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The generation of reactive oxygen species (ROS) via the Fenton reaction
has received significant attention for widespread applications. This
reaction can be triggered by zero-valent metal nanoparticles by con-
verting externally added H,O, into hydroxyl radicals (*OH) in acidic
media. To avoid the addition of external additives or energy supply,
developing self-sustained catalytic systems enabling onsite production
of H,O; at a neutral pH is crucial. Here, we present novel galvanic
nanocells (GNCs) based on metallic Fe/Au bilayers on arrays of nano-
porous silica nanostructures for the generation of self-sustained Fenton
reactions. These GNCs exploit the large electrochemical potential
difference between the Fe and Au layers to enable direct H,O,
production and efficient release of Fe?* in water at neutral pH, thereby
triggering the Fenton reaction. Additionally, the GNCs promote Fe?*/
Fe** circulation and minimize side reactions that passivate the iron
surface to enhance their reactivity. The capability to directly trigger the
Fenton reaction in water at pH 7 is demonstrated by the fast degrada-
tion and mineralization of organic pollutants, by using tiny amounts of
catalyst. The self-generated H,O, and its transformation into *OH in a
neutral environment provide a promising route not only in environ-
mental remediation but also to produce therapeutic ROS and address
the limitations of Fenton catalytic nanostructures.
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New concepts

Here we introduce a novel approach based on galvanic nanogenerators to
efficiently self-produce, for the first time, significant hydrogen peroxide
onsite from water at neutral pH without any additive or energy source to
generate reactive oxygen species (ROS) through Fenton pathways. The
system relies on Fe/Au hemicells coated with mesoporous silica
nanoparticles to generate an exceptional electrochemical driving force.
The large surface area of the hybrid nanogenerator enables not only the
production and release of H,O, and Fe*" as main ingredients of the
Fenton reaction but also the reconversion of the iron cation to maintain
an efficient catalytic circuit. These nanogenerators have demonstrated
their power through the fast degradation of persistent organic pollutants,
in contrast to previous approaches involving external H,0,, very low pH
levels, and high amounts of catalysts. Therefore, these nanogenerators
represent a paradigm shift in Fenton reactions by achieving the
degradation of chemical species at neutral pH without external
additives and utilizing ultralow amounts of catalytic nanomaterial.
Beyond the degradation of water contaminants, these nanomaterials
are promising for the targeted therapeutic generation of ROS,
emphasizing the importance of neutral pH conditions. Furthermore,
their ability to produce valuable chemicals, such as H,0,, positions
them as a transformative strategy with far-reaching implications.

Introduction

Reactive oxygen species (ROS) are highly reactive free radicals
with a wide range of applications, spanning from the removal
of organic pollutants to the destruction of cancer cells."™ One
mechanism to efficiently generate ROS is the Fenton reaction,
which uses H,0, and transition metal cations as catalysts (e.g:,
Fe*', Cu®", Ag") for generating highly oxidant hydroxyl radicals
(*OH). The interest in the Fenton reaction has increased with
the development of highly reactive zero-valent metal nano-
particles (e.g., iron, silver, copper and aluminum),®® which
can efficiently generate metal cations through their corrosion
in water media, as a result of the electron transfer between the
metals and O,.° Iron nanoparticles are the most widely studied
materials due to their low cost, low toxicity, abundance, and
reducing activity.®'°*?
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Zero-valent iron nanoparticles (nZVI) are highly reactive
reagents that can trigger different reaction pathways, such as
redox, adsorption, or precipitation, depending on the reaction
conditions.'® Despite the merits of nZVI in Fenton reactions
and other reaction pathways, they exhibit important limita-
tions. For instance, nZVI can easily aggregate in solution due to
magnetic and electrostatic interactions, decreasing their reac-
tion performance.'® Different support materials, such as silica
or metal-organic frameworks, can be used to overcome such
limitations and increase their stability and reactivity.">"®
Another drawback is their short lifetime due to the surface
passivation of the nZVI system over time caused by the for-
mation of oxyhydroxides or oxides that hinder the electron
transfer from the Fe’ core to the surface. Such a problem is
intensified at higher pH, thus limiting the Fe nanoparticle
activity to a narrow acidic pH range.'”° The surface passiva-
tion can restrict the nZVI applications in environmental reme-
diation when the redox process is the main decontamination
pathway. However, the passivated iron nanoparticles can also
be exploited for pollutant adsorption and co(precipitation)
through chemisorption and electrostatic interactions.*®

