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chemical reaction and surface
morphology on electroactive surface area of
porous copper manufactured by Lost Carbonate
Sintering†

Pengcheng Zhu * and Yuyuan Zhao

Porous metals are potentially excellent electrode materials because of their high specific surface areas. The

electroactive surface area is dependent on the electrochemical reaction and can be affected by the surface

morphology. This work measured the electroactive surface area of porous Cu manufactured by the Lost

Carbonate Sintering process, using the cyclic voltammetry (CV) peak current method and employing two

reactions with different Nernst diffusion layer thicknesses. The real surface area was also measured by

the double layer capacitance method. The effects of Cu particles size, sintering temperature and

chemical treatment on the surface morphology and therefore surface areas were investigated. Cu

particle size had a modest effect, with the medium particle sizes, 20–45 mm or 45–75 mm, showing the

highest surface areas. Increasing the sintering temperature from 850 �C to 950 �C or etching the

samples by 5 M nitric acid for 5 minutes reduced the electroactive and real surface areas by 31–61% or

9–25%, respectively. The electroactive surface area was increased by up to 2 times when the diffusion

layer thickness was decreased from 50 mm to 1 mm.
1. Introduction

Open-cell porous metals are potentially excellent electrode
materials in energy generation and storage due to their unique
combinations of material and structural characteristics.1 Their
applications include lithium-ion battery,2,3 alkaline zinc
battery,4 nickel–hydrogen battery,5 solid oxide fuel cell6,7 and
electrochemical capacitor.8 The performance of porous elec-
trodes depends strongly on the magnitude of their specic
surface area, because a higher specic surface area offers more
reaction sites for reactants or a larger storage capacity for
electrons per unit volume of electrodes, generating a higher
energy density. Characterisation of surface area is therefore
essential, especially for porous electrodes. The surface area of
a number of porous metals manufactured by different
processes, including porous Ni9,10 and Au,11 have been
measured by BET. However, the active surface area of porous
electrodes has been found to be sensitive to the electrochemical
process involved.12

Diao et al.12 developed a cyclic voltammetry (CV) peak current
method to measure the electroactive surface area of porous
copper manufactured by a space holder process, based on the
rpool, Liverpool L69 3GH, UK. E-mail:
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principle that the anodic or cathodic peak current for a diffu-
sion controlled reaction is proportional to the electroactive
surface area of the electrode.13 They chose the predominant
anodic current peak and used a series of polished copper plates
with known surface areas to establish the quantitative relation
between electroactive surface area and peak current for copper.
Using this quantitative relation, the electroactive surface area of
a series of porous Cu samples with different pore sizes and
porosities was determined from the measured peak current. In
their work, however, the other current peaks in the cyclic vol-
tammograms were not considered. Several questions then arise.
Can other current peaks also be used for electroactive surface
area measurements? If they can, would they measure a different
electroactive surface area? What is the key factor causing the
difference?

The electroactive surface area measured by the CV peak
current method is expected to be reaction-dependent, because
different reactions may be controlled by the diffusion of
different reactant species. The Nernst diffusion layer deter-
mines the regime of the diffusion in a porous electrode and
will have an inuence on the electroactive surface area ref. 9.
There are two diffusion regimes, depending on the thickness
of the Nernst diffusion layer relative to the size of the inter-
stices in the porous structure.14–17 If the diffusion layer is
thinner than the size of the interstices, semi-innite diffusion
occurs. If the diffusion layer is comparable to or greater than
the interstices, then thin layer diffusion occurs. A porous
This journal is © The Royal Society of Chemistry 2017
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electrode is expected to contribute more to the detectable
electroactive surface area with a thinner Nernst diffusion
layer. Using different reactions in the CV peak current
method will provide a powerful tool not only to measure
surface areas at different length scales but also to study the
effect of surface morphology on the surface area of porous
metals.

It is well known that the surface area of porous metals is very
sensitive to the surface morphology.18–20 Campell and Bakker21

electrodeposited a mesoporous nickel lm onto a common
porous nickel and founded that the surface area was increased
by up to 35 times. Grdeń et al.18 compared INCO porous nickel
before and aer nitric acid etching and showed that the etching
increased the electroactive surface area by about 150% because
of increased surface roughness. Tan et al.19 reported that the
surface area of a nanoporous gold was decreased by up to 3.5
times when it was annealed at 400 �C, because the annealing
attened the surface. However, very little research, apart from
ref. 10, has been carried out to date on the surface area of
porous metals manufactured by powder metallurgy based
methods and even less on how the surface area is affected by
thermal and chemical treatments.

