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/Abstract: Developing a bifunctional catalyst with low cost
and high catalytic performance in NaBH, hydrolysis for H,
generation and selective reduction of nitroaromatics will
make a significant impact in the field of sustainable energy
and water purification. Herein, a low-loading homogeneous-
ly dispersed Pd oxide-rich Co;0, polyhedral catalyst (PdO-
Co,0,) with concave structure is reported by using a metal-
organic framework (MOF)-templated synthesis method. The
results show that the PdO-Co;0, catalyst has an exceptional
turnover frequency (3325.6 mol,, min~'molyy™"), low activa-
tion energy (43.2 kimol™), and reasonable reusability in cat-

alytic H, generation from NaBH, hydrolysis. Moreover, the
optimized catalyst also shows excellent catalytic per-
formance in the NaBH, selective reduction of 4-nitrophenol
to 4-aminiphenol with a high first-order reaction rate of ap-
proximately 1.31 min~'. These excellent catalytic properties
are mainly ascribed to the porous concave structure, mono-
dispersed Pd oxide, as well as the unique synergy between
PdO and Co,0, species, which result in a large specific sur-
face area, high conductivity, and fast solute transport and
gas emissions.

/

Introduction

Metal-organic frameworks (MOFs) are attracting significant at-
tention in the field of material science because of their high
surface area, tunable porosities, and specific coordinated metal
centers." Additionally, these unique features also lead to the
potential application of MOFs as pyrolysis precursors for vari-
ous heterogeneous catalysts.” Depending upon the pyrolysis
and post-treatment conditions, MOF precursors could result in
bulk or supported composites bearing extraordinary catalytic
performances.”” This type of MOF-templated synthesis
(MOFTS), generally performed either under air or inert atmos-
phere, leads to highly dispersed metal species encapsulated by
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a porous carbon matrix thereby minimizing catalyst sintering.
Notably, the MOF carbonization under an inert environment at
high temperatures often results in highly porous carbon cages
that are capable of hosting well-dispersed metal species.”’ As a
result, not only is the electrical conductivity of these materials
improved compared with similar composites prepared under
air, but also the electrical interaction between various compo-
nents is enhanced. Therefore, the main current applications of
MOFTS catalysts are mostly focused on electrochemical re-
search, including electrochemical water splitting, energy stor-
age, and energy conversion, where the enhanced electrical
properties play an important role.”! Moreover, recent progress
on the MOFTS technique has been extended to the field of
heterogeneous composite catalysis because of the excellent
compatibility of MOFs with both organic and inorganic materi-
als. This work has led to the synthesis of a wide range of nano-
composites achieving diverse spatial morphologies and catalyt-
ic activities.™ Nevertheless, most of the works are focused on a
single functional catalyst. Multifunctional catalysts prepared
through MOFTS methods have not yet been widely studied.
However, progress in this direction is now emerging in bifunc-
tional catalysts. For example, Zhang et al. synthesized a unique
3D hierarchical rod-like structure by using a MOF template that
exhibited better electrocatalytic activities for oxygen reduction
and oxygen evolution reactions (ORR and OER, respectively)
than that of commercial Pt/C and RuO,, respectively. Addition-
ally, the rechargeable Zn-air batteries based on their catalyst
showed initial charge and discharged potentials at 1.81 and
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1.28 V (2 mAcm?), along with excellent cycling stability.”) As
usual, the focus is still on the electrochemistry.

The MOFTS catalysts also show remarkable performance for
hydrogen production from NaBH, hydrolysis. Although hydro-
gen is considered the most promising clean energy source of
the 21st century, there are still major barriers to its large-scale
adoption related to its safe transportation and storage.”
NaBH, has been extensively investigated as a hydrogen stor-
age material because of its low molecular weight, high hydro-
gen content (10.57 wt%), and high stability in solution.®
Meanwhile, there are reports showing that the MOFTS catalysts
can also catalyze nitrophenols (NPs) to aminophenols (APs).”’
As carcinogenic pollutants, NPs are extremely toxic to the envi-
ronment, and they have a devastating effect on the kidney,
liver, and the central nervous system of both animals and
humans."” Conversion of NPs to some other useful intermedi-
ate chemicals such as APs is always highly desired. The most
effective approach to reducing NPs is to use catalytic NaBH, re-
duction."” There are mainly three types of nano-catalysts used
in this process, including noble metals,"? non-noble metals,"™
and carbon materials."¥ To the best of our knowledge, there is
no report on the bifunctional feature of MOFTS catalysts,
where it can be used both in NaBH, hydrolysis and NPs reduc-
tion.

