Downloaded from orbit.dtu.dk on: May 05, 2024

DTU Library

=
=
—

i

The effect of number of layers of nanoporous gold films on their electrochemical
behaviour

Shan, Zhengyang; Jansen, Charlotte Uldahl; Yesibolati, Murat Nulati; Yan, Xiaomei; Qvortrup, Katrine;
Ulstrup, Jens; Xiao, Xinxin

Published in:
Electrochimica Acta

Link to article, DOI:
10.1016/j.electacta.2024.144233

Publication date:
2024

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Shan, Z., Jansen, C. U., Yesibolati, M. N., Yan, X., Qvortrup, K., Ulstrup, J., & Xiao, X. (2024). The effect of
number of layers of nanoporous gold films on their electrochemical behaviour. Electrochimica Acta, 489, Article
144233. https://doi.org/10.1016/j.electacta.2024.144233

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1016/j.electacta.2024.144233
https://orbit.dtu.dk/en/publications/65dbdf20-0582-412b-bd59-ccc4db202d7f
https://doi.org/10.1016/j.electacta.2024.144233

FElectrochimica Acta 489 (2024) 144233

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.journals.elsevier.com/electrochimica-acta

ELSEVIER

The effect of number of layers of nanoporous gold films on their
electrochemical behaviour

Zhengyang Shan?, Charlotte Uldahl Jansen a Murat Nulati Yesibolati b Xiaomei Yan®©,
Katrine Qvortrup ™, Jens Ulstrup ™, Xinxin Xiao "

& Department of Chemistry, Technical University of Denmark, 2800, Kongens Lyngby, Denmark

Y DTU Nanolab - National Center for Nanofabrication and Characterization, Technical University of Denmark, 2800, Kongens Lyngby, Denmark
¢ Lanzhou Institute of Chemical Physics, Chinese Academy of Science, Lanzhou, 730000, China

4 Department of Chemistry and Bioscience, Aalborg University, 9220, Aalborg, Denmark

ARTICLE INFO ABSTRACT

Keywords: Nanostructured material based electrodes are frequently used in electrochemical analysis and catalysis for their
Nanoporous gold multifarious favourable properties. The deep interior surfaces of these electrodes are, however, not often well
FDermc‘?nemethanOl addressed due to diffusion constrains, leading to a poor materials economy. The present work demonstrates
opamine thickness control and manipulation of dealloyed nanoporous gold (NPG) electrodes using a layer-by-layer
Fructose dehydrogenase 1 . ) . . ;
Flectrochemistry method. The viability of the method is confirmed by electron microscopy and electrochemical characterisa-

tion. The effect of the number of NPG layers (from one to five, leading to a thicknesses range of 100-500 nm) on
the electrochemical behaviour is evaluated, based on the 1) redox behaviour of a diffusing redox probe ferro-
cenemethanol, 2) dopamine undergoing proton-coupled two-electron transfer, 3) surface-confined osmium
complex modified redox polymer, and 4) the bioelectrocatalysis of an enzyme, fructose dehydrogenase (FDH).
Notably, the results show that the best performance is achieved for an intermediate number of NPG layers,

suggesting that the tedious efforts in fabricating deep/ thick nanostructures can be optimised.

1. Introduction

Use of nanomaterial modifiers on electrode substrates including
carbon and gold based electrode materials is a well-adopted strategy to
improve the performance of electrochemical analysis and catalysis
[1-4]. Amongst such materials, porous electrodes constitute a major
group of high-specific-surface-area electrodes [5,6], which can be
fabricated by template or non-template methods. They can be used
either directly as functional surfaces, such as in the detection of the
neurotransmitter dopamine with electrochemical surface redox pro-
cesses [7], or as a support surface modified with functional selective
catalysts, such as for immobilized oxidoreductase enzyme bioelectrodes
[2,8]. For the former case, the effective surface area of the porous
electrode is crucial, while the catalyst carrying ability is what matters for
the latter case.