To simplify the Fenton reaction with zero-valent nano-
particles, new strategies to minimize the need for external
additives (e.g., H,O,) or energy supplies (e.g., UV light, ultra-
sounds) are needed. The capability to produce H,0, in situ is
therefore very relevant for activating Fenton or Fenton-like
processes to generate ROS with higher oxidizing power.>"
However, the majority of the Fenton nZVI systems have relied
on the external supply of H,O, to achieve proper ROS genera-
tion, which reflects the difficulties in tuning the reactivity of the
nZvi/O, system due to the many dependent reaction para-
meters. Different strategies have been proposed to improve
the nZVI systems, such as introducing other metals or compo-
nents into the nZVI system to create inter-metallic galvanic cells
that enhance iron reactivity. The galvanic effect is induced
when two metals with different electrochemical potentials are
brought into contact, forming a pair of electrodes, acting as the
cathode and anode.>*>* The galvanic effect has been used for a
variety of purposes, including cathodic protection,***° which
involves using a sacrificial metal as the anode to protect a more
valuable metal acting as the cathode. However, the galvanic
effect could also be applied to boost the reactivity of the anodes
for efficient generation of ROS. There are some examples of
ZVI-based systems that use the galvanic effect to trigger reduc-
tive decomposition or Fenton oxidation of analytes, such as Fe-
based metallic glasses, high entropy alloys, and bi-component
systems. Fe-based metallic glass catalysts (e.g., FeB, FeBC,
FeBP, FeSiB, FePC, FeSiBCu, and FeNbSiB) feature high density
of reactive sites due to the formation of local nanosized
galvanic cells between different Fe-rich and Fe-poor atomic
clusters, which promote the rapid degradation of dyes.**° On
the other hand, Fe-based high entropy alloys are typically made
by mixing Fe with roughly equal amounts of multiple metallic
elements, such as Cu, Co, Cr, Ni, Mn, etc. The resulting
materials have been mainly exploited for dye decomposition
through reductive pathways.*® Finally, bi-component systems
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integrating Fe with Co, Ni, Cu, Pt, Pd, or carbon have also been
studied for the reductive trapping of heavy ions or the reduc-
tive degradation of organic contaminants.*™*> However, very
few studies have demonstrated the Fenton-like pathway for
analyte oxidative decomposition. Moreover, in most systems,
external addition of H,O, was required, as the in situ genera-
tion of H,O, was insufficient to stimulate the generation of
°OH radicals. The very few cases that produce in situ sufficient
H,O0, for activating the ROS production were under acidic
medium conditions (pH~3) or using very large catalyst
dosages.*®*8

Here, we present novel highly reactive Fe/Au galvanic
nanocells (GNCs) to generate Fenton reactions, achieved by
merging the large electrochemical potential difference
between the Fe and Au and their high surface area. This
catalytic system is fabricated by depositing a Fe/Au bilayer
on an array of self-assembled porous silica nanoparticles. The
Fe/Au GNCs enable simultaneous efficient release of Fe** and
generation of H,0, to trigger the production of ROS via the
Fenton reaction without the need for any external chemical
additives or energy sources. Moreover, in contrast to previous
Fe-based systems, the Fe/Au GNCs are highly efficient at
neutral pH, requiring very low amounts of catalyst, as demon-
strated by the rapid degradation and mineralization of rele-
vant organic pollutants, like the dye methylene blue and the
antibiotic tetracycline.

Results and discussion
Fabrication of the Fe/Au galvanic nanocells

The Fe/Au galvanic nanocells for Fenton generators consisted
of arrays of self-assembled large-pore nanoporous silica nano-
particles (diameter 200-250 nm, pore size 35 nm) (Fig. S1, ESIY)
on which Fe (60 nm) and Au (20 nm) layers were deposited by
electron beam evaporation, forming a rough bimetallic semi-
shell (Fig. 1a and Fig. S2, ESIt). The nanoporous silica nano-
particles acted as a high surface area support to increase the
reactivity to the bimetallic coverage. In addition, the highly
hydrophilicity of the silica matrix enabled efficient water pene-
tration and, therefore, direct contact of water to both metals.

To assess the reaction mechanisms of the Fe/Au GNCs,
similar structures composed only of a zero-valent Fe layer
(60 nm thick) (Fig. S3, ESIt) and structures with different Fe
and Au thickness and position were also studied.

The experiments were conducted using the Fe/Au or Fe
nanostructured layers attached to silicon substrates to enable
monitoring the fast reaction, which was triggered as soon as the
samples were immersed in water. This approach also provided
a quick and simple strategy for the recovery of the catalyst. The
morphology of the Fe/Au GNCs can be observed in Fig. 1b, ¢
and Fig. S4 (ESIT), showing the obtained metallic Fe and Au
semi-shell layers on the porous silica nano-particles. Impor-
tantly, this fabrication method enabled depositing the metallic
Fe and Au layers without any interlayer passivation.

Mater. Horiz., 2024, 11, 2206-2216 | 2207
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(a) Schematic of the fabrication process of the Fe/Au galvanic nanocells to generate the Fenton reaction, starting with the self-assembly of the

large pore silica particles on a silicon substrate and the subsequent physical vapor deposition of the Fe and Au layers on top. The inset shows a scanning
electron microscopy (SEM) image of one porous silica particle (250 nm); see Fig. S1 (ESIT). (b) SEM image of the self-assembled Fe/Au GNCs (scale bar
200 nm). (c) SEM image of Fe/Au GNCs (scale bar 50 nm). (d) Schematic depicting the galvanic Fe/Au reaction mechanism, showing the main reactions

pathway to trigger the Fenton reaction.

