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ABSTRACT: Recently, photo-electrooxidation of fuel using a noble metal—semiconductor junction has been one of the most
promising approaches in fuel cell systems. Herein, we report the development of a Pd-supported Bi,Mo0Og-Bi,O,CO;-CuO novel
ternary heterojunction for ethanol oxidation in alkali in the presence and absence of visible light. Various spectroscopic and
microscopic characterization techniques confirm strong coupling between palladium nanoparticles and Bi,MoOg-Bi,O,CO;-CuO
ternary heterojunction supports. The photo-electrocatalytic efficacy of the synthesized catalysts was inspected by cyclic voltammetry
(CV), chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS). The CV study reveals that the forward peak
current density (in mA mg~" of Pd) of the synthesized quaternary heterojunction was about 1482.5, which is 2.4, 4, and 4.6 times
higher than that of Pd/CuO (608.3), Pd/Bi,MoO4Bi,0,CO; (368.3), and similarly synthesized Pd catalyst (321.5) under visible
light radiation. The best heterojunction catalyst shows 2.21-fold higher peak current density in visible light compared to that in dark.
CA study reveals that after operation for 6000 s, the current density of the quaternary electrode is 1.5 and 3.4 times greater than that
of Pd/CuO and Pd/C catalysts, respectively. The greater photocurrent response, lower photoluminescence (PL) emission intensity,
and smaller semicircle arc in the Nyquist plot of the quaternary catalyst demonstrate the efficient segregation and higher charge
transfer conductance of photogenerated charges to facilitate the photo-electrooxidation process of ethanol. The stability test shows
that the quaternary catalyst loses only 9.8 and 7.7% of its maximum current density after 500 cycles of CV operation in the dark and
light, respectively, indicating that light energy is more beneficial in establishing high stability. The dramatic enhancement of the
photo-electrocatalytic activity of the quaternary electrode is owing to the lower band gap, high ECSA, enhanced charge separation of
photogenerated carriers (e"—h"), and all cocatalytic support of Bi,MoOg, Bi,0,CO;, and CuO in Pd/ Bi,M0O¢-Bi,0,CO;-CuO
under visible light radiation. The morphology and structure of the used quaternary catalyst are tested using FESEM and PXRD.
Finally, ex situ FTIR spectroscopy and HPLC techniques help understand the ethanol electrooxidation reaction mechanism.

1. INTRODUCTION intermediates. However, the Pd-based anode is considered a
substitute to Pt due to its less poisoning, cost effectiveness,
greater durability in alkaline medium, and higher ability to
combine with other metals or transition metal oxides. Earlier

Today, the fuel cell has been considered an alternative
renewable clean energy source that mitigates simultaneously
energy and environmental crises.” Among direct alcohol fuel ) o o ;
cells (DAFCs), direct ethanol fuel cells (DEFCs) have been investigation shows that the ethanol oxidation reaction (EOR)

widely studied due to greater energy density, nontoxicity, low-

temperature operation, easier transportation, large-scale Received: April 18, 2023 (¢)
production of fuel from agriculture products and biomass,”* Accepted: July 12, 2023
etc. Although the Pt-based electrocatalyst promotes the Published: July 26, 2023

oxidation of alcohol, especially methanol and ethanol,”™” its
potential commercialization is restricted due to its high cost,
low abundance, and greater poisoning effect by carbonaceous
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Figure 1. (a) PXRD patterns of Bi,M0O4Bi,0,CO; (BM-BOC), Pd/Bi,M00QBi,0,CO; (Pd/BM-BOC), Pd/CuO, and Pd/Bi,MoO-
Bi,0,C0O;-CuO (Pd/BM-BOCC) quaternary composites. (b) FTIR spectra of the synthesized Pd-modified catalysts.

can take place via a dual-pathway (C1 and C2) mechanism.
The C1 pathway, total oxidation of ethanol, is utmost desired
and difficult since it cleaves the C—C bond of ethanol and
produces CO,* in alkali by releasing 12 electrons. The C2
pathway is not effective as the EOR in this route is incomplete
(delivering 2 or 4 electrons) and produces acetaldehyde and
acetate in alkali.”~'* Therefore, it is crucial to improve an
advanced electrocatalyst that is able to disrupt the C—C bond.
Recently, one of the most promising technologies to alter solar
and chemical energy into electrical energy is photoassisted
electrocatalysis of ethanol that utilizes noble metal/semi-
conductor junctions as the photo-electrocatalyst.” > The non-
noble metal oxide is inexpensive, helps disperse metal
nanoparticles easily, has good stability against dissolution,
assists the bifunctional mechanism with oxygenated species,
and facilitates the C—C bond cleava%e for complete oxidation
of ethanol to carbonate in alkali*’ Indeed, semiconductor
metal oxide has the capability of alcohol oxidation under light
irradiation through synergistic electro- and photocatalytic
processes.

In this concern, bismuth-based visible light-active semi-
conductors such as Bi,MoO, BiVO,, Bi,WO BiPO,,
Bi,0,CO;, etc. appeared to be potential candidates because
of having a strong response to visible light due to the narrow
band gap energy and outstanding catalytic activity on
photoexcitation.””** Bi,0,CO; is an n-type newly developed
semiconductor, nontoxic green photocatalyst consisting of a
Aurivillius-type structure of alternate Bi,O,** and CO,;* layers
with a band gap of 3.3 eV.”* On the other hand, Bi,MoOy is an
important Bi-based semiconductor that also belongs to the
aurivillius-related oxide family comprising Bi,O,*" layers in
octahedral sandwiched MoO,*” slabs, low cost, highly
photostable, n-type semiconductor, and suitable band gap of
2.5—2.8 eV.” It has been used in a variety of applications such
as photocatalysts, water splitting, CO, reduction, photo-
electrocatalgrst, gas sensing, supercapacitor, and energy storage
device.”*™*" However, the application of pure Bi,0,CO; or
Bi,MoOg is still hindered because of its greater recombination
rate of photogenerated e —h* pairs. To subdue these
shortcomings, coupling of Bi,MoO4 with Bi,0,CO; semi-
conductors is a rational design. Various Bi,0,CO;- and
Bi,MoOg-based semiconductor heterojunctions such as
Bi,0,/Bi,0,C0,,*° Pd/Bi,0,C0O;,*>" Cu,0/Bi,0,C0O,,*”
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Bi,S;/Bi,0,/Bi,0,C0O;,”* Bi,Mo00O4/Bi,0,C0O3,** Cu,0-
Bi,MoOg,”® Cu,0/Bi/Bi,MoOg,*® Ag—Bi,0,CO;/
Bij ¢4Mog 3406 55/Bi,MoOg,"’ TiO,
Bi,MoO4\Bij; 4M0g 350455, etc. have been developed for
improved photocatalytic activity. Xiang et al. synthesized 3D-
heterostructured Ti-based Bi,MoQg/Pd/TiO, photocatalysts
for solar light-driven photo-electrocatalytic hydrogen gener-
ation. Again, it is well known that Cu-based catalysts bring high
activity and long life to the principal catalyst due to its lower
binding affinity to CO species.'”*" CuO is an easily
synthesized, eco-friendly, p-type semiconductor (band gap of
1.7 eV), which has good porosity, chemical stability, excellent
photochemical properties, low cost, and high abundance. It
exhibits exciting applications in the field of energy conversion,
storage, and sensors.””** The structural integral of the p-type
CuO semiconductor with n-type Bi,MoO4 and Bi,0,CO,
semiconductors will be a new promising strategy to develop
highly efficient visible light-driven photocatalysts. Recently,
Wang et al.*’ synthesized a CuO/Bi,MoOg hybrid nanosheet
for toluene oxidation under solar radiation. In the literature,
several studies reported that the copper oxide-supported Pd
catalyst exhibits excellent catalytic activity and stability in the
EOR,7#9*=%6 g cilitates the breaking of the C—C bond, and
promotes the adsorption of OH™ species on the catalyst
surface, which helps remove CO,4 species during oxida-
tion.””~* Thus, copper oxide-based electrocatalysts can be
used as a most promising candidate for alkaline DEFCs.
Inspired by the admirable visible light activity of Bi,MoOQ,
Bi,0,CO;, and CuO in binary and ternary heterojunctions and
considering the benefit from the synergistic effect between Pd
and CuO, we herein design and fabricate Pd/Bi,MoOs-
Bi,0,CO;, Pd/CuO, and novel Pd/ Bi,0,CO;-Bi,MoO4CuO
photoanodes for electrocatalytic ethanol oxidation under
visible light illumination. We synthesized the Bi,MoOg4-
Bi,0,CO; catalyst without using additional carbon sources.
The results of the present work revealed that the quaternary
heterojunction catalyst has much higher photo-electrocatalytic
efficacy and stability toward ethanol oxidation and improved
tolerance of CO compared to ternary and binary junctions Pd/
Bi,0,CO;-Bi,MoOg¢ and Pd/CuO. The multiple cycling test of
CV under visible light exhibits that CuO favors the formation
of an active PdO, (x = 1,2) layer on the Pd surface, which
leads to enhanced activity and excellent stability in photo-
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Figure 2. Representation of the synthetic procedure of Pd/CuO and Pd/BM-BOCC catalysts.

