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Engineering Hierarchically Nano-Structured Cu Foams:
Dynamic Hydrogen Bubble Templated Binder-Free
Freestanding Electrodes for Energy Applications

Mina Attia,* Chen Zhao, Miriam Lindner, Philipp Hawe, and Christina Roth

The intelligent design of hierarchical metallic structures with optimized
performance for targeted applications, such as energy devices, sensors, and
catalysis, remains a significant challenge. In this study, electrochemically
generated hydrogen bubbles are employed as dynamic negative templates for
copper electrodeposition. This so-called dynamic hydrogen bubble templating
approach (DHBT) yields highly porous hierarchical copper foams adorned
with surface nano-structures. A comprehensive investigation of DHBT
synthesis parameters is provided, organized into four categories: (1)
deposition current density and time; (2) current modes, namely direct, pulsed,
reversed, and alternating regimes; (3) physical conditions, including stirring
and temperature; and (4) bath composition. The results demonstrate that
morphological descriptors, such as pore size and density, foam thickness,
electrochemically active surface area (ECSA), and nanoscale surface features,
can be systematically and reproducibly tuned by varying these DHBT
parameters. As a proof of concept, a simple three-step protocol for the
fabrication of copper foam gas diffusion electrodes (GDEs) is presented. The
resulting GDEs show promising CO, reduction performance, achieving C,_,
products Faradaic efficiencies of approximately 50% at -1.1 V versus reversible
hydrogen electrode (RHE) and partial current densities of up to 104 mA cm—2

applications, including thermal manage-
ment, sensors, and energy applications.[?!
Particularly, nano-structured porous metal-
based materials are considered essential
components in electrochemical systems
such as fuel cells, metal-air batteries, and
electrolyzers. In these applications, the
porous nano-structures serve as catalytically
active yet dimensionally stable electrodes,
effectively lowering the energy barriers for
the transformation of reactants and inter-
mediates, thereby enhancing overall sys-
tem performance.l?] To illustrate this, a typ-
ical electrocatalytic process can be broken
down into five key steps: (1) diffusion of
reactants from the bulk electrolyte to the
electrode surface, (2) adsorption of reac-
tants onto the electrode, (3) charge trans-
fer between the electrode and the reac-
tants/intermediates, (4) desorption of the
resulting products from the electrode sur-
face, and (5) diffusion of these products into
the bulk electrolyte.'! On the one hand,

at -2.5 V versus RHE, with good operational stability tested for 12 h.

1. Introduction

Porous metallic structures have attracted much research inter-
est in academia and industry due to their unique properties
and versatile uses. Their high electric conductivity, large surface
area, and light mass render them functional for many relevant
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diffusion characteristics can be optimized
through thoughtful design of the device
and catalyst. For example, highly porous
gas diffusion electrodes integrated into flow
cell systems can achieve technically relevant current densities
and conversion efficiencies, effectively overcoming the mass
transport limitations typically encountered in traditional planar
electrode configurations.[?3] On the other hand, the adsorption,
desorption, and charge transfer behaviors of reactants and inter-
mediates are largely influenced by the nature and distribution of
active sites on the electrocatalyst surface. Porous nano-structures
generally exhibit enhanced performance in these aspects due to
their abundance of active sites and surface defects, which intro-
duce confinement effects and modulate adsorption and charge
transfer characteristics.l'! According to the International Union
of Pure and Applied Chemistry (IUPAC), porous materials are
classified based on pore size into three categories: microporous
(with porous structures smaller than 2 nm), mesoporous (with
pores between 2 and 50 nm), and macroporous (with pores larger
than 50 nm).l"*] Additionally, a material is considered “hierarchi-
cal” when it incorporates at least two of these pore size domains,
and a porous structure is commonly termed a foam when a sub-
stantial volume fraction of the solid is occupied by gas-filled pores
or dispersed bubbles.[*]

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. A possible schematic representation of the different stages of a Cu foam synthesis via the DHBT method.

Numerous methods have been reported in the literature for
fabricating metal foams, including selective dissolution, templat-
ing, combustion, and the sol-gel technique. These approaches
are usually multi-step, complicated, and exclusive methods that
suffer from limitations in affording suitable precursors, apply-
ing relatively higher temperatures and pressures, working under
inert environments, and/or the necessity of additional purifica-
tion steps.>'2l In contrast, the dynamic hydrogen bubble tem-
plating method (DHBT) represents a more recent advancement.
It offers a single-step, inclusive, versatile, and scalable strategy for
the controlled synthesis of hierarchical metal foams, without the
need for external organic or inorganic templates or subsequent
purification.>!?] Electrochemical experiments are preferentially
conducted within the solvent’s electrochemical stability window
to prevent the decomposition of solvent molecules. Therefore,
during the electrodeposition of both noble and base metals, such
as Cu, Ag, Au, Pt, Zn, Co, Fe, and Ni from their aqueous salt so-
lutions, the simultaneous occurrence of the parasitic H, evolu-
tion reaction (HER) poses a significant challenge. This parasitic
reaction can lead to Faradaic efficiency losses and compromise
the integrity of the deposited metal layer.>!3] Interestingly, the
DHBT method turns this challenge into an advantage. By apply-
ing high cathodic overpotentials or currents, HER is deliberately
induced at elevated rates, generating hydrogen bubbles that act as
dynamic templates for metal deposition with macro-, meso-, and
micropore dimensions. Additionally, the generated H, bubbles
of different sizes, whose formation and behavior are governed by
the DHBT parameters, create local stirring and alter the hydro-
dynamic conditions at the electrode surface. This results in the
formation of self-supporting nano-structures within the metal
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foam walls with diverse morphologies, eliminating the need for
binders or additional fixation steps for the use of metallic nano-
particles.>1314] Figure 1 provides a possible schematic represen-
tation of the DHBT electrodeposition of a Cu foam sample. It il-
lustrates the sequential stages of the DHBT process, starting with
the nucleation of H, bubbles alongside Cu electrodeposition. As
the process continues, the bubbles grow and coalesce, acting as
dynamic negative templates for Cu deposition, ultimately leading
to the formation of a porous Cu foam structure.

Among metal foams, Cu foams are particularly noteworthy
due to their involvement in a wide range of applications, includ-
ing nitrate removal, CO, reduction reaction (CO,RR), nitrate-
to-ammonia conversion, volatile organic compounds removal,
lithium-ion and zinc-based alkaline batteries, oxygen and hydro-
gen evolution reactions (OER and HER), enhancement of ther-
mal conductivity in carbon-based composites, supercapacitors,
and sensors, etc.['>%! The aim of this work is to provide a com-
prehensive study into the engineering of Cu foams via the DHBT
method, with a particular emphasis on elucidating how vari-
ous DHBT parameters influence hydrogen bubble evolution and
growth dynamics, as well as Cu electrodeposition behavior, and
consequently, the resulting Cu foam morphology. The DHBT pa-
rameters investigated in this work are categorized into four prin-
cipal groups:

(1) Current-time series: examining the most fundamental
DHBT parameters, namely, deposition time and applied con-
tinuous cathodic direct current density.

(2) Current mode series: investigating the effect of applying
different current regimes, direct current (DC), pulsating
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current (PC), reversing current (RC), and alternating current
(AC) during DHBT.

(3) Physical effect series: assessing the impact of physical vari-
ables such as stirring, temperature, electrode orientation,
and post-synthesis annealing.

(4) Chemical effect series: evaluating the impact of various
chemical parameters, including Cu?* concentration, pH, and
the presence of additives. Two categories of additives were in-
vestigated: (a) additives influencing hydrogen bubble evolu-
tion, such as surfactants, and (b) additives affecting Cu elec-
trodeposition behavior, such as complexing agents.

Our results demonstrate that the morphology of the Cu foams
can be effectively tuned by adjusting the DHBT parameters.
Therefore, the intelligent design of Cu foams for a particular ap-
plication, e.g., electrocatalytic CO,RR, along with tailoring the
process performance and selectivity, can be affordable, which is
an outlook for our current research. Herein, in order to demon-
strate the applicability of DHBT to energy—storage and conver-
sion devices, a simple three—step protocol for the synthesis of Cu
foam GDEs is presented, and yields electrodes with promising
CO,RR activity.

2. Results and Discussion

2.1. Current-Time Series

The impact of the two most fundamental DHBT parameters, de-
position current density and time, was examined by fabricating
Cu foams under varying deposition current densities and times,
followed by morphological analysis of the resulting samples. Two
DHBT cathodic current densities, 1 A cm~% and 2 A cm™2, were
employed. For the 1 A cm~2 condition, electrodeposition was con-
ducted for 10, 20, and 30 s, whereas for the 2 A cm™ condition,
durations of 5, 10, and 15 s were used. Synthesizing samples at a
constant current density with varying durations allowed for iso-
lating the effect of DHBT time and visualizing the different stages
of DHBT. Each sample produced at 1 A cm~2 was matched with
a corresponding sample at 2 A cm™? that received the same to-
tal charge density, ensuring that the influence of charge was ex-
cluded when assessing the effect of DHBT current density and
thereby providing a fair comparison.

Foam structures were observed in all the current-time series
samples, as shown in Figure 2, confirming that the applied ca-
thodic bias was sufficient to simultaneously sustain both hydro-
gen evolution and Cu electrodeposition at significant rates. As
electrolysis proceeds, the surface pore diameter progressively ex-
pands, as observed in top-view SEM images taken at 200x mag-
nification. This indicates that extending the DHBT duration en-
hances the coalescence of H, bubbles, leading to a hierarchical
structure with smaller cavities near the substrate and larger ones
toward the solution side. Increasing the DHBT current density
led to a higher pore density and smaller pore diameter, as evident
by comparing the SEM images of Cu foam samples with equal
charges, such as (1Acm™ 10 s) versus (2Acm™ 5 s), (1Acm™
20 s) versus (2Acm™2 10 s), etc. This suggests that higher DHBT
currents promote the formation of more HER nucleation sites
on the substrate surface, in contrast to lower currents, where
surface irregularities particularly drive H, evolution. All six Cu
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foam samples exhibited surface nano-dendrites, though their
sizes vary, as seen in high-magnification SEM images. At a con-
stant current density, increasing the DHBT time results in larger
nano-dendrites on the top surface. Conversely, higher DHBT cur-
rent densities led to smaller nano-dendrite sizes. Pore diame-
ter distribution histograms were generated from the SEM im-
ages to determine the average pore diameter. Additionally, SEM
images taken at the cross-section of the Cu foams were used
to determine the foam thickness (Figure S1, Supporting Infor-
mation). Details on how pore diameters and foam thicknesses
were measured from SEM images, together with the statistical
analyses, are given in Section 5. A positive correlation between
pore diameter and nano-dendrite size can be made, and can be
explained by the intensified stirring effect at the electrode sur-
face, which occurs when larger H, bubbles are generated. These
bubbles enhance the mass transport of Cu?* ions from the bulk
electrolyte to the electrode surface, thereby reducing the dimen-
sions of the diffusion layer and increasing the limiting current
density. The rise in limiting current density lowers the overpo-
tential for Cu electrodeposition,**) leading to the formation of
larger nano-dendrites. Conversely, smaller bubbles result in re-
duced electrolyte stirring, lower limiting current density, and
smaller nano-dendrites. Experimental evidence supporting this
hypothesis is provided in Section 2.3, where external mass con-
vection was applied during DHBT. In this work, the term “com-
pact structure” refers to a Cu foam morphology distinguished
by high pore density, small pore diameter, reduced foam thick-
ness, and finely branched surface nano-structures. This is con-
trasted with the “open structure,” which features lower pore den-
sity, larger pore diameter, increased thickness, and larger sur-
face nano-structures. Among the time-current series samples,
the sample (2 A cm™ 5 s) exhibited the most compact structure,
characterized by the smallest pore diameter (9.4 + 0.1 pm), high-
est pore density (23541 pore mm~2), and lowest foam thickness
(23.0 + 1.5 pm). In contrast, the sample (1Acm~2 30s) exhibited
the most open structure, characterized by the lowest pore density
(~346 pore mm™2), largest mean pore diameter (36.7 + 0.5 um),
and greatest foam thickness (62.0 & 4.7 ym).

