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Abstract

A proper quantification of the specific surface area of nanoporous materials is necessary for a better understanding of the properties
that are affected by the high surface-area-to-volume ratio of nanoporous metals, nanoporous polymers and nanoporous ceramics. In this
paper we derive an analytical expression that relates the specific surface area of arbitrary nanoporous materials to their solid bulk density
and ligament size. Computed specific surface areas of porous materials with regular nanopores are in good agreement with the expression
derived. These regular void geometries include single and double gyroid structures, as well as materials with spherical and cylindrical
nanopores. Validation of the expression for disordered nanoporous materials is performed by investigation of the specific surface areas

of various nanoporous gold electrodes in the double-layer charging regime.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

When the length scale of a material decreases from
macro to nano, the fraction of surface atoms with respect
to the bulk increases and this may substantially affect the
physical properties depending on the surface state.
Material properties associated with the high surface-area-
to-volume ratio are relevant for various applications,
including catalysts [1-3], electrochemical supercapacitors
[4,5], sensors and electrochemical actuators [6-9]. In partic-
ular, nanoporous metallic materials are very promising as
actuation materials, because they are susceptible to pro-
ducing large strain in combination with high stiffness and
strength, in contrast to polymer actuation materials, which
generate large strain but with low stiffness and strength; or
to piezoceramic materials, which are stiff and strong but
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with restricted strain amplitudes [7]. Qualitatively, macro-
scopic dimensional changes observed in nanoporous gold
are associated with changes in surface stress.

In all these applications, nanoporous materials are usu-
ally quantified with respect to their structure sizes, weight
or volume, rather than their specific surface area. This is
mainly because of the lack of an efficient method to quan-
tify the specific surface area of these materials, based on
their ligament and pore size. The specific surface area of
nanoporous materials with regular pore geometries can
be calculated from well-defined unit cells. However, com-
monly used nanoporous materials display a disordered
structure characterized by randomly oriented nanoscale
features, therefore an exact analytical evaluation of their
specific surface area is impossible.

A well-recognized approach to determine the specific sur-
face area of nanoporous materials is the Brunauer, Emmett
and Teller (BET) method [10-14], which is based on physical
adsorption of gas molecules to determine the specific surface
area. Although this method is very reliable, it is not always
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accessible for routine checks on specific surface areas, e.g. for
commonly used setups (e.g. Sorptomatic 1990 Thermo Finn-
ingen); at least a few hundred milligrams of porous material
is required for a reliable specific surface area evaluation. In
the case of nanoporous gold, this amount is excessive, com-
pared to the few milligrams of a sample required for com-
mon experiments on nanoporous metals [1,4,6-9,15]. For
this reason material properties associated with the specific
surface area are usually described with respect to their
weight or volume, rather than their specific surface area.
This paper is aimed at filling this gap by investigating a
model based on the size of the nanoscale features of nano-
porous materials and their solid bulk densities. Analytic,
computational and experimental approaches were
employed to derive and validate this model, as follows.

(1) From dimensional analysis, a general relationship for
the specific surface area of any arbitrary nanoporous
material was derived. The expression depends on the
solid bulk density of the material, and on the size of
the ligaments or pores. The expression contains an
unknown dimensionless constant which can be com-
puted for nanoporous materials with regular and
periodic voids.

(i1) The validity of the derived relationship was investi-
gated by comparing its outcome with the computed
specific surface areas for nanoporous materials with
pores having a regular and periodic geometry. From
these computations, the unknown dimensionless con-
stant mentioned in (i) was determined in the cases of
single and double gyroid structures, as well as spher-
ical and cylindrical voids.

(iii) For disordered nanoporous materials, the aforemen-
tioned constant has been experimentally determined
by investigating the specific surface area of a set of
eight nanoporous gold samples having different aver-
age ligament sizes and porous bulk densities. The spe-
cific surface areas obtained from electrochemical
measurements are compared with the results from
BET analysis.