The surface geometry of a porous electrode, especially the pore
diameter plays a crucial role in the resulting electrochemical behaviour.
In a typical so-called dealloying process, gold alloyed with other, less
noble metals (such as Ag, Zn, Cu) are used as precursors, which are

* Corresponding authors.

chemically or electrochemically etched. The less noble metals are
selectively etched. The remaining gold atoms undergo surface diffusion,
and aggregate into clusters and islands rather than spreading over the
surface. This process results in dealloyed nanoporous gold (NPG) in
porous structures with tuneable pore sizes [9-12]. The pore size
(diameter) exhibits an inversely proportional relationship to the real
(electrochemically active) surface. The latter is typically obtained via
surface controlled oxidation of gold atoms at the outermost surface area
[6]). Small pore size is typically preferred given the large surface area.
This is consistent for example with the report by Chen and associates
showing that the highest catalytic response to the electro-reduction of
hydrogen peroxide on a series of variable-diameter NPG electrodes was
obtained at NPG of 18 nm pores with the largest effective working area,
over those of 30, 40 and 50 nm diameter [13]. It is, however, note-
worthy that intermediate pore diameters typically offer the best per-
formance for bioelectrochemical studies when large size enzyme
molecules are immobilized. This could for example explain, why Chen
and associates found that the best response to glucose oxidase (GOx)
catalysed electro-oxidation of glucose was obtained for NPG of 30 nm,

E-mail addresses: kaqvo@kemi.dtu.dk (K. Qvortrup), ju@kemi.dtu.dk (J. Ulstrup), xixi@bio.aau.dk (X. Xiao).

https://doi.org/10.1016/j.electacta.2024.144233

Received 18 December 2023; Received in revised form 6 February 2024; Accepted 6 April 2024

Available online 6 April 2024

0013-4686/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:kaqvo@kemi.dtu.dk
mailto:ju@kemi.dtu.dk
mailto:xixi@bio.aau.dk
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2024.144233
https://doi.org/10.1016/j.electacta.2024.144233
https://doi.org/10.1016/j.electacta.2024.144233
http://creativecommons.org/licenses/by/4.0/

Z. Shan et al.

over diameters of 18, 40 and 50 nm [13]. Biomolecules cannot effec-
tively enter the inner pores especially when the pore size is smaller than
the size of the molecules themselves (including water hydration shells).
Such a pore size effect on bioeletrochemical behaviour has been found,
for example, for cytochrome ¢ on NPG [11], and for bilirubin oxidase
(BOx) on NPG [14], fructose dehydrogenase (FDH) on NPG [15], and
BOx on porous carbon [16].

The depth of the nanostructured region of an electrode or the
thickness of the nanoporous film is another important factor in the
design of porous electrodes. Previous results for the direct electro-
oxidation of glucose on porous platinum electrodes, however, imply
that the tedious efforts in fabricating a very deep/ thick nanostructure
may not always be needed [17], as the deeper pore structure is not
electrochemically addressed. This is especially the case in enzymatic
bioelectrochemistry, as enzyme substrate mass transfer is often the
limiting factor. The simulation of a Hy-air enzymatic biofuel cell (EBFC)
using a three-dimensional porous electrode thus showed that bio-
electrodes thicker than 250 pm cannot further enhance the current
density of the EBFC [18]. On the other hand, Siepenkoetter and asso-
ciates found that higher current density towards the BOx catalysed
dioxygen reduction reaction was achieved on 500-nm-thick NPG films
over those on 100- and 300-nm NPG [14]. Also, NPG films dealloyed
from substrate-supported Au-Ag alloy undergo stress release on volume
contraction, leading to cracks (typically with a length in a range of
200-4000 nm, which is considerably larger that the pore size) on the
NPG. The cracks were found to be larger on thicker NPG films [14].
Crack-free NPG films with different thicknesses are thus needed for
meaningful comparison. NPG films obtained from etching free-standing
Au-Ag leaves are free of cracks [6,9,19].

