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old embedded in inkjet-printed
PVA hydrogels: flexible catalysts for ambient
phenol degradation

Nizzy James, a Sean Collins, cd Quentin Ramasse,bc Kevin Critchley a

and Stephen D. Evans *a

Inkjet-printed gold nanotape (AuNTp) structures embedded in polyvinyl alcohol (PVA) hydrogels provide

a reusable, high-surface-area platform for catalytic degradation of phenol and 4-nitrophenol (4-NP)

under ambient conditions. AuNTps, featuring distinct three-dimensional “heads” and atomically thin

quasi-one-dimensional “tails”, enhanced catalytic activity in both reduction and oxidation reactions.

Compared to spherical gold nanoparticles (AuNPs), AuNTps are nearly twice as catalytically efficient for

4-NP reduction on a per-mass basis, reflecting the influence of anisotropic morphology on surface-

sensitive electron transfer. In contrast, phenol oxidation shows weaker morphology dependence, likely

proceeding through hydroxyl radical-mediated pathways that are less sensitive to catalyst shape or facet

structure. To enable rapid substrate diffusion and facilitate reuse, AuNTps were formulated into PVA inks

and inkjet-printed into micrometre-thick hydrogel mesh architectures (8 to 15 mm thick). Although

printed meshes show reduced activity relative to free AuNTps in solution, they achieve a nearly fourfold

increase in mass-normalised rate constants for 4-NP reduction compared to drop-cast gels (0.24 × 104

vs. 0.07 × 104 min−1 g−1) and achieve 26% phenol, a common water pollutant, in 4 hours at room

temperature, with consistent performance over multiple cycles. These findings demonstrate the potential

of inkjet-printed nanozyme hydrogels as scalable, heterogeneous catalysts. Further improvements may

be achieved by optimising catalyst-matrix interactions to reduce diffusion and accessibility barriers. This

work addresses a significant challenge in nanozyme catalysis: translating high-performance

nanomaterials into practical, reusable formats suitable for environmental remediation.
Introduction

Two-dimensional (2D) nanomaterials, such as graphene, have
garnered attention due to their distinctive electronic, mechanical,
and surface properties resulting from their reduced dimension-
ality.1,2 Ultrathin metal nanostructures represent a subclass of 2D
materials with potential applications in bioimaging, therapy,
sensing, and catalysis. In particular, 2D noblemetal nanomaterials
are of interest because their thin structure provides a high surface
area-to-volume ratio and a large number of exposed active sites,
facilitating improved catalytic interactions.3,4

Recently, we reported a novel synthesis method for producing
freestanding, atomically thin gold nanosheets (AuNS) in aqueous
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media.5 These AuNS demonstrated a tenfold increase in catalytic
efficiency for reducing 4-nitrophenol (4-NP) compared to spher-
ical AuNPs. Furthermore, we have demonstrated that modifying
the synthesis route yields various gold nanostructures, including
quasi-1D nano-tapes (AuNTps) and nano-pinecones.6 The AuNTps
are of particular interest as they exhibit the highest catalytic effi-
ciency, suggesting that edge sites play a crucial role in deter-
mining the catalytic activity of these materials.7 In addition to
their enhanced catalytic properties, AuNSs and AuNTps also
exhibited peroxidase-mimicking activity, veried by the oxidation
of 3,30,5,50-tetramethylbenzidine (TMB) and 3,30-di-
aminobenzidine (DAB).7 However, the use of such nanomaterials
as homogeneous catalysts or enzyme mimics is oen limited by
the need for their separation and recovery aer each use, which
can be a non-trivial process. Embedding nanomaterials into
macroscale hydrogels provides a practical alternative, preserving
catalytic activity while enabling heterogeneous catalysis. In this
form, reactants can diffuse through the porous hydrogel and
interact with immobilised nanoparticles within the polymer
matrix.8–10 This approach has been extended beyond conventional
laboratory settings, including applications in wound dressings
and injectable formulations, where wound uid can interact with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the hydrogel to facilitate nanozyme-mediated reduction of reac-
tive oxygen species, thereby supporting tissue repair.2,7,11

Furthermore, these materials have potential applications in
portable sensing platforms, such as nanozyme-driven colouri-
metric assays for the visual detection of environmental analytes.5–7

Poly (vinyl alcohol) (PVA) based hydrogels are exible,
biocompatible, and inexpensive, exhibiting high water absor-
bency (>90%)12 and tuneable mechanical properties. Addition-
ally, PVA gels can be easily processed into various
morphologies, including tiles, lms, and membranes, and have
been widely utilised in wastewater treatment applications.13–15

Previously, we have demonstrated the incorporation of AuNPs
into PVA hydrogel tiles, showing their capacity to act as scaf-
folds for supported particles.7 However, these bulk hydrogel
studies revealed signicantly reduced reaction times due to the
slow diffusion of the reagents into the hydrogel structures.
Inspite of the reduced diffusion within hydrogels the hydrated
polymer matrix allows selective permeability for small mole-
cules while excluding larger fouling agents, thereby reducing
clogging compared to porous fabrics.15 Additionally, hydrogels
can be printed or moulded into complex geometries, enabling
modular reactor designs and integration into advanced water
treatment systems.16 PVA hydrogels are biocompatible, non-
toxic, elastic/stretchable, and highly water-retentive, creating
a stable microenvironment that sustains catalytic activity over
extended periods.17–19 Furthermore, hydrogel encapsulation not
only enhances stability but also maintains continuous water
ow, making these nanocomposites highly suitable for
advanced wastewater treatment.20

Conventional water treatment methods, such as chlorine-
based disinfection, can generate harmful disinfection byprod-
ucts (DBPs).21 In contrast, Advanced Oxidation Processes (AOPs),
which rely on hydroxyl radicals (cOH), offer an efficient method
for degrading organic pollutants and are effective in removing
phenol from wastewater.22,23 Catalytic wet peroxide oxidation
(CWPO), a type of AOP, uses catalysts to activate hydrogen
peroxide and generate cOH under mild conditions, providing an
environmentally friendly alternative.24 Iron-based catalysts,
including those used in the Fenton reaction, are common but
produce iron sludge and require acidic conditions and elevated
temperatures.25–28 To overcome these limitations, alternative
catalysts such as nickel and cobalt have been investigated;
however, poor stability hinders their reuse. Gold nanoparticles
(AuNPs), including supported variants, have shown high catalytic
efficiency over a broad pH range and under mild conditions.28,29

For instance, AuNPs on hydroxyapatite achieved 80% phenol
conversion at 343 K in 2 hours with a H2O2 : phenol ratio of 500 :
1.27 Supports such as TiO2, Fe2O3, and activated carbon further
enhance the performance of AuNPs, offering high total organic
carbon (TOC) conversion and minimal metal leaching.27,30 Cata-
lyst morphology and surface area are key to activity, and recent
studies highlight the potential of low-dimensional nanomaterials
to improve catalytic performance further.31–34

In this study, we assess AuNTps for the degradation of
phenolic compounds under ambient conditions. We begin by
considering the reduction of 4-nitrophenol, a typical example
used to evaluate new nanomaterials, before examining the
© 2026 The Author(s). Published by the Royal Society of Chemistry
degradation of phenol. Aer considering the materials free in
suspension, we then assess micron-thick, freestanding, inkjet-
printed AuNTp/PVA-hydrogel composites. Such printed
composites would allow for easy application, recovery, and
reuse of the catalyst, as well as offer potential for applications in
bioelectronics and wound dressings.

