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1) Please comment on the current importance of the field

The use of bimetallic PdCu nanoparticles (NPs) have shown in the last 30 years an
important role in heterogeneous catalysis due not only to economic reasons, because less
amount of Pd is used, and mainly due also to an improvement in the reactivity with respect
to Pd NPs. The resulting synergic and cooperative intractions can be modulate depending
on the stoichiometry between the two metals affording superior catalytic performance. In
addition, these bimetallic NPs can be supported in different types of solid supports
modulating also their reactivity retarding aggregation and allowing their recycling.

2) What are the implications for the wider scientific community?
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The aim of this Review is to overview, for the first time, the characterization methods of
these types of PdCu nanopatrticles and their synthetic applications as sustainable catalysts
in many chemical and electrochemical processes, including green transformations such as
water purification and hydrodechlorination reactions and also to conversion of CO, in
valuable chemicals and fuels.

3) To which communities will your article appeal?

The synthetic potential of PdCu bimetallic nanoparticles as catalysts has been
demonstrated in the last 15 years in many fundamental reactions and industrial processes.
This comprehensive information would be of interest for all the chemical community at the
academia and specially at industrial level

4) Please comment on any other reviews published on a similar topic, justifying why there
is room for another review

In the literature, the topic of bimetallic catalysis has been described in the following reviews.
However, the use of PdCu catalysts has been only partially covered:

1. M. H. Pérez-Temprano, J. A. Casares and P. Espinet. Bimetallic catalysis using
transition and group 11 metals: An emerging tool for C-C coupling and other
reactions. Chem. Eur. J. 2012, 18, 1864-1884.

2. W.Yu, M. D. Porosoff, J. G. Chen. Review of Pt-based bimetallic catalysis: from
model surfaces to supported catalysts. Chem. Rev. 2012, 112, 5780-5817.

3. M. Sankar, N. Dimitratos, P. J. Miedziak, P. P. Wells, C. J. Kielye, G. J.
Hutchings. Designing bimetallic catalysts for a green and sustainable future.
Chem. Soc. Rev. 2012, 41, 8099-8139.

4. J. Shi, On the Synergetic catalytic effect in heterogeneous nanocomposite
catalysts. Chem. Rev. 2013, 113, 2139-2181.

5. E. Rivera-Chao, L. Fra, M. Fafianas-Mastral. Synergistic bimetallic catalysis for
carboboration of unsaturated hydrocarbons. Synthesis 2018, 50, 3825-3832.

5) Chem Soc Rev aims to publish only the very best review articles while avoiding
repetition, and one way to achieve this is to have groups of authors to collaborate on
writing the definitive review on a particular area. Are you willing to work together with
other author group/s on the proposed review? If so, please identify some potential
researchers with whom it might be suitable for you to collaborate. If not, please explain
briefly why the proposed review would not benefit from being a collaborative effort.

The authors of this review have work already on the characterization and applications of
Pd/Cu NPs as supported catalysts in carbon-carbon forming reactions.
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6) Please provide section headings along with a brief discussion of each section and
associated key references. List at least 10 of the main research articles you will use as
core references in your proposed review.

1. Carbon-Carbon Forming Reactions: These Pd/Cu NPs have been used as catalysts in
large variety of carbon-carbon bond forming reactions such as Suzuki, Sonogashira, Heck,
cyclization processes, arylation and alkylation reactions, alkyne-alkene cross-coupling,
decarboxylative cross-coupling, A3-coupling of aldehydes, acetylenes and amines and other
reactions such as reductive cross-coupling, carboboration and hydroarylation of alkenes.

Articles: (1) M. Nasrollahzadeh, M. Atarod, M. Alizadeh, A. Hatamifard and S. M. Sajadi, S.
M. Recent advances in the application of heterogeneous nanocatalysts fo Sonogashira
coupling reactions. Curr. Org. Chem., 2017, 21, 708-749; (2) M. H. Perez-Temprano, J. A.
Casares and P. Espinet. Bimetallic catalysis using transition and group 11 metals: An
emerging tool for C-C coupling and other reactions. Chem.- Eur. J., 2012, 7, 1864-1884.

2. Hydrogenation Reactions: In this section, hydrogenation methods to reduce nitrates and
nitrites (important process for water purification), hydrogenation of CO, to methanol (to
produce sustainable chemicals feedstock and fuels), semi-hydrogenation of alkynes and
hydrogenation of several organic compounds such as furfural, glycerol, succinic acid, levulinic
acid and nitro compounds will be considered.

Articles: (1) N. Barrabes and J. Sa. Catalytic nitrate removal from water, past, present
and future perspectives. Appl. Catal. B- Environmental, 2011, 104, 1-5; (2) T. Ye, D.
P. Durkin, N. A. Banek, M. J. Wagner and D. Shuai. Graphitic carbon nitride supported
ultrafine Pd and Pd-Cu catalysts: enhanced reactivity, selectivity, and longevity for
nitrite and nitrate hydrogenation. ACS Appl. Mater. Inter. 2017,9, 27421-27426. (3) K.
C. K. Swamy, A. S. Reddy, K. Sandeep and A. Kalyani. Advances in chemoselective
and/or stereoselective semihydrogenation of alkynes. Tetrahedron Lett., 2018, 59, 419-429;
(4) X. Jiang, X. Nie, X. Wang, H. Wang, N. Koizumi, Y. Chen, X. Guo and C. Song. Origin of
Pd-Cu bimetallic effect for synergetic promotion of methanol formation from CO,
hydrogenation. J. Catal., 2019, 369, 21-32.

3. Electrocatalytic Reduction Reactions: electrocatalytic reduction of oxygen, CO, to
CO, methanol, hydrocarbons, formate and hydrogen production can be also performed with
Pd/Cu NPs.

Articles: (1) Y. Yang, C. Dai, D. Wu, Z. Liu and D. Cheng. The effect of size on oxygen
reduction reaction activity of PdCu bimetallic nanoparticles. ChemElectroChem, 2018, 5,
2571-2575. (2) L. Lu, X. Sun, J. Ma, D. Yang, H. Wu, B. Zhang, J. Zhang and B. Han. Highly
efficient electroreduction of CO, to methanol on palladium-copper bimetallic aerogels. Angew.
Chem., Int. Ed., 2018, 57, 14149-14152. (3) S. Ma, M. Sadakiyo, M. Heima, R. Luo, R. T.
Haasch, J. I. Gold, M. Yamauchi and P. J. A. Kenis. Electroreduction of carbon dioxide to
hydrocarbons using bimetallic Cu-Pd catalysts with different mixing patterns. J. Am. Chem.
Soc., 2017, 139, 47-51. (3) X. Zhang, D. Wu and D. Cheng. Component-dependent
electrocatalytic activity of PdCu bimetallic nanoparticles for hydrogen evolution reaction.
Electrochimica Acta, 2017, 246. 572-579.

4. Oxidation Reactions: These types of catalysts can be employed in oxidation reactions
using oxygen or hydrogen peroxide of CO, hydrocarbons to alcohols such as methane to
methanol, and to carbonyl compounds, as well as of alcohols and other organic compounds,
epoxidation of alkenes and in carbonylation reactions of alcohols and phenols.

Articles: (1) Z.-Q. Zhang, J. Huang, L. Zhang, M. Sun, Y.-C. Wang, Y. Li and J. Zeng. Facile
synthesis of Cu-Pd bimetallic multipods for application in cyclohexane oxidation.
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Nanotechnology, 2014, 25, 435602. (2) J. Mao, Y. Liu, Z. Chen, D. Wang and Y. Li. Bimetallic
Pd-Cu nanocrystals and their tunable catalytic properties. Chem. Commun. 2014, 50, 4588-
4591.

5. Electrooxidation Reactions: these NPs can be used as membranes for the oxidation
of methanol, ethanol and polyols, formaldehyde and formic acid.

Articles: (1) Z. Yin, W. Zhou, Y. Gao, D. Ma, C. J. Kiely and X. Bao. Supported Pd-Cu bimetallic
nanoparticles that have high activity for the electrochemical oxidation of methanol. Chem. Eur.
J., 2012, 18, 4887-4893. (2) L. Zhang, S.-I. Choi, J. Tao, H.-C. Peng, S. Xie, Y. Zhu, Z. Xie
and Y. Xia. Pd-Cu bimetallic tripods: a mechanistic understanding of the synthesis and their
enhanced electrocatalytic activity for formic acid oxidation. Adv. Funct. Mater., 2014, 24, 7520-
7529.

6. Hydrodechlorination (HDC) Reactions: hydrodechlorination reactions of chlorinated
pollutants organic compounds such as carbon tetrachloride, 1,2-dichloroetane,
CF;0OCFCICF,CI and 4-chlorophenol are of high importance in industrial processes specially
in water treatments.

Articles: (1) R. Hina, I. Arafa and F. Al-Khateeb. Gas phase hydrodechlorination of CCl, over
Pd-Cu and Pd-Fe bimetallic catalysts supported on an AlF; matrix. Prog. React. Kinet. Mech.,
2016, 41, 29-38; (2) S. Lambert, B. Heinrichs, A. Brasseur, A. Rulmont and J.-P. Pirard.
Determination of surface composition of alloy nanoparticles and relationships with catalytic
activity in Pd-Cu/SiO, cogelled xerogel catalysts. Appl. Catal. A-Gen., 2004, 270, 201-208.

7. Oxygen-Assisted Water-Gas-Shift (OWGS) Reaction: in order to reduce the CO in the
water-gas-shift (WGS) reactor, oxygen and the PdCu bimetallic catalysts supported on CeO,
has been successfully used.

Articles: J. Kugai, E. B. Fox and C. Song. Role of CeO, support for Pd-Cu bimetallic catalysts
for oxygen-enhanced water gas shift. Appl. Catal. A-Gen., 2013, 456, 204-214.

9. Hydrogen production

10. Antimicrobial activity

11. Cyanation reactions

12. Hydrosilylation

13. CO and NO elimination

14. Hydrogen evolution reaction (HER)
15. Other Reactions

Altogether, the proposed critical review will contain more than 300 references, most of them
in the last 15 years.

AUTHOR CV

Please provide a brief CV of the leading author and a list of papers/reviews published in the last
three years in the suggested topic area which qualify them for writing this review.

Carmen Najera was graduated from the University of Zaragoza in 1973, obtaining her
doctorate in chemistry from the University of Oviedo in 1979. She spent postdoctoral stays at
the ETH (Zurich), the Dyson Perrins Laboratory (Oxford), Harvard University, and Uppsala
University. She became Associate Professor in 1985 at the University of Oviedo and Full
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Sciences and was appointed as Active Member of the European Academy of Sciences and
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the Advisory Board of several international journals, among others, Tetrahedron, Tetrahedron
Letters, Tetrahedron Asymmetry, Synthesis, European Journal of Organic Chemistry,
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The authors have published the following papers related to this topic:

(1) M. Gholinejad, J. Ahmadi, C. Najera, M. Seyedhamzeh, F. Zareh and M.
Kompany-Zareh. Graphene quantum dot modified Fe;O, nanoparticles stabilize PdCu
nanoparticles for enhanced catalytic activity in the Sonogashira reaction. ChemCatChem,
2017, 9, 1442.
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nanoparticles as catalysts for carbon-carbon bonds formation. ChemCatChem, 2019, 11,
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(3) M. Gholinejad, N. Jeddi and B. Pullithadathil. Agarose functionalized phosphorus ligand
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Please note that pre-approval of a proposal does not guarantee final publication: the manuscript
will be subject to full peer review in accordance with the journal’s high standards.
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Applications of bimetallic PdCu catalysts

Mohammad Gholinejad, @ Faezeh Khosravi,2 Mahmoud Afrasi,2 José M.
Sansano® and Carmen Najera*c

Bimetallic PdCu nanoparticles can be applied as catalyst in a wide range of chemical
and electrochemical reactions. This review article overviews the preparation and
synthetic applications of these bimetallic nanoparticles (BNPs) developed mainly along
the last 20 years. They show better catalytic activity and selectivity than the monometallic
counterparts due to their electronic and structural interactions. Simple preparation
general methods include reduction of the corresponding salt precursors by different
agents, solvothermal processes and galvanic replacement. In the case of supported
catalysts mainly wet impregnation and in situ reduction processes are used. In addition,
these nanomaterials are prepared with different Pd/Cu compositions and with different
morphologies. In the case of supported materials, many solid supports specially alumina,
silica, titania, ceria, magnetite, zeolites, active carbon, graphene, carbon nanotubes,
resins and polymers are employed. Among several synthetic applications, C-C bond
forming reactions such as Suzuki-Miyaura, Sonogashira-Hagihara, Heck-Mizoroki,
Guerbert and A3-coupling are efficiently performed with PdCu BNPs. Reduction reactions
under PdCu catalysis such as nitrates for water purification, hydrodechlorination of
organic pollutants, hydrogenation of CO, and CO to methanol, semihydrogenation of
alkynes to alkenes, hydrogenation of C=C double bonds, furfural to furfuryl alcohol,
polyols, levulinic and succinic acids to lactones, styrene oxide to 2-phenylethanol and
nitroaromatics to aromatic amines can be successfully performed. In the case of
electrocatalytic reductions, it can be highlighted oxygen reduction to water, CO,
reductions to CO, to alcohols, to hydrocarbons and to formate as well as hydrogen
generation from water splitting. In the field of oxidation reactions using oxygen, CO can
be transformed into CO,, alcohols into aldehydes, cyclopentene to cyclopentanone,
ethylene and acetic acid to vinyl acetate and aromatic compounds can be hydroxylated
to phenols. Electrooxidation reactions are useful process specially for direct alcohol and
formic acid fuel cells. Oxygen-assisted water gas shift reaction can be efficiently
performed under PdCu catalysis. In the field of chemical sensors, PdCu BNPs can detect
hydrogen in low concentrations, liquefied petroleum gas, formaldehyde, glucose,
thiocynate and phenols. Other applications such as catalysts in hydrosilylation of
acetylenes to vinylsilanes and their use s antimicrobial agents has been also described.

@ Department of Chemistry, Institute for Advanced Studies in Basic Sciences (IASBS), P.
O. Box 45195-1159, Gavazang, Zanjan 45137-6731, Iran. Email:
gholinejad@jiasbs.ac.ir

b Research Center for Basic Sciences & Modern Technologies (RBST), Institute for
Advanced Studies in Basic Sciences (IASBS), Zanjan 45137-66731, Iran

¢ Centro de Innovacion en Quimia Avanzada (ORFEO-CINQA), Universidad de
Alicante, Apdo. 99, E-03080 Alicante, Spain. Email: cnajera@ua.es; Fax: +34
965903549, Tel: +34 965950786

1. Introduction
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The use of bimetallic nanoparticles (BNPs) or nanoclusters derived from transition metals
can exhibit enhanced physical and chemical properties compared to their monometallic
counterparts due to the modification of their surface electrons. It has been often seen that
metal interacting with other metal at the nano level can form nanocomposites with
superior activities not seen in bulk alloys. They have attracted great interest specially in
the field of metal catalysis.!-” Particularly, in the last 30 years PdCu BNPs have shown
an important role in heterogeneous catalysis due not only to economic reasons (less
amount of Pd is used) but mainly due also to an improvement in the reactivity with respect
to Pd NPs. The resulting synergic and cooperative interactions can be modulate
depending on the stoichiometry between the two metals affording superior catalytic
performance. The excellent redox properties of the PdCu system are due to the electron-
donor and -acceptor character of the Cu and Pd, respectively. In addition, these BNPs can
be supported in different types of solid supports modulating also their reactivity by
retarding aggregation and leaching, as well as allowing their recycling. These PdACu BNPs
can be supported on different solid supports mainly by two-step sequential impregnation
(TSI) or by co-impregnation (CI) and have been used in a broad number of catalytic and
electrocatalytic processes.

The aim of this review is to consider a comprehensive coverage of bimetallic PdCu
NPs catalysed transformations, such as carbon-carbon bond forming reactions, chemical
reduction reactions such as hydrogenation of nitrates for water purification,
hydrodechlorination reactions of chlorinated pollutants, hydrogenation of organic
compounds and CO, and CO hydrogenation to MeOH. In the case of electrocatalytic
reductions, oxygen reduction reaction, reduction of CO, to CO, to MeOH, to
hydrocarbons and to formate, hydrogen generation from water splitting and other
reductive dehalogenations are related. Chemical oxidations of CO, alcohols and other
organic compounds such as cyclopentene, cyclohexane and benzene hydroxylation are
considered. In the case of electroxidative reactions, alcohols and polyalcohols oxidation,
formic acid oxidation and oxidation of formaldehyde and styrene epoxidation can be
performed with these BNPs. They can be also used as catalyst in oxygen-assisted water
gas shift (OWGS) reaction, in sensing electrodes and in other reactions such as
hydrosilylation of alkynes and as antimicrobials. We expect that this comprehensive
information will be of interest for catalytic processes both at the laboratory and at
industrial scale.

2. Carbon-carbon bond forming reactions

In this section, classical cross-coupling processes such as Suzuki-Miyaura, Sonogashira-
Hagihara and Mizoroki-Heck reactions will be considered. In addition, other reactions
such as oxydative coupling reaction, cyclization of acetylenes with N-(2-
iodobenzyl)triazoles and the A3-coupling of aldehydes, amines and acetylenes will be
considered.

2.1. Suzuki-Miyaura reaction

Cross-coupling of aryl or alkenyl halides or sulfonates with aryl or alkenyl boronic acids
under Pd-catalysis allows the formation of Csp?-Csp? bonds. Biphenyls, which are present
in a large number of organic compounds, as well as conjugate polymers and valuable
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materials are mainly prepared by Suzuki-Miyaura (S-M) reaction.®!5 Several groups have
demonstrated the advantage of using bimetallic PdCu catalysts in this cross-coupling
reaction.

Rothenberg and co-workers!® reported a comparative study of different nanocluster
catalysts in the cross-coupling of phenyl iodide with phenylboronic acid using K,CO; as
base, and DMF as solvent at 110 °C. From the bimetallic combinations PdCu (2 mol%)
was the most active, similarly to pure Pd. Other aryl iodides and activated aryl bromides
gave quantitative yields, and moderate results using aryl chlorides!” (Table 1, entry 1).
The nanocluster PACu was prepared by mixing metal chlorides followed by reduction
with tetraoctylammonium formate (TOAF), which also acted as stabilizer of the NPs, in
DMF giving cluster cores around 2.5 nm in size.

Bimetallic PdCu supported on 4A molecular sieves (MS) by TSI and CI procedures
have been used by Fodor’s group!®!° as reusable catalysts for the S-M reaction.
Inductively coupled plasma (ICP) analysis showed a Pd/Cu molar ratio was 0.2:1 in both
cases and that the two metals were brought to close interaction on the surface of the
support. They compared the activities of Cu@MS and Pd@MS and also bimetallic
catalysts, PdACu@MS-TSI and PACu@MS-CI in the S-M reaction of iodobenzene and
phenylboronic acid. Results indicated that the bimetallic catalysts, PdCu@MS-TSI and
PdCu@MS-CI, are more active than the monometallic ones and also that bimetallic
catalyst PACu@MS-TSI has better activity and selectivity than the CI’s catalyst.
PdCu@MS-TSI was reused for six times for the reaction of iodobenzene with
phenylboronic acid without decrease in activity, while PdACu@MS-CI activity decreased
to 80% yield after the sixth cycle. Aryl iodides and bromides were coupled with different
arylboronic acids under EtOH reflux during 1 h to provide the corresponding biphenyls
in excellent to good yields. The same group supported bimetallic PdCu catalysts on mixed
oxides MgO-Al,03;, PACu@MgAlO, by TSI and CI methods.?® In this case also results
showed that bimetallic catalysts were more active and stable than the monometallic ones.
Recycling experiments for the reaction of iodobenzene with phenylboronic acid using
CuPd@MgAIO-CI showed excellent activity during six runs without loss in activity.
However, in the case of the TSI prepared catalyst after the fifth run yield decreased to
80% (Table 1, entry 3). Aryl iodides and bromides gave excellent yields using the
previous described reaction conditions.

