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Abstract

As-received and chemically treated copper foams were characterized by means of
laboratory X-ray tomography with a resolution of 0.5 um. 3D image processing and
analysis allowed the morphological parameters (size, sphericity, tortuosity...) of the pores
and copper skeleton to be determined. The chemical dissolution of the Cu foam in an acid
hydrogen peroxide solution results in an increase of the open pore size (from 54 to 93
pm) and a decrease of the foam thickness (from 140 to 115 pm). With an open porosity of
81.8% and a specific surface area as high as 280,000 (49,000) m> m of Cu (foam), the
chemically-treated Cu foam appears very attractive for use as a 3D current collector for

metal (e.g. Si) based anodes for Li-ion batteries.
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1. Introduction

Metallic foams are used in numerous industrial applications such as light-weight
structures, biomedical implants, filters, electrodes, catalysts or heat exchangers. In
particular, electrodes for Ni-MH and Ni-Cd batteries are among the largest industrial
applications of metallic foams nowadays [1]. Several authors have recently demonstrated
interest in the use of copper foams as substrates for Si and Sn based anodes for Li-ion
batteries [2-5]. Thanks to its interconnected 3D architecture, a Cu foam acts as an
efficient current collector and a rigid matrix for the active Si or Sn material, which suffers
from important volume changes with cycling. As a result, these 3D anodes display a
better cycle life in comparison with common 2D anodes prepared on flat Cu foil. The
gravimetric and volumetric capacities of these electrodes are, however, affected by the
non-reactive 3D substrate. The amount of porosity, the connectivity of the porous
network, the pore size and shape, the foam thickness, the surface roughness and specific
surface area are all key parameters for the optimization of foams to be employed as a Li-
ion anode substrate (current collector).

Metallic foams with high open porosity (>80%) can be produced using different
processes (e.g. impregnation of a porous body with a liquid metal, deposition of metals
on polymeric foams, electrodeposition of metal with concomitant hydrogen gas
evolution) [1]. However, the production of thin (< 0.5 mm) and highly porous metal
foams as required for Li-ion battery application is challenging. The common method to
decrease the thickness of foam-based electrodes is to calendar the electrode after loading

the foam with the active material but this results in an electrode with a low active



material/current collector mass ratio, which hinders practical application in Li-ion
batteries [5].

Highly porous copper foams made by Metafoam technologies Inc. have recently
shown great performance in heat pipes for electronic cooling [6]. Their manufacturing is
based on an innovative powder metallurgy process [7]. It allows producing open-cell
foams with unique microstructure exhibiting a much larger specific surface area (up to
100,000 m? m®) than that of usual metallic foams. This is a valuable advantage for
battery applications. However, their density and thickness must be reduced for an optimal
use as a Li-ion anode substrate. For that purpose, their partial chemical dissolution, as
described in the present study, appears as a simple and efficient approach.

X-ray tomography is a powerful non-destructive technique which can provide 3D
images of complex microstructures [8,9], especially in the case of highly porous materials
[10-16]. Recently, several studies have demonstrated its interest for ex-situ and in-situ
imaging of battery materials [17-27]. The development of 3D imaging software has
greatly favored automatic processing and they now allow quantitative measurements by
finite element calculations or other numerical models [28-30]. The maximum spatial
resolution of the technique can reach about 30 nm with synchrotron tomography, but
remains currently limited to 1.0 um with laboratory tomography systems [31].

In this study, a tridimensional morphological analysis of open-cell copper foams is
performed by means of laboratory X-ray tomography with a resolution of 0.5 pm which
is, to the best of our knowledge, amongst the highest resolutions obtained with this type
of equipment. The morphological parameters (pore size, tortuosity, specific surface

area...) of the foam structure are determined. The effect of a chemical dissolution
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treatment on the foam morphological characteristics is highlighted. The interest of these
Cu foams for use as 3D current collectors for Li-ion batteries is discussed on the basis of

their morphological characteristics.

