and potentially block surface catalytic would be a
potential concern. However, supersaturation of a gas on the
surface of an electrode from which it is produced is a well-
known effect.”®® Notably, smooth electrode surfaces of the
type we will employ here have been shown to suppress bubble

nucleation, allowing for a high degree of supersaturation.

Energy Environ. Sci., 2018, 00, 1-3 | 3
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Microfabricated bifunctional cathode with independent actuation

Four AuCu device systems were fabricated by
photolithography with Cu and Au lines on an insulating SiO,
substrate (see ESI for fabrication details). Figure 3a shows a
schematic of the AuCu device, with the design parameters for
the 4 different devices in a table. Figures 3b and 3c show the
SEM and EDX images for the 21% AuCu device. As the lines in
this device are electronically isolated, either or both can be
actuated via an external circuit with on/off switches (Fig. 3a).
Firstly, we show that the Au and Cu lines can be actuated
independently. Unless otherwise stated, electrochemical
evaluations were performed at -1.0 V vs RHE in CO, saturated
0.1 M CsHCO; electrolyte. Figure 4a shows the product
distribution when only the Au lines are actuated. For all 4
devices, the CO faradaic efficiency is ~53%, with hydrogen
making up majority of the rest of the products (~¥39%). A small
fraction of hydrocarbons (~2%) was observed in all cases,
which is attributed to small amounts of Cu contamination on
the Au lines as a result of the deposition process. Figure 4b
shows that when only the Cu lines are actuated at -1.0 V vs
RHE the product distribution is qualitatively similar to that of
the Cu foil reference with a faradaic efficiency to oxygenates of
about 20%. Note that although formate is an oxygenate, we
will not classify it as an oxygenate in our analysis because this
product cannot be derived from co.* Thus, for the entirety of
the manuscript, we will refer to C,/C; oxygenates solely as
“oxygenates” and these include glyoxal, glycolaldehyde,
acetate, ethylene glycol, acetaldehyde, ethanol,
hydroxyacetone, allyl alcohol, propionaldehyde and propanol.

*all values in pm,
drawings not to scale

Journal Name

Figure 3. (a) Schematic of the interdigitated AuCu device, showing the design
parameters for the 4 different devices in a table. Externally connected on/off switches
linked to a potentiostat can be turned on and off to actuate both Au and Cu lines, Au
only or Cu only. (b) SEM and (c) EDX images of the 11% AuCu device with Si in blue, Au
in green and Cu in red. See Figures S4 to S9 for more information. Note: for a X%
device, X% refers to the ratio of the geometric area of the Cu lines to the total metal
area.
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Figure 4. Faradaic efficiency plots for the 4 different AuCu devices when: (a) only Au
lines are actuated and (b) when only Cu lines are actuated. In (b), Cu foil data is shown
as a reference. For a X% device, X% refers to the ratio of the geometric area of the Cu
lines to the total metal area. Errors bars are given for CO and H, in (a) and ethylene and
oxygenates in (b). Error bars are standard deviations for replicate experiments, typically
3.
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To study the effect of CO transport from the Au to the Cu,
both the Au and Cu lines were actuated at the same time (Figs.
5a and 5b); there are 2 main effects. Firstly, the partial current
density to CO (Figure 5c) drops significantly when both Au and
Cu are actuated compared to when only Au is actuated,
showing that CO formed on the Au is consumed by the Cu
lines, validating the sequential catalysis concept. Secondly,
analysis of the oxygenates to ethylene ratio (in terms of
faradaic efficiency) shows a steady increase with decreasing Cu
coverage, from a value of 0.67 for the 55% device to 1.18 for
the 3% device (Figure 5d). Comparatively, when only Cu is
actuated, the oxygenates to ethylene ratio for all devices is a
lower value of ~0.71.