The use of the carbon supported CuPd BNPs as an effective catalyst in the Suzuki-
Miyaura reaction of aryl iodides and bromides with phenylboronic acid and also in the
reduction of nitroarenes with NaBH, under phosphine-free conditions has been reported
by Nasrollahzadeh and co-workers.?! This PdCu@C catalyst was prepared by deposition
of Pd on the surface of Cu@C. Good to excellent yields were obtained in the reduction
of nitroarenes and also in the synthesis of biphenyls (Table 1, entry 4). This catalyst was
reused for four times in the Suzuki-Miyaura reaction of iodobenzene with phenylboronic
acid without loss in activity.

Wang and co-workers?? prepared PdCu in nanowires (NWs), which were stabilized
by octylphenoxypolyethoxyethanol (NP-40). This PdCu-NWs were used as catalyst,
using K,COj; as base and a mixture 1:1 of DMF/H,0 at 80 °C for 2 h, for the S-M reaction
of aryl bromides amd chlorides with arylboronic acids in very good yields (Table 1, entry
5). This catalyst was reused during five consecutive cycles for the reaction of
bromobenzene and phenylboronic acid.
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In the case of PdCu; nanocrystals (NCs), C-Cl bonds could be also activated.?? This
PdCu;-NCs were prepared by dissolving Pd(acac), and Cu(NOj3),-3H,0 in EtOH and
oleylamine-EtOH, respectively. After mixing these solutions a solution of oleylamine and
I-octadecene was added at 195 °C and heated at 190 °C. The S-M reactions were
performed in water with NaOH as base and cetyltrimethylammonium bromide (CTAB)
at 65 °C for 30 min in good yields for iodo-, bromo- and chlorobenzene (Table 1, entry
6). The catalyst showed good catalytic efficiency during four cycles.

Synergistic catalysis has been observed by immobilization of PACu BNPs on a metal
organic framework (MOF) MIL-101. Singh and co-workers?* compared the catalytic
activity of PANi@MIL-101, PACu@MIL-101 and PdCo@MIL-101 in the S-M reaction.
The most efficient catalyst was PACu@MIL-101 for the cross-coupling of aryl iodides in
aqueous EtOH (1:1) with NaOH as base at room temperature (rt) in the case of aryl
iodides, and K,COj; as base at 50 °C for aryl bromides (Table 1, entry 7). The observed
enhanced catalytic activity was explained by electronic charge transfer from Cu to the
shell of Pd facilitating the oxidative addition. However, when the recovered catalyst was
used in the cross-coupling of 4-bromoanisole with phenylboronic acid the lower activity
was attributed to the aggregation of MIL-101 particles.

Lamei and co-workers? have prepared highly dispersed Cu NPs immobilized on
core-shell Fe;04@C (magnetite NPs) functionalized with arginine as a support with 92.8
ppm of Pd as impurity. This catalyst was used for the efficient cross-coupling of aryl
iodides and bromides in water at rt using a mixture of metal hydroxides with only 0.1
mol% catalyst loading (Table 1, entry 8). This catalyst was reused during six runs for the
reaction of 4-bromoanisole with phenylboronic acid. However, aryl chlorides gave low
yields (up to 30%).
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5
Table 1 Suzuki-Miyaura reactions catalyzed by supported bimetallic PdCu NPs
X B(OH -
N Xy 2O cat . |
‘ + ‘ > N R2
1/ = 2/ = reaction
R R conditions be =
R
Entry  Cat. (loading)™ Reaction conditions X, Yield (%) Recycling
1 PdCu (1:1) nanocluster (2 mol%)'6'7  K,COs;, DMF, 110 °C, 0.5-24 h X=1=Br=100 -
X =Cl, 25-54
2 PdCu (0.2:1)@MS (12 mol%)81° K,CO,, EtOH, 78 °C, 1-1.5 h X =1, 30-98 6°
X = Br, 45-99
3 Pd Cus@MgAIO (10 mol%)?° K,CO,, EtOH, 78°C, 1 h X =Br, 91-99 6°
4 PdCu@C® K,CO,, EtOH, 78 °C, 3-5 h X =1, 86-93 5a
X = Br, 88-91
5 PdCu-NWs2? K,CO;, DMF/H,0 (1:1), 80 °C, 2-6 h X =Br, 72-96 5b
X=Cl, 79-94
6 PdCu;-NCs (10 mol%)® NaOH, H,O, CTAB 65-100 °C, 30 min X =1, 100 4
X =Br, 98
X=Cl, 60
7 PdCu@MIL-1012 X =1: NaOH, EtOH/H,0 (1:1), rt, 1 d, X =1, 65-95 -
X = Br: K,COs, EtOH/H,0 (1:1),50°C X =Br, 87-97
X=Cl, 10
8 PdCu@Fe;0,@C-92.8 ppm Pd KOH, Ba(OH),, Ca(OH), X=1,92-99 69
(0.1 mol%)? Mg(OH),, H,0, rt X = Br, 90-99

2 lodobenzene and phenylboronic acid. » Bromobenzene and phenylboronic acid. ¢ Chlorobenzene and phenyl-boronic

acid. 94-Bromoanisole and phenylboronic acid.

In conclusion, the last catalyst PdACu@Fe;04@C with 92.8 ppm of Pd seems to be
the best catalyst for the S-M reaction working with very low Pd loading and very mild
reaction conditions for aryl iodides and bromides and good recyclability.?> However, for
aryl chlorides cross-coupling, PACu-NWs are efficient for the S-M reaction.??

2.2. Sonogashira-Hagihara reaction
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The formation of Csp?-Csp bonds can be performed under metal-catalyzed alkynylation
of aryl and alkenyl halides or triflates with terminal alkynes. This so-call Sonogashira-
Hagihara (S-H) reaction, is a powerful method for the formation of arylalkynes and
conjugated enynes, which are important building blocks in the synthesis of natural
products, pharmaceuticals, conjugate polymers and materials.?62® In this process,
typically a Pd source and Cul as catalysts using Et;N as base and/or solvent are the most
common reaction conditions, and also under Cu-free conditions.

Djakovitch and co-workers?® described the preparation of different bimetallic PdCu
catalysts for the direct preparation of 2-phenylindole from 2-iodoaniline and
phenylacetylene. The best results were obtained by grafting bimetallic NPs with PdCu
2.5:1 molar ratio on zeolite NaY by a ’ship-in-a-bottle’procedure.’® This supported
catalyst PdACu@NaY showed better catalytic activity (100% yield) than silica gel (76%)
or alumina (81%) as solid supports using 2 mol% loading, Et;N as base and aqueous DMF
at 100 °C for 3 h (Scheme 1). This heterogeneous catalyst is sentitive to the extraction
work-up, although it can be recycled during three runs when used in a continnous manner.

|
[
@i R PdCu@NaY (2 mol%) mph
NH, EtsN, DMF/H,0 (1:1) N
100°C, 3 h H
>99%

Scheme 1 Direct synthesis of 2-phenylindole catalyzed by PAdCu@Nay.

Catalytic studies performed by Corma and co-workers’! on the reaction of
iodobenzene and phenylacetylene with different PdCu contents supported on MgO and
mixed Mg—Al oxide derived from layered hydrotalcite (HT) as catalysts showed that a
3Pd/1.6Cu ratio gave the best results. In addition, MgO hydrotalcite supported catalyst
had a higher activity than Mg—Al hydrotalcite. Indeed, the existence of copper on the
calcinated HT enhanced the catalytic activity, but without the copper using sole Pd as
transition metal the activity decreased. This reaction can be carried out in the absence of
Et;N due to the basic nature of the mixed oxides derived from layered HT but in low
yield. Tolane was obtained in DMF/H,0 during 6 h at 100 °C in 90% yield (Table 2, entry
1). This heterogeneous catalyst PACu@HT, according to metal leaching determination
and three-phase test experiments, can be reused only 3 runs and the PdCu BNPs of >20
nm size did not agglomerate during catalyst use and recycling.

In 2013, the use of a palladium coated tubular reactor in line with Cu tubing using a
continuous flow platform (Cu-Pd dual reactor) for S-H reactions, has been reported by
Lee and co-workers.?? Using this Cu-Pd dual reactor, alkynes were obtained in moderate
to good yields by reaction of a wide range of aryl iodides with 2,5-
dimethylphenylacetylene in DMP with diisopropylethylamine (DIPEA) as base at 120 °C
(Scheme 2). The reactions took place in the Cu reactor catalyzed by the traces of leached
Pd from the Pd reactor. Therefore, Pd reactor acts as a Pd source, and the catalytic amount
could be decreased significantly without loss of reaction efficiency. Activity of this Pd-
Cu dual reactor was preserved even after a continuous run of 10 times for reaction of 2-
ethynyl-1,4-dimethylbenzene with iodobenzene. This continuous flow technology can be
applied for large-scale synthesis.
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Palladium Copper
tubular reactor tubular reactor

- - =

DIPEA, DMF, 120 °C

— + Al

40-98%

Scheme 2 S-H reactions using a PdCu continuous flow reactor.

According to Dkajovitch pionner results on alkynylation-cyclization sequence for the
synthesis of indoles using PdCu@NaY,? Felpin’s group*? described the use of PACu@C
as catalyst for the synthesis of indoles and benzofurans. This heterogeneous catalyst
allows the cascade reaction to give indoles, azaindoles and benzofurans in water using
PPh; as cocatalyst and ethanolamine as base at 80 °C with good yields (Scheme 3). The
recyclability of this PdCu@C catalyst was evaluated for the preparation of 2-
phenylindole. Unfortunately, the catalyst was inactive after the third run as in the case of

PdCu@NaY.
I 0,
R1q R PACu@C (2 mol% Pd) o mRZ
Kx/ ZH H,N(CH,),0H, H,0 N
80 °C, Ar, 20 h

X=C,N 64-98%
Z=NTs, O

Scheme 3 Direct synthesis of indoles, azaindoles and benzofurans catalyzed by
PdCu@C.

The same group developed a one-pot sequential Sonogashira-click and click-Heck
reactions for the synthesis of heterocyclic compounds by using PdCu@charcoal
(PdCu@C) as a heterogeneous multi-task catalyst.>* This catalyst was used for tandem
Sonogashira alkynylation and [3+2]-cycloaddition sequences for preparation of
functionalized triazoles (Scheme 4). It has been characterized by XPS spectra, STEM-
EDX elemental maps and HRTEM micrographs. TEM images of PACu@C showed small
PdCu BNPs with few larger colloids onto the charcoal support in an average size of 4-10
nm for the small BNPs, whereas the larger colloids were 20-30 nm size. Also, XPS spectra
indicated two Pd spin-orbit peaks at 335.7 and 340.9 eV that related to mixture of Pd® and
Pd*2. This procedure allowed the preparation of various heterocyclic compound by using
MeOH as solvent under MW irradiation.

SiMe; N=n
PdCu@C (5 mol%) P ,—N
| / N —
X SiMe PPh; (5 mol%) N RZ" "Nj R? XN
‘ " // 3 A /
S = Et,NH, MeOH, MW _— MW, 120 °C, .
R4 120 °C, 20 min 10 min

48-76%

Scheme 4 Sequential synthesis of triazoles catalyzed by PAdCu@C.

Bimetallic PACu NPs embedded in microporous cationic amberlite resins with
formate as counteranion (ARF) has been used by Basu and co-workers® in the S-H
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reaction of aryl iodides and bromides with terminal alkynes. Transmission electron
microscopy (TEM) images of PACu@ARF showed relative uniform distributions of PdCu
NPs in average size of 4.9 nm. The alkynyation took place in acetonitrile with K,COj5 as
base at 80 °C in good yileds (Table 2, entry 2). The heterogeneous nature of this catalyst
was demonstrated by metal scavenger and hot filtration experiments. With respect to
recycling tests for the reaction of 4-iodotoluene and propargyl acetate, the catalyst
maintained the activity during five cycles.

Zhang and Gao group3® has prepared PdCu and other bimetallic nanoalloys supported
on montmorillonite (MMT). Among all, PACu@MMT exhibited the highest activity in
the S-H reaction of aryl iodides and terminal alkynes superior to the monometallic
systems. The alkynylation was performed using 1 mol% loading of PdCu, 2 mol% of
PPh;, K,COj5 as base in EtOH at 65 °C (Table 2, entry 3). TEM images showed diameters
ranged from 10 to 11 nm. Recycling experiments were not reported.

In 2016, Gholinejad’s group®” has prepared PdCu BNPs supported on phosphinite
functionalized agarose biopolymer PdCu@Phos-Agarose, which has been employed in
the S-H reaction (Scheme 5). PdCu@Phos-Agarose catalyst was characterized by various
techniques such as FT-IR and solid state UV-Vis, SEM, TGA, EDX, HRTEM, SAED
and BET analyses. TEM images of PACu@Phos. Agarose catalyst, revealed average sizes
of nanoparticles in 5-7 nm. XRD studies of PdCu@Phos-Agarose confirmed the presence
of Cu;Pd and CuPd bimetallic species in the structure of the catalyst. This heterogeneous
bimetallic catalyst showed high activity in Sonogashira coupling reaction of aryl iodides
at room temperature and aryl bromides at 50 °C under low palladium loading conditions
(containing 0.05 mol% Pd and 0.8 mol% Cu). PdACu@Phos-Agarose catalyst was recycled
for three consecutive cycles without decrease of catalytic activity in the coupling of
iodobenzene and phenylacetylene (Table 2, entry 4).

X
X t
O/ + R2 ca @;RZ
N DABCO, DMA Rf —

Cu Cu

@

cat.

Scheme 5 S-H reaction catalyzed by PdCu@Phos-Agarose.

Bimetallic PdCu catalysts synthesized by metal vapor technique were supported on
polyvinylpyridine crosslinked divinylbenzene (PVPy) by Evangelisti and co-workers and
used in the S-H reaction.?®* HRTEM analysis of PACu@PVPy revealed the existence of
Pd NPs distributed in a slender range with 2.5 nm average diameter. XAFS analysis also
showed the existence of Pd NPs and indicated alloying formation with Cu atoms.
Alkynylation using PAdCu@PVPy revealed that quantitative yield was obtained in the
reaction of iodobenzene with phenylacetylene after 2.5 h, which showed higher activity
than the Pd@PVPy monometallic catalyst. PACu@PVPy catalyst was recycled and
reused for three cycles with low decrease of catalytic activity (Table 2, entry 5).
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In 2017, Gholinejad’s group,*® prepared Fe;O,4 nanoparticles modified with graphene
quantum dots (GQD) with a simple method and applied it for the stabilization of Pd-Cu
BNPs. The new PdCu@GQD@Fe;0,4 catalyst was characterized by different methods.
This catalyst had good catalytic performance for the S-H reaction of aryl iodides at 60 °C
in toluene and aryl bromides in DMA at 60 to 80 °C with various terminal acetylenes.
However, in the case of activated aryl chlorides, higher temperature (110 °C) and TBAB
as stabilizer were required (Table 2, entry 6). Study of catalyst nature with various tests
such as PVP, hot filtration, and kinetic measurements confirmed the heterogeneous nature
of PACu@GQD@Fe;0, catalyst in S-H reaction. This catalyst was recovered easily by
an external magnet and recycled for six times without loss in catalytic activity for the
coupling of iodobenzene with phenylacetylene.

Zeng and co-workers*® prepared a heterogeneous Pd%/Cu?* catalyst supported on
montmorillonite-chitosan (MMT-CS) composite (Pd%/Cu**@MMT-CS) with solution
intercalation and complexion methods and used it in the S-H reaction. XPS analysis
showed the valence states of Pd [both Pd(0) and Pd(II) coexisting] and Cu mainly Cu(II).
Specific surface area (SBET) of Pd%/Cu**@MMT-CS catalyst indicated that it had total
pore volume (Vp) more than pure MMT. HRTEM images of the Pd%/Cu?>*@MMT/CS
catalyst illustrated that size of Pd° NPs was in about 3 nm on MMT layers. Catalytic
experiments demonstrated that Pd%/Cu>*@MMT-CS had higher activity than the
monometallics PA°@MMT-CS or Cu**@MMT-CS. This bimetallic catalyst was recycled
for six runs with >70% yield for the alkynylation of iodobenzene and phenyl acetylene
(Table 2, entry 7).

Magnesium oxide, with high concentration of reactive surface ions acting a Lewis
acids, modified by a polymeric vinylimidazole (PVI) ligand has been used as solid
support for PdCu NPs by Gholinejad and co-workers.4! This catalyst PACu@MgO-PVI
was characterized by different analyses such as XRD, XPS, CHNS elemental analysis,
TEM, SEM, and EDX-mapping. XRD of PdCu suspension before stabilization on MgO
showed different species such Cu(OH),, CusPd, Cu,0, CuO, and PdCu. TEM images
revealed the presence of PdCu NPs before anchoring onto MgO nanosheet support. The
HRTEM analysis indicated the existence of lattice fringes with a d-spacing value of 0.225
nm and 0.21 nm corresponding to the (111) plane of Pd and (111) plane of CuPd. Catalytic
activity in the S-H reaction of PdACu@MgO-PVI of aryl iodides, bromides and chlorides
with alkynes took place with low Pd loading (0.05-0.2 mol%) at 60—120 °C (Table 2,
entry 8). The reaction of iodobenzene with phenylacetylene using PACu@MgO-PVI gave
tolane in 97% yield, whereas 37% yield was obtained in the absence of copper indicating
important role of Cu in this reaction. This supported catalyst was recovered and recycled
for eight sequential times with low decline in catalytic activity in the coupling of
iodobenzene with phenylacetylene. Heterogeneous behavior of this catalyst was
confirmed by hot filtration and PVP poisoning tests.
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Table 2 Sonogashira-Hagihara reactions catalyzed by supported bimetallic PdCu

RZ
X
X cat. //
\ P +  RZ—= | X
g reaction
R conditions 7 =
R
Entry  Cat. (loading) Reaction conditions X, Yield (%)  Recycling
1 PdCu(3:1.6)@HT (3% wt)3" EtsN, DMF/H,0 (1:1), 100 °C, 6 h X=1,81 32
2 PdCu@ARF3® K,CO3, CH3CN, 80 °C, 6-12 h X=1,77-95 50
X =Br, 77-93
3 PdCu@MMT (1 mol%)3¢ PPh; (2 mol%), K,COs, X=1,57-97 -
EtOH, 65°C, 16 h
4 PdCu@Phos-Agarose DABCO, DMA, X =1, 75-99 3e
(0.05 mol% Pd, 0.2 mol%Cu)¥ X=1,rt,8h X =Br, 72-97
X =Br,50°C, 48 h
5 PdCu@PVPy H,0, TBAB, 95°C, 2.5 h X =l, <99 32
(0.1 mol% Pd, 0.2 mol% Cu)3®
6 PdCu@GQD@Fe;0, X =1, DABCO, toluene, 50 °C, 1d X=1,78-99 92
(0.3 mol% Pd, 0.35 mol% Cu)*® X = Br, Cl, DMA, 60-100 °C, 1-2d X = Br, 76-99
X =Cl, 86-91
7 PdCu@MMT-CS (1 mol%)*° PPh; (2 mol%), Na,COs, X =1, 58-96 6°
DME/H,0O (4:1),80°C, 8 h X =Br, 48
X=Cl, 10
8 PdCu@MgO-PVI DABCO, DMF X=1,75-99 90
(0.05-0.2 mol%)*! X =1(0.05 mol%), 60 °C, 15-24 h X = Br, 25-95

X =Br (0.2 mol%), 60 0r 80 °C, 1-2d X =ClI, 89-95
X =Cl (0.2 mol%), 100 or 120 °C, 1 d

o PACU@AL,0; (3% wt)“ Pyrrolidine, DMF, 80 °C, 6 h X=1,81 -

2 lodobenzene and phenylboronic acid. # 4-iodotoluene and phenylboronic acid.