Equation (1) was used to calculate the DHBT Faradaic effi-
ciency towards Cu electrodeposition (FEp,,,), Where Fis Fara-
day’s constant, n is the number of electrons transferred to elec-
trodeposit one Cu atom, M, is the mass of Cu electrode-
posited, Q is the DHBT total charge, and M, is Cu atomic mass

szpositzd ‘n-F

FEp position =
Deposition Q M
Cu

-100% (1)

Figure 3a shows the gravimetric and electrodeposition
Faradaic efficiency analysis of the current-time series. At constant
DHBT current densities (1 A cm™ or 2 A cm™2), increasing the
DHBT time led to a gradual increase in electrodeposited Cu mass
density. For instance, at 1 A cm~2, the Cu mass densities for sam-
ples (1 Acm™2 10s), (1 Acm™ 20 ), and (1 A cm™2 30 s) were
1.5+0.1,3.1 £ 0.3, and 4.8 + 0.2 mg cm™~2, respectively, agreeing
with the increasing DHBT charge over time. These correspond
to Faradaic efficiencies of 46 + 2, 48 + 4, and 49 + 2%, indicating
a strong influence of DHBT duration on deposited Cu mass, but
only a minor effect on Faradaic efficiency. From an engineering
perspective, high Faradaic efficiencies for the metal deposition
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Figure 2. SEM images of the current-time DHBT series, showing the surface nano-dendrites at 3000x magnification (first column), foam structure at
200x magnification (second column), and pore diameter distribution extracted from the 200x images (third column) of the (1A cm=2 105) a), (1Acm™2
20s) b), (TAcm™2 30s) c), (2Acm™2 5s) d), 2 Acm™2 10s) e), and (2 A cm™2 15 s) f), where N is the number of pores from which the pore diameter
distribution was constructed.
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Figure 3. Electrodeposited mass densities and electrodeposition Faradaic efficiencies of the current-time a), current mode b), physical DHBT effects c),

and chemical DHBT effect series d).

process are favored. In contrast, increasing the DHBT current
density from 1 A cm™ to 2 A cm~2 reduced the Cu mass densities
t0 1.2 + 0.1, 2.4 + 0.2, and 3.8 + 0.2 mg cm~? with correspond-
ing Faradaic efficiencies of 36 + 4%, 37 + 3%, and 39 + 2% for
the samples (2 A cm™ 5 s), (2 A cm™ 10s), and (2Acm~2 15s),
respectively. The gravimetric results support the SEM findings,
suggesting that higher current densities promote H, evolution,
thereby lowering the Faradaic efficiency for Cu deposition.

The electrochemically active surface area (ECSA) was deter-
mined by extracting the double-layer capacitance (Cp;) of the
Cu foams using cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements conducted at non-
Faradaic potentials. The ECSA was then calculated according to
Equation 2, where C, denotes the double-layer capacitance of a
flat Cu surface of 1 cm? area, which was experimentally deter-
mined. All ECSA values were normalized to the Cu foam geo-
metric area and reported in the unit of cm? A.cmgjo. The details
of the ECSA measurement experiments and the determination
of the reference value (C,,) are described in Section 5. Represen-
tative CV and EIS data used for ECSA estimation are shown in
Figures S2 and S3 (Supporting Information)

C
ECSA= 2L @
Cos

Across all samples, the ECSA values obtained via CV and EIS
were found to be in close agreement, as can be seen in Figure 4,
and consequently, only CV-derived ECSA values will be men-
tioned within the text. Consistent with SEM and gravimetric anal-
yses, increasing the DHBT current density while maintaining a
constant electrodeposition charge resulted in a decrease in ECSA.
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For example, at a DHBT charge density of 20 C cm™2, increas-
ing the applied current density from 1 to 2 A cm™? resulted in
a decline in the ECSA from 127 + 15 to 85 + 13 cm%CSA.cm;jo.
Conversely, extending the DHBT duration led to an increase in
ECSA. For instance, at 1 A cm™2, the ECSA increased from 41 +
1t0 179 + 12 cm? A.cmg‘jo when the DHBT time was increased
from 10 to 30 s of deposition, as shown in Figure 4a.

The findings of the current-time series align with previous
studies, indicating that extending the DHBT duration produces
more open foams.® In contrast, increasing the DHBT current
density promoted the formation of more active sites for bub-
ble formation, thereby enhancing pore density. The ability to
achieve graded structures simply by adjusting the DHBT current
density or duration makes DHBT an ideal and versatile method
for preparing electrocatalyst materials with precisely controlled
pore sizes. Additionally, open-structured Cu foams are highly
advantageous as current collectors in batteries and supercapac-
itors, where their excellent conductivity and relatively large sur-
face area contribute to enhanced electrochemical performance.
In contrast, compact metallic structures have demonstrated su-
perior electrocatalytic activity in certain applications, such as the
reduction of CO, to C, products on Ag foams,?!l suggesting that
compact Cu foams may similarly outperform open porous foams
in the conversion of CO, to C, | products.

2.2. Current Mode Series
Four distinct current modes for Cu electrodeposition have been

reported in the literature: direct,'?! pulsating,®?) reversing, 3334
and alternating current,!*! and were employed in this study for
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Figure 4. Electrochemically active surface area determined by cyclic voltammetry (green axis) and electrochemical impedance spectroscopy (blue axis)
of Cu foam samples of 1 cm? geometric area for the series: current-time a), current modes b), physical DHBT effects c), and chemical DHBT effects

(d).

synthesizing Cu foams via the DHBT method. As illustrated in
Figure 5, a continuous DC signal is applied for a defined duration
(tpc) in the DC mode.

Conversely, the PC-DHBT involves applying short cathodic
pulses of duration t,,,,,, separated by pause intervals both in
the ms time scale, and repeated over a set number of cycles. The
RC mode alternates between anodic and cathodic pulses, with re-
spective durations t,, 4, and t_,;,.4.» and the cathodic charge den-
sity is maintained significantly higher to ensure net deposition.
The RC total charge can be essentially tuned by adjusting the an-
odic and cathodic current densities, denoted as i, 4, and i_,,o4c-
The anodic charge density per single anodic pulse is denoted as
AC, which is the product of ¢ and i In our work, to make

tpause’

anodic anodic*
(a)
-1
I[Acm2]
° /> tls]
DC
(c) fiih:dic
[Bicathodic
-1
ITAcm™?]
0 A
Aianodic trc t [S]
K

a comparison between the PC and RC modes, the same pulse sep-
aration (i.e., t,u, = tamodic 204 Eguse = Fanoaic), and cycle count were
applied for both modes. Additionally, an extra cathodic current
density (A y,q) With respect to the PC pulse current density
(ipuise) has to be applied to cancel the anodic charge density (AC)
out and keep the total charge density of both RC and PC foams
the same, i.e., iiosic = bpuise + Algarhosic- In the AC mode, an AC
wave is superimposed on a DC offset. The key parameters in this
mode are the frequency and amplitude of the AC signal. Previ-
ous research has demonstrated that, to achieve markedly differ-
ent AC structures compared to those formed under a pure DC
signal, the amplitude of the AC component must surpass the DC
offset.33] The AC signal half-waves cancel each other out, and the

trc tls]
(d)
NN
/\ I\ /\ /@\
iAem?] | || T
[ cm ] \/ \/ ‘\/ Amplitudte
° v tac [=]

Figure 5. Schematic representation of the DC a), PC b), RC c), and AC d) DHBT modes, where tp¢, tpc, tre, and tac are the total times of the DC, PC,
RC, and AC electrodeposition, £y, tpauser Ecathodic: 3N Eanodic are the PC pulse, PC pause, RC cathodic pulse, and RC anodic pulse times, Aicgogic and
Alf,podic are the additional current densities in the cathodic and anodic directions in case of RC mode with respect to the PC mode, respectively.
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total applied charge can be simply calculated as the product of the
electrodeposition DC offset and time.

2.2.1. Pulsating and Reversing Current Modes

Five PC samples were synthesized using the same pulse current
density of 1 A cm™? and a total cathodic charge density of 20 C
cm™2, but with varying pulse and pause durations. In a constant-
pause set (pause time fixed at 10 ms), three different pulse du-
rations,1, 5, and 20 ms, were individually tested. In a constant-
pulse set (pulse time fixed at 20 ms), three pause durations, 10,
40, and 200 ms, were individually examined. Notably, the sam-
ple synthesized with 20 ms pulse and 10 ms pause appears in
both sets. These experimental conditions enabled the isolation
of pulse and pause duration effects on the resulting morphology,
yielding three distinct pulse-to-pause ratios: 0.1, 0.5, and 2. The
five synthesized PC samples were labeled according to their pulse
and pause durations as follows: PC,.;, PCs.1, PCy.10, PCyp.49, and
PC,(.,00, and were received corresponding pulse-pause cycles of
20000, 4000, 1000, 1000, and 1000, and average current densities
(If;é) 0f0.09, 0.33, 0.67, 0.33, and 0.09 A cm™2, as calculated from
Equation (3)

iHSC
-2 G)

avg 1+ Lpause

bpulse

SEM analysis of the five PC samples is presented in Figure 6
and Figure S4 (Supporting Information). Among them, only
the PC,,,,, sample, corresponding to a pulse-to-pause ratio of 2,
exhibited a well-defined, honeycomb-like interconnected struc-
ture. This sample showed a smaller average pore diameter
(17.4 + 0.4 pm) compared to the DC reference sample (19.9 +
0.6 um). At a pulse-to-pause ratio of 0.5 (PCs,, and PC,.,), iso-
lated foam islands with dish-like craters were observed, which
lacked uniform inter-connectivity. The samples synthesized at a
pulse-to-pause ratio of 0.1 (PC,;, and PC,,,,,) showed almost no
honeycomb-like structure formation at all, producing instead ag-
glomerations of Cu deposits. Foam thickness followed a volcano-
like trend across the PC samples, PC,.;y, PCs.;9, PCy.10, PCypu0
and PC,,,, with respective thicknesses 0f 19.7 + 3.7,23.8 + 5.3,
46.2+5.2,25.7 +3.5,and 19.0 + 1.6 um. All PC samples were sig-
nificantly thinner than the DC reference, which measured 50.6
+ 5.3 um. Distinct differences in surface nano-structures were
evident at higher magnification: the DC sample featured nano-
dendrites, while PC samples exhibited cauliflower-like agglomer-
ates. The electrodeposited Cu mass density and the electrodepo-
sition Faradaic efficiency exhibited similar trends across the PC
samples. The Cumass densities for PC,.;, PCs.1, PCy0.10, PCyo.40»
and PC,,,, were 4.7 +0.1,3.8 £ 0.2,3.4+0.1,3.6 £ 0.1, and 4.4
+ 0.1 mg cm 2, corresponding to Faradaic efficiencies of 72 + 2,
58 + 2,51+ 2,55 + 1, and 67 + 2%, respectively, as presented
in Figure 3b. These values are notably higher than those of the
DC reference sample, which showed a deposited mass density
of 3.1 + 0.3 mg cm™ and electrodeposition Faradaic efficiency
of 48 + 4%. The PC results suggest that introducing current
pauses during DHBT inhibits hydrogen bubble coalescence and
results in higher mass density of the sample. The hindered H,
bubble growth is evidenced by the increased Faradaic efficiency
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for Cu deposition, implying reduced efficiency for H, evolution,
smaller pore diameter in PC,,,, absence of interconnected foam
structures in the other PC samples, increased electrodeposited
Cu mass density, and reduced thicknesses of the PC samples.
Clearly, this hindrance of H, bubble coalescence became more
pronounced with decreasing the pulse-to-pause ratio. The high
mass density, combined with enhanced meso- and microporos-
ity and distinct surface nano-structures, may lead to significantly
different performance and operational stability of the Cu foams
in various applications, including electrocatalysis, sensing, and
fuel cells.

For all RC samples, the cathodic and anodic pulse durations
were fixed at 20 and 10 ms, respectively, with a constant total
cathodic charge density of 20 C cm™2. The RC pulse separation
mirrored that of the PC,,, sample, allowing for direct compari-
son with both the DC and PC modes. Three RC Cu foams were
synthesized by varying the anodic charge density per pulse (AC),
with values of 1, 3, and 6 mC cm~2. These were achieved by apply-
ing anodic current densities of 0.1, 0.3, and 0.6 A cm™2, respec-
tively. To maintain a net cathodic charge density of 20 C cm™2, the
cathodic pulse current densities were adjusted to 1.05, 1.15, and
1.3 A cm™2, correspondingly, effectively compensating for the an-
odic charge input. The average current density during DHBT for
the three RC foams (vafg) and the reference PC,,,, sample was
0.67 A cm™2, as calculated from Equation (4). Figure 6 presents
the top-view SEM images of the RC Cu foams, with the cross-
sectional SEM images provided in Figure S4 (Supporting Infor-
mation). The RC mode significantly influenced both pore diam-
eter and foam thickness

