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Abstract 

Electrodeposited dendritic copper foams have been extensively studied as an electrocatalyst for 

CO2 reduction reaction (CO2RR). Many parameters, such as dendrite size, porosity, pore size, 

and crystal faceting, define the hierarchical properties of these structures and their subsequent 

bubble evolution and CO2RR capabilities. Here we studied the effects the electrodeposition 

conditions (potential, pH) have on the resulting crystallinity, microstructure, and macroporosity 

of the copper foam. We characterized these morphological differences and the corresponding 

effects on electrocatalytic activity. We showed that the composition of the electrodeposition bath 

can have significant effects on the mechanics of bubble formation and detachment at the 

surface during hydrogen evolution reaction (HER) in acidic solutions.  Similarly, the 

electrodeposition conditions for the synthesis of the foam affected the product selectivity during 

CO2RR electrocatalysis. Foams deposited in alkaline electrodeposition solutions showed high 

faradaic efficiency and specificity towards C2H6, an uncommon product of CO2RR, at modest 

applied potentials (-0.8 V vs. RHE). 

Keywords: CO2 reduction, hierarchical structure, electrocatalysis, transmission x-ray 

microscopy, morphology 
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Complex functional composites often rely on the multiscale organization of various functional 

subunits to generate a specific overall functionality or to maximize the potential performance of 

the target function. Many studies have focus on the use of these design schemes in for energy 

conversion and storage, including semiconductor-based photocatalytic CO2 reduction.1–3 

However, it is also relevant to the operation of simple, structured materials of a single 

component. For example, natural and synthetic photonic materials generate optical resonances 

based on the average microscopic periodicity of dielectric contrast while necessitating structure 

at macroscopic length scales to provide mechanical integrity and robustness.4 Many natural 

structures such as butterfly wings and beetle carapaces have been shown to have hierarchical 

structure that generates macroscopic function such as tailorable camouflage or moisture 

collection.5–8 Multiscale structures are of interest in electrocatalysis for similar reasons. A 

structured electrode can significantly increase the ratio of electrochemically active surface area 

compared to the projected surface area. This can lower practical electrocatalytic overpotentials 

to improve the viability of earth-abundant or non-precious metal-based electrocatalysts.9 

Intentionally chosen structure for electrocatalytic interfaces can also allow them to be integrated 

into multifunctional materials without deleterious effects on other function. An example is the 

patterning of an electrocatalyst layer to minimize reflection, parasitic absorption, and impairing 

the photovoltage-generating effects of a semiconductor-liquid junction.10,11 The structure of the 

material induces heterogeneities in the environment at the electrocatalyst interface that can 

influence the resulting chemical reactions. For example, the electrode structure affects the 

diffusion layer and local pH in a nanostructured electrode, influencing the product distribution 

during electrochemical CO2 reduction.12–14 

A common approach to fabricating hierarchically structured metallic interfaces is high-rate 

electrodeposition. At low deposition rates, the solution near the interface maintains a sufficient 
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local concentration of reducible metal ions to allow for the deposition of conformal coatings. 

Increasing the deposition rate reduces the local concentration of ions at the interface to the 

point where the deposition is limited by mass transport kinetics. This phenomenon is known as 

diffusion-limited aggregation.15 Under higher current densities, the local growth morphology can 

be influenced by anisotropic surface energies, resulting in electrochemical control over 

branching and deposition kinetics.16 Heterogeneous dendritic structures can be formed under 

these conditions, which results in an interface with characteristic structure on multiple length 

scales, and correspondingly complex mass transport characteristics. The hierarchical structure 

of the dendritic interface can therefore be controlled by electrochemical parameters such as the 

bulk concentration of the metal ion in the electrolyte and the applied electrochemical bias.  

Cu electrodeposition is generally performed in highly acidic solutions based on the Cu2+
(aq)/Cu(s) 

equilibrium denoted in the Cu Pourbaix diagram.17 The abundance of hydronium in these 

solutions facilitates bubble generation from hydrogen evolution as a competing electrochemical 

reaction to Cu deposition on the cathode. The two competing reactions affect the morphology of 

the resultant dendritic foam structures on multiple length scales. The hydrogen bubbling 

obstructs the available surface for metal deposition, which confines the dendritic growth to 

regions between the bubbles while creating a system of interconnected voids at the bubble 

evolution sites. This deposition process is referred to as dynamic hydrogen bubble templating 

(DHBT).2,18,19 Many studies have focused on controlling the properties of DHBT foams, 

particularly on variables such as bath temperature, deposition potential, and the introduction of 

surfactants that can control bubbling mechanics through modification of the surface tension of 

the gas-liquid interface.20 In principle, the effects that bubble evolution have on the surface 

morphology during Cu electrodeposition can be tailored by increasing the pH of the solution. 