Stakheev and co-workers*? have investigated the influence of the Pd/Cu ratio on the
activity of PdCu@Al,O; as catalysts in the S-H reaction of phenyl iodide with
phenylacetylene. In this report, a series of PdCu catalysts with a constant palladium
loading (3 wt%) with different in Pd/Cu molar ratio from 1:0.5 (Pd;Cuy ) to 1:4 (Pd;Cuy)
were prepared. These catalysts were synthesized with incipient-wetness impregnation of
0-Al,O3 with the solutions of Pd and Cu salts. Results indicated that Pd-Cu bimetallic
catalyst with a Pd/Cu molar ratio of 1:2, had a maximum activity than the other ones and
also, PdCu bimetallic catalyst with an optimal Pd/Cu ratio (Pd;Cu;) had higher activity
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than the Pd@AL,O; and Cu@Al,O; monometallic catalysts in the S-H reaction of
phenylacetylene with phenyl iodide (Table 2, entry 9). Recycling experiments were not
reported.

In conclusion, PdACu@GQD@Fe;0,*° and PdCu@MgO-PVI*' have exhibit the
highest catalytic activity in S-H reaction not only for aryl iodides but also for aryl
bromides and chlorides as well as in recycling experiments.

2.3. Heck-MizoroKki reaction

Heck® and Mizoroki* described the alkenylation of aryl halides in the early 1970s. This
H-M reaction has been an important process for the Csp?>-Csp? bond formation with a
broad range of synthetic applications.!? 43-47 The reaction is normally performed under
palladium-catalysis in the presence of different types of ligands and bases.

In 1997, Sudalai and co-workers*® reported PdCu exchanged montmorillonite K10
clay, PACu@MMT-K10, as efficient and reusable catalyst for the arylation of acrylates
and styrene. Several supported mono and bimetallic catalysts were prepared by
exchanging the clay with aqueous PdCl, and/or Cu(NOs),. The best results were obtained
with 0.29%wt% of Pd and 0.36 wt% of Cu exchanged MMT-K10. Aryl iodides reacted
with acrylates in good yields using K,COj5 as base under DMF reflux for 2 h. However,
bromobenzene gave metyl cinnamte in low 32% yield. In the arylation of styrene both
aryl iodides and bromides afforded stilbenes in good yileds, but the reaction with
chlorobenzene failed (Scheme 6a). This catalyst was recovered by filtration and reused
three times in the alkenylation of 4-iodoanisole with methyl acrylate. The same
heterogeneous catalyst was used in the H-M reaction of anilines with methyl acrylate by
Rigo and co-workers.* This alkenylation takes place by C-N bond cleavage of anilines
by Pd catalysts to give Ar-Pd-N species.>® The corresponding cinnamates were prepared
under AcOH reflux in 4-7 h and 63-76% yields (Scheme 6b). The catalyst was reused
once in the alkenylation of 2,5-dimethoxy-1-(4’-aminobenzyl)benzene.

X R2
XX PdCu@MMT-K10 N X
‘ + OR2 G (a)'®
S K,CO3, DMF, reflux Pz
R! 2-12h

X =1, R? = CO,Me(Et), 58-88%
X = Br, R? = CO,Me, 32%

X =1, R2=Ph, 72-93%

X =Br, R2=Ph, 51-81%

NH CO,Me

| X 2 S PdCu@MMT-K10 il 002 "
+ s b

= 7~ "COMe ACOH, reflux L~ ®

R! 4-7h

63-75%

Scheme 6 Heck-Mizoroki reaction of aryl halides and anilines catalyzed by
PdCu@MMT-K10.

A reverse micelle technique’! has been used for the preparation of spherical metal
NPs (Pd, Ag, PdAg, PdNi and PdCu) by Heshmatpour and co-workers.>? Bimetallic PdCu
NPs in 4:1 ratio showed the highest catalytic activity in alkenylation of iodobenzene with
styrene and was reused for six runs using Et;N as base in MeOH as solvent at 100 °C with
4.5-102 mol% catalyst loading for 18 h with yields in the range of 91 to 80%.
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2.4. Other reactions

Guerbert reaction’® and aldol condensation processes of alcohols allow C-C bond
formation to give higher oxygenated molecules for producing fuels and chemicals.
Grabow, Toste and co-workers3* reported that PdACu BNPs in a 3:1 ratio supported on
hydrotalcite Pd;Cu@HT?! is an active catalyst for oxygenative coupling reaction. In
addition, these BNPs decreased decarbonylation, which is an important side recation
using monometallic Pd catalysts. In the case of using 1-octanol, the solution phase
Guerbert condensation gave 50% conversion of a 7:1 mixture of 2-hexyl-1-decanol and
octyl octanoate (Scheme 7). Starting from a mixture of ethanol/acetone/butanol (1:2.3:3.7
molar ratio) 68.3% of a mixture of 2-pentanone, 2-heptanone, 4-nonanone, 6-undecanone
and the corresponding alcohols were obtained. DFT calculations suggested that the
surface segregation of Cu atoms produced Cu sites with increased reactivity, while the Pd
sites, responsible for the unselective decarbonylation pathway, were selectively poisoned
by CO. A combination of XRD, XAS, TEM and CO chemisorption and TDP techniques
revealed the formation of PdCu BNPs with a Cu-enriched surface.

(o]

. OH WO
/\/\/\/\OH Pd3Cu@HT (2.9 wt%) /Z/\ij/\ + /\W
230°C,3h

50% (7:1)

Scheme 7 Guerbert reaction of 1-octanol catalyzed by Pd;Cu@HT.

Sekar and co-workers> have prepared surface enriched Pd on PdCu BNPs using
binaphthyl moiety as a stabilizer, for the synthesis of polycyclic triazoles. For the
preparation of these PdCu BNPs a two-step procedure was used. The starting 1,1'-
binaphthyl-2,2"-diamine (BINAM) was transformed into 2,2’-binaphthalene-
bisdiazonium tetrafluoroborate by treatment with NaNO, and HBF, at 0 °C and then
simultaneous reduction of Pd(OAc), and Cu(OAc), (1:1) with NaBH, in the presence of
the diazonium salt occurred (Scheme 8). The reaction of N-(2-iodobenzyl)triazoles with
internal alkynes using 2.5 mol% of PdCu BNPs in the presence of Et;N and AcOH in
DMF at 110 °C during 20 to 48 h afforded the corresponding fused triazoles in good
yields (Scheme 8). This reaction was performed at gram scale using as model reaction the
triazole compound with R! = H and diphenylacetylene to gave the polycyclic triazole in
88% vyield. According to hot centrifugation and mercury poisoning tests no Pd or Cu
leaching was detected. This heterogeneous catalyst was recycled during four runs for the
same model reaction with yields in the range of 92% to 86%. The mechanism of this
reaction was proposed by Lautens and co-workers.>¢
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68-93%
Scheme 8 Polycyclic triazoles synthesis catalyzed by PdCu BNPs.

The three-component coupling of an aldehyde, an amine and an acetylene, named
A3-coupling, is a direct method for the synthesis of propargylamines.®’ Liang, Xu and co-
workers>® have recently used PACu-NWs?? for the A3-coupling of aromatic and aliphatic
aldehydes, secondary amines and terminal acetylenes under solvent-free conditions at 110
°C for 10 min to provide propargylic amines in good yields (Scheme 9). The reaction
between benzaldehyde, piperidine and phenylacetylene was used as model reaction to
scaled-up to 10 mmol and to study the recyclability of this BNPs during five runs (yields
in the range of 97 to 92%). In the proposed mechanism, the reaction is initiated by
coordination of the catalyst to the terminal alkyne to activate the C-H bond. Then, the
formed acetylide on the surface of the BNPs gave addition to the iminium intermediate
to afford the propargylamine.

RZ _R2
“NT
RICHO + NHRZ2R? + Ar—— PdCu-NWs (5 mg) 1
solvent-free, 110 °C R \\
10 min Ar
R2 _R? 74-99%
N PACU-NWs
;
R JX Ar——
Ar
2 2
R\‘N/R
RA A——QH

Scheme 9 A3-Coupling reaction catalyzed by PdCu-NWs.

3. Reduction reactions

In this section, reduction methods of nitrates for water purification, hydrodechlorination
of organochlorinated compounds, hydrogenation of CO, and CO to methanol and
hydrogenation of different types of organic compounds such as semihydrogenation of
alkynes, hydrogenation of C-C double bonds, hydrogenation of furfural and polyols and
other reductions like levulinic acid, succinic acid, styrene oxide and nitroaromatics will
be considered.

Page 18 of 87



Page 19 of 87

Catalysis Science & Technology

14

3.1. Nitrate reduction

Increase in nitrate pollution of groundwater, which is the main source of drinking water,
i1s mainly due to agricultural activities, especially mineral fertilization, waste efluents
from certain industries and as well as from nitrogen oxides release from combustion
processes. High concentration of nitrates in drinking water can be damaging due to their
reduction to nitrites, which combine with haemoglobin in the blood form
methaemoglobin. Furthermore, cancer and hypertension are created with nitrites via
nitrosamine formation. For these reasons, a lot of attention has been paid to the
development of catalytic reductive processes for water purification. Among them, one of
the most efficient methods for removal of nitrates from polluted water is the catalytic
hydrogenation using PdCu BNPs as catalyst because nitrate is transformed into nitrogen
gas. However, the NH," production as a main byproduct of the hydrogenation of nitrates
in water media and it is considered as major problem. A revision of Barrabés and Sa has
covered research on this field until 2010.°

Vorlop and Tacke®® described for the first time in 1989 how to transform nitrates into
nitrogen by hydrogenation using bimetallic catalysts. Since then, from the several
combinations of a noble metal (Pt or Pd) and a promoter (Cu, Ni, Fe, Sn, In and Ag) used,
PdCu BNPs is the most efficient catalyst. The metals ratio Cu/Pd can be 0.562 to 1-
1.7.93-%5 The decrease on Pd content improves metal dispersion leading to an increase of
exposed active phase. In addition, the preparation method and the solid support also plays
an important role in the optimal ratio because adsorption effects depend from the material
employed. Several supports have been used such as pumice,® y-alumina,®’-° titania,”!-74
zirconia,” niobia,’® active carbon,®377-80 carbon nanotubes,® zeolites,?!-83 hydrotalcites4
86 and resins.?”-%8 From all of them, active carbon exhibits higher selectivity to nitrogen
due to a high BNPs dispersion and surface chemistry of this support.®377-80:89.90 The ability
of hydrotalcites (HT) to concentrate anions between layers decreases ammonia formation
and improve diffusion of reactive species.?>86 As a summary, a good support should be
able to adsorb nitrates, exhibit high metal dispersion and be slightly acidic to control
hydroxide anion concentration on the active sites.>®

In 2012, S4, Barrabés and coworkers®! have investigated the oxidation state of copper
in PtCu@AIl,05 and PdCu@AIl,05 catalysts during the hydrogenation of nitrates in water.
In situ determination of copper oxidation state in the denitration of water was performed
using high-energy resolution fluorescence detection (HERFD) and X-ray absorption
spectroscopy (XAS) measurements revealed that the initial state of the catalyst were a
PtCu and PdCu alloys. There were two important differences between the PdCu and
PtCu catalyst. First, in the PtCu@Al,O; catalyst, the copper alloy phase was rapidly
transformed into metallic Cu and its oxide. Another important difference was in the nitrate
conversion, because PdACu@Al,0O; afforded a higher conversion than the PtCu@Al,0;
system. Results indicated that during the denitration of water, active oxidation states of
copper were metallic and alloy. In this work the hydrogen concentration showed an
important role in the catalyst activity. Indeed, the enhancement of hydrogen flow did not
affect the oxidation state of copper but changed extremely the catalytic conversion from
70% to 20% due to reactive surface poisoning with hydrogen. TEM image of
PdCu@Al,O; and PtCu@Al,O; after reduction indicated extremely disperse metal
particles with a mean size of 5.0 and 4.0 nm, respectively. Recently, Costa and co-
workers®? have investigated the catalytic activity and selectivity of PdCu@TiO,-Al,05
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and PdCu@AIl,0j catalysts in the NO3/H, and NO5/H,/O, reactions in order to elucidate
the promoting role of TiO, and O, in suppressing the unwanted NH,4". state steady Using
Fourier infrared reflectance diffuse and (SSITKA) analysis kinetic transient isotopic
(DRIFTS) spectra transform, this group has shown that the mechanism of N, production
depends on the nature of the support and the presence of O, (air) in the reaction. In
addition, an alternative route has been proposed for the reduction of NO, to NO and then
to N, on the support or metal-support interface instead of Pd metal surface. Results
indicated that the bimetallic catalyst, PdACu@TiO,-Al,Os_ has higher catalytic activity for
nitrate conversion than PdCu@Al,Os. Importantly, support containing TiO, has Bronsted
and Lewis acid sites for the formation of adsorbed nitrogen-species which are known as
active intermediates in the reaction. Thus, less observed reactivity and selectivity in the
case of support containing pure Al,03, 1s due to absence of Ti0O,. The effect of the activity
of PdCu catalysts supported on various metal oxides such as TiO,, CeO,, ZrO,, SiO,, and
Al,O3 in the reduction of nitrate and nitrite ions at constant pH, ranging from 4 to 10, was
investigated by Inoue and co-workers.”> Among the compared supports, titania xerogel
revealed the highest catalytic activity in nitrates reduction. Different factors such as the
type of preparation method, crystal structure, and calcination temperature of titania have
influence on the activity of the catalyst. Generally, a titania xerogel catalyst, synthesized
by the glycothermal method and calcinated at 800 °C, (TiO»(XG)-800), had the highest
catalytic performance as a support of the PdCu BNPs for nitrate reduction. Also, for the
reduction of nitrite ions, Pd or PdACu@CeO, catalyst showed the highest catalytic activity,
while the Pd catalyst supported on TiO,(XG)-800 showed a good activity in reduction of
nitrite ions. For these catalysts the selectivity to nitrogen product significantly improved
by lowering the partial pressure of H.

Denitration of a highly concentrated NaNO; aqueous solution via a catalytic
reduction with bimetallic PdCu immobilized on carbon powder (PdCu@C) and hydrazine
monohydrate (N,H4-H,0) as a reductant at 333 °K was performed by Kadowaki and
Meguro.”* In this work, PdCu@C with different molar ratio of Pd/Cu compositions were
prepared and various reductants such as hydrogen or N H, were examined. Results
showed that the catalyst with a molar ratio of Pd/Cu 1:0.66 has the highest reaction rates
for NO5~ and NO, reduction with N,H, as reductant. These results indicate that N,Hj, is
more active and suitable than the H, in the reduction of nitrates. Also, results indicated
that reduction of NO;5™ using N,H4-H,O in the absence of the catalyst at 333 °K failed.
Calvo and co-workers® studied as BNPs, PdCu, PdSn and PdIn, supported on different
activated carbons (GS). The first PdACu BNPs, prepared by chemical activation of grape
seeds with phosphoric acid, gave the highest nitrate removal activity. Thus, the catalyst
PdCu@GS with 2.5% Cu and 5% Pd allowed achieving the European standards for
drinking water when a 100 mg/L nitrate starting solution was treated. In 2017, Shuai and
coworkers® reported the use of the ultrafine Pd and PdCu NPs supported on graphitic
carbon nitride (g-C;N4) for nitrite and nitrate hydrogenation. Catalysts prepared by
ethylene glycol reduction gave ultrafine NPs (2 nm) with high Pd and PdCu NPs loadings
on the support and improved the catalytic activity and sustainability for catalyst synthesis.
Generally, these types of catalysts revealed high reactivity, high selectivity towards
nitrogen production over byproduct ammonium and excellent stability over multiple
reaction cycles. Also, the bimetallic PdACu BNPs supported on graphitic carbon nitride
catalyst have higher selectivity towards nitrogen production than the monometallic
catalyst. In addition, the g-C5N,4 supports have unique nitrogen-abundant surface, porous
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structure, and hydrophilic nature which facilitated metal NPs dispersion, mass transfer of
reactants, and improvement of catalytic activity towards nitrogen production.

Concerning zeolites, in 2011 Gao and Li®7 prepared PdCu BNPs supported on ZSM-
5, this PACu@ZSM-5 catalyst was prepared using a chemical reduction method and
applied in the hydrogenation of nitrate ions in drinking water under mild reaction
conditions. The catalytic activity of this catalyst was compared with B and y-Al,0O;
supported PACu BNPs in this reaction. Better results were achieved with PACu@ZSM-5
than with the monometallic catalysts, PdA@ZSM-5 and Cu@ZSM-5. Generally, in this
work the effect of different factors such as total metal content, metals molar ratio and the
addition of CO, were investigated. Results demonstrated that bubbling CO, increased the
selectivity, with small changes in NO5~ conversion. Also, the optimum Pd:Cu molar ratio
for the highest catalytic activity found is 3:1 (nitrate conversion: 25.82%) with the
optimum total metal content of 3 wt%.

Lee and coworkers®®% used four iron-bearing soil minerals, hematite (H), goethite
(G), maghemite (M), and lepidocrocite (L), which were transformed to hematite with
calcination, for stabilization of bimetallic PACu. These materials were applied as catalyst
in selective reduction of nitrate to nitrogen gas (Figure 1). The synthesized
PdCu@hematite catalysts were characterized by BET surface area, XRD, TPR, ICP-AES,
TEM-EDX, H; pulse chemisorption, zetapotential, and XPS. The results of TPR and
TEM-EDX analysis indicated that PdCu@hematite-H have the closest contact distance
between the Cu and Pd sites on the hematite surface in comparison with the other catalysts
that led to the high nitrate removal. TEM image of various PdCu@hematite showed the
amorphous shape of the hematite particles from 40—500 nm. Catalytic activity studies
indicated that PdCu@hematite-H have the highest NO; removal (96.4%) after 90 min
and N, selectivity (72.4%). However, a lower removal of 90.9%, 51.1%, and 30.5% was
obtained by using PdCu@hematite-G, M, and L, respectively. The same group used
nanoscale zerovalent iron (NZVI) supported PdCu BNPs in a continuous reactor
system.!% This PACu@NZVI maintain the catalytic activity during 200 h with excellent
nitrate removal and 42-60% nitrogen selectivity. XRD, TEM and XPS analyses revealed
that both the support and Cu(0) oxidized after continuous denitrification.

Supports Reduction mechanism
NO3' NOQ- H H
C® o
cu® pd —H
N>
- NH,*
NO 4
U
cu' pPq —H

=

Figure 1 Representation of the nitrate reduction by catalytic hydrogenation with
PdCu@hematite.
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The reduction of nitrate in secondary effluent of waste water treatment plants by
using PdCu supported on graphene, PACu@GR, with Fe? as reductant was investigated
by Li and co-workers.!”! The SEM images of PdACu@GR indicated that the supported
active metal clusters were visible and homogeneously dispersed on graphene. In this
work, the effect of various factors such as mass ratio of Pd:Cu, catalyst loading, reaction
time, and pH of the solution were examined. Results demonstrated that 5 g/L Fe?, 3:1
mass ratio Pd/Cu, 4 g/L catalyst, 2 h reaction time, and pH 5.1 are the optimal reaction
conditions with 82% of nitrate removal and 66% of N, selectivity (Figure 2). The same
group!'?? have used Fe® as reductant and PdCu@Al,Os as catalyst for water denitrification.
The best catalytic performance, 74% of nitrate removal and 62% of nitrogen selectivity,
was obtained with 5 g/L of Fe®, a 3:1 Pd/Cu ratio, 4 g/L catalyst and 2 h reaction time at
pH=35.1.

N,

NO vNH/
NO, \y H* \\/ NH,*

H+
NO;" H*
H+
H*+ OH=-=—¢ + Hzo

H* PdCu@GR

‘ e + H,0—> H* + OH"
e+H —>H H*

Figure 2 Representation of the nitrate reduction by Fe® catalyzed by PACu@GR.

