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Structural Control Enables Catalytic and Electrocatalytic
Activity of Porous Tetrametallic Nanorods

Dániel Zámbó,* Dávid Kovács, GyörgyZ. Radnóczi, Zsolt E. Horváth, Attila Sulyok,
István Tolnai, and András Deák

Integrating more than one type of metal into a nanoparticle that has a
well-defined morphology and composition expands the functionalities of
nanocatalysts. For a metal core/porous multimetallic shell nanoparticle, the
availability of catalytically active surface sites and molecular mass transport
can be enhanced, and the multielemental synergy can facilitate intraparticle
charge transport. In this work, a reliable and robust synthesis of such a
functional tetrametallic nanoparticle type is presented, where a micro- and
mesoporous PdPtIr shell is grown on Au nanorods. The effect of critical
synthesis parameters, namely temperature and the addition of HCl are
investigated on the hydrodynamic size of the micellar pore template as well as
on the stability of the metal chloride complexes and various elemental
analysis techniques prove composition of the porous multimetallic shell. Due
to the synergistic properties, the tetrametallic nanorods possess extensive
negative surface charge making them a promising catalyst in reduction
reactions. Dye degradation as well as the conversion of p-nitrophenol to
p-aminophenol is catalyzed by the supportless nanorods without light
illumination. By depositing the particles onto conductive substrates, the
nanostructured electrodes show promising electrocatalytic activity in ethanol
oxidation reaction. The nanocatalyst presents excellent morphological
stability during all the catalytic test reactions.

1. Introduction

Noble metal nanoparticles, in general, have been in the focus
of the catalysis-related research due to their finely controllable
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shape, size, surface chemistry and physic-
ochemical properties endowing them with
enhanced catalytic activity. Moreover, pre-
cise control over the composition and struc-
tural properties of these particles has en-
abled the bridging of homogeneous and
heterogeneous catalysis: the existence of
highly available active sites are combined
with the possibility of separation, purifica-
tion and recycling.[1] A vast library of cat-
alytic applications of monometallic noble
metal nanoparticles have been explored in-
cluding Ag, Au, Pt, Pd, Ir, Rh, Ru with well-
controlled shapes in numerous catalytic and
electrocatalytic reactions.[2] Among these
noble metals, Pt can be considered as
a benchmark catalyst due to its intrin-
sic activity especially for oxygen reduc-
tion reaction (ORR) and hydrogen evolu-
tion reaction (HER), which is unapproach-
able by earth-abundant metals.[3] Neverthe-
less, Pt-based catalysts often suffer from
sluggish kinetics, significant overpoten-
tial and unsatisfactory stability hindering
their widespread application in future fuel
cells.[4] It has been revealed in the last

decade that the performance of supported monometallic
nanoparticle-based catalysts lags behind their multimetal-
lic counterparts. Thus, combining two or more metals into
well-defined nanoparticles paved the way towards advanced
applications and enhanced overall performance.[5] Introducing
a second or third metal in the synthesis of metal nanoparticles
expands their properties and functionalities, however, the struc-
ture and morphology were found to play an important role in
their catalytic performance.[5,6] In recent years, different com-
binations of noble metals such as Au-Pt,[7] Au-Pd,[8] Pd-Pt,[9,10]

Pt-Ir[11] and Au-Pd-Pt[12–14] in forms of nanoalloys or core-shell
particles have been intensively studied including the impact
of the morphology and composition on their performance. Al-
though the random and ordered intermetallic alloying of metals
are promising strategies for improving the catalytic activity of
noble metal nanoparticles, superiority of core-shell structures
was demonstrated for the combination of Au and Pt.[15]

Besides compositional control, precise synthesis of porous
metal nanocrystal catalysts[16] further expanded the functional-
ities (stability, mass and electron transfer, electronic effects)[17]

and performance of mono- and multimetallic nanocrystals in
(electro)catalysis.[18–23] Syntheses of such nanoparticles with
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greatly enhanced availability of surface sites mostly involve the
use of a template. This can be a mesoporous silica template[24]

or a pore-forming agent (e.g., PEO-PPO-PEO or PEO-PMMA
block copolymers) followed by the layer-by-layer like deposition
of the additional metals.[13,21,25,26] Multielemental synergy com-
bined with the high porosity is of extreme advantage in mul-
timetallic nanoparticles, due to the novel electronic properties
boosting their electrocatalytic activity.[19] Concerning porous no-
ble metal nanoparticles, synergy between Au, Pd, Pt and Ir en-
abled the enhancement of Pt’s properties in terms of mass activ-
ity and durability. Using Pd is an excellent approach to alter the
electronic properties of Pt via shifting the position of its d-band
center being in close correlation with the adsorption strength
and catalytic activity of the metal sites,[27] leading to better elec-
trooxidation properties. Similarly, incorporation of Ir in Pt-based
catalyst also downshifts the d-band center of Pt, resulting in en-
hanced resistance against CO poisoning[28] and also the catalytic
oxidation of H2O2 was found to be enhanced.[29] The shape of the
multimetallic nanoparticle catalysts[30] as well as the location of
the different metals are of great importance in optimizing their
(electro)catalytic performance.[31,32] For Au and Pd, Hosseini et al.
showed an improved activity of bimetallic catalyst on TiO2 sup-
port during volatile organic compounds (VOCs) oxidation, when
the core consisted of Au and the shell was made of Pd (com-
pared to the opposite and alloyed structures).[33] Consequently,
synthesizing an Au core-multimetallic shell structure is a promis-
ing strategy to enhance the catalytic properties. Considering the
additional advantages of Ir NPs in sensing[34] and catalytic reduc-
tion of nitroaromatic compounds,[35] exploiting the multielemen-
tal synergy in Au@PdPtIr system might extend the range of ap-
plications even further. However, while synthetic approaches and
application of bi- and trimetallic nanoparticles have been already
reported in many papers, tetrametallic nanoparticles are signifi-
cantly less explored in the literature.