In this paper, we studied the surface areas of porous copper
manufactured by the Lost Carbonate Sintering (LCS)
process.22,23 The porous metal samples manufactured by the
LCS process have representative porous structure produced by
the powder metallurgy based space-holder methods, with
highly-controllable porosity, pore size and pore shape. Two
electrochemical reactions with different Nernst diffusion layer
thicknesses were employed to measure the electroactive
surface area using the CV peak current method. The real
surface area was measured by the double layer capacitance
method. The pore surface morphology of the LCS porous
Fig. 1 Schematic of the LCS process for manufacturing porous Cu.

This journal is © The Royal Society of Chemistry 2017
copper was modied by using different copper particle
sizes, sintering conditions and chemical etching, and their
effects on the electroactive and real surface areas were
investigated.
2. Experimental
2.1 Preparation of porous copper samples

Porous Cu samples with different pore sizes and porosities were
manufactured by the LCS process,22 as shown schematically in
Fig. 1. The raw materials were commercially pure Cu powder
(Ecka Granules Metal Powder Ltd., Wednesdbury, UK) and food
grade K2CO3 powder (E&E Ltd., Melbourne, Australia). The Cu
powder had spherical particles and was sieved into four
different ranges of particle sizes: <20 mm, 20–45 mm, 45–75 and
75–90 mm. The K2CO3 powder had rounded particles with
a particle size range of 1000–1500 mm. The Cu and K2CO3

powders were mixed with an intended volume fraction of Cu
according to the target porosity. The mixture was compacted at
200 MPa by a hydraulic press. The obtained preform was then
sintered in a vacuum furnace. Two different sintering
Fig. 2 (a) Typical current–potential plot of porous copper in 0.1 M
KOH in the potential range of �1.6 to 0.7 V at a scan rate of 0.01 V s�1.
(b) Linear relations between peak current and surface area for mirror
polished copper plates.
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temperatures were used to effect different surface morphol-
ogies. A group of the preforms were sintered at 850 �C for 4
hours and the K2CO3 particles were subsequently removed by
dissolution in hot water. The other group of preforms were
sintered at 950 �C for 2 hours and the K2CO3 particles were
removed by decomposition during the sintering. The as-
produced porous copper samples were cut to a uniform size
of 5 mm � 5 mm � 4.8 mm by an electrical discharge machine
(Prima E250, ONA Ltd., Bristol, UK), see ESI Fig. S1.† The
morphology of the LCS porous Cu samples was observed by
a scanning electron microscope (JSM-6610, Japan).
2.2 Chemical etching

The as-produced porous Cu samples were ultrasonically
cleaned in dilute hydrochloric acid to remove the copper oxide
on the surface and then washed with distilled water. The
samples were subsequently chemically etched and the elec-
troactive and real surface areas were measured both before
and aer etching. The etching treatment was carried out by
immersing the samples in 5 M nitric acid under ultra-
sonication at room temperature for 5 minutes. The weight loss
of the etched samples was less than 5%. Samples with poros-
ities higher than 70% were not etched, because etching could
easily result in a weight loss higher than 10% and therefore
signicant changes in the porous structure.
Fig. 3 SEM images of the LCS porous Cu samples with different Cu par

26394 | RSC Adv., 2017, 7, 26392–26400
2.3 Electrochemical surface area measurement

The electroactive surface area measurement of the LCS porous
Cu was carried out following a similar procedure reported in.12

Fig. 2a shows a typical current–potential plot of the porous Cu
samples in 0.1 M KOH solution in the potential range of �1.6 to
0.7 V at a scan rate of 0.01 V s�1, which had a similar shape as
that of a solid Cu electrode but with a different magnitude (see
ESI Fig. S2†). There are two current peaks in the forward
sweeping part of the curve. The peaks, 1 and 2, indicate two
different chemical reactions, (1) and (2), respectively:24,25

2Cu + 2OH� / Cu2O + H2O + 2e (1)

Cu + 2OH� / Cu(OH)2 + 2e (2)

Reactions (1) and (2) were controlled by the diffusion of Cu+

in the solid electrode and the diffusion of OH� in the electro-
lyte, respectively.24,25 Both reactions were used to measure the
electroactive surface areas with an aim to study the effects of the
chosen reaction and the diffusion layer thickness.

Seven copper plates with known geometric surface areas
were used to determine the relations between peak current and
surface area for copper (see ESI Fig. S3†). The copper plates were
ground by sandpapers (grits 80, 320, 600 and 1200), polished by
cloths (6 and 1 mm) and further polished by a silk-type cloth pad
ticle sizes and processing conditions.

