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Electrochemical reduction of CO, using renewable electricity is a promising strategy to produce
sustainable fuels and chemical feedstocks. The use of porous electrodes is a promising approach to
increase the activity of electrocatalysts such as Ag which exhibit high CO selectivity. However, it is
challenging to fully understand the impact of their complex morphologies. We varied electrodeposition
conditions to obtain different micrometer-scale morphologies: flat catalysts and more dendritic (“coral”)
catalysts. Performing this electrodeposition in either the absence or the presence of a template, allowed
to independently introduce additional porosity of 180 nm cages connected via smaller windows. The
structures were relatively stable in catalysis, with some changes on the 10 nm scale at the most negative
potentials. The templated Ag catalysts consistently reached higher CO partial current densities than
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non-templated equivalents. Interestingly, where CO production scaled with the internal electrode
surface area, simultaneous H, evolution was impeded in the mesoscale pore network. Therefore, our
DOI: 10.1039/d4ma00939h work shows a promising assembly strategy to deconvolute morphology effects on different length

scales, and demonstrates the importance of porosity specifically at the 100 nm scale to enhance CO,
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Introduction

The anthropogenic rise in atmospheric CO, levels induces
global warming." To limit climate change, CO, concentrations
need to be extensively reduced. Most urgent is to stop further
emission of CO, by replacing fossil fuels by renewable energy.
On top of that, the current CO, levels have to be lowered.
Converting captured CO, into fuels and chemical feedstocks
with electrochemical CO, reduction using renewable energy is a
promising approach to close the carbon cycle. However, the
effectiveness is contingent upon the source of energy and
conversion efficiency.> For electrochemical CO, conversion,
Hori et al. showed the importance of the metal composition
of the electrocatalyst for product selectivity and activity.*”
Bagger et al. elaborated on this by relating the selectivity to
the binding energies of reaction intermediates.® Specifically,
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conversion to CO in porous Ag electrodes.

they demonstrated that Ag, Au, and Zn are the most promising
metals to obtain CO during electrochemical CO, reduction.>®
CO, if combined with hydrogen, can be converted into fuels and
chemical feedstocks with existing processes (e.g. Fischer-
Tropsch).” However, it is challenging to achieve the operating
conditions, in particular the current density, required for
industrials applications (>300 mA cm™~> at <0.5 V overpoten-
tial at >70% faradaic efficiency'®). Generally, higher current
densities can be achieved using porous metals due to their
higher surface area, which makes them promising candidates
to investigate.

Templating is a useful tool to obtain ordered porous model
systems, as this synthesis method offers high control over the
formed porosity. These model systems can be helpful in funda-
mental understanding of the processes influencing catalysis,
as they allow the variation of one single parameter at a time.
On top of that, they are very useful to study the stability of
the catalyst material. Although templating has been widely
used to create inverse opals of various metal(oxides),"*® only
a few examples of application in electrochemical CO, reduction
are known. Yoon et al. were the first to use Ag invers opals in
the electrochemical reduction of CO,. They prepared porous
Ag catalysts via electrodeposition of Ag in the voids of a poly-
styrene (PS) template, showing the effect of the layer thickness

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on the selectivity during electrochemical CO, reduction.”” This
inspired Sutter et al. to develop a mathematical model based on
local concentrations, which was then used to verify the effect of
layer thickness and to predict the effect of pore size on the
selectivity and activity.'®

Interestingly, these papers only looked at the effect of tem-
plated ordered porosity, a change in the morphology in the
100 nm range. Previous research on CO, reduction catalysts has
shown that changes in the morphology on the 1 or 10 nm scale
are important too. For Ag, it is known that the (110) facet
performs best in catalysis."® Also, low-coordinated surface Ag
atoms in porous structures are known to produce more CO.>
At the same time, the diffusion layer thickness of CO, in these
systems is often in um range,>" so also corrugation on this scale
is important. Changes in the morphology on the pm scales can
be obtained by varying the electrodeposition solution and
conditions.”*>*

The aim of this paper is to investigate how the morphology
of porous Ag obtained via templating varies on different scales
with changing electrodeposition conditions and to find the
dominant scale for the catalytic performance during electro-
catalytic CO, reduction. To better visualize and understand the
changes on the um scale, we compare the templated porous Ag
electrodes with non-templated equivalents. The results show
that porosity on the 100 nm scale plays a more important role
in the catalytic performance than the morphology of porous
Ag electrode on the pm scale, and that the porous electrodes
exhibit high stability, despite slight changes in the edge
smoothness. On top of that, we discuss a simple but versatile
model that describes the increase in surface area when using
both electrodeposition and templating as synthesis methods
for porous structures.

