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ARTICLE INFO ABSTRACT

Keywords:

The development of new, efficient, chemoselective, and seemingly stable catalysts to rapidly convert 4-ni-
Shape-controlled electrodeposition trophenol into 4-aminophenol, which is a particularly valuable chemical within multiple industries, is highly
5U-8 molds required. The use of non-toxic and non-corrosive chemicals for 4-aminophenol synthesis presents further chal-
E{’:l?:g:;;ﬁ’i?: lithography lenges. We show a simple and scalable shape-controlled electrodeposition using a dual-template method for the

synthesis of well-defined porous Au micropillar array electrodes to enhance electrocatalyst stability, efficiency,
and durability during the electroreduction of 4-nitrophenol. Consequently, we avoid the use of toxic and ag-
gressive chemical reducing agents and minimize the production of residues. Surface areas up to 55.2m*g ! are
achieved, which represent a substantial improvement over non-architectured Au film electrodes. Porous Au
micropillars exhibit excellent yields €100 %), chemoselectivity (other byproducts are not detected), and a high
kinetic constant of 2.5 x 102 min~?, which is impressively higher than those reported recently for Au thin films
or Au-based electrocatalysts.

4-aminophenol

1. Introduction

4-aminophenol is an important chemical within multiple industries.
It is a developer in the photography industry and is an intermediate in
the pharmaceutical and dye industry [1-3]. For instance, it serves as an
intermediate not only in the synthesis of paracetamol, a medication
used worldwide that appears on the World Health Organization’s list of
essential medicines [4,5], but also in the manufacture of sulfur and azo
dyes, which have important applicability in the textile, leather, and
alimentary industries [6].

The chemical reduction of 4-nitrophenol to 4-aminophenol by so-
dium borohydride is considered a model reaction for metal nano-
particles due to its well-studied kinetics and associated color changes
[7,8]. Two routes for the synthesis of 4-aminophenol are the hydro-
genation of nitrobenzene [9,10], or the nitration of phenol followed by
the chemical reduction of the resulting 4-nitrophenol by sodium bor-
ohydride although other reducing agents such as hydrazine have been
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used as well [11-13]. However, these methods require the addition of
toxic reagents as opposed to an electrosynthetic route that allows for
direct control over the movement of electrons. A reactant can be con-
verted into a desired product by precisely controlling the potential and
current, thereby eliminating extra-toxic reagents typically found in
organic synthesis [14]. Organic electrosynthesis is performed primarily
in aqueous solution, not in organic solvents, which minimizes the
production of residues as well as allows important reductions in energy
and resource consumption [15,16].Electrosynthetic reactions can be
further tuned by introducing a proper electrocatalyst or by employing
an indirect electrosynthesis mechanism [17]. However, the electrode
surface can become contaminated and passivated during the course of
the synthesis. Additionally, the reaction is confined to the electrode
surface or near it, resulting in longer synthesis times, although this can
be compensated for by using electrodes with more surface area [18,19].

A precursor to 4-aminophenol, 4-nitrophenol is a significant water
pollutant identified by the United States Environmental Protection
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Agency, which finds its way into water supplies because of chemical
plant discharge and as the byproduct of the degradation of pesticides
from agricultural runoff [20,21]. Previous methods employed for the
degradation of 4-nitrophenol in wastewater have been the photo-
catalysis of water splitting by a semiconductor such as zine oxide or
titanium dioxide [22-24]. The process works through the generation of
hydroxyl radicals that then chemically oxidize 4-nitrophenol in solution
[25]. Importantly, 4-nitrophenol is a redox-active molecule and nu-
merous materials have been shown to be capable of electrochemically
detecting it, such as graphene oxide, gold, platinum, or bismuth
[26-30]. The electrooxidation of 4-nitrophenol into ammonia and
carbon dioxide has been demonstrated on boron-doped diamond elec-
trodes previously [31]. Studies focused on the electrooxidation of 4-
nitrophenol showed that a simultaneous electroreduction of 4-ni-
trophenol occurs at their stainless steel cathode which, at a basic pH,
produced a solid film of 4-aminophenol with no discernable inter-
mediates or byproducts [32].

