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ABSTRACT: The electrochemical reduction of carbon dioxide to ethanol is s S %&aﬁ m
a promising way to make CO, electrolysis economically feasible. In this work, % Do A

a bimetallic catalyst of silver and copper is synthesized, and the effect of its 3
copper content on the formation of ethanol is analyzed. By decreasing the
near-surface copper content from 99 to 45% (measured by XPS) at a current
density of —20 mA cm?, the Faradaic efficiency of ethanol could be
enhanced from § to 23%. Moreover, we show that with excess of CO, due to
a lower copper and a higher silver near-surface content, the formation of X

i T | T
ethanol is favored over ethylene. 5 75 %

Cu content of bimetallic catalyst [%]

Ethanol-ethylene
ratio
X
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Hl INTRODUCTION amount of CO and therefore shift the selectivity of copper to

415,16
The electrochemical reduction of carbon dioxide (CO,) is a more value-added C, products (see Scheme 1).

promising approach for harnessing the greenhouse gas CO,
and thus producing climate-neutral carbon-based base
chemicals.' > The formed products in this process strongly

Scheme 1. Simplified Reaction Pathway of CO,RR to C,
Products on a Bimetallic Cu/Ag Catalyst

depend on the used catalyst material. Copper has the great co, Ag.C4 ., _Cu c,

advantage of possessing an intermediate binding energy for the

reaction intermediate *CO and thus can catalyze C—C

coupling reactions.”® This leads to the formation of value- In this study, this approach is followed by using silver

added products with more than one carbon atom such as nanoplates (Ag NPIs) as a basic structure that consists of a

ethylene, ethanol, acetate, and ﬂ—PTOPaIlOl-é_8 CO-selective silver catalyst with high activity due to its
The requirement for an economical CO, electrolysis process nanostructured surface.'”~"? Additionally, copper is deposited

is a good compromise between a profitable niche market and on the Ag NPIs to obtain a shared copper—silver surface and

an impactful mass market." This is the case for ethanol. thus enhancing the electrocatalytic kinetics. For the study of

Therefore, the task is to tune copper catalysts to achieve higher pure Ag NPIs, we refer to another publication of ours.'”

Faradaic efficiencies (FEs) for ethanol. In the following, we report the synthesis of the new
Today, most copper-based catalysts favor the formation of bimetallic catalyst, discuss its morphology, various composi-

ethylene over ethanol. For example) an ethanol-to-ethylene tiOl’lS, and activities of the catalysts and analyze their catalytic

ratio in the range of about 0.3 to 0.5 for a modified copper performance in the CO, reduction under different conditions.

surface is reported.” Also a ratio in the range of 0.25 to 1 for a
Cu(l) oxide surface and a polycrystalline copper surface, u EXPEBIMENTA.L SEC.TION

respectively, is found.”'" The ranges reported represent results Preparation of Bimetallic Cu—Ag Catalysts. All chemicals
of different experimental parameters. were used as obtained without any further purification. To synthesize

The reaction path on copper is extensively discussed in the

EEAPPLIED

literature and is influenced by many parameters. However, Received: April 19, 2023
there is agreement that the key reaction intermediate of all Accepted:  June 22, 2023
products, except formate, is carbon monoxide.”''™"* There- Published: July 11, 2023

fore, a promising approach exists in the usage of a bimetallic
catalyst consisting of copper and a CO-forming material such
as Ag, Au, or Zn. The CO-forming material should increase the
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the bimetallic catalyst, Ag NPIs were first fabricated as a basic
structure in a two-step synthesis according to the work of Muench et
al. and as we reported previously.'’ ™" For this, silver seeds were
formed by reducing silver ions with tin(II) chloride on the surface of
silver foils (Scheme 2 “seeding”). Afterward, the anisotropic Ag NPl