The reduction potential of the hydrogen evolution reaction (HER) exhibits a Nernstian shift to 
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more negative potentials with increasing pH.21 The Pourbaix diagram of copper (Figure S1) 

shows that Cu2+ ions are not stable in aqueous solutions with pH > 7.17 However, it has been 

shown that adding lactic acid to solutions can stabilize the copper ion at higher pH. Studies 

have shown that a Cu2+ ion forms a complex with four monodentate lactate ligands, which 

prevents the spontaneous formation of copper hydroxide in alkaline conditions.22 Aqueous 

solutions of lactate-stabilized Cu2+ at high pH (9-12) are used for the electrodeposition of Cu2O 

in the narrow range of electrode potentials noted by the Pourbaix diagram.23–26 The Pourbaix 

diagram also suggests that metallic copper can be deposited at more negative potentials in the 

same alkaline conditions. Therefore, the electrodeposition of copper in dendritic morphologies is 

possible at sufficiently negative potentials while mitigating the morphological consequences of 

DHBT.  

Here, we describe the synthesis and functional properties of Cu foam electrodes deposited from 

alkaline solutions of lactate stabilized Cu2+ ions. The copper foams grown at pH 10 (referred to 

here as base deposited, or BD) showed distinct morphological differences on multiple length 

scales, including the grain structure of the assembled crystallites, growth direction, surface 

area-to-mass ratio, and microscale structure when compared to acid deposited (AD) copper 

foams grown near pH 0. We also characterized the effect that the BD foam electrode structure 

has on electrochemical function. We observed that the overall structural differences could 

modify the behavior of electrochemical processes such as the dynamics of hydrogen bubble 

evolution and the product distribution of the electrochemical CO2 reduction reaction (CO2RR). 

As a result, we show that this chemical control of the Cu foam electrocatalyst synthesis can 

significantly impact the electrochemical and mass transport properties of the resulting functional 

interfaces under otherwise identical operando conditions.  

Materials 
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Water (HPLC grade; BDH), methanol (HPLC grade; VWR), acetone (HPLC grade; VWR), and 

isopropanol (HPLC grade; VWR) were used as received. Copper (II) sulfate pentahydrate 

(99.99%, Sigma Aldrich), lactic acid (95%; Sigma-Aldrich), sulfuric acid (96%; Sigma-Aldrich), 

and sodium hydroxide (50% (w/w) in water; Sigma-Aldrich) were used as received. 0.25 mm 

thickness copper foil (99.9985%; Alfa Aesar) and 0.20 mm thickness nickel foil (99.95%; Alfa 

Aesar) were used as electrode substrates. For the transmission x-ray microscopy 

measurements, conventional steel sewing pins with a 30 μm tip diameter were used as 

electrodes to allow for rotational alignment and single dendrite imaging. All electrochemical 

potentials were measured using an Ag/AgCl reference electrode (stored in a saturated, aqueous 

KCl solution; BASi). 0.1 M sodium carbonate decahydrate (99.995%; Sigma-Aldrich) was used 

as CO2RR electrolyte. Analytical grade CO2 (99.999%; Airgas) was used as CO2 feedstock. For 

liquid product NMR analysis, 0.500 g of the electrolyte was mixed with 20% w/w D2O (98%; 

Sigma-Aldrich) and dimethylsulfoxide (DMSO) (99.98%; Sigma-Aldrich) after CO2RR 

experiments. DMSO was used as an internal standard in the NMR spectra.  

Methods 

Structural characterization of electrodeposited copper foams 

X-ray diffraction (XRD) measurements of the electrodeposited copper foams were performed 

with a Rigaku MiniFlex II diffractometer equipped with a copper anode (λ = 1.54 Å). 

The microstructure of the deposited copper foams was imaged using scanning electron 

microscopy (SEM) (FEI Nova Nanolab 200). Nanometer-scale computed tomography imaging 

(referred to here as nanoCT) via full-field transmission X-ray microscopy (TXM) was performed 

using Beamline 6-2C at the Stanford Synchrotron Radiation Lightsource. The energy of incident 

X-rays (9000. eV) was chosen to be slightly higher than the Cu K-edge (8979 eV) to be 
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sensitive to small features in the beam path. Tomographic 3D reconstruction on the measured 

image series (1° rotations, 180 images total) was performed using the TXM Wizard software 

package.27 3D renderings of the resulting reconstructions were generated using the Dragonfly 

software package (Object Research Systems). Details of the computed tomography methods 

and analysis are included in the Supporting Information.  

Electrodeposition of acid deposited (AD) and base deposited (BD) copper foams 

The electrodeposition solution for preparing the AD copper foams consisted of 0.40 M copper 

(II) sulfate dissolved in an aqueous solution of 1.5 M sulfuric acid. The AD electrodeposition 

solutions were stable and did not require any pH adjustment before use. The electrodeposition 

solution for preparing the BD copper foams was made from a starting solution of 0.40 M copper 

(II) sulfate and 3.0 M lactic acid in water. Concentrated sodium hydroxide solution was added 

dropwise to the BD Cu foam solution until reaching a pH of 10.0. The pH of the stock alkaline 

electrodeposition solution was measured prior to each electrodeposition and adjusted to pH 

10.0 using small amounts of 1M NaOH. Cu and Ni foil deposition substrates were cut into 25 x 

25 mm squares, sanded with 400, 800, and 1000 grit sandpaper, then rinsed with acetone, 

methanol, isopropyl alcohol, and water in sequence. The cleaned foils were dried using a 

stream of high purity dry nitrogen.  

