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As essential controlling parameters, the local surface area (size distribution) and polarity property of the
surface molecules can determine the catalytic activity and biocompatibility directly. Here, ultrasmall
palladium-based alloys (FePd, FePdCo, and FePdCu NCs) were developed to serve as artificial
degradation catalysts with superhydrophilicity (SPh), biocompatibility, and reusability, which were
referred to as “biocatalysts”. As synthesized in aqueous solvent with negative surface potential while
dispersing in water medium, because of the surface biological molecules effect. The obtained alloys
illustrated a size distribution of about 3.5 nm. Additionally, owing to SPh property, these alloys could be
stored in water up to 30 days without any precipitation and retained their monodisperse morphology in

colloidal solutions. The cytotoxicity assessment of the alloys by exposing to L-929 cells over 3 days
Received Lith January 2022 indicated that it maintained cell viability of >80% to 390 L tration of alloys)
Accepted 28th February 2022 indicate at it maintained cell viability o % even up to pg m concentration of alloys).
Furthermore, they exhibited an obvious enhancement in the catalytic performance for degrading

DOI: 10.1038/d2ra00266c Rhodamine B (RhB) and 4-nitrophenol (4-NP). The recyclable utilization of biocatalysts demonstrates
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Owing to their use in different applications, palladium-based
alloys have attracted increasing attention due to their excellent
physical, chemical, and other characterizations, particularly, in
can be deleted synthesis approaches, such as construction of
dumbbell structures, core shell structures, and yolk@shell
structures." As for palladium-based composites, they exhibit
excellent chemical catalytic activity and environmental friendli-
ness. In order to fit the different requirements, synthesis
approaches for palladium-based alloys have been well explored,
in which, the obtained alloys with different elemental composi-
tions and hydrophobic characteristics showed high energy
consumption.> Ascribed to the traditional approaches, a palla-
dium-based heterogeneous structure can be realized via phys-
ical deposition formation (casting alloys)® and solvothermal
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durable stability even after 8 reduction cycles.

approaches. According to essential initial requirement, particle
parameters (size distribution, surface energy) of an ultra-small
particle could promote size minimization and enhance surface
free energy in order to keep the NCs in a “boiling state”. It could
enhance the relative performance in the form of biocatalysts.
Therefore, it causes poor stability, leading to aggregation and loss
of catalytic performance under extreme conditions.* In existing
requirements, the status of its surface, size distribution and
uniformity are subjected to synthetic method in designing
scopes. In addition, the hydrophobic surface implies a high
possibility of further modifications, which means that alloys
might be utilized in biocompatible fields. According to compre-
hensive procedures for preparing functional biocatalysts, it can
be synthesized via solvothermal or wet-chemistry approaches.
The hydrophobic surface was made up of long chain alkanes and
would become hydrophilic using the ligand exchange strategy in
surface modification. This process frequently uses hydrophilic
molecules or polymers for ‘secondary’ modification, and particles
could achieve a novel surface for specific purposes, such as in
electrocatalysis and biocatalysis.?

However, the most essential factor in the synthesis is
designing a simple synthesized approach to fabricate ultrasmall
and superhydrophilic (SPh) biocatalysts with low energy
consumption at room temperature (RT). The synthesized
ultrasmall alloys showed excellent catalytic activity and
environment-friendly characteristics. In order to ensure the
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ultrasmall and SPh characteristics, it is necessary to promote
the possibility of combining one or two metal compositions
with palladium element through low energy consuming proce-
dures. The obtained palladium-based alloys could meet the
requirements of biocatalysts. Ascribed to the chemical potential
of different metal ions, Pd (2.20 eV) possessed much higher
electronegativity than Fe (1.83 eV), Co (0.24 eV) and Cu (0.34 eV).
The formation of alloyed NCs could enable electron transfer
between Pd and other elements involved in the hybridization
finally. As prepared in solvent thermography process,
palladium-based alloyed biocatalysts can be designed and
fabricated successfully.

