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Abstract:

The determination of the real, or active, area of a catalytic surface is a key requirement to
understand or quantify parameters related to its electrochemical behaviour. There are several
experimental methods available, but none of them seems to be universally applied in literature.
The choice of method is particularly important when evaluating electrodes made from materials
that may interact with the analyte such as gold (Au) and palladium (Pd). A comparable analysis
has therefore been made which includes four in situ methods (oxide formation, double layer
capacitance, iodine adsorption and electrocatalysis of the Hexacyanoferrate (ll/lll) reductant-
oxidant couple), and two ex situ methods (scanning electron microscopy and atomic force
microscopy). It was found that measurements of oxide formation and the double layer
capacitance gave the largest real surface area whereas scanning electron microscopy gave the
smallest. Considering nanoporous Pd electrodes, the surface area ratio (the ratio between the
real and geometric surface area) ranged from 0.8 (scanning electron microscopy) to 75.4 (oxide
formation) and 76.5 (double layer capacitance). The corroboration between the results suggests
that oxide formation and double layer capacitance provide the most accurate way of determining
the real surface area for the electrode system investigated in this paper.



1 Introduction

The area of an electrode surface is normally defined by its physical dimensions and converted to
a corresponding metric or imperial unit. This may be the true area for an ideally flat surface, but
most real surfaces consist of micro- and nanotopographic structures and trenches that are not
visible on the macroscopic scale. This surface topography may add a substantial increase to the
effective surface area of the electrode, where the ratio between this real area (Ara) and the
geometric surface area (Ageo) is defined as the surface area ratio (Area/Ageo - Which is sometimes
also referred to as roughness factor in literature). A large surface area ratio would create a
higher number of chemically reactive sites and may give the impression of a more active catalyst
compared to a smoother surface of the same material. Consequently, a large surface area ratio
would be an important property for electrodes with a small geometric area in order to improve
their catalytic performance. This comes from the fact that most of the kinetic parameters that
have been published (related to a specific electrochemical reaction catalysed by the electrode as
well as the electrical double layer properties) is referred to the geometric surface area. Hence,
the determination of the real surface area is a key requirement to separate the inherent catalytic
properties of a material (the "turn-over frequency", or the amount of reactions at an active site for
a given time interval) from that related to the surface area ratio.

The most common in situ methods used to determine the real surface area are based on
electrochemistry, where the charge related to an adsorption process or the current generated
from a reductant-oxidant (redox) reaction is measured as a function of the effective surface area
available. Measurements on oxide formation and double layer capacitance are the most
predominant as they are easy to perform, but also adsorption of specific probe molecules from
the solution have been used [1-2]. The surface topography plays an important role here since
the choice of molecular sizes used in the adsorption studies may render the probe molecules too
large to access cracks, pores or grain boundaries that contribute towards the surface area [3].
Also, if the topography is smaller than the diffusion layer of the electroactive species used for the
determination of the real surface area, any contributions from this topography will be masked
away [4]. The type of probe molecules is also important for a given material system. For
example iodine chemisorption, commonly used to determine the surface area of Au electrodes
[5], may not be suitable for Pd electrodes because Pd atoms have an ability to re-order and
change the surface structure in the presence of adsorbed iodine [6-7]. Similar to the effect of
iodine chemisorption on Pd electrodes, underpotential deposition of metals (UPD) could result in
phase transformations between the electrode metal and the UPD metals (e.g. Ag and Cu)
causing surface reconstruction and a change in surface area [8-10]. Moreover, the UPD region
is easily interfered with hydrogen and oxygen adsorption [4].

The most common ex situ methods used to determine the surface area are based on the
adsorption of probe molecules from a gas phase, X-ray diffraction, porosimetry and microscopy
[11-13]. The adsorption of probe molecules from the gas phase, also known as the Brunauer—
Emmett-Teller (BET) method, is achieved by determining the change in mass of the sample
before and after gas adsorption. Like all ex situ methods, it measures the total surface area and
not the electrochemical active area [4]. It is easily interfered with hydrogen and oxygen
adsorption [1]. X-ray diffraction gives information on crystallite size and the degree of dispersion
of the material [14-15], but should be used with other appropriate techniques for surface area
measurements in order to achieve a complete analysis of the surface morphology [4].
Porosimetry is used to find the distribution of pores in a material and estimates the specific area
of the non-porous solid part [16]. This method employs pressurised mercury, which could disrupt
the pore system of thinned walled materials and is also a difficult technique to implement [11].



Microscopy offers resolution from the macroscopic (mm) to the sub nm scale, depending on the
type of microscope used (optical, ellipsometry, spectroscopy, scanning/transmission electron
microscopy (SEM/TEM) or scanning tunnelling microscopy (STM) [4]. Atomic force microscopy
(AFM) permits direct measurements of the topographic features, but the spatial resolution of
these is limited to the size of the microscope probe [17]. In general, microscopy offers
examination of only a small part of the total electrode surface at the magnifications required to
resolve microtopographic features. This part only gets smaller with higher magnifications, and
one needs to assume that the rest of the electrode surface bears similar structural traits if the
real surface area is determined using microscopic techniques. Although AFM has the option to
calculate the surface area directly through the imaging software, manual investigation using
traditional optical or electron microscopes is a time consuming process where the area of
topographic structures needs to be individually assessed. This can be performed according to
the ISO 25178 standard, but this is quite extensive and is meant to be a framework to
standardise computer algorithms used for 3D surface texture analysis.