Experimental
Materials

Gold (III) chloride trihydrate (520 918), 4-nitrophenol (>99%,
241 326), and poly (vinyl alcohol) (PVA; Mw 146–148 kDa; 99%+
hydrolysed), (PVA; 89 kDa – 98 kDa, 99+ hydrolysed), (PVA; 30–
70 kDa, 87–90% Hydrolysed), PVA MOWIOL® 4–98 (27 kDa,
98.0–98.8% hydrolysed) and dimethyl sulfoxide (DMSO) (LC-MS
grade, 85 190) were purchased from Sigma Aldrich. Phenol,
hydrogen peroxide (30% w/v), hydroquinone (99.5%, 10 313
292), benzoquinone (99%, 10 638 463) and sodium borohydride
(0 210 289 425) were purchased from Fisher Scientic. Catechol
(F005090) was purchased from Fluorchem. Trisodium citrate
(45 556) and methyl orange (17 874) were purchased from Alfa
Aesar. Puried horseradish peroxidase (HRP) (Rz = 3.47) was
purchased from Thermo Scientic. The HRP enzyme, as deter-
mined by the pyrogallol method performed by the supplier, had
a specic activity of 254 U mg−1 enzyme (one unit catalyses the
production of 1 mg of purpurogallin from pyrogallol in 20
seconds at 20 °C and pH 6.0). All chemicals were of analytical
grade and used without further purication. Polyethylene tere-
phthalate (PET) with a lm thickness of 0.1 mm was purchased
from Goodfellow. Ultrapure water (Millipore Milli-Q) with
a resistivity of 18.2 MU cm at 25 °C was used in all experiments.

Synthesis of AuNPs and AuNTps

AuNPs were synthesised using the Turkevich method.35 Briey,
4 mL of 50 mM HAuCl4 was mixed with 196 mL of Milli-Q water
in a round-bottomed ask, heated to boiling, and stirred.
Subsequently, 10 mL of 77.6 mM sodium citrate was added. The
solution turned ruby red, and aer 20 minutes, the heating was
stopped. The solution was rapidly cooled by placing the ask in
an ice bath, allowing it to reach room temperature (23 °C)
within 10 minutes, and then transferred to 50 mL Falcon tubes.
The AuNPs were collected by centrifugation at 4600g for 90
minutes. Following the removal of the supernatant, the AuNP
pellets were resuspended in 5 mL of Milli-Q water. This resus-
pension and centrifugation process was repeated twice. The
nal pellets were combined and stored for future use.

For the synthesis of AuNTps, 4 mL of 0.21 mM methyl
orange, 1 mL of 5 mM gold chloride, and 500 mL of 100 mM
sodium citrate were added sequentially to a glass vial, at room
temperature (23 °C) and le overnight (17 hours). The product
was collected and rinsed three times by centrifugation at 3000 g
for 60 minutes, then resuspended in MQ water for further use.

Characterisation of AuNPs and AuNTps

Absorption spectra were obtained using an Agilent Cary 5000
spectrophotometer with samples placed in Brand Micro UV
Nanoscale Adv., 2026, 8, 1626–1640 | 1627
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cuvettes (10 mm path length). Transmission electron micros-
copy (TEM) images were obtained using a Tecnai G2 Spirit TEM
(T12) operated at an acceleration voltage of 120 kV, equipped
with a Gatan US4000 CCD camera for image capture. Scanning
TEM (STEM) based electron energy loss spectroscopy (EELS)
was acquired on an SU-9000EA (Hitachi HighTech) scanning
electron microscope equipped with a cold eld emission gun
electron source (∼0.4 eV full width at half maximum in energy
spread), a high angle annular dark eld (HAADF) STEM
detector, and an integrated energy loss spectrometer (Hitachi
HighTech). The microscope was operated at 30 keV beam
energy. EELS data were processed using HyperSpy (version
1.7.2).36 The spectra were aligned to the zero loss peak to sub-
pixel precision, followed by removal of intensity spikes arising
from X-rays or other high-energy photons arriving at the
detector. EELS spectrum images were analysed by non-negative
matrix factorisation (NMF) as implemented within HyperSpy.
Atomic force microscopy (AFM) height measurements were
conducted to determine the thickness of the AuNTps. A drop of
AuNTps solution with a concentration (optical density at 400
nm) OD400 = 0.25 was placed on a freshly cleaved plasma-
treated mica disc and dried overnight. The next day, samples
were imaged in the air at room temperature in “Tapping mode”
with FastScan-A probes (nominal resonant frequency of 1.4
MHz and spring constant of 18 N m−1) on a Bruker Dimension
FastScan Bio AFM running NanoScope soware version 9.4.
Scanning parameters were a scan size of 1000 nm, with a reso-
lution of 1024 samples/line.

The particle size distribution of AuNPs and the area analysis
of AuNTps were analysed from TEM images using ImageJ so-
ware. Atomic absorption spectroscopy (AAS), employing an
Agilent 240 fs atomic absorbance spectrophotometer, was used
to determine the Au content of AuNPs and AuNTps dispersions
with various optical densities in aqueous suspensions.
Reduction of 4-nitrophenol with AuNPs and AuNTps

For the reduction of 4-nitrophenol (4-NP) with AuNPs and
AuNTps, 10 mL of 15 mM 4-NP was combined with 980 mL of
20 mM sodium borohydride and then mixed with 10 mL of a 900
mg mL−1 AuNX (where X = P or T) dispersion in a cuvette with
a path length of 1 cm. The temperature was maintained at 20 °
C. Control measurements were taken in the absence of the Au
nanomaterial. The reaction progress was monitored by collect-
ing UV-Vis spectra at 1-minute intervals, and the reaction
kinetics were evaluated by analysing the optical absorbance at
400 nm. Rate constants were determined using a pseudo-rst-
order kinetics model, as described by eqn (1):

kapp � t ¼ ln

�
C0

Ct

�
(1)

where kapp represents the apparent rate constant, t is the reac-
tion time, and C0 and Ct denote the initial concentration (ob-
tained from the absorbance) of 4-NT at t = 0 and its
concentration at time t, respectively. The apparent rate
constant, kapp, was determined by applying a Box-Lucas t to the
plot of Ln (C0/Ct) versus time, eqn (2).
1628 | Nanoscale Adv., 2026, 8, 1626–1640
y = a(1 − e−bx) (2)

The mass normalised rate constant k1 (min−1 g−1) was
calculated by dividing kapp by the mass of the catalyst.
Oxidation of phenol by hydrogen peroxide in the presence of
AuNX/HRP catalysts

For the oxidation of phenol with AuNTps or AuNPs, the reaction
mix consisted of a total of 1 mL of aqueous suspension con-
taining 500 mL of acetate buffer (pH = 3.5), 100 mL of 900 mg
mL−1 AuNX, 50 mL of H2O2 (9.8 M), and 25 mL of 10 mM phenol.
For the oxidation of phenol with HRP, a total of 1 mL of reaction
mix consisting of 500 mL of phosphate-buffered saline, PBS (pH
= 5.6), 10 mL of 1 mM HRP, 50 mL of hydrogen peroxide, H2O2

(9.8 M), and 25 mL of 10 mM phenol was used. The reactions
correspond to a phenol to H2O2 ratio of ∼1 : 2000. For a phenol
to H2O2 ratio of 1 : 500, 50 mL of 2.5 M H2O2 was used.
HPLC for the detection of phenol