2. Experimental
2.1. Materials

The copper metal foams provided by Metafoam Technologies Inc. consist of 16 x 160
mm strips with a thickness of about 150-200 um. The relative density of the as-received
foam (estimated from mass and size measurements) was about 20%. 1 cm? discs of this
foam were stamped for this study. Acid hydrogen peroxide, commonly used as a copper
etching solution [32], was used for the chemical dissolution treatment. Disk foam
samples were immersed for 180 s in a freshly prepared 15 mL stirred aqueous solution of
1M HCI + 0.4M H20 at 50°C. The copper foam was then washed of the corrosion
products by immersing it in distilled water with ultrasound for 30 s at room temperature.
Finally, the sample was annealed for 3 h at 300°C in an Ar/H, (5%) atmosphere. Mass
measurement of the foam sample before and after the dissolution treatment indicated a
mass decrease of ~30%. Besides, no residual salts were detected by energy dispersive X-
ray (EDX) analysis on the dissolved Cu foam. Note that a higher mass decrease (i.e.
thinner and more porous foam) can be obtained by increasing the immersion time but the
resulting foam is too fragile. Besides, comparative tests with and without stirring of the
acid hydrogen peroxide solution indicated that the stirring is required to have uniform

dissolution of the foam.



2.2. X-ray tomography analysis

X-ray tomography consists in acquiring a series of X-ray radiographs of a sample
that rotates around an axis perpendicular to the incident beam. The spatial density
distribution is then reconstructed by using a standard filtered back-projection algorithm
[30]. Detailed analysis of the foam morphology before and after chemical dissolution was
performed using a laboratory tomograph designed by the company RX Solution LTD. A
very high resolution (compared to currently available cone beam laboratory systems) is
achieved by using a new Hammamatsu X-ray Source. It achieves a spot size of 0.7 um
when using a W filamnet and it can even be reduced to 0.25 pum with a LaBe cathode.

The X-ray source was operated with a LaBe cathode at a voltage of 100kV. The
detector was a Hamamatsu CMOS Flat Panel with a pixel size of 50um. The samples
were scanned at a voxel size of 0.5um. Each scan consisted in 900 projections with an
exposure time of 5s and an averaging of 3 radiographs for each.

3. Results

3.1. Scanning electron microscopy (SEM) analysis

Fig. 1 shows SEM micrographs of the surface and cross-section for as-received (A-
C) and dissolved foams (D-F). The untreated foam has a spherical cluster structure with
particle diameter of 10-50 um. No ligaments can be observed, unlike other types of metal
foams. This morphology provides a large-scale open porosity and a high surface area [6].
After dissolution, the cluster structure is retained but the particles appear less spherical

and much rougher (see Fig. 1C versus 1F). The porosity seems larger and the foam



thickness decreases from about 150 to 120 um thick on the basis of the cross-sectional

images shown in Fig. 1B and 1E).

3.2 Threshold processing of the X-ray tomogram images

A key step of the process to reconstruct the 3D structure is the segmentation which
separates all the voxels of the image into two families (black and white) [15,30]. A grey-
scale X-ray density image of a slice of the untreated foam is shown in Fig. 2A. The
intensity frequency histogram of the grey levels (Fig. 2B) shows two distinct peaks
associated with the two phases (gaseous and solid). The output of this processing step
should resemble as closely as possible the actual microstructure of the sample. The
attenuation coefficient of the Beer-Lambert law, which is used in X-ray radiography
physics, is proportional to the fourth power of the atomic number (Z*) and the density (p)
of the investigated material [9]. The contrast observed in the X-ray radiograph is
explained by this attenuation law. Also, due to the rather high atomic number of the
copper, the grey level (intensity) can be quite easily divided into two families, thanks to
the strong difference in the attenuation coefficient between the solid and the gaseous
phase. The intensity (140) at the minimum between the two peaks of the histograms (Fig.
2B) is selected as threshold between the solid and gas phases. After processing (Fig. 2C),
the white and black families have to be understood as belonging to the copper matrix and
the gaseous phase contained in the porosity, respectively. The comparison between the
grey-scale (Fig. 2A) and binary (Fig. 2C) images visually confirms that the two phases

can be precisely identified.



3.3. 3D Representation

Fig. 3 shows the 3D view of the as-received (A-B) and dissolved (C-D) copper
foam. Videos of both 3D architectures are presented in the Supplementary Material
section. As previously observed on the SEM images, the initial foam is composed of
many spherical clusters, welded together through thinner bonds, forming a well-
connected and tortuous structure. After the dissolution, larger porosities are noticeable
and the bonds between the particle clusters are less abundant and thinner than for the
initial structure. In addition, many cavities are observed on the particle surface that could
be associated with the opening of the intra-particle porosity during the chemical
treatment.