Herein, a one-step approach has been introduced to prepare
uniformly dispersed SPh biocatalysts, such as bimetallic FePd
alloy and ternary FePdCo and FePdCu alloy, respectively.
Eventually, we established a feasible approach by coupling
metal elements in forming biocatalysts. Fig. 1 shows the
mechanism of the synthesis approach, in which the solvent
medium was a 1 : 1 mixture of H,O and C,HsOH for adjusting
polarity. The reaction was carried out significantly with
different features from that in an organic solvent, which has
been extensively studied for the synthesis of metal-based
hydrophobic alloys.® Also, the catalytic properties and biocom-
patibility NCs were referred as biocatalysts, which were exten-
sively investigated, and their catalytic properties in the
degradation during treatment with Rhodamine B (RhB) and 4-
nitrophenol (4-NP) were studied. It was assessed to verify their
distinct inhibition effect on the dye treatment induced by the
electron-transfer degradation processes completely.

In a typical synthesis of biocatalysts (FePd, FePdCo,
PdCoCu), the biocatalysts were synthesized through “in situ”
reduction processes. The surfactants of glutathione (GSH) and
cysteine (Cys) were mediated with metal ions through the cross
linkage treatment due to their functional groups (Fig. S1 ESIT).
The aggregation of metal atoms was integrated together under
the same experimental conditions. Metal ions (Pd**, Fe**, Cu®",
Co®") were reduced, and Pd could first be reduced in an atom
template form. There was a continuous deposition on the Pd
atom surface, followed by a simultaneous mutual diffusion
process among metal atoms. The continuous changes in the
colloidal solution imply a gradual process for the mutual

: FePd NCs
pH Controlling ‘ Degradation
—afoa : FePdCoNCs
4-NP
PdCoCu NCs
—a®~ Surfactants: Glutathione; Cysteine
cu?

Fig. 1 Schematic of the synthetic approach of pure-phased palla-
dium-based alloys with different surfactants (cysteine and
glutathione).
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Fig. 2 Representative TEM images of GSH capped (a) FePd, (b)
FePdCo and (c) PdCoCu biocatalysts. (d)-(f) Cell cytotoxicity assay
(L929 cells) about Cys-/GSH-capped biocatalyst.

diffusion, and it implied that the diffusion was at the equilib-
rium level. The structural evolution of the alloying process was
also reflected by the color change of the dispersion. GSH and
Cys were treated as surfactants in order to form stable colloidal
solutions. As shown in Fig. 2, it showed an ultrasmall size
distribution (=5 nm) with SPh characteristic. The sizes of FePd,
FePdCo, and PdCoCu NCs were 2.77 + 0.3 nm (based on 157
counts), 3.17 =+ 0.2 nm (158 counts) and 3.33 £+ 0.2 nm (178
counts), respectively as shown in Fig. S2.1¥ To understand the
synthetic procedures, Pd atoms were integrated with Fe, Co, and
Cu atoms under the BH,™ treatment.

The chemical potential of each metal ions was transferred
into pure-phased metal materials due to the ion reduction
procedures and alloyed diffusion mechanisms.” From these
results, it can be seen that FePdCu NCs and PdCuCo NCs exhibit
good crystallinity and size distribution; however, when using
GSH as a capping surfactant, it is obviously observed that
resulted size of NCs showed GSH capped NCs are much bigger
than Cys capped NCs (Fig. S3 and S4 ESIf). From this
phenomenon, it could be ascribed to the ligand induction,
while in crystal growth, the meal atoms were aggregated
together for crystalline fabrications.? It implied that alloys’
crystallinity was improved when Pd was integrated with Fe, Co
and Co, Cu, respectively. During the experiment, the dispersion
was faint yellow, similarly as metal cation dispersions. The
resulted colloidal solution showed dark-brown without any
annealing operations. It indicated the diffusion of metal atoms
into the Pd template. In addition, the zeta potential values of
each biocatalyst indicated that these NCs maintained their high
stability even in different solvents and after long time periods
(Fig. S5 ESIT). The difference in zeta potentials can be ascribed
to the ionization of functional groups (-SH, -NH,, -COOH) in
the alloys' structure.
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The covalent linkages in two different surfactants and
modified biocatalysts were confirmed by FT-IR spectroscopy
(Fig. S6 ESIt). The vibrational bands of the -COOH, -NH,, and
-SH groups are observed at 1751, 3317, and 2520 cm ',
respectively. For pure Cys and GSH, an absorption band
attributable to the stretching vibration of the main alkyl chains
of the surfactant is observed at 2890 cm ™" in the spectra of the
surfactants. The absence of distinct IR peaks corresponding to
the -SH group at 2520 cm ™" in the FT-IR spectra indicated that
GSH and Cys were linked to the biocatalysts. By using BH,  as
areducing agent, the metal cation keeps same and unconverted
consume, and the diffusion induced a large number of vacan-
cies and voids in biocatalysts; thus, the facilitated alloy forma-
tion was solid.® The SPh of each alloyed Pd-formation
maintained extreme stability even long time-run, reaching to
a one month storing at RT.