High-performance liquid chromatography (HPLC) analysis was
performed using an Agilent 1290 Innity II HPLC system (Agi-
lent, Santa Clara, CA, United States) with a diode array detector.
Chromatographic separations were performed using an Agilent
InnityLab Poroshell 120 EC-C18 (2.1 × 50 mm, 1.9 mm) at
a column temperature of 40 °C. The mobile phase used was
0.1% TFA in water (95%) and 0.1% TFA in acetonitrile (5%), and
the gradient ran to 5% water over 5 minutes at a ow rate of 0.5
mL min−1. The Diode Array Detector (DAD) recorded the chro-
matogram at a wavelength of 280 nm.
Preparation of AuNX-PVA hydrogel cubes

AuNX-PVA hydrogel cubes were synthesised by dissolving 5 wt%
PVA (Mw 146–148 kDa; 99%+ hydrolysed) in MQ water, heating
the mixture at 100 °C with constant stirring until complete
dissolution. The resulting transparent solution was transferred
to a 10 mm × 10 mm × 35 mm cuvette, lling approximately
one-quarter of its volume, and subjected to three freeze–thaw
cycles (at −20 °C for 1 hour, followed by thawing at room
temperature). The gels were extracted from the cuvette and
stored in water.
Preparation of AuNTp-PVA hydrogel tiles

AuNTp-PVA hydrogel tiles were prepared by dissolving 10 wt%
PVA (27 kDa) in an AuNTps suspension, heating at 90 °C with
continuous stirring until fully dissolved. The cooled suspension
was mixed with DMSO to constitute one-third of the total
volume, resulting in a nal optical density (OD400) of 10. It was
then poured into a polytetrauoroethylene mould (10 mm ×

10 mm × 2 mm). The total AuNTps concentration in the gel was
estimated to be 9 mg. Subsequently, the mould/gel was frozen at
−20 °C for 1 hour and thawed at room temperature three times.
Finally, the gels were removed from the mould and stored in
water.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Inkjet printing of AuNX-PVA hydrogel meshes

To prepare a 30 mL ink solution containing 4 wt% AuNX-PVA
with a water/DMSO ratio of (2/1), 4 wt% PVA (27 kDa, 98.0–
98.8% hydrolysed) was dissolved in a 20 mL aqueous suspension
of AuNX. The concentration of AuNX stock was adjusted to ach-
ieve an optical density of 2 at 400 nm. This mixture was heated to
∼100 °C on a hot plate with continuous stirring until the PVA
granules were completely dissolved. Aer cooling, 10 mL of
DMSO was added to the AuNX-PVA suspension and stirred for 30
minutes at room temperature. The resulting AuNX-PVA ink was
ltered through a 0.2 mm cellulose lter and stored for later use.
The inks were used within three days of formulation; if kept
longer, they tended to form a gel, resulting in nozzle blocking.

AuNX-PVA hydrogels were printed using a Dimatix materials
printer 2850, operating in drop-on-demand mode with a piezo-
electric printhead containing 16 nozzles (21 mL diameter, 10 pL
drop volume). PET lm with a thickness of 0.1 mm was
purchased from Goodfellow and used as the printing substrate.
It was pre-cleaned with isopropyl alcohol and MQ water and
dried with N2. Due to the polymeric nature of the ink, effective
droplet formation occurred solely at a cartridge temperature of
60 °C. The printer plate temperature was maintained at 60 °C to
ensure optimal droplet spreading on the PET substrate and to
aid the drying of the printed PVA layers. Printing parameters
were also optimised for droplet ejection and pattern formation.
The Dimatix model waveform used the following settings:
meniscus level of 5, nozzle voltage of 27 V, andmaximum jetting
frequency of 5 kHz. Fabrication of mesh structures involved
printing a designated number of layers, each consisting of four
parallel lines, each measuring 10 mm× 1 mm with a 1 mm gap,
followed by a 30-minutes drying period. An additional set of the
same layered lines was then printed in an orthogonal direction.
Pattern resolution was 1693 dpi, corresponding to 15 mm drop
spacing. Print head angle adjusted to 3.4° based on drop
spacing. Aer printing, the pattern was dried for 30 minutes on
the printer platen heated at 60 °C, and the mesh was subse-
quently peeled from the PET support and stored in a Petri dish
under moist conditions for further use.

Before peeling off from the PET support, the thickness of the
printed lines was measured using the Dektak XT 2D contact
prolometer, which features a 2 mm tip and a force of 3 mg.
Viscosity and surface tension measurements

Rheological measurements of different concentrations of PVA
(Mw 146–148 kDa; 99%+ hydrolysed and PVA (27 kDa, 98.0–
98.8% hydrolysed) were performed using an Anton Parr MCR
302 rheometer with a parallel plate setup. Comprising two
parallel plates (the top plate with a diameter of 25 mm), with
a rotating top plate where torque was applied. The uid was
conned between these plates due to capillary forces, with
a 0.5 mm gap between the parallel plates. The viscosities
were measured at shear rates up to 1000 s−1, i.e. towards
the lower range of those experienced during inkjet printing
(103 to 106 s−1).

The surface tension of various PVA formulations was deter-
mined using the pendant drop technique using the OCA 15 EC
© 2026 The Author(s). Published by the Royal Society of Chemistry
from Data Physics Instruments. The PVA suspensions were
dispensed using a syringe DS-D 1000 SF tted with a disposable
dosing needle with controlled liquid dosing (∼5 mL). Measure-
ment and analysis were performed using the dpiMAX soware.

Catalytic assessment of printed AuNTp-PVA hydrogel mesh for
the reduction of 4-NP

The catalytic efficiency of AuNTps integrated inkjet-printed PVA
meshes and drop-cast gels was evaluated by reducing 4-nitro-
phenol using NaBH4, maintaining the same reactant concen-
trations as in the suspension-based reaction. The meshes were
placed in cuvettes containing the reaction mixture. Due to their
lightweight and thin design, the gels oated, positioning the
catalytic surface above the UV-spectrometer beam path. For
reusability tests, the meshes were retrieved using tweezers,
rinsed in Milli-Q water, and transferred to fresh reaction
mixtures.

Oxidation of phenol using printed AuNTp-PVA meshes

The reaction was carried out according to the procedure
employed for solution-based phenol oxidation, maintaining the
same reagent concentrations, with AuNTps incorporated into
printed meshes. A total reaction volume of 2 mL was divided
into 500 mL aliquots. Two AuNTp-PVA meshes (printed with
AuNTps at OD400 = 10) were placed in 500 mL of the phenol
reaction mixture. Aer the specied reaction time, the meshes
were removed using tweezers, and the solution was analysed by
HPLC to determine the residual phenol content. For reusability
tests, the meshes were rinsed with acetate buffer before being
transferred to fresh reaction mixtures.