Galvanic reaction pathway

The working principle of the Fe/Au GNCs for ROS generation via the
Fenton reaction is shown in Fig. 1d. The galvanic cell is initiated by
the difference in electrochemical potentials established at the
different interfaces: Fe/Au, Au/electrolyte, and Fe/electrolyte. Part of
the differences in the electrochemical potentials arises from the
large difference in the work function (@) between Fe and Au metals
(Ppe= 4.65 eV, and @, = 5.32 eV).* When Fe and Au come into
contact, the substantial difference in work functions induces elec-
tron transfer from Fe to Au, resulting in the charging of these
materials (Fe becomes positively charged and Au becomes negatively
charged), thus creating a significant potential difference at the
interface. This effect influences the electrochemical potentials at
both metal/liquid interfaces when immersed in water, promoting
their discharge through redox reactions. At the Fe/liquid interface,
discharge occurs by releasing Fe®* ions while transferring the
electrons into the Au metal, driven by the lower Fe nobility,
(E°pe2ypc0 = —0.44 V), thus making Fe the anode. On the Au side,
the discharge is achieved through electron donation to species in the
solution inducing reduction processes within the solution. In this
case, Au acts as an electron intermediary, receiving electrons from
the Fe interface and donating them to the solution provided by its
high nobility (E°x"/a.’ = + 1.83 V) and thus acting as the cathode.
These charge transfers affect the electrochemical potentials at the
different interfaces and contribute to a global and large electroche-
mical difference that sustains an enhanced redox rate and Fe
corrosion over time. There are two possible reaction pathways with
the electrons transferred to the Au layer. The electrons can reduce
the oxygen available in the water to superoxide radicals, which can
then undergo several steps to produce H,O,. Alternatively, the
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electrons transferred to the cathode can directly produce
H,0,. Finally, the released Fe** cations decompose the pro-
duced H,O, to generate the hydroxyl radicals, thus triggering
the Fenton cycle. Therefore, in the Fe/Au GNCs, the Fe layer can
be considered as a reactant that is consumed over time, while
the Au layer acts as a catalyst for oxygen reduction.

To validate this reaction pathway, the self-generation of the
main ingredients needed to trigger the Fenton reaction was
first identified by monitoring the H,0, production and the
release of Fe*" during the spontaneous reaction of the GNCs in
water at pH 7. The detection of the produced H,0, is complex
due to its short lifetime, as it undergoes a fast reaction with the
iron cations. Moreover, most conventional techniques have
high detection limits (about mg L") or require very acidic
medium conditions.*>**>' To overcome these challenges, we
adapted a procedure for detecting H,O, that has been used in
biological samples,®* which relies on an enzymatic reaction to
generate a fluorescent probe of H,0,, whose emission intensity
is proportional to the H,0, concentration. Briefly, H,O,
was detected using the Amplex™ Red reagent (10-acetyl-3,
7-dihydroxyphenoxazine), which is an extremely sensitive per-
oxidase substrate in the presence of the enzyme horseradish
peroxidase (HRP), to produce highly fluorescent resorufin (see
the ESIt and Fig. S5). As an additional advantage, this approach
enables collecting the fluorescence signals at the nanostruc-
tured interface using confocal fluorescence microscopy.

Fig. 2a shows the intensity of the fluorescence emission
spectra of resorufin for the Fe/Au GNCs compared to the Fe
system. The much higher intensity of the resorufin fluores-
cence signal confirmed the enhanced in situ production of

This journal is © The Royal Society of Chemistry 2024
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(a) Fluorescence emission of resorufin for the Fe/Au and Fe nanostructures excited at 488 nm. (b) Fluorescence images of the Fe/Au and Fe

nanostructured surfaces, respectively. (c) UV absorbance of the reaction fluid for the Fe/Au and Fe nanostructures after 15 and 30 min of reaction (for the

detection of Fe ions), respectively.

H,0, in the Fe/Au galvanic nanocell, whereas it was minimal
for the Fe counterpart. After the first ten minutes of reaction,
the H,0, concentration was remarkably higher (36-fold) in the
Fe/Au nanostructures (1.8 pM) compared to the Fe nanostruc-
tures (0.05 puM). This effect was clearly confirmed by the
drastically enhanced intensity in the confocal images of the
Fe/Au nanostructures compared to the Fe nanostructures
(Fig. 2b).