AD and BD copper foams were electrodeposited using a potentiostat (BioLogic SP-240) in a 

three-electrode configuration. A 50 cm long, 0.5 mm diameter coiled copper wire (99.995%; Alfa 

Aesar) was used as the counter electrode, and a Ag/AgCl electrode was used as reference 

electrode. The working electrode area was a 1.7 cm2 circle defined by a Viton O-ring. The 

counter and reference electrodes were placed above the working electrode in the deposition 

solution. For XRD experiments, AD copper foams were deposited at -2.0V vs. Ag/AgCl for 2 s, 
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and BD copper foams were deposited at -2.0V vs. Ag/AgCl for 30 s onto nickel foils. These 

short electrodeposition times were chosen to isolate the early stages of the dendritic growth, the 

different deposition times for each foam was selected to yield identical masses of deposited 

copper. The difference in the mass of foil electrodes before and after the foam electrodeposition 

process shows that the average deposition mass for both acid deposited copper foams (AD Cu) 

and base deposited copper foams (BD Cu) was 0.4 mg cm-2. The deposited mass cannot be 

determined directly from electrochemical measurements due to the competitive faradaic 

hydrogen evolution reaction. After deposition, the foams were rinsed with water and dried with a 

stream of nitrogen.  Ni substrates were used for XRD experiments to unambiguously isolate the 

diffraction intensity for Cu to the electrodeposited Cu foams.  

Cu foil substrates were used for the foams deposited for the purpose of studying 

electrocatalysis (HER and CO2RR). This was done to avoid the contribution from contaminant 

metals to the electrochemical reactions. The AD Cu foam electrocatalysts were deposited at -

2.0 V vs. Ag/AgCl for 30 s. The BD Cu foam electrocatalysts were deposited at -2.0 V vs. 

Ag/AgCl for 720 s. The deposition times were chosen to fabricate larger foams of roughly 

identical Cu masses. The average deposition mass for both types of foams was 6 mg cm-2. All 

copper foams were then rinsed with water and dried under dry nitrogen prior to being used for 

hydrogen evolution studies. 

Dendritic Cu foams for nanoCT imaging were prepared by electrodeposition onto the tips of 

extra-fine steel sewing pins, which facilitated sample rotation for tomographic imaging. Prior to 

the electrodeposition of dendritic Cu, the pin was coated with an electrodeposited layer of 

conformal Cu at -0.4 V vs Ag/AgCl for 30 s to ensure that the surface was seeded by a 

polycrystalline Cu surface before dendrite growth. The tips of the needles were submerged into 

the deposition electrolyte and then lifted to the point where surface tension created a cone of 
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solution around the tip. This was done to limit the deposition to the tip of the needle and isolate 

the initial dendrite growth process. These needle electrodes were deposited at -1.6 V and -2.0 V 

vs. Ag/AgCl for 0.3 s in the acidic solution and for 2 s in the basic solution, respectively.  

Electrochemical characterization of electrocatalytic activity 

The hydrogen evolution properties of AD and BD Cu foam electrocatalysts were characterized 

by galvanostatic hydrogen evolution (-5 mA cm-2) in a 0.1 M sulfuric acid solution. Bubble 

evolution was measured by imaging bubble growth on the surface of the electrode at 30 fps with 

a 5x objective lens. We used the same electrochemical cell for the HER bubble evolution 

experiments that was used for the electrodeposition of the foams (active area = 1.7 cm2). This 

geometry enabled the direct imaging of the surface of the working electrode. Four main 

dynamical properties of each bubbling event were collected from the sequence of images: the 

location of each bubble’s center, the dwell time (the amount of time in seconds the bubble was 

attached to the surface, from the first frame where the bubble is visible to the frame where the 

bubble detached from the electrode surface), the moment of separation (the amount of time 

from the start of electrolysis to the last frame where the bubble is attached to the electrode 

surface), and bubble diameter at the time of separation. These measurements were performed 

by extracting frames from the HER recording using the Python package OpenCV 28 then 

manually analyzing the frames using the microscopy analysis package ImageJ.29 

For the CO2RR studies, the foam electrocatalysts were placed in a two-compartment 

electrochemical cell. An anion exchange membrane (AMVN Selemion; AGC, Inc.) separated the 

working electrode (WE) compartment the counter electrode (CE) compartment. The reference 

electrode (RE) was included in the WE compartment. The WE area (0.5 cm2) was defined by a 

Viton O-ring. The size of the active area during electrocatalysis was significantly smaller than 

the area of the foam electrocatalyst as deposited. A 0.1 M Na2CO3 solution was used as the 
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electrolyte in both the WE and CE chambers. CO2 was continuously bubbled in direct contact to 

the WE at a rate of 7 sccm via a mass flow controller (S50; Sierra Instruments). The pH of the 

electrolyte during the continuous flow of CO2 was measured to be 6.8. The CO2RR experiments 

were performed at -1.4 V, -1.6 V, and -1.8 V vs Ag/AgCl. These working electrode potentials 

were calculated to be approximately -0.8 V, -1.0 V, and -1.2 V compared to the reversable 

hydrogen electrode (RHE) using Equation (1).  