In the case of using resins as supports, Querini and coworkers!? have designed a
novel two processes in the nitrate reduction in water by using PdCu BNPs supported on
a macroporous anion exchange resin WA30 as catalyst. The process, called reaction ion
exchange — regeneration (RIE-R), is performed in a continuous fixed bed reactor. The
two mechanisms of ion exchange and chemical reduction for nitrates elimination occurred
simultaneously and the regeneration step was performed by bubbling hydrogen through
the catalyst. By this way, 100% of nitrates present in the resin at the end of the RIE-R
cycle was eliminated. The other process called ion exchange — regeneration (IE-R) in
which in a first step only ion exchange of nitrates occurred and in the second step the
catalyst is regenerated only 36.7% of the nitrates present in the resin at the beginning of
the regeneration was eliminated. Indeed, results indicated that using the RIE-R process
and ratio of Pd (2%)-Cu (0.5%) excellent activity for the removal of nitrates of water was
obtained with respect to the IE-R process. The catalyst PdACu@WA30, was characterized
by CO chemisorption, SEM, electron probe microanalysis (EPMA), TEM and XRD. Pd
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migration towardss the external surface and also a decrease in dispersion takes place
during the process, leading to a small decrease in activity in consecutive reaction-
regeneration cycles. In 2019, Bradu and co-workers'* prepared a PdCu BNPs catalyst
with a mass ratio Pd/Cu of 4:1 supported on a microporous strong base anionic resin [A-
520E Purolite, having polystyrene divinyl benzene matrix (S-DVB)] by different
methods. This catalyst was applied in simultaneous removal of nitrate and 4-chlorophenol
in aqueous solution. PACu@A-520E catalysts were characterized by XPS, XRD, AAS,
SEM-EDX and H, chemisorption and tested in a continuous flow system. It exhibits the
highest catalytic activity in the simultaneous reduction of nitrate and hydrodechlorination
of 4-chlorophenol. PdCu; catalyst indicated high nitrate removal degree and high
selectivity in the reduction of NO;3™ to gaseous nitrogen at a conversion of 95% and a
selectivity to N, of 92% and complete hydrodechlorination of 4-chlorophenol. The
preparation of the selected catalyst included two-step method, firstly the deposition of
palladium by ion exchange and the subsequent deposition of copper by controlled reaction
on the surface of the pre-reduced palladium were performed. This group found that the
activity of the bimetallic PdCu catalyst in the selective reduction of nitrate strongly
depends on the second metal deposition procedure. Experimental results showed that this
bimetallic catalyst was relatively stable after 100 h of running. Indeed, the conversion of
nitrate declined slightly from 95% to 90%, however, the conversion of 4-chlorophenol to
phenol did not change.

It can be concluded that important advances have been achieved in the last decade.
In the case of hydrogenation methods the use of a flow reactor with PdCu BNPs supported
on a macroporous anion exchange resin is an excellent methodology for the total
elimination of nitrates in water allowing the regeneration of the catalyst.!* On the other
hand, for safety reasons, the use of Fe® as reducing agent could be a competitive
alternative safe technology avoiding the use of hydrogen.!01-102

3.2. Hydrodechlorination reaction

An important field of environmental catalysis focused on the treatment of pollutants is
the catalytic hydrodechlorination (HDC) reaction. This HDC involves hydrogenolysis of
C-Cl bonds catalyzed by a metal'® or by a supported transition metal.'% In this section,
HDC processes catalyzed by supported PdCu BNPs would be considered (Figure 3).

N9
CCl +Hy X 000808 N

0070~ Q

CH

Figure 3 Representation of the hydrodechlorination reaction catalyzed by PdCu BNPs.

Hydrogen-promoted dechlorination of 1,2-dichloroethane to ethylene was performed
by Heinrichs and co-workers!?7-19 using PdCu BNPs supported on silica cogelled xerogel
as catalyst. When they used Pd@SiO, mainly ethane was produced, while with
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PdCu@SiO; an increment in ethylene selectivity was observed using 1.4% wt Pd and
3.0% wt of Cu at temperatures in the range of 250 °C to 350 °C. In 2011, Karpinki and
co-workers!'? performed the same HDC of 1,2-dichloroethane to ethylene with PACu@C
at lower temperatures of 210 °C to 230 °C.

In the case of HDC of trichloroethene to ethylene also in gas phase, Fottinger and co-
workers!!? used Pd containing Cu@HT as catalyst. High activity (>90% conversion) and
excellent selectivity (more than >90% of ethylene) was observed at 300 °C using
stoichiometric concentrations of hydrogen and trichloroethene. The catalyst PACu@HT
prepared by co-precipitation without the previous reduction step exhibits higher activity
(and not alloy formation) than the method used a reduction step. However, decreasing
rate of ethylene formation with time was attributed to increasing Cu areas blocked by CI.
The authors proposed that the reaction proceeds via cleavage of the C-Cl bond on Cu,
which is regenerated by spillover of hydrogen from the Pd. Further studies by the same
group!!'! using PdACu@Al,O;, prepared by impregnation of PdCu BNPs onto y-alumina
support, gave high values (up to 90%) of ethylene with a Pd/Cu ratio of 1.6:1 at 300 °C.
The preparation of the catalyst has an important influence in its activity, thus by the BNPs
polyol synthesis, a PdCu alloy is formed, according to HRTEM and TPR analyses,
leading to very high selectivity for ethylene.

Carbon tetrachloride has been subjected to HDC to give longer hydrocarbons than
methane (C,-Cs) by Karpifki and co-workers!'!? using PdCu BNPs supported on active
carbon under hydrogen atmosphere at 90 °C. PACu@C catalyst was obtained by incipient
wetness co-impregnation of Sibunit carbon method!'® and results were compared with
Pd@C. Results showed good metal dispersion and significant extent of PdCu alloying in
PdCu/C catalyst papered. In this case, the addition of Cu to Pd in the co-impregnate
catalyst led to enhancement of synergistic effect between two metals which caused the
increasing of the selectivity towards longer than methane hydrocarbons. Hina and co-
workers!!4-116 have reported the use of the bimetallic PdCu and PdFe NPs, supported on
AlF;, as catalysts for the gas phase HDC of CCly. A pore-controlled version of the
PdFe@AIF; bimetallic catalyst, called PdFe*(@AIF; was prepared using ethylenediamine
as a pore-control agent and used it for (HDC) of CCly. The effect of temperature, time,
rate of reaction and product distribution with bimetallic PACu@AIlF;, PdFe@AIlF; and
PdFe*@AIF; catalysts was studied. HDC conversion rates enhance rapidly with
increasing of temperature for the PdFe*@AIF; and PdCu@AIF; catalysts. Comparison
of catalytic activity showed that PdFe*@AIF; has higher activity than PdFe@AIF; due
to the higher BET surface area. According to catalytic experiments, PdFe*@AIlF; showed
a greater efficiency favouring the formation of CHCIl; and CH,Cl,, compared to
PdFe@AIlF;, CH3Cl of formation the favoured predominantly which. However, the
monometallic PA@AIF; has a greater tendency for the formation of the C,—Cs products
and the bimetallic PdACu@AIF; for C,-products (CHCl;, CH,Cl, and CH;Cl).

In 2018, Fang and co-workers!!7 reported the synthesis of a series of PACu@C as a
catalyst, through sequential incipient wetness impregnation method and also the synthesis
of nonsupported PdCu bimetallic catalysts series through the reversed-phase
microemulsion method and applied both of them in the HDC of 4-chlorophenol. Results
indicated that the use of the PdCu@C as catalyst led to a quick conversion of 4-
chlorophenol and selective formation of phenol. They proposed that Pd played a major
role in the HDC reaction of 4-chlorophenol. Due to the prevention of the growth of
palladium NPs, the content of copper in PdCu@C was low. Furthermore, catalytic activity
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was lower when Cu content is high. In addition, PdCu alloy formed in the nonsupported
PdCu catalysts has lower catalytic activity than the supported PdCu@C bimetallic
catalysts in the HDC of 4-chlorophenol. As mentioned previously in Section 3.1, Bradu
and co-workers!% performed HDC of 4-chlorophenol to phenol using the resin supported
catalyst PACu@AS20E. This resin was able to retain 4-chlorophenol accompanied by
chloride release from the resin with complete conversion to phenol under the same
reaction conditions than nitrate reduction in aqueous solutions.

3.3. Carbon dioxide hydrogenation to methanol

The atmospheric CO, concentration is enhanced by 20% in the past 50 years due to
burning of fossil fuels. In order to mitigate the concentration of CO, in the atmosphere
several strategies have been implemented, such as separation, storage and utilization of
CO; as a carbon source for synthesis of chemical feedstocks and transportation fuels in
worldwide. The incorporation of renewable energy to produce hydrogen via electrolysis
will make CO, conversion more effective and environmentally friendly. The CO,
conversion is energy demanding because CO; is a highly stable molecule. By introducing
another substance with higher Gibbs energy as co-reactant, such as hydrogen, the
conversion will become thermodynamically easier. Methanol is a primary liquid
petrochemical and is also used for the production of valuable chemicals. Therefore, to
develop efficient catalyst for selective CO, hydrogenation to methanol is an important
objective.!8

In 2015 Song and co-workers!!® described for the first time that PdCu BNPs
supported on amorphous silica are selective catalysts for CO, hydrogenation to methanol.
This group studied the strong synergistic effect on promoting methanol formation by
using PdCu BNPs with the Pd/(Pd+Cu) atomic ratios in the range of 0.25-0.34. The
Pd(0.34)Cu@SiO, catalyst had the maximum CH;OH formation rate at 573 K and under
high pressure (4.1 MPa) among all bimetallic prepared catalysts. Also, other catalysts
supported on uniform mesoporous silica such as SBA-15, MCM-41 and MSU-F have
similar promotional effects in methanol synthesis like the amorphous silica supported
catalyst. The methanol formation rate by using Pd(0.25)Cu@SiO2 was compared to
monometallic Cu and Pd catalysts showing that methanol formation rate over PdCu
bimetallic catalyst was two times higher than the monometallic ones. Characterization
results of PACu@SiO; catalyst from quantitative analyses revealed the importance of two
well-dispersed PdCu alloy particles (PdCu and PdCu;) for the observed methanol
production.

Fang and coworkers!?’ have carried out mechanistic studies of Pd-Cu bimetallic
catalysts for methanol formation from CO, hydrogenation. DFT calculations
systematically examined the effect of the surface composition of pure Cu(111) catalysts
and the role of metal dopants in the catalytic activity for the CH;0H synthesis from CO,
hydrogenation on Cu(111), Pd;Cug(111), Pd¢Cu;(111) and Pd ML (monolayer) surfaces
(Figure 4). This group found that the addition of Pd atoms on the Cu(111) surface has not
only influenced on the adsorption configuration but also altered the interactions between
the adsorbed species and the metal surfaces. The rate-limiting step was showed to be the
formation of trans-COOH* from CO, hydrogenation on Pd;Cu4(111) and Pd¢Cus(111)
surfaces which is the same as that on pure Cu(111) surface changed to cis-COOH*
decomposition forming CO* and OH* on Pd ML surface. More importantly, the highest
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activation barriers for the overall reaction pathway were reduced in the following order:
Cu(111) > PdgCu;(111) > Pd;Cu6(111) > Pd ML. Therefore, results demonstrated that
the complete reaction pathways for CH;OH synthesis on PdCu(111) surfaces, especially
on Pd ML is faster than the reaction on pure Cu(111) surface and the yield of the by-
products, CO and CH,4, was suppressed.

CO, + H,

Pd;Cug(1

CH,OH

Figure 4 Representation of the CO, hydrogenation to methanol catalyzed by PdCu.

Song and coworkers!?! found a strong bimetallic promoting effect on supported PdCu
bimetallic catalysts on silica gel for methanol formation from CO, hydrogenation (Figure
5). The effect of different H,/CO, ratios and Pd/(Pd+Cu) atomic ratios on catalyst were
examined. Maximum MeOH STY (space-time yields) were obtained within the range of
Pd/(Pd+Cu) = 0.25~0.34 at H,/CO, = 3/1 ratio from CO, hydrogenation. However, at
H,/CO, = 1 ratio, both the activity and CH;OH selectivity was decreased. Hydrogen-TPR
analysis showed a strong interaction between Pd and Cu which had an outstanding impact
on the alloy structure. DRIFTS analysis demonstrated the dominance of formate and
carbonyl species on the bimetallic surface during CO, hydrogenation, and their surface
concentrations increased greatly on bimetallic surface than for the monometallic
catalysts.

H
¢  MeOH
/O(') N
7™
co,
Pd-Cu
alloy

Figure 5 Representation of the CO, hydrogenation to methanol catalyzed by
PdCu@sSiO,.
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The same group'?? has investigated the alloy effect and water promotion in the
PdCu@SiO,; catalyzed CO, hydrogenation to methanol. For the examination of PdCu
alloy structure effects on MeOH formation, the impact factors such as the structural
properties and energetics for adsorption, activation, and dissociation of the reactant CO,
and H,, as well as the energy profiles associated with CO, hydrogenation on PdCu;(111)
and PdCu(111) surfaces, were investigated. DFT calculations showed that the structures
of Pd-Cu alloys significantly influenced on the surface chemistry in CO, reactions. The
PdCu(111) surface with low-coordinated Pd atoms exposed on top of the surface
demonstrated better capability for adsorption and activation of CO, and H,, and also
showed superior activity for initial CO, hydrogenation than the Cu-rich flat PdCu;(111)
surface. Also, the effect of water on surface chemistry and elementary energetics in CO,
hydrogenation to MeOH was more important over PdCu(111). Indeed, this path is
preferred energetically for MeOH production. DFT calculations revealed that the
presence of small amount of water can reduce the kinetic barriers through changing the
“H-transfer” mechanism in hydrogenation process as well as altering the rate-limiting
step. CO, conversion and selectivity to MeOH production was significantly promoted in
the presence of a small amount of H,O in which TOF is approximately 3000 times higher
than the case without H,O water. The same group has studied the process of methanol
formation with lower metal loadings.'>3 A series of Pd-Cu bimetallic catalysts supported
on amorphous silica with a range total metal loadings (2.4-18.7 wt%) and optimal
Pd/(Pd+Cu) atomic ratio = (0.34 at'') were prepared. These PACu@SiO, catalysts were
applied in CO, hydrogenation to methanol at 523 K and 4.1 MPa. TEM images of these
catalysts showed that difference in total metal loadings hardly altered the alloy particle
size. Also, PXRD analysis indicated the appearance of single Pd° phase with PdCu alloy
phases, at relatively lower metal loadings. PdCu, 4@Si0, catalyst, which has the lowest
metal loading, gave the highest CO, conversion for MeOH production. Also,
experimental results indicated that PdCu, 4@SiO, catalyst has higher MeOH product
formation than the commercial Cu-ZnO-Al,Oj; catalyst. In 2019, the influence of different
materials such as ZrO,, TiO,, Al,O;, CeO, and Si0, as supports for stabilization of PdCu
BNPs in the CO, hydrogenation to methanol were investigated.!?* Methanol formation
using supported PdCu catalysts decreased in the following order: TiO,-P1 ~ ZrO, > A, O;
> Ce0,-D ~ Si0,. Indeed, SiO, support have too weak MSI (metal-support interaction)
and adsorption capacity and also, TiO,-P1~ZrO, have moderate MSI and best of all,
Ce0O,-D/Pd-Cu have the strongest MSI and extremely strong CO, adsorption due to
abundant oxygen vacancy. Among the TiO, supports for PdCu, commercial TiO, P25
(TiO,-P1) has higher CO, hydrogenation activity than SiO,. Characterization of various
PdCu supports showed that methanol formation was mainly related to PdCu; alloy phase
and H,/CO, adsorption on surface (Figure 6).

Further studies of Song’s group!?® about the importance of PdCu alloy of
PdCu@SiO, catalyst in selective methanol promotion by means of XRD, STEM/EDS,
H,-0O, and N,O titrations as well as surface chemical properties of PdCu combinations
including DFT calculations were reported. The alloy formation is crucial for methanol
formation and the initial adsorption of CO, as carbonate and bicarbonate species on the
surface was higher in the bimetallic than in the monometallic catalysts.
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Figure 6 Representation of the CO, hydrogenation to methanol catalyzed by
PdCu@different suppports.

Mierczynski and coworkers!?® have prepared the bimetallic (PdCu) and
monometallic Cu catalysts supported on ZnO-Al,O3 and ZrO,-Al,03 with wet and other
impregnation methods and examined them in methanol synthesis reaction from CO, and
hydrogen under elevated pressure (3.5 MPa) at 220 °C. The physicochemical properties
of synthesized catalysts were investigated using X-ray, BET, TPD-NH; and TPR-H,
techniques. The acidity measurements indicated that the addition of palladium into copper
catalysts enhanced the total acidity, catalytic activity and selectivity in methanol
synthesis. From the characterization techniques it can be deduced that PdCu system were
in alloy form.

Selective hydrogenation of CO, to ethanol has been performed by Huang and co-
workers!?” using Pd,Cu BNPs supported on P25 an inorganic support mainly formed by
TiO, instead of Pt as catalyst. This Pd,Cu@P25 exhibits high selectivity to EtOH up to
92% with the highest TOF 350 h'!. DRIFTS revealed that the EtOH production and
selectivity is due to *CO (adsorption CO) hydrogenation to “HCO.

3.4. Carbon monoxide hydrogenation to methanol

Mierczynski and coworkers'?® have prepared monometallic Cu and bimetallic PdCu
catalysts supported on ZnAl,O4 or ZnAl,04,~ZrO, using impregnation method for CO
hydrogenation to methanol. The experimental studies of CO reduction showed that
presence of both ZrO, and Pd increased the reduction of CuO species and methanol yield.
The high activity of PdCu catalysts is related to the synergistic effect between Pd and Cu.
The physicochemical properties of PACu@ZnAl,04-ZrO, catalyst were examined using
SEM—energy dispersive spectrometry, BET, XRD, temperature programmed reduction-
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H,, and Fourier transform infrared techniques (FTIR). XRD analysis showed the alloy
PdCu formation during reduction process and FTIR revealed the existence of additional
surface species b-HCOO-Zr, b-HCO3-Zr, m-COs-Zr adsorbed on ZrO, catalyst surface
after methanol exposure. Generally, the activity of bimetallic and monometallic systems
in methanol synthesis were by following order: Pd(2%)Cu(20%)@ZnAl,04-Z1rO,(5%)
>Cu(20%)@ZnAl,04~Zr0,(5%)>Cu(20%)@ZnAl,04. The same group'?® used
monometallic Pd and Cu as well as bimetallic PdCu supported on ZnAl,04-ZrO, and
CeO; in methanol production. The catalytic activity on CO hydrogenation was studied
under elevated pressure (4.8 MPa) in a fixed bed reactor. Tha highest activity and
selectivity was found with PdCu@ZnAl,04-5%Ce0O,. By FTIR it could be detected the
presence of of several adsorption species such as b-HCO3-Ce and b-HCOO-Ce on the
surface of CeO, promoted catalyst.

3.5. Hydrogenation of organic compounds

In order to increase selectivity in hydrogenation reactions of unsaturated compounds
under Pd catalysis is important the addition of a second metal (Au, Ag, Sn, Ni and Cu)
unable to effectively dissociate hydrogen. For this reason, the use of PdCu catalysts has
been studied in different hydrogenation reactions. In this section, semihydrogenation of
alkynes to alkenes, hydrogenation of dienes to alkenes, nitroalkenes to amines, polyols,
furfural and other organic compounds, such as diacids and epoxides are considered.

3.5.1. Semihydrogenation of alkynes

Selective partial hydrogenation of alkynes is an important transformation for the synthesis
of alkenes at the laboratory and industrial scale. Monometallic Pd and Cu supported
catalysts have been used for semi-hydrogenation of the C-C triple bond. In order to
enhance the selectivity of Pd several bimetallic PdANi, PdZn, PdAg and PdCu have been
used as catalysts. Pumice-supported PdCu catalysts'** were employed for the semi-
hydrogenation of phenylacetylene to styrene. Bimetallic catalysts were prepared by in
situ reduction under hydrogen flow for 1 h at 298 K and at 623 K. XPS analysis of catalyst
reduced at 298 K indicated that most of the copper is in the form of CuO but for catalysts
reduced at 623 K, complete reduction of copper occurred to provide metallic copper.
Catalyst reduced at 298 K, exhibit lower hydrogenation activity than the monometallic
Pd catalyst, while the catalyst reduced at 623 K has higher selectivity than the
monometallic Pd catalyst. In the case of the catalyst reduced at 623 K, the rate and the
turnover frequencies declined with higher enhancement of copper content than the
bimetallic catalyst reduced at 298 K. However, both gave total conversion of 95% to
styrene. Indeed, in the presence of CuO the conversion rate unchanged while the
selectivity to styrene increased. On the other hand, the existence of metallic Cu declined
the conversion with enhancement of the selectivity.