This journal is © The Royal Society of Chemistry 2017
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with a 0.04 mm colloidal silica suspension to achieve a mirror
nish. The electroactive surface areas of the copper plates can
be regarded as equal to their geometric surface areas. Fig. 2b
shows that there are linear relations between peak current and
surface area for both peaks 1 and 2, and the relations can be
expressed quantitatively by:

A1 ¼ 17026.2Ip1 (3)

A2 ¼ 3525.8Ip2 (4)

where A (cm2) is the electroactive surface area and Ip (A) is the
peak current. The subscripts 1 and 2 designate peak 1 and peak
2, respectively. For a solid Cu plate, the electroactive surface
area equals to the geometric surface area and is independent of
the current peak used. For a porous Cu sample, the electroactive
surface area depends on the electrochemical reaction in
consideration and has different values for different peaks.
Nevertheless, the relations (3) and (4) can be used to determine
the electroactive surface areas of the porous copper samples
corresponding to reactions (1) and (2), respectively. The volu-
metric electroactive surface areas measured by peak 1, ACu+, and
peak 2, AOH�, can be calculated by dividing A1 and A2 by the
volume of the porous Cu sample, respectively. It is worth
mentioning that the proportionality coefficient in eqn (4) has
Fig. 4 Volumetric electroactive surface area, measured by the diffusion
different porosities, manufactured by (a) 850 �C sintering, (b) 850 �C si
etching.

This journal is © The Royal Society of Chemistry 2017
a different value from 12 because different scan rates and unit of
current were used. Considering that the peak current is
proportional to the square root of scan rate, the difference in the
values between eqn (4) and ref. 10 is less than 15%, mainly due
to experimental variability.

The effect of electrolyte resistance, which was not mentioned
in ref. 9, was considered in this work. The high surface area of
the porous copper resulted in currents in the order of 10 mA
when 0.1 M KOH was used. The high currents can cause
signicant distortions in the voltammetry if the solution resis-
tance is not compensated.17 To this end, the “IR-compensation”
feature in the potentiostat was used to automatically compen-
sate the potential signal for solution resistance for porous
samples. The compensation of solution resistance was not
necessary for copper plates, because of the low current density
generated.

The real surface area of the porous Cu samples was
measured by the double layer capacitance method, following
the procedure reported in.12 The double layer capacitance of
the LCS porous copper was determined from the charge/
discharge current (eqn (5)).26 Because the specic capaci-
tance for the interface of copper in 0.1 M KOH solution is
0.02 mF cm2,27 the real surface area of the porous copper can
be determined by eqn (6):
of Cu+, of the LCS porous Cu samples with different particle sizes for
ntering and etching, (c) 950 �C sintering and (d) 950 �C sintering and

RSC Adv., 2017, 7, 26392–26400 | 26395
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C ¼ I

v
(5)

Ar ¼ C

0:02
(6)

where C (mF) is the double layer capacitance, I (mA) is the
charge/discharge current, v (V s�1) is the applied scan rate and
Ar (cm

2) is the real surface area. It should be noted that the value
of I is half the difference between the charge and discharge
current rather than the difference as erroneously reported in.12

The current–potential plots of the LCS Cu for real surface area
measurement can be seen in ESI Fig. S4.†
3. Results and discussions
3.1 Morphology of the LCS porous copper

Fig. 3 shows the SEM images of the LCS porous Cu samples
manufactured with different Cu particle sizes and different
sintering and chemical treatment conditions. The samples
sintered at 850 �C (rst row) have rough surfaces, with the
initial spherical Cu particles easily discernible. It can also be
observed that the smaller the Cu particles, the thicker the
sintering necks relative to the particle size. The samples sin-
tered at 850 �C and etched (second row) show smoother
Fig. 5 Volumetric electroactive surface area, measured by the diffusion
different porosities, manufactured by (a) 850 �C sintering, (b) 850 �C si
etching.

26396 | RSC Adv., 2017, 7, 26392–26400
surfaces, revealing strong sintering necks and making original
particles less visible, especially in the small Cu particle sample
(Fig. 3E). The samples sintered at 950 �C (third row) are
apparently denser and have thicker sintering necks than the
samples sintered at 850 �C (rst row) for any given Cu particle
size. The sample made from the smallest particles (Fig. 3I) is
fully sintered with the original particles barely discernible.
The original particles can still be seen in the samples made
form larger particles (Fig. 3J–L), but they are less noticeable
than in the samples sintered at 850 �C (rst row). The samples
sintered at 950 �C and subsequently etched (fourth row) show
more at surfaces, with the original particles hardly noticeable
for all samples.
3.2 Effect of particle size on surface areas