2. Analytic and computational methods
2.1. Derivation

Dimensional analysis is a powerful method to investi-
gate the relation between physical quantities by comparing
their dimensions [16]. Let S represent the specific surface
area of an arbitrary nanoporous material. From dimen-
sional considerations, S can be expressed as a function of
some variables xy, X», ..., X, as follows:

S:f(xl;x27'~';xn) (1)

Dimensional analysis exploits the fact that both quanti-
ties S and f(xy, x5, ..., x,,) in Eq. (1) have the same dimen-
sion. The variables x;, x», ..., x, represent basic physical

parameters associated with the physical quantity S. By def-
inition, the specific surface area of a material is the ratio of
its surface area to its mass. Therefore basic physical param-
eters associated with the specific surface area of an arbitrary
nanoporous material includes: (i) its intrinsic size (ligament
and pore size), which carries necessary information about
the surface area of the nanoscale features, and (ii) the porous
bulk density of the material, which carries necessary infor-
mation about the weight and volume of the material. If p*
and d represent the porous bulk density of the nanoporous
material and its ligament size (assuming ligament and pore
sizes are comparable), respectively, then Eq. (1) becomes:

S=f(p".d) (2)

According to Buckingham’s pi theorem, the number of
dimensionless groups associated with Eq. (2) is given by
the difference between the number of parameters and the
number of physical dimensions involved. Eq. (2) displays
three parameters (S, p*, d) and two basic physical dimen-
sions (meters, grams), which means that only one dimen-
sionless group can be derived from Eq. (2). Derivation of
this dimensionless group gives the following dimensionless
constant that we denote C* (see Appendix A for details):
Sp*d = C*; from this, the dependence of the specific surface
area S on the porous bulk density p* and the ligament size
d can be deduced:

c*

S= 4 ()

By replacing the porous bulk density p* in Eq. (3) by the
product p,.p, where p, and p are the relative and solid bulk
densities, Eq. (3) becomes:

C
- )

with C= C*/p,. Eq. (4) can be exploited to evaluate the
specific surface area of any arbitrary nanoporous material,
knowing its solid bulk density and ligament size, provided
that the dimensionless constant is determined. It should be
emphasized that p in Eq. (4) represents the solid bulk den-
sity rather than the porous bulk density. Indeed, the deriva-
tion of Eq. (4) is based on the assumption that the ligament
and pore sizes are comparable, which automatically means
that the material porous bulk density is fixed. In practice,
the relative density (or porous bulk density) may vary
but variations in the relative density for a given type of
nanoporous material are usually restricted to a small range.
In the case of nanoporous gold, the investigated relative
densities in literature usually vary between ~20% and
~35% [15]. We will show in the experimental section that
these small variations in the value of the relative density
do not significantly affect the value of the specific surface
area S as given in Eq. (4): e.g. for nanoporous gold the
difference in the specific surface area between two samples
with the same average ligament size d, but with different
relative densities (25% and 30%) was found to be less than
10%, which is within the error bars.
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Computed specific surface areas based on unit cells dis-
played in Fig. la and b are found to increase (or decrease)
by about 20%, when the ratio of the ligament diameter to
the pore size is lowered from 1 to 0.8 (or augmented from
unity to ~1.2). Indeed, if the ratio of the ligament diameter
to the pore size is less than ~0.8 or higher than ~1.2, the
predicted specific surface areas from Eq. (4) become less
accurate. In that case, if d; and d, represent the size of
the ligaments and pores, respectively, then Eq. (1) will give
rise to four parameters (S, p*, dy, d,) and two basic physical
dimensions (meters, grams). Following Buckingham’s pi
theorem this will result in an expression with two dimen-
sionless groups, which can be derived from dimensional
considerations:

S = < X (ﬂ) (5)
pdg dp

In Eq. (5), p represents the solid bulk density introduced
in a similar way as in Eq. (4). The exponent o represents an
additional unknown constant. Note that the factor (j—;)“ is
a measure for the porous bulk density [17], which means
that when the ratio of ligament diameter to pore size is
no longer fixed, the porous bulk density can no longer be
assumed constant as in Eq. (4).

In this paper, we focus on Eq. (4), where ligament and
pore sizes are comparable, and it should be valid for any
arbitrary nanoporous material. In order to verify this for
materials with regular pore geometries, and also to get
more insight on the nature of the dimensionless constant,
we consider a simple case of a cubic porous bulk material
with external dimensions L* (volume). Assuming for sim-
plicity that the pores are unidirectional cylinders, all having
a diameter d, the specific surface area (S,,;.) of such a por-
ous material can be cast into an analytical expression. The
specific surface area of the porous cube does not depend on
the dimension (L?) of the cube nor the number of cylinders
in the cube. S, depends rather on the material solid bulk
density p and on the cylinder diameter d, in agreement with
Eq. (4). (The derivation is detailed in Appendix B.)