Scheme 1. Mechanism of Formation of the Pd/BM-BOCC Quaternary Catalyst

Bi(NO;); + H,0 ——  BiONO; + 2HNO;

BiONO; + H,0 —— »  Bi,0,(OH)NO,

Bi(NO;); + C,Hg0, (EG) ——» Biy(-OCH,CH,0-)s

pH 8 2
CO, +20H° —— CO3*+H,0

cos* . ,
Bi,0,(OH)NOy/ Biy(-OCH,CH,0-); ————— B1202C03-Bi;Mo0g
(NH4)gM07094
160°C, 10 h
pH 12 ) )
Bi202C03_Bi2M006 + Cu(NO3)2 +O0OH — > B1202C03-B12M006 /CU.(OH)2
2-
PdCl, Heating at 60°C
NH,-NH,

Pd/Bi202CO3-Bi2MOO6 /CuO

electrooxidation of ethanol in alkali. The identification of EOR
products by ex situ FTIR and HPLC measurements indicates
that the photo-electrooxidation process of ethanol undergoes
both C1 and C2 pathways, leading to the formation of acetate
and carbonate. This study offers a novel direction for the
design of significantly stable and effective photo-electro-
catalytic anode materials for electrocatalytic ethanol oxidation
under visible light irradiation.

2. RESULTS AND DISCUSSION

2.1. Structural and Morphological Characterization.
The crystal structures of the as-synthesized Pd-modified CuO,
Bi,0,C0O;5-Bi,M0oOg, and Bi,MoO4 Bi,0,CO;/CuO hetero-
junctions were recorded by PXRD and are shown in Figure la.
The peaks corresponding to 26 (/degree) at 19.4, 23.89, 30.26,
32.84, 35.24, 39.55, 42.29, 46.94, and 53.48 are ascribed to the
(060), (121), (161), (002), (240), (0120), (280), (202), and
(321) planes of orthorhombic Bi,0,CO; (JCPDS 84-1752),
respectively. The peaks at 26 values of 28.2, 32.65, 33.2, 46.54,
47.21, 55.3, 58.01, 68.60, 74.65, 76.05, and 78.01 are assigned
to the (131), (200), (210), (202), (260), (331), (262), (341),
(410), (144), (391), and (412) crystallographic planes of
orthorhombic Bi,MoO4 (JCPDS 771246), respectively, and
the peaks at 26 of 40.23, 46.18, and 68.5 correspond to the
planes of (111), (200), and (220) of the cubic Pd phase
(JCPDS 894897). The diffraction peaks observed at 26 32.50,
35.41, 38.35, 46.26, 51.58, 53.48, 56.75, 58.46, 61.23, 67.35,
68.15, and 72.39 could be indexed to the (110), (002), (111),
(-112), (112), (020), (021), (202), (-113), (113), (220), and

28421

(311) planes of monoclinic CuO (JCPDS 895899),
respectively. The distinguished peak of Pd, Bi,0,CO;
Bi,M0oQg, and CuO in Pd/Bi,0,CO;Bi,M0oOs-CuO (Pd/
BM-BOCC) reveals the formation of a quaternary hetero-
junction synthesized by the solvothermal—chemical reduction
method. The mass % of Pd, Bi,0,CO;, Bi,M0Oy, and CuO in
the Pd/BM-BOCC catalyst is determined using Rietveld
refinement’””" of PXRD data (Figure S1) and observed 22.6
wt % Pd, 33.61 wt % Bi,MoO,, 39.45 wt % Bi,0,CO;, and
4.34 wt % CuO, which agree well with the experimental
percentage.

FTIR spectral analysis of the as-synthesized heterostructures
is depicted in Figure 1b. The bands located at 1728 and 1696
cm ™! are related to the stretching vibration of the —OH group
in the surface-adsorbed water molecules.”> The wavenumbers
in the range of 400—1000 cm™! may correspond to Bi—O,
Mo—0O, and Mo—O—-O bridging—stretching vibration.>>™>°
Particularly, the peaks observed at 843 and 713 cm™' can be
ascribed to the bending mode (out of plane) of the CO,*~
group and symmetric stretching of MoOg involving the
vibration of apical oxygen atoms, respectively.”**® The peaks
around 1382 and 1478 cm™' are recognized for the
antisymmetric stretching mode of the CO,*~ group.’® The
absorption bands located at 452 and 666 cm™" are due to the
Cu—O stretching vibration of CuO.”” The presence of peaks at
844, 718, and 458 cm™ in Pd/BM-BOCC supports the
formation of the Bi,0,CO5-Bi,M0QO4CuO heterostructure.