In order to confirm these qualitative visualizations, 3D quantitative analyses have
been performed. The porosity can be quantitatively represented by a surface mapping of
the copper fraction through the perpendicular direction. This is calculated by counting the
fraction of white voxels along the thickness (z-axis) of the sample. This can be achieved
for each column of voxels and plotted in a 2D image with dimensions (x,z) equal to these
of the sample. This 2D image of the fraction along the thickness is named the ‘surface
mapping'. More simply, the porosity can also be calculated in slices perpendicular to the
three main axis (x,y and z) and then plotted as density value profiles along these axes.
The open- and closed- pores can be identified and the morphological parameters (size,
sphericity, tortuosity...) of each object (open pore, closed pore and copper matrix) can be
determined. These different aspects are described in the following sections and the
different morphological parameters determined for the as-received and dissolved foams

are summarized in Tables 1 and 2.



3.4. Porosity distribution

A surface mapping of the porosity has first been calculated. The studied volumes
have been reduced to dimensions equal to (500 pm x 750 pm x average thickness). This
helped to minimize the amount of gaseous phase outside of the copper foam so it leads to
a better counting of the porosity, excluding the outside air. The mapping can be made by
counting the number of black (white) voxels along the direction perpendicular to the
surface of the sheet and dividing the sum by the average thickness expressed in voxels
(280 and 230 for the as-received and dissolved foams, respectively).

Fig. 4 presents a color mapping of this through-thickness porosity in the (xy) and
(yz) plans for the as-received (A) and dissolved (B) foams. In both cases, the porosity
distribution in the (xy) plan is quite inhomogeneous (~10-100%). For the dissolved foam
(Fig. 4B), high porosity zones are clearly more numerous than for the as-received foam
(Fig. 4A). Indeed, ~29% of the dissolved foam surface corresponds to pores traversing
the foam thickness compared to ~9% for the untreated foam. Regarding the (yz) plan, it
appears that the thickness of the dissolved foam is lower and less regular than for the as-
received foam. However, no significant gradient in the mean porosity is observed from
the surface to the center of the dissolved foam, suggesting that its dissolution is uniform.
The average porosity equals 72.1% for the initial foam compared to 82.1% for the
dissolved sample, confirming the efficiency of the dissolution procedure to increase the
foam porosity. This is also supported by comparing typical porosity profiles of the as-
received and dissolved foams as shown in Fig. 5 in the x (A), y (B) and z (C) directions.

For both samples, the surface porosity fluctuates slightly along the x and y directions
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with a relative standard deviation RSDx = RSDy = 6%. The porosity in the z-direction (i.e.
in the thickness direction) (Fig. 5C) appears quite stable in the center of the specimen. It
increases quickly at the surface between the foam and the air. The porosity profiles along
the 3 directions confirm the increase of the foam porosity with the dissolution treatment.
In addition, the z-direction profile width (Fig. 5C) is lower for the dissolved foam (115
pm vs. 140 pm for the as-received foam), confirming the decrease of the foam thickness

during the dissolution treatment.

3.5. Open- and closed- porosities

The connectivity of each selected phase (solid or gaseous) can be determined by a
counting procedure detecting the 3D independent objects as described in [11]. Each
object, defined as a cluster of connected voxels, can then be labeled by a different grey
level on resulting tomographic slices. Fig. 6 shows a typical slice in the plane of the
sheets for the as-received foam obtained according to this procedure. The closed-porosity
forming small objects (white zones) in the copper matrix (black zone) can be
distinguished from the open-porosity (grey zone). For the as-received foam, the open-
porosity and closed-porosity represent respectively 71.1 and 1.0% of the total analyzed
volume (500 pm x 750 pum x thickness) compared to 81.8 and 0.3% for the dissolved

foam (Table 1).

3.6. Pore morphological parameters
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The morphological parameters of the closed or open pores (sphericity, size and
tortuosity) can be determined by various methods. The pore sphericity, SP, can be

calculated from the volume, V, and surface area, S, according to the formula [11]:

Sp= 6V\/; (1)

This parameter is equal to 1 for a sphere and less for any other shape. The sphericity of
the open- and closed-pores is given in Table 1 for the as-received and dissolved foams. In
both cases, the SP value of the open-pores is very low (SP = 0.07-0.14) confirming their
irregular shape whereas the closed-pores are relatively spherical in shape (SP = 0.66-
0.78).