Results and discussion
Synthesis and physical characterisation of 1D gold nano tapes
(AuNTps) and spherical gold nanoparticles (AuNPs)

To evaluate the catalytic properties of AuNTps relative to AuNPs,
we rst characterised their structural and morphological
features. The quasi-1D gold nanotapes (AuNTps) are of partic-
ular interest as nanozymes or catalysts due to their high surface-
to-volume ratio and abundance of exposed edge sites. AuNTps
were synthesised in a one-step aqueous approach at 20 °C, using
methyl orange as a conning agent. More conventional spher-
ical AuNPs were used as a comparison and were synthesised
using the Turkevich method.35 The morphology of the syn-
thesised AuNTps (Fig. 1) and AuNPs were assessed using
transmission electron microscopy (TEM). AuNTps displayed
a “tadpole” structure, characterised by a thicker spherical or
hexagonal “head” and a quasi-1D ''tail”. Analysis using ImageJ
estimated the average surface area per AuNTp to be 1470 ± 860
nm2 (N = 103). Additional TEM images of AuNTps, highlighting
the head and tail structures, are presented in Fig. 1(b) and (c).
Detailed area calculations of these structures are provided in
the SI. The formation of AuNTps is proposed to follow a multi-
step pathway similar to that previously reported for larger 2D
gold sheets.5 First, Au(III) ions in HAuCl4 associate with
aromatic rings of the methyl orange (MO), reduction by SC
Nanoscale Adv., 2026, 8, 1626–1640 | 1629
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Fig. 1 (a) TEM image of AuNTps at a scale of 100 nm; (b) higher-magnification TEM image at 20 nm scale; (c) high-resolution TEM image at
10 nm scale, highlighting individual AuNTps with characteristic head–tail morphology; and (d) histogram illustrating the area distribution of
AuNTps, obtained from TEM images and analysed using ImageJ. The solid line overlaid on the histogram represents a Gamma distribution fit
applied to model the asymmetric size distribution of the AuNTps.
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generates primary Au nuclei. These nuclei subsequently grow
into small nanoakes, with their upper/lower dimensions
conned by interactions with MO molecules. To minimise high
surface energy, these nanoakes undergo oriented attachment,
selectively joining along side facets. Larger nanoakes then act
as secondary nucleation sites, enabling further attachment of
freshly formed nanoakes. This hierarchical assembly ulti-
mately yields extended tape-like structures with distinct head
and tail regions, as observed in TEM. We note in the absence of
the MO quasi-spherical gold nanoparticles are formed wih a UV
peak circa 50 nm and absorbance near 530 nm.

The TEM image of the AuNPs, shown in Fig. S1, veries
the uniform distribution of the AuNPs, revealing an average
diameter of 11.5 ± 0.7 nm (N = 200). Assuming a spherical
shape, this corresponded to a surface area per particle of
∼415 ± 52 nm2. For an equivalent mass of gold, AuNTp possess
a surface area four times larger than that of AuNPs.

Atomic force microscopy (AFM) analysis revealed a distinct
head–tail morphology in the AuNTps. The head region exhibi-
ted an average thickness of 681 ± 165 pm (N = 25), corre-
sponding to approximately three atomic layers of gold. In
contrast, the thinner, two-dimensional tail measured 298 ± 72
1630 | Nanoscale Adv., 2026, 8, 1626–1640
pm (N = 25), which—considering the uncertainty—falls within
the range of a single atomic layer (Fig. 2(a)). These measure-
ments support the structural heterogeneity observed in the
nanostructure as observed in the TEM characterisation. A
representative image and corresponding height proles are
shown in Fig. 2(b). Further sample images and height analysis
are provided in Fig. S2. AFM analysis further emphasised the
signicant structural asymmetry of the Au nanotapes, showing
that ‘he’ ‘ead’ region is consistently thicker and more elevated
than ‘he’ ‘ail’. This morphological heterogeneity was considered
when estimating the molar concentration of the AuNTps and
comparing them to standard spherical AuNPs.

For the AuNP suspension at OD400 = 1 with a 90 mg mL−1

concentration, the volume of a single AuNP is approximately 7.9×
10−19 cm3, giving a mass of 1.54 × 10−17 g and about 4.7 × 104

atoms per particle. Hence, the number of AuNPs in 90 mg is
calculated as 5.8 × 1012, which corresponds to a molarity of
∼10 nM. For AuNTps, using an average thickness (average of head
and tails) of 0.49 nm and an area of 1470 nm2, the volume of
a single AuNTp is 7.19× 10−19 cm3, with amass of 1.39× 10−17 g,
and each containing ∼4.2 × 104 atoms. At the same concentra-
tion, this yields 6.5 × 1012 AuNTp with a molarity of ∼11 nM.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 AFM analysis of AuNTps on a mica substrate. (a) A quantitative comparison of head and tail thickness (mean ± SD, N = 25). (b) Repre-
sentative height profiles illustrate the head–tail morphology, accompanied by AFM images (insets) and line profile across a sample region
indicating multiple features of varying heights that indicate the regions of higher head thickness (white) and thinner tails (red). Corresponding
peak heights are labelled for clarity.
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Depending on whether only the head (681 pm) or tail (298 pm)
thickness is used, the molarity ranges from 7.74 nM to 17.68 nM.

The UV-Vis absorption bands of AuNTps and AuNPs are
shown in Fig. 3(a). AuNPs solutions synthesised, via the Tur-
kevitch method, displayed a characteristic bright red colour
with a sharp plasmon band centred at 520 nm, consistent with
their uniform size and shape. This is a characteristic of local-
ised surface plasmon resonance in isotropic particles. In
contrast, the AuNTps dispersion had a deep purple colour
associated with a broad peak centred on 534 nm but which
extends into the near-IR, reecting (i) a heterogeneity in the
dimensions of the individual tapes and (ii) multiple plasmonic
resonances associated with the length, width, and height of the
tapes (tail and head regions). This geometry affects the plas-
monic behaviour; the thicker head region accommodates lower-
energy, delocalised plasmon modes, while the thinner tail
promotes higher-energy, more conned modes.37 The presence
of thicker ‘head’ regions (∼0.7 nm) and thinner ‘tails’, corre-
sponding to only 2–5 atomic layers, conrms the atomically thin
nature of AuNTps.

The plasmonic modes of the AuNTps were investigated using
EELS in the STEM. AuNTps were prepared on graphene support
lms in this case, and so the dielectric medium contributions to
the resonance energies are expected to be slightly shied to
those for dispersions in water. The full EELS spectrum image
dataset (a spectrum at every position in a 2D scan) was simpli-
ed into a set of maps and corresponding spectral factors using
Non-negative Matrix Factorisation (NMF). NMF has been used
widely to automatically extract mode distributions and spectral
components from plasmonic metal nanoparticles probed by
EELS.38–41 Fig. 3(b(i)) shows the HAADF-STEM image of an iso-
lated AuNTp of length 52 nm. Electrons passing through the
sample with no or negligible energy losses contribute to what is
termed the zero-loss peak. The tail of the zero-loss peak was
separated from the sample-specic energy losses (Fig. 3(b(ii))),
factor 0 by NMF. Fig. 3(b(iii) and (iv)) represents surface
© 2026 The Author(s). Published by the Royal Society of Chemistry
plasmon resonance modes along the length of the AuNTp,
assigned as the dipolar (m = 1) and quadrupolar (m = 2)
longitudinal modes typical of both straight42,43 and bent44

plasmonic nanorods as well as similar asymmetrical “nano-
carrot” geometries.45 These modes are characterised by
standing wave patterns in the surface charge distribution with
m nodes. In turn, they correspond to distinct resonance mode
energies (Fig. 3(c)). The dipolar plasmon resonance occurs at
∼1.2 eV, and the quadrupolar mode occurs at∼1.8 eV. The NMF
spectral factor for the quadrupolar mode is incompletely sepa-
rated from the zero-loss peak tail, giving it a residual rise at low
energies.31,32 Fig. 3(b(v)) corresponds to factor 1 in the energy
spectra and corresponds to transverse modes (dipoles perpen-
dicular to the long axis of the AuNTp) and interband transitions
in Au.38,46–48 There is some asymmetry in the EELS maps of these
features with the long-axis modes showing greater intensity at
the ‘tail’ and the transverse modes showing greater EELS
intensity at the ‘head’, possibly due to difference in the thick-
ness and asymmetry of the structure though contributions from
differences in the local dielectric environment arising from the
support lm or from varying thickness of surrounding amor-
phous carbon (ligand shell) cannot be ruled out. Table S1
summarises the EELS spectra of AuNTps with the main plas-
mon modes identied, compared with the corresponding
broadened features in the UV-Vis spectrum. These results
suggest that the dipolar modes of AuNTps of different lengths
likely dominate the broadened UV-Vis spectra, with some
contribution also from the transverse modes and quadrupolar
modes excited by plane wave light for oblique orientations of
the long axis. The UV-Vis and EELS results demonstrate that the
observed plasmonic features are sensitive to changes in shape,
providing clear evidence of morphological variation.