By comparing Eq. (4) and Eq. (A22) from Appendix B,
it is obvious that C in Eq. (4) corresponds to the dimen-
sionless factor @ from Eq. (A22). Clearly, it depends
on the nanoporous material relative density and on a factor
associated with the type of porous geometry taken into
consideration (e.g. cylindrical or spherical pores, gyroid
structures and disordered nanoporous materials). For a
given porous geometry and relative density, C in Eq. (4)
is constant as required by the dimensional analysis. In

(a) Spherical (b) Cylindrical (c) Single (d) Double
pore pores Gyroid Gyroid
. I
=
0.006 - Spherical pores
- | (e) m  Compuated values
'3.) 0.005 - Power law fit (Eq.4)
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e 0.004 + ® Computed values
& 1 = Power law fit (Eq.4)
@ 0.003 -
& Single gyroid
3 0.002 - A Computed values
a —— Power law fit (Eq.4)
=
g 2001 1 Double gyroid
& & Computed values
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Fig. 1. Comparison between computed specific surface areas of nanoporous materials with regular and periodic voids and those predicted from Eq. (4).
Four types of regular structures are investigated: (a) spherical voids, (b) cylindrical voids, (c) single gyroid and (d) double gyroid structures. (¢) For each
type of structure, computed values for its specific surface area (black squares, red circles, blue triangles and green rhombus) are in good agreement with
predictions from the derived model (black, red, blue and green lines). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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order to explore Eq. (4) for the determination of the spe-
cific surface area of any arbitrary material, the value of
the dimensionless constant for that specific porous material
is required. In the next section, values of this constant are
derived for commonly encountered porous structures.

2.2. Regular and periodic pore geometries

The validity of the expression derived in Eq. (4) was fur-
ther investigated by comparing its outcome with computed
specific surface areas of nanoporous materials having reg-
ular and periodic pore geometries. Four types of geome-
tries were investigated: spherical and cylindrical voids,
and single and double gyroid structures. The unit cells used
for these computations are displayed in Fig. la—d. The
finite element analysis simulation software COMSOL Mul-
tiphysics was employed to evaluate the specific surface area
for each of the four geometries. For each type of geometry
in Fig. la—d, the size of the ligament was tuned at constant
porous bulk density p* by simply varying the size of the
unit cell: when the size of a unit cell increases, the corre-
sponding ligaments size increases as well, but p* remains
constant. Investigated relative densities for each type of
porous geometry are found in Table 1. COMSOL Multi-
physics can evaluate the total surface area and volume of
an object (unit cell). From these total surface area and vol-
ume, the specific surface area can be deduced, knowing the
porous bulk density of the object. Ten different ligament
sizes were investigated for each type of unit cell in
Fig. la—d. The outcomes are displayed by solid markers
(black squares, red circles, blue triangles and green rhom-
bus) in Fig. le.

Eq. (4) denotes that the specific surface area (S) of an
arbitrary unit cell depends on the size of the ligament (d)
and the solid bulk density (p) of the material. If p* is main-
tained constant as aforementioned, the specific surface are
will only depend on the ligament diameter (d). According
to Eq. (4) the specific surface area S is inversely propor-
tional to pd. To verify this, we plot the aforementioned
computed values of S as a function of pd. For each type
of unit cell, the best fits (the solid lines in Fig. le) associated

Table 1

The various geometries and relative densities are listed in the Ist and 2nd
column, respectively. The corresponding value of the dimensionless
constant (Eq. (4)) is listed in the 3rd column.

Nanostructures Investigated Dimensionless
relative constant
densities (%)

Spherical pores 93 0.4

Cylindrical pores 59 2.7

(one cylinder/unit cell)

Cylindrical pores (two crossing 60 2.1

cylinders/unit cell)

Single gyroid 46 3.4

Double gyroid 51 and 57 5.8

Disordered nanoporous structures 10, 15, 25 and 3.7

30

to the computed data (the solid markers in Fig. le) are
indeed inversely proportional to pd. This means that Eq.
(4) can be used to determine the specific surface area of
nanoporous materials with regular and periodic pores for
a specific relative density, provided that the value of the
constant in this equation is known. Knowing the solid bulk
density (p) and the corresponding ligament size d in each
unit cell, the dimensionless constant can be deduced for
each type of unit cell shown in Fig. le, by comparing the
best fits with Eq. (4). As previously mentioned, this con-
stant is observed to vary with the type of pore geometry
taken into consideration. The value of this constant was
found to be ~0.4 for spherical pores, ~2.7 for cylindrical
pores with one cylinder per unit cell, ~2.1 for cylindrical
pores with two crossing cylinders per unit cell, ~3.4 for sin-
gle gyroid and ~5.8 for double gyroid structures. These
values for the investigated relative densities are summa-
rized in Table 1.