RC __ lmthodic tmlhodic -1

o
anodic “anodic
avg 4)

tcathodic + tanodic

Compared to the PC,,, sample, which displayed a mean pore
diameter of 17.4 + 0.4 um, the RC foams exhibited a progres-
sive reduction in pore diameter to 15.7 + 0.2, 15.0 = 0.1, and
13.1 + 0.1 pm for AC values of 1, 3, and 6 mC cm~2, respec-
tively. Similarly, foam thickness decreased from 46.2 + 5.2 pm in
PC,y10 10 39.1 + 2.1, 29.4 + 9.1, and 24.8 + 5.3 um in the RC,,_ ¢,
RC;, . and RC, - samples, respectively. The RC - exhibited a
higher pore density (936 pore mm~2) compared to the PC,,,
(~631 pore mm~2). At the nanoscale, the RC foams retained the
nano cauliflower-like morphology observed in PC,,,, which re-
mained distinctly different from the dendritic features seen in
the DC sample. Moreover, a slight decrease in both the electrode-
posited Cu mass density and the electrodeposition Faradaic effi-
ciency was observed with increasing AC values, declining from
3.4 + 0.1 mg cm™2 and 51 + 2% in the PC,,;, sample to 3.1 +
0.1 mg cm™ and 47 + 1% in the RC,, . sample. These RC results
indicate enhanced suppression of H, evolution during DHBT
when the working electrode charge is periodically reversed. Un-
der identical pulse separation conditions, the RC mode led to
increased pore density, reduced pore diameter, and decreased
foam thickness, collectively contributing to a higher compact-
ness of the electrodeposited Cu structures. The distinct sur-
face nano-structures observed in PC and RC samples, compared
to DC foams, can be attributed to the different hydrodynamic
conditions near the electrode surface during DHBT. While unin-
terrupted DHBT leads to the formation of surface nano-dendrites
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Figure 6. SEM images of PC and RC samples, showing the surface nano-structures at 3000x magnification (first column), foam structure at 200x
magnification (second column), and pore diameter distribution extracted from the 200x images (third column) of the DC reference a), PCy.19 b), PCs.19
c), PCy0.10 d), PCy0.40 €)s PC20:200 T)s RCimc 8) RCamc h), and RCgc i), where N is the number of pores from which the pore diameter distribution was
obtained. For the samples without a displayed pore diameter distribution, there were insufficient pore counts to generate a reliable distribution.
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of varying sizes, depending on the intensity of bubble-induced
stirring, as observed in the current-time series, sudden and con-
secutive interruptions of the cathodic signal (via pauses or anodic
pulses) have been reported to allow the diffusion layer to partially
relax toward bulk conditions. This results in a thinner diffusion
layer, thereby increasing the limiting current density and decreas-
ing the overpotential,[*] resulting in a fast growth of Cu agglom-
erates. However, due to the periodic and abrupt interruption of
electrodeposition, the nano-structures are not able to grow axially
into dendrites. Instead, they tend to curl up, forming agglomer-
ates of cauliflower-like surface nano-structures. Since unstable
Cu particles are more likely to dissolve during anodic pulses, RC
samples may offer improved operational stability compared to
foams produced under PC and DC conditions.

The ECSA results of the PC and RC Cu foams are presented
in Figure 4b. The PC and RC samples clearly exhibited signif-
icantly lower ECSA values compared to the DC reference sam-
ple, which showed a higher ECSA of 127 + 15 cm?_,. cmgczo.
A volcano-like trend is again evident in the ECSA values of the
PC samples. As the pulse-to-pause ratio increased from 0.1 (for
the PC,.;, sample) to 2 (for the PC20 10 sample), the ECSA rose
from 39 + 2 to 56 + 6 cm] . cmgeo Subsequently, decreasing
the pulse-to-pause ratio by extending the pause time to 200 ms,
while maintaining a constant pulse duration of 10 ms, led to
a reduction in ECSA to 28 + 3 am?_,. cmg’cz0 for the PC,g,q
sample. The ECSA reults of the PC,.10 and RC samples, which
shared identical pulse separation and pulse pair counts, revealed
that applying the RC mode resulted in a pronounced decrease in
ECSA. Increasing AC from 0 mC cm™? (for the PC,,,,, sample)
to 6 mC cm~? (for the RCg, . counterpart) was accompanied bya

gradual decline in ECSA from 56 + 6 to 37 + 1 cm? . cmgczo.

The ECSA results are again consistent with the morphologi-
cal features observed in the SEM images, particularly regard-
ing sample openness and compactness. For instance, the DC
sample, being more open than its PC and RC counterparts, ex-
hibited the highest ECSA values. Increasing the pulse-to-pause
ratio clearly enhanced the openness of the resulting Cu struc-
tures, leading to higher ECSA values compared to those obtained
at low pulse-to-pause ratios. Conversely, the increased compact-
ness associated with rising AC values resulted in a decline in
the ECSA.

2.2.2. Alternating Current Modes

The impact of performing DHBT using an AC waveform super-
imposed on a DC offset was systematically investigated. Prior
studies indicate that to produce AC—derived structures that dif-
fer markedly from those formed under a pure DC signal, the AC
amplitude must exceed the DC offset.[**] Guided by this criterion,
five distinct AC-DHBT conditions were explored. In all experi-
ments, a cathodic DC current density of 1 A cm~2 was applied
for 20 s, with the total charge density fixed at 20 C cm™2. The AC-
generated foams were compared to a Cu foam synthesized using
a pure continuous cathodic DC signal of 1 A cm~2 applied for 20
s. Five AC foams were synthesized and labeled according to the
applied AC amplitude and frequency as ACY31#, ACI3H7, ACSSH,

AC%M2, and AC%M” with corresponding applied cycle counts
of 10, 10, 10, 20 000 and 100 000. Figure 7 and Figure S5 (Sup-
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porting Information) present the SEM analysis of the AC foams.
Low-magnification SEM images revealed that all AC samples ex-
hibited honeycomb-like structures. At a constant AC frequency of
0.5 Hz, increasing the AC amplitude resulted in larger pore di-
ameters, with mean values of 11.3 +0.3,12.1 + 0.3, and 14.5 + 0.4
um for ACI3HZ, ACO3H= and ACSH# foams, respectively. When
the AC amplitude was malntalned constantat 1.5 A cm~2, raising
the frequency from 0.5 to 5000 Hz increased the pore diameter
from 12.1 + 0.3 t0 20.4 + 0.5 pm. The measured thicknesses were
47.3 + 3.8,37.4 + 2.0, 43.0 £ 3.1, 40.7 + 5.5, and 44.0 + 4.1 ym
for ACYSH7, ACOSHZ, ACIRH, ACIUH?, and AC3%H?, correspond-
ingly. The DC reference sample exhibited a mean pore diameter
of 19.9 + 0.6 um and a thickness of 50.6 + 5.3 um. All AC sam-
ples, except AC; %", exhibited higher pore densities than the DC
reference. For example, the ACS3! foam showed a pore density
of approximately 1379 pore mm™, compared to about 748 pore
mm~2 for the DC foam. Samples electrodeposited at AC frequen-
cies of 0.5 and 1000 Hz exhibited fine surface nano-dendrites,
whereas the AC}%? sample developed larger and more branched
nano-dendrites. Figure 3b displays the gravimetric analysis of AC
Cu electrodeposits along with the corresponding calculated elec-
trodeposition Faradaic efficiencies. The samples AC)3H, ACY3H%,
and ACS; M exhibited comparable electrodeposited mass densi-
ties0f2.5+0.2,2.5+0.1, 2.4 + 0.1 mg, corresponding to Faradaic
efficiencies of 38 + 1, 38 + 2, and 37 + 1 %, respectively. In
comparison, the AC%"7, AC3%"*, and DC samples showed
higher mass densities of 3.0 + 0 2,31+02and3.1+03mg
cm~2, with Faradaic efficiencies of 45 + 3, 47 + 3, and 48 + 4%,
correspondingly.

All the AC samples showed significantly lower ECSA val-
ues of around 75 cmECS A cmg20 compared to the DC counter-
part (127 + 15 cm} . cmgezo), as shown in Figure 4b. The
AC-DHBT results indicate that, within the low to moderate
frequency range (0.5-1000 Hz), the high current amplitudes
reached during the cathodic half-cycles emulate the effect of
applying elevated current densities in DC mode, as shown
in the current-time DHBT series. This leads to the forma-
tion of compact structures characterized by smaller pore diam-
eters and higher pore densities. However, during AC-DHBT,
a portion of the applied charge is consumed by the charg-
ing and discharging processes of the electrode double-layer
capacitance.’’! As capacitive contributions increase, the effec-
tive cathodic current density becomes attenuated. This atten-
uation mimics the effect of reducing DHBT currents in the
DC current-time series, resulting in larger pore diameters and
lower pore densities. Since capacitive effects become more pro-
nounced with increasing AC signal amplitude or frequency,
this can explain the gradual increase in pore diameter and cor-
responding decrease in pore density observed at higher AC
parameters. Additionally, the formation of surface cauliflower-
like nano-structures appears to require a sudden, periodic drop
in cathodic current, as observed in the PC and RC sam-
ples. In contrast, the relatively smoother transition between ca-
thodic and anodic regimes during AC-DHBT generates hydro-
dynamic conditions similar to those in DC-DHBT, resulting
in nano-dendrites. Again, the compact AC foams, in particu-
lar those obtained at 0.5-1000 Hz, can be promising candi-
dates for electrocatalytic applications, such as CO,RR to valuable
products.
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Figure 7. SEM images of the AC foams, showing the surface nano-structures at 3000x magnification (first column), foam structure at 200x magnification

(second column), and pore diameter distribution extracted from the 200x images (third column) of the DC reference sample a), AC?:;;‘Z b), AC?:?;'Z ),

AC?:HZ d), AC}%%HZ e), and AC??&SHZ f), where N is the number of pores from which the pore diameter distribution was obtained.

Small 2026, 22, e09389 09389 (10 of 26) © 2025 The Author(s). Small published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD BAIIRD) 8|qed!|dde ay) Aq peusenoh ae sapie YO ‘8sn Jo se|n. 1oy Areiqi 8UIIUO AB|IM UO (SUORIPUOD-PUB-SWBIWI0D A8 |IMAleIq Ul UO//:SANY) SUORIPUOD pue SWB | 8U3 88S *[9202/0/20] Uo Ariqi]aulluo A1 ‘yineiAeg 1eeisienun Aq 686606202 |IWS/Z00T OT/I0P/LI00" A3 1M AReid 1 puluoy/Sany Wwoly pepeojumod ‘g ‘9202 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

2.3. Physical DHBT Effect Series

Various physical parameters were systematically investigated
to assess their influence on the morphology of the DHBT-
synthesized Cu foams. To confirm the role of Cu?* diffusion layer
thickness on the resulting surface nano-dendrites, the effect that
was previously observed and discussed in the current-time and
current mode series, a DHBT synthesis was conducted under
vigorous electrolyte stirring at approximately 1350 revolution per
minute (rpm) using a magnetic stirrer to reinforce the stirring ef-
fect at the electrode surface. To examine the impact of electrode
orientation, a custom-designed DHBT cell was fabricated to en-
able horizontal alignment of the working and counter electrodes
with a collateral electrical connection (Figures S6 and S7, Sup-
porting Information). The effect of electrolyte temperature was
studied by performing DHBT at two controlled temperatures: 5
°C using an ice bath, and 60 °C using a heated water bath. Fur-
thermore, the influence of post-DHBT thermal treatment was ex-
plored under two annealing conditions: 300 °C for 15 min and
150 °C for 30 min. The two annealed samples were referred to as
A} C and Anl>""C respectively. All samples in this series were
electrodeposited using a constant continuous cathodic current
density of 1 A cm™ for 20 s and were compared against a refer-
ence sample deposited under identical current density and time
conditions, but at room temperature in a quiescent solution with
vertical electrode alighment and without post-deposition anneal-
ing, as described in detail in Section 5, and presented in Figure S8
(Supporting Information).

Low- and high-magnification top-view SEM images of the
foam structures resulting from variations in the physical param-
eters of the DHBT process are shown in Figure 8, while the corre-
sponding cross-sectional SEM images are presented in Figure S9
(Supporting Information). Gravimetric analysis of the physical
DHBT effect series is presented in Figure 3c. Introducing me-
chanical stirring to the DHBT bath had only a minor effect on
the overall pore diameter and foam thickness compared to the
reference sample. Specifically, the average pore diameters were
19.9 + 0.6 and 20.4 + 0.4 um, and foam thicknesses were 50.6
+ 5.3 and 49.4 + 5.3 pm, electrodeposited Cu masses were 3.1
+ 0.3 and 3.3 + 0.3 mg cm™2, and deposition Faradic efficiencies
were 48 + 4 and 50 + 4% for the reference and stirred samples,
respectively. However, in contrast to the relatively unchanged
foam skeleton, stirring the DHBT bath had a pronounced effect
on increasing the surface nano-dendrite size. This observation
supports the hypothesis that enhanced mass transport of Cu?*
ions to the electrode surface, i.e., reducing the diffusion layer
thickness, increases the limiting current density, decreases the
electrodeposition overpotential, and promotes the fast growth of
larger nano-dendrite structures. In the quiescent DHBT process,
the stirring effect arises only from the natural dynamics of hydro-
gen bubble formation and detachment, as observed in the previ-
ous DHBT series.