Although the real surface area is determined experimentally, there are no universal methods
available that can be applied to any electrode material. This is particularly important for
electrodes made from gold (Au) and palladium (Pd) which are commonly used instead of
platinum (Pt). Both Au and Pd offer desirable properties as electrode materials since they are
relatively easy to implement in microfabrication (lower melting temperatures than Pt), they offer
good electrical conductivity, reasonable chemical stability, tunable pore size and a relatively
open pore network [18-19]. Pd is commonly used as a catalyst of automotive exhausts
(especially NO reduction) [20], formic acid oxidation [21-22], oxygen (O2) reduction in low
temperature fuel cells [23], and water purification [24]. Pd is also able to absorb hydrogen by
more than 800 times its own volume [7, 25]. In contrast, Au is commonly found in
electrochemical sensors (immuno-, DNA-, enzyme-based- small molecule- and Raman sensors
[18]) due to its biocompatible nature and the ease of attachment of probe molecules.

The most common method used to determine the real surface area of Pt electrodes is the
standard hydrogen underpotential deposition (Hurp) [4, 26], which has been extended by
McCrum and Janik to identify the proportion of 111, 100 and 110 sites based on calculated
coverages of adsorbed hydrogen and hydroxide [27-28]. As this method works very well for Pt
electrocatalysts, it fails to do the same for Au and Pd electrodes. The desired monolayer
formation of adsorbed hydrogen required to estimate the active area does not form on the
surface of the Au [5], whereas Pd would absorb hydrogen beyond the monolayer concentration
[25].

Consequently, this study focuses on some selected alternative methods that are available in our
laboratories to estimate the real surface area of Pd and Au electrodes. The ex situ methods
include SEM and AFM microscopy while the in situ methods include oxide formation and
reduction from cyclic voltammetry [29], double layer capacitance from electrochemical
impedance spectroscopy, adsorption and stripping of iodine (I) and finally the electrochemical
response of the hexacyanoferrate (ll/1ll), [Fe(CN)s]*/*> redox couple, with subsequent use of the
Randles-Sevcik equation. A comparative analysis was then performed to investigate the
usability, accuracy and potential source of errors of these methods.



2 Materials and Methods

2.1 Electrode fabrication

Nanoporous alumina (AAO) membranes with a diameter of 13 mm, a thickness of 60 ym and
pore diameters of 100 and 200 nm were used as electrode substrates (Anodisc 6809-7013 and
6809-7023, Fisher Scientific, UK). Pellets of Pd and Au (code: EVMPD35SHOT and
EVMAUXX40G, supplied by Kurt J. Lesker, US) were used to deposit thin metal films with a
thickness of 100 and 200 nm respectively by e-beam evaporation. The different pore diameters
were chosen to investigate the relationship between the surface topography and metal
deposition thickness. The substrates were assembled in a custom-made holder taking 10
membranes in one batch. The substrates were rotated at an angle during the evaporation
process in order to improve the material coverage inside the vertical walls of the pores. The
samples were diced into pieces of 0.1 cm? and attached to a standard 1 x 3 inch? glass slide by
silicone adhesive (3140 RTV Coating, Dow Corning, US). Copper wires were bonded to the
sample using silver epoxy (EPO-TEK® EE129-4, Epoxy Technology, Inc., US) to form an
electrical connection to the electrodes. Additional silicone adhesive was then applied to
electrically insulate the copper wires from the aqueous test solution.

2.2 The ex situ surface characterisation methods

Surface analysis was done both prior to and after metal deposition by a SEM microscope (LEO
1550, ZEISS, Germany). The analysis of the SEM images was performed using an image
analysis software (ImagedJ, National Institutes of Health, US), which converted the SEM image
into pixels of black and white. The pores will be visible as white pixels, whereas the remaining
surface consists of black pixels. Based on the scale bar in every picture, the image analysis
software calculates the effective (black) surface area, and with the surface area ratio obtained by
dividing the calculated surface area by the geometrical area of the SEM image. A direct scan of
the surface topography was performed both before and after metal deposition by an AFM (XE-
200, Park Systems Co., USA) operating in a non-contact mode. The cantilevers had a tip height
of 10-15 um, guaranteed tip radius < 10 nm (typical < 7 nm), resonance frequency of 330 kHz
and a force constant of 42 N/m (PPP-NCHR 3U, Nanosensors TM, Switzerland). The material
composition was analysed before and after metal deposition by an Energy Dispersive X-Ray
Spectroscopy, EDS, (SU3500, Hitachi, Japan).