The pore size distribution can be measured using sequential opening operations.
This process consists in a combination, with successive structural elements of size (n), of
image erosion followed by dilation. Erosion and dilation are very straightforward
operations applied to a binary image during an image processing procedure. They consist
in removing (respectively adding) a layer of white pixels at the interface of each white
object in the image. The difference between the dilated and the initial image allows
retrieving the fraction of elements of thickness 2n in the image [16]. The pore size
calculation can be obtained from the use of cubic, spherical or octahedral elements, but
the process with octahedral elements gives a larger equivalent diameter, which is
generally more realistic [16]. Fig. 7 shows the cumulative size distributions of the open
and closed pores for the as-received and dissolved foams. As expected, the sizes of the

open-pores are larger for the dissolved foam with a median value of 93 pum versus 54 pum
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for the as-received foam. In contrast, the size distribution of the closed-pores is similar
for both foams with a median value of ~6 um (Table 1).

The tortuosity of the porosity is defined as the ratio of the distance to go from one
point of the microstructure to another while keeping inside of the gaseous phase divided
by the straight distance between these two points. In other words, it corresponds to the
deviation of the straight path imposed by the presence of the particles composing the
foam. The tortuosity can be determined from labelled trajectories followed through the
network, starting from an initial seed plane located in the middle of the 3D data set, as
described elsewhere [16]. The neighbor number of each voxel during the grown
processing can be fixed at 6 (shared sides) or 26 (shared sides, edges and summits),
which respectively overestimates and underestimates the tortuosity. It can be considered
that the most reasonable value can be obtained by using the average of 6 and 26
neighbors. The tortuosities for the initial and dissolved foam samples are isotropic in the
three Cartesian directions. For both samples, the tortuosity of the porosity is close to 1

(Table 1).

3.7. Copper morphological parameters

The thickness, specific surface area, sphericity and tortuosity of the copper phase
can be determined by the same method applied to the porosity in the previous sections.
These morphological parameters are summarized in Table 2. As observed previously on
the SEM images (Fig. 1) and 3D representation (Fig. 3), the copper matrix consists of a
spherical cluster structure. The copper particles are well welded, inducing low sphericity

of the copper phase. For both foams, the copper thickness exhibits a Gaussian distribution
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(Fig. 8), centered on 14.5 pum. The tortuosity of the copper matrix is around 1.2 and
isotropic in the three Cartesian directions for both foams.

Finally, the as-received foam provides a very large specific surface area (~74,000
m?/m3) in accordance with the manufacturer’s claims. The specific surface area of the
dissolved foam is lower (~49,000 m?/m3). However, related to the copper volume rather
than the total foam volume, the specific surface area is slightly higher for the dissolved
foam (~280,000 m?/m3cy) than initially (~260,000 m?/m3cy). This result indicates that the
decrease of the specific surface area of the dissolved foam is related to the decrease of the
amount of copper. In addition, due to the X-ray tomography resolution (0.5 pm), the
specific surface area values are probably underestimated, especially for the dissolved

foam, which presents a rougher surface (Fig. 1F) compared to the initial foam (Fig. 1C).

4. Discussion

The as-received copper foam exhibits promising morphological characteristics for
use as a substrate (current collector) for metal-based anodes for Li-ion batteries. Indeed,
the well-connected 3D structure, acting as a rigid matrix, should help to maintain the
mechanical integrity of the composite electrode despite the large volume changes of the
active material with cycling. This 3D architecture also offers the possibility to elaborate
thick electrodes (i.e. having high areal mass loadings to reach high surface capacities)
which tend to delaminate during the coating process when deposited on traditional flat
current collectors [33]. Moreover, its high specific surface area (~74,000 m?/m?) may
allow good electrical contact between the active material and the current collector. It is

well known that the tortuosity of porous electrodes affects their mass transport properties
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since the effective conductivities and diffusivities of the electrolyte in a porous electrode
are inversely proportional to its tortuosity [19,34]. In the present case, the tortuosity of
the pores (~1.0) and copper matrix (~1.2) is low, limiting the effects of this parameter on
the electrode properties. In other words, the mass transport properties of the electrode
will depend on the tortuosity of the porous network in the (active material + conductive
additive + binder) composite incorporated into the foam rather than that of the foam
itself. The relatively high open-porosity (71.1%) of the as-received foam limits its mass
(volume) proportion to the total mass (volume) of the electrode, which has a positive
impact on its gravimetric (volumetric) storage capacity. However, with a mean thickness
of 140 pm and a density of 2.5 g cm™, the areal mass of the as-received foam (35 mg cm
%) is still too high compared with that a flat current collector (18 mg cm? for a 20 pm
thick Cu foil).