Experimental
Electrode preparation

Template-based porous Ag catalysts were synthesized in five
steps, which are schematically depicted in Fig. 1. First, PMMA
spheres were prepared by polymerizing 100 mL MMA (Sigma
Aldrich, >99%) in 400 mL milliQ using 69 mg potassium
persulfate (Emsure, 99%) as inhibitor in a 2L round bottom
flask heated to 70 °C with an overhead stirrer at 350 rpm,
following the procedure described by van den Reijen et al.!
based on the work of Zhou et al.>® and Schroden et al.>® This
led to a 2.6% w/w PMMA sphere suspension with a diameter of
~180 nm after filtration.
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In the second step, this suspension was mixed with water
and Nafion®D-520 solution in a 1:1:0.015 volume ratio.
To form the sacrificial templates, the resulting mixture was
dropcasted on wrinkled Ag foil (Alfa Aesar, 99.95%) and dried
in air overnight. The Nafion®D-520 solution was added to
facilitate adhesion of the PMMA spheres to the Ag.

Then, Ag was electrodeposited in the voids of the PMMA
sphere templates using a three electrode set-up consisting of a
Pt wire anode, a 3 M Ag/AgCl reference electrode, and a glassy
carbon disc (SIGRADUR K disc) with the PMMA-modified Ag
electrode on top of it as the cathode. The default conditions
consisted of potentiostatic deposition at —0.1 V vs. Ag/AgCl
until a total charge of 2C cm™? had passed in a solution of
0.05 M AgNO; (Thermofischer 99.9 + % and Alfa Aesar, 99.9 + %),
0.5 M NH,OH (Emsure, 28-30% and Sigma Aldrich,
28-30%), 1.0 M NaNO; (Thermo Fischer, 99.0% and Alfa Aesar,
99.0%) and 0.01 M EDTA (Sigma Aldrich, 98-103%), leading to
sample 1, p-flat-default, in Table 1. Based on the cyclic voltam-
mogram of the solution (Fig. S1, ESIt) only Ag deposition is
expected to take place at this potential. Five other samples were
prepared with slightly altered reaction conditions (see samples
2 to 6 in Table 1). Specifically, these changes were the use of
galvanostatic deposition instead of potentiostatic deposition, a
higher NH,OH concentration, a lower NaNO; concentration,
the absence of EDTA as dendrite suppressing agent, and the
application of a more negative potential. All samples were made
using a charge of 2C cm™?, ensuring equal catalyst loadings for
all samples. After the Ag deposition, the electrodes were rinsed
with milliQ and left to dry in the air.

Lastly, in the fourth step, the PMMA sphere templates were
removed by soaking the sample in acetone (VWR chemicals) for
at least 1 h. In addition to these porous samples, non-templated
Ag equivalents were prepared. These were made by depositing
Ag directly onto Ag foil using the same six electrodeposition
conditions as for the porous Ag electrodes (see samples 7 to 12
in Table 1).

Characterisation

To visualize the sphere size of the PMMA template and the
morphology of the Ag electrodes, scanning electron microscopy
(SEM) was used. These measurements were performed on a
Thermo Fisher Scientific (TFS) Helios G3 UC microscope which
was operated at 2 kV and 50 pA or 5 kV and 20 nA. Prior to the
SEM measurements on the PMMA template, a 10 nm Pt layer
was first deposited onto the spheres. The sphere size distribu-
tion of the PMMA spheres was determined by counting the
sphere sizes in image ]J. Scanning electron microscopy (SEM)
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Fig. 1 Schematic representation of the synthesis of template-based porous Ag by electrodeposition of Ag on a PMMA sphere template, involving (1) the
synthesis of PMMA spheres; (2) the formation of a template on a substrate; (3) electrodeposition of a metal M and (4) removal of the template.
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Table 1 Synthesis conditions for the six templated porous Ag samples and the six non-templated Ag samples
Potential AgNO; NH,OH NaNO; EDTA
Sample Name Templated Parameter varied (Vys. agraget) M) (M) ™M) (M)
1 t-flat-default Yes — —0.1 0.05 0.5 1.0 0.01
2 t-flat-5mA Yes Deposition type Galvanostatic 0.05 0.5 1.0 0.01
deposition (—5 mA)
3 t-flat-1MNH,OH Yes Ammonia concentration -0.1 0.05 1 1.0 0.01
4 t-flat-0.5MNaNO; Yes Electrolyte concentration —0.1 0.05 0.5 0.5 0.01
5 t-coral-OMEDTA Yes Presence of dendrite- —0.1 0.05 0.5 1.0 0
suppressing additive
6 t-coral-0.4V Yes Deposition potential —0.4 0.05 0.5 1.0 0.01
7 nt-flat-default No — —0.1 0.05 0.5 1.0 0.01
8 nt-flat-5mA No Deposition type Galvanostatic 0.05 0.5 1.0 0.01
deposition (—5 mA)
9 nt-flat-1MNH,OH No Ammonia concentration -0.1 0.05 1 1.0 0.01
10 nt-flat-0.5MNaNO; No Electrolyte concentration —0.1 0.05 0.5 0.5 0.01
11 nt-coral-OMEDTA No Presence of dendrite- —0.1 0.05 0.5 1.0 0
suppressing additive
12 nt-coral-0.4V No Deposition potential -0.4 0.05 0.5 1.0 0.01