Here we present the direct electrochemical reduction of 4-ni-
trophenol into 4-aminophenol using a novel gold electrode. The elec-
trode fabrication uses colloidal crystal templating to generate a na-
noscale, three-dimensional template that is filled through gold
electroplating. The colloidal crystal template is removed through
plasma etching leaving an interconnected and nanoporous geometry
with a roughness factor 25 times higher than that of a gold film elec-
trode. The use of gold as the electrode material reduces the effect of
hydrogen evolution when compared to platinum, which can lead to
undesirable byproducts. Gold also increases the stability of the elec-
trode against degradation, and the electrode is shown to be stable for
multiple electroreduction cycles. The structural identity of the elec-
trosynthesized product has been elucidated by means of 'H nuclear
magnetic resonance (NMR) spectroscopy, thereby revealing the suc-
cessful formation of 4-nitrophenol, as expected. The transformation of
4-nitrophenol into 4-aminophenol has been monitored by means of
high performance liquid chromatography (HPLC) and UV-vis spectro-
scopy. HPLC also confirmed that no by-products were generated during
the electrolytic process. Thus, porous Au micropillars enable the
quantitative, clean and ecofriendly transformation of 4-nitrophenol.

2. Experimental
2.1. Dual template electrosynthesis of well-defined porous gold micropillars

A novel ordered porous Au micropillar array electrode has been
successfully fabricated by combining a dual templating method uti-
lizing SU-8 molds and colloidal crystal lithography with galvanostatic
electrodeposition. The multi-step process is described in detail below:

¢ Fabrication of SU-8 molds: Micromolds obtained by UV-LIGA
technology (see Supporting information for details) were used as
templates to produce Au electroplated micropillars. All preparation
steps for the template fabrication were performed in a Class 10.000
cleanroom (Empa in Thun). The template design consisted of a
matrix of hollow cylinders with an external diameter of 225 pm, an
internal diameter of 25 pm and an interdistance of 50 um between
the patterns. Fig. la gives the dimensions of the molds and the
corresponding array exposed on the wafer.

e Colloidal crystal templating: The SU-8 molds were then pretreated
with an oxygen plasma during 12min at 400 W and 450 mTorr
(Muegge STP Compact, Muegge GmbH) to make the template hy-
drophilic and allow for good penetration of the colloidal suspension.
The molds were then filled with deionized water (18.2 MQ2 cm) by
vacuum impregnation to remove the possibly trapped air. A com-
mercially available colloidal suspension (Sigma-Aldrich) consisting
of SiO, spheres (5 % w/w) with an average diameter of
500 + 20nm was used to create the crystal templates. 150 pL of
suspension was poured onto the wetted substrate, and the sample
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was left in an oven at 55 °C until evaporation was completed. The
ordering of the spheres occurred through the combined effect of
gravity, attractive capillary forces due to surface tension effects, and
convection induced by evaporation, forming colloidal crystals ex-
hibiting a FCC structure [33-35]. The crystal templates were
thereafter heated in an oven at 170 °C. This step would favor in-
terconnections in the particle network and enhance the cohesion of
the colloidal structure [36], thereby limiting the risk of dis-
aggregation during the subsequent steps. Higher curing tempera-
tures have been reported for SiO, spheres [37], but the glass tran-
sition temperature of cross-linked SU-8 requires the annealing
temperature to be below 200°C to safely prevent any structural
changes in the micromolds [38-40]. A summary of the aforemen-
tioned colloidal crystal templating process is given in Fig. 1b.
Gold electrodeposition: The dual templates previously produced
were treated prior to electrodeposition with an oxygen plasma at
600 W for 6min (PVA Tepla PlaTeG, PVA Industrial Vacuum
Systems GmbH) to ensure a good penetration of the electrolyte in-
side the templates along with a uniform nucleation of Au, which
would thereafter favor the formation of a continuous network [33].
Electrodeposition was carried out using a three-electrode setup with
the previously prepared sample as a working electrode, a mixed
metal oxide coated titanium anode (Platinode 187 SO, Umicore) as a
counter electrode, and a saturated Ag/AgCl/Cl™ electrode as a re-
ference electrode. A potentiostat (PGSTAT 302 N, Metrohm Autolab
B.V.) along with the NOVA software (version 2.1) was used to
perform the deposition in galvanostatic mode at a current density of
—5mAcm 2 for 6h.