The horizontal alignment of electrodes results in a larger pore
diameter (22.4 + 1.1 pm), increased foam thickness (64.1 + 8.1
um), larger electrodeposited Cu mass density (4.4 + 0.7 mg),
corresponding electrodeposition Faradaic efficiency (66 + 11%),
and larger nano-dendrite structures compared to the vertically
aligned reference sample. This effect can be attributed to grav-
itational forces acting against the buoyant rise of hydrogen bub-
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bles. As a result, larger bubbles must form and coalesce be-
fore detaching from the cathode surface. Again, it is clear that
large H, bubble size enhances local convection and facilitates
the transport and flow of Cu?* ions from the bulk electrolyte
to the electrode. This increased ion flux promotes the growth of
larger nano-dendrites. These findings are consistent with previ-
ous studies, where horizontal placement of the working electrode
during HER, a side reaction during the reduction of K,Fe(CN),,
led to improved mass transport of K;Fe(CN), to the electrode
surface.®® In a simulation study investigating the evolution and
growth of H, bubbles on both vertical and horizontal micro-
electrodes,**! various forces, including contact pressure, surface
tension, buoyancy, thermal Marangoni effects, hydrostatic pres-
sure, and shear lift, were taken into account. The results showed
thata significant increase in bubble diameter was required for de-
tachment in the horizontal configuration compared to the vertical
one, agreeing with the experimental DHBT findings in our work.

For the Cu foam samples electrodeposited at 5°C, room tem-
perature, and 60 °C, a progressive increase in all morphological
descriptors was observed. The average pore diameters were 16.7
+ 0.4, 19.9 + 0.6, and 50.5 + 3.0 um, with foam thicknesses of
38.2 + 4.1, 50.6 + 5.3, and 69.6 + 7.8 um for the three sam-
ples, respectively. Similarly, the electrodeposited Cu mass den-
sities were 2.6 + 0.1, 3.1 + 0.3, and 4.0 + 0.3 mg cm™?, yield-
ing Faradaic efficiencies of 39 + 2, 48+ 4, and 61 + 4% at the
three temperatures, correspondingly. These results suggest that
increasing the DHBT bath temperature leads to larger hydro-
gen bubble templates, consistent with a previous study with the
same findings, attributing this to enhanced HER rates at elevated
temperatures.l*] However, in our study, the observed increase in
electrodeposition Faradaic efficiency with temperature indicates
a reduction in concurrent HER activity. Therefore, the larger H,
bubble sizes can be attributed to temperature-related reasons,
such as reducing electrolyte viscosity at elevated temperatures,
which promotes bubble coalescence. The nano-dendrite size in-
creased with increasing DHBT bath temperature, which can be
attributed to both the stirring effect and reduced Cu electrode-
position overpotential at elevated temperatures. It is noteworthy
that the increase in nano-dendrite size at 60 °C occurred essen-
tially via increasing the size of the dendrite needles. In contrast,
under DHBT bath stirring and horizontal electrode alignment,
the dendrite size increase primarily occurred along the branch
axis. This indicates that enhanced stirring does not uniformly in-
fluence hydrodynamic conditions, as different physical parame-
ters contribute to mass transport in distinct ways.

Before annealing, the mass densities of both samples desig-
nated for annealing were nearly identical to that of the reference
sample (~3.2 mg cm™2), as expected due to the use of identi-
cal DHBT parameters. Following annealing, both samples ex-
hibited a slight mass density increase of ~0.2 mg cm~2, likely
due to the formation of Cu oxides during the thermal treat-
ment in air. Additionally, annealing led to a noticeable expansion
in the foam dimensions. The average pore diameters increased
to 22.3 + 0.5 and 30.5 + 1.0 um, while the foam thicknesses
reached 71.7 + 4.8 and 68.5 + 3.7 um for the An’Y”"S and An};” ¢
samples, respectively. In contrast to the expanded foam skele-
ton, the surface nano-dendrites significantly decreased in size,
which can be attributed to recrystallization processes induced by
annealing.[*!]
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Figure 8. SEM images of the Physical DHBT effect series, showing the surface nano-structures at 3000x magnification (first column), foam structure at
200x magnification (second column), and pore diameter distribution extracted from the 200x images (third column) for the reference sample a), stirred
sample b), horizontally aligned sample c), sample produced at 5 °C d), sample produced at 60 °C e), sample annealed at 300 °C and 15 min f), and
sample annealed at 150 °C and 30 min g), where N is the number of pores from which the pore diameter distribution was obtained.
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The ECSA results of the physical effect series are presented
in Figure 4c. Horizontal alighment of the substrate during

DHBT led to an increased ECSA 134 + 2 am?_,.cm>2, com-
geo

pared to the reference sample (127 + 15 cm? A.crngczo). A grad-

ual increase in ECSA was also observed with increasing DHBT
bath temperature, yielding values of 68 + 7, 127 + 15, and

155 + 6 cm} A.cm;ez0 for samples prepared at 5 °C, room tem-

perature, and 60 °C, respectively. Stirring the DHBT bath re-

sulted in an ECSA of 114 + 15 cm? A.cmg‘ezo. Annealing pro-

duced distinct effects on ECSA relative to the non-annealed ref-
erence. The sample AC3%°C exhibited an increased ECSA of

15 min

167 + 8 cmi ., .cm 2, while the sample AC37C showed a re-
duced ECSA of 81 + 15 cm?2_,.cm>2 . The difference in ECSA

ECSA* geo”
between the annealed samples arises from the predominant mi-

crostructural mechanisms triggered by temperature. At 150 °C,
partial surface recrystallization can occur, resulting in surface
smoothing and reduction of active site density. At 300 °C, com-
plete surface recrystallization and reconstruction take place, in-
creasing surface defects, the number of active sites, and the over-
all surface area.l*”]

2.4. Chemical DHBT Effect Series

In this series, the effect of Cu’* concentration, electrolyte
pH, adding surfactants, such as sodium dodecane-1-sulfonate
(commonly known as sodium dodecyl sulfate, SDS), and
hexadecyltrimethylazanium bromide (commonly known as
cetyltrimethylammonium bromide, CTAB), and adding Cu-
complexing agents, such as 3,5-diamino-1,2,4-triazole (DAT) was
investigated. All samples were electrodeposited at a continuous
cathodic current density of 1 A cm™2 applied for 20 s, and refer-
enced to a sample produced at the same current density and time
but from the standard electrolyte mentioned in Section 5.

SEM analysis (Figure 9 and Figure S10, Suppporting Infor-
mation) shows that reducing Cu?* concentration from 0.2 to
0.1 M or 0.05 M produced non-uniform Cu agglomerates with
reduced interconnectivity and smaller nano-dendrites. The sam-
ple thickness decreased correspondingly from 50.6 + 5.3 um (0.2
M Cu?*) to 30.3 + 2.0 ym (0.1 M Cu?*) and 22.9 + 10.2 (0.05
M Cu?*). The average pore diameter at 0.1 M (13.7 + 0.1 pm)
was significantly lower than that of the reference sample (19.9
+ 0.6 um). Conversely, increasing electrolyte pH from -0.5 (for
the reference sample) to 0.5 yielded larger foam thickness (65.5
+ 6.9 um), pore diameter (28.4 + 2.4 um), and nano-dendrite
size. The relatively broader pore diameter distribution of the pH
0.5 sample indicates a lower pore uniformity for this sample.
Gravimetric analysis Figure 3d revealed that the Cu mass density
and electrodeposition Faradaic efficiency decreased with lower-
ing Cu?* concentrations from 3.1 + 0.3 mg cm™2 and 48 + 4%
(reference) to 1.6 + 0.1 mg cm™ and 25 + 1% (0.1 M Cu?*) and
0.7 + 0.05 mg cm™ and 10 + 1% (0.05 M Cu?*) but increased to
3.8 + 0.2 mg cm™2 and 58 + 4% by elevating the electrolyte pH
from about -0.5 to 0.5. These results indicate enhanced H, evo-
lution at lower Cu?* concentrations, indicated by the lower elec-
trodeposition Faradaic efficiency, creating numerous H, bubbles
which possess a very small size, providing minimal stirring, pro-
ducing smaller nano-dendrites, and eliminating the intended in-
terconnected foam structure. At pH 0.5, reduced H, evolution,
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indicated by higher electrodeposition Faradaic efficiency, gen-
erates fewer, larger bubbles that create stronger stirring effects
and larger nano-dendrites. Importantly, the emergence of the Cu
honeycomb-like structure exclusively at the highest Cu? * concen-
tration supports the assumption that achieving interconnected
foam structures via DHBT requires sufficiently high rates of both
Cu electrodeposition and HER, given the dependence of reaction
rates on reactant concentrations.l’! Furthermore, despite a ten-
fold decrease in H* concentration from 3 to 0.3 M, which was
performed to raise the DHBT electrolyte pH from approximately
-0.5t0 0.5, the foam structure persisted. This observation corrob-
orates the assumption that, during DHBT, HER can proceed via
the reduction of both H* ions and water molecules, as described
by Equations (5) and (6)°!

2H,0 + 2e~ — H,(g) + 20H" 5)
2H* +2e” — H,(g) (6)

However, the increase in the electrodeposition Faradaic effi-
ciency, pore diameter, and dendrite size at pH 0.5 indicates that
a hindrance in HER at lower proton concentrations still exists.

The addition of either SDS or CTAB at a concentration of 0.25
mM to the DHBT bath resulted in a significant structural trans-
formation. Compared to the additive-free reference sample, sur-
factants reduced the average pore diameter and foam thickness
to 16.2 + 0.2 and 30.5 + 1.6 um for CTAB, and 14.7 + 0.1 and
33.3 = 2.6 um for SDS, respectively. The pore densities exhib-
ited by the SDS- (1063 pore mm~2) and CTAB-meditated (1364
pore mm~2) samples were significantly higher than the reference
counterpart (748 pore mm~2). Additionally, the electrodeposited
Cu mass density and Faradaic efficiency decreased to 1.7 + 0.1 mg
cm~2 and 26 + 1% for CTAB, and to 1.4 + 0.1 mg cm ™2 and 22 +
2% for SDS. These results are consistent with the known effect
of surfactants in lowering electrolyte surface tension, which pro-
motes HER and leads to smaller H, bubble sizes, increased bub-
ble density, and reduced electrodeposited mass density, as illus-
trated schematically in Figure S11 (Supporting Information).[*}]
The high compactness and small surface nano-dendrites of the
surfactant-mediated Cu foams support the fact that increased
HER rates lead to smaller bubble templates and reduced local
stirring. Interestingly, although both SDS and CTAB reduced
nano-dendrite sizes, their resulting morphologies differed sig-
nificantly. The dendrites of the CTAB-mediated sample are more
branched with numerous small and well-defined dendrite nee-
dles compared to the nano-dendrites of the SDS-mediated coun-
terpart. This suggests that SDS and CTAB influence Cu?* diffu-
sion dynamics differently, though both slow down the transport
from the bulk electrolyte to the electrode surface.

In contrast to surfactants, DAT caused less significant changes
in the electrodeposited Cu mass and electrodeposition Faradaic
efficiency compared to the additive-free sample, indicating a lim-
ited impact on the amount of H, evolution. However, remark-
able morphological changes were observed. At a DAT concen-
tration of 1.5 mM, for the sample denoted as DAT, ;. the
mean pore diameter and foam thickness decreased to 13.3 +
0.3 and 17.3 + 2.0 pm, respectively, both smaller than those of
the additive-free reference, with cracks within the DAT-mediated
sample walls. When the DAT concentration was increased to
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Figure 9. SEM images of the Chemical DHBT effect series, showing the surface nano-structures at 3000x magnification (first column), foam structure at
200x magnification (second column), and pore diameter distribution extracted from the 200x images (third column) of the reference sample a), samples
prepared at Cu?* concentrations of 0.1 M b) and 0.05 M c), sample electrodeposited at pH 0.5 d), samples synthesized in the presence of 0.25 mM of
CTAB e) and SDS f), samples synthesized in the presence of DAT at concentrations of 1.5 mM g) and 4 mM h), and sample prepared with 4mM DAT at
pH 0.5 (i), where N is the number of pores from which the pore diameter distribution was obtained. For the samples without a displayed pore diameter
distribution, there were insufficient pore numbers to generate a reliable distribution.
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4 mM, for the sample denoted as DAT,,,, only isolated foam
islands were formed, with a mean pore diameter of 11.5 + 0.4
um, and a sample thickness of 16.6 + 4.1 um. Further, when the
electrolyte pH was raised to 0.5 at 4 mM DAT, for the sample
referred to as DATEE&'S, the foam structure disappeared entirely,
and only Cu agglomerates were observed. This agrees with pre-
vious studies showing that the effect of DAT as a Cu-complexing
agent becomes more pronounced at higher pH values.[*/l At 1.5
mM DAT, smaller nano-dendrites were observed, whereas the
samples DAT, ,, and DATEZI&'S exhibited cauliflower-like nano-
structures. This suggests that DAT complexation influences Cu
electrodeposition through a mechanism similar to the abrupt, pe-
riodic cathodic interruptions observed in the PC and RC DHBT
regimes. The ability to tailor Cu foam dimensions and nano-
structures using additives such as DAT (at low concentrations),
SDS, and CTAB renders the resulting Cu foams promising can-
didates for electrocatalytic applications, including CO,RR, which
is one of the key focuses of our current work. Moreover, for ap-
plications where foam structures are unnecessary and binder-
free nano-particles of different shapes are preferred, samples
produced at 4 mM DAT or 0.05 M Cu?* concentrations present
ideal candidates.