This journal is © The Royal Society of Chemistry 2018
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Figure 5. (a) Faradaic efficiency plots for the 4 different AuCu devices when both Au+Cu lines are actuated. Error bars are shown for oxygenates and ethylene. (b) Total current
densities and (c) partial current densities to CO for the Au only, Cu only and Au+Cu case. (d) Ratio of oxygenates to ethylene (in terms of faradaic efficiency) for the 4 AuCu devices
for both cases when only Cu is actuated and when both Au and Cu are actuated. (e) Fraction of total CO molecules going towards methane, ethylene or oxygenates (see Table S3
for detailed calculations). See Figure S10 and S11 for breakdown of the oxygenates for Au+Cu. (f) Current density profile when different sets of lines are actuated for the 3% AuCu
device. Black: Au only, blue: Cu only and green: Au and Cu. When Au lines are actuated, an observable increase in the methane to ethylene ratio is observed, as would be expected
from (e). Note: where appropriate, Cu foil data is shown as a reference. Also, for a X% device, X% refers to the ratio of the geometric area of the Cu lines to the total metal area.
Error bars are standard deviations for replicate experiments, typically 3.
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In CO,R, it is known that CO is the central intermediate
from which ethylene, oxygenates and methane are derived™.
The CO consumption rate required for generating each
product can be calculated from their respective partial current
densities and, from this, the fraction of CO molecules going
towards various products can be obtained (see Table S3 in ESI
for detailed calculations and discussion). Representing the
product distribution in such a way (as compared to the FE
scale) accounts for the fact that different products require
different numbers of electron transfers to generate one mole
of product (e.g. 12 mol e and 8 mol e per mol of ethanol and
acetate respectively). Figure 5e shows that lower Cu areal
coverage (higher predicted local CO concentration cf. Fig. 2)
increases the fraction of CO going towards oxygenates, while
the fraction to ethylene decreases, with the methane fraction
staying relatively constant. Analysis of the difference in partial
current densities for methane, ethylene and oxygenates for
the case when Cu only versus when both Au and Cu are
actuated (Figure S12) reveals that CO transfer results in an
increase in the partial current density towards both ethylene
and oxygenates. However, at the lower Cu ratios, the increase
in partial current density towards oxygenates is larger than
that for ethylene, leading to a higher oxygenate to ethylene
ratio.

Figure 5e shows that with decreasing areal coverage of Cu,
the ethylene fraction of the products decreases while the
methane fraction remains constant with CO transfer. This
means that the methane to ethylene ratio (in terms of faradaic
efficiency) should become higher when the sequential
pathway is activated by turned on the Au lines. This is indeed
the case, as shown in Fig. 5f; the ethylene to methane ratio
does indeed become lower when the Au lines are turned on (in
this experiment only the gas phase products could be
quantified as a function of time). Also, the reproducibly of both
the current density and the gas phase product distribution
clearly show the independent control of the two catalytic
metals and rule out any possible effects from alloying or cross
contamination.

Microfabricated bifunctional electrode with reduced spacing

We hypothesized the sequential catalysis pathway could be
further enhanced by patterning Cu directly onto a Au
substrate. This geometry enables the Cu and the CO source to
be placed closer to each other (limitations of photolithography
prevented us from fabricated interdigitated devices with closer
spacings). Cu lines of 8.6 um width spaced 39 um apart were
fabricated onto a Au substrate (see ESI for fabrication details)
producing a surface with 18.2% areal coverage of Cu (Figure
S16, ESI). These catalysts yield an oxygenate to ethylene ratio

This journal is © The Royal Society of Chemistry 2018
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of 1.23 (Figure S20, ESI). Although this oxygenate to ethylene
ratio is relatively high, the catalyst has a relatively high
faradaic efficiency of 36.4% to hydrogen. This is most likely
due to the Au substrate itself exhibiting a high hydrogen
faradaic efficiency (44.4%) at this potential (Figure S20, ESI).