Scheme 2. Two-Step Synthesis of Alg NPIs and the

Subsequent Copper Deposition'®™>
Sn? Ag'
00 0%
(o] o0

\

Seeding -4 —_ [
. Fe¥
Electroless o'\ 1 S°
Silver a ,.l
Plating —_— T T |-
HCHO EDT.A
% 39 %" 2.2-bipyridine
CuSO, @® G
Electroless N /;0
Copper m
Deposition —> —

growth was supported by an Fe(III)—hydroxide—tartrate complex,
which acts as a surface agent (Scheme 2 “electroless silver plating”). In
our previously published paper, further details on this process can be
found.'” Subsequently, Ag NPIs were partially covered by copper with
the help of electroless copper deposition (Scheme 2 “electroless
copper deposition”). For this, an aqueous copper bath consisting of
formaldehyde (0.1 mol L™, 37%, BP, USP, Merck), copper sulfate
pentahydrate (0.05 mol L™, >99%, VWR), ethylenediaminetetra-
acetic acid (0.1 mol L™, 99.4—100.6%, Sigma-Aldrich), and 2,2'-
bipyridine (32 umol L™!, ACS, Merck) analogous to the work of Lee,
Syu and Chen et al. was used.*>*' The pH value of the solution was
adjusted between 11.5 and 13.5 by adding sodium hydroxide platelets
(>98%, Sigma-Aldrich) and the bath was purged with nitrogen for 15
min. Afterward, the silver foil with the silver structure on top was
inserted into the copper bath. In contact with the Ag NPlIs, the copper
ions were reduced by formaldehyde in an alkaline solution. The Ag
NPIs acted as a catalyst for the reaction.”®*' Therefore, the reduction
of copper occurs only on the surface of the Ag NPIs and not in
solution. Thus, the separation of the solution after the reaction was
simple since no elemental copper remained in the solution. The
amount of copper on the surface of the Ag NPIs was controlled by the
duration of the electroless copper deposition. The duration was varied
between 1 s and 15 min.

Catalyst Characterization. SEM images of the catalysts were
acquired using a Quanta FEG 650 instrument from FEI (Hillsboro,
Oregon, USA). The samples were scanned at a distance of 10 mm
with an accelerating voltage of 20 kV, and the secondary electrons
were sensed by an Everhart—Thornley detector. For the cross-
sectional image of the catalyst, the sample was embedded in resin, cut
transversely, and polished. To achieve better electrical conductivity,
the resin-embedded catalyst was attached to the sample holder with
copper tape.

The EDX measurements were performed using the same
instrument as for SEM. For the analysis, an Octane Super detector
from EDAX was applied using an acceleration voltage of 20 kV. The
X-ray signals associated with the L-shells for copper and silver were
used for analysis.

The D4 Endeavour instrument from Bruker (Indiana, USA) with a
copper K-alpha source (1.5406 A) was applied for XRD analysis.
Measurements were performed at 40 kV and 40 mA in a Bragg—
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Brentano geometry between 10 and 130° with a step size of 0.01° and
a counting time per step of 2 s.

To determine the total amount of copper in the catalyst, 0.5 cm® of
the catalyst layer was first detached from the silver foil in an ultrasonic
bath. The detached catalyst was then dissolved with concentrated
HNO:;. The silver and copper contents were subsequently determined
by ICP—MS (7900 ICP—MS, Agilent).

XPS measurements of the synthesized catalyst were carried out to
analyze the near-surface composition. A PhiS000 VersaProbe II
instrument (ULVAC-Phi Inc, USA) with a monochromatic Al K-
alpha source (1.486 keV) was utilized for the XPS measurements. The
analysis was performed in 0.8 eV steps, with each step lasting for 100
ms. The Shirley background was used for the analysis.

To investigate the altering of the catalyst, samples of the electrolyte
were taken after 100 min of each CO, reduction reaction (CO,RR)
experiment. The copper content in the electrolyte was then analyzed
by ICP—MS (7900, ICP—MS, Agilent).

Electrochemical CO,RR. For the CO,RR, a custom-made H-cell
(Figure 1) separated by a Nafion 117 membrane and containing a

®

@ RE @ CE

Figure 1. Sketch of the used H-cell for the electrochemical reduction
of CO,: RE, WE, CE, and GC. Note: For simplicity, the RE is drawn
on the backside of the cathode; in reality, the RE points to the front
side of the WE.