In the synthesis process, bismuth nitrate and ammonium
molybdate solution were prepared in the mixed solvent
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Figure 3. FESEM images of Pd/Bi,MoO4-Bi,0,CO; (a) and Pd/Bi,MoO4-Bi,0,CO;-CuO catalysts (b), inset of (b) and (c) elemental mapping
images of the overlay of all elements (d), Mo (e), Bi (f), Pd (g), C (h), Cu (i), O (j), and EDX (k) from FESEM.

containing water:ethylene glycol (EG) (V/V) = 1:1. Bismuth
nitrate pentahydrate on successive sonication and stirring
processes hydrolyzes to Bi,O,(OH)NOj; in water and makes
Bi,(—OCH,CH,0—); complex in the EG solvent. When the
solution taken in the autoclave followed by addition of
(NH,)sMo0,0,, in basic conditions (pH 8) is heated at 160 °C
for 10 h, EG easily decomposes into carbonate in the reaction
system during the solvothermal process and Bi,O,(OH)NO,
or Bi,(—OCH,CH,0-), gives rise to Bi,0,CO;-Bi,MoOq
(BM/BOC) by in situ carbonization.”®” Chen et al. also
synthesized Bi,0,COj; using the EG solvent in a solvothermal
process without any additional carbon source. They proposed
that EG easily decomposes into carbonate in the reaction
system, which combined with bismuth oxide to form bismuth
subcarbonate.® After the synthesis of the Bi,0,CO;-Bi,MoOq
catalyst, this synthesized product is again mixed with copper
nitrate in strong alkaline conditions; copper hydroxide is
formed in the mixture, which on heating produces the
Bi,0,C0;-Bi,M0oO4CuO catalyst.40 Again, the addition of
PdCl,>" followed by hydrazine hydrate produces the Pd/
Bi,0,CO; Bi;M0O4CuO heterojunction as shown in Figure 2
and Scheme 1. Here, the standard redox potential data of
Pd**/Pd (0.915 V) and Cu**/Cu (0.34 V) reveal the reduction
of Pd*" and oxidation of Cu. The details of the Pd doping
process on metal oxides or other metal are clearly explained in
our previous studies and the literature.”*'"'¢

The morphologies of the as-prepared powder samples of Pd-
Bi,M00O4-Bi,0,CO; (Pd/BM-BOC) and Pd-Bi,MoO,-
Bi,0,C0;-CuO (Pd/BM-BOCC) nanocatalysts were ob-
served by FESEM (Figure 3a—c). In Figure 3a, a hierarchical
morphology with a relatively smooth and flat surface and small
spherical particles were found on the surface of Bi,MoOs-
Bi,0,CO; in the Pd-BM-BOC catalyst, which may be due to
the deposition of metallic Pd. The FESEM images of Pd-BM-

BOCC in different magnified scales are exhibited in Figures
S2a and 3b,c. The rectangular yellow portion of Figure 3b is
shown clearly in Figure 3c. All these figures indicate that the
quaternary catalyst is the mixture of a typical morphology with
a smooth and flat surface, flower-like agglomerates, and small
spherical aggregated nanoparticles. The small spherical nano-
particles of metallic Pd were dispersed on the surface of the
Bi,MoOg-Bi,0,CO;3-CuO heterojunction. The map scanning
of the Pd-BM-BOCC nano-heterostructure (Figure 3d—j)
exhibits that all the elements are almost uniformly distributed
in the heterostructure. The EDX analysis of Pd/BM-BOC and
Pd/BM-BOCC catalysts (Figures S3b and 3k) confirms the
existence of Pd, Bi, C, Mo, and O elements in the ternary Pd/
BM-BOC catalyst and Pd, Bi, C, Mo, Cu, and O elements in
the Pd/BM-BOCC quaternary catalyst. The EDX elemental
quantification analysis (Figures S2b and S3b) indicates 22.6 wt
% Pd, which very closely matches with our experimental data.

The XPS study was accomplished to explore the chemical
states of elements in the synthesized quaternary composite and
is depicted in Figure 4. The survey spectra (Figure 4a) exhibit
strong characteristic peaks of Pd, Bi, Cu, Mo, C, and O
elements. The deconvolution spectrum of Pd (Figure 4b)
shows two sets of spin—orbit doublets: the characteristic
binding energies (BEs) of 335.2 and 340.6 €V can be assigned
to 3d;/, and 3d;,, of metallic Pd (0) and other two peaks at
336.1 and 341.7 €V correspond to 3ds), and 3d,/, of Pd*,
respectively.” ' The atom percentage of Pd is calculated from
the areas under the peak of Pd compared to the total area of
other elements present in the quaternary catalyst and is found
to be 22.8%.

The deconvoluted Bi spectrum comprised four peaks and is
displayed in Figure 4c. The BEs at 157.2 and 162.5 eV are
attributed to Bi’ 4f,,, and 4f;),, respectively, and the
characteristic BEs of 159.1 and 164.4 eV could be ascribed
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Figure 4. XPS spectra of the Pd/Bi,MoO4Bi,0,CO;-CuO composite: (a) survey scan, (b) Pd 3d, (c) Bi 4f, (d) C Ls, (e) Mo 3d, (f) Cu 2p, and

(g) O 1s.

to the Bi*" 4f,, and 4f; ,, respectively.*>®’ Figure 4d reveals
the BEs of C 1s centered at 285 and 288.3 eV; the first one is
the adventitious carbon peak used for calibration and the
second peak may be ascribed to the carbon of carbonate in
Bi,0,C0;.°* The two typical peaks (Figure 4e) located at BEs
of 232.4 and 235.5 eV should be assigned to 3ds/, and 3d;,, of
Mo®" states of Bi,MoOj, respectively.”” The CuQ species in
the Pd/Bi,Mo0O¢-Bi,0,CO;-CuO composite can be easily
recognized (Figure 4f) by its main peaks of Cu 2p;,, and Cu
2p;;, located at 933 and 952.6 eV, respectively. The
characteristic satellite peak at 940 eV is due to the presence
of Cu** and is unique for CuO nanoparticles. Indeed, two
small peaks fitted at 931.8 and 951.6 eV are due to Cu 2p;,,
and Cu 2p,, of Cu’, respectively.*°”*® The deconvoluted Ols
spectrum is presented in Figure 4g, and it shows the three main
peaks with BEs of 530.7 (O_), 531.4 (Oy), and 532.9 (O¢) eV
and one small peak at the BE of 528.4 V. This is due to the
multiple oxygen atmospheres. The Oy peak is the characteristic
lattice oxygen of Bi—O, Cu—0, and Mo—O in the BM-BOCC
catalyst. The peak Oy is attributed to the oxygen defects in the
metal oxide matrix,"”’® and the peak O is related to surface
hydroxyl or water molecules adsorbed on the metal oxide
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surfaces.”' The concentration of the oxygen defect is estimated
by comparing the relative peak area ratio of Or, Oy, and O¢
peaks. The integrated peak area of Oy, Oy, and Oc is found to
be 53.6, 20.2, and 26.2%, respectively. Therefore, oxygen
defects in the Pd/BM-BOCC catalyst are helpful to the photo-
electrocatalytic activity of ethanol oxidation under visible light
illumination.””

In Figure 5, TEM, HRTEM, and SAED images of Pd/
Bi,Mo00O4-Bi,0,CO;, Pd/CuO, and Pd/ Bi,MoO¢-Bi,0,CO;-
CuO heterostructures are presented. The TEM image of Pd/
BM-BOC as shown in Figure Sa displays spherical black dots
of Pd nanoparticles homogeneously spread over the Bi,MoO,-
Bi,0,CO; surface. In Figure Sb, the HRTEM image of Pd/
BM-BOC shows the highlighted lattice fringe of 0.23 nm, 0.29
nm, and 0.31 nm, and the SAED profile (Figure Sc) also
indicates the presence of (111), (161), and (131) planes for
Pd, Bi,0,CO; and Bi,MoOg, respectively.’””’* Figure 5d
reveals the formation of CuO nanoplates with spherical
metallic Pd on its surface. The HRTEM (Figure Se) and
SAED (Figure Sf) identify the interplanar distance of 0.23 and
0.27 nm, which can be accredited to the (111) and (110)
planes of Pd and CuO, respectively.73 In Figure Sg, it was
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i) catalysts, respectively.

found that spherical Pd of an average size of 2—3 nm was
spread uniformly over the whole surface of the Bi,MoOs-
Bi,0,C0O;5-CuO heterostructure.