In the Fe/Au GNCs, the release of Fe>" cations can be per-
formed either directly from the rims of the Fe/Au semishells, in
which the Fe layer is not completely covered by Au, or through the
porous and highly hydrophilic silica matrix. The Fe cations release
in water was evaluated via ultraviolet (UV) spectroscopy by detect-
ing their absorption below 300 nm,*® after immersing the Fe/Au
and Fe systems in water. Interestingly, as illustrated in Fig. 2c, the
amount of the released Fe ions by the Fe/Au nanostructures was
significantly higher than that of the Fe counterpart after the
different reaction times, despite the substantially lower iron sur-
face in direct contact with water. The enhanced release of Fe ions
was a direct result of the galvanic effect. It is important to point
out that the Fe ions concentration in water can, in some cases,
decrease over longer reaction times due to the formation of
precipitates either in the solution or on the nanostructured
surfaces, which could decrease the Fe ion absorbance observed
in Fig. 2c for longer reaction times. The galvanic enhanced release
of iron cations was further confirmed and quantified via ICP-mass
spectroscopy, showing concentrations of 430 ppb and 8 ppb
for the Fe/Au and Fe nanostructures, respectively, during the first
15 minutes of reaction.

This journal is © The Royal Society of Chemistry 2024

However, these measurements cannot distinguish the oxida-
tion state of the released ions. To sustain the Fenton reaction,
the reduction of the Fe®" ions into Fe®* is crucial (see the
reaction scheme in the discussion). Therefore, to assess the
capacity of the galvanic generators to keep a high concentration
of Fe** ions necessary to sustain the Fenton reaction, additional
studies were conducted to discriminate and quantify the ratio
of Fe** and Fe** ions generated. We used a spectrophotometric
assay based on the ability of Fe*" ions to form colored com-
plexes with phenanthroline. As described in the ESI,} a calibra-
tion curve for the Fe*/phenanthroline complex was prepared
(Fig. S6b, ESIt) and subsequently used to determine the Fe**
concentration produced by the Fe/Au and Fe nanostructures
after complexing the ion release samples with phenanthroline
(see the absorbance measurements in Fig. S6¢, ESIT). The Fe**
concentration was then calculated by converting the total iron
ion released from the reactors into Fe>" by the hydroxylamine
reducing agent, complexing it with the phenanthroline,
and subtracting the result from the previously obtained
Fe®" concentration. The Fe®" and Fe®' concentrations were
1.56 x 10°° M and 0.76 x 10 °® M, respectively, for the Fe/Au
nanostructures. Meanwhile, for the Fe nanostructures, the Fe**
and Fe®" concentrations were 1.7 x 10’ M and 4.5 x 10’ M,
respectively. Consequently, in the case of the Fe/Au system, the
concentration of Fe*" ([Fe*]) constituted 68% of the total iron
ions ([Fe*"] + [Fe**]), whereas it was only 27% for the pure Fe
system. This result highlights the importance of the Au layer to
recycle the Fe’” ions by reducing them to Fe®". This process is
crucial to sustain the Fenton reaction and to increase the ROS

Mater. Horiz., 2024, 11, 2206-2216 | 2209
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production and reactivity. In addition, the total concentration
of Fe** was ca. 10-fold larger in the galvanic Fe/Au system,
despite the coverage of the Fe layer by the Au layer. However, we
have not observed the complete release of the Fe layer, which
could point towards final Fe passivation that stops the reaction.

These results reveal that the Fe/Au galvanic nanocells can
effectively produce the fundamental ingredients (H,0, and Fe**
ions) to trigger the Fenton catalytic pathway with high effi-
ciency in water at neutral pH without any external additives.>*

Catalytic activity

To demonstrate the additive-free Fenton reaction in water at
neutral pH, the catalytic activity of the Fe/Au and Fe nanos-
tructures was evaluated for the degradation and mineralization
of two typical non-biodegradable environmental pollutants,”*>°
methylene blue (MB) and tetracycline (TC). Importantly, the
catalytic tests were conducted using very low concentrations of
Fe/Au and Fe nanostructures of 14.8 ug mL™" and 14 pg mL™ ",
respectively.

The degradation and mineralization of MB (10 ppm,
3.2 mg L") were analyzed by the decrease of its UV-VIS spectra
(absorbance peak centered at 664 nm) and the quantification of
the total organic content (TOC), respectively. As shown in
Fig. 3a and b, the MB degradation was extremely fast for the
Fe/Au nanostructures, with an almost complete degradation in
the first 15 min, compared to the substantially lower kinetics of
the Fe nanostructures. This clearly indicates the enhanced
reactivity conferred by the galvanic cell formed between the
Fe and Au layers.

View Article Online
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The kinetics of the MB removal process (Fig. 3c) exhibited a
pseudo first-order kinetics for both Fe/Au and Fe nanostruc-
tures, following the equation C, = Coe ™, where C, represents
the contaminant concentration at time ¢, C, is the initial
concentration, and k is the first-order kinetic reaction rate
constant. The k values of the Fe/Au and Fe systems were
0.16 min~" and 0.032 min~ "', respectively. Therefore, the
Fe/Au GNCs had a 5-fold higher reaction rate compared to
the bare Fe nanostructures.