Catalytic and enzymatic properties of AuNTps

The reduction of 4-NP by NaBH4 has become a well-established
reaction to assess the catalytic activity of noble metal
Nanoscale Adv., 2026, 8, 1626–1640 | 1631
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Fig. 3 (a) UV-Vis extinction spectra of AuNPs (red) and AuNTps (purple), normalised at 400 nm; insets show respective dispersions in Milli-Q
water. (b) STEM EELS spectral image dataset of AuNTps with (i) HAADF image and surface plasmonmodes, (ii) zero loss peak (factor 0), (iii) dipole
(factor 2), (iv) quadrupole (factor 3), (v) transverse and intraband (factor 1), and (c) spectral maps corresponding to spectral mode.
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nanocatalysts.49–52 Before evaluating the catalytic activity of
AuNTps within printed hydrogels, their activity was rst
assessed in a free suspension form. 4-NP solution initially
exhibits a light-yellow colour, but upon adding NaBH4, it tran-
sitions to a bright yellow, indicating the formation of 4-nitro-
phenolate (lmax = 400 nm) (Fig. S3(a)). This compound was
subsequently reduced to 4-aminophenol (4-AP) (lmax = 300 nm)
via the addition of the catalyst (AuNTps or AuNPs) (Fig. S3).
Without a catalyst, the peak at 400 nm remained unchanged
throughout the 10-minutes monitored period (Fig. S3(b)). When
9 mg AuNTps were added, the peak at 400 nm disappeared
within a minute, whereas with AuNPs, the reaction took nearly 2
minutes (Fig. 4(a) and (b)) for an equivalent mass of gold. The
apparent rate constant, kapp, was determined by tting the plot
of ln (C0/Ct) versus time (Fig. 4(c)), where C0 and Ct denote the
initial concentration (obtained from the absorbance) of 4-
nitrophenol at time t = 0 and at time t, respectively. The values
obtained were 3.10 ± 0.03 min−1 for AuNTps and 1.7 ±

0.1 min−1 for AuNPs. The mass normalised rate constant k1
calculated for AuNTps was 34.5 × 104 min−1 g−1, compared to
AuNPs (18.6 × 104 min−1 g−1) (Fig. 4(d)). This demonstrates
that AuNTps are nearly twice as catalytically efficient as AuNPs
for 4-NP reduction on a per-mass basis. The estimated k1 value
for the AuNPs was consistent with the previously reported
values of 22 × 104 min−1 g−1 for 4 nm sized AuNPs and 6 ×
1632 | Nanoscale Adv., 2026, 8, 1626–1640
104 min−1 g−1 for 16 nm sized AuNPs.53 A rough estimate of the
area for the AuNTps is nearly 3.5 times that of AuNPs for the
same amount of gold by weight. Thus, the enhanced activity in
the AuNTps is most likely attributed to the increased surface
area, which provides abundant surface and edge atoms.
Phenol oxidation with AuNTps/AuNPs/HRP

The oxidation of phenol by hydrogen peroxide in the presence
of a catalyst primarily involves two pathways, as shown in
Fig. 5(a), involving intermediates such as catechol, hydroqui-
none, and benzoquinone. Subsequent attack by cOH radicals
leads to ring opening, the formation of organic acids and the
production of CO2 and H2O as end products.25,27,54 UV-Vis
monitoring was complicated by H2O2 interference (Fig. S4 and
S5), so HPLC was used to quantify phenol degradation.

Reactions were run with 90 mg mL−1 AuNTps/AuNPs or
10 nM HRP under acidic conditions (pH 3.5 for Au; pH 5.6 for
HRP). Reactions were conducted for each catalyst using phenol:
H2O2 ratios of 1 : 2000 and 1 : 500. Since most industrial
wastewater is acidic, the pH of the reaction mixture was
adjusted to 3.5 with acetate buffer. A highly acidic or alkaline
pH is unfavourable to HRP, so the pH of the phenol solution
with HRP was adjusted to 5.6 using PBS buffer, which falls
within the optimal activity range of HRP.18 Controls showed
negligible phenol degradation at room temperature without
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-Vis absorption spectra showing the catalytic reduction of 4-nitrophenol to 4-aminophenol over 2 minutes. (a) and (b) show the
reaction of nitrophenol with NaBH4in the presence of 9 mg of AuNTps and AuNPs, respectively. (c) Shows the plot of ln(C0/Ct) versus time used to
calculate the apparent rate constant (kapp), and (d) presents the comparison of mass-normalised rate constants (k1) for the AuNTp and AuNP
catalyst. Error bars represent the standard deviation from three independentmeasurements performed on a total sample volume of 1mL for each
condition.
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a catalyst. Literature comparisons typically involve higher
catalyst loadings (up to 7 g L−1), elevated temperatures (80 °C),
or harsher conditions.24,26,27,29
Fig. 5 Oxidation of phenol with hydrogen peroxide (H2O2) at room tem
pathway of phenol oxidation shows intermediates and final products. (b) H
catalysts in suspension. Error bars represent the standard deviation from t
of 1 mL for each condition.

© 2026 The Author(s). Published by the Royal Society of Chemistry
The oxidation of phenol was investigated using H2O2 in the
presence of AuNTps, AuNPs and HRP as catalysts (Fig. 5(b)). At
a phenol: H2O2 ratio of 1 : 2000, AuNPs achieved rapid
perature at a phenol: H2O2 ratio of 1 : 2000. (a) The proposed reaction
PLC analysis of phenol degradation using AuNTps, AuNPs, and HRP as
hree independent measurements performed on a total sample volume
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degradation, with nearly 26% phenol removal within the rst 4
hours (day 0) and complete degradation in 6 days. Under the
same conditions, AuNTps exhibited slower kinetics, degrading
about 14% within 4 hours and reaching ∼90% degradation
within 7 days. Control experiments carried out without catalysts
showed negligible phenol removal (Fig. S6(b)), conrming that
H2O2 alone is insufficient to drive the reaction effectively. At an
equivalent molar concentration (10 nM), horseradish peroxi-
dase (HRP) displayed minimal activity, with less than 10%
degradation over 10 days, in sharp contrast to the gold-based
catalysts. For comparison, experiments performed at a lower
H2O2 ratio (1 : 500) are presented in the SI (Fig. S6(c)). Under
these conditions, phenol oxidation proceeded more slowly,
conrming that the availability of H2O2 is a limiting factor in
the catalytic cycle, with higher concentrations enabling more
efficient degradation. To assess whether HRP activity could be
improved at higher concentrations, its loading was increased to
2 mM. Under these conditions, HRP completely degraded
phenol within 4 hours (Fig. S6(d)). While this shows that HRP
can be highly effective, it highlights the need for enzyme
concentrations several orders of magnitude higher than those
of Au catalysts to achieve comparable performance.