energy-dispersive X-ray spectroscopy was performed at 15 kV
and 5 pA using a Oxford Instruments X-Max" 150 mm? detector.
X-Ray diffraction (XRD) was measured on a Bruker D2 Phaser with
a Cu Ko X-ray source (1.54187 A) between 35° and 85°. X-ray
photoelectron spectroscopy (XPS) was measured on a SPECS XPS
using a Al Ko source and Epae of 100 eV, which has been
described in more detail in literature.””

For all samples, the double layer capacitance and catalytic
performance were measured by a series of experiments, per-
formed in a custom-built three-electrode H-type cell described
by Mattarozzi et al.”® This cell consisted of an anodic and a
cathodic compartment of 18 mL each, and contained a Pt disc
as counter electrode, a 3 M Ag/AgCl reference electrode, and
a Nafion 117 proton exchange membrane. The samples were
placed in the cathodic compartment on top of a glassy carbon
disk that had previously been polished with diamond suspen-
sion (MetaDi Supreme; 1 pm, 0,25 pm and 0,05 pm). To each
compartment, 15 mL of a 0.1 M KHCO; (Honeywell Fluka,
99.7%) electrolyte solution, pretreated with Chelex® (100 sodium
form, 50-100 mesh), was added. The cathodic compartment was
stirred with a stirring bar at 400 rpm. Prior to any measurement,
the cell was purged with a CO, flow of 10 mL min " for 1 h. Both
the stirring and purging were applied to prevent concentration
gradients in the bulk during the electrochemical measurements,
as is schematically depicted in Fig. S2 (ESIt). In addition, a cyclic
voltammetry (CV) was performed between 0.1 V and —1.4 V vs.
RHE -as catalysis was performed between these potentials- with a
scan rate of 0.01 V s~ for 5 cycles to reduce any Ag,O present.

Next, the double-layer capacitances (DLC) were measured to
calculate the electrochemical surface area (ECSA). For this, CVs
were performed between 0.6 and 0.4 V vs. RHE or 0.3 and 0.1 vs.
RHE with scanning rates between 0.01 and 0.08 V s~ or
between 0.6 and 0.2 V vs. RHE with scanning rates between
0.01 and 1.0 V s~ . Then, the current at respectively 0.5 V vs.
RHE or 0.4 V vs. RHE was plotted against the scan rate. The
slope of a linear fit in the linear regime of these current vs. scan
rate curves gave the capacitance of the sample. Using the
capacitance of a flat Ag foil as a reference, which was measured

2590 | Mater. Adv,, 2025, 6, 2588-2599

in the same cell under the same conditions, the ECSA of the
electrodes was determined.

Electrocatalytic performance

After that, the catalytic measurements were performed. During
these measurements, a fixed potential of subsequently —0.7,
—0.9, —1.2, and —1.4 Vvs. RHE was applied to the cathode, and
the current response was measured. Afterwards, the potentials
were iR compensated using respectively Ohmic resistances of
25, 24, 22 and 18 Q. Gaseous products were detected by an on-
line Gas Analyzer Solution Compact GC 4.0 gas chromatogram
(GC) using a Rt-QBond (10 m x 0.32 mm, Agilent), a Molecular
Sieve 5A (10 m x 0.53 mm, Restek) and a Carboxen 1010 (8 m x
0.32 mm, Agilent) column, connected with respectively a FID
detector, a FID detector (together with methanizer to increase
the CO sensitivity) and a TCD detector to measure the presence
of CH,, C,H, and C,Hs (first column), CO and CH, (second
column) and H, and CO, (third column). These measurements
were performed in duplo. For one electrode of a duplo couple,
a second cycle of catalysis (—0.7, —0.9, —1.2, and —1.4 V vs.
RHE) was measured.