The BET surface area of periodic nanoporous polymers
having a double gyroid structure, formed by self-assembly
of block copolymer-based supramolecular complexes will
be evaluated and compared to the double gyroid specific
surface area using Eq. (4) in the next section.

3. Experimental procedures
3.1. Motivation and methods

Translational invariant unit cells in disordered nanopor-
ous materials are not properly defined due to the random
shapes of the ligaments and voids in these materials. There-
fore, computation of the specific surface area as in the pre-
vious section is not straightforward. The validity of Eq. (4)
for disordered nanoporous materials was therefore scruti-
nized by an experimental approach aimed at evaluating
the specific surface areas S of a set of eight nanoporous gold
samples with different ligament sizes d and porous bulk den-
sity p* and plotting the values of S as a function of pd. In
principle the BET method is an ideal experimental tool
for the investigation of these surface areas; however for
each BET measurement (i.e. each ligament size), at least
250 mg of nanoporous gold is required for reliable results.
In total it corresponds to a total of 2 g of nanoporous gold
for the eight different ligament sizes investigated. Note that
about 4 g of silver is needed in order to synthesize 2 g of
nanoporous gold by dealloying an Au-Ag binary system,
representing a considerable amount of noble metals because
only a few milligrams of material are commonly used for
experiments on nanoporous metals [1,4,6-9,15]. As a conse-
quence, rather than the BET method, an alternative
approach was explored in order to investigate experimen-
tally the specific surface area of the set of eight nanoporous
Au samples.

In the BET method, the amount of gas sufficient to form
a monolayer adsorbed onto a porous material at low rela-
tive pressures is used to determine the surface area. Simi-
larly, the concentration of ions adsorbed on an electrode
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can provide information on the electrode surface area: the
electrochemical behavior of a gold electrode in an acid
environment is characterized by a double layer charging
regime where oxygen species (OH™, O;) are reversibly elec-
tro-adsorbed onto the gold surface [18,19]. The electric
charge transferred during the adsorption of these anions
was used as a measure to investigate the variation of the
specific surface areas of our nanoporous gold samples with
respect to Eq. (4). This electrochemical approach is suitable
for investigating the validity of Eq. (4) because one is not
interested in the absolute values of the specific surface areas
of the gold samples, but rather in the general dependence of
the specific surface areas on the ligament size and solid
bulk density. If this dependence is in agreement with Eq.
(4), then one BET measurement is enough to evaluate the
exact value of the dimensionless constant in Eq. (4) for dis-
ordered nanoporous materials. It appears that a combina-
tion of electrochemical and BET measurements is rather
efficient because for all eight electrochemical measurements
80 mg of nanoporous gold is sufficient, whereas 2 g of
material would be required for the BET method.

The electrochemical method used to investigate the
validity of Eq. (4) assumes that the quantity of electric
charge adsorbed onto a gold surface in the double layer
charging regime is proportional to the gold electrode sur-
face area. Prior to extending this hypothesis to nanoporous
gold samples with unknown surface areas, this assumption
was first verified on a set of seven planar solid gold films
with known surface areas.

During investigations of the specific surface areas for
both planar solid and nanoporous gold electrodes, cyclic
voltammetries were performed in 1 M perchloric acid in
the potential range between 0.55 and 0.75 V with respect
to an Ag/AgCl reference electrode. These voltammetry
experiments were carried out at room temperature, at a
scan rate of 20mV s~ ! using a potentiostat (pAutolab
ITII-FRA2, Eco Chemie).

3.2. Materials: nanoporous metals and nanoporous polymers

Three different materials were investigated: (i) nanopor-
ous polymers with a double gyroid structure used for BET
measurements in order to verify the value of the dimension-
less constant computed in Section 2.2 for double gyroid
structures; (ii) planar solid gold foils with known surface
areas, used for electrochemical measurements to verify
the dependence on the adsorbent surface area of the quan-
tity of electric charge transferred during electro-adsorption;
(ii1) nanoporous gold samples with different ligament sizes
and porous bulk densities, and with unknown surface
areas, used for electrochemical measurements in order to
investigate the validity of Eq. (4). Nanoporous gold sam-
ples were further used for BET measurements, to determine
the value of the constant in Eq. (4) for disordered nanopor-
ous materials.