The ECSA results of the chemical effect series are shown in
Figure 4d. The reference sample exhibited an ECSA of 127 + 15
cm cmgezo, which declined upon the addition of any investi-

ECSA'CHT2 (at 1.5 mM DAT), 44 + 5
geo
crn;0 (at 4 mM DAT and pH-0.5), 69 + 8 cm?_._,.cm>2

ECSA”® geo
(at 4 mM DAT and pHO0.5), 49 + 11 cméCSA.cmg’czo (SDS), and 68
+ 8 cm? 2

Fesa-cmy’, (CTAB). Lowering the Cu?* concentration also

reduced the ECSA to 51 + 6 cmECSA.cm;o (0.1 M) and 31 + 3

2 A.cm{;0 (0.05 M). In contrast, increasing the DHBT elec-
trolyte pH from -0.5 to 0.5 resulted in an ECSA comparable to
the reference sample of 125 + 5 cm} A.cmgezo.

The morphology descriptors investigated in this work for all
the studied model Cu foam samples are summarized in Table 1,
and a brief presentation of the effect of individual DHBT param-
eters on the Cu foam morphology is provided in Table S1 (Sup-
porting Information). The relationship between the foam thick-
ness and pore diameter is provided in Figure S12 (Supporting
Information), excluding the annealed samples, as they possess
morphological changes unrelated to DHBT conditions. A clear
linear correlation between the two parameters is observed within
the pore diameter range of ~#10-30 um. This suggests that, within
this regime, the underlying nature of the DHBT process remains
consistent. The role of the different DHBT parameters appears to
be essentially governing the extent to which the process proceeds,
rather than altering its fundamental nature. Beyond 30 pm, the
relationship deviates from linearity for the (1 A cm=2 30 s) sample
and the sample prepared at 60 °C, potentially indicating a change
in the DHBT behavior at larger bubble size or the presence of out-
liers due to experimental uncertainties.

fosar
gated additive to 52 + 3 cm

2
cmECSA'

cm

2.5. X-Ray Analysis of the Model Cu Foam Samples
To investigate the crystal structure of the Cu foams, X-ray diffrac-

tion (XRD) analysis was conducted. The Cu foams reported in
this study exhibited thicknesses of up to ~70 pm and were elec-
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trodeposited on Cu foils of 100 um thickness, Therefore, the con-
tribution of the substrate to the XRD results cannot be entirely
excluded, since XRD is a bulk technique. Although the XRD pat-
tern of the Cu substrate is remarkably different from the XRD
patterns of the Cu foams (Figure S13, Supporting Information),
XRD data need to be interpreted with caution. Figure 10 repre-
sents the XRD patterns of the current mode series. The XRD re-
sults of the other DHBT series are presented in Figures S13—S15
(Supporting Information).

All samples primarily exhibited metallic face-centered cubic
(fcc) Cu as the dominant phase, accompanied by a minor and
distinct simple cubic Cu,O phase, likely caused by oxidative in-
teraction with air after synthesis. No clear evidence of a CuO
phase was detected by XRD. The Williamson—-Hall method was
employed to estimate the crystallite size and micro-strain of the
Cu foam samples. Instrumental broadening was evaluated us-
ing the XRD pattern of a LaB, standard, and Equation (7) was
applied to correct the measured broadening (8,,.4sureq) fo1 instru-
mental contributions (8, umentar)> Yielding the corrected broaden-
ing (B omected)- SUbsequently, the Williamson—Hall plots were con-
structed based on Equation 8, where 6 is the Bragg angle, Kis the
shape factor (typically 0.9), L is the crystallite size, A is the X-ray
wavelength, and e is the micro-strain in the crystal lattice.[**] The
resulting crystallite size and micro-strain values are summarized
in Table S2 (Supporting Information).

In the current—time series, crystallite sizes ranged from 41 nm
(1A cm~2/30 s) to 139 nm (2 Acm™2/5 s), and micro-strain values
ranged from 0.7 X 10~* (2Acm=2/15s) to 1.7 X 1072 ((1Acm~2/20s
and (2Acm™2/5s)), with fcc Cu as the main phase. In the current
mode series, relatively larger crystallite sizes were observed in PC
samples deposited with small pulse-to-pause ratios. The smallest
crystallite size (29 nm) was observed from RC,,, sample, while
other RC samples showed slightly larger sizes of 37 (RC; ) and
60 nm (RC; ). Micro-strain values in the current mode series
ranged from 0.5 x 10~ (RC, ) to 1.8 X 10~ (AC]%"*). Gen-
erally, AC samples exhibited relatively strong Cu,O reflections
while still maintaining fcc Cu as the dominant phase. In the
physical DHBT effect series, crystallite sizes ranged from 36 nm
(An}’< ) to 99 nm (60 °C), and the micro-strain values from 0.3
X 107 (An}” ¢ ) to 1.3 x 107* (stirring-modified sample). The
60 °C and An}”"C samples exhibited the strongest Cu,O (111)
reflections, although fcc Cu remained the dominant phase. In
the Chemical DHBT effect series, DAT samples exhibited sig-
nificantly smaller crystallite sizes and micro-strain values. The
negative micro-strain values observed in the DAT samples have
been previously reported in the literature for Al-Zn-0.4%Cu al-
loys and were attributed to compressive strain effects.[*] In an-
other study, negative micro-strain has been interpreted as an in-
dication that micro-strain is either absent or has a minor contri-
bution to peak broadening.!*’]

2 — n2 2
corrected — Pmeasured — Pinstrumental (7)
COS(0) * P = Tt + e - 5in ) ®

X-ray photoelectron spectroscopy (XPS) analysis was conducted
on the as-deposited Cu foam samples to reveal surface species
and oxidation states. The O 1s spectra (Figure S16, Supporting
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Table 1. Summarized morphology results of the Cu foam samples synthesized in this study: pore diameter, thickness, pore density, mass density, and

ECSA (measured via CV).

Sample Diameter Thickness Pore density Mass density ECSA
[um] [um] [pore mm™?] [mg cm™?]
1Acm=2 10s 115403 248+ 17 1824 1.5+0.1 4121
TAcm™~2 20s, DC, 19.9+06 506 +5.3 748 3.1+03 127 £15
Ref
1Acm™2 30s 36705 62.0 + 4.7 346 48+02 17912
2Acm~2 55 9.4+0.1 23.0+15 3541 1.2£0.1 N7
2Acm=?2 10s 15.5£0.1 262+24 1360 24+02 85+ 13
2Acm™2 155 20.1+02 55.6 + 4.6 806 38+02 13212
PCi.q0 - 19.7+3.7 - 4.7+0.1 39+2
PCs.1 - 23.8+53 - 38+02 4542
PCy010 17.4+04 462452 631 34401 56+ 6
PCy0.40 - 25.7+3.5 - 36+0.1 37+4
PCy0:200 - 190+ 16 - 44£0.1 28+3
RCypme 15.7+0.2 39.1+21 733 3.4+0.1 53+5
RC3me 15.0£0.1 29.4+9.1 588 33401 43+2
RCome 13.1£0. 248+53 936 3.1+0.1 3741
ACY3Hz 11303 473+38 1379 25+02 79+
ACO3Hz 121+03 37.4+20 1215 25+0.1 82+8
AC)3H= 14.5 + 0.4 43.0+£3.1 913 24+0. 76+ 12
AC oGoHz 13.5+£02 40.7 £5.5 1013 3.0+02 71+6
AC oMz 204+0.5 440+ 4.1 613 3.1+02 77+M
5°C 16.7 £0.4 382+4.1 911 26+0.1 68+ 7
60 °C 50.5+3.0 69.6 £ 7.8 54 4003 155+ 6
Stirred 204 +04 49.4+53 430 33+03 114+15
Horizontal 22411 64.1+8.1 276 44£07 1342
An3%0°C 22305 717+ 4.8 514 3.1+0.1 167 8
Anl%0°C 305+ 1.0 68.5+3.7 253 32401 81415
SDS 147 £0.1 33.3+£26 1063 1.4 £0.1 49+ M
CTAB 162402 305+ 1.6 1364 1.7 £0.1 68 +38
0.1M Cu?* 13.7+0.1 30.3+£20 948 1.6+0.1 51+6
0.05 M Cu?* - 22.9+10.2 - 0.7 +0.05 31+3
DAT 5 133403 17.3£20 797 29+0.1 52+3
DAT 115404 16.6 + 4.1 302 29+02 44£5
DAT?HOS - 264 %52 - 3302 69+38
pHO.5 28.4+24 65.5 + 6.9 216 3.8+0.2 12545

Information) revealed prominent oxide-related peaks for the Cu
foam samples, with binding-energy maxima between 531.2 and
529.5 eV, attributable to overlapping contributions from lattice
and defective oxygen in Cu,O and CuO surface species. Notably,
both DAT- and CTAB-modified samples and the sample annealed
at 300 °C exhibited increased overall oxide peak intensities rela-
tive to the other samples.

The Cu 2p spectra (Figure S17, Supporting Information) dis-
played principal peaks at binding energies of 932.2 eV (2p3/2)
and 952.0 eV (2p1/2) for most samples, consistent with over-
lapping signals from metallic Cu and Cu,O and indicating the
predominance of metallic copper and/or cuprous oxide phases
at the surface. The DAT- and CTAB-mediated samples showed
additional, less intense shoulders at binding energies of 934.4
and 954.0 eV, consistent with CuO, and correlate with their en-
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hanced oxide intensity in the O 1s region. These two samples
also featured prominent shake-up satellite features in the bind-
ing energy ranges of about 938-945 and 959-966 eV, diagnostic
of surface CuO. The An}?"S sample exhibited the opposite be-
havior, with principal peaks at 933.7 and 954.0 eV, from CuO, less
intense shoulders at 932.2 and 952.0 eV from metallic and Cu,O,
and very intense shake-up satellite peaks, reflecting that anneal-
ing at 300 °C led to intensified surface oxidation to CuO. The
Cu LMM Auger spectra (Figure S18, Supporting Information)
showed a kinetic-energy maximum at 917.0 eV for most samples,
indicating the surface dominance of Cu,0O, whereas the An}?"'¢
sample exhibited a maximum at a kinetic energy of 917.7 eV, con-
firming surface-dominant CuO phase for that sample. The N 1s
spectrum of the DAT-deposited sample displayed a peak at

399.7 eV binding energy, which was absent in the reference

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 10. XRD patterns of the DHBT current mode series.

additive-free sample, attributed to superimposed contributions
from amino and triazole nitrogen atoms from surface-bound
DAT molecules (Figure S19, Supporting Information). No Br,
S, or Na signals were observed for the CTAB- and SDS-
mediated samples.

3. Application-Driven DHBT Design of Cu Foam
Structures

Figure 11 presents a flow chart that guides the synthesis of
Cu foams tailored to specific structural and compositional re-
quirements based on the results of this work. The chart be-
gins by distinguishing between two primary target morpholo-
gies: honeycomb-like structures and only meso- to nano-porous
structures. For honeycomb-like structures, the next decision
point concerns the desired surface morphology, nano-dendrites
or nano-cauliflowers. If cauliflower-like nano-structures are pre-
ferred, both RC and PC modes can be applied using higher pulse-
to-pause ratios for PC or higher anodic-to-cathodic pulse ratios
for RC. Additionally, a gradual control of pore diameter and foam
thickness can be achieved by controlling the AC value in the RC
mode. If nano-dendrites are desired, the chart prompts the user
to select either an open or compact desired foam structure. Open
structures can be achieved using the DC mode, combined with
long deposition times, low current densities, elevated tempera-
tures, stirring (to promote dendrite growth, if large dendrites are
targeted), and/or higher pH. The pH range studied in this work
is between -0.5 and 0.5. If open foam structures are to be com-
bined with small nano-dendrites, post-synthesis annealing can
be applied. For compact metallic Cu foams, options include us-
ing the DC mode with low temperature, high current densities,
short deposition times, and/or additives such as DAT (at low con-
centrations), SDS, or CTAB. One surfactant concentration of 0.25
mM and two DAT concentrations of 1.5 and 4 mM were investi-
gated in this study. Alternatively, the AC mode at low frequencies
can also be employed. If only meso- to nano-porosity is desired,
the chart asks whether uniformity is required. If uniformity is not
critical, DAT at high concentrations with or without elevated pH
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can be used. If sample uniformity is essential, PC mode with low
pulse-to-pause ratios or DC mode atlow Cu?* concentration is ad-
vised. It is important to note that these recommendations serve
as guidelines only, not fixed protocols. A variability between lab-
oratories was observed in the structure of the obtained Cu foam
samples, which may stem from differences in potentiostat mod-
els, Cu foil preparation and etching procedures, as well as Cu
foil suppliers. Therefore, while the flow chart offers a directional
framework, systematic optimization under the onsite experimen-
tal conditions is essential. We strongly advise consulting the other
Results and Discussion sections and Experimental section before
following the flow chart. Suppose the goal is to synthesize an
open, honeycomb-like Cu foam with large nano-dendrites, pores,
and thickness, to be employed as a current collector for battery
applications. Accordingly, following the flow chart: honeycomb-
like? — yes, surface nano-dendrites? — yes, open structure? —
yes, large dendrites? — yes, the chart recommendations include
using the DC mode combined at low current densities, with the
possibility to control the foam thickness and pore diameter sim-
ply via electrodeposition times.