To explore the cytotoxicity of the Cys- and GSH-capped bio-
catalysts at different concentrations, L929 cells were cultured in
96-well plates at a density of 5.0 x 10> cells per well for 24 h. The
culture medium containing two types Cys and GSH-FePd, and
FePdCo and PdCoCu colloidal solutions of the same concen-
trations (0.39 mg. mL ') was added to replace the original
medium. These cells were cultured continuously for additional
1, 2 and 3 days. Then, the cell viability was evaluated via a Cell
Counting Kit 8 (CCK8) following the manufacturer's instruc-
tions, as shown in Fig. 2d-f. The cell viability in the presence of
six types of modified alloys (Cys and GSH capped) exhibited an
excellent adaptation to various cells during 3 days of cultivation
time. In fact, the cell exhibited >80% relative viability at
concentrations of up to 0.39 mg. mL™", and it indicated good
biocompatibility. So, the resulted alloys can be considered as
nontoxic biocatalysts owing to the nature of the simple chem-
ical modification." Therefore, these modified biocatalysts
constituted nontoxic candidates for cell lines. As characterized
in the cell cytotoxicity assay, these alloys could exhibit good
biocompatibility for further applications.

Additionally, thermogravimetric analysis (TGA) was per-
formed for GSH- and Cys-capped alloys in the heating rate range
from RT to 850 °C (Fig. S7 ESIt). These alloys could be consid-
ered as useful biocatalysts. The weight percentages of organic
moieties in GSH- and Cys-biocatalysts were determined and
dissolved under a thermal treatment. For GSH-capped bio-
catalysts, a major mass loss of 7.3% occurred between 67 °C and
230 °C, while Cys-capped biocatalysts showed a major mass loss
of 4.8% from 70 °C to 220 °C. The two-stage loss of mass for
each type of biocatalysts was explained by the evaporation of
water and ligand decomposition processes, with the corre-
sponding temperatures being at different stages. It might be
more stable and highly crystalline while using GSH as a surfac-
tant in the synthetic processes (in situ reduction).'* So, in
preparing biocatalyst, GSH-FePd was more stable than Cys-FePd
NCs under same TGA measurement. As for the FePdCo bio-
catalysts, it showed the same tendency in the measurement,
implying that the crystallinity of NCs was improved while Co
doped FePd in synthetic works. The same phenomenon was
also exhibited in the PACoCu treatment. This phenomenon can
be ascribed to alloyed procedure in metal atom aggregation,
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and it may promote the crystallinity of alloy crystals while in
metal doping approaches. In addition, it also illustrated that the
active spot of GSH and Cys mainly influenced the final combi-
nation while metal atom aggregated together in form of alloys.™
It indicated the synthesis of ultrasmall palladium-based alloys
(FePd, FePdCo, PdCoCu NCs) by in situ interactions.

As shown in Fig. 3, the crystal phase changed as in the
reflection of X-ray diffraction (XRD) patterns, Pd-based bime-
tallic FePd NCs and ternary FePdCo, PdCoCu alloys can be well
measured and defined the integration of Fe, Pd, Co, Cu
elements. It revealed that the intensity of the XRD pattern of
each biocatalyst is subjected to the growth process and crys-
talline characterization because it is closely related to the
catalytic activity of biocatalysts in “electron-hole” applications.
According to the wide-angle XRD patterns (Fig. 3a and S8 ESIT),
we found that the introduction of these biocatalysts has much
higher intensity and crystallinity when capped by GSH rather
than Cys modified, and it can be attributed to the Ej,ceraction Of
GSH and Cys calculated to be —86.48 and —45.82, respectively.
The mentioned negative values suggested that the surfactant
molecules interacted with metal species, and the final fabrica-
tion achieved high crystallinity.