Setting this goal in our mind, we developed a concave struc-
ture of Pd oxide-decorated Co;0, polyhedra (PdO-Co;0,) with
low Pd loading (0.9 wt% Pd) by using a MOFTS method. This
was followed by a controllable two-step calcination treatment.
The crystal structure, microscopic morphology, and chemical
state of the composites were analyzed in detail, among which
scanning electron microscopy (SEM) showed the concave
structure, transmission electron microscopy (TEM) mapping
confirmed the uniform distribution of elements, and X-ray pho-
toelectron spectroscopy (XPS) proved the strong interaction
between PdO and Co,0, species. The catalytic performance in-
dicates that the designed PdO-Co;0, catalyst has a high specif-
ic H, generation rate (6300.5 mLy,min~"'g., "), turnover fre-
quency (3325.6 mol,, min~"'mol,y~"), and good reusability. In
addition, the catalyst also exhibits an excellent reduction per-
formance of 4-NPs to 4-APs with a first-order kinetic rate of
1.31 min~', which is more than 7-fold and 17-fold faster than
conventional Pd/C (0.172 min™") and Pt/C (0.077 min™") cata-
lysts, respectively.

Experimental Section
Synthesis of Pd-Co-MOF

All chemicals were analytical grade and used without further purifi-
cation. In a typical synthesis, a mixture of Co(NO;),6H,0 (1.62 g)
and Pd(acac), (0.08 g) was dissolved in methanol (80 mL) and then
added to methanol (80 mL) containing 2-methylimidazole (2-Ml,
3.70 g). The resulting purple solution was aged at room tempera-
ture for 24 h. After that, the purple powder was collected by cen-
trifugation, washed with methanol several times, and finally dried
at 70 °C overnight to obtain the Pd-Co-MOF crystals.
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Synthesis of Pd-Co-NC and PdO-Co;0,

The as-prepared Pd-Co-MOF crystals (100 mg) were placed in a
tube furnace, heated to 435°C with a heating rate of 2°Cmin™"
and kept for another 8 h under Ar atmosphere. After cooling to
room temperature, the black powder was collected and named as
Pd-Co-NC. The obtained Pd-Co-NC powder was then continuously
calcined at 300°C with a heating rate of 2°Cmin~" in air for 2 h to
prepare the PdO-Co;0, composite (two-step calcination).

As a control, the Co;0, and PdO-Co;0, (air) powders were also syn-
thesized, in which the Co;0, powder was prepared by calcining
the Co-ZIF precursor in the two-step process as mentioned above.
In contrast, the PdO-Co,;0, (air) was prepared by directly calcining
the Pd-Co-ZIF at 300 °C in air for 2 h (one-step calcination).

Synthesis of Pd-Zn-MOF and PdO,-ZnO

Typically, a mixture of Zn(NOs),:6 H,O (1.62 g) and Pd(acac), (0.08 g)
was dissolved in methanol (80 mL) and then added to methanol
(80 mL) containing 2-MI (3.70 g). After vigorous magnetic stirring
for 24 h, the obtained precipitate was centrifuged, washed with
methanol, and vacuum-dried at 70°C to prepare the Co-Zn-ZIF
powder. Then, we adopted the two-step calcination method as
mentioned above to prepare the control PdO,-ZnO powder.

Catalytic hydrolysis of hydrogen generation

The catalytic activity, cycle stability, and activation energy of the
catalytic materials were obtained by the following methods. First,
150 mm NaBH, (50 mL, containing 0.4 wt% NaOH) was added to a
three-necked round-bottom flask (100 mL) and continuously stirred
in a water bath at 25°C for 0.5 h until the connected electronic
balance stabilized to zero. Then, the catalyst (10 mg) was added to
the above solution at 25°C under continuous stirring. The generat-
ed H, was evaluated by the drainage method, where the overflow
water was collected during the catalytic H, production process,
and the quantity of the water was recorded in real-time by a com-
puter-connected electronic balance. The hydrogen generation rate
(HGR) can be obtained by converting the quantity of the drainage
water over time. To test the recyclability of the catalyst, we contin-
ued to use the fresh NaBH, solution instead of the fully decom-
posed NaBH, solution for five consecutive cycles at 25°C. After
each stability test, we centrifuged the catalytic material, dried it
under vacuum at room temperature, and weighed the catalytic
material. All experiments were repeated three times to ensure reli-
able results. The activation energy of the designed catalyst was
evaluated in the same device in the temperature range of 298 to
318 K.