3.1. DHBT-Derived Cu Foam Gas Diffusion Electrodes for CO,
Reduction

To demonstrate the feasibility and operational simplicity of the
DHBT method for fabricating electrodes suitable for energy ap-
plications, a streamlined three-step protocol was developed for
the synthesis of Cu foam gas diffusion electrodes (GDEs) for
CO,RR. This approach was inspired by a previously reported pro-
cedure for Ag foam GDEs synthesis.[®! Initially, PTFE/PP bilayer
fabric substrates were sputter-coated on the PTFE side with a
480 nm-thick Ag layer. Subsequently, the DHBT process was em-
ployed to generate porous Cu foam structures directly on the Ag-
coated substrates. In the final step, ionomer infiltration was per-
formed to impart hydrophobicity to the Cu foam GDEs, as de-
scribed in detail and represented schematically in Section 5.

Six Cu foam GDE samples were synthesized to systematically
investigate the influence of electrodeposition parameters and ad-
ditives on the GDEs morphology and CO,RR performance. First,
to compare the DC and PC DHBT modes, two electrodes were
fabricated at a cathodic charge density of 30 C cm™2, one using
DC and the other using PC, and were abbreviated as DC;c -2
and PCjyc - Second, to assess the impact of charge density
under PC conditions, two additional samples were prepared at
charge densities of 60 and 90 C cm™2, referred to as PCgoc -2
and PCyc - Third, the role of DAT was explored by incorpo-
rating 4 mM of DAT into the DHBT bath, referring to this sample
as PCA! . Finally, to evaluate the effect of lowering the DHBT
bath temperature, a GDE was synthesized under the PC mode at
a charge density of 30 C cm™ at 4 °C using an ice bath, and was
denoted as PC{ € .

Figure 12 presents an energy-dispersive X-ray spectroscopy
(EDX) cross-sectional mapping of a Cu foam GDE synthe-
sized via the described protocol before ionomer infiltration. The
figure illustrates the stratified architecture comprising the Cu
foam layer (top), the sputtered Ag interlayer (middle), and the
underlying PTFE substrate (bottom), where PTFE was indicated
via the fluorine signal. The successful transformation of DHBT-
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Figure 11. Flow chart for guiding the synthesis of Cu foam samples with tailored properties, based on the results obtained in this work.

derived model Cu foams (of 1 cm™? geometric area) discussed
earlier in this manuscript to GDEs, and the reproducibility of
Cu foam formation on Ag-sputtered PTFE, underscore the ver-
satility and scalability of the DHBT method. Notably, the method
demonstrates effectiveness not only on planar substrates but also
on porous supports, which are highly relevant for energy storage
and conversion applications. In the resulting GDE architecture,
the Cu foam functions as the catalytic layer, while the PTFE and
PP fabric layers serve as the micro- and macro-porous diffusion
layers, respectively.

The hydrophobicity of the Cu foam GDEs after ionomer
infiltration was evaluated via contact angle measurements.
Figure S20 (Supporting Information) displays representative
contact angle images of the DCjyy,, 2 sample before and af-
ter ionomer treatment. Prior to infiltration, the sample exhib-
ited complete wettability, with the water droplet immediately ab-
sorbed by the Cu foam. In contrast, the ionomer-treated sample
demonstrated a pronounced stable hydrophobic behavior, with a
contact angle of ~125°, confirming the GDE suitability for oper-
ation in CO,RR flow cell configurations.

Figure 13 shows SEM images of DCjycom-2, PCiocem-2s
PCOAT . and PC} €, samples. Among them, only the
DC;yccm-2 GDE displayed a uniform, well-connected foam net-
work, whereas the PCjc,,» and PCYT  samples showed
isolated islands of foam structures. The addition of DAT pro-
duced noticeably smaller pores within these islands. Reducing
the DHBT bath temperature suppressed foam formation and in-
stead yielded Cu agglomerates for the sample PC} ¢ ..

At high magnification, the DC; . ,,,-» sample exhibited surface
nano—dendrites consistent with DC—deposited model foams. The
PCsoccm—> GDE featured cactus-like nano—structures, which dif-
fer from the nano-cauliflower structures obtained from model
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PC samples. This contrast is plausibly attributable to the change
in substrate from a planar Cu foil to porous Ag-sputtered PTFE
fabric. The PC2*T , sample exhibited surface nano-cauliflowers
similar to the model DAT-mediated foams. The surface nano-
features of PC‘;;CCcm_2 can be described as conical nano-structures.

Gravimetric analysis and ECSA results of the Cu foam GDEs
are provided in Figures S21 and S22 (Supporting Information).
CO,RR performance was investigated in a flow cell setup, con-
sisting of cathode and anode compartments separated by a Se-
lemion anion exchange membrane, with 1 M KHCO, circulated
in both. The cathode featured separate electrolyte and gas cham-
bers. The GDE catalytic layer faced the electrolyte, and its macro-
porous PP layer faced the CO,-purged gas chamber. Outlet gas
was switched via a three-port valve to an online GC (every 15 min)
or a bubble flow meter. Chronopotentiometric CO,RR was per-
formed at 50, 100, 150, and 200 mA cm~2 for 1.5 h each. Flow
cell details, chromatographic analysis, and CO,RR Faradaic effi-
ciencies (FEs) calculations are provided in Section 5.6.

Figure 14 presents Faradaic efficiencies for CO,RR products
measured at 1.5 h of electrolysis at the indicated applied cur-
rent densities, together with the average potential recorded dur-
ing each chronopotentiometric experiment. Representative ex-
amples of the gaseous product FEs over the 1.5 h period are
shown in Figure S23 (Supporting Information), where FEs were
found to increase gradually and start to approach a steady state
after approximately 1.25 h for most samples.

The major detected products were H,, CO, formic acid, ethy-
lene, ethanol, propionaldehyde, and 1-propanol. Comparison
of the GDEs fabricated at different DHBT charges (PCsycm-2»
PCyocem-2» and PCyyc-2) indicates that lower DHBT charges
are more beneficial for CO,RR activity. The performance of the
PC¢ocem—2 and PCyyc 2 samples was dominated by parasitic
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Figure 12. Cross-sectional EDX elemental mapping of a Cu foam GDE,
showing the distribution of Cu (catalytic layer), Ag (sputtered conductive
interlayer), and F from the PTFE fabric substrate.

H, evolution (FEs: 73%-90%), whereas the PCj., sample
showed enhanced CO,RR with H, FEs not exceeding 62%. The
DC—derived GDE demonstrated inferior CO,RR activity relative
to PCjc -2, With maximum H, FEs of 70% and 62% observed at
100 mA cm~? for the DC and PC counterparts, respectively. For
the PCypc -2 Sample, CO and formic acid FEs decreased grad-
ually from 11% and 24% at 50 mA cm™ to 5% and 5% at 200
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mA c¢m~2. The DC;yc 2 sample follows a similar trend (CO:
11% — 5%; formic acid: 25% — 4%) at the same current den-
sities. In contrast, ethylene and ethanol exhibited negligible FEs
at 50 mA cm~2, which increased with elevating the applied cur-
rent densities to reach respective maxima of 21% and 11% for
PCjcem—2 and 14% and 6% for the DC counterpart at 200 mA
cm™*. The samples PCDAT  and PC} ¢, exhibited the best
overall CO,RR performance, with corresponding suppressed par-
asitic H, FEs of 37% and 41% at 100 mA ¢cm~2, and enhanced
C,, performance, with ethylene FEs of 31% and 26% at 150 mA
cm~2, and ethanol FEs of 17% and 14% at 200 mA cm~2. Propi-
onaldehyde FEs of 22% at 50 mA cm~2 (for PCPAT ) and 9% at

30Ccm—2
200 mA cm™? (for PC} & ) were measured.
Figure 15 presents the total C,, products and ethylene selectiv-

ity for the six studied GDEs. The PCOAT  and PC{C_, sam-

ples showed the highest C,, selectivity, with total C,, FEs of 51%,
and 52% at an applied current density of 200 mA cm™2 (2.4 V
vs. RHE), corresponding to total partial current densities of 102,
and 104 mA cm~2. These two samples also showed outperform-
ing ethylene production at 150 mA cm=2 (2.0 V vs. RHE) with
FE values of 31% and 26%, and ethylene partial current densities
of 46.5, and 39 mA cm~2, respectively.

The Cu foam GDE findings suggest that meso— and nano—
porosity, dominating the PC samples, are more beneficial for
CO,RR C,, selectivity with respect to macro-porosity, domi-
nating the DC samples. In the same context, previous studies
showed that PC-derived Ag foams displayed a better activity for
CO, reduction into CO than the DC-derived counterparts elec-
trodeposited at the same charge density.>) Accordingly, it can be
suggested that highly macro-porous and thicker foam architec-
tures, e.g., for DC, PCyyc ., 2, and PCyyc 7%, can suffer from
internal mass—transport limitations that create concentration po-
larization between the external catalyst surface and the pore in-
terior. Under high current densities, the effective CO, concen-
tration within deep or tortuous pores decreases, which shifts the
reaction towards the more readily available water reduction in
the pore regions depleted of CO,.*8] This observation not only
explains the outstanding performance of the PC GDE produced
at 49C, whose foam architecture is dominated only by nano- and
meso-pores, but also supports the view that CO,RR at GDEs can
proceed via a two-phase boundary, i.e., between the electrolyte (in
which CO, is dissolved) and the catalyst layer, rather than a pure
three-phase boundary involving gaseous CO,, liquid electrolyte,
and catalytic layer.[*"]

The enhanced C,, performance of the PC3D(;*CTmr2 sample can
be attributed to chemical contributions. Amino-based surface
species, as indicated from XPS results of the DAT-modified sam-
ple, have been reported to stabilize the *CO intermediate on the
electrode surface and thereby facilitate the C-C coupling, and
enhance C,, selectivity.>°! Nevertheless, this hypothesis still re-
quires direct confirmation for DAT and will be addressed in a
future work. To evaluate the operational stability of the GDEs
prepared via the presented protocol, a DAT-modified GDE was
synthesized and treated with 15 uL of the ionomer solution per
each geometric 1 cm™ of the GDE surface. The performance
of this GDE was monitored during a 12 h chronopotentiomet-
ric experiment at a current density of 150 mA cm~2, with the
CO,RR gaseous products analyzed every 15 min using the online
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Figure 13. SEM images of Cu foam GDEs, showing the foam structure at 200x magnification (first column) and surface nano-structures at 3000x
magnification (second column) for the samples: DCygc -2 @), PC3oc cm-2 b), PCOAT c), and PC*°C d).

GC, as presented in Figure S24 (Supporting Information). The
measured potential remained nearly constant at approximately
-1.5 V vs. RHE. Ethylene FE increased gradually and reached a
plateau of about 39% after 2.5 h. This value remained essentially
stable until the end of the experiment, decreasing only to 37% af-
ter 12 h. CO reached a FE plateau at about 9% after 1.25 h, which
remained constant until the end of the experiment. Methane ex-
hibited a maximum FE of 8.5% at 1.25 h, which declined gradu-
ally to approximately 4% after 12 h.

4, Conclusion

This study established a systematic correlation between various
DHBT synthesis conditions and the resulting Cu foam mor-
phologies. By tuning DHBT parameters, precise control over the
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hierarchical structure of the foam samples was achieved. Depo-
sition current density and time had a significant impact: higher
current densities with shorter durations produced more compact
structures, while lower currents with longer times yielded more
open structures. For instance, the (2Acm™ 5s) sample showed
respective average pore diameter and foam thickness of 9.4 + 0.1
and 23.0 + 1.5 pm, whereas the (1A cm™ 30s) sample exhibited
corresponding values of 36.7 + 0.5 pm and 62.0 + 4.7. This trend,
which extended to surface nano-dendrite size, was attributed to
increased HER rates at higher current densities, which enhanced
the number of bubble nucleation sites and reduced bubble sizes,
leading to finer templating, lower local stirring, and slower Cu?*
diffusion dynamics.

Interrupting the cathodic signal in the PC and RC modes
suppressed HER and altered Cu?* diffusion hydrodynamics, re-
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Figure 14. Faradic efficiencies of CO,RR products at 1.5 h of electrolysis for the Cu foam GDEs investigated in this work, showing the average potential

recorded at each applied current density.

sulting in foams with high mass densities, dominant meso- to
nanoporosity, and surface cauliflower-like nano-structures. Foam
structure in the PC samples was strongly influenced by the pulse-
to-pause ratio. For instance, lower pulse-to-pause ratios produced
isolated foam islands or no foam at all, with reduced thicknesses.
Similarly, increasing the anodic charge in the RC mode further
enhanced foam compactness by more effectively suppressing hy-
drogen evolution. AC-DHBT at low and moderate frequencies
(0.5-1000 Hz) yielded compact structures with smaller pores,
moderate thickness, and finer nano-dendrites.