For the duplo measurement, electrical impedance spectro-
scopy (EIS) was measured after each potential between 0.01 and
10° Hz at the potential (—0.7, —0.9, —1.2, and —1.4 V vs. RHE)
from catalysis with a voltage amplitude of 10 mV. Fitting the
Nyquist plot with a R; + Q,/R, circuit gave the resistances
(R, and R,) and the constant phase element (Q,) which was
considered to be the capacitance of the system. The resistance
R, is the electron transfer resistance, the capacitance Q, was
used to calculate the electron transfer rate via the formula
o = 1/RC.

The stability of the catalysts was tested in a 250 mL beaker
filled with ~150 mL 0.1 M KHCOj;. Then, the same procedure
was followed as for normal catalysis, except for the fact, that
after each step, a small piece was cut out of the electrode
for SEM analysis. All pretreatment steps were performed
whilst applying a 10 mL min~" CO, flow. The catalytic part
was performed without CO, flow.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Morphology of porous Ag electrodes

All templated Ag samples were synthesized using the same
batch of PMMA spheres (diameter 182 + 22 nm see Fig. S3,
ESIt) as sacrificial template. Firstly, porous Ag was prepared
under so-called default conditions (—0.1 V vs. Ag/AgCl, 0.05 M
AgNO;z;, 1 M NaNOj;, 0.01 M EDTA, 0.5 M NH,OH). Scanning
electron microscopy energy-dispersive X-ray spectroscopy
showed Ag was the only metal deposited, there was no Pt
contamination from the anode (Fig. S4, ESIt). The X-ray dif-
fractogram (Fig. S5, ESIT) is in line with this result. The X-ray
photoelectron spectroscopy image (Fig. S6, ESIT) shows the
additional presence of F, C and O on Ag, which can be
explained by the presence of Nafion binder and partial oxida-
tion of the Ag. Consequently, 5 different morphologies were
obtained by varying one of these reaction parameters per
synthesis, as summarized in Table 1. Also for these electrodes,
the X-ray diffractograms showed only the presence of crystalline
Ag (Fig. S5, ESIY).

In Fig. 2 scanning electron microscopy (SEM) images for the
six different templated Ag electrodes are shown. Clearly, all
samples have an ordered porosity that is the inverse of the
100 nm scale template, resulting in a porosity consisting of
~180 nm cages connected by smaller (~70 nm) windows.
Additionally, on the ~5 pm scale, two types of porous structures
are found. Specifically, 4 samples are rather flat (t-flat-default,
t-flat-5mA, t-flat-1MNH,OH and t-flat-0.5MNaNO; in respec-
tively Fig. 2(a), (b), (d) and (e)) and the remaining 2 samples
demonstrate a coral-like structure (t-coral-0.4V and t-coral-
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OMEDTA in respectively Fig. 2(c) and (f)). These two coral-like
structures can be explained by the dendritic growth conditions
due to their electrodeposition conditions: a rather cathodic
potential and the absence of EDTA. Regarding the rather catholic
potential, Guo et al. previously described how the applied potential
influences the growth regime changing from kinetic control
to mass transport control. The growth regime determines the
morphology formed. At high overpotentials, the growth turns
into a mass transport-limited process, which results in dendrite
formation.?® Regarding the absence of EDTA, EDTA is known
to be an additive that suppresses dendrite formation.”*°
So, its absence will cause dendrite formation at less negative
potentials.

Also on a slightly smaller scale, ~1 pm, differences were found.
These are most probably caused by the synthesis conditions, but
harder to see in Fig. 2 because of the ordered pores. Hence, to
deconvolute the influence of templating and synthesis condi-
tions, non-templated analogues were prepared as well under the
exact same electrodeposition conditions, but without PMMA
spheres. Fig. 3 shows the SEM images of the non-templated
electrodes. Interestingly, the electrodes have similar overall mor-
phologies as their non-templated equivalents. To be more precise,
the default samples (2a and 3a) consist of a round needle-like
structure. The —5 mA samples (2b and 3b) consist of a sharp-
edged block structure, which can be explained by the fact that the
potential can change, hence over time there is a mixture of
diffusion and kinetically controlled growth.*' The —0.4 V samples
(2c and 3c) consist of a dendrite-like structure due to the large
overpotential leading to diffusion-limited growth.>® Then, the 1 M
NH,OH samples look like flakes (2d and 3d), which is the result of

Fig. 2 SEM images of porous Ag electrodes prepared via Ag electrodeposition in voids of a PMMA sphere with different synthesis conditions: (A) default
(—=0.1V vs. Ag/AgCl, 0.05 M AgNOs3, 1 M NaNOgz, 0.01 M EDTA, 0.5 M NH4OH); (B) =5 mA; (C) —0.4 V; (D) 1 M NH4OH; (E) 0.5 M NaNOs; (F) 0 M EDTA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of non-templated Ag electrodes prepared via Ag electrodeposition with different synthesis conditions: (A) default (—0.1V vs. Ag/AgCl,
0.05 M AgNO3, 1 M NaNOg, 0.01 M EDTA, 0.5 M NH,4OH); (B) =5 mA; (C) —0.4 V; (D) 1 M NH4OH; (E) 0.5 M NaNOg; (F) 0 M EDTA.