In order to illuminate the core issue of the importance of the thick-
ness, or depth of nanostructured porous electrodes, we report here a
systematic study of the NPG thickness using a feasible NPG preparation
method that ascertains crack-free NPG preparation. Our preparation
rests on a simple layer-by-layer approach to stack free-standing NPG
films to form a multilayer electrode (Scheme 1). This approach allows
stacking of relatively thin NPG films (= 100 nm or so) thus minimizing
the risk of crack formation. The electrodes were characterized by a va-
riety of structural and electrochemical methods that testify towards the
crack-free nature of the electrode material. The electrochemical
behaviour of the electrodes was probed using different representative
target redox processes i.e.. NPG surface activation in sulfuric acid;
diffusion-controlled ferrocene-methanol (FcOH) voltammetry; surface-
sensitive dopamine monolayer voltammetry; and voltammetry of
surface-bound osmium-complex modified redox polymer. Enzymatic
bioelectrochemical behaviour, i.e., the direct electron transfer (DET) of

Au/Ag leaves NPG films
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Electrochimica Acta 489 (2024) 144233

FDH, on multilayer NPG was also studied. Notably, the optimal perfor-
mance was overall achieved for an intermediate number of NPG layers.

2. Experimental section
2.1. Chemicals and materials

FDH from Gluconobacter sp. (EC 1.1.99.11, activity: 80 U mg 1) was
from Sorachim Chemicals, Switzerland. Sulfuric acid (H2SO4, 95-97 %),
ferrocene-methanol (FcOH, 97 %), 2-mercaptoethanol (HS(CH;),OH,
BME, > 99.0 %), dopamine hydrochloride (DA), fructose (> 99.0 %), di-
sodium hydrogen phosphate dodecahydrate (NapHPO4-12H50, > 99.0
%), sodium phosphate monobasic monohydrate (NaHsPO4-H20, > 99.5
%), and 3,4-ethylenedioxythiophene (EDOT, 97 %) were from Sigma-
Aldrich, nitric acid (HNOs, 70 %) from Fisher Scientific, UK. 0.1 M pH
5.5 Mcllvaine buffer solution was prepared by mixing solutions of citric
acid and NagHPO4. 0.1 M pH 7.0 phosphate buffer solution (PBS) was
prepared by mixing solutions of Na,HPO4 and NaH,PO4 with the proper
ratio. All chemicals were used without any purification, and all solutions
were prepared with Milli-Q water (18.2 MQ cm). [0s(2,2-
bipyridine)s(polyvinylimidazole);oCl1*/2* (Os(bpy),PVI) was a gift
from Prof. Dénal Leech at the University of Galway.

2.2. Preparation of stacked multiple-layer npg films

NPG leaves were fabricated by dealloying ca. 100 nm thick Au/Ag
alloy leaves (12-carat, Eytzinger, Germany) in concentrated HNOj3 for 30
min at 30 °C, Scheme 1. This resulted in NPG films with an average pore
size of ca. 30 nm [9,19]. The NPG films were then attached onto
pre-polished glassy carbon electrodes (GCEs) with a diameter of 4 mm.
When the first NPG film was dry and modified by removing the excess
part covering the GCE, the second NPG film was attached. The elec-
trodes with multilayer of NPG films were prepared by successive
application of the same process. Up to five layers of NPG films can be
obtained in such a “layer-by-layer” approach. Prior to use, cyclic vol-
tammetry (CV) of NPG in 1 M H,SO4 was carried out to create clean
surfaces and left to dry naturally. 15 rounds of CVs were scanned, as it
was found that the voltammograms had stabilized over at least 15 cycles
[9,20].