The wet-chemical preparation of multimetallic nanoparticles
requires the simultaneous reduction of different ionic species,
but the complex reduction reaction of the combination of metal
salts is not fully understood yet. Especially for porous multimetal-
lic particles the co-reduction of two or more metals is a chal-
lenging task due to the fact that their reduction cannot be sim-
ply predicted by the standard potentials and it is greatly influ-
enced by the reducing agent, pore-forming additives and the co-
ordination environment.[19] Additionally, the pore forming agent
might also take part in the reaction, hence, its effect on the
growth kinetics must also be taken into account. The synergy be-
tween the metals within a well-defined nanoparticle manifests
in the altered electronic properties compared to those of their
monometallic counterparts. Combining Au, Pd and Pt enables
the emergence of novel electronic properties by promoting the
charge transfer from the core metal to the shell metals.[12] In
the background of this effect, the difference of the Fermi levels
(i.e., contact potential)[36] as well as the lattice strain upon growth
onto the Au core can be anticipated.[37] Gold does not only en-
hance the catalytic activity of Pd, but it also increases the durabil-
ity of the catalysts and eases the removal of intermediates.[38,39]

Advantages of Au@PdPtIr porous multimetallic nanoparticles
would also include the high availability of the active sites of
the small metal grains beside accelerating the mass transport
due to the large specific surface area of the shell. Pt nanograins

in the size range of 2–5 nm were found to show outstanding
activity in alcohol electrooxidation reactions,[40–43] hence, com-
bining electronic properties as a result of multielemental syn-
ergy, porous core-shell morphology and the fine structure of
the shell endow the tetrametallic nanoparticles with excellent
multifunctionality.

In this paper, a robust and reliable synthetic method for the
preparation of tetrametallic, Au@PdPtIr nanorods with a micro-
and mesoporous trimetallic shell is reported. The technical as-
pects of the synthesis including the temperature-dependent mi-
celle size of the pore forming copolymer as well as the effect of
the acid during the growth are discussed in-detail. In the first
step, a porous shell of Pd and Pt is formed on Au nanorods fol-
lowed by the decoration of the shell’s outer surface with Ir parti-
cles. The optimized protocol provides tetrametallic nanorods in a
short time and in high concentration. Structural properties and
compositional analysis revealed the fine structure of the tetram-
etallic nanorods consisting of small metal nanograins (≈3.7 nm)
in the shell. Electrophoretic mobility measurements shed light
on the intrinsic charge transport within the particles and in-
dicate excessive negative charge on their outer surface. Due to
the unique electronic property, the highly available surface sites,
and the multielemental synergy, the particles are found to be
(electro)catalytically active in multiple test reactions. Organic dye
(methylene blue) can be effectively degraded in the presence of
Au@mPdPtIr particles in dark conditions without external light
illumination. Conversion of p-nitrophenol to p-aminophenol can
also be achieved in the dark. When the particles are deposited on
conductive substrate, they are active in ethanol electrooxidation
reaction as well. Importantly, the synthesized multifunctional
catalyst particles preserve their original morphology in all investi-
gated catalytic reactions, which confirms their durable structure
and composition in catalytic reactions.

2. Results and Discussion

2.1. Synthesis and Characterization of The Nanoparticles

Anisometric micro- and mesoporous multimetallic nanoparticles
(mNRs) were synthesized using Au nanorods (AuNRs, length:
74 ± 7 nm, width: 17 ± 1 nm) as seeds followed by the wet-
chemical reduction of three noble metals (Pd, Pt and Ir) in two
subsequent steps. For the preparation of the nanorod seeds,
the robust and precisely tunable synthesis[44, using CTAB and
sodium oleate was employed, resulting in AuNRs with high
shape and size purity (Figure S1, Supporting Information). Af-
ter the removal of the unreacted species and concentration of the
AuNRs in 50 mM CTAB, the seed solution’s shelf life can be ex-
tended to at least 6 months. The reduction of the additional met-
als in a form of a porous shell was carried out in two steps but one
pot: Pd2+, Pt2+ and Pt4+ ions were reduced in the presence of F127
copolymer micelles and ascorbic acid at 70 °C, followed by the
decoration of the mesoporous shell with Ir domains using ascor-
bic acid and NaBH4 reducing agents at 80 °C. The deposition of
the PdPt mesoporous shell and its subsequent decoration with Ir
take place in a heat block within 40 and 20 minutes, respectively,
without using ultrasonication. Pluronic F127 serves as a tem-
plate in the shell growth process resulting in micro- and meso-
porous AuR@mPtPdIr nanorods with highly available surface
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Figure 1. TEM a,b), SEM c), HAADF d) images and elemental maps of the synthesized mesoporous tetrametallic nanorods e). Note: iridium cannot be
reliably visualized due to its low amount and the spectral overlapping with Pt.

sites. Figure 1 shows the morphology of the particles with dimen-
sions of 102 ± 7 nm (in length) and 44 ± 3 nm (in width) possess-
ing micropores and mesopores with the diameter of 1.2 ± 0.3 nm
and 13 ± 2 nm, respectively (Figure S1d,e, Supporting Informa-
tion). The shell thickness was found to be ca. 15 nm. Elemen-
tal mapping proves that first a porous Pd layer forms around
the AuNR seeds surrounded by a thicker and highly porous Pt
shell consisting of small Pt nanoparticles (3.7 ± 0.5 nm, Figure
S1c, Supporting Information). Reduction of iridium is challeng-
ing due to the stability of Ir(III),[45] and its strong coordination
with Cl−,[46] thus, the preparation of ultrasmall metallic iridium
domains without overoxidation to IrOx requires a strong reduc-
ing agent.[34,35,47] Hence, Ir was deposited on the AuR@mPdPt
particles in a second step using ascorbic acid and NaBH4 simul-
taneously. Visualization of Ir in the TEM-EDX maps is cumber-
some, due to the relatively low Ir content of the particles and its
spectral overlapping with Pt being present in higher concentra-
tion (Figure 1e), nevertheless, the elemental maps confirm the
layer-like deposition of Pd and Pt with their preferential location
around the AuNRs. High resolution images revealing the crys-
tal lattice of the particles show a nearly uniform lattice orienta-
tion over the entire particle. Small deviations can be seen, these
are most probably caused by bending after growth. This means
that growth on the Au seed took place epitaxially resulting in
nearly uniformly oriented (face centered cubic) yet porous lay-

ers around the seed (see Figure S2, Supporting Information for
details).

The optimized protocol provides AuR@mPdPtIr nanorods
with outstanding shape and size purity (Figure S3, Supporting
Information).