The interplanar spacings of 0.23, 0.27, 0.29, and 0.31 nm are
ascribed to the (111), (110), (161), and (131) planes of cubic
Pd, monoclinic CuO, and orthorhombic Bi,0,CO; and
Bi,MoOg as obtained from the HRTEM image of Pd/BM-
BOCC in Figure Sh, respectively, and the SAED pattern of Pd/
BM-BOCC (Figure 5i) is properly fitted with XRD data.
Therefore, the TEM images support the successful formation
of binary, ternary, and quaternary heterojunctions.

The optical properties of the synthesized BM/BOC, Pd/
BM/BOC CuO, Pd/CuO, and Pd/ Bi,MoO4-Bi,0,CO;-CuO
(Pd/BM/BOCC) nanocatalysts were investigated by UV—vis
absorption and photoluminescence (PL) spectroscopy. The
absorption spectra of the as-prepared catalysts (Figure S4a)
exhibit that the introduction of Pd and CuO to the Bi,MoOs-
Bi,0,CO; nanocatalyst shifts the wavelength of absorption in
the red direction. When Pd is doped with the pure CuO and
Bi,MoO,-Bi,0,COj; junction, a wide absorption band region is
observed from 300 to 700 nm. The optical direct band gap
energy (E,) of the synthesized catalysts can be determined
from the Tauc equation”*”® (ahv)? = A (hv — Eg), where q,
hy, E, and A are the absorption coeflicient, photon energy,
optical band gap, and a constant, respectively, as presented in
Figure S4b and Table 1. According to the plot, the band gap
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Table 1. Elemental Compositions and Their Chemical
States of the Synthesized Pd/Bi,Mo0O¢-Bi,0,CO;-CuO

Heterojunction from XPS Study

element

Bi 4f

Pd 3d

Mo 3d

Cu 2p

peak
Bi** 4f, ),
Bi** 4f;),
Bi® 4f,,
Bi’ 4f;,

C for CO*~
Pd°3dy,
Pd’3d;),
Pd**3ds,,
Pd**3d,,
Mo®3d;,,
Mo®3d,,,
Cu™ 2py,
Cu® 2py)
Cu2+

Cu’ 2p;),
Cu* 2py)
Oy

Oy

Oc

position (B.E) eV

159.1
164.4
157.2
162.5
285

288.3
3352
340.6
336.1
341.7
232.4
235.5
933

952.6
940

931.8
951.6
530.7
531.4
5329
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Figure 6. (a) CV curves of Pd/BM-BOC, Pd/CuO, Pd/BM-BOCC, and Pd/C (lower inset) electrodes in the N,-saturated solution of 1 M NaOH
solution at 50 mV s™. Typical CV curves (mass activity) of the synthesized (b) Pd/CuO and (c) Pd/BM-BOCC electrodes in the N,-saturated 1
M EtOH + 1 M NaOH solution with and without visible light irradiation at 50 mV s™', test temperature: 25 °C (d) Histogram profile of various

catalysts in terms of mass-normalized peak current density.

values are 2.80 and 1.81 eV for Bi,MoO4 and Pd/CuO
catalysts, respectively, and three values of 1.61, 2.18, and 2.40
eV are for the Pd/Bi,MoO¢-Bi,0,CO; catalyst (the first one
concerning CuO,’® the second is for Bi,MoOy,”” and last value
is for Bi,0,CO;"®). Clearly, the gradual decrease of the band
gap of BiMoOy and CuO in the Pd/Bi,M0O,-Bi,0,CO;-CuO
quaternary heterojunction indicates enhanced visible light
absorption as well as photo-electrocatalytic activity of the
EOR.

The potentials of Ecy and Eyy of p-CuO, n-Bi,0,CO;, n-
Bi,M0Qg, and p—n—n heterojunction (Pd/BM-BOCC) have
been calculated by the following equations

Ecy =y — E° — 05 E
Eyg = Ecy + E,

where E° and y are the free electronic energy on the NHE scale
(about 4.5 €V) and absolute electronegativity, respectively, and
Ecp and Eyp are the conduction and valence band edge
potential, respectively. The y values (obtained from the
literature) for Bi,MoQg, Bi,0,CO;, and CuO are about 6.13,
6.35, and 5.89 eV, respectively.”®’”*" Based on the above-
mentioned equations, the top of VBs lies at 2.72, 3.05, and 2.20
V and the corresponding bottom of CB values is 0.54, 0.65,
and 0.59 V, respectively, for Bi,MoOg, Bi,0,CO;, and CuO in
the Pd/BM-BOCC composite.

The photoexcited electron—hole pair transfer and separation
efficiency were elucidated by PL spectra in Figure S4c. All the
spectra were achieved by excitation at 280 nm and show an
emission peak at 399 nm. The emission intensity follows the
order Pd/ Bi,MoO4-Bi,0,CO; —CuO <Pd/CuO <Pd/
Bi,Mo00O4-Bi,0,CO; <Bi,M0O4-Bi,O,CO;. The decrease of
PL intensity in Pd/BM-BOCC infers the diminished
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L. . 14,16
recombination and enhancement of charge separation of

photogenerated e”—h" pairs, which might be due to the
formation of heterojunctions among Bi,MoOy Bi,0,CO;,
CuO, and Pd.

2.2. Photo-electrocatalytic Activity toward EtOH
Oxidation. The cyclic voltammetry (CV) curves of Pd/
Bi,Mo00O4-Bi,0,C0O;, Pd/CuO, and Pd/Bi,MoO¢-Bi,0,CO;-
CuO catalysts obtained using 1 M NaOH solution are
exhibited in Figure 6a, and the clear image of the Pd/C
catalyst is given in the inset figure. In the forward scan of Pd
nanoparticles (inset figure), the three peaks found around
—0.570, —0.113, and 0.348 V are ascribed to the desorption of
Pd-H and formation of PdA—OH and Pd—O, respectively. The
well-defined peak at ca —0.514 V in the backward scan denotes
the reduction process from PdO to Pd. From Figure 6a, it is
clear that all the Pd-doped binary and ternary catalysts exhibit
typical M—OH,4, and M—O peaks. The higher current density
of the Pd/ Bi,MoO,-Bi,0,C0O;-CuO (Pd/BM-BOCC)
catalyst for the formation of M—OH_4 and M—O reveals
more OH™ adsorption on its surface. The OH™ ion adsorption
peak is observed at a very negative potential (ca —0.274V) for
the Pd/ Bi,Mo0O4-Bi,0,CO; catalyst compared to the
quaternary catalyst, indicating facile OH™ ion adsorption of
Pd in the presence of the Bi surface.