Au was deposited from a commercially available aqueous cyanide
based electrolyte (AURUNA 5500 EF, Umicore) containing 16 g L™ * of
Au(l) in a volume of 500 mL. The pH of the bath was adjusted to 5.5
with citric acid (CgHgO7) 2 M and ammonium hydroxide 28-30 %. Both
CgHgO7 and the ammonium hydroxide solution were supplied by
Sigma-Aldrich. The process temperature was adjusted to 40 = 1°C
using a temperature-controlled circulator (F12-ED, Julabo) coupled to a
double walled cell for temperature control.

The obtained electrodeposited pillars were polished through a two-
step process using an automatic polishing machine (M.M.8400, Lam
Plan SA). A lapping plate and 6 pm sized diamond particles were first
used to etch away the overgrowth. A polishing plate along with 3 pm
sized diamond particles were then utilized to get a flat and smooth top
surface. Diamond particles (Neodia Biodiamant) were supplied by Lam
Plan SA as well. The photoresist along with SiO, nanoparticles were
removed by plasma etching for 2 h at 400 W and a temperature of 60 °C.
The process pressure was 450 mTorr and with gas flow rates of
875 scem of O,, 30 scem of CF, and 50 scem of No. The microstructure
of the electrodeposited Au was separately investigated by electroplating
a thin Au film onto an oxygen plasma pretreated (Muegge STP
Compact, Muegge GmbH) Au/Cr/Si substrate without an SU-8 tem-
plate. Deposition was carried out at -5mA cm ™2 during 70 min in direct
current mode to reach a final thickness of approximately 20 pm.

2.2. Characterization of porous gold micropillars

The morphology of the micropillars was observed using a field-
emission scanning electron microscope (FE-SEM, Hitachi S-4800,). The
structural characterization was conducted with high-resolution X-ray
diffraction using a Bruker D8 Discovery diffractometer in the Bragg-
Brentano configuration with CuK, radiation. Au (111) peak along with
the Scherrer equation were used to estimate the grain size. The mass-
normalized electrochemical active surface area (ECSA) and the rough-
ness factor (RF, i.e. ratio between the ECSA value and the geometrical
area of the electrode) values were calculated by integrating the charge
associated with the reduction of Au oxide in the cyclic voltammograms
recorded in 0.5M sulfuric acid at the scan rate of 100mV s .
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Fig. 1. (a) Schematic of a pillar geometry and the corresponding array. (b) Schematic of the colloidal crystal templating, with a cross-section view of the setup used

for the process. Scale bar: 200 ym.

Electrochemical surface area was estimated assuming that the charge
required to reduce superficial Au oxides was 390 pC cm ~? [41,42]. The
electrochemical experiments were performed at 25°C using a three-
electrode electrochemical cell with our Au working electrode, a Pt wire
counter electrode, and a Ag/AgCl/KCl (3 M)/NazSO,4 (0.5 M) reference
electrode. In order to normalize the ECSA values, the total mass of Au
was determined by using inductively coupled plasma mass spectroscopy
(ICP-MS). Au electrodes were digested using a conventional digestion
method with a mixture of hydrofluoric acid and nitric acid for ICP-MS
analysis.

2.3. Electrosynthesis of 4-aminophenol

4-aminophenol was selectively electrosynthesized by potentiostatic
electrocatalyzed reduction of 4-nitrophenol on Au-based electrodes
from a 5mM 4-nitrophenol and 0.4 M sodium sulphate (pH = 2, ad-
justed using dilute sulfuric acid) solution at 25 °C. Electrochemical ex-
periments were carried out in a conventional three-electrode cell using
an Autolab with PGSTAT 302 N (Metrohm Autolab B.V.) equipment and
NOVA (version 2.1) software. Bare and porous Au micropillars elec-
trodes were employed as electrocatalysts, and consequently, as working
electrodes during the electrosynthesis of 4-aminophenol. The reference
and counter electrodes were a Ag/AgCl/KCl (3 M)/Na,S0, (0.5 M) and
a Pt wire, respectively. Cyclic voltammetry (CV) was carried out at
25°C at a scan rate of 100mV s~ ! in order to select the most adequate
potential range for the electroreduction of 4-nitrophenol. The po-
tentiostatic electroreduction of 4-nitrophenol was conducted also at
25 °C under magnetic stirring (400 rpm).