2.3 The in situ surface characterisation methods

2.3.1 Oxide formation (OF)

Hydrogen adsorption-desorption studies used for Pt electrodes was not found to be suitable for
metals such as Au or Pd [4]. A viable alternative would be to quantify the charge affiliated with
the oxide formation and the subsequent reduction as recorded from a cyclic voltammogram (CV)
when the electrode is immersed in 0.5 M H,SO.4 [7]. A Pt coil (P/3640/89, Fisher Scientific
Limited, UK) was used as the counter electrode. All potentials recorded in this study are referred

to a standard Ag|AgCI reference electrode in 4 M saturated KCI (Thermo Scientific, USA). The
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cyclic voltammograms (CVs) of the electrodes were obtained at a scan rate of 50 mV s over a
potential range from 0 - 1.25 V for the Pd coated electrodes, and 0 - 1.5 V for the Au coated
electrodes using a potentiostat (Versastat 3, Princeton Instruments, USA). The reduction charge
of the palladium oxide was calculated as the integrated current with time corresponding to the
potential region of 0.2 - 1.2 V in the negative-going scan (considering that the oxide being
formed is only PdO, and that its reduction is complete at around 0.2 V [7]). The charge density
associated with the reduction of one monolayer of PdO, 424 uC cm2 [7], was then used to find
the real surface area of the Pd electrodes. Analogously, the anodic charge from the gold
oxidation was calculated from a CV in the potential range from 1 V, and up to the Burshtein
minimum value (of about 1.4 V), where a monolayer of gold oxide is formed. The cathodic
charge from the Au-oxide reduction was calculated in the potential region of 0.7 - 1.1 V. The
charge density associated with a monolayer of gold oxide, 386 uC cm [2, 30], was then used to
find the real surface area of the Au electrodes.

2.3.2 Double layer capacitance measurement (DLC)

Measurements of the double layer capacitance at the electrode-electrolyte interface were
performed in a deaerated solution of 0.5 M H>SOs; using an electrochemical impedance
spectroscope (EIS) over a frequency range from 10 mHz to 10 kHz (IM6, Zahner-elektrik GmbH,
Germany). A constant potential of 0.3 V was applied for both the Pd and Au electrodes together
with a 5 mV amplitude sinusoidal AC potential perturbation. The electrical equivalent circuit,
shown in Figure 1, was used in this work to estimate the double layer capacitance and ohmic
resistance. The circuit includes the uncompensated ohmic resistance (R,) between the working
and reference electrodes in series with the double layer interface, comprising of a charge
transfer resistance (R¢) parallel with the double layer capacitance, the latter represented by a
constant phase element (CPE) as validated by the F-ratio test for adding a parameter. The
simulation function (SIM) of the Zahner potentiostat was then used to find the charge transfer
resistance, the Ohmic resistance and the CPE parameters including the constant representative
(Q) and the exponent (n) from a fitting of experimental impedance data to the circuit in Figure 1.
The transfer function of the model is fitted to the experimental data by a Complex Non-linear
Regression Least-Squares (CNRLS) routine which changes the parameters of the model until
the weighted total deviation between the model’s transfer function and all experimental data
points is minimized [31]. The double layer capacitance was then extracted from the CPE
parameters by the following equation [32-33]:

Ca = [Q(RoRc/(Ro+Rc))' "' (1)

Since the double layer capacitance of an ideally smooth surface at 0.3 V is estimated to be 24.5
MC cm? [34] for the Pd electrodes and 60 uC cm-? [30] for the Au electrodes, the real surface
area of the Pd and Au electrodes was found by dividing the double layer capacitance value with
this area specific double layer capacitance.

2.3.3 lodine adsorption (lA)

The iodine adsorption studies were performed by first immersing the electrodes in a fresh
deaerated solution of 1 M H2SO4 for 5 minutes. The solution had been deaerated for 15 min with
N2 before the experiment started and also throughout the experiment. The CVs of both the Pd
and Au electrodes were then obtained in the potential region of 0 to 1.2 V for the Pd electrodes
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and 0 to 1.5 V for the Au electrodes, at a scan rate of 10 mV s'. The electrodes were then
immersed into a deaerated solution of 1 mM Kl in 1 M H2SO4 mixture for 5 minutes and then
rinsed thoroughly three times in separated fresh deaerated solutions of 1 M H2SO4. The CV'’s
were then repeated for the same settings with the electrodes immersed in a fresh deaerated 1 M
H.SO4 solution. The anodic oxidation of chemisorbed iodine follows the reaction [5]:

lag + 3H20 2 |03 + 6H* + 5e- (2)
The active surface area of the Pd electrode can then be determined by the following relation [5]:
A = Qioa/nFT (3)

where A is the area (cm?), Qiod is the electrolytic charge (C) from the oxidation of the adsorbed
iodine at the electrode; n is the number of electrons involved in the oxidation process (n = 5 in
this case); F is Faradays constant (96485 C mol'); and Il (1.04x10° mol cm2) is the calculated
iodine packing density [5]. The net oxidation charge of iodine Qioq in Eq. (3) was found from
subtracting the background charge (Qug) obtained in the iodine free electrolyte from the total
charge (Qut) obtained in the iodine containing electrolyte:

Qiod = Quot - ng (4)

The potential limits of the integration for the charge calculation and the background charge Quqg
are defined in section 3.4.

2.3.4 Hexacyanoferrate (ll/lll) electrocatalysis (FE)

The hexacyanoferrate redox couple is often used as a model electrochemical reaction with its
simple and fast one-electron charge transfer on many surfaces.