The number of electrochemical active sites in the surface of
catalysts is an essential parameter that determines the
electrocatalytic activity of catalysts. The electrochemical active
surface area (ECSA) of the synthesized catalysts is calculated
from the adsorbed monolayer of the PdO reduction peak in
the cyclic voltammetry measurement of 1 M NaOH solution in
the range between +0.2 and —0.8 V/SCE at a scan rate of 0.05
Vs™! (exhibited in Figure 6a) using the following equation
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Table 2. Summarization Table of Photo-electrocatalytic Performance Parameters toward the EOR in Alkali Including Band

Gap and ECSA of the As-Prepared Nanocatalysts

dark conditions

under illumination of visible light

forward backward forward backward
peak peak forward peak current ~ ECSA from peak peak forward peak current
band gap potential potential density in dark CV studies potential potential density in light
catalysts (Eg)/eV V) V) (mAmg™! of Pd) (m*g™) (V) V) (mAmg™" of Pd)
Pd/BM-BOC 2.37,2.53 —0.233 —0.439 356.2 9.17 —0.220 —0.463 368.3
Pd/CuO 1.81 —0.283 —0.436 420.9 11.63 —0.265 —0.428 608.3
Pd/BM-BOCC 1.61, 2.18, 2.40 —0.191 —0.495 670.5 21.43 —0.178 —0.483 1482.5
Pd/C —0.218 —0.374 3184 0.243 —-0.214 —0.372 321.5
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Figure 7. (a) Tafel plots of the synthesized Pd/BM-BOC, Pd/CuO, and Pd/BM-BOCC electrodes obtained from CV experiments operated at 1
mV s! scan rate in the presence and absence of light using 1 M EtOH + 1 M NaOH solution. (b) Transient photocurrent responses of the
synthesized catalysts immersed in 1 M EtOH + 1 M NaOH solution under visible light illumination recorded at —0.3 V. (c) Nyquist plots of the
constructed electrodes using nitrogen-saturated alkaline ethanol solution at —0.3 V with and without visible light exposition in the range of 0.1—100
Hz and the lower inset represents the equivalent circuit for fitting impedance data. (d) Nyquist plots of the Pd/BMBOCC quaternary catalyst at

various potentials in the same solution.

S % 0.12

ECSA = —————
v X 0405 X m

where S is the PdO reduction peak area in cyclic voltammetry,
v is the scan rate, 0.405 (mCcm™2) is a constant defined as the
charge required for the reduction of the monolayer of oxide on
Pd, 0.12 cm? is the surface area of the electrode, and m is the
loading amount of the catalyst.""*" The ECSA (m’g™") values
of the prepared electrodes are in the order Pd (0.243) <Pd/
BM-BOC (9.17) <Pd/CuO (11.63) <Pd/BM-BOCC (21.43),
indicating the highest ECSA of the quaternary heterojunction
catalyst. Thus, the presence of oxide materials and particularly
CuO increases the ECSA of the catalyst system studied.

The electrocatalytic and photo-electrocatalytic activities of
the as-prepared electrodes toward the ethanol oxidation
reaction (EOR) were assessed by the CV procedure in 1 M
ethanol + 1 M NaOH solution with the absence and presence
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of visible light at a sweep rate SO mV s~ and depicted in
Figure 6b and ¢, respectively.

The peak potential, mass-normalized current density, and
other related parameters are summarized in Table 2. The
forward peak and backward peak (Epf and pr) originated in
the range from —0.25 to —0.28 V and —043 to —0.51 V,
respectively. The oxidation peak can be ascribed to the
oxidation of freshly chemisorbed ethanol, and the reverse peak
is primarily due to the elimination of residual carbonaceous
intermediates generated in the anodic scan for incomplete
oxidation. The reduction peak of the Pd/BM-BOCC catalyst
was observed at a lower potential (Epr, at ca —0.48 V),
indicating that PdO of the quaternary catalyst is more easily
reduced compared to binary catalysts. It is worth mentioning
that the forward oxidation peak potential of all electrocatalysts
under light irradiation shifts to a more positive direction
compared to the peak potential in the dark. This may be
assumed that poisonous intermediates which oxidized in higher
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Figure 8. (a) Current density—time profiles of Pd/CuO/C, Pd/BM-BOCC/C, and Pd/C electrodes at a fixed potential of —0.3 V up to 6000 s
under visible light illumination. (b) Electrocatalytic stability test from multiple CV cycling of Pd/BM-BOCC/C electrodes with and without visible
light in nitrogen-saturated solution of 1 M EtOH + 1 M NaOH at 50 mV s™". (c) PXRD pattern of the quaternary catalyst before and after the five
hundred cycling test under visible light irradiation. (d) EDX spectrum and FESEM (inset) of the used catalyst.

potential become further oxidized in the presence of visible
light.

The typical CV profiles of the modified Pd/CuQO and Pd/
BMBOCC electrodes in 1 M ethanol + 1 M NaOH solution in
dark and light conditions are exhibited in Figure 6b and c,
respectively. It is noticed that the forward peak current density
(I; mA mg™" of Pd) for the EOR under dark conditions follows
the order: Pd/C (318.4) <Pd/BM-BOC (356.2) <Pd/CuO
(420.9) <Pd/BM-BOCC (670.5), and light illumination obeys
the same order: Pd/C (321.5) <Pd/BM-BOC (368.3) <Pd/
CuO (608.3) <Pd/BM-BOCC (1482.5). The mass activities of
Pd/C and Pd/BM-BOC catalysts are shown in Supporting
Figure SS.

Our best quaternary heterojunction catalyst, Pd/BM-BOCC,
exhibits peak current density in visible light, which is 2.43, 4,
and 4.6 times higher than that of Pd/CuO, Pd/BM-BOC, and
Pd/C catalysts, respectively. Only small improvements in peak
current density were observed under visible light illumination;
nearly 2.21 times greater current is obtained than that in the
dark. Figure 6d and Table 2 show the superiority of catalytic
activity (maximum mass-normalized current density) of the
quaternary catalyst achieved in both dark and light conditions.
The significant increase in EOR current density is ascribed to
the synergistic effects of electro- and photocatalytic properties
of Pd/ Bi,MoO¢Bi,0,C0;-CuO. Moreover, the photo-
electrocatalytic oxidation of our synthesized quaternary catalyst
is compared with other Pd-based materials reported earlier in
Table S1. This clearly reveals that our synthesized catalyst
exhibits much better EOR activity in visible light.

Tafel plots of the synthesized electrodes are fitted in the
presence and absence of visible light and displayed in Figure
7a. It is noticed from the figure that the quaternary catalyst Pd/
BM-BOCC has the smallest Tafel slope value (90 mV dec™)
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under visible light compared to other electrocatalysts. This
indicates that the quaternary electrocatalyst is more efficient in
charge transfer kinetics in the EOR at the equilibrium region
under visible light illumination.”*'%"!

To measure the photoelectric properties of the synthesized
nanocatalysts, the photocurrent response measurement of Pd/
BM-BOC, Pd/CuO, and Pd/BM-BOCC was performed at
—0.3 V potential vs SCE by interrupting visible light with a
duration of 50s as shown in Figure 7b. The photocurrent
response diminished quickly once the light is switched
oft."#*>?° The figure reveals the higher responsive photo-
currents of the Pd/BM-BOCC quaternary catalyst owing to
enhanced light absorption and better interfacial charge
transfer’”*” of the quaternary catalyst during ethanol photo-
oxidation.