an increased pH and formation of diaminesilver(r) complexes.***°

The 0.5 M NaNO; samples look like flakes (2e and 3e) as well,
implying that although the ionic strength decreased because of
the decreasing NaNO; concentration,”>* these samples were still
in the same growth regime as the 1 M NH,OH samples. Finally,
the 0 M EDTA samples are open structures of large spheres (2f and
3f), which can be explained by the absence of EDTA.>**°

These findings highlight that the presence of a template
does not significantly alter the deposition process and, conse-
quently, the morphology of the resulting electrode. Hence, we
have demonstrated that templated electrodeposition can be a
versatile tool to introduce nanoscale (~200 nm) porosity while
maintaining the micrometer scale (1-10 pm) structure. To the
best of our knowledge, this has not been described in literature
before.

Increase in surface area

Since the templated Ag electrodes have different morphologies,
it is important to determine their surface areas before moving
on to the catalytic performance. These electrochemically active
surface areas (ECSA) were determined using double-layer capa-
citance (DLC) measurements performed in 0.1 M KHCO;. Plots
of the current vs. the scan rate can be found in Fig. S7 (ESIY).
The plots show that when too large currents are drawn, the
current reaches a plateau, which can be explained by limitations
in ion diffusion.**** Fig. $8 (ESIt) shows that the limiting current
differs for the samples ranging between 1.3 mA and 2.6 mA.

It is important to realize that these diffusion limitations are
present, as these might affect the catalytic performance: due to
changes in the local environment, e.g. pH, H, formation can be
suppressed whilst CO formation is increased.'”-*®

To determine the ECSA, only the linear parts of the current
vs. scan rate curves were used.*** Table 2 shows the ECSA for
both the porous Ag electrodes and their non-templated equiva-
lents prepared with the different synthesis conditions. Next to
the absolute surface areas, Table 2 gives the roughness factor
(RF) of the electrodes. The roughness factor is defined as:

ECSAeleClrode

RF=—F"-—7"— 1
ECSAgeomelric ( )

Except for the t-flat-0.5MNaNO; sample, all templated por-
ous electrodes have a roughness factor of 12 to 17. For the non-
templated samples, the nt-coral-OMEDTA and in particular
the nt-coral-0.4vV samples show higher roughness factors
(respectively 4.7 and 19.4) than the other non-templated
samples (with roughness factors between 1.8 and 2.9), which
is in line with their coral-like structure as previously observed
by SEM.

To understand if the increase in surface area found is
realistic, it is good to compare the experimental data with a
theoretical surface area increase. Although Suter et al. show
data simulating the roughness factor based on the thickness, to
our knowledge, there is no literature on a model including

Table 2 ECSA of (non-)porous Ag samples with different morphologies, their roughness factor RF and the surface area increase S

Electrodeposition conditions ECSA templated (cm?) RF templated ECSA non-templated (cm?) RF non-templated S

Default 57 15 9 2.4 6.4
—5 mA 64 17 11 2.9 5.8
1 M NH,OH 58 15 7 1.8 8.8
0.5 M NaNO; 96 25 7 1.8 14.3
0 M EDTA 47 12 18 4.7 2.6
—-0.4V 61 16 74 19.4 0.8
2592 | Mater. Adv.,, 2025, 6, 2588-2599 © 2025 The Author(s). Published by the Royal Society of Chemistry
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inhomogeneity in the FCC structure. Therefore, we built a
mathematical model describing the factor of increase in surface
area, S. Briefly, the model is based on stacking layers of spherical
cages, while correcting for surface loss due to windows in the
porous structure and imperfections in the cage connectivity
causing inaccessible of some pores. The full derivation, which
can be found in the ESIt including the underlying assumptions,
leads to the following description of S

ECSAlemplaled -~ —1
S=—F7—=[05+ ab" b 2
ECSAgeometric ; ( )

where 7 is the number of layers, a is a correction factor for the loss
of surface area because of windows, and b is a correction factor for
the loss of accessible surface area due to poor pore connection.
The lower the value for g, the larger the windows, so the higher
loss of surface area. The lower the value of b, the poorer the
pores are connected, so, again, the higher the loss of surface area.
In Fig. S10-S12 (ESIt) the effect of variations of a and b on the
increase factor S for different values of » are plotted.