 𝐸(𝑅𝐻𝐸) = 𝐸(𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.197 𝑉 + 0.0592 𝑉 × 𝑝𝐻 Equation 1 

Each chronoamperometry experiment was performed for 90 minutes. The gaseous products of 

CO2RR were analyzed every 15 minutes, using gas chromatography (GC; 8610-C with a 2 m 

Hayesep-D packed column and argon carrier gas; SRI Instruments). The cell gas output was 

connected to the GC auto sampler with an open loop when not sampling which maintained 1 

atm of gas pressure in the cell. The flame ionization detector (FID) equipped with a methanizer 

was used to quantify the concentration of CO, CH4, C2H4, and C2H6 and thermal conductivity 

detector (TCD) were used to quantify the concentration of H2 in the headspace. The gas 

products were analyzed at 15-minute intervals by the autosampler valve on the GC (1.2 mL 

volume sample of the gaseous products in the cell’s headspace).  

A Bruker 400 MHz nuclear magnetic resonance (NMR) spectrometer was used for one-

dimensional 1H NMR analysis with water suppression for CO2RR liquid product analysis. The 

NMR samples were prepared using 500 µl of the analyte solution, 5 µm of a 10 mM DMSO 

solution and 10 µl D2O. The concentration of liquid-phase CO2RR products were determined by 

comparison to a DMSO standard added to the analyte before NMR analysis. The measurement 

of each product concentration was calculated using (Equation 2), where 𝐼 is the intensity of the 

peak, 𝑁  is number of peaks, 𝑀  is the molar mass of the compound, 𝑊 is the volumetric density 



11 

of each analyte, and 𝑃  is the concentration. The subscripts “𝑥 ” and “𝑠𝑡𝑑 ” denote the analyte 

and the internal standard (DMSO), respectively.30,31 

 
𝑃𝑥 =

𝐼𝑥

𝐼𝑠𝑡𝑑

𝑁𝑠𝑡𝑑

𝑁𝑥

𝑀𝑥

𝑀

𝑊𝑠𝑡𝑑

𝑊𝑥
𝑃𝑠𝑡𝑑  Equation 2 

The faradaic efficiency for each product was then calculated from the overall charged passed as 

measured by the potentiostat (Equation 3), where 𝑛  is the number of moles of each product 

calculated through quantitative measurements, 𝑍  is the number of moles of electrons required 

per mole of product, 𝐹  is the Faraday constant (96485.3 C mol-1), and 𝑄  is the total charge 

passed in units of coulombs during each 15-minute interval.32,33 

 
𝐹𝐸 =

𝑛 × 𝐹 × 𝑍

𝑄
 Equation 3 
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Results and Discussion 

Structural characterization of AD and BD Cu foams 

AD and BD Cu foams grown on a Ni substrate were used to study the crystalline structure and 

the morphology of the foams using XRD. The Ni substrate was necessary to ensure that the 

Bragg reflections for copper were isolated to the growth of the dendrites. The peaks at 43.2° 

and 50.3° corresponding to the (111) and (200) Cu Bragg reflections, respectively, were used to 

determine crystallite size based on the Debye-Scherrer equation (shown in Equation S1). The 

XRD peaks corresponding to the Ni substrate were observed at 44.8° and 52.2°, offering more 

than 1° of separation from the copper peaks and thus, not interfering with the peak shape 

analysis. Instrumental peak broadening was determined by studying the (220) peak of a single 

crystal Si wafer.  The Si (220) peak at 46.9° was chosen based on its angular proximity to the 

Cu peaks of interest to define the instrumental broadening more accurately. (Figure S2) shows 

the Si (220) and its Gaussian fit to determine instrumental broadening.  Each Cu foam sample 

was measured twice with 90° rotations between runs to remove potential bias from growth 

anisotropy in the plane of the substrate. 

As seen in Figure 1, the XRD spectra of the deposited foams show the presence of copper. We 

also observed intense peaks corresponding to the Ni substrate, which indicates that the 

deposited Cu foams were thin relative to the penetration depth of the incident beam. We 

prepared foams with short electrodeposition times for XRD analysis to limit the measurements 

to the initial growth in the early stages of deposition to measure any anisotropy in the growth. 

The peak intensity, the full width at half max (FWHM), and integrated area under the curve for 

the (111) and (200) Cu Bragg reflections were calculated by fitting the peaks to a Gaussian line 

shape as shown in Figure 1. The instrumental broadening was subtracted from the peak widths 

to identify broadening related to the characteristic domain size of each deposition method using 
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Equation S2. The Debye-Scherrer crystallite sizes (Table 1) along the (111) and (200) 

orientations of the AD Cu foam were significantly larger (34.9 nm and 14.6 nm, respectively) 

than for the BD Cu foam (16.8nm and 8.4nm, respectively) for BD Cu. The AD Cu foam showed 

significantly higher growth anisotropy in the initial stages of dendrite formation than BD Cu 

measured in Figure 1. This can be measured from the ratio of the integrated intensities for the 

(111) and (200) Cu Bragg reflections. For reference, the ratio of integrated intensities 