Considering the fast MB degradation kinetics by the Fe/Au
nanostructures, we analyzed the degradation and mineraliza-
tion after only 15 min of reaction (Fig. 3d). After this short
period, the Fe/Au nanostructures achieved 74.8% degradation
versus 32.6% by the Fe counterpart. A similar trend was
observed in the mineralization rate, reaching 64.4% and
19.7% for the Fe/Au and Fe nanosystems, respectively, thereby
confirming the efficient ROS generation by the galvanic effect.
To achieve a similar degradation level, the Fe nanostructures
required ca. 70 min of reaction. For longer reaction times
(90 min), both systems could reach high degradation and
mineralization values, with degradation efficiencies of 94.0%
and 86.3% for Fe/Au and Fe nanostructures, respectively
(Fig. 3f), while the mineralization reached 86.1% and 81.1%,
respectively.

The Fe/Au GNCs did not suffer any significant morphologic
change after the 90 min reaction (Fig. S7a, ESIT), which high-
lights the stability of the deposited Fe/Au layer on the porous
silica nanoparticles. However, to analyze the oxidation state of
the Fe and Au layers before and after the galvanic reaction, XPS
experiments were carried out for the configurations in which
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Fig. 3 Catalytic degradation of MB in the presence of (a) Fe/Au and (b) Fe nanostructures. (c) Comparison of the reaction kinetics for the MB degradation
and their fittings through pseudo-first order-nonlinear kinetics (R%re/au = 0.998, R%r. = 0.997). (d) and (e) Degradation and TOC removal rates after 15 min
and 90 min of reaction, respectively. (f) MB degradation rate in the presence of the ROS quenchers benzoquinone (BQ) and isopropanol (IPA) for the

Fe/Au and Fe nanostructures after 90 min of reaction.
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either the Au or Fe layers were on top (Fig. S7b, ESIt). The first
relevant result is that the Au layer was not oxidized during the
galvanic process and preserved the metallic state when it was
located at the top, whereas there was slight oxidation when Au
was at the bottom, probably due to the higher nanostructura-
tion of the Au layer at the rims when deposited directly onto
porous SiO, nanoparticles (Fig. S4a and b, ESIt). These gold
nanostructures at the rims could be more reactive, and some of
these nanoparticles could also be uncovered from the upper Fe
layer in this region, making Au more susceptible to ROS,
considering that iron provides electrons to gold when they
are in contact, helping to protect Au from ROS oxidation. In
the case of the Fe layer before the reaction, the XPS signal was
negligible when Fe was covered by Au, as this layer completely
screened the XPS signal. In contrast, after the reaction with
MB for 90 min, there was a clear signal of the oxidized Fe
(mainly Fe®"), which can be attributed to the Fe cations that
were released to water during the galvanic process and depos-
ited on the Au surface during the degradation and drying
processes. In contrast, when the Fe layer was on top, the XPS
signal corresponded to metallic iron and essentially Fe**. No
significant differences could be observed between the two
analyzed systems for discriminating the contribution of Fe*",
although a slightly higher Fe*" content can be observed in the
sample with the Fe film on top.

To determine the influence of Fe and Au thickness on
reactivity, MB degradation tests for the following configura-
tions were carried out: Fe 20 nm/Au 20 nm; Fe 40 nm/Au 20 nm;
Fe 60 nm/Au 20 nm, and Fe 60 nm/Au 10 nm (Fig. S8 a and b,
ESIt). These assays showed a significant decrease in the degra-
dation efficiency when either the Fe or Au layers’ thickness was
reduced. The reactivity reduction with the Fe thickness is
consistent with the fact that the Fe layer is a reactant that is
consumed during the process. In contrast, the reactivity
decrease with the lower Au thickness can be due to the poor
coverage of the Fe layer for very thin films, particularly on
rough and high curvature surfaces, such as those of the porous
SiO, layers, thereby enabling a fast passivation of the Fe layer.

Moreover, to determine the effect of the Fe and Au layers’
position, we compared the reactivity of the GNCs when either
the Au or Fe layers were positioned on top (Fig. S8c, ESIT). The
results showed that the Au/Fe galvanic nanocells (Fe on top)
exhibited a substantially lower degradation efficiency compared
to the Fe/Au nanocells (Au on top). This effect could be
attributed to the fast passivation of the Fe layer when it is in
direct contact to water. In addition, when the Au layer is at the
bottom, the generated ROS go through the porous silica matrix
and can be easily deactivated due to their short life times,
thereby contributing to reduced reactivity. Therefore, the Au
protection of the Fe layer is key to ensure the adequate genera-
tion of the Fenton reaction at pH 7 and without any additives.

To further confirm the Fenton reaction pathway and the
generated ROS species, radical quenching experiments were
performed. To this end, isopropanol and benzoquinone were
used as quenchers of hydroxyl (*OH) and superoxide (*O,")
radicals, respectively. As shown in Fig. 3f, when isopropanol

This journal is © The Royal Society of Chemistry 2024

View Article Online

Materials Horizons

was added to the reaction solution, the MB degradation
efficiency declined distinctly to 38.3% and 35.0% for the
Fe/Au and Fe systems, respectively. However, after adding
the benzoquinone superoxide scavenger, the MB degradation
efficiency only slightly decreased to 83.2% and 70.8% for
Fe/Au and Fe nanostructures, respectively. These results
corroborated that the main reactive species for the MB
removal were hydroxyl radicals, with superoxide radicals
playing a secondary role, as expected from the Fenton reac-
tion pathway.