We therefore turned to a different metal to produce CO
at -1 V vs RHE, while producing less hydrogen. Ag and Zn are
two possibilities; here we used Ag due to its higher CO partial
current density and CO faradaic eﬂ’iciency.l‘r”58 Cu lines of fixed
8.6 um width and varying spacings (2.5 — 39 um ) were
fabricated onto a Ag substrate (Figure 6a and Figure S17, ESI),
which yields catalysts with 18.2- 77.2% areal coveragse of Cu.
A control sample was fabricated as well, in which 100% of the
Ag surface was coated with Cu (Figure S15c, ESI). Figures 6b
and 6c¢ reveal a trend similar to that of the AuCu devices; a
lower areal coverage of Cu results in higher oxygenate to
ethylene ratios. Going from 77.2% Cu to 18.2% Cu, this ratio
increases from 0.72 to 1.15 and the faradaic efficiency to
oxygenates can be tuned from 21.3% to 28.8%. For the control
case where 100% of the Ag substrate is covered by Cu (100%
Cu), the oxygenates to ethylene ratio (0.59) is very similar to
that of Cu foil reference (0.56), as expected. Also, as the Cu
areal coverage decreases, the faradaic efficiency to hydrogen
goes down as well, with a value of only 16.0% for 18.2% Cu.
This compares favorably against the case where a Au substrate
was used instead, which had a faradaic efficiency of 36.4% to
hydrogen. Also, the faradaic efficiency to CO is observed to go
up with lower Cu coverage, indirectly indicating a larger molar
flux of CO available to Cu.

Energy Env. Sci., 2018, 00, 1-3 | 6
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Figure 6. (a) Schematic of the Cu lines on Ag substrate system, with design parameters
shown in a table. Inset shows a SEM image of 18.2% Cu lines on Ag. (b) Faradaic
efficiency for Cu lines on Ag system as a function of Cu areal coverage. 100% Ag refers
to the Ag substrate. Current density (black triangles) and ratio of oxygenates to
ethylene (white dots) as a function of Cu areal coverage. Error bars are standard
deviations for replicate experiments, typically 3. More SEM images (Figure S18) are
available in the supporting information. Error bars for oxygenates and ethylene are
given.

To further increase the oxygenate to ethylene ratio in the
Cu on Ag system, we hypothesized that CO transfer could be
made more facile by shrinking the dimensions of the Cu.
Furthermore, the trends observed in Fig. 6b suggest that
further improvements could be made by going to even lower
areal coverages of Cu. To this end, 1.6 um Cu dots were
fabricated in a hexagonal pattern with 4 different nearest
neighbor distances (see Figure 7a and Figure S18) to achieve 4
different Cu areal coverages (2.4, 4.3, 7.8 and 18.8%). As
expected, even higher oxygenate to ethylene ratios were
obtained (Figure 7b), with samples possessing a lower Cu areal
coverage having a higher ratio. With this system, the ratio of
oxygenates to ethylene can be tuned from 1.25 with 18.8% Cu
all the way to 2.39 with 2.4% Cu and the faradaic efficiency to
oxygenates rising to 41.3%. Interestingly for the 2.4% Cu case,
the faradaic efficiency for oxygenates (41.3%) is even higher
than that for methane and ethylene combined (26.1%).
Furthermore, the faradaic efficiency to hydrogen for this
catalyst was only 5.14%, although faradaic efficiency to CO was
at 22.2%, indicating that diffusional escape of the CO at this
low Cu coverage. In general, it is observed that lower Cu
coverages result in lower faradaic efficiencies to hydrogen and
is likely due to Ag substrate producing minimal amounts of
hydrogen at this potential (Figure 7b).

This journal is © The Royal Society of Chemistry 2018
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refers to the Ag substrate. Current density (black triangles) and ratio of oxygenates to
ethylene (white dots) as a function of Cu areal coverage. Error bars are standard
deviations for replicate experiments, typically 3. More SEM images (Figure S22) are
available in the supporting information. Error bars for oxygenates and ethylene are
given.