This derivation of S assumes perfectly smooth surfaces.
However, our electrodes already have some roughness caused
by the different um scale deposition morphology, as evidenced
by the roughness factor of the non-templated samples of
around 2 (see Table 2). Assuming that this extra roughness is
equal for both the templated and non-templated electrodes, the
increase of surface area for the templated porous electrodepos-
ited electrodes becomes

Rtemplated,deposition =5 X Rdeposition (3)

where Reemplated,deposition 18 the roughness factor of the porous
electrode and Rgeposition the roughness factor of the non-
templated electrode. To compare experimental data with the
model, it’s more practical to rewrite this to

S — Rtemplated,deposition (4)
Rdeposition

To prove that our model is generally applicable, the model
was applied to literature data on template-based porous Ag
and Au electrodes as published by respectively Yoon et al.’” and
Hall et al.>” Based on the SEM images of Yoon et al., the a value
is 0.4 and the b value is close to 1.0. In Fig. 4, the green dotted
line indicates the S values for varying numbers of layers for a =
0.40 and b = 0.98. The green data points are the samples from
Yoon et al. with RF 43, 78, and 110 (using their non-templated
electrodes with RF 4 to calculate S). Fig. 4 shows that our model
nicely fits the data of Yoon et al. The same holds for the
electrodes of Hall et al, where the purple dotted line (for S
using a = 0.30 and b = 0.98 based on the SEM images) in Fig. 4
fits the purple data points (for electrodes with RF 4, 10,27
assuming an Ryeposition Of 2).

Secondly, our ordered porous catalysts were analyzed to see
how these fit into the model. Only the flat samples were
included, as the model assumes continuous porous structures.
Based on very rough estimations from the SEM images in Fig. 2,
both @ and b values should be around 0.7. The number of layers

© 2025 The Author(s). Published by the Royal Society of Chemistry
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t-flat-0.5MNaNOs.

is unknown, but the same number of layers as Yoon et al. found
for their 2C cm ™2 catalyst was assumed, as we used spheres of a
similar diameter. Compared to the electrodes of Yoon et al. and
Hall et al. a higher a value and a lower b value was found,
implying that our structures have smaller windows and worse
pore connection. Apart from the t-flat-0.5MNaNO; sample, the
model nicely matches our data. Also, it shows that for these
values of @ and b, S reaches a plateau. Hence, the assumption
made on the number of layers will not influence our conclusions.
So, this simple model is a versatile tool to describe the increase in
surface area by templating.

Catalytic performance

Regarding the catalytic performances, the main gaseous pro-
ducts found during catalytic testing (0.7, —0.9, —1.2, and
—1.4 V vs. RHE, iR compensation was done during data
analysis) were H, and CO. The results shown are the average
of the duplo measurements, of which the raw data is given in
Table S1 (ESIf). In Fig. 5 the CO partial current densities,
normalized to the geometric surface area, are provided. When
comparing the porous electrodes (blue) to their non-templated
equivalents (red), a clear difference between the partial current
densities of the templated porous catalysts and their non-
templated equivalents is observed. The porous catalysts have
higher CO partial current densities than all their non-templated
equivalents (except nt-coral-0.4V), in particular at more
negative potential. So, clearly, the introduction of porosity by
templating is useful to obtain higher current densities. However,
it should be noted that these porous catalysts also have higher
electrochemical surface areas.

Therefore, it is important to analyze surface area effects.
To this end, in Fig. 6(a) and (b) the geometric CO partial current
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densities at respectively —0.65 V vs. RHE and —1.05 V vs. RHE
(indicated by the grey areas in Fig. 5) are plotted against the
ECSA. At —0.65 V vs. RHE (Fig. 6(a)), a linear correlation
between the ECSA and |/co| is observed. However, at higher
overpotentials, such as —1.05 V vs. RHE (Fig. 6(b)), this linear
correlation was not found. The templated samples only per-
form slightly better than the non-templated samples. This is an
indication that at —1.05 V vs. RHE internal mass transport
limitations hamper the CO2RR activity. This is not surprising,
as the DLC measurements already indicated the presence
of diffusion limitations. However, it is interesting to see if the
specific limitation around ~4 mA cm™? can be explained.
Usually, rotating disc electrodes (RDEs) can be used to verify
the presence of mass transport limitations and explain the
trend in selectivity.*®**° However, this does not work for
porous systems because the limiting diffusion is in the pores,
as the diffusion inside pores is always lower (D = p/T X Dpyik,

2594 | Mater. Adv., 2025, 6, 2588-2599

were p is the porosity and t is the tortuosity of the catalyst).>®
Working with an RDE only changes diffusion towards the
surface of an electrode, not inside the pores.