The volumetric electroactive surface areas, measured by the
diffusion of Cu+ (ACu+) and OH� (AOH�), and the volumetric real
surface area (Ar) of the LCS porous Cu samples with different
particle sizes and porosities, manufactured under different
process conditions, are shown in Fig. 4–6, respectively. All data
are also available in ESI Tables S1–S3.† It is obvious that the
surface areas are affected by both Cu particle size and porosity
for all manufacturing and treatment conditions. For each
process condition, the surface areas vary with porosity without
of OH�, of the LCS porous Cu samples with different particle sizes for
ntering and etching, (c) 950 �C sintering and (d) 950 �C sintering and

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Volumetric real surface area of the LCS porous Cu samples with different particle sizes for different porosities, manufactured by (a) 850 �C
sintering, (b) 850 �C sintering and etching, (c) 950 �C sintering and (d) 950 �C sintering and etching.
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any particular pattern, in agreement with.12 In order to remove
the effect of porosity and focus on the effect of particles size, the
average volumetric electroactive surface area for each particle
size is also shown in the graphs. Fig. 4–6 show that Cu particle
size has a moderate effect on the electroactive and real surface
areas. As a general trend, both the electroactive surface areas
(Fig. 4 and 5) and the real surface area (Fig. 6) rst increase and
then decrease with particle size. The maximum surface area
values are achieved in the samples either with a particle size of
20–45 mm or with a particle size of 45–75 mm.

The effect of Cu particle size on surface area is twofold. On
the one hand, smaller particles offer a higher total surface
area.12 On the other hand, it is easier to sinter smaller particles
to achieve a denser structure, resulting in a huge loss in surface
area. In contrast, larger Cu particles have lower total surface
area but experience less loss in surface area during sintering.
Overall, the effect of particle size on the surface area depends on
which of the two mechanisms is more signicant. As a conse-
quence, samples with a medium particle size range oen have
the highest surface areas.
3.3 Effect of sintering temperature and chemical etching on
surface areas

Fig. 7 shows the effects of sintering temperature and etching
treatment on the electroactive and real surface areas. Sintering
This journal is © The Royal Society of Chemistry 2017
temperature has a great effect on the surface areas. Compared
with the samples sintered at 850 �C, the samples sintered at
950 �C, both before and aer etching, have reductions of
approximately 61%, on average, in the electroactive surface area
measured by the diffusion of Cu+ (Fig. 7a) and 37% in the
electroactive surface area measured by the diffusion of OH�

(Fig. 7b), and 31% in the real surface area (Fig. 7c). The
reductions are due to smoother surfaces and thickened sinter-
ing necks (Fig. 3), as a result of the increased densication at
a higher sintering temperature.

Etching treatment also has a signicant effect on the surface
areas. There is a strong correlation between the surface areas
before and aer etching. The chemical etching resulted in
reductions of 25% in the electroactive surface area measured by
the diffusion of Cu+ (Fig. 7a) and 9% in the electroactive surface
area measured by the diffusion of OH� (Fig. 7b), and 11% in the
real surface area (Fig. 7c). That is because chemical etching
signicantly reduced the surface roughness of the LCS Cu
samples, as evidenced in Fig. 3.
3.4 Effect of chemical reaction on electroactive surface area

Fig. 8 shows the relations between the volumetric electroactive
surface area and real surface area for the LCS porous Cu
samples manufactured with different Cu particles sizes and
sintered at 850 �C and 950 �C, before and aer chemical
RSC Adv., 2017, 7, 26392–26400 | 26397
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Fig. 7 Correlations between surface areas of samples with and
without the etching treatment for the LCS porous Cu samples sintered
at two different temperatures: (a) ACu+ (b) AOH� and (c) Ar.
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etching. A moderate level correlation exists between the elec-
troactive and real surface areas. The electroactive surface area
measured by the diffusion of OH� is approximately 16–18% of
the real surface area, regardless of the manufacturing and
treatment conditions. The ratio between the electroactive
surface area measured by the diffusion of Cu+ and the real
surface area depends on the manufacturing conditions. The
26398 | RSC Adv., 2017, 7, 26392–26400
ratio was approximately 40% for samples sintered at 850 �C, and
reduced to 37% aer etching. The ratio was 24% for samples
sintered at 950 �C and further reduced to 19% aer etching.