Figure 8a shows the fraction of total CO molecules going to
methane, ethylene and oxygenates for the Cu dots/lines
system (analysis similar to that used for Figure 5e, with
calculation details in Table S3). This figure highlights the
considerable tunability of the sequential catalyst system; the
fraction of CO molecules going to oxygenates can be varied
from 0.33 to 0.67 and the fraction to ethylene from 0.53 to
0.24. The fraction towards methane appears relatively
constant, however slight decreases are observed at lower Cu
coverages. In Figure 8b, the breakdown of the oxygenates into
its various components for the Cu dots/lines catalyst systems is
plotted (for further breakdown of the oxygenates see Figure
S21 and S22, ESI). Interestingly, the oxygenates with the
largest increases in faradaic efficiency at lower Cu coverages
are acetaldehyde and acetate. The 2.4% Cu dots system
exhibits a faradaic efficiency of 14.4% to acetaldehyde and
6.8% to acetate. Comparatively, on Cu foil and 100% Cu, these
2 products are only generated in minor amounts (~0.6% for
acetaldehyde and ~0.7% for acetate). On the other hand, the
faradaic efficiency towards ethanol and propanol remain
relatively constant with Cu coverage. The inset to Fig. 8b
shows that the total C,/C; faradaic efficiency for all sequential
catalyst systems; this value is maintained in the 50-65% range
regardless of Cu coverage.
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Figure 8. (a) Fraction of total CO molecules going towards methane (black), ethylene
(red) and oxygenates (blue). (b) Breakdown of the oxygenates into its various
components for the Cu dots/lines on Ag substrate. Further breakdown of the
components is available in Figure S21 and S22, ESI. The inset shows the total C,/Cs
faradaic efficiency for all catalysts in the Cu dots and lines system. D refers to dots and
Lrefers to lines.

Control experiments

In contrast to the interdigitated AuCu devices, the
microfabricated systems have an exposed Cu/Ag interface.
Therefore, control experiments were performed to eliminate
the possibility of the Cu/Ag interface having a significant
catalytic effect. A sample was made with a 30 nm carbon
interlayer introduced via sputter deposition in between the Ag
substrate and the Cu dots (see Figure S19, ESI). With the
carbon interlayer there are no Cu/Ag interfaces present.
When tested at -1.0 V vs RHE, a high oxygenate to ethylene
ratio of 2.25 was observed (Figure S23), similar to the case
without the carbon layer. Also, we note that regardless of
whether a Au or Ag substrate was used, 18.2% lines of Cu areal
coverage resulted in similar oxygenate to ethylene ratios of
1.15 and 1.23 for Ag and Au respectively (see Figure 6b and
Figure S20, ESI), even though they have different metal-metal

8 | Energy Environ Sci., 2018, 00, 1-3

interfaces. Also, the partial current densities to ethylene and
oxygenates were calculated for both cases and these values
were very similar as well (Figure S24). We conclude that
interface sites do not have a significant role in our
micropatterned bimetallic catalysts.

To rule out the possibility Ag has a catalytic role other than
making CO, CO reduction was carried out at -1.0 V vs RHE in
0.1 M phosphate buffer (pH 7) and at -0.7 V vs RHE in both the
0.1 M CsOH and 0.1 M CsHCO;s electrolyte for both 100% Cu on
Ag and 18.8% Cu dots on Ag. The observed oxygenate to
ethylene ratios for both catalyst samples and for both
potentials and electrolyte conditions were similar (Figure S25).

Reduction experiments on a Cu electrode were carried out
with a gas mixture feeds of CO,/CO (90/10, 80/20/ 70/30) to
investigate if having a background concentration of CO could
produce effects similar to those found for the micropatterned
catalyst systems. However, using a partial CO feed results in
the lowering of the aqueous CO, concentration, resulting in
conditions where selectivity to hydrogen is increased (Table
S9). Moreover, there is no observable change in the ethylene
to oxygenates ratio (Tables S9 and S10). We therefore
conclude that the catalytic outcomes we obtained on the
micropatterned catalyst systems cannot be obtained by simply
flowing in mixtures of CO, and CO. This is because in our
system, a local source of CO can be provided to the Cu regions
without reducing the bulk CO, concentration, thereby
establishing a non-equilibrium state on the surface (see Tables
S11to S12).

Finally, it has been demonstrated that pH can have an
effect on the CO,R product distribution.?®%® To determine if pH
changes could influence catalytic outcomes in this work, the
surface pH was calculated using a 2D computational model
(Figure S26 and Tables S5-S8). Modeling results reveal that for
the interdigitated AuCu devices, the surface pH at the 2 metals
is ~10 and actual pH values differ by not more than 0.7 pH
units. For the Cu dots/lines on Ag system, the surface pH is
also ~10 and actual pH values differ by not more than 0.5 pH
units. We note that larger changes in pH are required to cause
significant changes in the product distribution,66 and we thus
conclude that pH changes alone cannot account for the
experimental observations.