2.3. FDH immobilization on npg electrodes
Following our previously published protocol [8,21], a self-assembled

monolayer of BME on the NPG electrodes was first prepared by soaking
the NPG electrodes in 3 mM BME solution for 24 h. NPG-BME electrodes
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Scheme 1. The procedure used to prepare stacked multilayers of NPG films.
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were then immersed into 0.6 g/L FDH solution for another 24 h at 4 °C,
leading to the noncovalent binding of enzyme onto the electrode.

2.4. Scanning electron microscopy (SEM)

NPG in various stacking layers were prepared on a normal copper
tape. The morphology and microstructure, as well as the cross-section
profiling, of NPG were characterized by field emission scanning elec-
tron microscopy (FE-SEM, Quanta FEG 200, USA) with an acceleration
voltage of 20 kV.

2.5. Electrochemical characterization

Electrochemical characterization was conducted using an Autolab
instrument (PGSTAT12, Eco Chemie, Netherlands) or a PalmSens 3
potentiostat (PalmSens, Netherlands). NPG and modified NPG elec-
trodes were used as the working electrode. A Ag/AgCl in saturated KCI
solution was the reference electrode and a platinum electrode the
counter electrode. All electrochemical measurements were carried out at
ambient temperature (ca. 20 °C).

To test the electrochemical behaviour of NPG in FcOH and DA, 5 mM
FcOH or 1 mM DA, freshly prepared to avoid auto-oxidation [22], in
Ar-saturated 0.1 M pH 7.0 PBS, respectively was used as electrolyte. CVs
at a range of scan rates were recorded.

PEDOT/Os(bpy)oPVI was electrodeposited in 0.1 M pH 7.0 PBS
containing 2 mM polyethylene glycol 3400, 20 mM EDOT, and 0.5 mg
mil ! Os(bpy)oPVI, with a 300 s pulse sequence of 0.9 V (2 s) and —0.4 V

Electrochimica Acta 489 (2024) 144233

(3s) [23].

To test the electrocatalytic performance of FDH modified NPG [21],
both direct electron transfer (DET) and mediated electron transfer
(MET) processes were studied. For DET, Ar-saturated 0.1 M pH 5.5
Mcllvaine buffer [21] with and without 100 mM fructose was used. 0.1
M pH 5.5 Mcllvaine buffer containing 0.5 mM FcOH with and without
100 mM fructose was adapted for MET with FcOH as ET mediator.

3. Results and discussion
3.1. Morphology of the multilayer npg electrodes

The microstructure of the as-prepared NPG films was characterised
by SEM, Fig. 1. Observed from top view, NPG shows a bi-continuous
porous structure with randomly distributed pores and 30 nm average
pore size (Fig. 1A). Cross-sections of the multilayer NPG films exhibit
distinct boundaries between the layers (Fig. 1B-E). Each layer is about
100 nm thick. The average thicknesses of different samples were
determined to be 187+6 (2-layer), 338+7 (3-layer), 377+9 (4-layer)
and 518+6 nm (5-layer), respectively. Multiple layers are closely
stacked with each other, with no indications of cracks in the films. The
seen gaps in Fig. 1E most likely come from the sample preparation for
SEM. To see the cross-section profile by SEM, NPG films were stacked on
a copper tape and manually cut by scissors. The gap between each film is
also anticipated to be extremely small during electrochemical testing.
Otherwise, the NPG film will be broken during the electrochemical
activation in HySO4. SEM cannot provide information about the

Fig. 1. SEM images of the NPG films in top-down view (A), and cross-section profiles in two (B), three (C), four (D) and five (E) layers. L refers to the thickness of the

corresponding film.
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alignment of the randomly distributed pores which, however, cannot be
well controlled by the present layer-by-layer approach.