EIS spectroscopy was employed to inspect the charge
transfer kinetics of electrode reactions. Figure 7c exhibits the
Nyquist plots of Pd/BM-BOC, Pd/CuO, and Pd/BM-BOCC
electrodes immersed in 1 M EtOH + 1 M NaOH solution
measured at a potential of — 0.3 V under dark and light
conditions. It shows that the semicircle diameter of Pd/BM-
BOCC electrodes is the smallest corresponding to the
electrode made using Pd/BM-BOC and Pd/CuO. Again,
these electrodes on light exposure further decreased the
diameter of the arc. This result indicates that light irradiation
made a marked improvement in interfacial charge transport
and enhancement of e"—h" separation'*'**® in the n—n and
n—p junction of the quaternary composite. The role of
Bi,MoO,-Bi,0,CO; in photo-electrocatalytic ethanol oxida-
tion is the enhanced separation and transfer of photogenerated
electron—hole pairs.”> The potential dependence interpreta-
tion of the Nyquist plot for the EOR on the quaternary catalyst
Pd/BM-BOCC was also executed at different constant
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potentials in the range of —0.1 to —0.35 V under light
illumination (Figure 7d). The Nyquist diameter continuously
increases with increasing potential from —0.35 to —1.0 V. This
is due to the carbonaceous intermediate’s species poisoning the
catalyst at a higher potential,'®'®*"%*

2.3. Stability of Photo-electrocatalysts. The long-term
electrocatalytic stability of the synthesized catalysts was judged
by chronoamperometric measurement at a potential of —0.3 V
for 6000 s and multiscan CV experiment of the quaternary
heterojunction electrode up to 500 cycles in the potential
range from —0.8 to + 0.6 V at a scan rate of 50 mV s™" with
and without visible light as shown in Figure 8a,b respectively.

Figure 8a displays the CA profile of Pd/CuO, Pd/BM-
BOCC, and Pd/C electrodes in the alkaline ethanol solution
under visible light illumination.

CA study manifests greater quasi-stationary current density
of the quaternary heterostructure electrode (Pd/BM-BOCC)
after 6000 s of operation, which is 1.5 and 3.4 times greater
than that of Pd/CuO (392.4 mA mg 'Pd) and Pd/C (172.3
mA mg 'Pd) catalysts, respectively, indicating that the
addition of bismuth subcarbonate, bismuth molybdate, and
CuO as supports to the principal catalyst Pd facilitates the
EOR by the removal of the adsorbed CO intermediates and
exhibits excellent stability and enhanced synergistic effect for
photo-electrocatalytic ethanol oxidation under visible
light 5555

Figure 8b presents the regular increase of forward peak
current density of the Pd/BM-BOCC/C electrode up to 150
cycles and achieves a maximum current of 882.2 and 1443.2
mA mg 'Pd in the dark and light, respectively. Then, the peak
current density decreases sluggishly and the stability test shows
that the quaternary catalyst loses only 9.8 and 7.7% of its
maximum current density after 500 cycles CV in the dark and
light, respectively, indicating that light energy is more
beneficial in establishing stability.

To understand the mystery of the photo-electrocatalytic
activity and stability of the quaternary catalyst, PXRD was
carried out after the 500th cycle CV operation of the catalyst in
the presence of visible light and surface morphology of the
used catalyst after the CV test was characterized by FESEM.

The PXRD profile (Figure 8c) shows that the main phases
of the catalyst remain unaltered and all elements are found in
EDX spectra (Figure 8d) as mentioned earlier. However, along
with these phases, new peaks of PdO,, PdO, and Cug,O phases

28428

were generated during the EOR test under visible light. The
peaks 20 (/degree) at 28.15, 35.18, 58.4, and 66.4 correspond
to the (110), (101), (220), and (221) planes of hexagonal
PdO, (JCPDS 376377), respectively. The peaks 260 (/degree)
at 27.31 and 31.64 are assigned to the (111) and (200) planes
of cubic PdO (JCPDS 655261) and the peaks 33.64 and 54.60
arise from the (002) and (112) tetragonal PdO plane (JCPDS
850624), respectively, and some very small peaks around 26
(/degree) at 25.34, 35.43, 37.86, and 44.88 were found, which
may be attributed to the (123), (141), (410), and (008) planes
of orthorhombic CugO, respectively. (JCPDS 771898).
During a long time of photo-electrochemical oxidation process,
Pd is oxidized to PdO, and PdO and CuO forms lower oxygen
content copper oxide, Cug,O. This infers that CuO favors the
formation of PdO and oxygen released by the PdO-to-Pd
conversion can oxidize ethanol, and this might be the reason
for the initial growth of current density.””**®” The small
reduction of current density after 500 cycles of CV in visible
light is due to the deactivation and poisoning of the catalyst
surface. The previous literature investigated that the formation
of ultrathin layer PdO and PdO/PdO, on the Pd metal surface
significantly enhances EOR activity in alkali medium.'>***
Krittayavathanum et al. reported that the deposition of the thin
PdO layer on Pd easily binds ethanol and its intermediates,
leading to high current density, and the decline in current
density with increasing cycling is due to the higher amount of
PdO deposition on the Pd surface, activity similar to that of the
bulk PdO.*® Therefore, our observations agree well with the
previous results,'>>%67%

Figure S6a,b demonstrate the morphology of the quaternary
catalyst before and after the cycling test at different
magnifications. From the figures, it is found that little change
in the overall morphology and the gaps and holes between the
layer and particles are reduced in the used catalyst. The
particles are relatively more interconnected in the lattice, which
may provide multiple conductive paths for an easier flow of
electrons.”” Moreover, the interconnection may lead to an
effective increase in particle size, causing less effective surface
area for further ethanol oxidation. This might be the cause of
the slight reduction of current density in higher cycling.

The CO antipoisoning test was performed by purging the
CO gas in 1 M NaOH solution as exhibited in Figure 9. In this
figure, the first cycle appears for the CO oxidation peak, and in
the second scan, this peak disappears because of the complete
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Figure 10. (A) FTIR spectra of (a) EtOH before oxidation and (b) pure acetate. EtOH after electrooxidation in alkali by (c) Pd/BM-BOC
heterojunction, (d) Pd/CuO heterojunction, and (e) Pd/BM-BOCC heterojunction. (B) HPLC profiles of ethanol oxidation products in alkali
using Pd/BM-BOCC catalysts in the dark and light and known concentration of acetate.

Scheme 2. Electrocatalytic and Photo-electrocatalytic Oxidation of Ethanol on the Synthesized Heterojunction in the Dark and

Light Conditions
In Dark,

Pd-M + OHF —— > Pd-M-OH 4 +¢

[ M =Bi, Cu, Pd]

Pd-M + CH;CH,OH —— Pd-M (CH;CH,0H),q

Pd-M (CH;CH,0H),4; + 30H" ——» Pd-M (CH;CO),q + 3H,0 + 3¢

Pd-M (CH;CO),y, + Pd-M-OH
Pd-M (CH;CO), 44

ads+20H" ——»  2pd + 2M + CH,COO" (C2 pathway)
> Pd-M (CO),4 + Pd-M (CH;),4s

Pd-M (CO),gs + Pd-MOH,4s + 20H" — 5 CO,> +2Pd + 2M + 2H,0 (C1 pathway)

In Light,

hJr + OH" _— OH’

CH;CH,0H +2 OH" ——— > CH;CHO + 2H,0

CH;CHO + 20H" + OH" ——» CH,CO0"

10 h" + CH3CHO + 10 OHF ———> 2CO0, + 7 H,0

CO,+20H —— >

CO5* + H,0

removal of carbon monoxide from the catalyst surface.'®”" The
peak potential of CO oxidation is —0.126, —0.253, and —0.208
V (vs SCE) for Pd/BM-BOCC, Pd/Cu0O, and Pd/BM-BOCC
catalysts, respectively. The more negative shift of the CO
oxidation peak potential of Pd/CuO indicates that CuO
doping on Pd and Pd/BM-BOC catalysts can easily remove the
CO intermediates during the EOR by the following reaction®’

CO4 + OH,, — CO, + H,0

The electrochemical active surface area (ECSA) was
calculated from the CO stripping experiment by taking
monolayer CO adsorption on Pd.* The ECSA of the
quaternary catalyst Pd/BM-BOCC (29.4 m’g™") is 2.1 and 3

times greater than that of Pd/CuO and Pd/BM-BOC,
respectively. The highest ECSA and highest peak current
density toward CO oxidation of the quaternary catalyst reveal
better CO tolerance and superior EOR activity."’