Bimetallic PdCu catalyst supported on silica, PdCu@Si0O,, reported by van Koten
and co-workers!3! has shown high selectivity in the liquid phase semihydrogenation of
terminal and internal alkynes. The catalysts with different metal loadings were
synthesized via reaction of lithium di(4-tolyl)cuprate with palladium acetate in the
presence of silica particles under mild conditions. Characterization methods of
PdCu@SiO; catalysts by EXAFS and TEM-EDAX revealed the existence of moderately
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abundant palladium-rich particles. Catalyst containing 4 wt% Pd and 2.4 wt% Cu showed
high selectivity to Z-alkenes. The addition of quinoline or potassium hydroxide to the
reaction mixture or air exposure of the catalyst before use enhanced the selectivity
towards the alkene formation. The PdCu@SiO, catalyst had better activity in comparison
with Lindlar catalyst giving the corresponding alkenes in general in moderate to high
yields (28% to 99%, 35 examples). Generally, semihydrogenation was performed at
atmospheric hydrogen pressure in ethanol at room temperature.

Moon and co-workers!'3? studied the hydrogenation of acetylene to ethylene, process
used to obtain pure ethylene as monomer for polyethylene synthesis, using PACu@Al,O;
prepared by adding Cu by a surface redox method to Pd@AI,Os. This catalyst exhibits
higher ethylene selectivity than the one prepared by impregnation conventional method
and than the Ag-promoted catalyst. In the case of Cu-promoted catalyst, the metal was
deposited preferentially onto the low-coordination sites of Pd. The group of Sykes!'33
examined the surface alloy created when Pd atoms are absorbed on a Cu surface by
desorption measurements in combination with high resolution scanning microscopy.
They found out a lower energy barrier to both hydrogen uptake on and subsequent
desorption from the Cu metal surface. The facile hydrogen dissociation at Pd atom site
and weak binding to the Cu allow for very selective hydrogenation of acetylene as
compared with pure Cu or Pd metal surface. Fu and Luo!3* have performed first-principles
calculations supporting the impact of Pd atoms in the Cu surface by reducing the energy
barrier of hydrogen dissociation. The same group'®> have used scale atom alloy (SAA)
surfaces and have prepared heterogeneous PdCu bimetallic alloy. The synthetic procedure
consists in deposition of small amounts of Pd exclusively onto the surface of already
performed Cu NPs supported on Al,O; by galvanic replacement reaction. The catalytic
performance of these Pd, 3Cu;s BNPs for the semihydrogenation of phenylacetylene at
rt under a head pressure of hydrogen (6.9 bar). Greater than 94% selectivity to styrene
was observed being better than monometallic Pd catalyst. PdACu BNPs prepared on native
Si0,/Si(100) support under ultrahigh vacuum, are active with respect to benzene
formation from acetylene.!3¢

Stakheev and coworkers'3” have reported the preparation of PACu@Al,O5 catalyst
by using the incipient wetness impregnation of the support with a PdCu(CH;CO,),
complex solution in dilute acetic acid (pH = 2.8) and applied in the liquid-phase
diphenylacetylene semihydrogenation. This PdACu@Al,Oj; catalyst with 1% Pd and 0.6%
of Cu showed more selectivity and activity than the commercial Lindlar catalyst (5%
Pd/PbO@CaCOs) in the reaction and also, the maximum selectivity of diphenylacetylene
semihydrogenation was obtained with the catalyst reduced in a hydrogen atmosphere
without any intermediate calcination. McCue, Anderson and co-workers!3® have doped
Cu@Al,O; with Pd by three methos, CI, TSI and colloidal approach. The most active
catalyst for acetylene semihydrogenation to ethylene prepared by TSI has a 50:1 Cu/Pd
ratio giving 80% of selectivity at 98% conversion working at 353 K. Jang and co-
workers!3? have reported the use of the bimetallic PdCu single atom alloys supported on
alumina catalysts with less than 1 wt-% Cu and 0.03 wt-% Pd for selective hydrogenation
of acetylene to ethylene. These catalysts were prepared with 3 different methods such as
galvanic replacement, CI and TSI. Results of high angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) and H, chemisorption of catalysts
indicated that the three bimetallic PdCu@Al,Oj; catalysts have the PdCu single atom alloy
(SAA) structures. Working at 150 °C, the conversion of acetylene and the selectivity of
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ethylene for three single atom alloy catalysts were above 99% and 73.0%, respectively.
Generally, the PdCu single atom alloy catalyst prepared by TSI showed the best stability
among the three procedures used.

Stakheev and coworkers!'#? have reported the use of the PdCu catalyst prepared from
heterobimetallic PdCu,(OAc)s in the liquid-phase semihydrogenation of internal and
terminal alkynes (Figure 7). This group studied the 1%Pd—1.2%Cu,@Al,O; catalysts by
XRD and EXAFS techniques and the activity and selectivity of PdCu,@Al,O; catalyst in
the hydrogenation of various internal and terminal alkynes were examined. XRD and
EXAFS analysis of PdCu,(@Al,O5 catalyst indicated that presence of PdCu alloy with a
faced-centered cubic (fcc) structure. The results of reaction products showed a
significantly improvement in the selectivity to alkene formation in the reduction of
structurally  different diarylacetylenes. Therefore, by using this catalyst,
diphenylacetylene conversion of 95% and selectivity of 93% was achieved at rt under H,
pressure of 10 bar, which are close to the selectivity of the commercial Lindlar catalyst
(~95%) and significantly higher than that for monometallic Pd@AL,O; (~83%).
Generally, for all substrates the selectivity of PACu,@Al,O5 catalyst in olefin formation
is higher than that of monometallic Pd@AI,Os. It should be noted that the selectivity of
PdCu,@Al,O5 are closer or even higher (for 1-phenylprop-1-yne) than the selectivity of
the commercial Lindlar catalyst but there was only exception in case of 1-phenylbut-1-
yne substrate, in which selectivity to olefin formation was in order of Pd@Al,03 > Lindlar
catalyst > PdCu,@Al,O;. The same group'4! has studied the catalytic activity of PdCu
BNPs supported on SiO; and Al,O5 in the hydrogenation of diphenylacetylene to cis-
stilbene. The best catalyst PACu@AIl,O3 with ca. 1:1 Pd/Cu ratio showed the highest
selectivity having smaller BNPs size than in SiO,.

Zhou and co-workers!*? have compared the catalytic selectivity in the
semihydrogenation of phenylacetylene to styrene of PdCu@Al,O3, PdZn@Al,O5 and
Pd@AlL,O;. Among all prepared catalysts, PdZns@Al,0O; displayed the best selectivity
with 86% selectivity at 99.5% phenylacetylene conversion in ethanol at 313 K and 0.1
MPa.

PdCu,(AcO),

ALO;
AcOH Dl‘yillg (25°C) Pd-Cu 3“0y

(pH: 2.8) Calcination (Air, 550 °C)
Reduction (5% H,/Ar, 500 °C)

Figure 7 Representation of the preparation of PdCu,@Al,O; catalyst for
semihydrogenation of alkynes.
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Selective semihydrogenation of concentrated vinyl acetylene in mixed C4, generated
from the butadiene extraction process, is carried out due to safety reasons. Insorn and
Kitiyanan!® have compared the selectivity of this reaction using Pd@Al,O; and different
PdCu@AIl,0O; catalysts prepared by incipient wetness impregnation. The 1,3-butadiene
selectivity was not significantly changed by adding Cu to Pd@Al,O;. However,
compared to monometallic catalyst Pd;Cu,@Al,O; with a 3:2 ratio improved the activity
and selectivity for long-term application retarding the carbon deposition on the catalyst
during the hydrogenation.

Highly dispersed PdCu alloy with a 1:40 Pd/Cu ratio supported on hydrotalcite was
prepared by CI method by Feng and co-workers.!# Partial hydrogenation of acetylene to
ethylene was achieved with 100% conversion and 82% selectivity at 100 °C under 0.4
MPa during 48 h of continuous reaction.

In 2018, Stakheev and coworkers'4> have investigated the effect of Pd/Cu ratio in
the range of 2:1 to 1:4 on the performance of PdCu@Al,O; catalysts in the liquid-phase
hydrogenation of diphenylacetylene. The XRD analysis and TEM data of PdCu@Al,03
catalysts showed the formation of uniform bimetallic PdACu BNPs (d = 20-60 nm) without
the presence of monometallic Pd® and Cu® NPs on the surface. This group found that the
activity of the catalyst and the yield of a desired alkene product increased with the Cu
content enhancement. In addition, the selectivity of alkene formation by using
PdCu@AIl,0; as catalyst with Pd/Cu = 1:3 and 1:4 ratios had higher selectivity than the
commercial Lindlar catalyst in the semihydrogenation of diphenylacetylene.

Wang, Fan and co-workers!*® have recently studied the activity and selectivity of Pd-
doped Cu catalyst towards the efficient removal of acetylene from ethylene using DFT
calculations. The ensemble composed of a surface and a joint sublayer Pd atoms over a
Cu surface enhaced the catalytic activity and selectivity in acetylene semihydrogenation
to ethylene.

An efficient and easy accessible catalyst for the semihydrogenation of terminal
alkynes has been developed by Radivoy and co-workers.!#” Bimetallic PdCu (1:5 ratio)
supported on mesostructurated silica (MCM-48) allowed the partial hydrogenation with
a 4.7 mol% C and 0.5 mol% Pd loadings in toluene at 110 °C under a hydrogen balloon
in good yields (Scheme 10). In the case of 1-phenyl-1-propyne, doble catalyst loading
was necessary to provide (Z)-1-phenyl propene in 97% conversion. TEM data of this
catalyst showed spherical BNPs with an average size of 2 to 6 nm and XPS spectrum
showed that metallic Pd and Cu coexist with the corresponding counterparts on the
surface of the support. This catalyst could be recovered and reused upon thermal
treatment (150 °C) followed by reduction under H, atmosphere.

PdCus@MCM-48

5 mol% P
— + H,(1 atm) (0.5 mol% Pd) R
toluene, 100 °C

30-99%

R = Ph, 4-MeCgHy, 4-MeCOCgH,, 3-CICgH,, 4-MeCgHy, 2-F3CCqH,,
6-MeONpth, n-CgH13, PhthNCH,, CﬁOCHz

Scheme 10 Semihydrogenation of terminal alkynes with PdCus@MCM-48 as catalyst.

Domingos and co-workers'4® have recently supported different NPs in amberlite
resin. These supported catalysts were prepared by immobilization of different metal ions
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(Pd, Ag, Cu and Ni) on the surface of the resin by ion exchange followed by reduction
with NaBH,4. Hydrogenation of phenylacetylene in ethanol with 0.27% of total metal
loading revealed that the monometallic Pd@R and bimetallic NiPd@R and PANi@R gave
93-99% conversion of ethylbenzene. However, CuPd@R or PdCu@R were able to
produce semihydrogenation to styrene as the major product (>90%).

Carbon nanotubes (CNTs) have been used as efficient support for mono (Cu, Pd) and
bimetallic (NiCu, PdCu) NPs by Delgado, Godard and co-workers.!*° The preparation of
these NPs and BNPs was carried out by decomposition of the metallic precursors
CusMess, Pd(dba), and mixtures of Ni(COD),/CusMess or Pd(dba),/CusMess under 3 bar
of hydrogen in the presence of N-heterocyclic carbene (NHC) ligand resulting from the
decarboxylation of 1,3-dimethylimidazolium-2-carboxylate. Catalytic evaluation in the
selective hydrogenation of alkynes and alkynols revealed that PdCu@CNTs with Pd/Cu
1:1 ratio is a selective catalyst for semihydrogenation of terminal and internal alkynes and
also in the industrially relevant acetylene/ethylene-rich model gas feeds with excellent
stability after 40 h of reaction. The process is carried out in THF at 30 °C under 3 to 6 bar
hydrogen pressure giving the alkenes in general with good yields and Z-selectivity
(Scheme 11).

PdCu@CNTs

.05 mol% P —
RI-=R? + H,(3-6atm) — 205MO%Pd _ R?

THF, 30 °C

28-99%
Z/E de = 39->99%

R' = Ph, Ph(OH)CH, CH3(CH,)4(OH)CH, HO(CH,),, HO(CH,);, EtCO,
R2 = Ph, Et, H, EtCO,

Scheme 11 Semihydrogenation of alkynes with PACu@CNTs as catalyst.

3.5.2. Hydrogenation of C-C double bonds

Only some special cases of hydrogenation of C-C double bonds have been studied using
PdCu bimetallic catalysts. For instance, chemoselective hydrogenation of o-xylene and
carvone has been performed by Mélendrez and co-workers.!>? A series of Pd and PdCu
bimetallic supported on silica catalysts was prepared by using surface redox reaction and
co-impregnation methods. In the case of the bimetallic catalyst prepared by surface redox
method higher selectivity to trans-1,2-dimethylcyclohexane was observed with Pd@SiO,
due to a preferential deposition of Cu on the surface of Pd. However, when the catalyst
was prepared by CI method higher selectivity for trans-1,2-dimethylcyclohexane with
PdCu@SiO, than Pd@SiO, catalyst was obtained (Scheme 12). Also, in the selective
hydrogenation of carvone by using redox catalyst higher selectivity was obtained for the
formation of carvotanacetone. However, by using CI prepared catalyst higher selectivity
was observed for the formation of carvomenthone product (Scheme 12).
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PA@SiO,: 48% 52%
PACU@SIO, (redox): 52% 48%
PACu@SiO, (Cl): 42% 58%

&

carvotanacetone  carvomenthone

PA@SIO,: 64% 36%
PACU@SIO, (redox): 73% 27%
PACU@SiO, (Cl): 32% 68%

Scheme 12 Hydrogenation of o-xylene and carvone with PA@SiO, and PAdCu@SiO,
catalysts.

Another chemoselective hydrogenation example is the reduction of 3-nitrostyrene to
3-nitrophenylethane with PdCu alloy nanocrystals described by Zeng and co-workers.!3!
This group used decylamine as coordinating ligand to control the co-reduction of Pd and
Cu species by affecting their reduction potential. From all different morphologies
obtained, 48 nm PdCu concave tetrahedral nanocrystals were highly active for the
hydrogenation of 3-nitrostyrene with >99.9% chemoselectivity to C-C double bond
instead for the nitro group working at 76 °C in dodecane as solvent.

Hydrogenation of 1,3-butadiene to purify butene streams is used in the oil and gas
industry. Pd is highly active for this reaction but shows a strong selectivity to butane due
to double C-C bond and geometry isomerization. In 1993, Schmal and co-workers!>?
reported the use of niobia PdCu supported catalysts for 1,3-butadiene hydrogenation.The
catalyst PdCus@Nb,Os prepared by reduction at 573 K decreased the hydrogen
adsorption capacity and the TOF but increased the selectivity for 1-butene and trans/cis-
2-butene ratio. This hydrogenation was carried out in a flow system at atmospheric
pressure at 343 K. Addition of Cu to Pd NPs supported on graphite increased the
selectivity to partial hydrogenation of 1,3-butadiene as it has been described by Bachiller-
Baeza and co-workers.!3 However, the selectivity to 1- and 2-butenes including trans/cis
ratio diminished with the PACu@G catalyst as compared to monometallic Pd@G.

In 2019, Huang, Li and co-workers'>* reported that PdCu supported on Mn,Os
catalysts with different weight amounts of Cu and Pd were prepared by two biogenic
methods, sol-immobilization (SI) and adsorption-reduction (AR). These catalysts were
compared with synthesized catalysts through three conventional methods, impregnation
(CI), deposition of colloids stabilized with poly(vinylpyrrolidone) (DCPVP) and
deposition—precipitation with urea (DPU), in the gas-phase selective hydrogenation of
1,3-butadiene. Characterizations of DRIFTS, CO adsorption, TPR, XPS and XRD proved
the alloy nature of catalysts. Selectivity of these prepared catalysts directly correlated
with increasing Cu content and butadiene conversion depended to Pd content. Indeed,
catalysts with more Cu content and Pd-to-butadiene conversion. The prepared catalysts
by SI method with a Pd/Cu atomic ratio of 0.9:1.4 afforded a high conversion to butadiene
(99.1%) and selectivity towards butene (>92%). However, the prepared catalysts by IPC
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had the worst activity in butadiene conversion but they had high selectivity towards
butenes. In addition, the prepared catalysts by DCPVP and DPU methods had 100%
butadiene conversion, but they had less selectivity to 1-butene. Generally, the order of
selectivity of prepared catalysts were as follows: the IPC (97.3%) > AR (93.8%) > SI
(91.9%) > DUP (44.4%), and DCPVP (26.4%) methods, whereas the opposite behavior
was observed for butadiene conversion.

3.5.3. Hydrogenation of furfural

Furfural, commercially produced from agriculture and forestry waste, is an important raw
material for a variety of chemicals and products for biofuels. By catalytic hydrogenation,
furfuryl alcohol, tetrahydrofurfuryl alcohol, 2-methylfuran and cyclopentanone are
obtained. In the case of Cu-catalyzed hydrogenation of furfural, furfuryl alcohol is
isolated and 2-methylfuran in low yield as well. On the other hand, under Pd catalysis
decarbonylation to furan is mainly observed.

Resasco and co-workers!>® reported the hydrogenation of furfural using silica-gel
supported Pd and PdCu catalysts. The monometallic catalyst Pd@SiO, (0.5 mol%) only
produced furan by the corresponding decarbonylation, while PACu@SiO, gave mainly
furfuryl alcohol working at 200 °C. They also studied the hydrogenation of 2-
methylpentanal with both catalysts. In the case of Pd@SiO, (5 mol%) n-pentane and 2-
methylpentanol (derived from decarbonylation and hydrogenation of the carbonyl group,
respectively) were isolated. Moreover, using PdCu@SiO, as catalyst, decarbonylation
decreased and hydrogenation and etherification reactions increased.

The effect of copper on the activity and selectivity of supported palladium catalyst in
the hydrogenation of furfural in water solution was investigated by Witonska and co-
workers.!3¢ Bimetallic PdCu@Al,O; catalysts containing 5 wt% Pd and 1.5-6 wt% Cu
revealed high activity in this reaction. The formation of the catalysts at 300 °C in a
hydrogen atmosphere led to the preparation of PdCu alloys which were characterized by
analysis of XRD, SIMS-ToF (time of flight secondary ion mass spectrometry), SEM-
EDS, FTIR-CO and TPR-H2. Generally, by using the pure 5% Pd@Al,O; catalyst,
furfuryl alcohol was obtained and then reduced to tetrahydrofurfuryl alcohol. However,
the addition of copper influences the activity of palladium catalysts which led to
significantly enhancement of selectivity towardss furfuryl alcohol. Indeed, the
incorporation of Cu limited the formation of tetrahydrofurfuryl alcohol than the
monometallic Pd@AIl,0O; catalysts.