3.2. Electrochemical activation of the multilayer npg electrodes

CV of NPG in 1 M H3SO0y4 is an established procedure for gold-based
electrodes, denoted as “electrochemical activation”, as residual silver
atoms on the surface can be removed and a clean gold surface created in
a surface controlled redox process [10]. The outermost gold atoms un-
dergo oxidation at potentials higher than 1.1 V, showing fingerprint
oxidation peaks corresponding to the Au (100), Au (110) and Au (111)
facets, Fig. 2A [6,9,19]. The sharp reductive peak corresponding to the
reduction of gold oxide can be integrated and the total charge associated
with the real, electrochemically active surface area determined [6]. A
constant, the specific charge of 390 uC cm~2 for gold oxide reduction
[24], is widely-accepted to calculate the NPG roughness factor, i.e., the
ratio of the real to the geometric surface area [6].

Fig. 2A shows that the reduction peak increases with increasing
number of NPG layers. The calculated roughness factor displays a linear
correlation to the number of NPG layers, with a slope of 6.7 + 0.2 per
layer, a value that matches well the roughness of a single NPG layer (8.7
+ 1.3) Fig. 2B. The results confirm that almost all the NPG surface, up to
5 layers of ca. 500 nm, can be soaked by 1 M sulfuric acid and electro-
chemically addressed.

3.3. Electrochemistry of redox active molecules on the multilayer npg
electrodes

Voltammetry of several types of redox molecules on the NPG elec-
trodes was recorded. FcOH is commonly used both as redox probe and as
mediator for bioelectrodes [8,21], undergoing a typical diffusion
controlled redox process and thus not very sensitive to the particular
electrode surface. Dopamine is an important neurotransmitter and an
intriguing electroanalytical target. The redox behaviour of dopamine is
sensitive to the electrode surface [25]. Comparison of the CVs of NPG
electrodes between FcOH and dopamine is therefore of importance. We
further investigated CVs of a surface-bound osmium-complex modified
redox polymer, which is a versatile platform for both electrochemical
enzyme immobilization and ET mediation [23,26-29].

CVs of 5 mM FcOH at different scan rates are shown in Fig. 3A-E. A
pair of well-defined, close to reversible oxidation and reduction peaks is
displayed. Both peak heights increase with increasing scan rate, exhib-
iting a perfect linear relationship between the peak intensity and square
root of the scan rate, indicative of a diffusion-controlled redox process.
This pattern is apparent for all the electrodes (1- to 5-layer). The CVs at
the low scan rate of 5mV s ~ ! displays no enhancement with increasing
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number of NPG layers (Fig. 3F), confirming the independence of the
redox behaviour of FcOH on the surface roughness. This is because the
redox process of FcOH is fast, validated from the narrow peak separa-
tions (ca. 73 mV at 5mV s — 1) of the oxidation and reduction peaks,
accomplished when only the outermost regions of the NPG pores are
operative [9,12]. This may also explain why the peak intensities are
slightly enhanced by increasing the number of NPG layers at the high
scan rate of 500 mV s ~ ! (Fig. 3G).

CV of 1 mM dopamine is shown in Fig. 4A-E. Dopamine undergoes a
classical ECE mechanism, where E and C refer to the electrochemical and
chemical steps, respectively [30,31]. The proton-coupled [32]
two-electron oxidation product of dopamine is dopaminoquinone (DOQ)
[25,33]. The redox conversion between dopamine and DOQ occurs be-
tween 0.2 and 0.3 V vs. Ag/AgCl. DOQ is chemically converted into
leucodopaminechrome (LC) via a 1,4-Michael addition [34]. The
proton-coupled two-electron redox reaction between LC and dop-
aminechrome (DC) occurs at ca. —0.2 V vs. Ag/AgCl, with both smaller
current densities and smaller peak separations in comparison to those of
dopamine/ DOQ. Both redox reactions are electrochemically reversible.