The electrocatalyzed reduction of 4-nitrophenol over Au-based
electrodes was monitored by UV-vis spectroscopy and HPLC.
Absorption spectra were recorded with a UV-1800 Shimadzu UV-vis
spectrophotometer (Shimadzu Corporation). The kinetic progress of the
electroreduction of 4-nitrophenol was tracked by measuring the time-
dependent absorbance of 4-nitrophenoxide at 400 nm. HPLC chroma-
tograms were recorded with a Waters 2795 Alliance HT Separations
Module equipped with a Waters 2996 photodiode array detector. The

HPLC instrument was coupled to a ZQ micromass 2000 mass spectro-
meter. The column used was an X-bridge Shield RP18 (particle size:
3.5 pm, internal diameter: 2.1 mm, length: 100 mm). The mobile phase
flowed at 0.5mL min~'. The mobile phase used was a gradient from
CH;CN and H,0 95:5 v/v (both containing a 0.1 % v/v of formic acid)
to pure CH3CN. This gradient was applied over a period of 9 min. HPLC
solutions were prepared using Millipore-MilliQ water and acetonitrile
of HPLC-MS grade (VWR-BDH Prolabo). The structural identity of the
electrosynthesized product was confirmed by "H NMR spectroscopy. 'H
NMR (400 MHz) spectra were registered with a Varian Mercury spec-
trometer. 'H NMR spectra were processed with the MestRec Nova
software (version 10.0). NMR spectra were recorded in dg-DMSO after
liquid-liquid extraction. The catalyst stability and reusability was
proved by measuring the electroreduction activity of 4-nitrophenol for
6 cycles under the same reaction conditions. After the six cycles, mor-
phological analysis of Au-based electrodes and ECSA values were also
determined.

3. Results and discussion
3.1. Electrosynthesis and characterization of porous gold micropillars

As described in Section 2.1, micropillar array molds with a 25 pm
internal diameter were produced by UV lithography. The molds con-
sisted of an 80 pm thick SU-8 photoresist coating on an Au-coated si-
licon wafer. Molds dimensions were chosen to obtain a final pillar as-
pect ratio in between 2 and 3. UV-LiGA molds were plasma pretreated,
filled with deionized water, and thereafter with the colloidal suspension
of monodisperse silicon dioxide spheres, left for evaporation, and fi-
nally cured in an oven.

A good filling of the molds with SiO, nanoparticles was achieved
after sedimentation. As shown in Fig. S1, colloidal crystals exhibiting
different sized grains with a hexagonal arrangement, in agreement with
the (111) plane of the FCC structure, were obtained. The surface of the
dual template after annealing highlights the presence of dislocations, as
a result of internal stress buildup induced by the sedimentation profile
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Fig. 2. (a) FE-SEM micrographs of porous Au micropillars. Scale bar: 2 pm. (b) XRD pattern of the Au thin film in the 30°-90° 20 region. (c) Cyclic voltammetry (forty

cycles) of bare Au and porous Au micropillars electrodes in H,SO,4 0.5 M solutions at room temperature at a scan rate of 100mV s~ .

and the substrate's topography, along with vacancies, similar to those
inherently present in a crystalline solid.

The dual template previously prepared was pretreated with oxygen
plasma and vacuum impregnated with the Au electrolyte to ensure
uniformity in the deposit. The deposition process was then performed in
galvanostatic mode, at an optimized current density of —5mA cm ™2,
Au micropillars were slightly overgrown after electrodeposition, re-
sulting in caps visible on top of the UV-LiGA molds, as shown in Fig. §2.
The sample was mechanically polished to get a flat and smooth top
surface.

Fig. 2a shows SEM pictures of the nanocrystalline porous Au mi-
cropillars after the reactive ion etching step. The good uniformity of
gold after electroplating confirms that a good filling of the molds as
well as a good packing quality of the spheres prior to electrodeposition
was achieved. A long-range ordering throughout the height as well as
inside the pillar confirms this observation. It can thus be postulated that
SiO, spheres did undergo plasma pretreatment and electroplating
without any apparent significant change in their ordering. As clearly
shown in Fig. 2a, the porosity is uniformly distributed over the entire
surface with no visible non-porous region. Importantly, the average
pore size of all the samples was maintained at around 500 nm, which is
in good agreement with the average size of the SiO, nanoparticles,
thereby indicating that the gold matrix was not subjected to any de-
formation mechanism affecting its final microstructure in the steps

1

following electroplating.