Hronec and co-workers!>’ have prepared a series of Pd, Cu and bimetallic PdCu
catalysts with different metal loadings supported on different supports by various
methods and applied them for the selective hydrogenation of furfural to furfuryl alcohol
in water. Among the various prepared catalysts, bimetallic PdCu catalysts supported on
MgO and Mg(OH),, prepared by electroless plating method, gave the highest conversion
and selectivity to furfuryl alcohol than the Pd@C, PdCu@C, Pd@HT, Pd@MgO and
Cu@MgO catalysts. By using 5% Pd/5% Cu supported on MgO or Mg(OH), at 110°C
and 0.6 MPa of hydrogen, complete conversion of furfural and higher than 98%
selectivity to furfuryl alcohol was achieved during 80 min. Also, the complete conversion
of furfural and the same amount of selectivity were obtained after five catalytic cycles for
hydrogenation of furfural to furfuryl alcohol without extra catalyst treatment or
reactivation. Furthermore, in this work the role of Cu loading on the activity and
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selectivity of bimetallic PdCu catalysts for aqueous phase hydrogenation of furfural to
furfuryl alcohol determined by using physico-chemical characterization. The main
differences among catalysts with different Cu loadings were attributed to changes
between monometallic Pd? sites and closely interacting bimetallic Pd°—Cu,O catalytic
sites over the surface and the Cu* sites participating on activation of the carbonyl group
in furfural. TEM image of PdCu@MgO catalysts revealed homogeneous distribution of
metallic particles and fornatiom of very small particles.

Extremely selective rearrangement of furfural to cyclopentanone by using 5%Pd-
10%Cu@C bimetallic catalyst and also, the effect of the amount of copper on the catalytic
activity aqueous media were investigated by Hronec and co-workers.!>® A very active and
selective PACu@C catalyst was prepared using electroless plating procedure to deposite
copper nanoparticles on pre-reduced Pd@C in the presence of tartrate carboxylate
ligands. Results indicated that use of the Cu species in the prepared catalyst led to enhance
selectivity in the hydrogenation of the C=0O bond. XRD analysis indicated that in these
catalysts the copper existed in Cu" oxidation state as Cu,O. Besides, metallic palladium
with the particle sizes 6.8 nm were formed and there was also not metallic copper in these
catalysts. Furfural conversion was 98% and cyclopentanone was obtained in 92% yield
at 160 °C, 3 MPa of hydrogen and 1 wt% of catalyst during 1 h. Importantly, the
concentration of hydrogen in the aqueous phase and also selective conversion of furfuryl
alcohol from furfural influenced on the production of cyclopentanone. In Scheme 13 has
been depicted the proposed mechanism to explain the formation of cyclopentanone, by
rearrangement of furfuryl alcohol to cyclopentanone by formation of an oxycation.

PdCu,0@C
N cpo + H, 20@ / \ CH,OH Q cat. Q
O H,0 o) H>
O O

Scheme 13 Hydrogenation of furfural to cyclopentanone catalyzed by PdCu,O@C.

Recently, Zhang and co-workers'>® have prepared a series of Cu-MOFs catalysts as
supports for Pd NPs, Pd@Cu-BTC and Pd@FeCu-DMC, with different Lewis acidity for
hydrogenative ring-rearrangement reaction of furanic aldehydes such as furfural and 5-
hydroxymethyl furfural to cyclopentanone and 3-(hydroxymethyl)cyclopentanone,
respectively. Hydrogenation rate of Pd@Cu-BTC catalyst with a strong Lewis acidity
was six times faster than Pd@FeCu-DMC catalyst as well as higher selectivity towards
cyclopentanone products (more than 90% yield) from both of furfural and 5-
(hydroxymethyl)furfural. However, Pd@FeCu-DMC catalyst with weak Lewis acidity
had a low conversion of furanic aldehydes and high selectivity for alcohols furfuryl
alcohol or 2,5-bis(hydroxymethyl)furan.

In 2019, Zhang, Li and co-workers'® reported furfural hydrogenation using
Pd@Si0,, PdACo@Si0, and PdCu@SiO, as catalysts. The bimetallic catalysts, prepared
using direct deposition techniques, exhibited higher selectivity than Pd@SiO, for furfuryl
alcohol. In the case of PACu@SiO,, furfuryl alcohol was almost exclusively formed at
200 °C under 10 bar hydrogen pressure.

Catalytic transfer hydrogenation of furfural has been performed by Huang and co-
workers!¢! using isopropanol as hydrogen source and different bimetallic catalysts such
as, NiCu, RuCu and PdCu supported on ZrO,. The supported catalyst Pd;Cu;o@ZrO,
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showed the highest selectivity towards the formation of 2-methylfuran and 2-
methyltetrahydrofuran (3:1 ratio) in 84% total yield working at 220 °C in 4 h (Scheme
14). Mechanistic studies revealed that the reaction proceeded mainly through the
hydrogenation of furfural to furfuryl alcohol, which was deoxygenated to 2-metylfuran
or experimented subsequent hydrogenation to 2-methyltetrahydrofuran. This catalyst
preserved the activity during five cycles giving 82% yield of both products.

/ \ Pd3Cu10@Zr02 _ @\ O\
lO B‘CHO o CHa + o ~CH,

(CH3),CHOH, 220 °C

(ca. 3:1)
84%

Scheme 14 Transfer hydrogenation of furfural catalyzed by Pd;Cuc@ZrO..

3.5.4. Hydrogenation of polyols

The production of biodiesel has increased the production of glycerol as side-product. For
this reason, several industrially relevant chemicals have been prepared from glycerol such
as acrolein, glyceric acid, lactic acid and propanediols. Namely, propanediols are used for
the preparation of polyester resins, pharmaceuticals, cosmetics, fragances, paints and
other products. 1,2-Propanediol is produced mainly by hydrolysis of propylene oxide but
the hydrogenation of glycerol is another synthetic alternative.

Hou and co-workers'®? have employed PdCu bimetallic catalysts supported on basic
solids for the hydrodeoxygenation of glycerol to 1,2-propanediol. A series of bimetallic
PdCu catalysts through thermal decomposition of Pd,Cuys@Mgs¢<Al(OH);cCO3
layered double hydroxides precursors have been prepared and applied in the
hydrogenolysis of glycerol to 1,2-propanediol (Figure 8). Structured layered double
hydroxides Pd,Cuy4@Mg5 ¢ «Al,(OH);,COj5 crystals characterized by XRD, SEM and
N,O oxidation and followed by Hj, titration, were prepared with amount of Pd less than x
< 0.04 Pd. PdCu@solid-base catalysts have higher activity than the Pd and Cu
monometallic ones in hydrogenolysis of glycerol. Generally, high conversion of glycerol
and selectivity of 1,2-propanediol were obtained (88% and 99.6%) by using,
Pdg 04Cug 4@Mgs 56Al,05 56, at 2.0 MPa H,, 180 °C, 10 h in ethanol solution. Also, this
catalyst was recyclable and stable for five runs. It was concluded that hydrogen spillover
from Pd to Cu increased the activity of this catalyst in the hydrogenolysis of glycerol
(Figure 8).
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Layered solid base

Figure 8 Representation of the hydrogenolysis of glycerol to 1,2-propanediol catalyzed
by Pdo.04CUo 4@Mgs 56Al0s 56.

Glycerol hydrodeoxygenation to 1.2-propanediol has been studied by Ardila and co-
workers!®® using PdCu@TiO,-Na. This catalyst was prepared by sequential wet-
impregnation of TiO,, previously treated with NaOH in MeOH followed by drying and
calcination. An aqueous solution of glycerol and the catalyst was heated in the presence
of hydrogen in a batch reactor at 220 °C. Bimetallic catalyst gave higher activity than the
monometallic ones and can be reused maintaining high stable activity and 1,2-propandiol
selectivity.

Selective hydrogenolysis of sorbitol to ethylene glycol and propylene glycol has been
reported by Jia and Liu.!%* Bimetallic PdCu supported on ZrO, catalysts with a wide range
of Cu/Pd atomic ratios in the presence of La(OH); were studied. Nearly 100% sorbitol
conversion, with combined selectivity of 61.7% to ethylene glycol, propylene glycol, and
glycerol was obtained by using PdCus@ZrO, at 493 K under 5.0 MPa H, (Figure 9). Also,
the activity and selectivity of bimetallic PdCu@ZrO, catalysts were compared with
PtCu@ZrO; RuCu;@ZrO,, Pd@ZrO, and Cu@ZrO, catalysts in sorbitol hydrogenolysis.
These studies indicated that bimetallic PdACu@ZrO, catalysts have higher activities and
selectivity than the other catalysts and higher stability and recyclability than the
Cu@ZrO, catalyst.
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Figure 9 Representation of the hydrogenolysis of sorbitol to ethylene glycol and
propylene glycol catalyzed by PACu@ZrO,.

3.5.5. Other reductions

Levulinic acid (4-oxopentanoic acid) derived from natural sources as glucose or fructose
and is produced at industrial scale from cellulosic feedstock. Hydrogenation of levulinic
acid under a suitable catalyst produced several chemicals such as y-valerolactone, 1,4-
pentanediol and 2-methyltetrahydrofuran. Patankar and Yadav'®> used PACu@ZrO, as
heterogeneeous catalyst for levulinic acid hydrogenation using water as solvent. The
catalyst contains 1% of Pd and 29% of Cu and the reaction was performed at 200 °C under
60 atm hydrogen pressure to provide 70% of y-valerolactone, 25% of 1,4-pentanediol and
5% of 2-methyltetrahydrofuran (Scheme 15). The presence of Pd avoided the leaching of
Cu from Cu@ZrO, catalyst by forming the corresponding alloy. Zirconia was a much
better support than HT, alumina or hexagonal mesoporous silica.

0]

OH
Pd;Cu,0@Zr0
on 1y POCOTO__ [ »
)W +H2 O O CH3+ )\/\/OH + O CH3

o H,0, 200 °C, 60 atm

70% 25% 5%
Scheme 15 Hydrogenation of levulinic acid catalyzed by Pd;Cu,y@ZrO,.

The same group has studied the hydrogenation of succinic acid by means of PdCu
(1:1) BNPs supported on alumina xerogel (AX).1¢ In this case, PACu@AX was able to
catalyze the formation of y-butyrolactone, an important building block molecule for use
in agrochemicals, pharmaceuticals, dyes, textile processing and epoxides preparation.The
catalytic experiments were carried out in a batch reactor at 190 °C under 70 atm hydrogen
pressure in isopropanol as solvent to furnish 90% of y-butyrolactone and 10% of
tetrahydrofuran (Scheme 16). In this case, the loading was reduced to 2.5% with respect
to 5% of monometallic PA@AX to lead to an enhancement in the selectivity of y-
butyrolactone. Reusability studies of the catalyst PACu@AX showed no significant loss
of hydrogenation activity during at least five cycles.
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Scheme 16 Hydrogenation of succinic acid catalyzed by PACu@AX.

Selective hydrogenation of styrene oxide to 2-phenylethanol is a direct synthetic
method to produce this important fragrance to roses used in perfums, deodorants, soaps
and detergents, which also possesses bacteriostatic and antifungicidal properties. The
group of Yadav!¢” reported the use of bimetallic PdCu catalyst encapsulated (EnCat) with
polyurea in the preparation of 2-phenylethanol by using hydrogenation of styrene in
methanol and supercritical carbon dioxide (scCO,). The catalytic performance of
PdCu@EnCat was compared with monometallic Pd@EnCat and bimetallic
PdRu@EnCat. Using these catalysts, 100% conversion of styrene oxide to 2-
phenylethanol, 1-phenylethanol, methoxymethylbenzene and phenylacetaldehyde
products were obtained with higher selectivity to 2-phenylethanol. However, among them
bimetallic PdACu@EnCat gave the best results with 65% selectivity to 2-phenylethanol.
Also, the effect of scCO, was examined systematically in the hydrogenation of styrene.
Results indicated that in the presence of scCO,, the PdACu@EnCat catalyst revealed 100%
yield and 100% selectivity to 2-phenylethanol without formation of any isomerization or
deoxygenated products. Also, the effect of different parameters such as hydrogen pressure
and temperature were investigated in hydrogenation of styrene oxide. It was found that
using higher temperatures (343 K) and higher pressure of hydrogen (4.560 MPa) afforded
higher conversion (94%) and selectivity (100%) to 2-phenylethanol in scCO, (Scheme
17). The PdCu@EnCat catalyst was stable and recycled for three times without decrease
of activity or selectivity.

0]

OH
+ Hy PdCu@EnCat
scCO,

343 K, 4.56 MPa 94%

Scheme 17 Hydrogenation of styrene oxide on scCO, catalyzed by PACu@EnCat.

Catalytic hydrogenation of nitroaromatics allows the production of large quantities
of aromatic amines in the pharmaceutical, dyestuff, plastic and perfumery industry. Liao
and co-workers!6%19 have performed this hydrogenation using different bimetallic Pd-
based catalysts (Ni, Co, Cu, Fe, Ru) in ethanol under 1 atm of hydrogen. However, this
reduction has been performed with PACu BNPs mainly using NaBH, instead of hydrogen.
Mingqing and co-workers'’’ used PdCu or PdAg BNPs stabilized by poly(N,N-
diethylacrylamide) grafted poly(acrylonitrile-styrene) (PDEAm-g-PAN-PS) polymeric
microspheres. These catalysts exhibit superior activity than the monometallic NPs.
Moreover, the catalytic properties can be regulated by increasing the temperature and can
be recycled and reused for five times without loss of activity. Bimetallic Cu-M (M = Au,
Pt or Pd) nanorods have been applied as catalyst in the same reduction by Chen and co-
workers.!”! Ultra small PACu BNPs have been prepared by Mallikarjuna and Kim'”? using
a hydrothermal one-pot method involving an aqueous solution with hexadecylamine as a
capping agent. The catalytic performance in the same reduction was improved by
removing the surfactant organic layer with lactic acid giving PdCu BNPs 5+3 nm size.
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Domingos and co-workers!# evaluted PAM (M = Ag, Ni, Cu) BNPs supported on ion
exchange resin not only for the semihydrogenation of phenylacetylene but also in the
reduction of 4-nitrophenol to 4-aminophenol with NaBH,.

4. Electrocatalytic reductions

Palladium-based nanomaterials for electrochemical purposes!’? such as oxygen reduction
reactions, reduction to CO, to CO, methanol, formic acid and hydrocarbons and other
reductions using PdCu BNPs would be considered in this section.

4.1. Oxygen reduction reaction

Bimetallic PAM Nps have been investigated in the last decade as a potential alternative
electrocatalyst to Pt@C towards the cathodic oxygen reduction reaction (ORR). These
types of catalysts are crucial for the development of fuel-cell technologies for providing
sustainable, clean and efficient energy supply.'”* ORR in aqueous solutions occurred
mainly through two pathways: a direct four-electron reduction pathway and the two-
electron reduction pathway. In fuel-cell processes the first pathway is highly preferred
due to its enhance power generation. Depending on the aqueous electrolyte (acidic or
alkaline), the ORR mechanisms occur as described in Scheme 18.

acidic aqueous solution

02 + 4H+ + 4 —— 2H20

0, + 2H" + 2¢¢ ——> H>0,

alkaline aqueous solution
O, + 2H,0 + 4¢¢ ——> 40H"
O, + HO + 2¢¢ —— HO, + OH"

Scheme 18 Oxygen reduction reaction mechanisms.

Martinez-Casillas and Solorza-Feria'’> used PdCu BNPs as electrocatalyst in ORR
under acidic media. The electrochemical current-potential behavior was compared with
Pd and Pt showing higher activity for ORR than Pd pure and less active than Pt NPs. The
same group!’® used PdCu dispersed on a carbon black support as cathode electrode in a
membrane-electrode assembly. The onset potential for ORR was shifted by ca. 30 mV to
more positive values and enhanced catalytic current densities than pure Pd catalyst.
Monodisperse PdCu BNPs supported on high surface area carbon have been prepared by
Kariuki and co-workers.!”’ This high surface area PdCu@C showed high activity for
ORR in acidic electrolyte. Shao and co-workers'’® synthesized a core/shell catalyst
consisting of a Pt monolayer as the shell and porous-hollow PdCu alloy BNPs as the core.
This material exhibits 3.5 times higher activity than the Pt monolayer deposited on Pd
and 14 times higher than commercial Pt@C.

Henkelman and coworkers!” have studied the activity of PdCu bimetallic random
alloy BNPs as catalysts in ORR by using calculations of oxygen binding of atomic oxygen
for a range of compositions. Indeed, this group offered a simple model of the average
binding energy that could generally predict activity trends in random alloys. Results
illustrated that bimetallic PdCu catalyst (with 1:1 Pd/Cu ratio) had high activity in ORR
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in comparison with monometallic Pd and other PdCu alloy BNPs. Generally, PdCu alloy
BNPs with 50% of Cu was the most active catalyst in ORR. Calculations indicated that
Cu, decrease the Pd-O binding energy and Pd ratio enhances the Cu-O binding energy.
Considering that binding of oxygen was an indicator of ORR activity, experimental data
demonstrated that random alloy BNPs could had higher activity than those of pure Pd.
Results revealed that a charge transfer from Cu to Pd increases the d-band of Cu and
decreased of d-band of Pd, indicating sturdier oxygen binding to Cu and weaker oxygen
binding to Pd.

By means of chemical protocols different PdCu nanocrystals with a variety of
nonspherical shapes have been prepared by Tan and co-workers.!3° The ORR activity is
shape dependent and it has been found a catalytic enhancement of PdCu (100) nanocubes
compared with Pt@C catalyst. Three-dimensional porous structure bimetallic PdCu
nanodendrites have been evaluated as ORR catalysts by H.-Q. Yu and co-workers.!8! This
material was prepared by supporting Pd on a 3D porous Cu via a galvanic replacement
method,'3? and showed a better long-term stability than Pt@C catalyst. Monodisperse
PdCu nanocubes prepared from a 1:1 molar ratio of PdCl, and Cu(acac), in oleylamine
(OAm) as solvent and reductant in the presence of trioctylphosphine (TOP) as stabilizer
was reported by S.-H. Yu and co-workers.!®3 These carbon-supported PdCu nanocubes
displayed enhance ORR activity compared to spherical PACu or Pd NPs and of
commercial Pt@C catalyst.

In 2014, Goddard III and co-workers!8* have prepared five PdCu alloy surface
structures, B2, L1,, L1y, L1;-nonlayered, and L1,-layered (Figure 10). They investigated
the structural preference and ORR activity of catalysts by using DFT calculations. Results
showed that layered L11 surface structure catalyst had higher ORR kinetics than pure Pd.
The RDS (rate determining step) for ORR on the layered PdCu-L1;, nonlayered PdCu-
L11, andPdCu-L10 surfaces in solution was the H,O formation reaction with a barrier of
0.45, 0.59, and 0.60 eV, respectively.

Reduction half reaction:
0, +4H" + 4e'— 2H,0

Figure 10 Representation of ORR catalyzed by PdCu alloy.

Monodisperse bimetallic alloyed PdCu nanocrystals (NCs) modified by reduced
graphene oxide nanosheets (RGOs) with a one-pot solvothermal strategy method were
prepared by Chen and co-workers.!8> HRTEM image of the PdCu NCs showed that the
average size was around 6.81 nm and the lattice spacing is about 0.22 nm in different
positions, which was related to the planes of the face-centered cubic (fcc) PdCu.
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Generally, the synthesized nanocomposites had high electrocatalytic activity, significant
methanol-tolerance ability for ORR in less corrosive alkaline media and long-term
stability. This catalyst showed higher catalytic activity for oxygen reduction in alkaline
media than the commercial Pd black and RGOs. Lu, Sun and co-workers!'®¢ synthesized
monodisperse PdCu alloy as shell in the core of Ag or Au Nps. Based on DFT calculations
they predicted that core/shell M/PdCuNPs with a 0.8 or 1.2 nm Pd,Cu shell have similar
but optimal surface strain and composition to surpass Pt catalytic activity in ORR.
Experimental results indicated that with controlled shell thicknesses of 0.4, 0.75 and 1.1
nm PdCu compositions were formed. Evaluation of the activity in 0.1 M KOH solution
indicated that Ag/PdgCus; and Au/PdgoCuyg catalysts with 0.75 and 1.1 nm shells were 3
times more efficient than commercial Pt catalyst.