The particles show extensive scattering and prominent extinc-
tion in the UV-Vis-NIR wavelength range (Figure 2A) mostly in
the UV (< 400 nm) and NIR regions (900 – 1400 nm). The for-
mer can be associated with the presence of small Pd, Pt and Ir
particles, while the latter is the residual longitudinal dipolar reso-
nance of the AuNRs. Tetrametallic nanorods show quasi-constant
absorption in the visible wavelength range (pure absorption spec-
trum without scattering can be seen in Figure S4, Supporting In-
formation). XRD patterns of tetrametallic nanorods, and as a ref-
erence, the pristine gold nanorods, are presented in Figure 2b.
Powder Diffraction File (PDF) cards 04–0784 (Gold), 04–0802
(Platinum) and 46–1043 (Palladium) were used to identify the
XRD peaks. All the three metals have face-centered cubic (Fm-
3m) crystallographic structure with different lattice parameters.
(111), (200) and (220) lines of Au, Pt and Pd phases expected in
the measured range are denoted by orange, red, and green bars,
respectively. Peak positions of the pristine AuNR reference sam-
ple coincide with the Au line positions and corresponding peaks
are present in the XRD plot of the tetrametallic nanorods, too.
Considering the positions of the Pt and Pd lines, the peaks at
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Figure 2. UV-Vis-NIR extinction spectrum of the tetrametallic nanorods a). XRD diffractogram b) of the multimetallic nanorods and the pristine Au
nanorods used as core particles. XPS peaks of the detectable metals in their relevant binding energy ranges: Pt 4f c), Pd 3d d) and Ir 4f e). Inset of panel
(a) shows the color of the mesoporous nanorod solution.

2Θ = 39.7° and 2Θ = 46.4° can be identified as overlapping Pt
and Pd (111) and (200) peaks, respectively, while the (220) peak
expected at about 2 = 67.5° is overspread by the intensive (400)
peak of the single crystalline silicon sample holder. Nevertheless,
X-ray diffraction pattern also supports the presence of Au, Pd and
Pt in the tetrametallic nanorods.

Both electron microscopy and X-ray-based techniques fail to
detect the low amounts of Ir in the presence of Pt due to their
small difference in d-spacing and spectral overlap, thus, other
analytical techniques were employed to determine the Ir con-
tent of the AuR@mPdPtIr particles. Figure 2c–e show the XPS
spectra of the detectable elements, namely Pt, Pd and Ir. The
measured peaks of platinum are centered at 70.45 eV (4f7/2) and
73.80 eV (4f5/2). Palladium shows peaks at 334.81 eV (3d5/2) and
340.11 eV (3d3/2), while the peaks of iridium can be found at
60.14 eV (4f7/2) and 63.11 eV (4f5/2). These values agree well
with the nominal ones of the metallic Pt, Pd and Ir. Due to
the layered nature of the mesoporous shell, Au cannot be de-
tected owing to the limited mean path of the photoelectrons.
Palladium can be reached by the photoelectrons which is at-
tributed to the porous structure of the shell. The outer surface
of the mNRs consists of Pt and Ir. Importantly, Ir was also

found to be in metallic form (Ir0, Figure 2e) just like for Pd and
Pt.

To determine the exact composition of the tetrametallic
nanorods, SEM-EDX and ICP-OES analyses were performed by
depositing mNRs on silicon wafer and after digesting the parti-
cles in aqua regia, respectively. Table 1 summarizes the quantita-
tive analysis of the particles and the total metal concentration of
the mNR stock solution. The presence of Ir is proven by the ICP-
OES analysis and the Pt/Ir molar ratio was found to be 159.26.
It has to be noted that XPS also provided the Pt/Ir atomic ratio
(146.3), which is in line with the ICP results further confirming
that the Ir locates at the outer region of the porous shell.

Tetrametallic nanorods have well-defined pores in their shells
(Figure 1b), which can be attributed to the presence of F127
copolymer in the form of micelles during the shell deposition.
When using a templating surfactant in such systems, tempera-
ture and polymer concentration have a crucial impact on the size
and structure of the micelles which is often overlooked. Figure 3
shows the dynamic light scattering (DLS) size distribution of
F127 micelles as a function of concentration and temperature. At
room temperature (25 °C), F127 forms micellar structures with
bimodal distribution at higher concentrations which gradually
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Table 1. Elemental composition of tetrametallic nanorods measured by SEM-EDX and ICP-OES and the derived molar ratios of metal pairs.

Analysis technique Unit Au Pd Pt Ir Total metal conc. molar ratios of metal pairs

Au/Pd Pt/Pd Pt/Au Pt/Ir

SEM-EDX at% 24.70 19.89 55.41 n/A – 1.24 2.79 2.25 n/A

ICP-OES ppm 544.69 242.04 1196.98 7.41 1991.11 1.22 2.70 2.22 157.33

mmol/L 2.765 2.274 6.136 0.039 11.21

turns monomodal with smaller hydrodynamic sizes (<10 nm)
for lower concentrations. However, increasing the temperature
causes a pronounced shift in the size of the micelles towards
larger hydrodynamic diameters. Monomodal distributions with
smaller polydispersity indices can be achieved in a wide concen-
tration range by increasing the temperature to 70 °C. At this tem-
perature, average hydrodynamic sizes of 20–28 nm can be ob-
tained in the 0.05 – 5 wt% concentration range (Figure 3c). More-
over, higher temperature also facilitates the reduction of metal
salts, thus, the synthesis can be performed within an hour in
total.