The specific hydrogen generation rate (HGR) and turnover frequen-

cy (TOF) values are calculated as follows [Equations (1, 2)1:I"

Vi,0 (mL)
HGR = i) x m (9) M
TOF = My, (mol) 2)

t (min) X npg (mol)

where Vi, is the volume of the drained water, m is the total mass
of the catalyst, n,, are moles of generated H,, n,q are moles of Pd
in the catalyst, and t is the total reaction time in minutes.
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Catalytic reduction of 4-nitrophenol

PdO-Co,0, catalyst (15 mg), water (9.5 mL), ethanol (8 mL), and 4-
nitrophenol (70 mg) were mixed in one pot, a 50 mL beaker, to
form a homogeneous solution by magnetic stirring (600 rpm). The
reaction started immediately after 4.0m NaBH, solution (0.5 mL)
was added into the beaker at 298 K. The progress of the reaction
was monitored by taking 1 mL samples from the reaction mixture
at various time intervals. For each sample, CH,Cl, (5 mL) and etha-
nol (2 mL) were immediately added, followed by dilution of the so-
lution with water 20 times before testing by UV/Visible spectrosco-

py.

The first-order reaction rate (k) was calculated as follows
[Eq. (3)]:[16]

k= —In (E—(’)) /t

in which ¢/c, is the ratio of the concentration after t time to the in-
itial concentration, replaced by the intensity ratio of the ultraviolet
absorption spectrum, and t is the time.

®3)

Results and Discussion
Synthetic strategy and crystallinity analysis

A schematic diagram of the preparation of the concavely struc-
tured porous PdO-Co;0, polyhedron is shown in Figure 1a.
The Pd-Co-MOF composite is obtained by simple solvothermal
aging of the cobalt nitrate, palladium acetylacetone, and 2-Ml

d pda, €
«
Jj CC¢
C
< Methanol Ar
< 25°C24h 435°C8h

2-Methylimidazole

precursors in methanol, where the Pd species are evenly dis-
tributed throughout the frameworks. Through a controlled
heating rate and an optimized calcination temperature, during
the pyrolysis of the MOF in an inert atmosphere, Pd and Co
species undergo partial reduction, thereby obtaining the Pd-
Co-CN composite. After further air oxidation treatment, the ni-
trogen—-carbon species were removed, and the Pd-Co species
were oxidized to construct the targeted porous PdO-Co;0,
polyhedron with abundant oxygen defects.

X-ray diffraction (XRD) patterns are used to explore the crys-
tal structure of the materials. As shown in Figure 1b, the dif-
fraction peaks indicated by the PdO-Co;0, composite are con-
sistent with the cubic structure of Co,0, (JCPDS: 74-1657).1""
Still, the presence of PdO species is not detected owing to the
low content of PdO. Raman spectroscopy was then used to
further explore the microstructure of the PdO-Co;0, compo-
site. Figure 1c shows five Raman active modes at 179, 463,
507, 598, and 668 cm~', which are lower than the reported
pure spinel structure of Co;0, materials at about 15-
25 cm ™" This phenomenon may be a reflection of the strong
interaction between Co and Pd species in the composite,
which is also detected by X-ray photoelectron spectroscopy
(XPS).

Microstructure and porosity analysis

Scanning electron microscopy (SEM) images were used to in-
vestigate the changes in the morphology of materials at differ-
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Figure 1. (a) Schematic diagram of the synthesis of concavely structured PdO-Co,0, polyhedra. (b) XRD patterns and (c) Raman spectrum of PdO-Co;0,.