The microstructural characterization was conducted from a thin Au
film electroplated at the same current density of —5mA cm 2 as was
used for the micropillars preparation. The X-ray diffractogram plotted
in Fig. 2b shows a clear (111) preferred texture of the film, with an
average grain size of 42nm as determined by the Debye-Scherrer
equation assuming a shape factor of 0.9, in good agreement with pre-
viously reported works [5]. It is worth noticing that the 100 nm Au seed
layer is expected to contribute to the intensity of the corresponding
peak in the X-ray diffractogram as it covers all the wafer surface.

The mass-normalized ECSA and the RF values (Table 1) of porous
Au micropillars were estimated from the CV that was recorded in a
0.5M sulfuric acid solution with a scan rate of 100 mV s~ ' (Fig. 2¢).
Au-based electrodes were scanned within the potential range corre-
sponding to the formation of a superficial oxide layer (1.2 to 0.5 V). The

Table 1
Pore diameter, roughness factor and mass-normalized ECSA values of bare Au
and porous Au micropillars electrodes.

Pore diameter /  Roughness factor ECSA /

nm (RF) cm? mg~ 1
Bare Au - 2.8 1.4
Porous Au micropillars 500 + 30 70.5 55.2
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Fig. 3. Cyclic voltammograms under stationary conditions of 5mM of 4-ni-
trophenol and 0.4 M of Na,SO, (pH = 2) on bare Au and porous Au micropillar
electrodes at a temperature of 25°C and at a scan rate of 100 mVs™'.

charge density involved in the Au oxidation-reduction of porous Au
micropillars demonstrates the important increase in effective and ac-
cessible areas of the micropillar array gold electrode per fixed geome-
trical area when compared with bare Au electrodes (approximately 25
times lower).

Consequently, porous Au micropillar array electrodes were effec-
tively fabricated by a simple and scalable multi-step process based on
dual template electrodeposition. The as-prepared porous micropillar
electrodes possess well-defined and uniformly distributed pores, with
high specific surface areas, which render them strong candidates for
electrocatalytic applications compared to continuous films. Note that
this approach can be extended to prepare more complex architectures.
In general, it is important to note that Au electrodes are the most sui-
table electrocatalysts for 4-nitrophenol electroreduction, due to its high
overpotential to hydrogen formation preventing significant hydrogen
coevolution during 4-nitrophenol electroreduction which avoids the
generation of undesired byproducts and extra power waste [43,44].

3.2. Electrosynthesis of 4-aminophenol

Fig. 3 depicts the cyclic voltammetry of the electrocatalyzed re-
duction of 4-nitrophenol (5mM) on Au-based electrodes in 0.4 M of
Na,SO4 (pH = 2) at a scan rate of 100mVs~'. The voltammograms
were typically scanned from +0.0 to —0.6V versus an Ag/AgCl/KCl
(3 M)/Na3S04 (0.5 M) reference electrode. In that range of potentials, a
large reduction peak (R) was observed, attributed to the irreversible
reduction of 4-nitrophenol to 4-hydroxyl aminophenol; no oxidation
peaks were observed on the reverse sweep under these experimental
conditions [44-50].

The high surface area promoted by porous Au micropillars com-
pared with that of bare Au electrodes improved efficiency but did not
shift the reduction potential in terms of porosity, especially meso-
porosity, which could dramatically change the surface reactivity. Based
on the results shown by cyclic voltammograms, a potential of —0.4V
versus an Ag/AgCl/KCl (3 M)/Na,SO,4 (0.5 M) electrode was selected
for the electrosynthesis of 4-aminophenol. The electrosynthesis of 4-
aminophenol, under the selected conditions, was a mass transfer-con-
trolled process. For this reason, the electroreduction was performed
under magnetic stirring conditions (i.e., 400 rpm). Note that the porous
size of the micropillar microstructures was approximately 500 nm, a
size that was sufficiently large to consider that linear diffusion occurs
inside the overall structure, i.e., it was unnecessary to take into con-
sideration any possible spherical diffusion. Stationary reduction current
values were recorded in the electrosynthesis process, and correspond to
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Fig. 4. (a) HPLC chromatogram of the electrolytic bath after 180 min and (b)
'H NMR spectrum, recorded in dg-DMSO, of the electrolytic bath extracted with
diethyl ether.

a limit current density (jy).