During the optimization of the synthetic protocol, the role of
HCl was found to be crucial for the reproducibility as well as
shape and size purity of the multimetallic nanorods. In the ab-
sence of HCl, or by adding the HCl after mixing the metal precur-
sors and F127 solution the yield of the mNR synthesis decreases
dramatically. In these conditions, significant homogeneous nu-
cleation occurs, which deteriorates the deposition of the multi-
metallic shell onto the gold nanorods. To shed light on the origin
of this observation, the effect of HCl and F127 on the optical prop-
erties of the metal precursor solutions was investigated. While
the optical spectrum of Pt2+, Pt4+ and Ir3+ solutions remain un-
changed when adding different volumes of HCl (without adding
F127), a gradual change in the spectrum of the Pd2+ solution can
be observed (Figure 4a–d). This spectral shift can be attributed
to the gradual transition of PdCl3(H2O)− complex to [PdCl4]2

−

as a function of the increasing Cl− concentration.[48,49] It indi-
cates, that HCl plays an important role to provide the [PdCl4]2

−

complex for the Pd deposition. Moreover, evolution of the spec-

trum of the Pd2+ precursor solution in the presence of F127 in
the absence of HCl was also monitored in a 30 minute inter-
val (Figure 4e). The solution almost immediately turns brown-
ish after the addition of F127 and the extinction of the band at
425 nm gradually increases in 10 minutes. This indicates the for-
mation of Pd nanoparticles in the solution, which is also con-
firmed by TEM (Figure 4f). However, when the F127 solution
is first mixed with HCl followed by the injection of the Pd pre-
cursor, the spectrum changes only slightly in the time period of
120 minutes (Figure S5, Supporting Information). This implies,
that F127 itself is able to reduce the palladium precursor solu-
tion in the absence of HCl resulting in homogeneously nucle-
ated Pd particles serving as seeds for the further growth of the
mesoporous shell in the AuR@mPdPtIr synthesis (Figure S6,
Supporting Information). This is in agreement with the recent
findings of Sokolsay-Papkov et al., who reported on the template-
assisted synthesis of Au nanoparticles using Pluronic F127.[50]

At pH = 2.2, the reduction of the Au precursor was significantly
slowed down, while increasing the pH of the solution led to
the formation of AuNPs as a results of the decomposition of
F127.[50] Consequently, adding HCl before the injection of the
metal precursors in the presence of F127 is of extreme impor-
tance to ensure the reliability and robustness of the tetrametal-
lic nanorods’ synthesis. After clarifying the above-mentioned as-
pects of the synthesis, porous anisometric tetrametallic nanorods
in high concentration can be prepared in a robust and reli-
able manner within an hour without the need of ultrasoni-
cation (detailed procedure can be found in the Experimental
Section).

Figure 3. Effect of the temperature (25 °C a), 40 °C b), and 70 °C c) on the F127 micelle size distribution measured by dynamic light scattering for
different copolymer concentrations.
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Figure 4. Effect of the HCl concentration on the UV-Vis spectra of Pd2+ a), Pt2+ b), Pt4+ c), and Ir3+ d) solutions. Time evolution of the spectrum of
Pd2+ solution in the presence of F127 without added HCl e). TEM image of Pd nanoparticles formed upon the addition of F127 solution in the absence
of HCl f).

2.2. Ligand-Free Tetrametallic Nanorods Possess Highly
Negatively Charged Surface

After the synthesis and extensive purification of the tetrametallic
nanorods, unreacted species and excess of F127 were removed
from the mNR solution. Measuring the electrophoretic mobility
of the particles revealed that mNRs possess extensive negative
surface charge (electrophoretic mobility is of −2.94 μmcm Vs−1,
see Figure S7a, Supporting Information). To rule out the effect
of any residual F127 or complex ions on the electrophoretic mo-
bility, the particles were further washed with MilliQ water in
4 additional centrifugation/redispersion cycles. After this treat-
ment, the particles can be considered quasi ligand-free. Impor-
tantly, particles preserve their negative electrophoretic mobility
being −3.07 ± 0.35 μmcm Vs−1 as average (Figure S7b, Sup-
porting Information). Considering that the deposition of the
trimetallic shell was performed onto the surface of positively
charged AuNRs (EM = + 1.02 ± 0.09 μmcm Vs−1, NRs dis-
persed in F127 with residual CTAB on their surface), the obtained
negative electrophoretic mobility is a consequence of the shell
growth itself, as F127 is a neutral copolymer with no charges.
Hence, this can be attributed to the synergistic interplay be-
tween the applied noble metals altering the electronic properties

of the tetrametallic nanorods and facilitating the charge trans-
fer from the Au core towards the trimetallic shell. Consequently,
it can be anticipated that the tetrametallic nanorods’ catalytic
and electrocatalytic performance are enhanced due to the higher
binding affinity of the adsorbates towards the mNRs’ surface
sites.

2.3. Application of the Tetrametallic Nanorods in Catalytic
Reactions

2.3.1. Conversion of p-nitrophenol to p-aminophenol

Catalytic properties of porous tetrametallic nanorods were first
tested in dark conditions to convert p-nitrophenolate to p-
aminophenolate. First, p-nitrophenol stock solution was diluted
to 0.08 mM and 0.16 mM in a quartz cuvette, and 0.1 M NaBH4
was added to prepare the analyte (p-nitrophenolate anion). Af-
ter injecting the mNR stock, the reaction was monitored by UV–
vis spectroscopy to follow the conversion of p-nitrophenolate (at
the wavelength of 400 nm) to p-aminophenolate (at 299 nm)
in time. Figure 5a shows the evolution of the UV–vis spec-
trum in the course of 60 minutes in a typical experiment. After
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Figure 5. Temporal evolution of the UV–vis spectra of p-nitrophenol in the presence of multimetallic nanorods in dark conditions a). Kinetics of the
p-nitrophenol to p-aminophenol transformation measured at the main peaks of the corresponding compounds b). TEM images of the catalyst nanorods
after the reaction c,d). Inset of panel (a) shows the color of the p-nitrophenolate and the solution after the catalytic reaction.

extracting the extinction values at 400 and 299 nm, the ki-
netics of the conversion can be revealed (Figure 5b). Using
the present catalyst, 98.95 % and 99.95 % of p-nitrophenolate
(for 8∙10−5 M and 1.6∙10−5 M, respectively) can be removed
from the solution (Figure S8a, Supporting Information). With-
out the catalyst, p-nitrophenolate remains stable in the solu-
tion, while mNRs facilitated the complete conversion in 60
minutes.

The reduction of p-nitrophenol most likely follows the es-
tablished mechanism[51] involving BH4

− anions as hydride
source and the multimetallic nanorod catalyst as electron trans-
fer agent. Upon the hydrolysis of sodium borohydride, the
deprotonation of p-nitrophenol to p-nitrophenolate anion oc-
curs imparting a prominent yellow color to the solution,
which gradually vanishes in time in the presence of the cata-
lyst indicating the reduction of the p-nitrophenolate anion to
p-aminophenol.