As shown, it illustrated the (1, 1, 1), (1, 1, 0), (2, 0, 0), and (2,
2, 0) lattice response peaks exactly. Doping metal elements in
synthesis processes even changed the capped molecules, which
proved that the crystalline growth had metal elements dopping.
Same as the XRD characterization of GSH-capped biocatalysts,
Cys-capped NCs corresponded with XRD illustration (Fig. S8
ESIY). Clearly, it revealed that high-mass molecules could cross-
link with metal species, and the final fabrication achieved
higher crystallinity. These biocatalysts showed a common fcc
structure, and the relative intensity of the diffraction peaks of
ternary NCs (FePdCo, PdCoCu) increased with the metal
element doping. It indicated the success in fabricating the
alloys. The broadened diffraction peaks from alloys indicated
small crystal grain sizes of FePd. However, ternary FePdCo and
PdCoCu NCs had bigger size (FePd < FePdCo < PdCoCu). The
calculation about the size distributions of NCs was done from
the (1, 1, 1) and (1, 1, 0) peaks by using the Scherrer's formula.
Fig. 3b shows the fabrication process of FePd, FePdCo, PdCoCul
alloys. Due to the difference in the chemical potential of
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Fig. 3 (a) Powder XRD characterization of GSH capped biocatalysts:
FePd, FePdCo and PdCoCu biocatalysts. (b) Schematic conversion
about metal atom based solid-state transmissions in synthetic
procedures in palladium-based alloyed biocatalysts.
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different elements, Pd (2.20) exhibited much higher electro-
negativity than Fe, Co, Cu elements, and thus the formation of
alloyed biocatalysts enabled electron transfer among the metal
atoms, which contributed to the hybridization of metals. It
obviously indicated that Pd was first achieved as seeds in pro-
cessing the alloyed biocatalysts. Among the co-precipitation
about Fe, Co, Cu metal elements on Pd surface, it maintained
at initial growth stage from nuclei to crystalline appearance.*
The following culturing in the crystalline growth showed that
the necessary limitation towards size and structural uniformity
referred to their higher crystalline and improved properties.
Due to of SPh characteristic, these biocatalysts should be
fabricated in water-based mediums underwent in situ growth
mechanism at RT. In which, it was less exhaust and simple
operation than hydrothermal or solvothermal approaches
exhibited. Eventually, the ultrasmall size distribution offered
a high surface area and relative catalytic activity in water-phased
media without adding any carbon modification or loads.
Among current studies on common organic materials, the
target conducting molecules could act as landmark degraders
and serve as test catalytic properties. It could be visualized by
the colour changes and characteristic peak in the UV spectrum
along with time. The catalytic activities of biocatalysts were
evaluated by reducing RhB and 4-NP molecules with excess
NaBH,. As Pd (2.20) has much higher electronegativity, bio-
catalysts enabled electron transfer among the metal atoms,
which could contribute to the hybridization of metals. Notably,
the catalytic activity of GSH-capped FePd, FePdCo and PdCoCu
alloys were higher than that of Cys-capped biocatalysts. The
catalytic performance of both GSH- and Cys-capped biocatalysts
could be attributed to the monodispersed state, ultrasmall size
distribution and SPh characteristic, which facilitated a large
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Fig. 4 Representative catalytic properties of GSH-capped bio-
catalysts. The UV-Vis spectra acquired during the reduction of 4-NP
and RhB at different reaction intervals employing (a) and (d) FePd, (b)
and (e) FePdCo and (c) and (f) PAdCoCu NCs as the catalysts. (g)—(i)
Degradation efficiency of FePd, FePdCo and PdCoCu alloys at RT.
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reaction area and possessed a great number of active reduction
sites, thereby accelerating the reaction via a facile adsorption of
BH, donors." Fig. 4a-f show the UV-vis spectra acquired
during the reduction of 4-NP and RhB with NaBH, in the
presence of GSH-capped alloys (FePd, FePdCo, PdCoCu) at
a loading of 1.5 mg. The intensity of the 4-NP absorbance band
decreases within 6 min after the addition of NaBH,. PdCoCu
NCs have a weaker reduction ability and require 10 min for the
degradation of 4-NP molecules (Fig. 4a—c). As appeared in the
reduction process, the ability of GSH-capped alloyed NCs
exhibited higher catalytic capacity than Cys-capped NCs. The
most immediate reason is the difference in crystallinity. In
addition, the intensity of the RhB absorbance band decreased
when the initial stage disappeared completely within 2 min
(Fig. 4d-f). It proved that these biocatalysts exhibited high
catalytic performance under mild conditions, which indicated
the efficient charge transfer for cascade-type catalytic reactions.
The degradation efficiency was estimated with GSH- and Cys-
capped NCs (Fig. 4g-i, S9 and S10 ESIt). As time passed, the
solution phase finally became transparent, which implied that
the degradation finished completely.