Chem. Eur. J. 2020, 26, 1-10 www.chemeurj.org

These are not the final page numbers! 22

3

© 2020 Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202003793
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Figure 2. SEM images of (a) Pd-Co-MOF, (b) Pd-Co-NC, and (c) PdO-Co;0,. (d) TEM and (e) high-resolution TEM images of PdO-Co;0,. (f) HAADF-STEM image of

PdO-Co;0, and corresponding element mappings of Co, O, Pd.

ent stages of transformation. As shown in Figure 2a, the syn-
thesized Pd-Co-MOF has a rhombic dodecahedron structure
with an average size of about 420 nm (Figure S1 in the Sup-
porting Information), and its crystal structure is consistent with
ZIF-67 (Figure S2 in the Supporting Information)."” After car-
bonization at 435°C in Ar atmosphere, the surface of the regu-
lar dodecahedron of the MOF collapsed and the volume de-
creased to an average size of approximately 320 nm (Fig-
ure 2b). At the same time, the Co species was reduced to met-
allic Co clusters (Figure S3 in the Supporting Information)?” as
the Pd-Co-NC phase formed. Thermogravimetric analysis (TGA)
was used to track the pyrolysis process of Pd-Co-MOF in Ar
gas (Figure S4 in the Supporting Information). Significant
weight loss for the MOF occurred above 435°C; this may be
undesirable as excessive weight loss is reported to lead to
metal agglomeration.?" Accordingly, we performed all the cal-
cinations under Ar atmosphere at 435°C to reduce the risk of
metal agglomeration. Subsequent calcination in air revealed
that the carbon species could be rapidly removed by burning
at temperatures higher than 229°C (Figure S5 in the Support-
ing Information). Therefore, to ensure complete elimination of
the carbon species, we performed all calcinations in air at
300°C. The corresponding PdO-Co;0, powders maintained a
similar pre-calcined morphology, but the average particle size
further decreased to about 290 nm (Figure 2¢).

Transmission electron microscopy (TEM) was used to further
observe the microstructure of PdO-Co;0, powders (Figure 2d).
The high-resolution TEM image of the PdO-Co,0, nanocrystals
shown in Figure 1e shows two distinct crossed lattice fringes
with a plane spacing of 0.23 nm and 0.24 nm, which are attrib-
uted to the (222) and (311) planes of Co;0,, respectively.”?
The lattice spacing of 0.21 nm corresponds to the (400) crystal
plane of C0;0, As shown in Figure S6 (in the Supporting In-
formation), the energy-dispersive X-ray (EDX) spectrum of PdO-

Chem. Eur. J. 2020, 26, 1-10 www.chemeurj.org

Co;0, confirms the existence of Pd, Co, and O elements. The
high angle annular dark field (HAADF)-STEM and the elemental
mappings show that Pd, Co, and O elements are evenly distrib-
uted in the framework structure of the PdO-Co;0, composite
(Figure 2 f). We further investigated the textural features of the
PdO-Co;0, powders by N, adsorption/desorption isotherms
and observed a type lll isotherm (Figure S7 in the Supporting
Information). The Brunauer-Emmett-Teller (BET) surface area of
the PdO-Co,0, powders was 67.3 m?>g~", and the pore size dis-
tribution was about 38 nm. The porous structure helps to
expose more active sites and to enhance the mass transfer,
that is, solute transport and product release from the surface.

Chemical state analysis

XPS was used to analyze the surface chemical state and com-
position of the PdO-Co;0, powder. Figure S8a (in the Support-
ing Information) shows that the PdO-Co,;O, polyhedron is
mainly composed of Co, O, and C elements, where the Pd
signal intensity is weak owing to the low content. The high-
resolution XPS spectra of the C1s regions (Figure S8b in the
Supporting Information) are deconvoluted into C=C (284.0 eV),
C—C (284.8 eV), and C—0O (286.0 eV) and used as a calibration
standard.” Figure 3a is the high-resolution Co2p spectra of
PdO-Co,0, and Co;0,. The Co2p,, region of the PdO-Co,0,
polyhedron is deconvoluted into four peaks at 779.4, 780.9,
785.0, and 789.4 eV, corresponding to the Co**, Co®", and two
satellite peaks, respectively.”>%' It can be seen that a small
number of coexisting Pd species makes the area ratio of Co**
/Co*" markedly increase from 2.46 to 3.12. The high-resolution
O1s spectra of the two samples were further analyzed in Fig-
ure 3b, in which three signals generated at 529.4, 530.7, and
532.0 eV are attributed to metal oxides, oxygen vacancies, and
adsorbed H,0, respectively.?® It is worth mentioning that the
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Figure 3. High-resolution XPS spectra of (a) Co2p and (b) O 1s regions of PdO-Co;0, and Co;0,, (c) Pd3d regions of PdO-Co;0, and commercial PdO powders.