The electrosynthesis of 4-aminophenol via the electroreduction of 4-
nitrophenol proceeded in two stages; nitrophenol was selectively elec-
troreduced to 4-hydroxyl aminophenol, after which a nucleophilic at-
tack by water on the aromatic ring of 4-hydroxyl aminophenol formed
4-aminophenol. Using dilute sulfuric acid and adjusting the pH of the
electrochemical media proved to be critical in the completion of the
electrosynthesis of 4-aminophenol [49-53]. The HPLC chromatogram
(Fig. 4a), recorded after 180 min of electrolysis, reveals that not only
was 4-nitrophenol quantitatively converted into products but also that
no parallel undesired reactions occurred during electrolysis. Indeed, a
unique peak, with a retention time of 0.72 min, was detected in the
corresponding HPLC chromatogram. Furthermore, the structural iden-
tity of the electrosynthesized product (4-aminophenol) was confirmed
by means of "H NMR spectroscopy. For this purpose, the acidic elec-
trolyzed solution was extracted with diethyl ether. Under these condi-
tions, 4-nitrophenol was selectively transferred to the organic layer and
isolated after distilling off the solvent under reduced pressure. As ex-
pected, the '"H NMR spectrum of the residue, dissolved in dg-DMSO,
shows two doublet signals centered at 6.40 and 6.46 ppm (3J =8.8 Hz),
belonging to H* and H®, respectively (Fig. 4b). In addition, two broad
singlets peaking at 4.36 and 8.32 ppm are also observed, ascribable to
the amino and phenol functions of the molecule, respectively.

To analyze the performance of porous Au micropillars, the po-
tentiostatic electroreduction of 4-nitrophenol was achieved using bare
Au and porous Au micropillar electrodes (Figs. 5 and S3). As expected,
porous Au micropillars exhibited a significantly higher current density
than the bare Au due to the former’s higher effective surface area. The
spectroscopic monitoring of the process was evaluated by measuring
the temporal evolution of the absorbance of 4-nitrophenoxide at
Amax = 400 nm, taking advantage of the significant absorption of this
species in the visible region of the electromagnetic spectrum in alkaline
medium (Figs. 5a and S3b). The simultaneous appearance of an ab-
sorption band at 310 nm, ascribable to 4-aminophenoxide, is also ob-
served. For those measurements, 40 ul. of the reactant solution was
diluted into 3mL of 0.5M NaOH in advance in order to record the
UV-vis spectra. The color of the alkaline solutions also proved the
electroreduction of 4-nitrophenol, as a change in color from yellowish
to colorless was observed. The electroreduction of 4-nitrophenol when
Au bare electrodes were used was significantly lower (i.e., yield of 19.4
% after 180 min of reaction) than with porous Au micropillars (i.e.,
yield of 99.0 % after 180 min of reaction), possibly due to the highly
accessible surface area. The kinetics of the process was also evaluated
chromatographically from the diminishment of the integrated area of
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Fig. 5. (a) Time-dependent UV-vis spectra and (b) the corresponding kinetic rate and (c) HPLC chromatograms showing the evolution of the peak corresponding to 4-
nitrophenol (tg =5.8 min) over time and (d) the corresponding kinetic rate for the 4-nitrophenol electrocatalyzed reduction using Au porous micropillars at 25 °C.

the peak at 5.8 min, corresponding to 4-nitrophenol, over time (Fig. 5c).