Nanoporous polymer was obtained from the supramo-
lecular complex PS-b-P4VP (PDP) by selective PDP disso-

lution in ethanol. Films of the supramolecular complex
with gyroid morphology were cast by dissolving the
diblock copolymer of polystyrene and poly(4-vinylpyri-
dine) (PS-b-P4VP, Polymer Source Inc.) and 3-pentadecyl-
phenol (PDP, Aldrich 98 wt.% purity) in chloroform,
followed by solvent annealing in a saturated chloroform
atmosphere. For specific details we refer to Refs. [20-24].

In total seven planar solid gold foils with an average
thickness of 20 um, having surface areas of 20, 42, 62, 75,
95, 118 and 138 cm? were used as working electrodes.
These gold foils were obtained by cold-rolling of pure gold
(99.99%, Thessco BV, NL) followed by polishing with sili-
con carbide paper (FEPA P #2400, Struers) and cleaning in
ultrasonic baths (acetone and demineralized water). Similar
planar solid gold foils were used as counter electrodes.

Eight nanoporous gold samples were made by dealloying
gold-silver alloys with composition Au;gAgey, AujsAgss,
AussAgys (at.%). The master alloy for each composition
was prepared by arc melting of pure gold (99.99%) and sil-
ver (99.999%, Thessco BV, NL) followed by homogeniza-
tion in quartz tubes at 950 °C for 56 h. Rectangular
blocks with dimensions 2 x 1 x 1 mm® were cut from these
master alloys by spark erosion and sealed again in quartz
tubes for annealing at 850 °C for 3 h. Silver was selectively
removed from the alloys [1,4,7-9,15,25,26] by free corrosion
in 65% HNO; — a process known as dealloying. In order to
achieve a wide range of ligament sizes, some of the deal-
loyed samples were kept in acid for coarsening or subjected
to post-annealing treatments (20 min at 200 °C and 30 min
at 300 °C). Electrochemical cleaning (repeated cathodic
scans) was carried out to reduce the gold oxide layer formed
during the free corrosion process [27]. These nanoporous
gold samples were used as working electrodes for the inves-
tigation of their specific surface area during electro-adsorp-
tion of anions in the double layer charging region. Similar
nanoporous gold samples were used as counter electrodes.

In addition to the aforementioned nanoporous gold sam-
ples, a 500 mg Au-Ag alloy with composition AuspAgso
(at.%) was cold rolled, heat treated at 350 °C for one day
and dealloyed in similar conditions as the rectangular
blocks, followed by coarsening in acid. The resulting sample
with weight ~280 mg was electrochemically cleaned and
used for BET measurements for the determination of the
exact value of the dimensionless constant in Eq. (4).

4. Results and discussion

A typical ordered structure of the double gyroid PS-b-
P4VP(PDP), complex is shown in Fig. 2a. The BET surface
area (Sggt) of a double gyroid structure with average liga-
ment size d ~ 68 nm is Sger~ 77 m”g ! as determined
from nitrogen adsorption. Taking as polymer bulk density
p~1gem? and knowing the ligament size d ~ 68 nm,
and the dimensionless constant ~5.8, a specific surface area
S~85m?g ! is obtained for double gyroid structures
using Eq. (4). Sger and S are comparable within a 10%
tolerance.
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Fig. 2. Electron micrographs showing the microstructure of synthesized nanoporous materials. (a) Transmission electron micrograph of an ordered PS-b-
P4VP(PDP), complex, a gyroid structure. This ordered morphology was made by block copolymer self-assembly. (b) Scanning electron micrograph of
nanoporous gold made by the selective dissolution of silver from a gold-silver alloy. (c) Coarsened nanoporous gold ligaments after post-annealing

treatments.

Charging/discharging curves of the seven planar solid
gold electrodes were used to verify the dependence of the
electrode surface area on the quantity of electric charge
transferred during anion adsorption as shown in Fig. 3a.
For each electrode 100 cycles were performed in order to
verify its electrochemical stability, which is relevant for
the investigation of the electrode surface area by charge
adsorption. During the first cycles (approximately the first
10 cycles) the average charge transferred onto a planar gold
electrode was in the range of 4-6 uC cm 2. This corre-
sponds to double layer capacitance values up to
~32pFem 2 These values are comparable to the
~40 uF cm 2 reported in literature during impedance mea-
surement on non-oxidized planar gold surfaces [27,28].