oxygen vacancies increased rapidly from 25.8% to 34.5% after
the introduction of Pd species. Studies indicate that a higher
proportion of oxygen vacancies corresponds to faster electron
transfer, stronger adsorption properties, and more active
sites.”””!

The high-resolution Pd3d spectrum was analyzed by fitting
two asymmetric peaks (Figure 3c). The fitted Pd3d,, and
Pd3d;, peaks located at 337.1 eV and 342.3 eV are attributed
to PdO.?® Compared with commercial PdO, it can be found
that the Pd3d;,, peak in PdO-Co;0, moved by —0.31 eV owing
to the electron transfer from Co species to Pd species, result-
ing in higher electron density on PdO species.”**" As the con-
tent of Co;0, in PdO-Co,0, is much higher than that of PdO,
almost no change in Co2p is observed. The strong electronic
interaction between different species will affect the adsorption,
transformation, and desorption capabilities of active sites,
thereby synergistically improving the catalytic activity. Notably,
this strong interaction may be unique to the PdO-Co;0, com-
posite as no such shift was observed when we used a similar
method to replace Co with Zn to construct PdO,-ZnO (Fig-
ure S9 in the Supporting Information).

Catalytic NaBH, hydrolysis analysis

The catalytic H, production from the hydrolysis of NaBH, in al-
kaline solution was performed at 25 °C by employing an exper-
imental setup schematically illustrated in Figure S10 (in the
Supporting Information). The amount of H, produced was cal-
culated based on the volume of water discharged by H,. Fig-
ure 4a-b shows the comparison of the catalytic hydrolysis of
NaBH, by PdO-Co,0, materials prepared from the calcination
of Pd-Co-NC at different temperatures in air. We can observe
that, of the three samples, the PdO-Co;0, catalyst prepared
by calcination at 300°C yields both the highest HGR
(6300.5 mL,min""'g.,,") and TOF (3325.6 mol,,min~"molyy ).
We emphasize that this TOF value is the largest ever reported
to the best of our knowledge. Among the highest TOF values
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we found in the literature are included Ni,Pt@ZIF-85% Co-Ru-
P@NF" and NiggPt,,/Ce,055% In Figure 4c, we explore the
effect of Pd loading on the rate of hydrogen evolution. It can
be seen that the highest HGR and TOF values are obtained at
0.9 wt% Pd loading (Figure 4d and Table S1 in the Supporting
Information). The somewhat counterintuitive poor catalytic
performance at higher Pd loading probably results from in-
creased particle agglomeration, which in turn reduces the
overall surface area. As the best catalytic performance was ob-
tained for the PdO-Co;0, calcined in air at 300°C with 0.9 wt%
Pd loading, unless stated otherwise, our discussion of PdO-
Co,0, will focus on this sample henceforth.

To investigate the effects of the different components of the
PdO-Co;0, catalyst on H, generation by NaBH, hydrolysis, we
explored PdO-Co;0, alongside Pd-Co-NC, PdO,-ZnO, and Co;0,
control catalysts (Figure 5a). The results show that none of the
individual components of the PdO-Co;0, catalyst system ex-
hibit any meaningful catalytic activity, clearly demonstrating
that the observed outstanding catalytic activity of PdO-Co;0,
must at least be grounded in the synergy between its PdO
and Co;0, components (Figure 5b). To further explore the in-
fluence of different precious metals, we used similar methods
to prepare two other catalysts, PtO, and RuO, decorated Co;0,
catalysts (Figure 5¢). It can be seen that the catalytic activity of
PdO-Co;0, is significantly higher than those of the two control
catalysts and most previously reported catalysts (Figure 5d
and Table S2 in the Supporting Information). These variations
in catalytic performance could be related to differences in the
chemical interactions among the constituents of the different
catalysts. We also explored the impact of both the concentra-
tion of NaBH, and the percentage of NaOH on the H, genera-
tion by the NaBH, hydrolysis reaction. In line with previous
studies,”"* we find no important role for these variables on the
HGR (Figure S11 in the Supporting Information).