The formation of phenol oxidation intermediates (catechol,
hydroquinone, and benzoquinone) was quantied by HPLC
(Fig. S7). At a phenol: H2O2 ratio of 1 : 2000, both AuNPs and
AuNTps showed transient benzoquinone formation (∼25–33%
at day 0), which decreased to negligible levels by day 10, while
catechol and hydroquinone remained very low. At the lower
ratio of 1 : 500, side-product formation was minimal, consistent
with slower overall degradation. These results conrm that
efficient oxidation at 1 : 2000 proceeds with rapid conversion of
intermediates to nal products (CO2 and H2O).

To date, only one reported study has demonstrated phenol
degradation at room temperature using gold-based catalysts—
specically, a sunlight-assisted Fenton system employing gold
nanoparticles supported on diamond. While effective, that
approach requires both external energy input and costly
support materials, and does not conrm complete
Fig. 6 Digital image of AuNTp- and AuNP-PVA hydrogel tiles and cubes
The tiles and cubes were formed using moulds, while micro-thin mesh st
kDa PVA and an AuNX concentration corresponding to OD400 = 2.

1634 | Nanoscale Adv., 2026, 8, 1626–1640
mineralisation to CO2 and H2O, instead focusing on the
formation of biodegradable intermediates.31 In contrast, the
present system achieves phenol oxidation under ambient
conditions without light activation, relying solely on the
intrinsic peroxidase-like activity of the nano catalysts to activate
hydrogen peroxide. These ndings highlight the superior effi-
ciency of nanomaterial-based catalysts compared with natural
enzymes, supporting their continued development as potent
alternatives for oxidative degradation processes. Interestingly,
AuNTps and AuNPs exhibited similar performance in phenol
oxidation, despite differing in their ability to reduce 4-NP. This
suggests that the catalytic oxidation of phenol may involve
a different rate-limiting step or mechanistic pathway that is less
dependent on the surface geometry or facet structure of the
catalyst. Unlike the surface-sensitive electron transfer in 4-NP
reduction, phenol oxidation likely proceeds through bulk-
generated hydroxyl radicals from H2O2 activation, which may
interact similarly with both spherical and anisotropic particles.
AuNX-PVA hydrogels

Following the successful room temperature degradation of
phenol using AuNTps and AuNPs, the AuNTps were incorpo-
rated into PVA hydrogels, creating a biocompatible 3D matrix
for catalyst attachment to enable reusability and minimise
nanoparticle loss. Fig. 6 illustrates the process of loading
AuNTps (dark purple) and AuNPs (red) into PVA (140 kDa)
hydrogels using the freeze–thaw method, utilising different
moulds. The hydrophilic nature of the gel should allow the
ready diffusion of water-soluble molecules into the matrix and
reaction at the catalytic sites. Our goal in developing inkjet-
printable PVA-AuNTp hydrogels was to reduce the gel from
the millimetre to the micron scale while retaining the gold
loading to improve diffusion times for analytes to reach cata-
lytic sites. However, high-molecular-weight PVA has proven
unsuitable for inkjet printing due to its high viscosity.

Changing the solvent from pure water to a mixture of water
and DMSO, using a lower-molecular-weight PVA (30–70 kDa), and
a DOH content of 87–90% showed good printability at up to
prepared using the repeated freeze–thaw method with 140 kDa PVA.
ructures were created via inkjet printing using an ink formulated with 27

© 2026 The Author(s). Published by the Royal Society of Chemistry
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10 wt%. Unfortunately, such polymers could not be gelled post-
printing (even by increasing the PVA content to 20 wt%).55

Detailed comparisons of PVA types and gelation outcomes are
provided in Tables S2 and S3. Ultimately, PVA (27 kDa) at 4 wt% in
water/DMSO produced printable and gelable inks. The uniform
colour distribution observed in the printed PVA hydrogel struc-
tures indicates that the AuNTps were evenly dispersed in the
precursor inks, with little nanoparticle clumping prior to printing.
Image analysis of grayscale intensity across the printed strands
(Fig. S18) further conrms macroscopic uniformity. Small differ-
ences in grayscale levels are caused by optical effects, such as local
variations in reectivity or differences in lighting, rather than by
variations in nanoparticle concentration. Although the AuNTp
distribution within the ink itself is very uniform, differences in the
nal printed features are likely to occur due to wetting/drying
behaviour inherent to inkjet printing, including local thickness
changes or uneven solvent evaporation. Whilst outside the scope
of this work, understanding the distribution of the particles
within such printed gels via FIB/TEM merits further study.
Fig. 7 (a) Inkjet printing process for mesh structures with PVA hydroge
optical microscopy images of the printed PVA hydrogel mesh, captured u
in horizontal printed lines with thickness measured across the lines with in
a sample measurement of 8 layers (top left). Error bars represent the sta
point. (d) Image of inkjet-printed AuNTp-PVA hydrogel meshes fabricate
inset shows the mesh retaining its shape upon immersion in water, dem

© 2026 The Author(s). Published by the Royal Society of Chemistry
Viscosity and interfacial property measurements identied
4 wt% PVA (Mw 27 kDa) in a 2 : 1 water/DMSO mixture as the
optimal ink formulation. This concentration maintained
a viscosity below 10 mPa s across 20–60 °C, exhibited a surface
tension of 57.0 mN m−1, and yielded a Z number of 6.9, all
within the operational window for inkjet printing. Higher PVA
loadings (>8 wt%) exceeded the viscosity threshold and
compromised jetting, while the solvent composition rather than
the polymer concentration dominated the surface tension
behaviour. A 4 wt% PVA ink was successfully printed, exhibiting
stable jetting without nozzle clogging (Fig. S8–S11). The
deposited structures gelled effectively post-printing to form
uniform hydrogel patterns with adequate mechanical integrity.

The aqueous stability and leaching behaviour of AuNTp-PVA
hydrogels were evaluated using UV-Vis spectroscopy over 7 days.
Spectra collected directly through the gel at early time points
(1 min, 1 h, 2 h) and again on day 7 showed minimal variation,
indicating strong retention of AuNTps within the PVA matrix
(Fig. S15(a) and (b)). To further assess leaching, control
l, showing freestanding hydrogels. (b) (i) Final mesh pattern alongside
sing (i) 2× and (ii) 10× objective lenses. (c) A graph showing the variation
creasing layers (n) was measured using a Dektak with an inset showing
ndard deviation from three independent measurements for each data
d using an ink with AuNTp concentration at OD400 = 10. The top-left
onstrating structural stability.
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experiments were conducted by suspending gel tiles in Milli-Q
water without obstructing the beam path. No characteristic
AuNTp absorbance (500–700 nm) was detected in the
surrounding water over 2 hours or aer 7 days, even aer gel
swelling and settling (Fig. S15(c) and (d)). These results conrm
negligible leaching of AuNTps into the aqueous phase,
demonstrating that the nanoparticles remain stably entrapped
within the hydrogel network.
Inkjet printing of PVA-AuNX hydrogel meshes

Ink containing AuNTps at an optical density of 2 (measured at
400 nm) was used to print mesh structures with 1 mm spacing
onto PET lms and then dried (Fig. 7). Optical microscopy
conrmed consistent, well-formed lines and junctions.
The linear t of thickness versus number of layers yielded
a slope of 0.76 ± 0.03 mm per layer with a y-intercept of 2.4 mm
(R2 = 0.997), indicating an anomalously thick rst layer. If the
t is instead forced through the origin, the slope increases to
∼1.0 mm per layer (R2 = 0.91), but with reduced accuracy. This
Fig. 8 Evaluation of the catalytic performance of AuNTp-PVA hydrogel m
in the reduction of 4-Nitrophenol (4-NP) to 4-Aminophenol (4-AP). (a) U
mesh (OD400 = 2). (b) Mass-normalised rate constants k1 for AuNTps in
versus time for kapp calculation for meshes with AuNTps concentrations
The apparent rate constant, kapp, is plotted as a function of gold load
independent measurements for each data point.