[Fe(CN)e]* + e € [Fe(CN)sl* (5)

This reaction leads to a well-defined redox wave on both sides of the reversible potential
(depending on initial concentrations) during potential cycling. Finding the peak current density for
a range of sweep rates allows us to estimate the area of the electrode employing the Randles—
Sevcik equation. This equation describes a linear relation between the diffusion controlled peak
current and the square root of the sweep rate [35-37]:

l, = (0.4463)nFACo(nFVD/RT)"2 (6)

where |, is the peak current (reduction or oxidation), n is the number of electrons participating in
the redox reaction, F is Faradays constant (C mol'), A is the area of the electrode (cm?), Co is
the concentration of the reacting species in the bulk solution (mol cm™3), v is the scan rate of the
applied potential (V s), D is the diffusion coefficient of the reacting species (reduced or
oxidized) in the solution (cm? s'), R is the gas constant (J K' mol') and T is the absolute
temperature (K). Considering a solution at 25°C, the Randles—Sevcik equation becomes:

l, = (2.69x10%)n32AD"2Cov "2 = Slope x V12 )

In this case, n = 1, and the diffusion coefficients in a similar electrolyte are reported to be



DFe(CN)63—= 7.26x10°6 Cm2 s'and DFe(CN)64—= 6.67x10% cm? s™! by Konopka and McDuffie [38] The
electrodes were immersed in a solution of 3 M KCI and 10 mM of KsFe(CN)s. The CVs were
obtained over a potential range of 0 to 0.6 V with a scan rate ranging from 10 to 400 mV s
Although the reduction product [Fe(CN)s]* will be formed on the electrode surface during the
cathodic sweep and be oxidised back to [Fe(CN)s]*- in the anodic sweep within the given scan
rates, only the bulk concentration of [Fe(CN)g]* is known. Hence the real surface area, A, was
estimated from the slope of the linear relation between the cathodic peak current, I, and v,

3 Results and discussion

3.1 Microstructural evaluation

The metal is deposited on the interpore region in a similar way to that observed from sputtered
Pt atoms on porous AAO substrates [39], and are shown in Figure 2a,b and Figure 2c,d for the
Pd and Au electrodes, respectively. Similar images of the native AAO substrates are reported in
a previous study from our group (Figure 2a,b in [27]). The interpore region, taken as the real
area of the substrate, was estimated from the two dimensional (2D) SEM images using the
Imaged software and corresponds to the scanned area with all pores subtracted. Not
surprisingly, such a 2D consideration generates a surface area ratio (real area vs geometric area
ratio) that is significantly lower than 1, due to the large number of pores in the electrode
substrate. A better ex situ approach is therefore to estimate the three dimensional (3D) surface
topography with an AFM both prior to and after the deposition of metal (Figure 3). Although SEM
has the capability to offer some information about surface topography and structure, this
information is much easier quantified with an AFM. It is clear however, that the surfaces appear
to be covered by “rounded” objects or particles, especially around the rims of the pores. Such
features are a typical signature of “cliff’ and “shadow” tip-induced artefacts, also known as tip-
sample convolution effects. These effects are critically related to the actual inclination of the
working cantilever, the tip geometry and the obstructive contacts between the working tip’s
planes / edges and the adjacent particle groups on the scanned surface [40-41]. Hence, tip
convolution effects may mask the real surface geometry and thus generate errors in the
measurement of the surface area. The results obtained from both the SEM and AFM images are
summarized in Figure 4 showing that the surface area ratio obtained by the AFM is around 40 to
50 times larger.

In general, the surface area ratio of the metal coated AAO substrates was found to be larger
than the uncoated ones. The deposited metal results in a thickening of the rims or walls of the
interpore region, which increases the surface roughness and consequently the real surface area
(as suggested from the SEM and AFM images). The larger surface area from Pd can be
explained from an initial cluster formation of the Pd atoms which grow in size and merge into a
uniform (porous) layer. The Au atoms stack more densely on the surface and grow into a
uniform layer without any observable clusters. It was also observed that the electrodes with 100
nm pores have a larger surface area ratio (irrespective of the metal coating) than those with 200
nm pores due to an inherent lower porosity of the substrate.



3.2 Oxide formation (OF)

Cyclic voltammograms displaying the oxide formation and reduction for both the Au and Pd
electrodes are presented in Figure 5. In the positive-going scan, the growth of oxide commences
at about 0.7 V for the Pd electrode and about 1.1 V for the Au electrode and leads to a plateau-
like region until the reverse potential is reached (marked as 1 in Figure 5). Extensive research
has been done in literature, both experimentally and theoretically, in order to understand the
oxide formation and growth on noble metal electrodes [7, 42-43]. The early stage of oxide
formation has not been fully resolved despite massive attention over the last decades (e.g.
Farkas et al.). In this work we consider only the formation of thin anodic oxide films (a-oxides)
through a simplified reaction mechanism directly from water to Pd oxide or Au oxide involving
the transfer of two electrons. The reduction of the thin oxide layers is clearly seen in the
voltammograms in the area 0.5 to 0.3 and 1.0 to 0.8 V in the negative-going sweep for Pd oxide
and Au oxide reduction, respectively (marked as 2 in Figure 5). Thicker oxides (B-oxides) are
only formed when sweeping to higher anodic potentials [7, 44].

In this work, the charge associated with the oxide formation on the Pd electrodes (peak 1 in
Figure 5a) was measured to 3.24 + 0.13 mC and 2.84 + 0.10 mC for the electrodes equipped
with 100 and 200 nm pores, respectively. The corresponding real surface area was calculated to
7.64 £ 0.31 cm? and 6.69 + 0.24 cm?, which translates to a surface area ratio of 76.4 + 3.1 and
66.9 + 2.4 respectively. The charge associated with the oxide reduction of 3.20 + 0.10 mC and
2.81 £ 0.30 mC for the Pd electrodes equipped with 100 and 200 nm pores (peak 2 in Figure
5a), gave a corresponding real surface area of 7.54 + 0.23 cm? and 6.63 + 0.70 cm?. The
surface area ratio was in this case 75.4 + 2.3 and 66.3 + 7.0 respectively.