The electrochemical detection of dopamine often rests on the dopa-
mine/ DOQ conversion, likely due to its higher current responses than
those of LC/ DC [25]. The same voltammetric pattern as for FcOH is
otherwise observed for dopamine, i.e. the absolute values of the redox
peaks increase with increasing scan rate. Unlike that of FcOH, the cur-
rent densities of the redox peaks are found to be proportional to the
0.62th power of the scan rate (Figure S1). The value between 0.5 and 1
is indicative of a mixed diffusion and surface controlled redox process
[35,36]. This is further confirmed by the observation that the redox
peaks are enhanced by increasing the number of NPG layers at both low
and high scan rates (Fig. 4F-G). Notably the enhancement is not as high
as the increase of the number of the NPG layers (for example only 1.5
fold for 1-3-layers at 600 mV s ~ !, Fig. 4F). It is also clear that
enhancement is no longer obvious when the number of layers is larger
than three. Altogether this implies that a moderate depth profile of the
nanostructure is sufficient for optimized electrochemical sensing of
dopamine. Additional efforts to prepare thicker nanostructures can thus
be spared, which is highly beneficial from the point view of economy of
materials fabrication.

Electrodeposited composite polymer of PEDOT/Os(bpy)2PVI [23] is
another redox probe on NPG electrodes that we have investigated.
Osmium complexes are robust molecular entities as ET mediators, and
also core electrochemical probes due to insignificant structural reorga-
nization and therefore fast, close to reversible “kinetically unhindered”
interfacial ET processes [37]. As the redox polymer is now bound to the
electrode surface, the redox behaviour is surface controlled, suggesting a
linear relationship between peak current and scan rate. In fact, diffusion
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Fig. 2. (A) Cyclic voltammograms (CVs) of variable-thickness NPG film electrodes in Ar-saturated 1 M H,SO4, scan rate 100 mV s ~ !, (B) Corresponding roughness

factors based on integration of the reduction peak of the gold oxide formed.
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also appears involved as the redox film has a certain thickness especially
when swelling in the solution, and the electrons have to “diffuse”, or
“hop” along the Os(II)/(III) centres across the film to the electrode
surface [28,32,38]. Both non-faradaic capacitance currents and faradaic
currents of the single-electron transfer processes of the osmium com-
plexes are enhanced by the number of the NPG layers, which saturates at
four layers (Fig. 5A). After subtracting the background current, the
apparent highest surface coverage of electroactive Os species is achieved
at three layers (Fig. 5A), suggesting that the inner NPG pore regions are
not accessible during the electrodeposition.

3.4. Enzgymatic bioelectrochemistry of the multilayer npg electrodes

Enzymatic bioelectrochemistry of Gluconobacter sp. FDH is a final
variable-layer NPG target of ours. This enzyme is a fructose oxidising,
membrane-bound DET capable and redox active enzyme [39], with
applications in biofuel cells and biosensors. FDH is a heterotrimeric
flavohemoprotein. Subunit I of FDH contains a covalently bound FAD,
where the two-electron oxidation of fructose occurs. Subunit II has three
haems with various redox potentials that transmit the electrons from the
subunit I. Ubiquinone-10 (UQ1¢) is weakly bound to FDH, playing a role
in the intramolecular ET to ubiquinol oxidase [40]. A small subunit III
accounts for structural integrity, and is not involved in the ET pathway.
Very recently, cryo-electron microscopy has disclosed the presence of a
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3Fe-4S iron-sulfur cluster (3Fe4S, E® = —0.130 V vs. Ag/AgCl), serving
as an additional ET relay between FAD (E° = —0.267 V vs. Ag/AgCl) and
haem 3¢ (E® = —0.011 V vs. Ag/AgCl) [40]. Due to the long distance
from haem 2c (E® = 40.065 V vs. Ag/AgCl) and high E° of UQ;, and
haem 1c, these centres are not directly engaged in the DET towards the
electrode surface, although they are involved in the natural biological
ET to ubiquinol oxidase. Instead, haem 2c is widely accepted to be the
ET outlet to the electrode surface (Scheme 2).