A(111)/A(200) for an azimuthally-averaged Cu powder sample is 2.3.34 The corresponding ratio 

for the BD Cu foam, A(111)/A(200) = 1.95, shows a slight anisotropy with respect to the surface 

normal. For the AD Cu foam, A(111)/A(200) = 1.02, which indicates that the growth direction 

preferentially oriented with respect to the electrode surface normal. This indicates that the 

dendritic growth in both solutions is likely to produce crystals that have preferred directions and 

are not randomly oriented. The summary of these findings is shown in Table 1. 
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Figure 1: (a) 2θ XRD of acid and base deposited foams on nickel foil substrate, peaks 

corresponding to copper [111] and [200] planes seen at 43.6° and 50.8° in addition to copper 

powder and nickel foil. (b,c) Detailed view of AD Cu (111) and (200) XRD peaks. (d,e) Detailed 

view of BD Cu (111) and (200) XRD peaks. XRD data points (dots), instrumental broadening 

(gray dashed line), and gaussian fit (solid black line). Height ratio and broadening of the peaks 

can be attributed to growth orientation and crystalline size respectively. 
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Table 1: Crystallite size based on the (111) and (200) planes in AD Cu and BD Cu, and 

their areal ratios based on XRD analysis. 

 [111] size(nm) [200] size (nm) A([111])/A([200]) areal ratio 

AD Cu 34.9 14.6 1.02 

BD Cu 16.8 8.4 1.95 

Powder Avg Cu - - 2.3 

 

 

Figure 2 – NanoCT reconstructions of (a) AD Cu dendrites deposited at -1.6 V vs. Ag/AgCl, 

(b) BD dendrites deposited at -1.6 V vs. Ag/AgCl, (c) AD dendrites deposited at -2.0 V vs. 

Ag/AgCl, and (d) BD dendrites deposited at -2.0 V vs. Ag/AgCl.  The scale bar in each figure 

represents 10 µm. 

-1.6 V vs. Ag/AgCl, pH 0 

-2.0 V vs. Ag/AgCl, pH 0 

-1.6 V vs. Ag/AgCl, pH 10 

-2.0 V vs. Ag/AgCl, pH 10

(a) (b)

(c) (d)
z

x
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 We characterized the nanoscale morphology of the AD and BD Cu dendrites using 

synchrotron-based nanoCT imaging (resolution ≈ 40-50 nm).35 We used abbreviated 

depositions to limit the growth of each foam to the tip of a sharp sewing needle. The needle 

electrode facilitated the necessary rotation of the aligned sample to collect the rotated image 

sequence for the nanoCT process.  At the lower deposition potential of -1.6 V vs. Ag/AgCl, the 

AD Cu dendrites (Figure 2a) showed growth generally along a single dimension with a small 

degree of branching. This was consistent with the observation of directional growth in AD Cu 

foam electrodes in XRD measurements. At the same potential, the BD Cu dendrites (Figure 2b) 

exhibited a smaller characteristic feature size and a higher degree of branching.  At -2.0 V vs. 

Ag/AgCl, the AD Cu dendrites were slightly larger than at -1.6 V vs. Ag/AgCl (Figure 2c) but 

showed similar directed growth with limited branching. For comparison, the BD Cu dendrites 

deposited at -2.0 V vs. Ag/AgCl showed increased branching to the degree that the 

characteristic dimension of the structure is unresolvable in the nanoCT reconstruction. The 

nanostructure of these dendrites was consistent with the disparate characteristic grain size 

between the AD Cu and BD Cu dendrites from Debye-Scherrer analysis in Table 1. 
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Figure 3 – Canny edge detection analysis of the perimeter of Cu dendrites in individual x-y 

slices of TXM reconstructions of AD Cu and BD Cu dendritic depositions. The Cu densities 

derived from the TXM tomograms are shown in purple. The corresponding Canny-determined 

perimeters are noted by the red line.  The calculations of surface area-to-mass ratios are 

calculated from the mean values of the surface area and volume (mass density of Cu = 8.96 g 

cm-3) for 400 consecutive slices through the TXM reconstructions (Figure 2), avoiding the 

regions including the pin electrode. The gray scale bar represents 2 µm in each slice.  

 

The TXM reconstruction allowed us to measure important quantities such as the surface area 

and volume of the dendritic depositions. Given an x-y slice of the reconstruction, we computed 
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the edge profile of the Cu using the Canny edge-detection algorithm36 implemented in scikit-

image Python library.37 The volume of Cu in the slice was calculated from the area of high 

density bounded by the Canny-detected perimeter times the thickness of the slice (dz = 18.7 ± 

0.5 nm) in these reconstructions). Based on scanning electron microscopy analysis described 

below, we assume that the dendritic Cu is solid and has the same mass density as bulk copper 

(8.96 g cm-3). Similarly, the surface area was computed from the length of the perimeter times 

the slice thickness.  Examples of the edge detection for each TXM reconstruction are shown in 