Mechanism of selectivity to oxygenates via sequential catalysis

Finally, we consider the mechanism causing increased
oxygenate production from CO transfer. It is plausible that CO
transfer could induce a higher *CO coverage over Cu during
CO,R. Theoretical calculations have suggested that the main
surface species on Cu surface sites are *CO and *H, with the
coverage of each intermediate depending on the surface facet,
strain, applied potential and partial pressure of CO. 28296768
According to Norskov and co-workers,68 the *CO and H*
coverages determine the CO dimerization rate and surface
hydrogenation rate respectively. When a local source of CO is
present, the chemical potential of CO on Cu can be raised,
leading to a higher *CO coverage and a lower *H coverage.68 A
higher *CO coverage can result in a decrease in *CO binding

This journal is © The Royal Society of Chemistry 2018

Page 8 of 12



Page 9 of 12

Energy & Environmental Science

which would shift Cu to the
7

energy,ﬁ&69 left along the
theoretical activity volcano for CO,R © and therefore induce a
change in the catalytic properties of Cu. Furthermore, a lower
*H coverage might result in a slower surface hydrogenation
rate of CO dimers. A high *H coverage could be required to
sustain hydrogenation of CO dimers all the way to ethylene,
with a low *H coverage possibly favoring the formation of
oxygenates instead. This could also be the reason why large
amounts of acetaldehyde are observed as further
hydrogenation to form could be inhibited.
Acetaldehyde disproportionation then results in ethanol and
acetate formation as shown by Koper and co-workers.”*

An increase in oxygenates at the expense of ethylene is
also evident in the experimental work of Kanan and co-
workers, in which CO reduction at partial pressures of 2.4 atm
and 1.0 atm was carried out on “oxide-derived” Cu catalyst
over a range of potentials.19 At the higher CO partial pressure,
a higher *CO coverage is likely to have been induced, leading
to a decrease in FE and partial current density for ethylene and
an increase for oxygenates (Figure S27) which was observed
across all the potentials that were tested.

ethanol

Energy efficiency considerations

For CO,R to become a practical technology, it is important
that the conversion reactions have high energy efficiency,
defined as the total free energy gain of producing the products
divided by the electrical energy provided to the
electrochemical system. Using an analysis similar to that of our
previous work,72 we estimated the energy efficiencies of our
patterned Cu dots/lines catalysts if operated in an optimized
system. We find that energy efficiencies towards C,/C;
products are the highest for the case with 4.3% Cu dots
(21.4%) and that 100% Cu (14.3%) and Cu foil (12.5%) have
lower efficiencies; see S| Tables S13 and S14 for calculation
details and full analysis. The higher energy efficiency of the
catalyst with lower areal coverage of Cu is due to the
combined effect of maintaining a high C,, FE (see inset Figure
8b), whilst suppressing hydrogen evolution. A low partial
current to hydrogen formation is important as it reduces the
overall cell voltage at a given C,, product production rate. This
effect results from a reduction in IR losses from the membrane
and solution resistances as well as reduced overpotential
requirements at the anode. Considering total energy
efficiencies towards all CO,R products, again lower areal
coverages of Cu yielded higher efficiencies. For example, 2.4%
Cu dots (32.8%) have a higher efficiency compared to 100% Cu
(18.1%) or Cu foil (17.5%). Additionally, the electrical energy
consumed per mole of C,/C; product generated was calculated
as well (Table S15). Similarly, systems with lower Cu coverage
are observed to require less energy to generate C,/Cs
products. However, this does come at the cost of a lower
partial current density towards these products.

Conclusions

This journal is © The Royal Society of Chemistry 2018

In summary, we have shown that CO generated by a
nearby CO producing catalyst can transfer onto Cu resulting in
increased oxygenate production. This is demonstrated with Cu
dots or lines of fixed dimensions patterned directly onto a Ag
substrate and in such a system, we are able to systematically
tune the product distribution of Cu and adjust the ratio of
oxygenates to ethylene from 0.59 to 2.39. We postulate that
this effect could be due to an increase in *CO coverage on Cu.
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A sequential pathway with CO as an intermediate species allows for control of oxygenate
selectivity in electrochemical reduction of CO,.