Evidently, it introduced the higher degradation efficiency in
RhB within 2 min when GSH-capped alloys were used, and the
longer time consuming appeared in Cys-capped biocatalyst
reductions. This discrimination revealed that the catalytic effect
of GSH-capped biocatalysts was clearly distinguishable in the
reduction reaction. Compared in crystalline characteristics in
TEM characterizations, the lower crystalline was achieved while
using Cys as surfactant in synthesized works, which corre-
sponded with this feature and implied the relative lower
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Fig. 5 (a) and (b) GSH-capped biocatalysts (FePd, FePdCo and

PdCoCu), the C/Cq ratio was calculated from the relative 4-NP
absorption value at 400 nm and RhB molecules at 553 nm, respec-
tively. (c) and (d) Reusability of GSH-capped biocatalysts (FePd,
FePdCo and PdCoCu) that were retrieved by centrifugation after
multiple reduction cycles.
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catalytic performance. It also demonstrated the relationship
between catalytic performance and alloys' -crystallinity."
Furthermore, the absorption peaks at 400 nm and 553 nm were
obtained corresponding to 4-NP and RhB, respectively, which
are colourless in their reduced leuco forms. Plots of C,/C,
depending on time for the reduction of 4-NP and RhB in the
presence of biocatalyts were obtained, and the C,/C, ratio was
calculated from the relative equation (Fig. 5a and b, illustration
in ESIf)." The faster degradation of the target molecules
occurred at a higher loading of both GSH- or Cys-capped bio-
catalysts. After adding the biocatalysts, the absorption value at
400 nm (4-NP) and 553 nm (RhB) decreased with the progres-
sion of the reaction. The recyclability of the biocatalysts was also
investigated (Fig. 5c¢ and d). The recyclable utilization of bio-
catalysts demonstrated durable stability even after 8 reduction
cycles, and the conversion still remained above 70% level. The
larger decrease in the catalytic activity of Cys-capped bio-
catalysts following each reduction cycle compared with that of
GSH-capped biocatalysts was due to the weaker crystalline
degree than the Cys-modified biocatalysts.

Conclusions

In summary, a feasible alloying strategy is proposed at RT
environment and verified experimentally to clearly enhance the
performance of biocatalysts towards the RhB and 4-NP in water-
soluble media. Its ultra-smaller and SPh properties offered
higher convenience in catalytic measurements. It gave higher
affinity between target and catalysts, and the ultrasmall size
offered a higher surface area. By using Cys and GSH as surfac-
tants for synthesizing biocatalysts, it showed a common
phenomenon in the crystalline growth and high catalytic
activity. The resulted biocatalysts were one kind of unique
electrocatalysts, which are active, selective and robust to cata-
lyze the organic dyes in water-soluble media. The demonstrated
alloying strategy in this study could be adaptable to concur-
rently improve the conversion efficiency and selectivity of other
hydrogenation reactions. These alloys having higher biocom-
patibility could potentially be applied as recyclable metal-based
functional catalysts. Furthermore, the requirements about
novel applications such as peroxidase-mimicking enzymes,
anti-oxidizing agents, and biosensors should be considered as
the advancement in merged catalytic and biological
applications.
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