2.4. I|dentification of Ethanol Oxidation Products.
FTIR spectra of ethanol in alkali before and after oxidation by
the synthesized nanocatalysts are exhibited in Figure 10A. For
comparison, the FTIR spectrum of pure acetate is also
characterized. In Figure 10 A, ethanol in alkali (before
oxidation) shows a broad peak in the range of 3200—3400
cm™, revealing the —OH group of ethanol, and the peak 1649
cm™' is ascribed to the presence of the —C=O group of
acetate.'”"> The peak at 1736 cm™ is due to the —C=0
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stretching (without H bonding), and the peaks at 1216 and
1049 cm ™' may be attributed to —OH and —C—OH stretching
of ethanol, respectively.'” With ethanol oxidation in alkali by
the quaternary catalyst, spectra (e) in Figure 10A exhibit the
peak at 1386 and 1582 cm™’, which is assigned to the
symmetric and asymmetric stretching of the —O—C—0O group
of acetate, respectively. The bands at 2113 and 2299 cm™! are
ascribed to the CO vibration and asymmetric stretching
vibration of CO,, respectively,”""*”** and the peaks observed at
872 and 731 cm™! are from carbonate.'' Most of the peaks in
portion (e) of Figure 10A reveal the —C—C bond rupture
during the EOR. Therefore, it is concluded that more acetate is
formed in Pd/BM-BOC and Pd/CuO binary catalysts and
more carbonate is formed from the quaternary catalyst as
shown in Scheme 2.

The HPLC profiles of ethanol oxidation products obtained
after 6000 s of CA at a fixed potential of —0.3 V'""'**" using
quaternary Pd/BM-BOCC catalysts under dark and illumi-
nated conditions are exhibited in Figure 10B, and the retention
time of the pure acetate compound is also drawn using its
known concentration for evidence. The retention tenures of
7.12 and 8.59 min refer to the formation of carbonate and
acetate, respectively. The HPLC profile shows significantly
enhanced acetate and carbonate production when the
quaternary catalyst is irradiated under visible light. The huge
amount of electrooxidation species confirms the greater extent
of the electrocatalytic oxidation process of ethanol under
irradiation compared to that in the dark.

2.5. Mechanism of Ethanol Oxidation. In the dark,
ethanol initially adsorbs on Pd-M surfaces; then, stepwise
dehydrogenation produces acetyl (adsorbed) intermediates.
On the other hand, Pd-M-OH,4, is produced by hydroxylation
on Pd-M, which combines with acetyl intermediates to give the
partial oxidation product of EOR, i.e., acetate in alkali by the
C2 pathway.”®'® In the poisoning pathway, CH;CO,q4,
decomposes to give carbonate, with the complete oxidation
of the EOR with the rupture of the C—C bond by the C1
pathway shown in Scheme 2757394

In light, an enhanced EOR mechanism was suggested, which
is schematically exhibited in Figure 11. This reveals that the n-
Bi,MoO4 (BM) forms n—n junctions with n-type Bi,0,CO4
(BOC) and p-type CuO produces p—n junctions with

Bi,0,C0;. " At the BM—BOC junction, the excited
electrons flow from the CB of BM to the CB of BOC, and
0.5+ i uncti
n-n junction n-p junction
001 ’Qj N
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Figure 11. Plausible schematic mechanism for the ethanol oxidation
reaction (EOR) on the Pd/BM-BOCC catalyst under visible light
irradiation.

at the same time, holes in the VB of BOC go to the VB of BM.
At the BOC/CuO junction, on the other hand, the
photoexcited electrons transfer from the CB of CuO to BOC
and holes transfer from BOC to CuO under light
illumination'*'®*"*" Thus, the formation of n—n and n—p
heterojunctions significantly increases the separation of
photoexcited e"—h" and thereby interfacial charge transfer
efficiency.”®”” In the mechanism, the excited electrons are
accumulated in the CB of BOC via noble metal Pd, making
them available for ethanol electrocatalytic oxidation through
the formation of OH® (H,0 + e = OH®),”>’® and in the
opposite direction, holes are deposited to the VB of BM or
CuO from the VB of BOC, which reacts with the OH™ ion to
produce OH? radicals and decomposes ethanol to acetate and
carbonate (also presented in Scheme 2).

3. CONCLUSIONS

We have successfully synthesized Pd/Bi,MoO,-Bi,0,CO3, Pd-
CuO, and Pd/Bi,M00,-Bi,0,C0O;-CuO (Pd/BM-BOCC)
novel heterojunctions without taking any additional carbon
sources and used them as anode catalysts for the EOR in alkali
in the presence and absence of visible light. XRD, FTIR, XPS,
HRTEM, FESEM, and EDX mapping studies indicate the
formation of the quaternary heterojunction and confirm strong
coupling among palladium nanoparticles and Bi,MoOg-
Bi,0,C0O;5-CuO supports. The CV study reveals that the Pd/
BM-BOCC catalyst exhibits better electrocatalytic activity in
terms of forward peak current density than that of Pd/BM-
BOC and Pd/CuO under visible light radiation. The lower
semicircle arc of the quaternary electrode in the EIS
measurement reveals the higher conductance of photo-
generated charges in the junction. CA study exhibits excellent
stability of the quaternary heterostructure electrode. Multiscan
cycling of the CV experiment of the quaternary catalyst in light
up to 500 cycles demonstrates the loss of only 7.7% of its
maximum current density, also signifying excellent cycling
stability for photo-electrooxidation of ethanol. The CO
antipoisoning ability of the quaternary catalyst suggests that
the presence of CuO in the composite facilitates the removal of
the adsorbed CO,q during the EOR. PXRD of the used
catalyst shows the formation of a small amount of Cu4,O along
with PdO and PdO,, suggesting that the hydrogen produced in
the dehydrogenation step of ethanol reacts with CuO to form
oxygen-deficient species CugzO, and CuO induced the
formation of PdO, and Pd conversion from PdO by the
release of oxygen may oxidize ethanol to carbonate. Ex situ
FTIR and HPLC studies illustrate the formation of acetate and
carbonate as EOR products by C2 and Cl mechanisms,
respectively. The study ensures more systematic stepwise
development of EOR catalysts using oxide materials in future
for the advent of photoassisted fuel cells.

4. EXPERIMENTAL SECTION

4.1. Materials. Bi (NO,);-SH,0, (NH,)sMo,0,,-4H,0,
Cu (NO;);-3H,0, NaOH, ethylene glycol, KCl, hydrazine
hydrate, and ethanol were obtained from Merck without
purification. 1% PdCl, (Arora Matthey Ltd.), Nafion (Sigma-
Aldrich), and Millipore water were utilized throughout the
experiments.