@ WE

@ Nafion

KHCO; electrolyte (0.1 mol L™, >99.7%, Honeywell) was used.
Additionally, a platinum mesh and a commercial Ag/AgClI electrode
(saturated) were applied as the counter electrode (CE) and reference
electrode (RE), respectively.

The CO, gas inlet containing a frit with a pore size of 100 to 160
pum was positioned such that the gas bubbles entered the system on
the front side of the working electrode (WE). The cathode
compartment was filled with S5 mL and the anode compartment
with 60 mL of electrolyte. Prior to the electrochemical measurements,
the cathode and anode compartments were purged with carbon
dioxide and argon, respectively, at a flow rate of 10 mL, min~" for 30
min. Argon is used to purge oxygen formed at the anode from the
anolyte to prevent diffusion of small amounts of oxygen through the
membrane to the cathode and subsequent reduction to oxygen. The
cathode was inserted into the system with a custom-made Teflon
sample holder that set the geometric surface area of the catalyst to 0.5
cm?. To prevent the oxidation of the catalyst, a reductive potential of
—0.9 V vs RE was already applied when the catalyst was inserted. For
the electrochemical measurements, a VSP-300 potentiostat from
Biologic was used. To determine the voltage (IR) drop between the
RE and WE, a potentiostatic electrochemical impedance spectroscopy
(PEIS) measurement was conducted, and the IR-corrected potential
versus a reversible hydrogen electrode (RHE) was calculated
according to eq 1

ER-co.(vs RHE) = E(vs Ag/AgCl) + 0.197 V

+ 0.0591 V-pH-IR (1)

The pH of the electrolyte saturated with CO, was 6.8. After the
PEIS measurement, a cyclic voltammetry (CV) measurement with a
scanning rate of 20 mV s~ was performed in the potential range of
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—0.1 to —0.5 V vs RHE. The following CO,RR was performed by
chronopotentiometry at —20 mA cm™ for 100 min or at varying
current densities for 55 min.

The gaseous products of the CO,RR were analyzed by gas
chromatography (GC, Trace 1310, Thermo Scientific) every 15 min
during the experiment. Additionally, liquid samples were taken after
55 and 100 min and were examined offline either by ion exclusion
chromatography (IEC, S15S, Sykam) for formate or by headspace gas
chromatography (HS-GC, Trace 1310 with TriPlus 300 Headspace
Autosampler) for the other liquid products. The IEC and HS-GC
results were verified by '"H NMR measurements with a water signal-
suppressing method (Avance 600 MHz, Bruker).® The resulting FE
for species i was calculated as follows

n; e F

FE, = ——

Q @)
Here, n; is the amount of product i, ¢; is the number of electrons
needed to produce one molecule of i, F is the Faradaic constant, and
Q is the total amount of consumed charge.

B RESULTS AND DISCUSSION

Catalyst Morphology, Composition, and Activity. The
new bimetallic catalyst was synthesized by growing Ag NPIs on
silver foils followed by electroless deposition of copper (see the
section “Preparation of Bimetallic Cu—Ag Catalysts”). The
morphology was analyzed by taking SEM images of the top
surface of the catalyst and the cross section (Figure 2a—c). The

Figure 2. SEM images of the top surface of Cu/Ag nanoplates with
45% near-surface copper content (A,B) and a cross section of the
resin-embedded catalyst with 90% near-surface copper content (C).
Additionally, SEM/EDX overlay of Cu/Ag nanoplates with 45% near-
surface copper content [(D), copper depicted in red].

images show that the catalyst consists of a porous catalyst film
on the silver foil composed of silver plates with a nanoscale
thickness forming a bead-like structure of 1 to 2 ym. The
height of the catalyst layer can be determined to be 10 to 15
pm, and the beads form branched chains. For further
information about the structure and properties of the Ag
NPIs, our previous publication is recommended.'”® The
location of copper formed by electroless copper deposition
can be visualized by overlaying the SEM image (Figure 2A)
with copper EDX mapping. It can be seen that copper depicted
in red was deposited on the Ag NPls (Figure 2D).

To determine the crystalline phase of the new bimetallic
catalyst, the XRD pattern was measured (red line in Figure 3).
For comparison, also an XRD measurement for pure Ag NPIs
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Figure 3. XRD patterns of Ag NPIs and with copper-de};osited Ag
NPIs. Additionally, XRD patterns from the ICS database 2 of silver
and copper are shown. The copper content is determined by XPS.