So far, all the experiments were performed with the oxygen
naturally dissolved in water upon contact with air. To show the
importance of the oxygen dissolved in water, measurements of
the catalytic activity of these nanostructures were also per-
formed in a controlled argon atmosphere using MB. Degrada-
tion efficiencies of only 44% and 48% were found for Fe/Au and
Fe nanostructures, respectively, after 90 minutes of reac-
tion (see degradation curves in Fig. S9, ESIt). As expected, a
decrease in the degradation rate was observed due to the
absence of oxygen dissolved in the solution, and consequently,
to the lack of H,0O, production. The limited degradation activity
could potentially be attributed to the presence of residual traces
of oxygen in the solution. However, we cannot rule out other
degradation mechanisms, such as reductive degradation or the
generation of ROS via possible in situ oxygen generation
through heterogeneous catalysis involving metal surface hydro-
xides. It is well-documented that under neutral pH conditions
and in the absence of oxygen, the most likely reaction is the
formation of hydrogen gas and hydroxide ions (Fe + H,O —
H, + OH ).”” The produced hydroxide ions can be adsorbed
onto the metallic surface of metals, promoting the generation
of oxygen in the anodic regions of iron. In line with this, there
are many studies on iron-based electrocatalysts that promote
oxygen evolution reactions via hydroxides.’® ®" In that case, the
reaction kinetics would be significantly slower, which explains
the low degradation rate in the absence of oxygen, particularly
affecting the Fe/Au system. Furthermore, the catalytic activity
was also assessed in the presence of oxygen-saturated water
through oxygen bubbling. In this case, almost no MB degrada-
tion was observed in either of the systems, primarily due to
rapid iron passivation.

To show the strength and versatility of the Fe/Au GNCs,
their high reactivity was also demonstrated by the degrada-
tion and mineralization analysis of the pollutant tetracycline
(40 ppm, 17.7 mg L"), again at neutral pH and without the
addition of H,0, (Fig. 4a and b). The absorbance spectra of
TC significantly decreased (72.3%) in the presence of the Fe/
Au nanostructures (Fig. 4c). In contrast, the Fe nanostruc-
tures showed poor performance towards TC degradation,
with only 33.6% removal (Fig. 4c). These results were corre-
lated with the obtained mineralization efficiencies of 69.4%
and 29.4% for Fe/Au and Fe nanostructures, respectively
(Fig. 4d). In addition, the kinetic constants were estimated
to be 0.081 min " and 0.013 min~* for Fe/Au and Fe nano-
structures, respectively (Fig. 4e), thereby demonstrating the
higher reactivity of the GNCs.
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Fig. 4 TC degradation in the presence of the (a) Fe/Au and (b) Fe nanostructures. (c) Degradation and TOC removal rates. (d) Comparison of kinetic
fitting of TC decay through pseudo-first order-nonlinear kinetics (R%re/au = 0.996, R%. = 0.992) and (e) the corresponding reaction rates (k).

Discussion

The comparative degradation studies of MB and TC clearly
indicate the enhanced performance of Fe/Au with respect to Fe
catalytic nanostructures, which is ascribed to the galvanic cell
formation in the bimetallic system. The electrochemical
potential difference between both metals is the driving force
to accelerate iron oxidation and the transfer of the released
electrons to the Au region for the efficient reduction of O, to
H,0,. The in situ generation of iron cations and H,0, is the
basic ingredient for triggering the generation of *OH and Fe>*
as outlined in the chemical equations below.

Fe’ + 0, + 2H' - Fe*' + H,0, 1)
Fe’* + H,0, — Fe** + *OH + OH"~ (2)
Fe*" + H,0, — Fe?' + *HOO + H' (3)

Fe’ + 2Fe*" — 3Fe” (4)
Fet 4o 2% pe?t 5)

Therefore, the hydroxyl radicals play a key role in degrading
the organic pollutants. However, an efficient regeneration of
Fe** to Fe*" is also key to sustaining the redox catalytical loop
and the efficacy of the degradation process. In the absence of
Au, the Fe** reduction is mainly accomplished with the released
electrons at the Fe® interface. However, it is known that the iron
cations, and particularly Fe®", can easily hydrolyze water and
form iron hydroxides or react with oxygen to form oxides, which
passivate the metallic iron over time, thus hindering the
electron transfer and mass transport of reagents and products.

2212 | Mater. Horiz., 2024, 11, 2206-2216

The efficacy of the high-driving force galvanic cell to channel
electrons into the Au layer also creates a source of electrons for
the regeneration of Fe** into Fe®* [eqn (5)], leading to an
enhancement in the reconversion rate of Fe?'/Fe*". Indeed,
signatures of the enhanced Fe** production at the Fe/Au
nanostructures were observed through spectrophotometry,
where 68% of the iron cations in the solution were in the form
of Fe’* in the Fe/Au system, whereas only 27% were observed
for the Fe nanostructures. This result reinforces the claim of an
enhanced ion reconversion rate at the heterogenous galvanic
cell. The increased recovery rate of the Fe** helps to efficiently
sustain the Fenton cycle while minimizing the side reactions of
the formation of iron hydroxides/oxides at the iron surface. The
acceleration of Fenton-type reactions also led to more complete
degradation of the organic compounds, with fewer by-products
being produced, as proved by the TOC mineralization analysis.