The synthesis of hollow PdCu nanospheres supported on carbon (Pd,Cu@C,
Pd,Cu,;@C, PdCu, 5@C and PdCu,@C) via vesicle-assisted chemical reduction method
by using tetrabutylphosphonium bromide (BusPBr) as a surfactant in aqueous
environments have performed by Zhu and co-workers.!¥® TEM and HAADF STEM
image of PdCu@C catalysts indicated hollow spherical shapes of PdCu nanospheres and
uniform distribution of PdCu particles on carbon support. The hollow PdCu@C
composites have used as catalysts in the ORR showing that Pd,Cu,;@C catalyst have the
most electrochemical activity than the other PdCu@C -catalysts. Also, PdCu@C
nanostructure have the highest electrocatalytic activity and long-range stability in the
ORR in alkaline media than the Pd/C or Pt/C catalysts.

Chan and coworkers'®® applied a facile and one-pot wet chemical method for the
synthesis of PdCu nanosponges (NSs) via the reduction of Cu?* and Pd 2" ions by using
L-ascorbic acid in the presence of sodium dodecyl sulfate (SDS). SDS concentration
displayed an important role in controlling the growth and type of morphology of PdCu
NSs. The PdCu NSs have been synthesized in the presence of 12.5, 25, and 37.5 mM SDS
which have sizes of 46.0 = 4.3, 36.8 £ 4.5, and 37.2 £+ 2.6 nm, respectively. The PdCu
NSs were utilized as efficient catalysts for glucose oxidation at —0.01 V vs. Ag/AgCl and
oxygen reduction reaction (Figure 11). The catalytic activity of Cu NPs electrode (0.31
mA cm=2), Pd NPs electrode (0.33 mA cm™2), Pt@C electrode (0.66 mA cm -2), Pd/C
electrode (0.34 mA cm2) and PdCu NSs-modified electrodes were compared in ORR
under alkaline conditions which results showed the PACu NSs-modified catalysts have
high current density (1.93 mA cm2) and mass activity for oxygen reduction. Also, PdCu
NSs have advantages such as excellent electrocatalytic activity, high stability, sensitivity
(1560 pA mM™! cm2), high selectivity and high potential to be used in fuel cells using
ethanol or methanol as fuel (see, Section 6.1) and applied as an electrochemical sensor
for the detection of glucose in 0.1 M NaOH in blood samples (see, Section 8).
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Figure 11 Representation of the electrocatalysis ORR catalyzed PdCu nanosponges.

Guo, Huang and co-workers!®? have reported structurally ordered PdCu, PACuNi and
PdCuCo NPs using a colloidal chemistry technique. From all of them the later material is
the best efficient catalyst for ORR showing excellent electrocatalytic activity and
durability. DFT calculations revealed that the improved ORR activity on the PdCuM NPs
stems from the catalytically active hollow sites arising from the ligand effect and the
compressive strain on the Pd surface owing to the smaller atomic size of Cu, Co and Ni.

Carbon-supported PdCu BNPs have been prepared using a copper metal-organic
framework (MOF) as sacrificial precursor by Alonso-Vante and co-workers.!”® These
nanorod-like particles exhibit in ORR higher catalytic activity than other PdCu@C
catalysts. Mustain and co-workers!! have performed the ORR in alkaline exchange
membrane fuel cells by using bimetallic PdCu supported on VulcanXC-7R carbon
(PdCu@Vulcan) which was prepared through a solvothermal method. TEM image of
PdCu@Vulcan catalyst showed a uniform coverage of PdCu NPs on the Vulcan and
analysis of XRD and XPS demonstrated primarily a B,-type highly metallic alloy. The
catalytic activity of PdCu@Vulcan catalyst was compared with commercial Pt@C
catalyst showing that PdCu@Vulcan has a special activity of 1.27 mA/cm? and a mass
activity of 0.59 A/mgPd at 0.9 V, which were higher than the Pt@C catalyst for the ORR.
Also, PACu@Vulcan catalyst revealed higher in situ alkaline exchange membrane fuel
cell (AEMFC) activity, with operating power densities of 1100 MW/cm? operating on
H,/O, and 700 MW/cm? operating on Hy/Air (CO,-free) than the commercial Pt@C
catalyst. Recently performed comparison studies of the activity of carbon-supported 7.5%
wt Pd-2.5% wt M of PdAM (M = Ag, Co, Cu, Fe, Ni, Zn) as electrocatalysts for ORR have
been carried out by Bebelis and co-workers.!”? These materials were prepared by wet
impregnation and compared with 10% wt Pd@C and Pt@C. The activity followed the
descending order: PdZn@C > PdNi@C > PdAg@C > PdCo@C > PdFe@C > PdCu@C.

Recently, Liu, Cheng and co-workers!®® have studied the effect of size on ORR of
PdCu BNPs. Using the simple ligand-assisted method (OAm as solvent and
triphenylphosphine as stabilizer), four different sizes of PdCu BNPs (9.3 nm, 7.1 nm, 6.3
nm and 5.8 nm) were synthesized. As a general trend, ORR activity decreases as BNPs

Page 44 of 87



Page 45 of 87

Catalysis Science & Technology

40

size increases. The smallest 5.8 nm PdCu@C catalyst exceded the activity of Pt@C. DFT
calculations showed that with the increase of bimetallic particle size the edges and corners
become less and the adsorption energies of oxygenatoms and charge distribution of the
particle are closer to the bulk phase leading to a decrease of ORR catalytic activity.

In conclusion PACu@C with small particle size prepared by ligand-assisted method
is the most simple and active catalyst in ORR so far.

4.2. CO; reduction reactions

The electrochemical reduction of CO, (CO,ER) is an important strategy for the synthesis
of different raw chemicals such as CO, methanol, hydrocarbons and formate. Therefore,
the development of metal catalysts for CO,ER is of important industrial interest and also
plays an additional role to decrease CO, emissions. Copper is the unique metal
electrochemical catalyst able to reduce CO, to a series of organic compounds with
comparative Faradaic efficiency (FE).!"* However, there are some drawbacks using
copper electrodes for CO,ER, mainly high overpotential, formation of several products
and a competing reaction of hydrogen evolution. On the other hand, palladium has low
overpotential for CO, reduction but CO or formate are usually the major products.!'?’

4.2.1. Reduction of CO, to CO

Production of CO from CO, is an important industrial transformation because reduction
of CO, plays an essential role in removing CO, from the atmosphere and because CO is
a raw material to produce chemicals and synthetic fuels through the Fischer-Tropsch
process. However, only gold-base nanostructured electrocatalysts were selective in
converting CO, to CO with >90% FE.!%1%8 In order to reduce material cost alloying Pd
with inexpensive Cu is a promising strategy. Umezawa, Ye and co-workers!'®® have
reported the selective aqueous electrochemical reduction of CO, to CO using a PdCu
catalyst. The prepared mesoporous PdCu bimetalic material with a high density of
mesopores has been carried out via a facile electrodeposition approach.??’ Various ratios
of mesoporous PdCu electrocatalysts were prepared and the highest selectivity into CO
product obtained with the optimal ratio at Pd;Cu; with FEco more than 80% at -0.8 V.
The TEM image demonstrated a parallel cauliflower-like mesoporous structure of Pd;Cus
electrocatalyst. First-principles and DFT calculations developed by the same group?!
showed that Pd atoms in the catalyst surface serve as reactive centers and the highly
selective CO formation was due to the geometric and electronic effects in the alloy. The
formation of CO,H* intermediates, adsorption ability and the CO desorption ability on
Pd atoms were enhaced by the presence of Cu.

Palladium-copper NPs supported on carbon with different compositions
(PdscCuys@C and PdgsCu;s@C) have been synthesized by Wang, Ma and co-workers.2%2
The catalytic activity of PACu@C composites has been examined in the CO, reduction
into CO. TEM images of PAdCu@C showed that the sizes of PdCu BNPs are in about 3.3
+ 0.3 nm for PdgsCu;s and 2.1 £ 0.2 nm for Pds¢Cuyy. These composites have better
catalytic activity with high CO selectivity than the Pd-based or Cu-based catalysts (Pd@C
and Cu@C), which is related to synergistic effects between Cu and Pd (Figure 12). Also,
PdgsCuis@C catalyst has the highest catalytic activity 86% FEcqo, selective CO
production, mass activity and current density for CO, reduction into CO than the
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PdssCusy@C and Pd@C catalyst due to optimum ratio of the copper element and low-
coordination sites.

co,

Loading .. ‘.Q @'

°
E —
....!:...... Heat- ... . . >
o ®"  treatment e CO

Figure 12 Representation of the electroreduction of CO, to CO catalyzed PdgsCu4s@C.

Wang, Bian and co-workers?? have prepared different supported PdCu on graphene
catalysts by changing the Pd/Cu ratio (1 wt% Pd-1 wt% Cu, 1 wt% Pd-2 wt% Cu and 1
wt% Pd-3 wt% Cu) by using sodium borohydride co-reduction in a graphite oxide
suspension and applied it in the electrochemical reduction of CO,. The PdCu@GR
catalyst was characterized by TEM, SEM, XRD, XPS, cyclic voltammetry (CV), linear
sweep voltammetry (LSV), and current-time (I-t) scans technologies. SEM, TEM, and
XPS analyses indicated uniform dispersion of metal particles on the graphene support
surface and metal nanoparticle sizes of PdCu, @GR, Pd@GR and Cu@GR on the support
were obtained in about 7.5 + 0.25 nm, 6.5 £ 0.25 nm and 5.4 + 0.10 nm size, respectively.
The best catalytic performance of the metal@GR catalyst was achieved on 1% wt. Pd-
2% wt. Cu@GR, which has a relative positive peak potential and reduction current were
-1.3 V and -2,8 mA, respectively. A possible CO, redution mechanism has been proposed
in Scheme 19. In the reaction sequence, eq (1) was presumably the rate determining step.
Catalytic current value for CO, reduction increased essentially linearly with the
concentrations of HCO;5~. These kinetics were consistent with electron transfer and
adsorption of CO;~ [eq (2)] followed by rate limiting proton transfer from HCOj5". Proton
transfer could trigger a second electron transfer from the electrode to give the adsorbed
formate [eq (3)]. CO3*> would take a chemical reaction with CO, to produce bicarbonate
for supplying and supporting the formate formation [eq (5)].

CO,, (solution) CO,, (ads) (1)

CO, (ads) + e ——> CO,~ (2)

CO,” (ads) + HCO3 + € HCO, (ads) + CO3% (3)
HCO, (ads) —— HCO," (solution) 4)

CO3% + CO, + Hy,0 2HCO3 (5)

Scheme 19 CO, electroreduction reaction mechanism.

A series of shape-controlled PdCu nanocatalysts, obtained by a wet-chemical
reduction method,?** have been employed by Gong and co-workers?® in CO, reduction
to CO. PdCu bimetallic NCs were synthetized by using Na,PdCl,; and CuCl,-2H,0 and
glucose as reductant in the presence of hexadecylamine (HDA). By simply varying the
Pd/Cu precursor ratio, six types of PdCu NCs with different morphologies were obtained.
The flower-like Pd;Cu catalyst exhibit high FEco and reaches a fourfold CO current
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density at -1.3 V compared to commercial Pd black. Tafel plots and DFT calculations
suggested that the alloy effect is responsible for the observed high CO selectivity. Xie,
Yang and co-workers?%® have applied also PACu BNPs with different morphologies and
compositions as efficient electrocatalysts for the reduction of CO, to CO. They used a
two-step method based on galvanic replacement reaction'®? between Cu seeds and Pd>*
precursors. Spherical Pdy3Cu; NPs showed the highest FE for CO conversion (93%) at
-0.87 V potential.

4.2.2. Reduction of CO; to alcohols

Conversion of CO, to alcohols has been achieved recently by Wang, Lu and co-
workers.??” They have designed an organic doped bimetallic PdCu catalyst derived from
a pyridine. 4-[3-Phenoxy-2,2-bis(phenoxymethyl)propoxy]pyridine (PYD) was
entrapped within a PdCu alloy to produce a PYD@PdCu composite. This ccomposite
was applied as an efficient catalyst for the electrochemical reduction of CO; to alcohols
in aqueous media. Using this catalyst, methanol and ethanol were obtained in 26% and
12% FE at -0.04 V and -0.64 V, respectively. Also, the catalytic activity of Pd NPs,
PYD@Pd, Cu NPs, PYD@Cu and PdCu alloy were compared with PYD@PdCu in
CO,ER to alcohols under the same reaction conditions. It was found that PYD was
favorable for methanol generation and Cu component was favorable for ethanol
production. Generally, ethanol was not produced using PYD@Pd or Pd NPs cathode,
whereas by using Cu NPs, PYD@Cu and PdCu alloy and PYD@PdCu ethanol was the
major product. Catalysts containing copper were favorable for production of ethanol,
while only less than 1% FE ethanol was obtained by using pure Cu NPs, and 11% FE for
ethanol obtained by PdCu alloy which increased the catalytic activity than pure Cu in
CO,ER. In addition, the PYD@PdCu cathode possesses heterogeneous properties and
high stability. Recycling experiments demonstrated that the PYD@PdCu electrocatalyst
can be reused during fifteen times with slight decreased in catalytic activity.

Taking into account that aerogels have enormous porosity, Sun, Han and co-
workers?%® have recently prepared several Pd,Cu, aerogels by in situ reduction of metal
precursors and supercritical CO, (scCO,). The elecrocatalytic performances of Pd,Cu,
aerogels were carried out in CO, saturated [Bmim]BF,4 aqueous solution with 25 mol%
of the ionic liquid [Bmim]BF,and 75 mol% of H,O by using a H-type cell.?%? It was founs
that Pdg;Cu,; aerogel is very efficient and stable electrocatalyst with a FE of MeOH
production up to 80% with a current density of 31.8 mA c¢m=. The efficient adsorption
and stabilization of CO, radical anion, high Pd%/Pd" and Cu'+ Cu%Cu" ratio in the aerogel
structure are responsible for the superior performance and selectivity of this
electrocatalyst. This work provides a promising method for electrolytic synthesis of
CH;0H from CO,.

4.2.3. Reduction of CO, to hydrocarbons

As mentioned above, metallic Cu is a very good catalyst for CO, reduction to
hydrocarbons by electrochemical methods.?!? However, Cu foils and single crystals suffer
from low surface areas, low catalytic densities and rapid deactivation.?!! Meyer and co-
workers?!? reported a novel electrodeposition strategy for preparing highly dispersed
ultrafine metal NPs catalysts on an electroactive polymeric film. This film derived from
electropolymerization of a vinyl-2,2’-bipyridine complex of Fe(II) followed by treatment
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with cyanide to display the bpy ligand by cyanide. The Fe-CN moiety can bind metal
ions, which after electroreduction to the corresponding metal, migration occurs to film
surfaces where NPs are formed with size control (Scheme 20). The authors compared Cu-
loaded films with nanoCu (the best catalyst for CO, reduction to hydrocarbons)?'* and
PdCu alloy. Bimetallic catalyst exhibits twofold enhancement of FE for CO,ER to
methane in both aqueous and organic solutions. They suggested that the origin of this
improvement arised from a synergistic mechanism involving Pd-H reduction of adsorbed
CO from CO, reduction on Cu. The polymer also appears to provide a basis for the local
concentration of CO, resulting in the enhancement of catalytic current densities by
threefold.

CN-
-poly-vbpy

electroreduction

+poly-vbpy

Scheme 20 Stepwise synthesis of nanoCu@polymer.

Bimetallic PdCu catalysts with ordered, disordered and phase-separated atomic
arrangements (Pd/Cu 1:1 ratio) as well as two additional disordered arrangements PdCu;
and Pd;Cu, have been used by Yamauchi, Kenis and co-workers?!'* for CO,ER to C1 and
C2 compounds. The ordered PdCu catalyst with alternating PdCu arrangement exhibits
higher selectivity for methane production (>80%) than the phase-separated catalyst. On
the other hand, the phase-separated PdCu and PdCuj; achieved higher selectivity (>60%)
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for ethylene and ethanol. These results suggested that neighbor Cu atoms favored
dimerization of C1 intermediates.

During CO,ER studies using PdCu bimetallic catalysts with different structures by
Gong and co-workers?? it was found out that the concave rhombic dodecahedral PdCu;
favors the formation of methane. This catalyst decreases the onset potential for methane
by 200 mV and showed a sevenfold methane current density at -1.2 V compared to Cu
foil. DFT calculations suggested that both the introduction of high-index facets and
alloying contribute to the enhanced methane current. On the other hand, the alloy effect
in flower-like Pd,Cu catalyst is responsible for high CO selectivity.

4.2.4. Reduction of CO, to formate

Electroreduction of CO, to formate has been used as a fuel indirect formic acid fuel cells
(for direct formic acid fuel cells see, Section 6.2) and as a chemical feedstock for the
synthesis of fine chemicals. Pd NPs have shown high activity towards the CO,ER to
formate. However, these Pd NPs are deactivated during the electrocatalysis due to surface
poisoning by CO. On the other hand, Cu mitigates the CO poisoning of Pd. Takashima
and co-workers?'> have prepared Pd NPs covered with Cu atomic layers using
underpotential deposition (UPD). These Cu layers induced charge transfer from Pd to Cu
and a downward shift of the average d-band center of the catalyst relative to the Fermi
level. These bimetallic catalysts showed an increase in FE (84%) for formate production
higher than the original Pd catalyst.

4.3. Hydrogen generation

Hydrogen generation from water splitting is an important potential strategy to develop
sustainable and clean energy.?!¢ Pt-based electrocatalyst is the mostly used material for
hydrogen evolution reaction (HER). Due to economical reasons, recently other Pt-free
alternatives have been studied. A non-Pt-based catalyst, PdCu; NPs was developed by
Peter and co-workers.?!” They employed oleylamine as solvent, stabilizer and reducing
agent to synthesize these BNPs in the presence of cetyltriethylammonium bromide
(CTAB). Upon electrochemical cyclic these NPs were transformed into a Cu-deficient
PdCu; alloy by electrochemical dissolution of Cu. This catalyst showed high stability and
enhancement of the catalytic activity in the HER attributed to the formation of active Pd
site with low coordination number.

Zhang, Ma and co-workers?'® have designed a novel core@shell PdCu@Pd
nanocubes to optimize the binding energy for *H and maximize the number of active sites
on the surface of the catalyst for highly efficient HER. This highly monodispersed
PdCu@Pd nanocubes with an average size of 11.7 nm have been prepared by a modified
described procedure.!®3 They showed enhanced HER activity than PdCu nanocubes,
spherical PdCu NPs and Pd nanocubes?!® reported by the same group. These PdCu@Pd
nanocubes exhibit onset potential of -0.5 mV vs. RHE and Tafel slope of 35 mV dec!,
which are close to that obtained with the commercial Pt but showing higher stability than
Pt catalyst.

Monodisperse carbon-supported bimetallic Pd,Cu;go.x NPs, with smaller average
size about 4.7 nm, have been prepared by Cheng and co-workers.?? Among these
electrocatalysts Pd;;Cu,o@C exhibits the best activity with onset potential of 75 mV vs
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RHE, exchange current density of 0.38 mA cm and Tafel slope of 48 mV dec! in 0.1 M
H,SO,. In addition, it shows superior electrocatalytic stability than commercial Pt@C
during more than 1000 CV cycles.

Xie, Yang and co-workers?% during electrocatalytic reduction studies of CO,to CO,
using PdCu BNPs with different morphologies, found that dendritic PdCu nanoalloys
have the highest FE for hydrogen production (65%) via RHE at a polarized potential of -
0.87 V.

In conclusion, small size PdACu BNPs display better catalytic performance than BNPs
with a larger size for HER and exhibit higher stability than commercial Pt-based catalysts.