4.2. Synthesis of Bi,0,C0;-Bi,M00O¢. Bi,0,CO;-
Bi,MoO4 was synthesized by the hydrothermal method
without using any additional carbon source. At first, a 25 mL
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solution of 0.02 M Bi (NO;);-SH,0 and 25 mL solution of
0.0015 M (NH,)¢Mo,0,,-4H,0 were prepared in water and
ethylene glycol solvent (1:1) separately and stirred for 0.5 h.
Then, ammonium molybdate solution was mixed dropwise
into the bismuth nitrate solution with the agitated conditions,
and the pH of the whole solution is adjusted to 8. In order to
make the suspension homogeneous, the mixture was vigorously
stirred in magnetic stirring at 600 rpm for another 1 h. Then,
the mixture was moved to a 50 mL Teflon-lined stainless-steel
autoclave and kept at 160 °C for 10 h. The yellow-white
powder was obtained with room temperature cooling,
centrifugation (7000 rpm, S min), repeatedly washing with
water and alcohol, and drying at 80 °C for 6 h. Finally, the
powder was annealed at 400 °C for 2 h to form the Bi,0,CO;-
Bi,MoO4 (BM-BOC) composite.

4.3. Synthesis of CuO. CuO was prepared by the chemical
precipitation method. At first, 25 mL of 0.1 M Cu (NO;);-
3H,0 solution (pH 5.06) was prepared in the mixed solvent
water and ethylene glycol (1:1) and pH was adjusted to 12 by
adding 1 M NaOH under stirring conditions. The mixture was
vigorously stirred for 30 min and heated at 80 °C. Finally, a
dark-brown precipitate was obtained after washing with
ultrapure water and alcohol repeatedly and drying at 80 °C
for 6 h.

4.4. Synthesis of Pd/Bi,0,C0;-Bi,MoOg, Pd/CuO, and
Pd/Bi,M00¢-Bi,0,C0;-CuO Heterojunctions. At first,
0.609 g of prepared Bi,MoO¢- Bi,O,CO; was sonicated in
100 mL of Millipore water for 2 h to form a 0.01 M
suspension, A, and 0.241 g of Cu (NO;);-3H,0 was dissolved
in 100 mL of Millipore water to form 0.1 M solution, B. Then,
solution B was slowly added to suspension A under vigorous
stirring conditions, and the pH of the mixture solution was
made 12 by adding 1 M NaOH. After 15 min of stirring in a
magnetic stirrer, 2 mL of 1% K,PdCl, solution was added to
this solution. Again, the mixture solution was magnetically
stirred for another 10 min and 300 uL of NH,-NH, was added
as a reducing agent. The black precipitate was filtered,
repeatedly washed with water and alcohol, and dried to get
powdery Pd/Bi,MoO-Bi,0,CO5-CuO (Pd/BM-BOCC)
nanoparticles. The Pd/ Bi,0,C0O;-Bi,MoO, (Pd/BM-BOC)
was synthesized with the addition of 1% K,PdCl, solution as a
Pd dopant and hydrazine hydrate as a reducing agent to obtain
pure Bi,0,CO;-Bi;MoO¢ nanoparticles by the above-men-
tioned chemical reduction method. The Pd/CuO was also
prepared with the same process mentioned above without
taking Bi,0,C0O;-Bi;MoOy nanoparticles.

4.5. Structural Characterization. The crystal structure
and phase purity of the synthesized nanocatalysts were
characterized by X-ray diffraction (XRD) with an X-ray
diffractometer Bruker D8 Advance operated at 40 kV and 40
mA using a Cu Ka radiation source (1 = 1.5418A). The
relative composition of the quaternary catalyst was calculated
using Rietveld analysis of PXRD data. The morphological
features of the catalysts were investigated using a field emission
scanning electron microscope attached with an energy
dispersive X-ray spectrometer (EDS) and elemental mapping
(FESEM, INSPECT F50 FEI), transmission electron micros-
copy (TEM), and high-resolution transmission electron
microscopy (JEM-2100F HRTEM, JEOL, Japan), and selected
area electron diffraction (SAED). XPS spectra of the Pd/BM-
BOCC composite were obtained by using Thermo Fisher
Scientific Inc., U.K. An X-ray source operated at 150W (12 kV,
12.5 mA) was used as nonmonochromatic Al Ka radiation
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(1486.6 eV). The physicochemical and optical characteristics
were studied using an UV—visible spectrophotometer (V-630,
Jasco, Japan) and photoluminescence spectra (RF-5301,
Shimadzu, Japan). Ex situ Fourier transform infrared spectros-
copy (FTIR, Perkin Elmer, Spectrum RX1, Resolution 4 cm™)
was applied to characterize the catalysts and for the
identification of ethanol oxidation intermediate products.

4.6. Fabrication of the As-Prepared Electrodes. For
fabrication of the electrodes, 2 mg of the as-prepared catalysts
was suspended in 1 mL of ethanol by 30 min of sonication. 10
uL of aliquot suspension was drop-cast onto the polished and
cleaned graphite carbon electrode surface and then dried for 2
h. At last, S L of 1(w/v)% Nafion solution is drop-cast on the
top of the electrode and dried overnight to fix the
electrocatalysts.'#*°

4.7. Photo-electrochemical Analysis. The photo-elec-
trochemical investigation was carried out with an AUTOLAB
potentiostat at room temperature using a standard three-
electrode electrochemical cell. We employed the modified Pd/
BM-BOC, Pd/CuQ, and Pd/BM-BOCC catalysts deposited
on a carbon electrode (0.12 cm® geometrical surface area), a
large Pt foil (1 cm X 1 cm), and saturated calomel electrode
(SCE) as a working electrode, counter electrode, and reference
electrode, respectively. Cyclic voltammetry measurements were
conducted in 1 M NaOH aqueous solution and 1 M NaOH
containing 1 M EtOH solution at a potential between —0.9 V
and + 0.6 V at different scan rates ranging from 1 to 300 mV
s™'. The chronoamperometry operation was implemented for
1000—6000 s at —0.3 V. Prior to each measurement, the
solution is saturated by purging with pure nitrogen gas. CO
stripping and oxidation were done in the potential range from
—0.6 to +0.2 V (vs SCE electrode) using 1 M NaOH solution
at a sweep rate SO mV s~ . At first, N, gas was purged into the
solution for 20 min; after that, CO gas was bubbled for 15 min,
and then, N, gas was again passed into the solution for 15 min
to remove the excess CO adsorption. Electrochemical
impedance spectroscopy (EIS) was studied at a constant
potential of —0.3 V from 0.1 to 10° Hz frequency under S mV
AC voltage. During all the electrochemical measurements, a 30
W LED bulb (wavelength >400 nm) was utilized as the visible
light source. The light intensity was measured using a lux
meter (LX-101A). The experimental framework of the photo-
electrooxidation system was depicted in our earlier
Study. 14,16,51

4.8. Analysis of EOR Products by FTIR and HPLC. At
first, chronoamperometric measurements have been operated
at a potential of —0.3 V with respect to the SCE for 7200 s in
10 mL of 1 M ethanol + 1 M NaOH solution taking Pd/
Bi,MoOg- Bi,0,CO;, Pd/CuO, and Pd/ Bi;MoO,- Bi,O,CO;-
Cu,O nanocatalyst as working electrodes. Then, the triggered
solutions were tested for FTIR and high-performance liquid
chromatography (HPLC) (Shimadzu Corporation, Japan)
similar to the previous study.'"'°
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