Another benefit of using the Fe/Au galvanic system is
the capacity to operate the reaction at neutral pH. Generally,
Fe-based catalysts show their optimum activity at acidic pH (~ 3).
Increasing the pH significantly decreases the activity of the
Fe-based systems due to the formation of the hydroxide/oxide
passivating layers. In contrast, the Fe/Au nanostructures can oper-
ate at a more neutral pH while maintaining their high catalytic
activity. This effect can be ascribed to the accelerated Fenton
reaction process and the fast iron cation reconversion through
the high reducing power of the Au layer. This effect allows the
ROS-mediated degradation reaction being the dominant pathway
and minimizing the occurrence of competing side reactions.

To contextualize the performance of the catalytic Fe/Au
GNCs with respect to other Fenton galvanic cells reported in

This journal is © The Royal Society of Chemistry 2024
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Table 1 Comparison of the reported studies with Fenton galvanic cells for the degradation of MB and TC together with the results of this work

Methylene blue (MB) removal

Catalyst Catalyst dosage  [MB] H,0, supply pH D.E. k (min™1) norm (min~' g™
Fe/Au” 0.015g L' 32mgL" No 7 94.6% 0.16 10.6
Fe” 0.014 g L" 32mgL" No 7 86.3% 0.032 2.3
Fe/CNTs plates*® 20mg L* No 3 — 0.0852 —
Fe/C® 1.25gL7" — 57 mM 3 100% — —
Fe/C®® 125gL! — No 3 <20% — —
Fe/Ni® 2gL" 600 mg L~" 50 mM 4.76  61.4% 0.022 (303 K)  0.011
Fe/Ni® 2¢gL" 1000 mg L™ No 4.76  30.8% 0.012 (303 k)  0.006
Methylene blue (MB) removal using amorphous alloys

FeBC™? 05gL " 20mg L " 0.2 mM 3.5 0.16 0.32
FeSiB*’ 05gL " 100 mg L™* 1 mM 3 95% 0.37 0.74
FePC*® 05gL™" 100 mg L™* 1 mM 3 95% 0.56 1.12
FeB*’ 05gL " 20 mg L* 1 mM 3 — 0.302 0.60
FeSiB*’ 05gL" 20mg L* 1 mM 3 — 0.111 0.22
FeSiBPNbCu*! 24gL? 60 mg L™" 0.1 M — 67.76% 0.018 (353 K)  0.008
FeSiBPNbCuNi*' 2.4 gL' 60 mg L™* 0.1 M — 99.99% 0.065 (353 k) 0.027
FeBC®® 0.05 g L™* 20 mg L™ 2 mM 3 — 0.19 (298 K) 3.8
FeBP®® 0.05gL™" 20mg L" 2 mM 3 — 0.13 (298 K) 2.6
FeSiB** 05gL " 20 mg L* 1 mM 3 ~43% (Mineralization)  0.692 1.38
FeSiBCuNb™** 05gL " 20 mg L 1 mM 3 ~20% (Mineralization)  0.099 0.198
FePCCu* 05gL " 100 mg L™* 1 mM 3 — 0.34 0.608
FeCoPCCu®® 05gL " 100 mg L~* 1 mM 3 — 0.47 0.94
FeCrNbYB*? 0.5gL! 100 mg L™* 2 mM 3 — 0.182 (303 K)  0.364
FeSiB** 0.05gL" 20mg L* 1 mM 3 — 0.9 18
Tetracycline (TC), oxytetracycline (OT) and chlortetracycline (CTC) removal

Fe/Au” 0.015g L TC17.7mgL ' No 7 72.3% 0.081 54
Fe” 0.014gL " TC17.7mgL ' No 7 33.6% 0.013 0.93
Fe/Cu®® 12gL™" TC8pugL™* 2¢L7" 7 85.1% —

Fe/Cu/C™° 05gL" CTC50mg L' No 3.6  70.7% 0.294 0.59
Fe/Cu”" 5¢gL" TC 50 mg L ™" 50 mM 3 97% 1.122 0.22
Fe/Pd/rGox"® 01gL™? OT100 mg L™  No 5 96.5% 0.056 0.56
Fe/pt"’ 05gL" OT100 mgL™' No 5 99.2% — —
Fe/Cu™" 02gL" OT 100 mgL™"  No 5-6  71.4% — —
Fe/Ni*! 02gL’ OT100 mgL™"  No 5-6  62.3% — —

% This work. D.E.: degradation efficiency.