1636 | Nanoscale Adv., 2026, 8, 1626–1640
behaviour is consistent with the “rst-drop effect” in inkjet
printing, where the initial deposited layer spreads more exten-
sively, resulting in a greater thickness than subsequent layers. A
similar trend can be inferred from the data of Monne et al., who
reported a thickness of 5.68 mm for four layers.16 If their rst
layer is assumed to be anomalously thick (e.g., ∼3 mm, compa-
rable to our 2.4 mm), then the remaining three layers correspond
to ∼0.89 mm per layer, which is in close agreement with our
measured slope. This suggests that despite differences in
polymer type and printing conditions, both studies reveal
comparable per-layer growth once the effect of the rst layer is
accounted for. High OD inks (OD400 = 5 and 10) were also
successfully printed, enabling tunable gold loading. Fig. 7(d)
shows stable mesh structures retaining shape in water.
Reduction of 4-NP to 4-AP in AuNX-PVA catalysts

To enable catalyst reuse and improve handling, AuNTps were
embedded in PVA hydrogels as both drop-cast tiles and inkjet-
printed meshes. The mesh design, owing to its reduced
eshes and AuNTp-PVA hydrogel tiles, each containing 9 mg of AuNTps,
V-Vis absorption spectra recorded over 60 minutes with AuNTp-PVA
suspension, inkjet-printed meshes and gel tiles. (c) Plot of Ln (C0/Ct)

at OD400 = 10, 5, and 2, and gel tiles with 9 mg AuNTps (OD400 = 2). (d)
ing. Error bars indicate the standard deviation calculated from three

© 2026 The Author(s). Published by the Royal Society of Chemistry
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thickness and open architecture, was expected to enhance
diffusion and reagent access to the catalytic sites. To highlight
the advantages of inkjet-printed mesh structures over thicker
PVA hydrogel tiles, we compared both formats using the same
gold content. Fig. 8(a) shows that the meshes achieved ∼75% 4-
NP reduction in 60 minutes, compared to just 30% for the gel
tiles (Fig. S22(a)). Unsurprisingly, both formats showed slower
reaction rates than freely suspended AuNTps (Fig. 8(b)). The
mass-normalised rate constant dropped from 34.5 × 104 min−1

g−1 for free AuNTps to 0.24 × 104 min−1 g−1 for meshes and
0.066 × 104 min−1 g−1 for tiles. Rate constants were calculated
from Ln (C0/C) plots using equal amounts of AuNTps (9 mg),
shown as blue (meshes) and green (tiles) circles in Fig. 8(c).

The reduced activity of gel-based AuNTps compared to free
AuNTps is mainly due to diffusion-limited kinetics, as they are
immobilised rather than freely dispersed. This is supported by
the ∼10-fold higher activity of meshes over tiles, a limitation
that may be less relevant in ow-through applications. Despite
slower kinetics, both mesh and tile hydrogels offer easy catalyst
recovery and consistent reuse performance (Fig. S22(b)). To
further optimise performance, mesh catalysts with higher
AuNTps loadings (OD400 = 5 and 10) were tested. As shown in
Fig. 8(c and d). OD400 = 5 meshes showed little improvement
over OD400 = 2, suggesting that diffusion rather than gold
content was limiting. However, OD400 = 10 achieved complete
reduction within ∼30 minutes, with kapp ∼0.06 min−1, three
times faster than OD400 = 2 or 5 (Fig. S23(a) and (b)).
Phenol oxidation with AuNTp-PVA hydrogels

Inkjet-printed AuNTp-PVA hydrogels (OD400 = 10) were tested
for catalytic phenol oxidation using H2O2. Four mesh structures
were used per 1 mL reaction and compared against free AuNTps
under identical conditions. HPLC results (Fig. S24(a)) showed
that only 26% of phenol was degraded within 4 hours using the
mesh, with no signicant improvement over 2 or 4 days, versus
100% degradation over 7 days in suspension. However, the
mesh was reusable, achieving consistent performance across
three separate reactions (Fig. S24(b)). The reduced activity of
immobilised AuNTps likely arises matrix-induced suppression
of catalytic sites or restricted H2O2 access. Matrix-induced
effects refer to structural and chemical constraints imposed
by the hydrogel network, including steric hindrance that
partially blocks active sites, altered microenvironment (pH and
polarity), and reduced reagent accessibility within dense
regions of the gel. To mitigate diffusion constraints, inkjet
printing was implemented to fabricate thin, freestanding mesh
structures with micron-scale thickness, enhancing uid access
to the catalyst while enabling macroscopic handling and reus-
ability. To assess whether diffusion remains a signicant
barrier, the phenol diffusion times within the PVA hydrogel
were estimated. Reported diffusion coefficients for small
aromatic molecules in PVA range from 10−10 m2 s−1 for loose/
swollen gels to 10−12 m2 s−1 for dense, highly cross-linked
gels. For a 10 mm-thick printed mesh of moderate density (D
z 10−11 m2 s−1), phenol would need to diffuse approximately 5
mm to reach the innermost AuNTps. Using t z L2/D, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
diffusion time is ∼2.5 s, increasing to ∼25 s for the gel tiles.
These timescales are negligible compared to the overall reaction
duration (hours to days), indicating that while diffusion may
contribute to reduced activity, it is unlikely to be the primary
limiting factor compared to matrix-induced effects. Despite the
lower efficiency compared to catalysts in suspension, the prin-
ted hydrogel meshes offer signicant advantages in catalyst
handling, recovery, and potential device integration. We
observed that printed PVA meshes maintained structural
integrity for approximately 4 days, whereas bulk PVA gels
remained intact for over a week, suggesting that mechanical
stability should be considered in future optimisation.

Conclusion

This study presents a robust and scalable strategy for inte-
grating high-activity gold nanozymes into reusable catalyst
formats suitable for environmental remediation under ambient
conditions. AuNTps, owing to their anisotropic morphology and
high surface area, showed superior catalytic efficiency in 4-NP
reduction and effective phenol oxidation. Notably, AuNTps were
nearly twice as catalytically efficient as AuNPs for 4-NP reduc-
tion on a per-mass basis, emphasising the impact of
morphology on surface-sensitive electron–transfer reactions. In
contrast, morphology-driven effects were less pronounced in
phenol oxidation, which likely proceeds via bulk-generated
hydroxyl radicals and is less dependent on facet structure.
This suggests that the rate-limiting step in phenol oxidation
may be governed more by radical generation and diffusion
rather than direct electron transfer at specic surface sites.
However, both the AuNPs and the AuNTps proved effective for
the room temperature oxidation of phenol to CO2 and H2O.