It was evident that the electroactive surface area depends on
the electrochemical reaction being considered and the diffusion
species involved in the reaction. The differences between AOH�,
ACu+ and Ar can be explained by considering the thickness of the
diffusion layer involved in the reaction. The Nernst diffusion
layer thickness, d, can be calculated by28

d ¼
ffiffiffiffiffiffiffiffiffiffiffi
DRT

nFv

r
(7)

where D is the diffusion coefficient (2 � 10�5 cm s�1 for OH� in
the electrolyte and 1� 10�8 cm s�1 for Cu+ in solid Cu,24 R is the
gas constant (8.134 J K�1 mol�1), T is the temperature (298 K), n
is the number of electrons transferred in the reaction (2 for both
reactions (1) and (2)), F is the Faradays constant (96 485 C
mol�1) and v is the applied scan rate (0.01 V s�1). The diffusion
layer thicknesses for OH� and Cu+, calculated by eqn (7), are
about 50 mm and 1 mm, respectively.

The real surface area is the maximum electroactive surface
area that can contribute to any electrochemical reactions.
Because no diffusion of reactive species is involved in the
measurements of real surface area, the Nernst diffusion layer
thickness can be regarded as zero. The surface features at all
length scales contribute to the surface area. For reaction (1)
controlled by the diffusion of Cu+, however, any features less
than 1 mm in the LCS porous Cu, e.g., the very ne interstices/
protrusions in the metal matrix formed by the sintered Cu
particles, will be depleted with Cu+ ions rapidly due to limited
supply characteristic of thin layer diffusion, as shown sche-
matically in Fig. 9. The species are depleted because of a longer
distance of diffusion from the electrolyte reservoir to the elec-
trode surface at which the reaction takes place. Those inter-
stices or protrusions with a size smaller than 1 mm can be
ignored by the reaction,14–16 as they do not contribute fully to the
current density and thus cannot be detected. The electroactive
surface area is effectively the contour or boundary of the diffu-
sion layer within the solid Cu. Similarly, for reaction (2)
controlled by the diffusion of OH�, any features less than 50 mm
in the LCS porous Cu will not contribute fully to the current
density and thus cannot be detected as part of the electroactive
surface area. In this case, the electroactive surface area is
effectively the contour or boundary of the diffusion layer within
the electrolyte (Fig. 9).

In short, the double capacitance method and the cyclic vol-
tammetry method based on diffusion controlled reactions can
measure the electroactive surface areas at different length
scales. The double capacitance method can detect all features of
the surface. The CV method based on the diffusion of Cu+ ions
can only detect surface features bigger than 1 mm, while the CV
method based on the diffusion of OH� ions can only detect
surface features bigger than 50 mm. As a consequence, the real
surface area is greater than the electroactive surface area for Cu+

diffusion, which in turn is greater than the electroactive surface
area for OH� diffusion.
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Correlations between electroactive surface area and real surface area for the LCS porous Cu samples sintered at (a) 850 �C, (b) 850 �C and
etching, (c) 950 �C, and (d) 950 �C and etching.

Fig. 9 Schematic of diffusion layers of OH� and Cu+ at the interface
between Cu matrix and electrolyte.
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Fig. 8 also shows that while the ratio between AOH� and Ar did
not change with process conditions, the ratio between ACu+ and
Ar changes with sintering temperature and chemical etching.
The different behaviour in ACu+ is likely because reaction (1) is
not solely controlled by Cu+ diffusion. In the region of the solid
electrode near the interface with the electrolyte, there is suffi-
cient supply of OH� ions and the reaction is controlled by the
Cu+ diffusion in the solid phase. In the region farther away from
the interface with the electrolyte, i.e., in the interior of the cell
wall, the supply of OH� ions is also limited by the diffusion of
This journal is © The Royal Society of Chemistry 2017
the OH� ions in the electrolyte. The reaction becomes both Cu+

and OH� diffusion controlled.
4. Conclusions

(1) Two electrochemical reactions are involved in the cyclic
voltammetry of Cu. The electroactive surface area of the LCS
porous Cu depends on the reaction being considered and the
diffusion layer thickness associated with the reaction.

(2) A thicker diffusion layer results in a lower electroactive
surface area. The electroactive surface areas based on the
diffusion of Cu+ in the solid phase and OH� in the electrolyte,
with the diffusion layer thicknesses of 1 mm and 50 mm, are
approximately 16–18% and 19–40% of the real surface area,
respectively. The former is largely independent of the
manufacturing conditions, while the latter depends on the
sintering temperature and etching treatment.

(3) The particle size of the Cu powder used to manufacture
the LCS porous Cu had a modest effect on the electroactive and
real surface areas, with the medium particle sizes, 20–45 mm or
45–75 mm, showing the highest surface areas.

(4) Increasing sintering temperature from 850 �C to 950 �C
reduced the electroactive and real surface areas by 31–61%.
Chemical etching reduced the electroactive and real surface
areas by 9–25%.
RSC Adv., 2017, 7, 26392–26400 | 26399
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