Temperature and electrode alignment also influenced mor-
phology: raising the bath temperature or using horizontal align-
ment increased bubble size and local stirring effects, produc-
ing larger pores and dendrites. Mechanical stirring of the DHBT

60 60

FE oy [%]
8

200 150 100 50
j[mA cm?]

bath yielded significantly enlarged nano-dendrites, supporting
the role of hydrodynamics in shaping surface features. Annealing
expanded foam dimensions and refined nano-structures via re-
crystallization.

A considerable Cu’* concentration of 0.2 M was essential
for driving Cu electrodeposition and HER concurrently and ef-
fectively achieving the characteristic honeycomb morphology,
while reducing H* concentration from 3 to 0.3 M confirmed
that H, bubbles can effectively originate from both proton
and water reduction, as the honeycomb-like structure was pre-
served. Additives like SDS, CTAB, and DAT (at low concentra-
tions) promoted more compactness, surfactants by enhancing
HER nucleation, and DAT by slowing Cu deposition through
its complexation effect. At high DAT concentrations, with or

%01 N\//A %0
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Figure 15. Total C,, products (a) and ethylene (b) Faradic efficiencies measured at 1.5 h of electrolysis for the Cu foam GDEs.
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without increasing the electrolyte pH to 0.5, the effect of DAT
became more pronounced, leading to the loss of the intercon-
nected foam structure.

As a proof-of-concept, a simple three-step protocol for the fab-
rication of Cu foam GDEs was provided. The synthesized GDEs
demonstrated promising CO, reduction performance, reaching
C,, FEs of #50% at -1.1 V vs. RHE, C,, partial current densities
of up to 104 mA cm=2 at-2.5 V vs RHE, and stable operation over
12 h for the DAT-modified GDE.

These findings demonstrate that Cu foams can be intelligently
tailored for specific applications. For example, highly porous
foams are promising for battery, solar energy conversion, and
sensing applications, while compact foams are well-suited for
electrocatalytic applications, which will be explored more thor-
oughly in our future work. The herein reported comprehensive
synthesis-structure correlation for Cu foams can provide guid-
ance in finding the right recipe and structure for a plethora of
different functions required in different applications.

5. Experimental Section

Standard DHBT Procedure:  Cu sheets (0.1 mm thickness, Goodfellow
GmbH, 99.999% purity) were cut into 1cm X 2 cm foils. Each foil was pol-
ished using 0.7 um diamond paste, ultrasonicated in ethanol and Milli-
Q water, and etched in nitric acid solution (10 vol%) (Fisher Chemical
GmbH, 65%). Thereafter, the active area of the Cu foil for DHBT was de-
fined as 1cm x 1 cm using Kapton tape. Then, the Cu foils were weighed.
All solutions were prepared in Milli-Q water. Unless otherwise stated, the
following standard DHBT procedure was used for Cu foams electrodepo-
sition. The electrolyte consisted of a mixed solution of CuSO, (0.2 M)
(Sigma—Aldrich, 99.995% purity) and H,SO, (1.5 M) (Carl Roth, 95%-
98%), with a calculated pH of approximately -0.5. Electrodeposition was
carried out in an open single-compartment cell using a two-electrode con-
figuration (Figure S8, Supporting Information). The cell was filled with the
DHBT electrolyte (20 mL). A polished Pt foil (1 cm X 2 cm) served as the
counter electrode, and the prepared Cu substrate as the working electrode.
Both electrodes were positioned vertically with a separation of about 0.3—
0.5 cm. The DHBT process was conducted at room temperature from a
quiescent solution using Gamry 3000 reference potentiostat. Immediately
after deposition, the Cu foam sample was removed from the DHBT bath,
rinsed with Milli-Q water, dried under a nitrogen stream, and weighed. The
mass of the deposited Cu foam was determined by subtracting the initial
substrate mass from the final mass after DHBT (Figure S25, Supporting
Information).

DHBT Synthesis of the Current-Time Series: In this series, six Cu
foam samples were synthesized using the standard DHBT procedure
described above. The samples were electrodeposited at the follow-
ing combinations of continuous cathodic DC densities and deposi-
tion times: 1 A cm™2 for 10s, T A cm™2 for 20 s, 1 A cm™2 for
30s,2Acm 2 for5s,2Acm~2 for 10's, and 2 Acm=2 for 15 s.

DHBT Synthesis of the Current Mode Series:  Five Cu foam samples were
electrodeposited using the PC mode with different pulse / pause time com-
binations: (1/10 ms), (5/10 ms), (20/10 ms), (20/40 ms), and (20/200
ms). A constant cathodic DC density of 1 A cm™2 was applied during the
pulse phase. The total cathodic charge densityfor each sample was fixed at
20 C cm~2, controlled by adjusting the number of pulse-pause cycles. The
corresponding number of cycles applied for the five samples was 20000,
4000, 1000, 1000, and 1000, respectively.

For the RC DHBT, the cathodic and anodic pulse durations were fixed
at 20 ms and 10 ms, respectively, with a total number of cathodic-anodic
pulse pairs of 1000 applied per sample. Three different cathodic / anodic
pulse current density pairs were used: (1.05/0.1 A cm™2), (1.15 A/0.3 A
cm™2), and (1.3 A/ 0.6 A cm~2). The total charge density passed in each
case was maintained at 20 C cm™2.
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For the AC DHBT, a cathodic DC offset of TAcm~2 was applied, and the
deposition time was fixed at 20 s. Five different combinations of AC am-
plitudes and frequencies were tested: (1.2/ 0.5 Hz), (1.5/ 0.5 Hz), (2/0.5
Hz), (1.5/1000 Hz), and (1.5/ 5000 Hz). The total charge density was kept
constant at 20 C cm~2 for all the AC samples.

PC, RC, and AC samples were referenced to a sample electrodeposited
at a continuous cathodic DC density of 1 A cm™2 for 20 s with a similar
charge density of 20 C cm™2.

DHBT Synthesis of the Physical Effect Series: ~ Several modifications were
made to the standard DHBT procedure, with all samples electrodeposited
at a constant continuous cathodic DC density of 1 A cm~2 for 20 s. The
changes made in this series were made individually as follows:

(@) A sample was deposited under electrolyte stirring at 1350 rpm using
a magnetic stirrer.

(b) Two samples were prepared at 5 and 60 °C, using ice and water baths,
respectively, to assess the influence of thermal conditions.

(c) A custom-designed cell was employed to achieve horizontal align-
ment of the working and counter electrodes, with their electrical con-
nections made laterally via aluminum tape strips surrounded with in-
sulating Kapton tape, leaving exposed ends for electric connection to
the potentiostat. These strips were threaded through side apertures
in the cell wall and bent upward, while a hydrophobic parafilm layer
was tightly secured over the connectors using screws to prevent leak-
age, none of which was observed during operation. Figures S6 and S7
(Supporting Information) illustrate the horizontal DHBT cell design
and the electrode connectors.

(d) Post-DHBT annealing of the Cu foam samples was performed in air
under two different conditions: 300 °C for 15 min and 150 °C for 30
min. After cooling to room temperature, the samples were re-weighed
to assess mass changes due to oxidation.

A reference sample for this series was prepared at a continuous cathodic
DC density of 1 A cm™2 for 20 s with no modifications to the standard
DHBT procedure.

DHBT Synthesis of the Chemical Effect Series: In this series, modifica-
tions were made to the electrolyte composition described in the standard
DHBT procedure. All samples were electrodeposited at a continuous ca-
thodic DC density of 1 A cm™2 for 20 s. These were referenced to a Cu
foam sample deposited under identical current density and time using the
standard DHBT electrolyte. Each of the following electrolyte changes was
introduced individually:

(a) Changes to CuSO, concentration:
(i) CuSO4 (0.05 M) and H,SO4 (1.5 M) (pH = -0.5).
(i) CuSOy4 (0.1 M) and H,SO, (1.5 M) (pH =~ -0.5).

b) A change to H,SO, concentration:
g 2904
(i) CuSO,4 (0.2 M) and H,SO, (0.15 M) (pH ~ 0.5).

(c) Adding surfactants:
(i) CuSO, (0.2 M), H,S0, (1.5 M), and SDS (0.25 mM) (pH
-0.5).
(i) CuSO, (0.2 M), H,S0, (1.5 M), and CTAB (0.25 mM) (pH
-0.5).
d) Adding a complexing agent without and with pH increasing:
(d) g plexing ag P g
(i) CuSO, (0.2 M), H,SO, (1.5 M), and DAT (4 mM) (pH ~ —0.5).
(i) CuSO, (0.2 M), H,SO, (1.5 M), and DAT (1.5 mM) (pH ~ —0.5).
(iii) CuSO, (0.2 M), H,SO, (0.15 M), and DAT (4 mM) (pH ~ 0.5).

Q

Q

X-Ray Analysis of the Cu Foam Samples: XRD patterns of Cu foams
were collected on a Rigaku SmartLab diffractometer equipped with a rotat-
ing Cu anode of a wavelength of 1.54 A at 45 kV / 200 mA and a HyPix-3000
2D detector. Data acquisition was conducted in a range of 10 to 100° 26
using a step size of 0.02° with a fixed incident angle of 0.35° and a scan
rate of 8° min~'. Data were analyzed using OriginPro software, and the
Williamson—Hall method was used to calculate the particle size and micro-
strain.
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Figure 16. Equivalent circuit models used to fit the EIS data of the Cu foam
(a) and Cu foil (b).

Elemental analysis was performed with a Bruker XFlash 6-100 energy-
dispersive X-ray spectroscopy detector at an acceleration voltage of 5 keV.

XXPS was performed at room temperature under ultrahigh vacuum
(1077 Pa) using a SPECS PHOIBOS 100 instrument with an Al Ka X-ray
source (1486.74 eV). High-resolution spectra were recorded with a step
size of 0.1 eV, and survey spectra with a step size of 0.80 eV, at a dwell
time of 0.05 s per step. Prior to XPS measurements, Cu foam samples were
additionally washed to remove unbound additives or any residual H,SO,
that might exist within the pores. Accordingly, samples were rinsed in 0.1
M KHCO; for at least 5 min to neutralize any trapped acid, rinsed in Milli-
Q water for at least 5 min, and dried under a N, stream. Survey and high-
resolution spectra were normalized, baseline-corrected, and subjected to
Shirley background subtraction using Fityk software.

Scanning Electron Microscopy Imaging: ~ SEM images were collected us-
ing the in-lens and secondary electron detectors of a scanning electron
microscope (Zeiss Ultra plus, Carl Zeiss, Germany), equipped with a high-
resolution field emission gun. Low- (200x) and high-magnification (3000x)
SEM images were collected at an acceleration voltage of 3.00 KV.

Electrochemical Measurements in H-Cell Configuration: ECSA measure-
ments were performed at room temperature in a custom gas-tight two-
compartment glass H-cell assembled with three electrodes (Figure S26,
Supporting Information). The WE and reference electrode (RE) shared the
cathode compartment, while the CE was placed in the opposite compart-
ment. The two compartments were separated by a Selemion anion ex-
change membrane (AEM) (AGC Chemicals Europe, England). A Cu foam
of 1 cm? geometric area served as the WE, a Pt mesh (mesh size 80, 2.5
cm x 3.5 cm, ALS, Japan) as the CE, and a commercial Ag/AgCl electrode
(ALS, Japan) as the RE. All reported potentials were iR-corrected and ref-
erenced to RHE. The electrolyte was 0.1 M KHCO; (>99.7%, Carl Roth,
Germany). Electrochemical control was provided by a Gamry Reference
3000 potentiostat (Gamry Instruments, USA). To convert unstable Cu ox-
ide species to metallic Cu, the samples were conditioned by CV: the po-
tential was cycled between -0.05 and -1.05 V vs. RHE at 100 mV s~ for
up to 20 cycles until stable current responses were obtained. Then, the
ECSA of the Cu foam samples was measured using two independent elec-
trochemical methods: CV and EIS. In the CV-based method, cyclic voltam-
mograms were recorded between 0.15 and 0.35 V versus RHE, a window
free of Faradaic currents, at scan rates from 10 to 100 mV s~1. The sum
of the anodic and cathodic charging currents (Ai) was plotted versus scan
rate (v). The double-layer capacitance (Cp,) of the Cu foam was obtained
as half the slope of that plot according to Equation (9). The ECSA was
then calculated using Equation (2). Cg,r was determined from a polished
and cleaned 1 cm? Cu foil by extracting the double-layer capacitance from
the plot of the summed charging and discharging currents, and using this
value as the reference capacitance

©
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CoL= 39

Electrochemical impedance spectra were recorded at a non-Faradaic
potential of 0.25 V versus RHE with a 5 mV perturbation across a frequency
range of 10 kHz to 0.5 Hz. The spectra were fitted in Aftermath software to
an equivalent circuit consisting of the uncompensated solution resistance
(Ru) in series with two constant phase elements (CPEs), as illustrated in
Figure 16a. The high-frequency CPE was attributed to double-layer charg-
ing of the readily accessible outer surface and larger pores, while the low-
frequency CPE represented full electrode charging.[3'] The double-layer ca-
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pacitance (Cp, ) of the Cu foam was taken from the low-frequency CPE and
inserted into Equation (2) to compute the ECSA. Cg,r for the EIS-based
procedure was determined from impedance spectra acquired under iden-
tical conditions on a polished and cleaned Cu foil of 1 cm? geometric area.
These spectra were modeled with a simplified equivalent circuit consisting
of Ru in series with a single CPE (Figure 16b), and the fitted double-layer
capacitance was taken as Cg,[3?] The measured Cer values were 0.0417
0.0050 mF cm=2 (for CV-based ECSA) and 0.0473 + 0.0100 mF cm~2 (for
EIS-based ECSA) with the error bars indicating the standard deviation of
three independent measurements.