There is a small but distinct difference in the surface area ratio based on the calculated value
from the oxide formation peak or the oxide reduction peak with the former being larger than the
latter. In acidic solutions, Pd is known to have a much higher dissolution rate than in alkaline
solutions. Thus any dissolution of Pd (eg. Pd - Pd?* +2e°) will contribute to the overall anodic
charge during oxide formation, whereas Pd?* will diffuse away from the surface and not
contribute to the total charge observed during oxide reduction [45]. Hence the reduction charge
would be more accurate, and should be the number considered when calculating the real
surface area in this case.

Considering the Au electrodes, the anodic peak associated with oxide formation (peak 1 in
Figure 5b), starts at 1.1 V and stops at the Burshtein minimum (about 1.45V). The maximum
value was observed at 1.23 V for the electrodes equipped with 100 nm pores, and 1.26 V for the
electrodes equipped with 200 nm pores. The reduction process appears as a single reduction
step (peak 2 in Figure 5b) with a maximum at 0.92 V for both the Au electrode samples. The
charge associated with oxide formation for the Au electrodes with 100 nm pores was measured
to 1.64 + 0.15 mC, which corresponds to a surface area of 4.25 + 0.36 cm?. The charge
associated with oxide reduction was measured to 1.62 + 0.13 mC with a corresponding surface
area of 4.20 + 0.33 cm?. Hence, the surface area ratio was calculated to 42.5 + 3.6 (oxidation)
and 42.0 £ 3.3 (reduction). Considering the Au electrodes with 200 nm pores, the charge
associated with the oxide formation was 1.36 + 0.10 mC which corresponds to a surface area of
3.52 £ 0.15 cm?. The charge associated with the oxide reduction was measured to 1.34 + 0.05
mC which corresponds to a surface area of 3.47 + 0.13 cm?. The resulting surface area ratio
was calculated to 35.2 + 1.5 (oxidation) and 34.7 + 1.3 (reduction).



As observed for the Pd electrodes, there is a small discrepancy between the charges associated
with the oxidation and reduction step also for the Au electrodes resulting in a larger surface area
ratio with the calculation based on the oxidation charge. Due to the acidic environment, some of
the Au could dissolve (Au - Au* + e”) and contribute to the overall anodic charge during oxide
formation. With the gold ion diffusing away, it will not be contributing to the total charge during
the oxide reduction step. Hence, the real surface area should be calculated from the reduction
step.

3.3 Double layer capacitance measurement (DLC)

The EIS results from the measurements conducted in 0.5 M H>SO4 at 0.30 V are given in Figure
6, and the simple equivalent circuit (Figure 1) fits well to the data recorded for the Pd electrodes.
Based on the curve fitting, the double layer capacitance was calculated to 184.9 + 7.7 uF and
157.1 + 8.3 uF for the Pd electrodes equipped with 100 and 200 nm pores, respectively. This
corresponds to a real surface area of 7.65 + 0.31 cm? and 6.41 + 0.34 cm?, resulting in a surface
area ratio of 76.5 + 3.1 and 64.1 + 3.4. For the Au electrodes, the charge-transfer resistance Rc
(Figure 6b) is much larger than the ohmic resistance R, (about 23 x 10° times) and could
therefore be neglected. The equivalent circuit in Figure 1 could be changed into the Ohmic
resistance R, in series with the CPE (see inset (ii) in Figure 6b) which is in agreement with the
circuit used to estimate the double-layer capacitance of the Au electrodes [30]. However, we still
used the equivalent circuit in Figure 1 to fit the data recorded from the Au electrodes so that the
double layer capacitance of the Au electrodes could be compared to those of the Pd electrodes.
Based on the curve fitting, the double layer capacitance values were calculated to 250.4 + 10.3
uF and 200.9 + 35.5 uF for the Au electrodes equipped with 100 and 200 nm pores respectively.
This corresponds to a real surface area of 4.17 + 0.17 cm? and 3.35 + 0.59 cm?. The resulting
surface area ratio was calculated to 41.7 + 1.7 and 33.5 + 5.9 for the Au electrodes equipped
with 100 and 200 nm pores.

3.4 lodine adsorption (IA)