After fitting the decay of the extinction at 400 nm with a pseudo
first-order kinetics equation, rate constants for the two investi-
gated p-nitrophenolate concentrations were found to be similar
(Figure S9, Supporting Information), indicating that the reaction
is diffusion-limited. It is important to emphasize that the porous
nanorods preserve their morphology and porosity in the catalytic
conversion, hence neither the shape of the nanorods nor their
fine structure change and they retain their colloidal stability as
well (Figure 5c,d). This implies that the nanorods indeed serve
as a heterogeneous catalyst in the process, moreover, the elec-
tron transport between the catalyst and the analyte (with the aid
of NaBH4) takes place without any external trigger.

The tetrametallic nanorods can be easily separated from the
reaction solution and are able to catalyze the reduction of p-
nitrophenol in three consecutive cycles with a minimal de-
crease in the final degradation value (Figure S10a, Supporting
Information).

2.3.2. Degradation of Methylene Blue in Dark Conditions

Electrophoretic mobility measurements revealed that the mNRs
possess negative surface charge, which makes them a promis-

ing candidate for removing organic pollutants. To test their per-
formance in a prototypical dye degradation reaction, positively
charged methylene blue was chosen as an analyte to degrade
in the presence of the nanorods in dark conditions. Temporal
spectral changes in methylene blue solution were monitored in
the presence of mNRs in a fiber-coupled visible spectrometer for
5700 s with 5 seconds temporal resolution. Figure 6a shows the
time-dependent spectra, clearly indicating the degradation of the
methylene blue (peak centered around 663 nm). In the catalytic
process, 92.49 % of the added methylene blue can be degraded
(Figure S8b, Supporting Information). The extinction decay at
the peak maximum over time was used to highlight the kinet-
ics of the degradation (black solid curve in Figure 6b). Sequential
addition of the same amount of methylene blue but in 9 sub-
sequent portions supported the determination of the rate con-
stant of the reaction’s pseudo first-order kinetics (see Figure S11,
Supporting Information and the related table). To exclude any
eventual impact of the continuous illumination by the spectrom-
eter lamp on the degradation process during the time-dependent
spectroscopic measurements, control experiments were carried
out by illuminating the solution with a high-power, UV-filtered
Xe lamp for the same period of time at spectroscopic measure-
ment performed at discrete time instances (red dots in Figure 6b).
The reaction was also performed under the complete exclusion
of light and a single measurement performed at the end of the
reaction (magenta triangle in Figure 6b). It can be inferred that
the reaction is also completed in fully dark conditions, and Xe-
illumination did not change the kinetics, verifying that the sys-
tem is insensitive to the light and the catalytic activity is not
due to any photogenerated charge carrier. Naturally, in the ab-
sence of the catalyst, methylene blue was stable in the course of
time. While recent studies report on the catalytic degradation of
methylene blue in the presence of trimetallic nanoparticles,[52,53]

it has to be emphasized that in the presence of our tetrametallic
nanorods neither light nor NaBH4 are necessary to degrade the
dye.

To shed light on the possible mechanism of the dye degrada-
tion, experiments in the presence of different scavengers were
performed. Sodium sulfate, 2-propanol and p-benzoquinone
were employed as O2, OH. and O2

−. scavengers, respectively.
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Figure 6. Temporal evolution of the visible spectra of methylene blue in the presence of multimetallic nanorods in dark conditions a). Inset shows the
photographs of the sample before and at the end of the reaction. Kinetics of the dye degradation measured at 663 nm in the absence of catalyst, in the
presence of catalyst and by adding different scavengers b). TEM images of the catalyst nanorods after the methylene blue degradation reaction c,d) in
the absence of scavengers.

Furthermore, the methylene solution was bubbled with Ar for
15 minutes before the introduction of mNRs to decrease the
concentration of dissolved O2. While all scavengers significantly
slowed down the rate of the dye degradation reaction, 2-propanol
was found to be the most efficient scavenger to hinder the re-
action. Dissolved O2 and superoxide radicals are responsible for
the generation of H2O2 which can further produce OH radi-
cals indirectly,[54] introduction of 2-propanol directly suppresses
the OH radical concentration. Hence, OH. radical was found
to be the responsible reactant for the degradation of methy-
lene blue catalyzing the N-demethylation of the dye and de-
composing it to smaller aromatic compounds. After performing
the dye degradation reaction, the mNRs were found to be in-
tact: nanorods preserved their size, shape, fine structure and col-
loidal stability (Figure 6c,d). It has to be noted, that the degra-
dation of methylene blue produces degradation products, which
are present in the UV-Vis spectrum after the catalytic reaction
(Figure S12, Supporting Information). These reaction products
are most likely smaller aromatic compounds (produced via N-
demethylation of MB)[55] such as aminocatechol and aminoben-
zothiazol derivatives[56] being present in the solution after remov-
ing the catalyst by centrifugation. Similarly for p-nitrophenol re-
duction, methylene blue can also be efficiently degraded in three
consecutive recycling of the nanorod catalyst (Figure S10b, Sup-
porting Information).

2.3.3. Electrocatalytic Oxidation of Ethanol in Alkaline Medium

Multimetallic nanoparticles are of great interest in direct fuel
cell application, thus, electrocatalytic reactions have been in the
focus of the test reactions for this material class. Therefore,
we investigated the electrocatalytic activity of mNRs in ethanol
oxidation reaction (EOR) in alkaline medium. Electrodes were
fabricated from the nanorods by depositing the concentrated
particle “ink” in a rectangular mold on MPTMS-functionalized
ITO glass (see Experimental section for details). Mass activity
of the electrodes was investigated as a function of the ink vol-
ume as well as the scan rate of the cyclic voltammetry measure-
ment in a conventional three-electrode electrochemical cell us-

ing the mNRs@ITO as the working electrode. While MPTMS-
functionalized ITO is inactive in EOR (Figure S13, Support-
ing Information), tetrametallic nanorods show pronounced ac-
tivity in electrocatalytic oxidation of ethanol: a main peak in
the anodic scan indicates the oxidation of ethanol to acetalde-
hyde and acetic acid, whilst the sharp peak in the cathodic scan
can be attributed to the oxidation of freshly diffusing alcohols
(Figure 7).[57,58] The latter peak is intensive and sharp, which
implies that the oxidation of the metals in the catalyst parti-
cles is not prominent. Nonetheless, scan rate was found to have
an impact on the overpotential: lowest overpotential can be ob-
tained at 10 mV/s (Figure 7a). Figure 7b shows the CV curves
of the EOR upon changing the mass of the deposited catalyst
(volume of the catalyst ink). Lowest overpotential (-31 mV) and
highest mass activity were obtained for the lowest catalyst vol-
ume (1 μL, equals to 0.074 mg cm-2 catalyst load). Nanorod@ITO
electrode possesses much lower mass activity in the supporting
electrolyte (1 M KOH) in the absence of EtOH (Figure 7c). Simi-
larly to the p-nitrophenol conversion and methylene blue degra-
dation, the particles retain their original morphology and poros-
ity after 30 CV cycles for EOR (Figure 7d). Porosity and multi-
elemental nature of the tetrametallic nanorods significantly en-
hanced the EOR performance compared to the monometallic
AuNRs.[58]