DHBT Synthesis of Cu Foam Gas Diffusion Electrodes: PTFE/PP bilayer
fabric sheets (20 cm x 25 c¢cm, 0.2 micron, Sterlitech, USA) were cut into
3 cm X 4 cm pieces and sputter-coated on the PTFE side with a 480 nm
Ag layer thickness at a target current of 25 mA using a VAC COAT Desk
sputter-coater to impart electrical conductivity. The coated substrates were
weighed and then mounted in a custom 3D-printed ABS holder, compris-
ing a front window with an integrated top electrical contact and a solid
back cover. The Ag-coated fabric was clamped between the two parts using
four corner insulating screws and was oriented so that the sputtered PTFE
side faced the window, exposing an active area of 3 x 2.5 cm for DHBT,
while the PP side rested against the back cover. This assembly served as
the WE. The CE consisted of a sacrificial Cu mesh (50 mesh size, 0.23 mm
wire diameter, Alfa Aesar) secured between two ABS windows with four
insulating corner screws. The standard DHBT synthesis of the Cu foam
GDEs was performed in a two-electrode setup, in which the Ag-sputtered
PTFE substrate and Cu mesh, both placed in their holders, served as the
WE and CE, respectively. Figure 17 provides a schematic representation
of the Cu foam GDEs synthesis protocol. Also, the WE and CE holders,
as well as the GDE DHBT setup, are presented in Figure S27 (Supporting
Information).

Unless otherwise mentioned, the DHBT was carried out at room tem-
perature in a quiescent electrolyte of 0.2 M CuSO,4 and 1.5 M H,SO,
with a volume of 100 mL. A Gamry 3000 reference potentiostat equipped
with a Gamry reference 30k booster was employed for DHBT. During
DHBT, the PC mode was employed with a cathodic pulse current density of
0.667 A cm~2, pulse duration of 20 ms, and pause duration of 40 ms, re-
peated over 2250 cycles to achieve a total electrodeposition charge density
of30Ccm~2.

In addition to this standard procedure, the following modifications were
individually implemented:

(a) To compare the PC and DC modes at the GDE level, a DC sample
was electrodeposited at a continuous cathodic DC density of 0.667 A
cm~2 for 45 s.

(b) To investigate the effect of electrodeposition charge density on the
GDE performance, Cu foam GDEs were additionally fabricated at ca-
thodic charge densities of 60 and 90 C cm™2, using 4500 and 6750
pulse—pause cycles, respectively, alongside the reference sample de-
posited at 30 C cm™2.

(c) DAT at a concentration of 4 mM was added to the DHBT bath.

(d) A sample was electrodeposited at 4 °C using an ice bath.

Following DHBT, the obtained Cu foam sample was immediately removed
from the bath and rinsed sequentially with Milli-Q water, 0.1 M KHCO,
solution to neutralize residual acid in the foam pores, and a final Milli-Q
water rinse. The sample was left to dry completely and then weighed.

For the hydrophobic treatment of the Cu-foam GDE, a perfluorosulfonic
acid ionomer solution (800 EW, 3 M) was prepared by dissolving 15 mg
of the ionomer in 10 mL of a 95:5 (v/v) 1-propanol/water mixture and
stirring the mixture for 24 h using a magnetic stirrer to ensure complete
dissolution. Unless otherwise stated, each geometric 1 cm? of Cu-foam
GDE surface was then drop-cast with 5 pL of the ionomer solution, and
then was left to dry for a period of 24 h before any measurements.

Electrochemical Characterization of Cu Foam GDEs in Flow Cell Setup:
Electrochemical characterization of the Cu-foam GDEs was performed
using the flow cell configuration illustrated in Figure 18 and Figure S28
(Supporting Information). This setup consists of distinct cathode and an-
ode compartments separated by a Selemion anion exchange membrane

© 2025 The Author(s). Small published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD BAIIRD) 8|qed!|dde ay) Aq peusenoh ae sapie YO ‘8sn Jo se|n. 1oy Areiqi 8UIIUO AB|IM UO (SUORIPUOD-PUB-SWBIWI0D A8 |IMAleIq Ul UO//:SANY) SUORIPUOD pue SWB | 8U3 88S *[9202/0/20] Uo Ariqi]aulluo A1 ‘yineiAeg 1eeisienun Aq 686606202 |IWS/Z00T OT/I0P/LI00" A3 1M AReid 1 puluoy/Sany Wwoly pepeojumod ‘g ‘9202 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

Ag sputtering DHBT
bp PTFE Ag layer
(480 nm)

www.small-journal.com

lonomer

infiltration
Cufoam Hydrophobic
(catalytic layer) properties

Figure 17. Schematic representation of the DHBT synthesis protocol employed to fabricate the Cu foam GDEs.

(AGC Chemicals Europe, England), with T M KHCO; serving as the elec-
trolyte. A calibrated mass flow controller (MFC) (Bronkhorst, Netherlands)
regulated the CO, flow rate, while a dual-channel peristaltic pump
(Shenchen Pump YZ1515x) ensured independent circulation of catholyte
and anolyte between their respective reservoirs and compartments. The
cathode compartment comprised separate CO, and electrolyte chambers,
between which the Cu-foam GDE was placed. The catalytic layer of the GDE
faced the electrolyte chamber, whereas the PP macro-porous layer was ori-
ented toward the CO, chamber. The CO, chamber and anolyte reservoir
were continuously supplied with CO, using the MFC. A backpressure of
30 mbar was applied to the CO, chamber outlet using a backpressure con-
troller (BPC) (Bronkhorst, Netherlands). The BPC outlet gas stream was
introduced into the headspace of the catholyte reservoir, from which the
stream could be selectively diverted via a three-port valve to the online
gas chromatograph (GC) inlet or a bubble flow meter, ensuring reliable
flow rate tracking between GC injection events. In all CO, experiments,
a Pt mesh (mesh size 80, 2.5 cm X 3.5 cm, ALS, Japan) was employed
as the CE, a HydroFlex Reversible Hydrogen Electrode (Gaskatel GmbH,
Germany) as the RE, and the Cu-foam GDE as the WE. Unless otherwise
specified, both cathode and anode compartments were supplied with CO,
at a flow rate of 20 mL min~', and with the electrolyte at a flow rate of 50
mL min~". Electrochemical measurements started with CVs in the poten-
tial range of -0.05 to -1.05 V versus RHE at a scan rate of 100 mV s,
repeated for up to 20 cycles until stable and reproducible currents were
achieved, thereby reducing the surface unstable oxides. For ECSA determi-
nation, the CO, flow rate was reduced to 5 mL min~', and the pump was
temporarily halted to minimize mechanical disturbances affecting double-
layer charging and discharging. Then, ECSA CVs were recorded within a
potential window of 0.15-0.35 V versus RHE at scan rates ranging from

10 to 100 mV s~1. Thereafter, Equations (2) and (9) were used to calculate
the ECSA of the GDE.

Following ECSA measurements, the CO, flow rate was restored to 20
mL min~!, and the electrolyte circulation resumed at 50 mL min~'. CO,
electrolysis was then conducted via chronopotentiometry at cathodic cur-
rent densities of 50, 100, 150, and 200 mA cm~2, each for 1.5 h.

During CO,RR electrolysis, an online GC (Shimadzu GC-2014) was
used for the detection and quantification of CO,RR gaseous products
every 15 minutes using serial HayeSep Q and HayeSep R columns and
high-purity argon (Grade Ar 5.0) as the carrier gas. The GC was equipped
with a thermal conductivity detector (TCD) for H, detection and a meth-
anizer plus flame ionization detector (FID) for CO,, CO, and hydrocar-
bons detection. The GC was calibrated for the expected CO,RR gas prod-
ucts using two standard gas mixtures (Riessner-Gase, Germany) cover-
ing the following mol% ranges: H, (0.999-14.964 mol%), CO (0.114—
2.003 mol%), CH, (0.105-1.997 mol%), C,H, (0.105-2.017 mol%), and
C,Hg (0.00511-0.0513 mol%). After each electrolysis chronopotentiomet-
ric measurement, a catholyte sample was collected and analyzed for liquid
products by a high-performance liquid chromatograph (HPLC) (LC2010,
Shimadzu) and a liquid gas chromatograph (LGC, Nexis GC-2030, Shi-
madzu).

The HPLC and LGC were calibrated for the expected analytes. For HPLC
calibration, mixed standard solutions of formic (> 99.7%, Sigma-Aldrich)
and acetic acid (> 99.99%, Sigma-Aldrich), both over a concentration
range of 0.04-2.00 mM, were used. For LGC calibration, mixed standard
solutions of methanol (>99.9%, Merck) 0.13-5.08 mM; ethanol (>99.9%,
Merck) 0.07-2.45 mM; acetone (>99.5%, Sigma-Aldrich) 0.06-2.49
mM; T-propanol (>99.5%, Merck) 0.04-1.70 mM; 2-propanol (>99.9%,
Sigma—Aldrich) 0.04-1.69 mM,; allyl alcohol (>99%, Sigma—Aldrich) 0.05—

S
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Figure 18. Flow cell configuration used for CO,RR measurements of the Cu foam GDEs.
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1.87 mM; propionaldehyde (>98%, Sigma-Aldrich) 0.04-1.53 mM; and
acetaldehyde (>99.5%, Sigma-Aldrich) 0.03-1.04 mM were used. All
calibration curves were linear across their ranges. Figure S29 (Support-
ing Information) depicts examples of the chromatograms of standard mix-
tures injected into the online GC, LGC, and HPLC.

Faradaic efficiencies for each CO,RR product (FE;) were obtained by di-
viding the product partial current density (j;) by the total current density
(I;) according to Equation 10. Partial current densities for gaseous and lig-
uid products were calculated using Equations (11) and (12), respectively,
with the following variables: gas product mole fraction (x;), number of elec-
trons transferred (z;), molar flow rate (n'), liquid product concentration
(c;), catholyte volume (V,), and electrolysis time (t). The molar flow rate
n' was calculated from the ideal gas law using pressure (P), volumetric gas
flow rate (V'), which was measured via the bubble flow meter, the general
gas constant (R), and absolute temperature (7).

FE, = JI—' -100% (10)
t

Ji=x.z.Fn )

ji= 82 12

n = % (13)

Contact Angle Measurements:  To evaluate the hydrophobic properties
of the GDE, the contact angle was measured using a DataPhysics opti-
cal contact angle device (Germany). A 10 uL droplet of Milli-Q water was
dispensed onto the dry Cu foam GDE. The recorded images were subse-
quently analyzed with the SCA 20 software to extract the contact angle val-
ues.

Statistical Information: Gravimetric results (deposited Cu mass and
deposition Faradaic efficiency) of the model Cu foam samples are reported
as the mean of 15-20 independent replicates, with error bars indicating the
standard deviation.

ECSA values of the model Cu foams are reported as the mean of 3-6
independent measurements, with error bars indicating the standard devi-
ation.

For each DHBT condition, 2—4 independent SEM measurements were
performed. Surface pores in the SEM images were annotated using
Apeer.com online tools and processed by a Python script based on scikit-
image library to exclude edge-touching pores and compute individual pore
area and equivalent diameter. Typically, several hundred to a few thousand
equivalent pore diameter values were extracted from the annotated images
per DHBT condition, and used to plot the pore diameter distributions. The
number of equivalent diameter values contributing to each distribution is
indicated on the figure. The mean pore diameter is reported as the distri-
bution expected value, and the associated error bars denote the standard
error. The workflow of the Cu foams pore diameter analysis is shown in
Figure S30 (Supporting Information).

Foam thickness is reported as the mean of six measurements taken at
different positions on each sample, and the associated error is given as
the standard deviation.

Two outliers were identified in the correlation between foam thickness
and mean pore diameter; the analysis was performed both with and with-
out these outliers, and the treatment of outliers was clearly stated in the
text and indicated in Figure S12 (Supporting Information).

The Cu foam GDE results represent successful initial attempts to con-
vert model Cu foams into a GDE architecture.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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