The results from the CV plots of the iodine pretreated Pd and Au electrodes immersed in 1 M
H.SO4 are shown in Figure 7. It was found that the disordered top-most Pd layers are stripped
during the anodic process (the forward scan — peak 1, Figure 7.a), just before the adsorbed
iodine lags™ are desorbed, resulting in a smoothening of the Pd surface [6]. This smoother and
more “planar” surface reduced the charges obtained from the main oxide reduction peaks (the
reverse scan — peak 2, Figure 7.a). By considering peak 2 within the potential region of 0.2 — 0.7
V, the charges accumulated from an untreated Pd electrode with 100 nm pores were measured
to 3.1 £ 0.1 mC which is 12 % higher than the charges associated with the same electrode
pretreated with iodine (2.8 + 0.3 mC). The corresponding values for Pd electrodes with 200 nm
pores were 2.6 £+ 0.1 mC and 1.9 + 0.1 mC respectively (or 38% higher). Therefore, the
untreated samples are shown in comparison and act as a background reference from which the
iodine adsorption measurements are subtracted. The total charges of the electrodes pretreated
with iodine (Qwt) and the background charges of the untreated electrodes (Qyg) were calculated
in the potential region of 0.7 — 1.2 V. If we subtract Qi (6.9 + 0.1 mC and 5.1 £ 0.3 mC for the
Pd electrodes equipped with 100 and 200 nm pores) with Qug of the untreated electrodes (3.4 +
0.1 mC and 2.8 + 0.1 mC respectively), the charges obtained from iodine oxidation (Qi.s) Were
3.6 + 0.3 mC for Pd electrodes equipped with 100 nm pores and 2.3 + 0.4 mC for Pd electrodes
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equipped with 200 nm pores. The surface area, based on Eq. (4) and Eq. (5), was calculated to
7.18 + 0.63 cm? and 5.76 + 0.72 cm?, resulting in a surface area ratio of 71.8 + 6.3 and 57.6 +
7.2 for the Pd electrodes equipped with 100 and 200 nm pores. If one were to calculate the
surface area based on the oxide reduction peaks alone, the following values would be obtained:
untreated and iodine treated Pd electrodes with 100 nm pores (7.42 + 0.34 cm? and 6.6 + 0.6
cm? respectively), untreated and iodine treated Pd electrodes with 200 nm pores (6.24 + 0.23
cm? and 4.5 + 0.3 cm? respectively). Hence the surface area ratio of the untreated electrodes
obtained from the oxide reduction process (74.2 + 3.4 and 62.4 + 2.3 for 100 and 200 nm pore
electrodes) corresponds more closely to that obtained from the iodine oxidation peaks prior to
stripping of the Pd top layers (also comparable to the results from section 3.2).

Considering the Au electrodes, the total charge (Qwt), calculated over a potential range from 1 to
1.45 V (peak 1 in Figure 7.b), would also include the charges associated with the oxidation of
adsorbed iodine and the oxidation of Au. The total charge associated with the oxidation of Au will
in this case form a background charge Quy. The magnitude of Qug from untreated electrodes is
equal to the charge from the oxide reduction process and also equal to the oxide reduction
charge of the iodine-treated Au electrodes (1.7 £ 0.1 mC and 1.4 + 0.1 mC for the 100 and 200
nm pores electrodes, respectively). Hence, Qug can be found from the charge associated with
the oxide reduction process of the iodine-treated Au electrodes - peak 2 in Figure 7.b. After
subtracting Qug from Qiot (Eq. (5)), the charges obtained from the iodine oxidation process (Qiod)
was calculated to 2.1 £ 0.4 mC and 1.6 + 0.2 mC for the Au electrodes equipped with 100 and
200 nm pores, respectively. Based on Eq. (4), the corresponding area was found to be 4.18 +
0.83 cm? and 3.29 + 0.33 cm? for the Au electrodes equipped with 100 and 200 nm pores,
resulting in a surface area ratio of 41.8 + 8.3 and 32.9 + 3.3, respectively.

3.5 Hexacyanoferrate (ll/lll) electrocatalysis (FE)

The cathodic peak currents obtained from the hexacyanoferrate electrocatalysis experiments
using Pd and Au electrodes are given as a function of the square root of the scan rate in Figure
8 using the Randle-Sevcik equation. The top left hand column (LHC) insets include the
representative CVs obtained from the experiments on electrodes equipped with (i) 100 nm and
(i) 200 nm pores. The bottom right hand column (RHC) insets of

show the estimated surface area based on the linear slopes derived from the recorded peak
currents. The CVs obtained from the redox couple [Fe(CN)s]*/* gives well-defined oxidation and
reduction peaks (labelled P.1 and P.2 respectively) during the forward (anodic) and reverse
(cathodic) scan. (Figure 8, insert (iii)).

The cathodic currents from the reduction step was found to be larger than the anodic currents
from the oxidation step in all of the experiments. This can be explained by the constant bulk
concentration of the initial reactant [Fe(CN)e]*- being larger than that of the reaction product
[Fe(CN)g]* since some of the latter will diffuse away from the electrode surface before being
reoxidised back to [Fe(CN)s]*. The diffusion coefficient of the [Fe(CN)g]* involved in the
oxidation step is also lower than the diffusion coefficient of the [Fe(CN)s]* involved in the
reduction step [38]. The results suggests that this is a diffusion limited process where the faster
moving substrate species would yield a larger peak current.

The real electrode surface area derived from the cathodic peaks was found to be 5.14 + 0.27
cm? and 4.17 + 0.32 cm? for Pd electrodes equipped with 100 and 200 nm pores, respectively
which corresponds to a surface area ratio of 51.4 + 2.7 and 41.7 + 3.2. Similarly, considering the
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Au coated electrodes, the surface area was calculated to 3.49 + 0.19 cm? and 2.78 + 0.27 cm?
for electrodes equipped with 100 and 200 nm pores, respectively, corresponding to a surface
arearatioof34.9+1.9 and 27.8 £ 2.7.

3.6 Comparative analysis

The surface area ratios obtained from the different experimental methods are presented in table
1 and graphically illustrated in Figure 9

. The result yields a large range of values when comparing the different methods with each
other, but some general trends are observed. The electrodes equipped with 100 nm pores have
a larger surface area than the ones equipped with 200 nm pores. This mirrors the native AAO
surface where the lower density of pores of the 100 nm membrane results in a larger effective
surface area for any given geometry.