3. Conclusion

Unique tetrametallic nanorods were obtained by coating Au
nanorods with a trimetallic (Pd, Pt, Ir) shell in a reliable and
highly reproducible manner. The high porosity (micro- and
mesoporosity) trimetallic shell was deposited onto the anisomet-
ric gold nanoparticles in a two-step protocol to ensure the suf-
ficient reduction of Ir domains on the outer region of the PdPt
shell. Beside the small size of the Pd and Pt nanograins in the
shell, the presence of Ir further extends the application poten-
tial of the tetrametallic nanorods with active and available sur-
face sites. In depth structural and elemental composition anal-
yses revealed that the metals are located as well-defined layers
around the Au nanorods: a porous Pd shell covers the nanorods
followed by the thicker but also porous Pt layer decorated with
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Figure 7. Voltammograms of ethanol oxidation reaction in the function of the scan rate a) and catalyst ink volume b). Mass activity of the nanorod@ITO
electrode in 1 M KOH c). SEM image of the nanorod coating on ITO(MPTMS) after the ethanol oxidation reaction d). EOR (a) was performed in 1 M
KOH as supporting electrolyte in the presence of EtOH (1 M).

Ir domains. Outstanding shape and size purity was achieved
by revealing the impact of HCl and temperature on the precur-
sors’ stability and the micelle size of the pore forming copolymer
(Pluronic F127). The porous tetrametallic nanorods possess high
negative electrophoretic mobility, which is preserved even upon
extensive washing, thus, this property is attributed to the elec-
tronic coupling of the metals and the consequent charge transfer
towards the shell’s surface. Multifunctionality of the nanocatalyst
is demonstrated in various catalytic reactions: (i) the particles are
able to convert p-nitrophenol to p-aminophenol with high rate,
(ii) degradation of methylene blue takes place in the presence of
particles without using external trigger (light, heat) which is at-
tributed to the formation of OH radicals, (iii) ethanol can be elec-
trocatalytically oxidized in alkaline medium with negative over-
potential by the ITO-supported tetrametallic nanorods. It has to
be emphasized that the shape and fine-structure of the catalyst
nanorods are preserved in all catalytic test reactions demonstrat-
ing the robustness of the nanostructured particles. Multielemen-
tal synergy emerging in the tetrametallic nanorods allows the
preparation of a functional nanomaterial with extendable poten-
tial in further catalytic purposes due to their unique structure and
composition.

4. Experimental Section
Chemicals: Hydrogen tetrachloroaurate (HAuCl4, ≥99.9%, trace met-

als basis), potassium tetrachloroplatinate (K2PtCl6, 99.9%, trace metals
basis), chloroplatinic acid hexahydrate (H2PtCl6, ACS Reagent, ≥37.5%
Pt basis), sodium tetrachloropalladate (Na2PdCl4, ≥99.9%, trace met-
als basis), sodium hexachloroiridate (Na3IrCl6), silver nitrate (AgNO3,
99.9999%, trace metals basis), Pluronic F-127 (BioReagent), L-ascorbic
acid (AA, BioXtra, ≥99.0%), sodium borohydride (NaBH4, ReagentPlus,
99%), potassium hydroxide (KOH, ACS Reagent, ≥85%), methylene blue
hydrate (MB, purum p.a., ≥97%), p-benzoquinone (p-BQ, ReagentPlus,
≥98%), sodium sulfite (Na2SO3, ACS Reagent, ≥98%), hydrochloric acid
(HCl, puriss p.a., ACS Reagent, ≥37%), nitric acid (HNO3, puriss p.a.,
≥65%), Nafion perfluorinated resin solution (5 wt% in mixture of lower
aliphatic alcohols and water, 45% water) were purchased from Merck
(Sigma-Aldrich). Cetyltrimethylammonium bromide (CTAB, 99+%) and 4-
nitrophenol (p-NP, 99%) were purchased from Thermo Scientific. Sodium
oleate (NaOL, >97%) was acquired from TCI Chemicals. Ethanol (abso-
lute, Normapure) and 2-propanol (Normapure) were supplied by VWR
International. Ultrapure water (>18.2 MΩcm) was produced by a Sar-
torius Arium Mini. All glasswares and stirring bars were cleaned with
aqua regia (3:1 V/V ratio of cc. HCl and HNO3), rinsed thoroughly with
ultrapure water, and dried at 70 °C. Quartz cuvettes were stored in
2 V/V% Hellmanex® II solutions, rinsed with ultrapure water and 2-
propanol followed by drying under N2 flow. All metal precursors, NaOL
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and NaBH4 were stored in a glove-box and their solutions were prepared
freshly.

Synthesis of Gold Nanorods: Gold nanorods were synthesized based on
the protocol of Ye et al.[44] In a 500 mL Schott glass, 9.0 g CTAB, 1.543 g
sodium oleate and 250 mL MilliQ were mixed and stirred at 60 °C un-
til the powders dissolved (30–40 minutes). After letting the solution cool
down to room temperature, 18 mL AgNO3 solution (4 mM) was added
and the solution was gently stirred for 15 minutes followed by the addi-
tion of 250 mL HAuCl4 solution (1 mM). After stirring for 90 minutes, the
yellowish growth solution turned colorless.

In this time window, the seed solution was prepared by swiftly inject-
ing 0.5 mL ice-cold NaBH4 solution (0.006 M) into the vigorously stirred
mixture of 2.5 mL CTAB solution (0.2 M) and 2.5 mL HAuCl4 solution
(0.5 mM). The seed solution was stirred for 2 minutes and then left undis-
turbed for 30 minutes.