Next to the CO partial current densities, it is interesting to
investigate the H, partial current densities, which can be found
in Fig. 7 (and Table S1, ESIt). Remarkably, all the Ag samples,
both templated porous and non-templated produce similar
amounts of H,, which cannot be correlated to their different
ECSA and porosity. It might seem that the non-templated
samples produce more H,, but given the much smaller scale
of H, production compared to CO production, these differences
are negligible.

The data in Fig. 8 confirm that neither at low overpotentials
(Fig. 8(a)) nor at high overpotentials (Fig. 8(b)) the H, partial
current density scales with the ECSA. To understand this better,
Fig. 8(a) and (b) show the partial current density of H, produced
on bare Ag foil as well. Interestingly, the |/y,| is in the same

© 2025 The Author(s). Published by the Royal Society of Chemistry
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range as all the other catalysts. A possible explanation is that
the HER is dominated by the electrode surface directly in contact

with the bulk electrolyte and not inside the pores. However, it
would be unlikely that the diffusion of protons or H, would be

Fig. 9 HR-SEM images of p-flat-default (A) before catalysis and (B) after 1 cycle of catalysis at potentials between —0.65 V vs. RHE and —1.05 V vs. RHE.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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slower than that of CO,, CO and/or associated carbonate ions.
Another possibility is that the formation of H, inside porous
systems might be influenced by a difference in local pH insides
the pores due to diffusion limitations, as postulated by Goyal
et al.*® Also it cannot be excluded that more complex effects,
such as an Ohmic drop over the porous structure influence the
results.*®

In line with the trend in partial current density for CO and
H,, the data in Table S2 (ESIf) shows the electron transfer

View Article Online

Paper

resistance goes down and the electron transfer rate goes up for
more negative potentials. Fig. S13 (ESIf) shows the electron
transfer rate versus the ECSA at —1.05 V vs. RHE. Interestingly,
this trend is exactly opposite to the trend found in |Jgo| at
this potential (see Fig. 6(b)). This result is in line with the
hypothesis that internal mass transport limitations play an
important role (see Fig. S2, ESI{).

So far, we have focused on the differences between porous
and non-templated structures, but not on the effect of the

Fig. 10 HR-SEM Images of the porous p-flat-default electrode (A) before catalysis; (B) after saturation (10 mL CO, per min for 1 h); (C) after the first half
CV cycle (0.1 - —1.4 vs. RHE); (D) after the second half CV cycle (—1.4 — 0.1 vs. RHE); (E) after the second CV cycle; (F) after the third CV cycle; (G) after
the fourth CV cycle; (H) after the fifth CV cycle; (1) after DLC; (J) after catalysis at —0.7 V vs. RHE; (K) after catalysis at —0.9 V vs. RHE; (L) after catalysis at

—1.2 V vs. RHE and (M) after catalysis at —1.4 V vs. RHE.

2596 | Mater. Adv., 2025, 6, 2588-2599
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different morphologies that have been discussed previously
(Fig. 2). Comparing the flat templated structures (t-flat-
default, t-flat-5mA, t-flat-1IMNH,OH and t-flat-0.5MNaNO;)
with the coral templated structures (t-coral-0.4V and t-coral-
OMEDTA), one could expect faster diffusion in the coral struc-
tures -as they are more open- and, hence, differences in catalytic
performance. This was not found: the only parameter that really
defined the catalytic performance, was the ECSA of the catalyst.
This implies that the nanoscale morphology is dominant for
the catalytic performance, and not the 1-10 um scale. So, the
catalytic performance is robust, making the system more attrac-
tive for research application.

Catalyst stability

Porous Ag catalysts are reported to have an enhanced stability
compared to non-templated structures.’® After catalysis, no
significant Ag detachment was observed. However, the SEM
images in Fig. 9 - showing t-flat-default before (Fig. 9(a)) and
after (Fig. 9(b)) catalysis - illustrate that the catalyst morpho-
logy changes during catalysis. Although the porosity remains,
the local fine structure is softened. Similar results were found
for the other 5 porous Ag catalysts (Fig. S14, ESIT).

The question arises when exactly these changes in morphol-
ogy take place. As the template-based porous electrodes have
very well-defined structures, it is easy to follow changes over
time. Therefore, the reaction was performed in a glass beaker
(see the experimental section for more details). After each step
of either the pretreatment or the catalysis, a small piece was cut
out of the electrode and analyzed using SEM. To our knowl-
edge, this has not been described in literature before. In the
results that will follow, the potentials will be given without iR
compensation.