(Figure 3). The Canny analysis showed that the surface area-to-mass ratio for AD Cu dendrites 

were 0.296  0.07 m2 g-1 and 0.267  0.03 m2 g-1 for the reconstructions of AD Cu dendrites 

grown at -1.6 V vs. Ag/AgCl and -2.0 V vs. Ag/AgCl, respectively. For the BD Cu dendrites, the 

surface area-to-mass ratio was 0.985  0.11 m2 g-1 for the sample grown at -1.6 V vs. Ag/AgCl 

and 1.17 ± 0.12 m2 g-1 for the sample grown at -2.0 V vs. Ag/AgCl. The noted standard deviation 

is the variance of this ratio as calculated for each slice through the material. The Canny edge 

detection algorithm relies on a threshold value to differentiate the Cu from air. For the larger 

features in the AD Cu reconstructions, the edges are relatively well defined. For the smaller 

features of the BD Cu dendrites, the noise in the reconstruction makes edge detection 

somewhat ambiguous. This can lead to an undercounting of smaller, high surface area-to-mass 

ratio features that would result in an underestimation of the ratio measurements in BD Cu 

samples. The assumption that the area bounded by the Canny analysis edge sets an upper limit 

on the mass of a particular section through the slice. If pores are present that are smaller than 

the resolution limits of the instrument, then this would both increase the surface area and 

decrease the mass of the section. Regardless of this ambiguity, the Canny analysis shows that 

the electrodeposition conditions impart considerable experimental control over the structural and 

related functional properties of the deposited foam. An example relevant to electrocatalysis is 
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the ratio of the active area to the mass of a material, which is simply the surface area-to-volume 

ratio computed here scaled by the density of the Cu metal.  

The copper foams on nickel substrates were studied using scanning electron microscopy 

(SEM). The AD Cu foams showed a multi-scale foam composed of dense structures of dendritic 

Cu between a network of larger voids templated by hydrogen bubbling with an average diameter 

of 78 ± 25 µm as seen in (Figure 4a). In comparison (Figure 4 b), the BD Cu foam formed a 

compact morphology with no apparent structural templating by hydrogen evolution during the 

growth. The bloom-like dendrites showed smaller particle sizes, and an isotropic growth (Figure 

4d) compared to the directed, needle-like dendrites of the AD Cu foam (Figure 4c). The 

dendrites in both AD and BD Cu foams resembled the single dendrites observed in the TXM 

analysis, with more extensive branching due to prolonged deposition. 
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Figure 4: SEM images of an (a) AD Cu foam with DHBT foam structure. (b) BD Cu foam 

structure with minimal bubble induced void formation. (c ) AD Cu dendrite closeup view with 

highly directional dendrite formation. (d)  BD Cu dendrite in closeup view, with dendrites 

comprised of extremely small Cu crystallites as determined by XRD. 

 

Electrocatalytic properties of AD and BD foam electrodes 

As shown above, the structure and morphology of Cu foam electrodes can be controlled by the 

electrochemical environment during deposition. The surface morphology, in turn, can affect the 

functional properties of the deposited material. Cu foams are of particular interest to 

electrocatalysis due to the high electrochemically active surface area, simple fabrication, and 
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mechanical and electrochemical stability under high geometric current densities.38 They can be 

used as current collectors for oxygen evolution reaction (OER) or HER electrocatalysts in water 

electrolysis. Both reactions involve the evolution of gas bubbles at even modest current 

densities.  Surfaces with poor bubble nucleation properties can build up the local concentration 

of H2, which generates a Nernstian shift of the thermodynamic reduction potential to more 

negative potentials. Promoting the formation and detachment of bubbles help to alleviate the 

local supersaturation of evolved products and their unfavorable effect on electrocatalysis.  

We studied the bubble evolution properties of AD and BD Cu foams under identical 

galvanostatic conditions to compare the functional differences. Figure 5 shows cyclic 

voltammetry (CV) measurements of the electrodes in 0.2 M H2SO4 solution. AD Cu and BD Cu 

have similar onset potentials for HER (-10 mA cm-2 at -0.6 V vs. Ag/AgCl) and have similar 

current densities at more negative potentials. HER electrocatalysis on the AD Cu foam is 

practically indistinguishable from the BD Cu foam when considering the j-E behavior. However, 

H2 bubble evolution plays a far more significant role in the morphology of the AD Cu foam 

electrodes than in the BD Cu foams. Bubble nucleation, therefore, may be favored on the AD 

Cu foam electrodes due to preexisting nucleation sites formed during DHBT.   
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Figure 5: Cyclic voltammetry of AD Cu (solid red) and BD Cu (dashed blue) in 0.2 M H2SO4 

between 0.5 V and -2.5 V vs. RHE. Fluctuations in plots at potentials more negative than -1.0 

V vs Ag/AgCl was due to hydrogen bubbling as a result of HER. 

 

We characterized H2 bubble evolution, and detachment dynamics by imaging bubble evolution 

on AD and BD Cu foams at a fixed geometric current density (-5 mA cm-2). This allowed for 

comparing the foam structures for their interactions with the growing bubbles at a constant rate 

of H2 evolution. We characterized a total of 180 bubbles from their formation to their detachment 
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from the surface on each type of foam electrode. On average the HER bubbling site density was 

on average 42 mm-2 on the AD Cu foam and 19 mm-2 on the BD Cu foam as represented by 

yellow dots on the respective surfaces of foam electrodes in Figures 6c and 6d. Notably, the 

areal rate of bubbling on AD Cu was 20.1 events mm-2 s-1, whereas, for BD Cu, this rate was 1.8 

mm-2 s-1. Considering that the rate of hydrogen evolution on both electrodes is similar, it can be 

inferred that the dissolved hydrogen in the solution near the BD Cu electrode must be higher 

than that of AD Cu electrode. As shown in Figure 6a, the dwell time (average time in seconds 

where a bubble is attached to the surface from formation to detachment) of the hydrogen 

bubbles on the AD Cu was 0.58 s, compared to the BD Cu with a mean dwell time of 0.35 s. 