To enable easy recovery and reuse, AuNTps were incorpo-
rated into PVA hydrogels, forming composite materials that
retained catalytic function while improving handling. These
hydrogels were further enhanced by inkjet printing into thin,
micrometre-scale mesh structures, thereby improving reagent
diffusion and increasing access to catalytic sites. Inkjet-printed
AuNTp-PVA meshes achieved a nearly fourfold increase in
catalytic rate over drop-cast AuNTp gel tiles for 4-NP reduction
(0.24 × 104 vs. 0.07 × 104 min−1 g−1), while maintaining
structural integrity and reusability. For phenol oxidation, prin-
ted meshes achieved 26% degradation in 4 hours at room
temperature and retained activity across multiple reuse cycles,
compared to complete degradation in 7 days for suspended
AuNTps. The reduced activity is attributed to diffusion limita-
tions and matrix-induced suppression of catalytic sites, high-
lighting the need to optimise hydrogel–nanoparticle
interactions. Overall, this work establishes a versatile route for
fabricating printable nanozyme composites with potential
applications in portable water purication systems and real-
time pollutant sensing platforms.
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J. Lähnemann, P. Jokubauskas, T. Furnival, M. Nord,
T. Ostasevicius, K. E. MacArthur, D. N. Johnstone,
M. Sarahan, J. Taillon, T. Aarholt, V. Mignunov, A. Eljarrat,
Nanoscale Adv., 2026, 8, 1626–1640 | 1639

https://doi.org/10.1007/s43939-024-00111-8
https://doi.org/10.1515/jmbm-2017-0027
https://doi.org/10.1016/j.polymertesting.2022.107516
https://doi.org/10.3390/nano14030249
https://doi.org/10.3390/nano14030249
https://doi.org/10.1002/pen.25846
https://doi.org/10.3390/mi12020220
https://doi.org/10.3389/fbioe.2021.818053
https://doi.org/10.3389/fbioe.2021.818053
https://doi.org/10.1002/jctb.1774
https://doi.org/10.1039/d4cy01171f
https://doi.org/10.1016/j.jwpe.2025.107427
https://doi.org/10.1021/acs.est.7b05440
https://doi.org/10.1021/acs.est.7b05440
https://doi.org/10.1007/s10311-018-0738-3
https://doi.org/10.3390/ijerph17010170
https://doi.org/10.3390/catal9050478
https://doi.org/10.1021/es050452h
https://doi.org/10.1002/anie.201003216
https://doi.org/10.1021/es071124f
https://doi.org/10.1021/es071124f
https://doi.org/10.1021/ie101963k
https://doi.org/10.1016/j.wri.2015.05.002
https://doi.org/10.1016/j.cattod.2014.05.013
https://doi.org/10.1002/cssc.201000453
https://doi.org/10.1002/chem.201100955
https://doi.org/10.1002/smll.201700806
https://doi.org/10.1002/smll.201700806
https://doi.org/10.1021/acs.accounts.9b00262
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00968e


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 4

:4
0:

25
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
J. Caron, C. Francis and T. Nemoto, Hyperspy/Hyperspy:
Release v1.7.3, Zenodo, 2022, DOI: 10.5281/zenodo.7263263.

37 C. Y. Tsai, C. Y. Wu, K. H. Chang and P. T. Lee, Slab
Thickness Dependence of Localized Surface Plasmon
Resonance Behavior in Gold Nanorings, Plasmonics, 2013,
8(2), 1011–1016, DOI: 10.1007/s11468-013-9503-4.

38 S. J. Barrow, S. M. Collins, D. Rossouw, A. M. Funston,
G. A. Botton, P. A. Midgley and P. Mulvaney, Electron
Energy Loss Spectroscopy Investigation into Symmetry in
Gold Trimer and Tetramer Plasmonic Nanoparticle
Structures, ACS Nano, 2016, 10(9), 8552–8563, DOI:
10.1021/acsnano.6b03796.

39 S. M. Collins, E. Ringe, M. Duchamp, Z. Saghi, R. E. Dunin-
Borkowski and P. A. Midgley, Eigenmode Tomography of
Surface Charge Oscillations of Plasmonic Nanoparticles by
Electron Energy Loss Spectroscopy, ACS Photonics, 2015,
2(11), 1628–1635, DOI: 10.1021/acsphotonics.5b00421.

40 S. M. Collins, O. Nicoletti, D. Rossouw, T. Ostasevicius and
P. A. Midgley, Excitation Dependent Fano-like Interference
Effects in Plasmonic Silver Nanorods, Phys. Rev. B Condens.
Matter, 2014, 90(15), DOI: 10.1103/PhysRevB.90.155419.

41 O. Nicoletti, F. De La Peña, R. K. Leary, D. J. Holland,
C. Ducati and P. A. Midgley, Three-Dimensional Imaging
of Localized Surface Plasmon Resonances of Metal
Nanoparticles, Nature, 2013, 502(7469), 80–84, DOI:
10.1038/nature12469.

42 W. L. Barnes, A. Dereux, T. W. Ebbesen, C. Tiemeijer,
Spectroscopy, Inelastic Scattering Including Raman, Plenum
Press, 1982, vol. 3, DOI: 10.1364/OA_License_v1#VOR.

43 D. Rossouw, M. Couillard, J. Vickery, E. Kumacheva and
G. A. Botton, Multipolar Plasmonic Resonances in Silver
Nanowire Antennas Imaged with a Subnanometer Electron
Probe, Nano Lett., 2011, 11(4), 1499–1504, DOI: 10.1021/
nl200634w.

44 D. Rossouw and G. A. Botton, Plasmonic Response of Bent
Silver Nanowires for Nanophotonic Subwavelength
Waveguiding, Phys. Rev. Lett., 2013, 110(6), DOI: 10.1103/
PhysRevLett.110.066801.

45 H. Liang, D. Rossouw, H. Zhao, S. K. Cushing, H. Shi,
A. Korinek, H. Xu, F. Rosei, W. Wang, N. Wu, G. A. Botton
and D. Ma, Asymmetric Silver “Nanocarrot” Structures:
Solution Synthesis and Their Asymmetric Plasmonic
Resonances, J. Am. Chem. Soc., 2013, 135(26), 9616–9619,
DOI: 10.1021/ja404345s.

46 S. A. Sato, M. Lucchini, M. Volkov, F. Schlaepfer,
L. Gallmann, U. Keller and A. Rubio, Role of Intraband
1640 | Nanoscale Adv., 2026, 8, 1626–1640
Transitions in Photocarrier Generation, Phys. Rev. B, 2018,
98(3), DOI: 10.1103/PhysRevB.98.035202.

47 A. Derkachova, K. Kolwas and I. Demchenko, Dielectric
Function for Gold in Plasmonics Applications: Size
Dependence of Plasmon Resonance Frequencies and
Damping Rates for Nanospheres, Plasmonics, 2016, 11(3),
941–951, DOI: 10.1007/s11468-015-0128-7.

48 R. Laser and N. V. Smith, Interband optical transitions in
gold in the photon energy range 2–25 eV, Solid State
Commun., 1981, 37(6), 507–509, DOI: 10.1016/0038-
1098(81)90488-9.

49 S. Gu, S. Wunder, Y. Lu, M. Ballauff, R. Fenger,
K. Rademann, B. Jaquet and A. Zaccone, Kinetic Analysis
of the Catalytic Reduction of 4-Nitrophenol by Metallic
Nanoparticles, J. Phys. Chem. C, 2014, 118(32), 18618–
18625, DOI: 10.1021/jp5060606.

50 Z. Zhang, Y. Liu, B. Chen, Y. Gong, L. Gu, Z. Fan, N. Yang,
Z. Lai, Y. Chen, J. Wang, Y. Huang, M. Sindoro, W. Niu,
B. Li, Y. Zong, Y. Yang, X. Huang, F. Huo, W. Huang and
H. Zhang, Submonolayered Ru Deposited on Ultrathin Pd
Nanosheets Used for Enhanced Catalytic Applications, Adv.
Mater., 2016, 28(46), 10282–10286, DOI: 10.1002/
adma.201604829.
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