To the previously prepared growth solution, 2.1 mL cc. HCl was added
and the solution was further stirred for 15 minutes. Then 1.25 mL ascorbic
acid solution (0.064 M) was added followed by the rapid injection of the
seeds (400 μL). The solution was vigorously stirred for 1–2 minutes, the
stirring bar was removed and the growth solution was left undisturbed
overnight in a temperature-controlled bath at 28 °C to avoid the crys-
tallization of CTAB. Purification and concentration of the gold nanorod
solution was performed via centrifuging the redispersion in 50 mL Fal-
con tubes (6500 rcf, 20 min) and the precipitate was redispersed in a to-
tal of 14 mL CTAB solution (50 mM). This step was crucial for extend-
ing the shelf life and retaining the morphology of the nanorods via sup-
pressing the concentration of the unreacted reactants and it eases the
further concentration of the nanorods for the mesoporous multimetallic
shell growth. The Au concentration of this AuNR stock solution was cal-
culated based on the extinction value at 400 nm[59] and was found to be
8.91 mM.

Synthesis of Tetrametallic Nanorods: Tetrametallic mesoporous NRs
were synthesized by simplifying, optimizing and extending the protocol
of Deng et al.[21] to perform a two-step growth of the trimetallic shell
around the AuNRs. AuNR stock solution (1.346 mL) was centrifuged in
an Eppendorf tube, the supernatant was removed and the NRs were re-
dispersed in 1 mL F127 solution (3 wt%). To further suppress the CTAB
concentration and increase the concentration of the AuNRs, this solution
was centrifuged once more at the same conditions. After removing the su-
pernatant, 50 μL F127 solution (3 wt%) was added and the particles were
redispersed using vortexing and ultrasonication. In a 40 mL vial, 1.419 mL
MilliQ, 0.501 mL F127 solution (10 wt%) and 60 μL HCl solution (6 M)
were mixed and heated to 70 °C in an aluminum heat block. Afterwards,
120 μL Na2PdCl4 (100 mM), 120 μL K2PtCl4 (100 mM), 180 μL H2PtCl6
(100 mM) solutions were sequentially added under stirring at 70 °C. To
this solution, the previously prepared AuNR solution (50 μL) was injected.
To initiate the shell growth, 3 mL ascorbic acid solution (100 mM, pre-
heated to 70 °C) was added under vigorous stirring and the solution was
stirred for 40 minutes at 70 °C (the concentration of Au0 was 2.2 mM
at this stage). Afterwards, the temperature was increased to 80 °C and
60 μL Na3IrCl6 solution (100 mM), 807 μL ascorbic acid (100 mM, pre-
heated to 80 °C) was added. To quickly reduce the Ir3+, 284 μL NaBH4
solution (25 mg/mL in room temperature MilliQ) was swiftly added un-
der stirring. The solution was kept at 80 °C for an additional 20 minutes.
After naturally cooling to room temperature, the black solution was di-
luted to 60 mL with F127 solution (0.05 wt%) and centrifuged at 1500 rcf
for 15 min in 3×20 mL portions. The slightly colored supernatant was re-
moved and 15 mL MilliQ was added to each centrifuge tube. In a second
centrifugation step (5000 rcf, 15 min), the supernatant was removed and
the mesoporous nanorods were redispersed in a total of 2.25 mL MilliQ.
This solution is referred to as the “stock solution” and has a total metal
concentration of 1.991 g L−1 (measured by ICP-OES).

Optical Characterization: Stock solution of tetrametallic nanorods was
diluted with a factor of 100 with MilliQ water in QS quartz cuvette. The
extinction spectrum of the particles was recorded in a Shimadzu UV 3600i
UV-Vis-NIR spectrophotometer in the wavelength range of 200–1400 nm.
Absorption spectrum of the tetrametallic nanorods was measured in an
integrating sphere of an Edinburgh FS-5 spectrofluorometer.

Electron Microscopy: Nanoparticles were deposited from their diluted
stock solution onto Si wafers or carbon-coated Cu grids for SEM and TEM
investigations, respectively (via drop casting 1 μL of solution and drying at
ambient conditions). A Zeiss LEO 1540-XB was used to take the SEM im-
ages at an accelerating voltage of 5 keV. Elemental composition of the sam-
ples was investigated by energy dispersive X-ray spectroscopy using an Ox-
ford Instruments UltimMax 40 detector. TEM, STEM images and STEM-
EDX maps were recorded using a ThermoFischer THEMIS 200 transmis-
sion electron microscope operated at 200 kV equipped with spherical aber-
ration corrected objective lens and Bruker SuperX X-ray detectors and with
a JEOL 3010 microscope operated at 300 kV. STEM elemental maps pre-
sented in this paper show net intensities after background subtraction and
peak deconvolution as evaluated by the Velox software.

XRD and XPS Sample Preparation and Measurements: Stock solution
of the nanoparticles was concentrated with a factor of 20, drop-cast and
dried onto Si wafer. XRD diffractograms were taken with a Bruker AXS D8
Discover X-ray diffractometer equipped with Göbel-mirror and scintillation
detector using Cu K𝛼 (𝜆= 1.5406 Å) radiation. The X-ray beam dimensions
were 1 mm × 5 mm, the 2Θ step size was 0.05°, scan speed 0.15° min−1.
The Diffrac.EVA program and the ICDD PDF database was used for phase
identification. A ThermoFischer Escalab Xi+ instrument was used for the
XPS measurements equipped with an Al K𝛼 source focused onto an area of
0.5 mm in diameter. Optical image as well as XPS identification supported
the selection of areas with high particle coverage. Spectra were recorded
with energy resolution of 0.6 eV and 0.1 eV step size with 0.5 s per point
speed. Binding energy scale was adjusted using the adventitious carbon
peak fixed at 284.6 eV.

Electrophoretic Mobility: A Malvern ZetaSizer Nano ZS was used to
perform dynamic light scattering (𝜆 = 635 nm) measurements on the
diluted aqueous solutions of the particles. Electrophoretic mobilities were
determined in folded capillary cells (DTS-1070).