The bubbles leaving the BD Cu foam were also larger on average at the time of detachment (26 

 6 µm) than those leaving the AD Cu foam (21  5 µm). A t-test analysis confirming statistical 

differences of the bubble size distribution is provided in the Supporting Information. Hence, 

bubbles appear significantly less frequently on the surface, then grow and detach more rapidly 

from the BD Cu foam electrode than the AD Cu one at the same H2 evolution rate.  Based on 

the measured average diameters, the average bubble volume for the BD Cu foam is roughly 

90% larger (9200 µm3) than for the AD Cu foam (4900 µm3). Nevertheless, this volume increase 

per bubble does not mitigate the more than 11-fold decrease in bubbling rate obcerved on the 

BD Cu foam. The faster growth rate of bubbles on the BD Cu foam suggests that the local 

concentration of H2 near the surface of BD Cu foam is higher than that of AD Cu foam. This 

follows from models for the time dependent radius of a bubble, R(t), as a function of the 

difference between the concentration of the dissolved gas in the near-electrode bulk electrolyte 

(𝑐𝑏) and the concentration of dissolved gas at the gas-electrolyte interface (𝑐𝑖):
39,40 

 𝑅(𝑡) ∝ 𝑡√(𝑐𝑏 − 𝑐𝑖) Equation 5 
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 Cu foams are interesting substrates for electrocatalysis in their own right. Metallic copper has 

been studied as a CO2 reduction reaction (CO2RR) electrocatalyst due to its wide array of 

products ranging from simple hydrocarbons such as methane, ethane, and ethylene to 

oxygenates such as alcohols, aldehydes, and ketones.32,41–43 Simulation studies have proposed 

mechanisms for the catalytic conversion of CO2 to C2+ products. These mechanisms are 

 

Figure 6: (a) The distribution of dwell times during HER on AD Cu and BD Cu foams. (b) The 

bubble diameter distribution during HER on AD Cu and BD Cu at -2.0V vs. Ag/AgCl. (c) acid 

deposited and (d) base deposited copper foam before HER with the bubble location shown in 

yellow. The size of each yellow circle corresponds with the bubble diameter at the time of 

separation. 
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generally complex, multistep processes with some steps involving desorption and re-adsorption 

of the surface absorbed intermediate products.44,45 The frequency of these re-adsorption events 

can potentially be improved by increasing the tortuosity of the structure of the electrocatalyst to 

prevent the diffusion to the bulk electrolyte. Dendritic copper foams are therefore advantageous 

structures for C2+ production from CO2 reduction.46–48 

We studied how the different Cu foam structures can influence CO2RR catalysis. Figure 8 

shows the faradaic efficiency (FE) of the gaseous CO2 reduction products detected in the 

headspace of the cathode compartment. At -0.8 V vs. RHE, AD Cu and BD Cu produce H2, CO, 

C2H4, and C2H6.  The faradaic share of hydrogen reduction shows an increasing trend from -0.8 

V vs. RHE to -1.2V vs. RHE, starting at 51.7% reaching over 62.1% for AD Cu and from 36.4% 

to 50.5% for BD Cu. CO production was maximum at -0.8 V vs. RHE for both copper 

morphologies and decreased to less than 1% at -1.2 V vs. RHE. The overall rates of CO 

production were low compared to planar, polycrystalline Cu electrocatalysts.32 Ethylene and 

ethane were the main gas-phase CO2RR product on both copper foam morphologies. The 

highest amount of faradaic efficiency towards ethane was seen at -0.8 V vs. RHE at 15.7% and 

17.2% in AD Cu and BD Cu, respectively. More negative potentials show lower ethane. At -1.2 

V vs. RHE, the faradaic efficiency drops to less than 8.9% for both AD Cu and BD Cu. Ethylene 

showed the opposite trend with potential; at -0.8 V vs. RHE, the Faradaic efficiency of this 

product for AD Cu and BD Cu were 1.3% and 0%. These yields increased to 5.1% and 1.4% for 

AD Cu and BD Cu at -1.2 V vs. RHE. The ratio of ethane to ethylene in AD Cu at -0.8 V vs. RHE 

was 13 and decreased to 2 at more negative potentials. This trend was also seen in BD Cu, 

where this ratio is near infinity (ethylene is not detected) at –0.8 V vs. RHE and decreases to 6 

at –1.2 V vs. RHE. At each potential, the BD Cu electrocatalyst is especially selective to ethane 
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production compared to other gas phase CO2RR products. A detailed table of the product’s 

average faradaic efficiencies and their standard deviations can be found in Table S1. 

 

Figure 8:  Average faradaic efficiency and partial cathodic current densities (in mA cm -2) of H2, 

CH4, C2H4, C2H6, and liquid products (LP) of left) AD Cu and, right) BD Cu at CO2RR at -1.2, -

1.0, -0.8 V vs. RHE.  