The dissolution of the copper foam in a chloride acidic hydrogen peroxide solution
induces an important increase of the open-pore size (90 um versus 54 um for the as-
received foam) resulting in a significant increase of the open-pore porosity (80.7% versus
71.1% for the as-received foam). A decrease of the foam thickness is also observed (115
pm versus 140 um for the as-received foam). The dissolution procedure being done under
vigorous stirring of the bath, the foam dissolution should be uniform. This is also favored
by the relatively high porosity and low thickness of the initial foam, limiting diffusion
constraints in the foam. Consequently, the decrease of the foam thickness is assumed to
mainly result from the collapse of the Cu skeleton rather than from preferential
dissolution of both sides of the foam. Note that the collapse of the Cu skeleton must also

be accentuated by the ultrasonic treatment done during the washing procedure. As a
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result, the dissolved foam has an areal mass as low as 18.4 mg cm, which is comparable
to that of a 20 um thick Cu foil. Such a foam is thus very attractive to produce 3D battery
electrodes with high gravimetric and volumetric capacities. On the other hand, no major
modification of the other morphological parameters of the copper foam (copper skeleton
thickness, sphericity, tortuosity) is observed with the dissolution treatment. This tends to
confirm that the increase of the foam porosity mainly results from the collapse of the Cu
skeleton through the dissolution of the thin bonds that joined the spherical Cu particles
(Fig. 1). In addition, it appears that the copper surface is rougher after the dissolution
treatment (Fig. 1F). This may be favorable for improving the adhesion of the electrode
composite coating on the current collector resulting in an increase of the electrode cycle
life, as observed with Si-based electrodes made with a roughened Cu current collector
[35]. The electrical conductivity of the foam is assumed to be no significantly modified
by the dissolution procedure because the copper oxides likely to be formed onto the Cu
skeleton are reduced during the annealing treatment performed under reductive (H>)
atmosphere. This annealing treatment has also the advantage to improve the mechanical
strength of the Cu foam. However, the dissolved Cu foam must be handled with care,

indicating that it is more fragile than the as-received foam.

5. Conclusion
The 3D-architecture of copper foams was described in detail by means of X-ray
tomography. It was shown that the immersion of the copper foam in an acidic peroxide
solution is an efficient way to decrease the foam thickness and to increase its porosity.

Such a foam displaying a high open porosity and a very high specific surface area
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appears promising for use as a 3D current collector of Si-based anodes for Li-ion

batteries (work in progress).
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Table captions

Table 1

Table 2

Main characteristics of the pores for the as-received and dissolved foams.

Main characteristics of the Cu matrix for the as-received and dissolved foams.

Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

SEM micrographs of as-received (A-C) and dissolved (D-F) copper foams on
surface (A, D), cross-section (B, E) and at high magnification (C, F).
Thresholding process: (A) Grey-scale X-ray density image of a slice of the
untreated foam, (B) Histogram of the grey-level for the full image volume,
(C) same slice after binarization into pore and solid phases.

3D reconstructed views of the (A-B) as-received and (C-D) dissolved Cu foams.
Through-thickness porosity mappings in the (xy) and (yz) plans for the (A)
as-received and (B) dissolved Cu foams.

Porosity profiles of the as-received and dissolved foams along the (A) X, (B)
y and (C) z directions.

X-ray tomography slices perpendicular to z-axis extracted from the volume of
the as-received copper foam after the connectivity image processing for the
gaseous phase.

Cumulative size distributions of the open- and closed- pores for the as-
received and dissolved Cu foams.

Thickness distribution of the copper phase for the as-received and dissolved

foams.
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Table 1

Sample Open- Closed- Open- Closed-  Open-pore Closed-pore Tortuosity
porosity porosity pore pore median size  median size
(%) (%)  sphericity sphericity (um) (um)
As-received  71.1 1.0 0.07 0.66 54 1.04
Dissolved 81.8 0.3 0.14 0.78 93 55 1.03
Table 2
Sample Specific surface area Sphericity Median thickness Tortuosity
M2 Moam M2M3cy (Lm)
As-received ~74,000 ~260,000 0.02 14.5 1.19
Dissolved ~49,000 ~280,000 0.03 14.5 1.23
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