2-mercaptoethanol (BME) SAMs on the surface to immobilize FDH
on NPG were first prepared, as the BME hydroxyl terminal group was
previously found to promote FDH in a DET-capable orientation [21].
FDH is then adsorbed onto the NPG-SAM electrodes, with a reasonable
storage stability. The FDH at 4-layer NPG retains 30 % of its DET activity
in the time course of 10 days’ storage at 4 °C (Figure S2). As shown in
Fig. 6A-E, DET profiles towards 100 mM fructose show an onset po-
tential of ca. —0.05 V vs. Ag/AgCl, slightly lower than that of haem 2c
(EO = +0.065 V vs. Ag/AgCl). FcOH further introduced here as a
diffusing mediator (Fig. 6F-J), leads to mediated ET (MET) between FDH
and NPG. The MET current density reflects the total active amount of
surface confined FDH enzymes [21,41], irrespective of their orientation
suitable for DET. Multi-layer NPG gives higher MET signal than that of
the single layer, indicative of a greater enzyme carrying capacity,
attributed to the increased electrode roughness factor. Regarding the
effect of the number of NPG layers, the DET current density of four-layer
NPG gives the highest current density (Fig. 6D and Fig. 7), consistent
with the largest MET current density (Fig. 61 and Fig. 7). Five-layer NPG
does not register a higher response, most likely because the inner layers
are not addressable by the large biomolecule. The results here again

Fructose

Heme 3c

Dk
R
Heme 10%’ ‘25,»‘25/ ;/%

Heme 2¢
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Scheme 2. Schematic drawing of the DET mechanism of FDH (PDB: 8JEJ [40])
at an electrode surface.

indicate that efforts towards preparing thicker and more complex
nanostructures do not necessarily pay off, since a compromise thickness
is the best choice.

4. Conclusions

We have introduced a highly convenient layer-by-layer approach to
prepare a variety of multilayer NPG film electrodes. The properties of
the new films are validated by SEM and multifarious electrochemical
characterization. Particularly, SEM disclosed no structural “cracks” in
the new multilayer NPG structures. The NPG multilayers attached to the
GCE were also found to be closely attached to each other in SEM, and
reasonably considered not to affect the electrochemical tests. The sur-
face oxidation of gold allows determining the roughness factor, which is
the numerical descriptor of the real, electrochemically active surface
area. Importantly, this area was found to be proportional to the number
of NPG layers.

The NPG electrodes were studied in detail for their electrochemical
behaviour, first by straightforward diffusion controlled FcOH voltam-
metry, then by mixed diffusion and surface controlled redox behaviour
of dopamine and surface-bound Os polymer, and finally by the complex
enzyme FDH voltammetry. Increasing the number of NPG layers shows
no enhancement of the FcOH redox waves at low scan rates, but slight
enhancement at high scan rates, indicative that variable electrode sur-
face areas are operative at different NPG electrode thickness. The
enhancement factor is thus not as profound as the roughness factor. The
same applies to the current signals of our other primary target systems,
dopamine, Os polymer, and FDH. A major new result of ours is that we
found that typically three or four layers of our novel variable-layer NPG
electrode materials, corresponding to 300-400 nm thickness, contribute
the best performance for all the multifarious selected systems. Over-
archingly, these results can be ascribed to a compromise between
increased surface area and constrained diffusion.

Our multi-layer NPG electrode materials therefore offer new elec-
trochemical materials science based on controlled preparation of
variable-thickness defect-free (“crack-free”) NPG. The electrochemical
properties of the new NPG materials can furthermore be optimized by
systematic variation of the NPG layer numbers and overall thickness of
the NPG electrode materials. Future projects would suggest fabricating
new configurations of multilayered NPG, such as a hierarchical structure
with the inner NPG structure of larger pore size and outer NPG structure
with smaller pore size, so that diffusion constraints can be alleviated.
Regarding practical application, robust NPG films obtained from sub-
strate supported precursors can be fabricated in a large and massive
scale.
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