1H NMR analysis of the electrolyte from the cathode compartment (Figure S5) showed that both 

Cu foams produced a range of C1 and C2 products, including formate, ethanol, and acetate. 

Lactic acid was observed only in the BD Cu foams, though this is attributed to the remaining 

contamination from the electrodeposition process of these foams. We observed that the AD Cu 

foams produced up to 15% faradaic efficiency towards liquid products (at -1.0 V vs. RHE), 

whereas the BD Cu foams had liquid products FEs of 3% regardless of CO2RR potential. The 

partial current densities (j) of each product can be seen on top of each bar in Figure 8. For all 

products, the partial current density showed an increasing trend with more negative potentials 

for each foam electrocatalyst. The partial current density for C2H6 was only a function of 
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potential and independent of the catalyst morphology. The most significant liquid product for 

both foam electrocatalysts was formate which was seen in all samples with FEs near 3-4%. In 

addition, 1-propanol and ethanol were detected as CO2RR products of AD Cu foam 

electrocatalysts. Standard liquid-phase CO2RR products, such as methanol, acetone, and 

acetate, were not observed in the 1H NMR analysis of the electrolyte. The detailed table of 

faradaic efficiencies of all gaseous and liquid products can be found in the SI.  

Low faradaic efficiencies toward CO and no detectable amount of methane produced by either 

Cu foam electrocatalyst suggest the structure is capable of suppressing C1 product 

mechanisms, as has been reported previously.49–52 One possible explanation is that CO can be 

reabsorbed to the electrode surface and undergo further reduction reaction, which becomes 

more likely in a tortuous structure where the possibility of multiple interactions with the 

electrocatalyst surface is high. Methane production requires an adsorbed *CO species to go 

through four hydrogenation reactions without creating C-C dimerization. One potential 

explanation for this shift in products is that the energetics of the electrocatalyst surface 

facilitates C-C coupling in adsorbed *CO species. This pathway has been reported to be the 

thermodynamically preferred reaction on (100) copper facets.41,53 In addition, the concentration 

of hydronium in the confined volume of the foam electrocatalysts is lower than that of the bulk 

solution, improving the kinetics of C-C bond formation.14,54 Methane formation is also a pH-

dependent process and is less likely within the internal structure of foam electrocatalysts.3,52 

Studies have shown that the pH at the working electrode, the local pH can increase nearly three 

pH units from the bulk pH of 6.8 due to local hydroxide ion formation during HER and 

CO2RR.12,14,55–57 Equation (6) shows the stoichiometrically balanced reaction of CO2 to C2H6 

where 12 mole equivalents of H+ are consumed in the reduction reaction. 
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 2𝐶𝑂2 + 12𝐻+ + 12𝑒− → 2𝐶2𝐻6 + 4𝐻2𝑂  Equation 6 

A secondary effect of depletion of protons within the interior of the electrode during CO2RR and 

HER is the Nernstian shift of the proton reduction potential, seen in Equation (7). While the 

dissolved hydrogen in the bulk solution reaches an equilibrium with the gas phase and remains 

constant throughout the reaction, the tortious structure of the electrode can limit the diffusion of 

H2 from the interior of the electrode to the bulk solution, as observed in the HER electrolysis 

experiments here. As a result, the electrochemical potential for HER shifts towards more 

negative potentials. Considering overpotentials associated with hydrogen evolution, we can 

predict that HER is suppressed within the electrode volume in terms of reaction 

thermodynamics. This effect should be more pronounced in the base deposited copper foams 

which lack the hydrogen bubbling voids observed in acid deposited foams. The experimental 

evidence here shows that AD Cu electrocatalysts resulted in a higher faradaic efficiency and 

partial current density for H2 than BD Cu at each potential measured. 

 𝐸(𝐻2  /𝐻+) = 𝐸(𝐻2 /𝐻+)
0 −

𝑅𝑇

𝑛𝑓
log

[𝐻2]

[𝐻+]
 Equation 7 

 

Conclusions 

Based on the results presented, we conclude that the composition of the deposition solution 

plays a crucial role in determining the morphology, microstructure, and electrocatalytic function 

of dendritic Cu foam electrodes. The pH and effect of the stabilizing ligands on Cu2+(aq) ions in 

the deposition solution affects the crystallite size distribution and preferred growth direction. 

SEM and nanoCT imaging show that the size and shape of the copper crystals in addition to 

dynamic hydrogen bubble templating are also affected by the availability of protons in the 
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solution. These structural differences, in turn, are important factors in the catalytic activity of the 

dendritic copper foams. BD Cu showed lower faradaic yields towards H2 and higher ethane 

specificity compared to AD Cu. We hypothesize that the efficacy of copper foams as an 

electrocatalyst for water splitting can be affected by the deposition conditions. Namely, the 

DHBT process that occurs in acidic electrolyte can potentially create more favorable conditions 

for hydrogen evolution during CO2RR. The effects of pH on dendritic deposition can be 

observed from nanometer to millimeter length scales and can be tuned to fabricate copper 

dendrites with optimized properties for specific applications.  
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