As more cycles are performed, the quantity of charge
transferred onto the planar gold electrodes decreases as dis-
played in Fig. 4a and stabilizes around a value of
~1.5 uC ecm™2, usually after 20 cycles. In order to achieve
reliable measurements of the electrode surface area, atten-
tion was paid to the stable cycles (i.e. ~20-100 cycles). It
was observed that the larger the electrode surface area,
the higher the charging/discharging current (see Fig. 3a).
The variation of the average electric charge transferred
during each cycle as a function of the electrode surface area
is shown in Fig. 4b (for stable cycles). The average charge
adsorbed onto a solid gold electrode (slope of the linear fit
in Fig. 4b) was found to be 1.5 uC cm ™2 It is concluded
that the quantity of electric charge transferred onto a solid
gold electrode is linearly proportional to the electrode sur-
face area. In the next section, this linear dependence will
also be assumed to hold for nanoporous gold electrodes
with unknown surface areas.

A scanning electron micrograph of the microstructure of
a freshly dealloyed nanoporous gold sample is displayed in
Fig. 2b. The average ligament size varies between 11 £ 3
and 29 + 4 nm depending on the initial master alloy com-
position and the coarsening time in acid. Larger ligament
sizes — namely 70 + 20 and 100 + 30 nm — were achieved

by post-annealing treatments. A typical structure of a ther-
mally treated sample is shown in Fig. 2c. The large inho-
mogeneity in the ligament size of the two post-annealed
samples (up to £30 nm) is due to the fact that the micro-
structure of these samples is not uniformly distributed: lig-
aments at the sample surface were observed to be larger
than those in the bulk. This inhomogeneity in structure size
was taken into account during electrochemical investiga-
tion of the surface areas of the two post-annealed samples.

The linear dependence on the adsorbent surface area of
the charge electro-adsorbed onto a planar solid gold elec-
trode was also applied to nanoporous gold electrodes.
Fig. 3b displays charging/discharging curves of three out
of eight nanoporous gold samples with different ligament
sizes. As with planar solid electrodes, 100 cycles were per-
formed for each of the eight nanoporous gold electrodes in
order to take into account the electrochemical stability of
the process. The charging/discharging current intensities
were observed to increase with decreasing ligament size.
This is in agreement with the behavior observed on planar
solid gold electrodes, since small ligament sizes are associ-
ated with large surface areas.

The surface area of each nanoporous gold electrode was
deduced for stable cycles (~20-100 cycles) by comparing
the electric charge adsorbed by each sample to that
adsorbed by a planar solid gold electrode per unit surface
area (1.5 pC cm?) under similar conditions. Correspond-
ing specific surface areas S were plotted as a function of
pd. As shown in Fig. 5, the electrochemical data fit well
with the expression in Eq. (4). The value of the fitting con-
stant was found to be ~10 £ 3 for disordered nanoporous
gold. These results are in good agreement with Eq. (4),
which means that beside nanoporous materials with regu-
lar structures, Eq. (4) can be used to evaluate the specific
surface area of disordered nanoporous materials as well.
In contrast to the computed data (solid markers in
Fig. le) which are all aligned on the corresponding solid
curves, it can be seen that all the electrochemical data
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Fig. 3. Cyclic voltammograms of gold electrodes in the double layer charging regime. (a) Seven planar solid gold electrodes were used to verify the
dependence of the quantity of electric charge transferred during anion adsorption on the electrode surface area. (b) Results of three of the eight
investigated nanoporous gold samples with different ligament sizes. Charging/discharging current intensities were observed to increase as ligament size
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75 cm?

(a) 2s0.0p {s

200.0p -

150.0p 4

Electric charge [C]

100.0y -

cycles

(b) 200 -

160

120

80 -

m data
—— Linear it

40

Electric charge [uC]

0 T T T T T
20 40 60 80 100 120 140

Planar Au electrode surface area [cmzl

Fig. 4. (a) Electric charge transferred onto the planar gold electrodes (four of the seven electrodes) over 100 cycles. The quantity of charge transferred
during the first cycles starts off large and decreases rapidly, stabilizing after 20 cycles. (b) Average charge adsorbed onto a solid gold electrode as a function
of the electrode surface area. The quantity of electric charge increases with increasing electrode surface area.

(red markers in Fig. 5) are not precisely on the solid green
line in Fig. 5. This has to do with the fact that the nanopor-
ous gold samples do not have the same relative density. In
spite of the fact that the material relative density is not
explicitly taken into account in Eq. (4), this analytical
model still gives good predictions (within the experimental
error) of the specific surface area, for small variations in the
relative density.