It was also found that the Pd coated electrodes exhibit a larger surface area than the Au coated
electrodes. This can be explained by the cluster formation of the Pd layer resulting in a more
uneven topography which again contributes toward the total surface area ratio.

Evaluating the ex situ methods first, the surface area of the electrodes was initially estimated
from the 2D SEM images. A transition to a more complex 3D interpretation of the surface area
was not performed, and hence this simplification meant that any area contributions in the vertical
(z) direction were not considered. Consequently, the surface area ratio obtained from 2D SEM
images would yield the lowest value and this method is only effective to determine the level of
porosity (holes vs solid surface) of a specific electrode. In fact, the surface area ratio becomes
synonymous with porosity using a 2D SEM approach. In contrast, the missing information in the
z-direction is recorded using AFM, which provides a full assessment of the surface topography
of a sample. However, one of the most important problems with AFM characterization is the
appearance of artefacts caused by the tip-sample convolution effect. Artefacts will generate
fraudulent features that modify the real surface topography and compromise the reliability of any
dimensional information [46]. It is in particular the quality of the AFM images of high aspect ratio
features, such as sharp spikes, deep holes, trenches, rods and cylinders that depends on the
inclination of the working cantilever as well as the sharpness and geometry of the tips [40]. A
typical example is the broadened images of sharp spikes recorded with blunt tips [47], shallow
images of deep holes, pits and trenches [46], and the appearance of “cliff-like” structure or
“shadow” occurrence of rod and cylinder like features with steep sidewalls [48-50]. Considering
these challenges, the obtained surface area ratio will most likely be lower than its true value. The
area of the pores would also need to be considered, but this fraction of the geometrical surface
area (0.2 — 0.4) obtained by the SEM was small compared to the surface area ratio (24 -38)
obtained with the AFM (Table 1).

Considering the in situ methods, four different electrochemical techniques were selected and
compared with each other. In contrast to imaging (SEM) or mechanical surface scanning (AFM),
electrochemical methods require substrates with an electrical conducting layer on top. The
utilization of molecular scale probe molecules (such as the adsorption of lodine,
Hexacyanoferrate (lI/lll), oxygen), or the charge accumulation on the surface, offers the potential
to penetrate any available crack, hole or crevice at the molecular scale. It was found that the
lowest surface area ratio was obtained from the work on the hexacyanoferrate [Fe(CN)s]>/#+
redox couple. The porous nature of the surface may be considered as a kind of nanoelectrode
ensemble where the catalytic active surfaces separated by the pores may exhibit

11



micro/nanoelectrode behaviour [51]. The diffusion mediated transport may be either (i) radial, (ii)
one dimensional linear, or (iii) a combination of these two depending on the scan rate and
separation distances between these catalytic active areas. The linear relationship between the
peak currents and the square root of the scan rate found in this study suggests that mass
transfer to the electrode surface is controlled by a one dimensional linear diffusion. If this
diffusion layer is larger than the surface topography, these topographic structures will be masked
away within the diffusion layer. Any area contribution from these will not be considered and the
surface area will appear smaller than what it really is. At the same time one should note that the
size of the electrode samples used in this study was smaller than that recommended for the
investigation of methods based on one dimensional diffusion limited transport [52]. The
contribution of radial diffusion (edge effect) would promote diffusional transport of the redox
couple at the electrode edges resulting in a larger current and apparent surface area than that
obtained from a simple one dimensional (1D) model. Still, the real surface area found with the
Hexacyanoferrate (Il/lll) redox couple suggests that masking of the surface topography would be
the dominating parameter of these two.

The study on iodine adsorption was not governed by any diffusional limitation, which means that
any available area of the electrode should be available for bonding to iodine. Further, the atomic
scale of the iodine ion should also ensure that nm scale topographies should be included in this
assessment. Hence, the surface area ratio of the Au electrodes estimated from this method is
similar to the one obtained by the oxide formation and the double layer capacitance
measurements. The surface area ratio of the Pd electrodes has the same behaviour as the
surface area ratio of the Au electrodes. One special property of the Pd electrodes is that the
anodic stripping of the disordered top-most Pd layers during the forward scan of CVs happens
just before lags desorption occurs. This results in a smoothening of the Pd surface.
Consequently, multiple CVs running on the Pd electrodes could strip all of Pd atoms on the
electrode surface and eventually destroy the sample. Therefore, area determination of Pd
electrodes based on iodine adsorption should be treated with caution.

The surface area ratio calculated from the oxide formation studies gives the largest values in this
study. Although this method is applicable to both Pd and Au, it is considered to be less reliable
than that based on hydrogen adsorption because the reliability decreases as the affinity of the
metals towards oxygen increases [4]. Moreover when using the approach of determining the
charge formation and reduction of oxide, the values for the reduction or the formation of one
oxide monolayer are very important. The published values of charge densities from one oxide
monolayer range from 386 uC cm? [2, 30], 390 uC cm? [4], 400 uC cm? [30] and 550 uC cm? [5]
for AuO, and from 420 uC cm? [19] to 424 uC cm? [2, 7] for PdO [43]. Since these values were
calculated theoretically or under different experimental conditions, one needs to be careful when
choosing the correct value. The charge densities of 424 uC cm? (PdO) and 386 uC cm=2 (AuO)
used in this study were based on the fact of similar experimental conditions taken from literature
[2, 7, 30]. In order to estimate the real surface area through charge measurements, one must
know the potential at which one monolayer is known to form. In this work, we used the potential
range of 0.2 — 1.25 V and 0.7 — 1.1 V in the negative-going scan for the Pd and the Au coated
electrodes respectively [2, 7, 30]. For the Pd coated electrodes, the maximum potential of 1.25V
vs Ag|AgCl (or 1.45 V vs SHE) was used in this work as recommended by literature [29, 53]. For
the Au coated electrodes, the determination of the potential where the Burshtein minimum
current occurs is ambiguous which affects the choice of the potential range for the charge
determination [54].