The temperature dependence of the catalytic activities was
investigated in the range 298-318 K. We can clearly observe a
gradual increase of the H, generation rate of the PdO-Co;0,

© 2020 Wiley-VCH GmbH
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Figure 4. (a) Stoichiometric H, evolution and (b) the summarized TOF and HGR values by PdO-Co;0, catalysts with different pyrolysis temperatures. (c) Rela-
tionship between H, evolution and loadings of Pd species in PdO-Co;0, catalysts, and (d) Summarized TOF values and HGR. All the experiments were con-

ducted in 150 mm NaBH,+0.4 wt % NaOH solution at 25 °C.
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Figure 5. (a) Stoichiometric H, evolution and (b) the summarized TOF and HGR values of different catalysts. (c) Relationship between H, generation and differ-
ent noble metal catalyst decorated Co;0, and (d) summarized TOF values and HGR. All the experiments are conducted in 150 mm NaBH,+0.4 wt% NaOH so-

lution at 25°C.

catalyst with increasing reaction temperature (Figure 6a). From
the Arrhenius plots in Figure 6b, the activation energies of the
PdO-Co;0, and PdO-Co;0, (air) catalysts are calculated to be
43.2 and 52.0 kkmol™', respectively. Here, the PdO-Co,0, (air)
refers to Figure $12 (in the Supporting Information). The signif-
icantly lower activation energy obtained for the PdO-Co,0, cat-
alyst indicates an enhanced catalytic activity.®® The recycling
test was used to evaluate the catalyst reusability. After the

Chem. Eur. J. 2020, 26, 1-10 www.chemeurj.org

complete consumption of NaBH, a fresh NaBH, powder
sample was then added to the reactor for the next cycle (Fig-
ure 6¢). The horizontal axis in Figure 6 ¢ is the running time for
the experiment showing the instances at which each cycle was
initiated. The results show that the H, production starts imme-
diately and maintains high activity without a significant induc-
tion period. This test cycle was repeated five times, and
around 80% of the initial activity was retained after five cycles

6 © 2020 Wiley-VCH GmbH
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Figure 6. (a) Stoichiometric H, evolution of PdO-Co;0, and PdO-Co;0, (air) in 150 mm NaBH,+0.4 wt% NaOH solution at different reaction temperatures and
(b) the summarized Arrhenius plots from (a). (c) Recycling stability test of PdO-Co,0, catalyst and (d) the corresponding TOF values from (c). (e) Proposed cata-

lytic mechanism of PdO-Co,0, catalyst for H, generation.

(Figure 6d). The slight decrease in catalytic activity may be
mainly due to the structural damage (Figure S13 in the Sup-
porting Information), Pd clusters exfoliation (Table ST in the
Supporting Information), surface chemical state changes (Fig-
ure S14 in the Supporting Information), and BO, poison-
ing. [29a,34]

As discussed above, the PdO-Co;0, catalyst has the largest
HGR and TOF values compare with other catalysts. The out-
standing performance is mainly attributed to a large specific
surface area, high conductivity, and synergy between PdO and
Co;0, species. According to the XPS study, the negative shift
of the Pd3d binding energy in PdO-Co,0, caused by the par-
tial electron transfer from Co species to Pd species indicates a
higher electron density on Co species compared with that of
Pd species. Accordingly, the partially negatively charged hydro-
gen atoms preferred to attach to the Pd atoms. As a result, the
BH,™ dissociates at the Co and Pd metal sites, hydrogen atoms
are adsorbed on Pd, and BH; is attached to Co species. After
the B—H bond is broken, the negatively charged B species im-
mediately transfers the negative charge to the adsorbed H
atoms through the conductive bulk. Finally, the negatively
charged H atom on the Pd surface extracts hydrogen from
water to release an H, molecule, whereas the OH™ ion attacks

Chem. Eur. J. 2020, 26, 1-10
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the BH; to form a BH;O0H molecule, followed by transfer of one
hydrogen atom of the BH;OH to a free Pd site. After the first
cycle, the surface of the catalyst releases a hydrogen molecule
and a BH;O0H species. As the reaction proceeds, all of the H
atoms in the borohydride are replaced by OH™ ions (Fig-
ure 6e), ultimately releasing the B(OH),” species.>”