(blue line) was performed, and reference data from the ICS
database”” for silver (black line) and copper (green line) are
shown. The detected peaks indicate that the Ag NPIs and the
deposited copper have a polycrystalline structure. Moreover,
the data show no shift in the silver peaks between the pure Ag
NPI pattern (blue line) and that with copper (red line). Thus,
with copper deposition, no changes in the lattice parameters of
silver are observed.

To assess the synthesis and the respective electrocatalytic
CO,RR performance, systematic information about the near-
surface copper content as a function of the total copper
content has to be obtained. The copper content in the entire
catalyst layer was measured by detaching the catalyst layer
from the silver foil as described in the section “Catalyst
Characterization” and subsequently analyzing the copper
content by ICP—MS. Since this is a destructive method,
additional non-destructive EDX measurements were per-
formed prior to the electrochemical experiments and the
final ICP—MS analysis. Plotting the two different copper
contents against each other, a linear correlation is obtained,
namely, y = 1.81x (Figure 4A). This relation can be used as a
calibration for a non-destructive determination of the total
copper content using the EDX data. The near-surface copper
content was obtained by XPS measurements (see the section
“Catalyst Characterization”). The measured data are plotted
versus the total copper content calibrated from the EDX data
(Figure 4B). The near-surface copper content is higher than
the average total copper content. This is reasonable since
copper is only present on the surface of the catalyst due to the
subsequent copper deposition on the Ag NPIs. Moreover, the
data show that bimetallic catalysts have been synthesized with
a near-surface copper content ranging from 21 to 99%. Since
the surface of the catalyst is the key area of the catalytic
reaction, the near-surface copper content is used in the
following to distinguish between the different catalyst samples.

To investigate whether the copper content was maintained
during the reaction, the electrolyte after each CO,RR
experiment was analyzed for its copper content (see the
section “Catalyst characterization”). Irrespective of the copper
content of the tested catalyst, the averaged amount of dissolved
copper was approximately 0.3 pg. Comparing this to the
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Figure 4. (A) Linear correlation between the copper content
measured by EDX and the total copper content measured by ICP—
MS. The red line represents the linear fit of the data. (B) Comparison
of the total copper content (calibrated from EDX) and the near-
surface (measured by XPS) copper content of several samples of the
new bimetallic catalyst. The red line provides a guide-to-the eye for
the reader.

catalyst with the lowest copper content, 7% of the copper is
dissolved in the electrolyte during the reaction. In contrast,
only 0.1% of copper is dissolved for the catalysts with the
highest copper content.

The activity of a catalyst is a key factor for its perform-
ance.””™*” Thus, the activity of the bimetallic catalysts with
different copper contents was investigated by measuring the
CV curves in the potential range from —0.1 to —0.5 V vs RHE
with a scan rate of 20 mV s! and in a 0.1 M KHCO,
electrolyte (Figure 5). The upper potential limit for these
experiments was chosen to prevent oxidation of copper as this
could alter the catalyst. To ensure reproducibility, the given
data are averaged values of at least two samples with similar
copper content. From —0.1 to —0.25 V vs RHE, the curves of
the different samples are quite similar since in this potential
range, mainly capacitive current and barely CO,RR or
hydrogen evolution reaction (HER) occurs. At more negative
potentials, the reductive current density increases due to the
starting CO,RR and HER. With higher copper content, this
effect is more pronounced. Possible reasons for higher current
densities are a larger electrochemical surface area (ECSA) or a
higher activity of the material. Tentatively, the ECSA should be
identical for all catalyst specimens since the basic structure,
namely, the Ag NPIs, is the same for all catalysts. This is
supported by similar double layer capacities (4.4 +
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Figure S. CV curves of the new bimetallic catalyst with different near-
surface copper contents (see legend, measured by XPS). The
measurements were performed in a potential range from —0.1 to
—0.5 V vs RHE with a scan rate of 20 mV s™* and in a2 0.1 M KHCO,
electrolyte. To ensure reproducibility, the given data are averaged
values of at least two samples with similar near-surface copper
content. The inset shows the CV curves for equally polished silver and
copper foils as the reference.