It can be seen in Fig. 5 that electrochemical data do not
overlap with the BET data. A possible explanation might
be the non-validity of the aforementioned assumption,
according to which electric charge adsorbed onto a porous
gold electrode per unit surface area was assumed to be
equal to that adsorbed onto a planar solid gold electrode
(1.5 pC cm ). It should also be noticed that due to polish-
ing, the effective surface area of the planar solid electrodes
might be higher than the surface areas used to evaluate the
solid electrode charge density. Inaccuracies in the value of
the solid gold electrode charge density will affect the value

of the fitting constant (~10 + 3), but not the qualitative
result, i.e. not the dependence of the specific surface areas
S on pd, as derived in Eq. (4). Another possible origin of
the difference between electrochemical and BET data can
be associated to systematic experimental errors. During
electrochemical investigation of the specific surface area,
the weight and the average ligament size of each nanopor-
ous gold specimen are measured. Possible systematic errors
introduced during these measurements might significantly
affect the specific surface area values and subsequently
the value of the fitting constant. Furthermore, to determine
an adsorbent surface area, a monolayer coverage of the
surface with adsorbates is appropriate. A drawback of
the electrochemical method explored in this paper is that
the precise nature of the coverage of the gold electrode sur-
face by anions is not well-defined: charge transferred dur-
ing electro-adsorption might involve a sub-, mono- or
multilayer coverage. Sub- or multilayer coverage might
give rise to under- or overestimated values for the surface
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Fig. 5. Specific surface areas of nanoporous gold as a function of the
ligament size. The red rhombus data (red makers) corresponds to the
electrochemically measured specific surface areas. The green line is the
prediction from Eq. (4) and the blue circles correspond to BET surface
areas. The first two BET data sets (from the left) are taken from literature
(see Refs. [2,8]). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

areas and subsequently for the fitting constant. Therefore
the value of the dimensionless constant in Eq. (3) was
deduced from BET measurements.

Fig. 6a displays the nitrogen adsorption/desorption iso-
therm curve performed on a 256.6 mg nanoporous gold
sample with average ligament size ~65 nm. This curve is
characterized by a hysteresis loop associated with capillary
condensation at high relative pressure. The curve corre-
sponds to the Type IV isotherms according to the TUPAC
classification, with respect to gas adsorption in macropores
(widths >50 nm) [29]. The initial part (low relative pres-
sures) of the isotherm in Fig. 6a is associated to the mono-
layer adsorption; the quantity of nitrogen gas adsorbed in
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Fig. 6. (a) Nitrogen adsorption/desorption isotherm curve performed on a
nanoporous gold sample with average ligament size ~65 nm. The initial
part of the isotherm curve at low relative pressures corresponds to
monolayer adsorption. (b) The quantity of nitrogen gas adsorbed at low
relative pressures is used by the BET method to determine the specific
surface area. The BET surface area and constant were deduced from the
slope and offset of the linear part of the nitrogen adsorption isotherm.

that range is used for the evaluation of the specific surface
area according to the BET method. The BET surface areca
(Sger ~ 3 m> g) and constant (Cggt ~ 28) were deduced
from the slope (1.446+0.034cm >g) and offset
(0.053 & 0.006 cm > g) of the linear part of the nitrogen
adsorption isotherm (0.05 < p/p® <0.35) as displayed in
Fig. 6b [12-14].

The optimal value of the constant in Eq. (4) for disor-
dered nanoporous materials was found to be ~3.7. This
constant was determined from the above measured BET
surface area (Sggr ~ 3 m? g{1 and d ~ 65 nm), in combina-
tion with literature values for BET surface areas of nano-
porous gold: in Ref. [8], Sgr ~ 10-15m? g~ ! for d ~ 10—
20 nm and in Ref. [2] Sger ~7m?* g~ for d ~ 20-30 nm.
The three BET data (experimental and literature) are dis-
played by the blue dots in Fig. 5. These values are lower
than the electrochemical data, meaning that surface areas
evaluated from anions adsorption were overestimated.

The values of the dimensionless constant in Eq. (4) are
summarized in Table 1 for investigated nanoporous struc-
tures. Using this dimensionless constant, the material solid
bulk density and feature size (ligament or pore size), one
can efficiently evaluate the corresponding specific surface
area.