Catalytic reduction of 4-nitrophenol

Since Pal et al. first reported the reduction of 4-NPs to 4-APs
by using a Ag catalyst in 2002, the reaction has become a
well-controlled model reaction that does not produce byprod-
ucts." Thus, we selected this model reduction reaction in an
aqueous system with NaBH, as the hydrogen source to study
the catalytic efficiency of the PdO-Co;O, polyhedron (Fig-
ure 7a). The reaction was monitored at the specific UV wave-
length.”® After adding NaBH, to 4-NP, the solution was ob-
served to turn bright yellow with the absorption peak shifting
to about 405 nm; however, we noticed no further changes in
color after 1 h, indicating that the 4-nitrophenol ion was for-
med."**37 After further addition of the PdO-Co,0, catalyst, the
UV/Vis absorption peak decreased rapidly, demonstrating that
4-nitrophenol ions were reduced to 4-aminophenol ions (Fig-

© 2020 Wiley-VCH GmbH
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Figure 7. (a) Schematic diagram of the conversion of 4-NP to 4-AP and photos taken at different conversion times using the PdO-Co;0, catalyst. (b) UV/Vis
spectra of successive reduction of 4-NP to 4-AP over PdO-Co;0, in the presence of NaBH,. (c) Summarized conversion effects of different catalysts over time
from the UV/Vis spectra. (d) Corresponding pseudo-first-order plots of 4-NPs reduction from (c).

ure 7b and Figure S15 in the Supporting Information). As
shown in Figure 7 ¢, we observed that the PdO-Co;0, (0.9 wt%
Pd) catalyst needs only about 220 s to complete the full con-
version of 4-NP to 4-AP. This is a much faster rate compared
with commercial 10 wt% Pd/C or 20 wt% Pt/C catalysts for the
same initial 4-NP concentration. Furthermore, the kinetic con-
stants of PdO-Co;0, catalysts were calculated according to the
slope of In(c/c,)=—kt in the linear range. As shown in Fig-
ure 7d, the k value of PdO-Co,0, is 1.31 min™', which is signifi-
cantly higher than that of the control catalysts and most previ-
ously reported catalysts (Table S3 in the Supporting Informa-
tion), implying that the catalyst has faster catalytic kinetics and
has good application potential.®%3®

The catalytic conversion mechanism of 4-NP to 4-AP has
been extensively studied, and a possible catalytic mechanism
is proposed by the Langmuir-Hinshelwood model.'®®3% As
shown in Figure S16 (in the Supporting Information), the cata-
lytic process proceeds through the following four steps.
Step 1: the borohydride anion (BH,") dissociates on the surface
of the PdO-Co,0, catalyst, thereby forming Pd-H, at the PdO
active site. Step 2: the 4-NP is adsorbed on PdO clusters, and
interacts with nearby Pd-H,, species through their -NO.,.
Step 3: the -NO, in the adsorbed 4-NP reacts quickly with the
adsorbed H through electron transfer and atomic exchange.l'*?
Step 4: the formed 4-AP is desorbed from the catalyst surface
to provide free active sites for the next catalytic cycle.

Conclusion

We have prepared a PdO-Co;0, composite with a concave
structure by a MOFTS method. The resulting catalysts show

Chem. Eur. J. 2020, 26, 1-10 www.chemeurj.org

outstanding bifunctional performance in both NaBH, hydrolysis
and 4-NPs reduction. The two main parameters, namely, the
calcination temperature and Pd loading, were optimized. The
optimal catalyst that was achieved at 350°C calcination tem-
perature and 0.9 wt% Pd loading has the highest HGR and
TOF values, small activation energy, and excellent reusability.
Meanwhile, the optimized catalyst also shows a much higher
4-NPs reduction rate compare with that of Pd/C. In addition,
the corresponding possible catalytic mechanism was further
proposed according to the experimental results, which can
provide a new insight into designing and preparing a highly
active multifunctional catalyst for various applications, includ-
ing chemical/electrochemical catalysis, nitrophenols reduction,
fuel cells, supercapacitors, and so on.
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