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Robin E. Schiublin, Shijie You,* and Raffaele Mezzenga*

Abstract: Electrocatalysis offers great promise for water
purification but is limited by low active area and high
uncontrollability of electrocatalysts. To overcome these con-
straints, we propose hybrid bulk electrodes by synthesizing
and binding a Pd nanocatalyst (nano-Pd) to the electrodes
via amyloid fibrils (AFs). The AFs template is effective for
controlling the nucleation, growth, and assembly of nano-Pd
on the electrode. In addition, the three-dimensional hierarchi-
cally porous nanostructure of AFs is beneficial for loading
high-density nano-Pd with a large active area. The novel
hybrid cathodes exhibit superior electroreduction perform-
ance for the detoxification of hexavalent chromium (Cr°*), 4-
chlorophenol, and trichloroacetic acid in wastewater and
drinking water. This study provides a proof-of-concept design
of an AFs-templated nano-Pd-based hybrid electrode, which
constitutes a paradigm shift in electrocatalytic water purifica-
tion, and broadens the horizon of its potential engineered
applications.

Water contamination caused by highly toxic pollutants is
producing devastating impacts on worldwide public health
and ecosystems."! Transforming the contaminants into less
toxic or nontoxic products by destructive technologies has
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become a critical strategy at different stages of water and
wastewater treatment.”) Electrochemistry has been widely
advocated as a prospective technique for decentralized
water purification due to its environmental friendliness,
operational simplicity, and high energy efficiency.”) Never-
theless, an electrode’s activity, practicability, and sustain-
ability remain major challenges for the electrochemical
removal of pollutants in water.

Electroreduction using palladium-based electrodes has
been extensively investigated as a promising approach to
treat a variety of contaminants, including hexavalent
chromium (Cr°"), nitrate (NO;"), and chlorophenols.”
Remarkably, nanometer-sized palladium (nano-Pd) is highly
stable with considerable Fermi potential, and can activate
the adsorbed H, into the highly-active atomic hydrogen
(H*), making it an efficient electroreduction catalyst.”!
Moreover, nano-Pd has a much higher surface-to-volume
ratio than bulk materials, which contributes to a more
significant number of catalytically-active sites for lowering
kinetic barriers and promoting reaction efficiency.l”! Yet,
practical applications face the constraints of high cost,
complexity of preparation, and dispersion of uncontrollable
nano-Pd in an aqueous solution. To address these issues,
much effort has been devoted to stabilizing a nanocatalyst
on bulk substrates. However, loading capacity, dispersivity,
and catalytic activity are markedly impeded by the two-
dimensional (2D) surface area of the bulk substrates.”!
Therefore, developing bulk substrate-based nano-Pd with
high density and high catalytic activity is highly desirable in
a cost-effective and easy-to-handle pathway.

The self-assembled proteins have offered an outstanding
method for the synthesis of nanoparticles (e.g., Au, Pd, Ag,
and Fe) with unique functions, which is attributable to the
presence of multiple specific functional groups.® Particu-
larly, the milk-based B-lactoglobulin (BLG) protein ex-
tracted from the inexpensive and nontoxic byproducts of
dairy factories can efficiently generate amyloid fibrils (AFs)
with a representative cross f-sheet structure.

For water purification applications, AFs-templated met-
allic nanocatalysts on various membranes can be used as
adsorbents and/or catalysts for improved decontamination
efficiency.”) Recent literature has also demonstrated that
AFs could serve as adhesive decoration carriers with various
shapes, compositions, and structures."”! These carriers, with
excellent chemical robustness and genetically programmable
functionality, have been successfully used on substrates,
including silica, titanium, and carbon-based materials. AFs
also have advantages, including sustainability, good mechan-
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ical strength, and adhesiveness.""! Besides that, the 3D-
structured AFs enable higher Pd loading and a larger
electrochemically active surface area (ECSA). Based on
these characteristics, improved electroreduction perform-
ance by AFs-templated nano-Pd (AFs-Pd) is highly antici-
pated.

Herein, with the aim of nano-Pd stabilization for electro-
reduction water purification, we use AFs as the template to
synthesize nano-Pd in situ on carbon paper (CP-AFs-Pd)
and titanium suboxide reactive electrochemical membrane
(TiSO-REM-AFs-Pd). CP-AFs-Pd and TiSO-REM-AFs-Pd
were investigated in batch and flow-through electroreduc-
tion systems to detoxify typical toxic contaminants, i.e.,
Cr,0,4/CrO,* (Cr®"), 4-chlorophenol (4-CP), and trichloro-
acetic acid (TCAA).