ICP-OES: A portion of the mesoporous nanorod stock solution
(100 μL) was digested in aqua regia (675 μL cc. HCl + 225 uL cc. HNO3)
for 15 minutes. After the nanorods dissolved, the solution was topped up
to 10 mL by adding 8.9 mL of MilliQ water and 100 μL Y standard so-
lution (100 ppm Y in 2% HNO3). Concentration of the metals were de-
termined by a Perkin Elmer Avio 200 ICP-OES instrument by considering
the wavelength of 242.795 nm for Au, 340.458 nm and 324.458 nm for Pt,
214.423 nm and 265.945 nm for Pd and 224.268 nm and 215.268 nm for
Ir to avoid spectral overlapping.

Conversion of p-nitrophenol to p-aminophenol: in a semi-micro quartz
cuvette, MilliQ water, p-nitrophenol stock solution (0.012 M), NaBH4
(0.1 M prepared with ice-cold MilliQ) and the porous nanorod stock solu-
tion were sequentially added. For experiments at 0.08 mM p-nitrophenol
concentration, 993 μL MilliQ, 6.67 μL 0.012 M p-nitrophenol solution,
3.33 μL 0.1 M NaBH4 and 3 μL nanorod stock solution was used. For exper-
iments at 0.16 mM p-nitrophenol concentration, 987 μL MilliQ, 13.33 μL
0.012 M p-nitrophenol solution, 6.66 μL 0.1 M NaBH4 and 6 μL nanorod
stock solution was used. After adding the NRs, the time-dependent UV–
vis spectra were taken in a Shimadzu UV3600i spectrophotometer with a
time resolution of 46.45 s for each step for 1 hour.

Degradation of Methylene Blue: A methylene blue stock solution hav-
ing a concentration of 100 mg L−1 was prepared. For a typical experiment,
980 μL of MilliQ water was added into a PMMA semi-micro cuvette fol-
lowed by the addition of 15 μL mNR stock solution. This solution was mea-
sured as a reference before adding the methylene blue. Time-resolved visi-
ble spectra were taken with a fiber coupled Thorlabs CCS200 spectrometer
after the addition of 20 μL methylene blue stock solution. The spectra were
collected for 2 hours with a time resolution of 10 s. For OH. radical scav-
enging, 930 μL MilliQ water and 50 μL 2-propanol were used by keeping
the other parameters constant. For O2 and O2

.− scavenging, 980 μL MilliQ
and 10 μL Na2SO3 solution (8 mM) or 10 μL p-benzoquinone (8 mM) were
used, respectively. To suppress the concentration of the dissolved oxygen,
the sample was bubbled with Ar for 15 minutes before the addition of the
methylene blue. To reveal the effect of the illumination on the dye degrada-
tion kinetics, a lab-built 300 W Xe lamp was used to illuminate the sample
(power density of ca. 970 μW cm−2) and the spectra were taken after 5, 10,
20, 30, 60, 90, 120 minutes in the fiber-coupled spectrometer.
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Preparation of the Nanorod-ITO Electrodes: ITO on glass (VisionTek,
12 Ω sq−1) was cut into pieces with dimensions of 1.5 cm (width) and
3.0 cm (height). The substrates were successively ultrasonicated in ace-
tone, 2-propanol and MilliQ water for 10-10 minutes. After rinsing with
MilliQ water, the substrates were activated in NH4OH:H2O2:MilliQ solu-
tion (consisting of 100 mL MilliQ, 9 mL 50% H2O2 and 13 mL 28–32%
NH4OH) at 70 °C for 2 hrs followed by excessive rinsing with MilliQ,
2-propanol and toluene and drying with a N2 gun. The substrates (8-10
pieces) in a PTFE holder were immersed into the functionalization solu-
tion (100 mL of toluene + 2 mL MPTMS), the temperature was set to 70
°C and were gently stirred for 2 hrs on a hot plate. Afterwards, the heating
was turned off and the solution was kept stirred overnight at room tem-
perature. Evaporation of toluene was suppressed via covering the beaker
with aluminum foil. Then, the substrates were rinsed with toluene and
dried under N2 flow followed by a thermal treatment (50 °C, 2 hrs) in
a drying oven. After removing them from the oven, the substrates were
stored in a N2-filled glovebox (O2 = 0.7 ppm, H2O = 0.1 ppm). Be-
fore the preparation of the electrode, the ITO(MPTMS) slide was taken
out of the glovebox and a mold was glued on its surface (prepared from
scotch tape, 1.5×1.5 cm rectangle with a 0.5×0.5 cm rectangular open-
ing in the middle). The catalyst ink was prepared by centrifuging 100 μL
of the aqueous mNR stock solution at 3000 rcf for 5 min. Upon remov-
ing 95 μL supernatant, the particles were redispersed in water by adding
95 μL of fresh MilliQ water. In a second centrifugation step, 95 μL of su-
pernatant was removed and 5 μL ethanol was added to the precipitate.
After thorough ultrasonication and vortexing, 0.8 μL of Nafion solution
was added to the ink followed by ultrasonication for 5 minutes. Ratio of
Nafion:nanorods was chosen to avoid the block of interfacial mass trans-
port and active sites.[60] From this ink solution, 1–5 μL was deposited into
the mold’s opening and let dry for 30 minutes at ambient conditions.
After drying, the mold was gently removed by tweezers. Based on the
elemental composition measured by ICP-OES, the catalyst ink volumes
of 1, 2.5 and 5 μL represent 0.0737, 0.1844 and 0.3687 mg cm−2 cata-
lyst loads in the mold (area = 0.25 cm2) in terms of total metal loads,
respectively.

Electrocatalytic Ethanol Oxidation Reactions: EOR experiments were
carried out in a conventional three-electrode electrochemical setup con-
sisting of an Ag/AgCl (3 M KCl, BASi) reference electrode, a Pt wire counter
electrode (BASi) and the mNR@ITO(MPTMS) slide as working electrode.
Ethanol was added to 1 M KOH solution to set the ethanol concentration
to 1 M and the electrolyte was bubbled with Ar for 1 hour. Cyclic voltam-
metry measurements were performed by a Gamry Reference 3000 poten-
tiostat in the bias potential range of −0.6 – 0.8 V or −0.6 – 1.2 V.

Statistical Analysis: particle size and pore size distributions were pre-
sented as mean ± standard deviation. Sample size was 200 for nanopar-
ticles and pores as well. Normal distribution curves were applied to all
histograms. Data visualization and statistical analysis was performed with
OriginLab OriginPro 2021 (version 9.8). Image processing was carried out
by using ImageJ.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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