It was found that the surface area ratio calculated from the measurement of the double layer
capacitance is similar to that calculated from the oxide formation method. One needs to pay
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attention to the fact that the magnitude of the double-layer capacitance depends on the applied
electrode potential and the electrolytes used [19]. It is therefore important to be aware of the
potential range to which the double-layer capacitance is referred to [19], ranging from 17 to 25
uF cm? [34] for Pd and from 58 to 73 uF cm? for Au [30]. Still, the cross correlation of
comparable data obtained from the measurements on the oxide formation and the double layer
capacitance (two different methods) suggests that these values would offer the most correct
representation of the real surface area for the Pd and Au electrodes.

4 Conclusions

The determination of the real surface area of the porous Pd and Au electrodes was investigated
using commonly known surface characterisation methods. These included both ex situ and in
situ type of analysis that have all been exploited in literature but their limitations for a given
surface have not always been clearly addressed. Both SEM and AFM analysis is universally
applicable for most solid surfaces (both conducting and non conducting) and gives structural
information about surface architecture and geometry. These methods may not provide an
accurate value of the real surface area due to limitations in the instrumentation (resolution) or
the methodology used. Electrochemical methods are applicable for most conducting surfaces.
Both iodine adsorption and electrocatalysis of the Hexacyanoferrate (lI/lll) redox couple gave
larger surface area ratios than the ex situ methods. The largest values were obtained from the
oxide formation and the double layer capacitance measurement since these methods did not
cause any remodelling of the Pd surface nor were they subjected to any diffusion limited
transport of reactants. The similar results in surface area obtained from both the oxide formation
and double layer capacitance measurements act as a cross correlation increasing the
confidence that the correct values were obtained. It is therefore important to choose a method to
determine the surface area that is compatible with the system being investigated and the
experimental conditions used.
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Figure legends

Figure 1: An electrical equivalent circuit of the Pd electrodes.

Figure 2: Surface topography of the electrodes with (a) 100 nm and (b) 200 nm pores covered
with a 100 nm thick layer of Pd. The surface topography of the electrodes with (c) 100 nm and
(d) 200 nm pores covered with 200 nm thick layer of Au. The insets show EDS analysis of the
electrode surface.

Figure 3: AFM images obtained from the electrode surface. Column 1 shows the topography of
the electrodes made from AAO substrates with 100 nm pores. Column 2 shows the topography
of electrodes made from AAO substrates with 200 nm pores. Figure (a) and (b) shows the
topography of native membranes, (c) and (d) shows the topography after deposition of 100 nm
Pd, and (e) and (f) shows the topography after deposition of 200 nm Au.

Figure 4: The surface area ratio of the Au and Pd electrodes based on (a) 2D SEM image
analysis, and (b) 3D AFM image analysis.

Figure 5: CV curves showing (1) oxide formation and (2) oxide reduction in 0.5 M H>SO, of (a)
Pd electrodes and (b) Au electrodes with 100 and 200 nm pores. The scan rate was 50 mVs™".
The arrow shows the scan direction.

Figure 6: EIS curves of (a) the Pd with 100 and 200 nm pores with the curve fitting based on the
equivalent circuit (figure 1), and (b) the Au electrodes with 100 and 200 nm pores based on the
equivalent circuit shown in inset (ii). The full extension of the EIS curves from the Au electrodes
are shown in inset (i).

Figure 7: CV curves in 1 M H2SO4 showing the oxidation of iodine-adsorbed to (a) Pd and (b)
Au electrodes with 100 and 200 nm pores. The plots associated with untreated electrodes are
superimposed. The scan rate is 10 mVs-'. The arrow shows the scan direction.

Figure 8: Peak currents as function of the square root of the scan rate from (a) Pd coated
electrodes and (b) Au coated electrodes. Top LHC insets show the original CVs obtained from
electrodes with (i) 100 nm and (ii) 200 nm pores, with the scan direction shown by the arrow.
The bottom RHC insets show (iii) the real surface areas obtained from the linear slopes using
the Randles—Sevcik equation.

Figure 9: Comparative analysis of the different methods used to determine the real surface area
in this study. The black bar on the centre top surface of the columns represents the standard
error of the mean (n = 3).

Table 1: Summary of surface area ratios vs the area determination methods.
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Table 1

Table 1: Summary of surface area ratios vs the area determination methods.

Electrode Surface area determination method

Material Pore size SEM AFM FE IA OF DLC

Pd 100 nm 08t04 378%t74 514%27 718T63 754%23 765%31
200 nm 07t03 33.0%fse 41.7%t32 576T72 663%f70 64.1%34

Au 100 nm 0704 284%74 349t19  418%T83 420%33 41.7%17
200 nm 0603 244t99 278%t27  329%f33 347%f13 335%s59
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