Fig. 10 shows SEM images before catalysis (Fig. 10(a)) after
each step of the pretreatment (Fig. 10(b)-(i)) and after each
potential of catalysis (Fig. 10(j)—(1)). In Fig. 10(a), apart from the
porous structure, the original grain boundaries from electro-
deposition are visible. After saturating the electrolyte with
CO, (no potential applied, Fig. 10(b)), these boundaries have
smoothened, but are still present. In addition, small spheres
(10 nm) and large cubes (um) are present on the porous
structure. Thus, the morphology already started to change at
this point. Then, after the first half cycle of the CV (from 0.1 to
—1.4 V vs. RHE, Fig. 10(c)) these boundaries are almost fully
smoothened. So, apparently, the negative potential applied
drives this reconstruction. During the second half of the CV
(Fig. 10(d)) the structure does not change much. Then, during
the rest of the CV (the second, third, fourth and fifth cycle in
respectively Fig. 10(e), (f), (g) and (h)) also the edges of the
structure slowly begin to soften, probably fueled by the negative
potential applied. During the DLC, the morphology does not
change further, which is logical as the DLC was performed in
the non-faradaic regime. The images after catalysis at —0.7 V
(Fig. 10(j)), —0.9 V (Fig. 10(k)), —1.2 V (Fig. 10(1)) and —1.4 V
(Fig. 10(m)), show that during catalysis, the morphology
changes further. For all the images, small spheres (10 nm)
are present. The more cathodic the potential, the softer the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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edge becomes. This is most clearly visible after catalysis at
—1.2 Vvs. RHE (Fig. 10(1)). These results agree with the assum-
ption that negative potentials are responsible for the morpho-
logical changes of the catalyst.

It is important to realize that the morphology already
changed before catalysis, implying that the structures in the
SEM images of Fig. 2 are not exactly the same as the active
phase during catalysis. This might explain why there was no
significant difference in the catalytic performances of the four
flat porous structures (t-flat-default, t-flat-5mA, t-flat-1MNH,OH,
and t-flat-0.5MNaNOj3). Next to that, the surface areas obtained
via DLC might deviate from the values during catalysis. Here, the
differences will be smaller, as DLC was measured shortly before
the catalytic testing. Hence, at the least cathodic potentials, the
structure will be almost the same. Only at the more cathodic
potential the structure, and therefore the surface area, will differ.
So, to summarize, these results show the importance of verifying
the stability of the catalyst and checking the morphology of the
electrode during and/or after catalysis.

In Fig. S15 (ESIT) the partial current densities to CO and H,
in the first and second cycle of catalysis are compared for all the
templated electrodes to see if the catalytic performance is
stable over time. The second cycle involves slightly altered
morphologies discussed above. The electrodes produce more
CO and similar amounts of H,. This can be explained by the
local pH gradually increasing over time in the pores.*® This is
known to lead to an increased CO production. These results
hence indicate that diffusion limitations are more important
than changes in the structure.

Conclusions

In this work we unraveled the effects of the morphology at
different scales of templated porous Ag electrodes on their
performance in electrocatalytic CO, reduction. Clearly, the
morphology is defined by the template used, and varying the
electrodeposition parameters enabled us to tune the morpho-
logy of the porous electrodes successfully. The obtained struc-
tures were divided into two categories based on their shape on
the um scale: open, coral structures and closed, flat structures.
Interestingly, the morphology on the um scale obtained by
varying the deposition conditions is the same as for the non-
templated Ag equivalents on this scale, despite changes on the
100 nm scale due to templating. This enabled, for the first time,
to discriminate between the effects of porosity on the 100 nm
scale and the morphology on other scales on the catalytic
properties of porous Ag electrodes. Additionally, we developed
a mathematical model to estimate the roughness factor of
the template-based porous Ag catalysts. Regarding the catalytic
performance, we demonstrated that for all the porous Ag
electrodes, the partial current density to CO was increased
compared to their non-templated equivalents. At lower over-
potentials, this is predominantly an effect of the higher surface
area, as at —0.65 V vs. RHE a linear correlation between | Jco|
and the ECSA was found. At higher overpotentials, the increase
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in |Jco| seems to be hampered by the limited diffusion of CO,
and/or other ions into the pores. Surprisingly, the partial H,
current density is independent of the catalyst’s structure: where
the CO production scaled with the internal electrode surface
area, the H, production was severely impeded at the internal
electrode surface. Interestingly, the morphology on the pm scale
(i.e. for coral, flat) did not influence the catalytic performance.
This implies that the effect of templating on the nm scale
(porosity) is the dominant factor for the catalyst’s performance.
Finally, it is noteworthy that although the boundaries and edges
on the 10 nm scale are smoothened, the porosity remains after a
long catalysis cycle, demonstrating the relatively good stability of
the porous electrocatalysts for CO, reduction.

Data availability

The data supporting this article have been included as part of
the ESIL.{ The data included in Fig. 4 that were produced by
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