The preparation of the CP-AFs-Pd hybrid cathode is
illustrated in Figure 1 (see details in Supporting Informa-
tion) according to our previous studies.'” As shown in
scanning electron microscopy (SEM) images in Figures 2a
and Sla, AFs were uniformly formed on carbon paper with
AFs diameters ranging between 5 nm and 10 nm. The dense
packing of nano-Pd on AFs increased the diameters further
to 8-15 nm. The three-dimensional (3D) porous nanostruc-
ture of AFs enabled larger nano-Pd loadings, providing a
larger catalytically active area. An in-depth examination of
the binding between nano-Pd and AFs by Fourier transform
infrared spectroscopy (FTIR) revealed peaks at 1250 cm ™',
1530 cm™!, and 1663 cm™ for amide I, amide II, and amide
III, respectively, suggesting the characteristic signatures of
AFs (Figure 2b)."®! These results confirmed the high-density
cross-linkage of nano-Pd and the CP surface bridged by
AFs.

The atomic force microscopy (AFM) images show the
AFs-Pd composites, which are polydisperse, with an average
contour length of several microns and a diameter of less
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than 10 nm (Figure 2c). The reduced nano-Pd was distrib-
uted uniformly on the surface of AFs, increasing the average
height from 5nm to 8nm (Figures2d, e). The height
distribution of AFs and AFs-Pd is also shown in Figure 2f.
Moreover, the energy-dispersive X-ray spectroscopy (EDX)
mapping performed in scanning transmission electron micro-
scopy (STEM) of AFs-Pd revealed that the distribution of
Pd coincided with that of C and N involved in amyloid,
which confirmed the essential role of AFs as a bridging
template for nano-Pd formation (Figure 2g).

Transmission electron microscopy (TEM) images (Figur-
es 2h, i) illustrate the crystalline structure of nano-Pd with a
diameter of approximately 5 nm, which is in accordance with
AFM observation. The crystallization to a relatively high
degree was confirmed by the selected area electron
diffraction (SAED) pattern exhibiting spots corresponding
to {111}, {200}, {220}, and {311} lattice planes (Figure 2i
inset). Continuous lattice fringes with a spacing of 0.225 nm
were observed for nano-Pd, which was also consistent with
the {111} plane (Figure 2i) and X-ray diffraction (XRD)
data (JCPDS 46-1043, Figure 2j)."! Following the coating of
nano-Pd on CP-AFs, the diffraction peaks observed at 20=
40.7° and 47.2° fit well with standard peaks of the face-
centered cubic crystallographic structure of metallic Pd
being assigned to {111} and {200} reflections, respectively.
To further confirm the formation of nano-Pd, X-ray photo-
electron spectroscopy (XPS) characterization of CP-AFs-Pd
was also performed. Figure 2k shows the Pd 3d spectra with
two characteristic peaks at binding energies of 335.8 eV and
340.9 eV, corresponding to Pd 3ds, (335.0eV) and Pd 3d;,
(340.3 eV), respectively.' This indicates the presence of
Pd’, and the slight shift may be the consequence of the
interaction between nano-Pd and AFs.

The electroreduction water purification by the CP-AFs-
Pd hybrid electrode was evaluated by examining Cr®* and 4-

Na,PdCl,

NaBH,

Wastewater
tank
Further
treatment

Wastewater recycle

Figure 1. Schematic diagram of a) the fabrication process of CP-AFs-Pd and b) the setup for electroreduction water purification.
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Figure 2. Characterization of the CP-AFs-Pd cathode. a) SEM images of the CP-AFs-Pd surface at two magnifications. b) FTIR spectra of CP, CP-AFs,
and CP-AFs-Pd. AFM images of c) AFs-Pd and d) AFs on the mica surface. e) Height profiles of the red and white auxiliary lines in the AFM images
of AFs-Pd and AFs, respectively. f) Height distribution of nano-Pd (inset showing height distribution of AFs and AFs-Pd). g) STEM-EDX chemical
maps and h) TEM image of AFs-Pd nanocomposites. i) HRTEM image of nano-Pd coated on AFs, with the inset showing the SAED pattern. j) XRD
patterns of CP-AFs-Pd, which refer to characteristic peaks of Pd (JCPDS 46-1043) and C (JCPDS 26-1076). k) XPS spectra of CP-AFs-Pd.

CP removal upon batch tests (Figure 1b). As shown in
Figures 3a, b, Pd-free CP and CP-AFs exhibited insignificant
removal of both pollutants (<5 %). Remarkably, CP-AFs-
Pd achieved efficient electroreduction of Cr°" and 4-CP
with removal efficiency as high as 92 % and 98 %, respec-
tively, at —1.2'V versus standard hydrogen electrode (vs.
SHE) within 40 min. These results demonstrated the nano-
Pd to be responsible for electroreduction of Cr®* and 4-CP,
as also evidenced by additional data in Figures S2, S3, and
S4. Moreover, two interfacial mechanisms relevant to the
electroreduction process, i.e., H¥-mediated indirect reduc-
tion and direct electron transfer, were confirmed by H*-
scavenging tests using tertiary butanol (TBA, 10 mM; Fig-
ure S5) and cyclic voltammetry (CV; Figure S6).