5. Conclusion

An analytic expression is proposed for the calculation of
the specific surface area of arbitrary nanoporous materials.
Specific surface areas of several types of nanoporous mate-
rials were investigated. The values of the specific surface
areas predicted by the proposed expression are comparable
to experimental values. The proposed analytical model
could be a useful tool for an efficient evaluation of the
specific surface area of nanoporous materials having com-
parable ligament and pore sizes, since it only requires
knowledge of the material solid bulk density and its aver-
age ligament size.
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Appendix A. Dimensional analysis

The starting point is the specific surface area in Eq. (2),
S =flp*, d) that can also be written as:
S = const*(d)"(p*)" (A1)
The corresponding dimensional equation is given by:

() e ()

(A2)
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This is reduced to the linear system:

a—3f=2
{ p=-1 )
the solution of which is:
(o, ) = (—1,-1) (A4)

Eq. (3) can be deduced using the expressions in (Al) and
(A4).

Appendix B. Nanoporous material with cylindrical pores

The objective is to confirm, with an analytical approach,
the validity of Eq. (3). For simplicity a cubic bulk porous
material with cylindrical pores is considered. We define
the following material parameters:

L: size of the cube

d: cylinder diameter

n: number of cylinders in the cube

p: solid density of the material

p*: density of the porous cube

o, relative density of the porous cube

The porous density of the cube and its volume can be
written as follows:

P =pep
V=1L

It is assumed that n is large enough so that cylinders fall-
ing out of cube faces (e.g. half cylinders) can be neglected.
The number of cylinders n can be written as a function of
the ligament diameter d. To this end, we make use of the
relative density. Assuming for simplicity that the cylinders
(pores) are all oriented in the same direction, e.g. in the ver-
tical direction, the upper (solid) surface of the cube A s .y
can be written as:

(A7)

The corresponding (open) surface of the cylinders 4,,;,,
is given by:

Acyl,up = Lz - prL2

_ 2
Acube,up - prL

(A8)
The upper surface of one cylinder as a function of the
cylinder diameter d is known:

nd?

Alcyl,up = T (Ag)

whereas the upper surface of one cylinder can also be writ-
ten as a function of the number of cylinders n, by dividing
the expression in (A8) by n:

L’(1-p,)

n

(A10)

Alcylup =

By comparing (A9) and (A10) the parameters d and n
can be deduced as follows:

[4L*(1 —
n
_ 4L2(1 B pr)
B nd*
The solid surface of one cylinder, i.e. a cylinder side
Alcyl,sidea iS given by

Alcyl“vide = mdL

n (A12)

(A13)

By replacing d in (A13) by the corresponding expression
from (A1l) one can rewrite (A13) as follows:

4n(1 —p,)

2
Alcy/,,vide =L n

(A14)

The total surface of all cylinder sides A, iz i the sur-
face of one cylinder side 4,4, multiplied by the number
of cylinders n:

(A15)

Acyl side — nAlcyl side

By replacing A4 in Eq. (A15) by the expression in
Egs. (A14) and (A15) can be rewritten as follows:
Acyl‘side = L2 47[”(1 - p;) (A16)

Finally, by replacing n in Eq. (A16) by the correspond-
ing expression from Eqgs. (A12) and (A16) is simplified to:

413 (1 —
Acyl,side = % (A17)
Eq. (A17) can further be simplified by replacing L* by 7
4V (1 —
Acyl,side = % (Alg)

The total internal surface area of the cube 4,4/ cupe COT-
responds to the surface area of all cylinder sides:

4V (1 —p,
Awtal,cube = Acyl.side = % (A19)
The mass m of the cube is given by:
m=p -V (A20)

The density p* of the cube in Eq. (A20) can be replaced
by solid density of the material using Eq. (A5):

(A21)
The specific surface area of the cube is obtained by

dividing the expression in Eq. (A19) by the mass (m) of
the cube as given in (A21):

m=p,pV

4(1—-p,)

Seupe = ————= A22
T ppd (A22)
By replacing p, - p by p* Eq. (A22) becomes:

4(1—p,)
e = —————~ A2

Scllbc p*d ( 3)

By replacing (1 — p,) by the porosity ¢, Eq. (A23)
becomes:
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prd
The factor (4¢) in Eq. (A24) represents the dimension-

less constant mentioned in Eq. (3), which means that Eq.

(A24) can be rewritten in the form:

<

pr-d

Seube = (A24)

Scube = (Azs)

i.e. equivalent to Eq. (3) as was the objective of this
Appendix.
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