0.8 mF cm™?) for the different samples. Therefore, the reason
for the increased reductive current density with higher copper
content has to be an increased activity of the catalysts with a
larger copper content. To support this hypothesis, CV curves
were obtained with a silver and a copper foil polished under
the same conditions (P4000 ultra-fine polishing paper) and
therefore with an approximately identical ECSA (inset graph in
Figure S). The curves show a significantly higher reductive
current density for the copper than for the silver foil, which is
consistent with the above hypothesis.

Catalytic Performance in the CO,RR. After the
characterization of the new catalyst, its catalytic performance
in the CO,RR was tested. For this purpose, the catalysts with
different near-surface copper contents ranging from 21 to 99%
were measured at —20 mA cm™> for 100 min (see the section
“Electrochemical CO2 Reduction Reaction”). For simplicity,
the near-surface copper content measured by XPS will be
referred to only as copper content in the following. The
gaseous and liquid samples taken over 100 min show relatively
constant values. Therefore, a steady reaction over time can be
assumed. The shown data are average values of at least two
individual measurements. The error bars are calculated
standard deviations considering the individual runs. Moreover,
the respective potential at the working electrode, Eyg g cors
was calculated using eq 1 and is indicated on the x-axis of
Figure 6. The decrease in the magnitude of the potential with
increasing copper content at constant current densities can be
explained by the higher activity of the catalyst with higher
copper contents (see the section “Catalyst morphology,
composition, and activity”). The influence of the potential
on the performance of the catalyst is analyzed at the end of this
section.

Figure 6 shows that starting from the highest copper content
of 99%, minimizing the copper content down to 45% results in
a better-performing catalyst with less competitive and parasitic
reduction of water to hydrogen (ie., HER).”®*” More
specifically, the FE of hydrogen is decreased from 62 to
27%. Lowering the copper content even further does not show
any additional improvements. The minimized hydrogen

https://doi.org/10.1021/acsaem.3c00985
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Figure 6. FE as a function of the near-surface copper content (measured by XPS). The experiments were performed at —20 mA cm™ and for 100
min. The data are averaged over two to three individual measurements.

evolution can be explained by the following two facts. The
amount of silver increases with decreasing copper content.
This also enhances the formation of CO since silver surfaces
mostly produce CO under these conditions.*® As a result, the
CO coverage of the copper surface is higher, leading to CO
poisoning of the copper surface for the HER and thus to an
enlarged CO,RR.**' Second, silver has a higher binding energy
for the intermediate *H for the HER than copper.s’ % Thus,
the binding of *H on silver is less favored than on copper, and
with it, the formation of hydrogen. A minimized copper
content, therefore, lowers the HER. Furthermore, the data
indicate that the ethanol formation, in contrast to the hydrogen
evolution, is increased to 23% by decreasing the copper
content down to 45%. Additionally, the ethanol-to-ethylene
ratio is shifted from ethylene at higher copper contents to
ethanol at lower copper contents.

If the ethanol-to-ethylene ratio is plotted versus the FE of
CO, a systematic relation between the two quantities is
observed (see Figure 7), clearly indicating an optimum for
ethanol formation over the competitive ethylene formation. At
levels of formed CO above 20%, the formation of ethanol starts
being favored over the formation of ethylene. However, at
amounts of CO larger than 30% and with decreasing copper
content (below copper content = 21%), the favoring of ethanol
is not further increased. Expressed in numbers, the ethanol-to-
ethylene ratio is increased from 0.4 at an FE(CO) of 5.4%
(copper content = 99%) to 2.6 at an FE(CO) of 30.5%
(copper content = 45%). This observation nicely supports the
suggested mechanism of Ting et al.: In excess of *CO, due to
the high silver content, it is possible to selectively reduce CO
to ethanol on Cu(111) surface orientations by an alternative
reaction pathway. Here, instead of CO dimerization,"> *CO
reacts as a C—C coupling step with *CH, (x = 1, 2) to
*CH,CO, which reacts selectively via the aldehyde *CH;CHO
to ethanol.” In summary, a copper-to-silver ratio of about
50:50 shows the most beneficial interplay of copper and silver
with a decreased formation of hydrogen and an increased
formation of ethanol.