To confirm the essential role of AFs in the electro-
reduction process, two commercially available AFs-free
cathodes (20 mm x20 mm) were also evaluated, i.e., CP-Pd I
and CP-Pd II (Figure S8). According to the inductively
coupled plasma optical emission spectrometry (ICP-OES),
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the Pd loading contents of CP-Pd I, CP-Pd II, and CP-AFs-
Pd were 3.1 pygem ™2, 360 ugem 2, and 200 pgem ™2, respec-
tively. Despite a lower Pd content than CP-Pd II, CP-AFs-
Pd exhibited significantly higher electroreduction efficiency
than the AFs-free cathodes (Figures 3a, b). The superiority
of CP-AFs-Pd was very likely the result of the participation
of AFs in the nano-Pd formation. Based on Figures S9 and
3c, ECSA of CP-AFs-Pd was calculated to be 2457 cm?,
which was higher than that of both CP-Pd I (283 cm?) and
CP-Pd II (739 cm?). Therefore, the 3D-structured AFs (as in
CP-AFs-Pd) offered many more sites for nano-Pd growth
than the 2D surface of CP (as in CP-Pd), thus contributing
to a larger Pd surface area for the electroreduction reaction.

To further explore the universal feasibility of AFs, we
investigated TiSO-REM-AFs-Pd for more practical water
purification applications.'! The TiSO electrode exhibited a
hollow porous structure that allowed flow-through operation
(Figures 3d, h). Figure 3e illustrates the uniform coating of
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Figure 3. Electroreduction of a) Cr®" and b) 4-CP by various cathodes. c) Double-layer current (0.8 V vs. SHE) vs. scan rate based on the CV curves
in Figure S9. d) Schematic diagram of the experimental flow-through reactor. ) SEM images of TiSO-REM-AFs-Pd at two magnifications.

f) Concentration variation of the intermediates and the final product during the electroreduction of TCAA by TiSO-REM-AFs-Pd. g) Five-cycle
electroreduction of TCAA with and without TBA by TiSO-REM-AFs-Pd. h) Schematic illustration of the mechanism for the electroreduction of TCAA.
Initial TCAA concentration=100 ppm, pH=6.8, supporting electrolyte concentration=>5 mM, applied voltage=—1.2 V vs. SHE.

nano-Pd on the flower-like structured TiSO electrode sur-
face bridged by AFs.

Moreover, the 3D porous architecture created by AFs
provided the electrode with hierarchical channels. The
micro-/meso-scale pores offered active sites for electro-
reduction reactions, while the macro-scale pores facilitated
mass transport by enhanced convection. We next examined
the performance of TiSO-REM-AFs-Pd for detoxifying
TCAA, which is a trace refractory chlorinated organic
pollutant that is frequently detected in water supply
systems.!""]

The TiSO-REM-AFs-Pd cathode exhibited excellent
TCAA reduction, approaching 100 % within 40 min (Fig-
ure 3f). TCAA was eventually electroreduced to acetic acid

Angew. Chem. Int. Ed. 2022, 61, €202116634 (4 of 6)

(AA), with dichloroacetic acid (DCAA) and monochloro-
acetic acid (MCAA) as the main intermediate products
(Figures 3f, h). These intermediates could be mineralized
more easily by subsequent oxidative degradation. Adding
TBA again led to a 78% decrease in the reduction of
TCAA (Figure 3g), illustrating the essential contribution of
H* to electroreduction. The reusability and the stability of
nano-Pd in the flow-through electroreduction system were
also assessed. After Scycles of tests, high reduction
efficiency could be sustained with a negligible change of
surface morphology of the cathode, and an insignificant
amount of Pd element (<0.02 ppm) was detected in the
solution (Figures 3g and S10). This indicated the relatively
high stability of AFs-Pd on TiSO-REM.
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In summary, we have developed a new bio-templated
cathode by immobilizing nano-Pd on the substrate electrode
surface through AFs for electroreduction of pollutants in
wastewater and drinking water. The unique 3D structure
and multiple functional groups of AFs enabled the forma-
tion of high-density nano-Pd with a diameter of approx-
imately 5 nm, which exhibited extraordinary electroreduc-
tion performance in converting Cr’* and 4-CP into Cr** and
phenol, respectively. The electroreduction performance of
the AFs-Pd cathode was further validated in the flow-
through reactor by the detoxification of pollutants from the
water supply system. These unique reduction performances
were derived from the effective stabilization of H* by the
novel cathodes. Compared with previous studies, excellent
and versatile electroreduction performance was achieved in
the current work (Table S1). Furthermore, the energy
consumption was calculated to be 0.12kWhm™ and
0.11 kWhm™ for complete reduction of Cr’* and 4-CP,
respectively, in CP-AFs-Pd system, and 0.05kWhm™ for
complete reduction of TCAA in TiSO-REM-AFs-Pd sys-
tem. These values are much lower than those commonly
reported for advanced oxidation/reduction processes.!'
More importantly, the easy production of AFs from whey
protein highlights the affordable nature of cathode materials
and markedly lowers the total cost of the electroreduction
process. Therefore, this technology could be significantly
valuable for addressing the pressing problem of removing
refractory pollutants in water purification.
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