According to the Langmuir-Hinshelwood (L-H) model, when the
concentration of the reactant is low, a pseudo-first-order reaction can
be used to determine the kinetics of the process. Therefore, the ap-
parent rate constant normalized by mass of gold or surface area (k in
Table 2) was calculated by fitting a mono-exponential decay function to
the data (absorbance at A.x versus t for UV-vis spectroscopy or in-
tegrated area versus t for HPLC). Note that the kinetics of the electro-
reduction of 4-nitrophenol using porous Au micropillars was approxi-
mately 23 times greater than that with Au bare electrodes. A
comparable enhancement is to be found through roughness factors
since its value for porous Au micropillars was approximately 25 times
greater than that of Au bare electrodes, which evidences that the
electroreduction rate was proportional to the accessible surface area.
That trend was confirmed by mass-normalized kinetic constants (i.e.,
the ratio of the rate constant k to the weight of the Au catalyst in each
electrode). Thus, the reaction rate constants per unit mass were cal-
culated to be 0.7 and 26 min~'g ! for the reduction on the bare Au
and porous Au micropillar electrodes, respectively. However, the ki-
netic constant normalized by real surface area was identical for bare Au
and porous Au micropillar electrodes hence indicating that the surface

Table 2
Apparent kinetic constants for 4-nitrophenol electroreduction at T = 25°C.

1004 .

Electroreduction / %
59

80

Reusability / cycle

Fig. 6. Electroreduction efficiency of porous Au micropillars during 6 con-
secutive recycling cycles at -0.4 V versus Ag/AgCl/KCl (3 M)/Na,SO, (0.5M).

Electrode k / min~" k /min~'em™? k/min ‘g’

UV-vis spectroscopy HPLC UV-vis spectroscopy HPLC UV-vis spectroscopy HPLC
Au bare 1.1x10°? - 5x10 4 - 0.7 -
Porous Au micropillars 2.5 x 10 2 3.3x10 2 5x10°1 6x10" 26 34
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reactivity was essentially the same for both electrodes despite dissimilar
textures.

In an extended analysis of the potential of porous Au micropillar
electrodes, their electroreduction yield during six cycles was measured
(Fig. 6). The surface morphology (Fig. S5) and infrared spectra (Fig. S6)
of porous Au micropillars were also examined after their reuse. Among
the results, the activity, morphology, and surface functionalization ex-
hibited no significant changes after the six cycles of reuse, which re-
vealed their excellent stability as well as the absence of deactivation
through poisoning during the electrocatalytic and reuse processes.

The electroreduction of 4-nitrophenol was thus shown to be an ef-
ficient and environmentally friendly method for the synthesis of 4-
aminophenol since the use of potential dangerous and toxic redox
agents was substituted with an electric current, while both high yields
and high chemoselectivity were achieved.

4. Conclusions

The study presented here aims for the development of highly active
and stable micro-architectured Au electrodes for the rapid and green
conversion at room temperature of 4-nitrophenol into 4-aminophenol
by a dual-template method utilizing SU-8 molds and colloidal crystal
lithography through the galvanostatic electrodeposition technique. The
major findings of this work can be summarized as follows:

- A simple, green, and scalable multi-step process for the electro-
synthesis of architectured porous Au micropillar array electrodes
was developed. The process was based on the use of a dual template
method combined with galvanostatic electrodeposition of Au. Note
that the technological process described in this work can be easily
implemented at an industrial level, consequently extending it to
other possible applications in different fields.

The electrodeposition allowed the fabrication of well-defined mac-
roporous Au micropillars, forming an accessible 3D porous network
with high specific surface areas (55.2m?g~ ") and high roughness
factor (70.5).

The high accessible surface area aforementioned was found to be
closely linked to the remarkably high catalytic performance ex-
hibited by architectured Au-based microelectrodes. The high ver-
satility of colloidal crystal templating combined with electro-
deposition opens up the way to producing electrocatalysts and
sensors, among other applications, with enhanced effective area.

A green and environmentally friendly pathway based on the elec-
troreduction of 4-nitrophenol has been proposed for the electro-
synthesis of 4-aminophenol and under possible convenience for the
decontamination of wastewater. Importantly, the experimental
conditions investigated in this study offered both excellent conver-
sion yields (approximately 100 %) and chemoselectivity (no other
byproducts were detected) while avoiding toxic reducing agents.
The porous Au micropillars revealed that the yield, chemoselec-
tivity, and catalytic performance were retained during several cy-
cles, thus confirming that the structure retains its excellent stability
as well as the absence of deactivation over multiple electrocatalytic
processes.
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