To figure out if the catalyst performance could be further
enhanced and to analyze the influence of the current density
and the respective potential on the performance, the best-
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Figure 7. Correlation between the FE of CO and the ethanol-to-
ethylene ratio. The red numbers represent the copper content
(measured by XPS) of the used catalyst. The error bars are calculated
by Gaussian error propagation from the errors of the FE of ethanol
and ethylene. The dashed horizontal line marks the transition
between the catalysts favoring ethylene (below) or ethanol (above)
formation.

performing catalyst (45% copper) was tested at two additional
current densities and corresponding potentials, namely, —10
mA cm™? (—0.88 V vs RHE) and —30 mA cm™2 (=1.09 V vs
RHE) (Figure 8). These measurements were conducted for 5$
min, and the shown data are averages of three individual runs.
At —10 mA cm™2, the amount of CO is dramatically increased,
while the formation of ethylene and ethanol is significantly
decreased. For copper catalysts, the formation of C, products
would already be expected at this potential,”**** as can also be
observed for our catalyst with 99% Cu content (see Figure 7).
However, comparing the data with bimetallic Cu/Ag catalysts,
this behavior is in line with the literature.>>° In contrast, a
more negative current density and potential (—30 mA cm™?,
—1.09 V vs RHE) results in higher hydrogen and methane
evolution but lower CO formation. Simultaneously, the
percentage of ethanol decreases slightly. The higher hydrogen
formation can be explained by limited mass transport of CO,

https://doi.org/10.1021/acsaem.3c00985
ACS Appl. Energy Mater. 2023, 6, 7571-7577


https://pubs.acs.org/doi/10.1021/acsaem.3c00985?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00985?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00985?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00985?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00985?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00985?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00985?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00985?fig=fig7&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c00985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

H
__100 = i
B\°
= CH,
E' 80 CoH,
K CoHe
L 60 CsHs
5 CH,OH
L 40 Il C,H;0H
3 W C,H,0H
< 201 [ C,HsOH
w HCOO®

-10, -0.88
JImA cm?], Eye k.corr. VS- RHE [V]

-20, -1.00 -30, -1.09

Figure 8. FE of 45% copper catalysts (measured by XPS) as a
function of current density and potential at the working electrode.
The measurements were performed for 55 min, and the data are
averaged over three individual runs.

to the cathode at an increased negative current density.
Moreover, the enhanced formation of methane is caused by the
more negative potential, which is shown by the data of Kuhl et
al,, for instance.® This trend is consistent with the work of Ting
and co-workers.”” Since the amount of hydrogen should be
minimal and that of ethanol maximal, —20 mA cm™2 and about
—1.0 V vs RHE appear to be a suitable current density and
potential, respectively, for CO, reduction with the used
bimetallic catalyst and cell setup.

B CONCLUSIONS

It was possible to perform a controlled synthesis of a new
designed bimetallic catalyst consisting of Ag NPIs partially
coated with copper. By varying the duration of the electroless
copper deposition, catalysts with different copper contents
could be prepared. The catalysts were characterized by SEM,
EDX, XPS, ICP—MS, and XRD. A linear relation was found
between the copper content measured by EDX and by ICP—
MS. With this relation, the copper content in the entire catalyst
layer could be measured non-destructively. In addition, the
activity of the catalyst was observed to rise with increasing
near-surface copper content.

The influence of the copper content on the performance of
the catalyst in the CO,RR was investigated. When the near-
surface copper content was gradually decreased from 99 to
45%, the amount of ethanol was enhanced from § to 23%, and
the competing HER was minimized from 62 to 27%. Lowering
the copper content even further does not show any additional
improvements. However, not only the formation of ethanol
could be increased by lowering the copper content down to
45% but also the selective formation of ethanol instead of
ethylene. The ethanol/ethylene ratio could be increased from
0.4 to 2.6. A comparison of three different current densities
showed that —20 mA cm™ and about —1.0 V vs RHE are
suitable conditions for the used catalyst and cell design.
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