the literature, Table 1 has been included. The table collects
various parameters of different studies addressing the degrada-
tion of MB and TC (e.g., catalyst dosage, external H,0, supply,
pollutant concentration, degradation efficiency, and reaction
rate constants). The normalized rate constants (kyorm) With
respect to catalyst dosage have also been indicated for easier
comparison. The cells in the table that are colored blue indicate
the use of external H,0,, acidic pH conditions, or large
amounts of catalyst (>0.05¢ L™"). The cells highlighted in
yellow indicate normalized rate constants above 5. The table
also includes the reaction conditions and results obtained
using the Fe/Au and Fe nanostructures of the current work.
While MB has been extensively studied using other galvanic
systems, there have been very few studies on the degradation of
TC using Fenton galvanic cells. Most of the studies on TC
involve the removal of antibiotics, primarily through adsorp-
tion. Therefore, we have also included studies on derivatives of
TC, such as oxytetracycline (OT) and chlortetracycline (CTC).
In the case of MB, the reported studies required either an
external supply of H,O, or the maintenance of highly acidic
conditions (pH~3), or a high catalyst dosage. One of these
studies stands out due to its very high normalized rate constant
of 18, which was achieved through a complex pretreatment of
the catalyst involving high annealing temperatures and ball

This journal is © The Royal Society of Chemistry 2024

milling, in addition to the use of external H,O, or the adjust-
ment of the operating pH to 3. With respect to TC degradation,
most of the studies were performed under more acidic condi-
tions and using large dosage of catalysts.

Under this comparative context, the galvanic reactors
reported in this work exhibited a very relevant improved
degradation performance for both MB and TC under very mild
conditions at which the other reported systems are ineffective.
These results emphasize the benefits of the Fe/Au GNCs due to
their capability to produce in situ sufficient H,O, to trigger the
Fenton reaction. This has been achieved by forming a galvanic
cell with a high driving force and a large surface area that
allows operation at neutral pH and with a very low amount of
catalysts, as reflected in the high normalized rate constant
obtained.

Notably, the Fe/Au GNCs can be easily detached from the
substrate by ultrasonication and dispersed in a liquid. Thus,
they have the potential for their use in therapeutic applications,
particularly in cancer treatment, due to their ability to generate
high levels of ROS. Typically, in Fenton-based cancer treat-
ments, high concentrations of nanoparticles are required to
reach high ROS levels in order to be toxic to cancer cells.®
Additionally, Fenton-based therapies often fail to treat tumors
with only the endogenous hydrogen peroxide concentration.®®
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In contrast, Fe/Au nanostructures, which rely on efficient self-
supplying H,O, could potentially offer high therapeutic effi-
ciency at very low particle concentrations (~10 pg mL ') to
produce sufficient local ROS concentrations to kill cancer cells.
Additionally, the magnetic character of the iron layer allows for
a straightforward magnetic targeting of the tumors.®*°

Conclusions

In summary, Fe/Au galvanic nanocells, fabricated using a
simple and scalable method, presented excellent degradation
performance of persistent organic pollutants by triggering
Fenton-like reactions at neutral pH without any additives or
external energy sources. One of the key advantages of the Fe/Au
nanostructures is the in situ formation of H,0,, which was
detected using a novel adaptation of an H,0O,-mediated enzy-
matic reaction. Additionally, the high reducing capability of the
Au layer enhances the Fe**/Fe®" regeneration in the Fenton
catalytic loop, minimizing competing and undesirable side
reactions that could lead to the fast passivation of the catalyst.
The results of the ROS scavenging experiments confirmed
hydroxyl radicals as the main reactive oxygen species for
pollutant degradation. Compared to the other reported sys-
tems, the self-powered galvanic Fenton nanogenerator
described here shows enhanced performance for MB and TC
degradation (degradation efficiencies of 94% and 72.6%,
respectively), with a very small amount of catalyst, at neutral
pH and without the need for any additives or external power
sources.

In addition, the system has high potential for tuning its
reactivity. As it is composed of plasmonic and magnetic mate-
rials, the ROS reaction could be further enhanced by locally
increasing the temperature through the activation of plasmons
using NIR light or by applying alternating magnetic fields.”*”*
In turn, the mass transport of reagents and products could be
facilitated by magnetic stirring’*”> using alternating magnetic
fields to induce the rotation of the nanostructures.”®

The operational conditions of this system, including the
neutral pH, the endogenous production of H,0,, and the use
of a very small amount of catalyst to initiate the process, as
well as its magnetoplasmonic capabilities, make the Fe/Au
GNCs promising for biomedical applications, such as cancer
treatment through ROS therapy.””””° For this application, the
galvanic Fenton nanogenerators should be surface engi-
neered to control the ROS reaction by using protective coat-
ings, thus enabling the reaction to be activated at the desired
time and location. For example, they could be easily coated
with different smart molecules, including lipid coatings,
various enzymes, or pH-responsive smart molecules, which
could also be activated using magnetic/NIR light heating only
within a specific tissue region. Therefore, the combination
of the galvanic and magneto-plasmonic properties of these
nanostructures could open up a wide range of potential
applications.
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