4.4. Reductive dehalogenation

Reductive dehalogenation of organic halides to the corresponding hydrocarbons is an
important transformation specially for the degradation of waste hazardous halogenated
compounds.??! Simonet and co-workers?*2?23 described a disordered PdCu alloy as a
cathode material for the first catalytic cleavage of carbon-halide bonds. A PdCu interface
of well-defined structure has been prepared by injection of copper metal in solutions of
palladium sulphate in 0.1 N H,SO,. The copper surface is instantly covered with a PdCu
deposit. The simultaneous presence of copper and palladium at the interface could cause
a synergistic effect in the catalytic cleavage of carbon-halide bonds in alkyl halides. In
this work, the potential shift of PdCu alloy used as cathode is much larger than the
conventional smooth palladium and palladated surfaces, which promote efficient one-
electron cleavage of C-I and C-Br bonds even in wet organic polar solvents. PdCu
electrode could be reused for in large numbers of experiments without any change in
activity. The same group performed dehalogenation of long chain a,m-dibromoalkanes
Br(CH,),Br (n > 3) using PdCu and PdAg systems as cathode materials.?**

PdCu NPs supported on glassy carbon have been prepared by Gennaro and co-
workers??> and applied in the electrochemical reduction of organic cholorides in N,N-
dimethylformamide (DMF) and DMF/H,0 (3:1 v/v) as solvents. This catalyst was
prepared through electrolytic deposition of Cu followed by galvanic displacement of Cu
with Pd. XPS and energy-dispersive X-ray spectroscopy studies demonstrated that the
composition of the NPs is dependent on the deposition time of Pd. Cu is always the main
component, whereas Pd is preferentially limited to the upper layer of the nanoparticle
surface. SEM image of the prepared electrode in DMF containing 0.1M Et;NBF, showed
average size of PACu NPs in about 45-50 nm beside small NPs (10—15 nm). Generally,
results showed good electrocatalytic activities for the reduction of both aliphatic and
aromatic chlorides in DMF/H,0 (3:1 v/v) by using nanostructured electrodes. Indeed,
addition of H,O as co-solvent significantly increases electrocatalytic activity towardss the
reductive cleavage of C-Cl bonds of aromatic aryl chlorides not only of PdCu NPs but
also Cu NPs which were reduced at Cu. In general, the reduction activity of aromatic and
aliphatic chlorides with PdCu are comparable with bulk metals Cu and Pd. Therefore, no
appreciable synergetic effect on the catalyst is observed. However, the prepared electrode
has a small loading of Pd giving a higher stability and preserving their catalytic activity.

5. Oxidation reactions
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In this section, oxidation reactions of CO, alcohols such as benzylic alcohols and ethanol
to aldehydes and methanol to methyl formate, cyclopentene to cyclopentanone,
cyclohexane to cyclohexanone and ethylene to vinyl acetate catalyzed by PdCu BNPs
will be considered.

5.1. Oxidation of CO

Catalytic oxidation of CO with oxygen at low temperature is an important environmental
issue since small exposure (ppm) to this odorless invisible gas can be letal. CO oxidation
is also important for high pure hydrogen generation, CO removal from vehicle exhaust,
end-pipe gases and feed gas for fuel cells, air purification, gas mask and other industrial
applications. Noble metal catalysts (Pt, Pd, Au, etc.) show high catalytic activity and good
stability. Non-noble metal oxide and mixed oxide catalysts show high catalytic activity
at low temperature but they deactivate in the presence of trace amount of moisture.
Supported Wacker catalysts, PdACl, and CuCl, in Al,Os3, also exhibit good stability and
activity for CO oxidation even in the presence of halogen impurities and water vapor in
the feed gas.??0237 However, low temperature and high humidity rendered the system
instable. The presence of water facilitates Cu transfer from the surface to the pores, which
inhibits the contact between Pd and Cu species and the reoxidation of Pd° species. Several
groups have studied the catalytic activity of PdACu BNPs in CO oxidation.

Catalytic systems based on Pd and Cu-containing zeolites (HZSM-5) with different
metal loadings have been prepared by ion-exchange HZSM-5 zeolite with metal-amine
complex cations. Oleksenko and co-workers??® studied the catalytic activity of these
materials in CO oxidation using various gas mixtures (0.5-2% CO, 20% O, and 78-79.5%
He). Complete decomposition of the metal-amine complexes in the zeolite structure
increase the catalytic activity. PACu@HZSM-5 exhibits equal activity than 2.7 wt%
Pd@HZSM-5, which contains five-times more palladium.

A series of PdCu BNPs supported on Ce-Zr mixed oxides or on (Ce,Zr)Ox@Al,O3
mixed supports have been examined and compared to monometallic systems for the
oxidation of CO. Hungria and co-workers?*® studied the effect of Cu on this catalytic
oxidation with these materials. The beneficial effect of Cu on the alumina-containing
samples are related to the formation of an active PdCu alloy in contact with the Ce-Zr
mixed oxide component. A preferential interaction between Cu and Al,O3 was proposed
to optimize the properties of the alloy phase by decreasing de Cu concentration in the
latter.

El-Shall and co-workers?*® have used microwave irradiation (MWI) to prepare pure
monometallic (Au, Ag, Pt, Pd, Ru, Rh, Cu and Ni) and bimetallic (PdCu, CuRh,
AuPd,AuRh, PtRh, PdRh and AuPt) NPs with controlled size and shape. The BNPs were
supported on ceria NPs and used for CO oxidation. Experimental results reveal that
PdCu@CeO, exhibits the highest activity for CO oxidation at low temperature such as 86
°C gave 94% conversion.

Effects of different Cu precursors for the preparation of PdCu BNPs supported on
Al,O3 on CO oxidation have been reported by Wang and Lu.?*! From the Cu salts used
[Cu(NO3),, CuSO,4 and Cu(OAc),] Cu and Pd nitrates gave well dispersed Cu and Pd
species in Cu-rich PdCu alloy. However, the use of CuCl, and PdCI, as precursors
provided the lowest catalytic activity due to the observed agglomeration of CuO.
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Sonochemically synthesized PdCu@AIL,O; catalysts have been used for hydrogen
purification by Haghighi and co-workers.?*> Fewer agglomerations were observed by
increasing ultrasonic irradiation (UI) time and the Pd loading has no significant effect on
the surface area. Material with 1.5% Pd and 20% Cu with 95 min UI had the best activity
over the course of reaction at the best low temperature activity.

Wang and co-workers?#3-24¢ have prepared PdCu catalyst supported on different
inorganic materials. Wacker catalyst, PdCl, and CuCl,, was supported on attapulgite clay
by the wet impregnation method followed by calcination at 300 °C and by evaporation
ammonia method and then calcinated as well.?*3-?4* However, no PdCu alloy was detected
and Cu species exist as Cu,CI(OH); nanoplatelets. In the case of palygorskite support,
also a hydrated magnesium aluminum silicate, the Cu species exist as a CuCIl(OH)
phase,”® whereas after Ul more Cu species exist as Cu,CI(OH);.24¢

Nikolaev and co-workers**” synthesized the PdCu@Al,O;, Cu@Al,O3;, and
Pd@ALO; catalysts containing 0.37 wt.% Cu and 0.64 wt.% Pd via deposition-
precipitation and impregnation methods. The effect of hydrogen treatment at different
temperatures on the activity and structure of these catalysts in low-temperature CO
oxidation was investigated. PdCu bimetallic catalyst (reduced at 423 K) has higher
reactivity than the Pd and Cu monometallics in CO oxidation, due to a synergy between
the metal species in the bimetallic catalyst. Characterization of PdACu@Al,O; showed the
formation of 5 nm alloy particles and a relatively high content of Pd® and MOy species
(M = Pd, Cu). TEM-EDS measurements of PdCu prepared at 423 K showed about 95%
of particles in the bimetallic form and the average Pd and Cu contents in these particles
were about 48% and 52%, respectively.

Di and co-workers?*® have designed bimetallic PdCu catalyst supported on alumina
prepared by simple incipient wetness impregnation using Pd(NO;), and Cu(NO3),, as Pd
and Cu precursors, followed by the process of cold plasma reduction at atmospheric
pressure. The influence of reduction sequence and Pd/Cu ratios on the structure and
performance of PACu@Al,0O;—Plama was studied. The highest CO oxidation activity was
obtained with the catalyst with a Pd/Cu atomic ratio of 1:1. In addition, the catalytic
activity of PdCu@Al,Os—Plasma was compared with bimetallic PdCu@Al,O;—C,
catalyst prepared by co-impregnation of Pd(NOj3), and Cu(NOj3), method by thermal
reduction at 300 °C in H, atmosphere. PdCu@Al,Os;—Plama has higher catalytic activity
for CO oxidation than PdCu@AIl,03;—C and Pd@AI1,0;—C catalysts (Figure 13).

Q Pd
Q c

bl b g

Pd/Al,O; Pd-Cu/Al,0;-C Pd-Cu/Al,O;-P

Figure 13 Mechanistic representation for CO oxidation by supported catalysts
PdCu@AI,O; prepared by different methods and monometallic PA@AI,O5—C.
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5.2. Oxidation of alcohols

Selective oxidation of primary alcohols to aldehydes is a fundamental transformation in
organic chemistry. This oxidation has been performed traditionally with stoichiometric
inorganic oxidants and more recently by aerobic oxidation under transition metal
catalysis. The use of heterogeneous PdCu bimetallic catalysts is a recent useful
methodology. Radivoy and co-workers?* used PdCu BNPs supported on bio-silica
(celite) and 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) as co-catalyst for the aerobic
oxidation of primary benzylic alcohols to aromatic aldehydes. Supported monometallic
Cu and Pd and bimetallic PdCu on different materials were tested in the oxidation of
benzyl alcohol to benzaldehyde in toluene under an oxygen balloon and 6 mol% of
TEMPO. These catalysts have been prepared in THF at room temperature by reduction
of anhydrous metal chlorides with lithium powder and a catalytic amount of 4,4’-di-tert-
butylbiphenyl (DTBB)>° in the presence of the solid support. The best results were
obtained with 18 mol% loading of supported PdCus@bio-SiO; in a Pd/Cu 1:5 ratio on
celite giving benzaldehyde in 97% yield and 100% selectivity. This methodology was
applied to the oxidation of different benzylic alcohols to the corresponding aldehydes
(Scheme 21). It has been proposed that TEMPO could be acting as reoxidant for reduced
Cu species in the catalyst. This PdCus@bio-SiO, was recovered and reused in three
consecutive cycles giving in the case of benzaldehyde yields in the range of 97 to 90%.

PdCus@bio-SiO, H

0,
A" OH + O, (1 atm) — & Mol%) A Yo
TEMPO (6 mol%)

toluene, 110 °C 47-99%

Ar = Ph, 2-CICgH,, 4-CICgH,, 2-MeOCgH,, 4-MeOCgH,,
2-HOCGH4, 3-HOCGH4, 4-M62NC6H4, 4-MeC6H4,
1-Nphth, styryl, 2-thienyl

Scheme 21 Oxidation of benzylic alcohols catalyzed by PdCus@bio-SiO, and TEMPO.

King and Personick?’! used low micromolecular concentrations of iodide ions to
control the relative reduction of Cu leading to the generation of unique terraced PdCu
BNPs, which exhibited increased selectivity in the oxidation of ethanol to acetaldehyde.
The catalytic performance of the catalyst was compared to the monometallic Pd NPs
synthesized in the presence and absence of iodide showing that the BNPs gave higher
selectivity to acetaldehyde (93%), whereas Pd NPs with and without iodide yielded acetic
acid in addition to acetaldehyde and ethyl acetate. They suggested that the submonolayer
coverage of Cu at the surface of the terraced PdCu NPs is passivating a portion of the
active surface site decreasing the production of ethyl acetate and acetic acid. The equation
for this iodide-assisted reduction is indicated in Scheme 22. The iodide can be reduced
by ascorbic acid and re-adsorbed to the Pd surface to continue the cycle.

31+ Pd&*®* — I35 + Pd°

Scheme 22 Oxidation of Pd?* by iodide ion.
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Gas phase methanol can be oxidized to methyl formate using a bimetallic
PdCu@TiO, photocatalyst. Colmenares and co-workers?>? prepared this photocatalyst
using sonication and light. The bimetallic system with 1wt% Pd and 1 wt% Cu on TiO,
P90 prepared at rt and atmospheric pressure provide >80% selectivity to methyl formate
and slow deactivation with time. Conversion decreased slowly after 2 h of illumination.

5.3. Other oxidation reactions

Alkenes are transformed into carbonyl compounds by Wacker-type oxidation using PdCl,
and CuCl, as catalysts. Feng, Xu and co-workers>? applied PdCu@Al,Os, prepared by
the impregnation method, as catalysts for the oxidation of cyclopentene to
cyclopentanone. They reported that the best catalyst has a Pd/Cu in 5:1 ratio working at
100 °C, 1 MPa initial oxygen pressure in ethanol as solvent to provide cyclopentanone
with >95% selectivity and >85% conversion (Scheme 23).

PdsCu@Al,O
®+02(1MPa) sCU@ALDs | Q;O
EtOH, 100 °C
>85%
Scheme 23 Oxidation of cyclopentene to cyclopentanone catalyzed by PdsCu@Al,Os.

PdCu bimetallic multipods have been prepared by reduction of CuCl, and H,PdCl,
with glucose and octadecylamine (ODA) as capping agent by Zeng and co-workers.>>*
These multipods were 19.2 £ 1.2 nm in size with 42.7% of Pd and 57.3% of Cu according
to ICP-AES analysis and were supported on TiO,. Oxidation of cyclohexane to
cyclohexanone and cyclohexanol was carried out with 30% aqueous H,0, in acetonitrile
at 50 °C with monometallic Cu@TiO, and bimetallic multipod, and sphere-like
nanocrystals (SNCs) using 10% mass loading. Multipods PdAC@TiO, catalyst exhibited
the highest selective oxidation to cyclohexanone with 78% conversion and 74% and 26%
selectivity towardss cyclohexanone and cyclohexanol, respectively (Scheme 24). This
catalytic activity has been attributed to the large surface area and to the exposure of high-
index facets of the PACu multipods@TiO,.

O . h.o, _PdCumultipods@TiO (jo O/OH
202 > +
CH5CN, 50 °C

conv.: 78% (74: 26)

Scheme 24 Oxidation of cyclohexane with H,O, to cyclohexanone and cyclohexanol
catalyzed by multipods PACu@TiO.,.

Nowadays, catalytic oxidation is used as a convenient route for the preparation of
oxygenated compounds from lignocellulose biomass, producing ethylene and AcOH.
These subproducts will be converted to vinyl acetate monomer (VAM), styrene and
methyl methacrylate. VAM is an important polymeric precursor utilized in polyvinyl
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alcohol and polyvinylbutyral polymerization systems and have applications in membrane
science, medical research, 3D Print, and adhesives industries. In the past, the vinyl acetate
monomer (VAM) was achieved from non-renewable sources, but renewable sources like
biomass is more promising and eco-friendly. For example, Schmal and coworkers?> have
reported the use of nanostructured PdCu catalysts supported on ZrO, mixed oxides,
incorporating AI** and Ti*" like promoters, in the synthesis of vinyl acetate from ethylene,
acetic acid and oxygen (Figure 14). The statistical analysis of the catalytic synthesis of
VAM by using this PdCu@ZrO, catalyst was conducted by experimental planning
design, varying the O, flow in feed and the catalyst nature. The experimental results of
the catalytic tests revealed the amount of O, effects on the conversion, selectivity and the
turnover frequency. Indeed, increasing of O, concentration, enhanced the molar fraction
of VAM. This nanostructured PdCu@ZrO, catalyst was characterized by BET, XRD,
HRTEM and H, chemisorption. XRD diffraction demonstrated that the PdCu catalyst has
tetragonal/orthorhombic nature with differences in the lattice position. Also, XPS analysis
illustrated ionic oxides and metallic particles of the PdCu (111), PdCu (200), and Zr (111)
phases, which played role as electron donor of Zr-OH and Zr-H species. The presence of
Cu?" in the lattice explains the initial formation of acetaldehyde, acetic acid
hydrogenation and posterior hydrogen spillover, releasing the hydroxyl group during
VAM hydrogenation from the active site.

-
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Figure 14 Representation of the syntesis of VAM from ethylene, acetic acid and oxygen
catalyzed by PdCu@ZrO,.

Hydroxylation of benzene to phenol is a challenging task in oxidation catalysis. In
1991, Li-Fen and co-workers?>>¢ have reported the oxidation of benzene to phenol using
PdCu@SiO, as supported catalyst. Phenol was obtained as a major product at the
temperature of 150 °C and benzoquinone as a minor byproduct when lower temperatures
(100 °C) were used. The presence of both Pd and Cu plays an essential role in the
efficiency of the reaction because each of the metals alone had no catalytic activity. Study
of the reaction in the liquid phase using Pd-single component catalyst afforded highest
yield of phenol, whereas reaction in gas phase phenol was achieved in low yield. More
recently, Cho and Lee?7 have studied gas phase oxidation of benzene to phenol using a
mixture of hydrogen and oxygen as feeding gas and Cu supported on aluminosilycate
zeolite ZSM-5 as catalyst modified with palladium. The catalyst was prepared by
incipient wetness impregnation of dried Cu@ZSM-5 with a solution of Pd(NOs),.
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Catalytic performance of both Cu@ZSM-5 and PdCu@ZSM-5 catalysts showed that the
former gave a 60% of benzene conversion and a phenol selectivity of 5.8%, whereas
PdCu@ZSM-5 increased the conversion to 99.9% giving a selectivity of 32.2%. The
presence of Pd prevents the agglomeration of Cu ions to form dimmers with the active
Cu” species being maintained.

6. Electrocatalytic oxidation reactions

Electrochemical applications of PdCu bimetallic catalysts will be considered in this
section. Application of different alcohols as direct alcohol fuel cells (DAFCs) such as
methanol, ethanol, isopropanol and polyols such as glycol and glycerol will be covered.
Other electrochemical oxidation reactions such as formic acid oxidation (FAO),
formaldehyde oxidation and styrene epoxidation will be also included.

6.1. Alcohol oxidation

DAFCs have gained much attention for their use as power sources for portable
applications, such as electronic devices and electric cars. Alcohols have high energy
density, ease transportation and storage in contrast to hydrogen fueled polymer electrolyte
membrane fuel cells (PEMFCs). The high cost of Pt-based electrodes in the oxidation of
alcohols have encorauged the developmentof Pd-based nanomaterials as active, robust
and low-cost electrocatalyst for DAFCs.!73

6.1.1. Electrochemical oxidation of methanol

Direct methanol fuel cells (DMFCs) are the most common DAFCs due to high energy
conversion efficiencies, system simplicity, low pollution and environmental
compatibility. Palladium is completely inactive for methanol oxidation reaction (MOR)
in acidic solution but very active in alkaline media. However, palladium exhibits lower
activity compare to platinum. This MOR activity can be enhanced by the presence of a
second metal such as copper. Ma, Bao and co-workers?*® prepared monodisperse PdCu
BNPs with controllable size and composition using an improved one-step multiphase
synthesis.?>° These BNPs were loaded on a Vulcan XC-72 carbon support. In particular,
supported BNPs with a composition PdgsCu;s exhibited the highest activity for the
electrochemical MOR in alkaline media with values close to those of Pt@C catalyst.
Porous PdCu BNPs with high surface areas have been prepared through a surfactant-
assisted growth process at 95 °C for 30 min in the presence of
dodecyltrimethylammonium chloride (DTAC) and using ascorbate for the reduction of
H,PdCl,; and CuSO,4 by Chang and co-workers.?%? This porous PdCu BNPs with 1:3 metal
ratio was employed as anodes under alkaline conditions in DMFCs. The porous PdCu
electrodes showed a higher mass activity in the MOR than the commercial Pd@C
electrodes due to the advantages of larger electroactive surface area (EASA) values, a
greater number of active sites, and bimetallic synergistic effects. Problems associated
with CO poisoning, degradation of the membrane and corrosion were minimized.
Bhattacharya, Dasgupta and co-workers?$! described the electrocatalytic activity of
Pd;Cu BNPs for MOR. They PdCu BNPs by a facile room temperature soft chemical
method by co-reduction of Pd>* and Cu?* using ethylenediaminetetraacetic acid disodium
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salt (EDTA) and hydrazine at room temperature. TEM image of Pd;Cu nanoalloy showed
the BNPs sizes between 17 to 25 nm and XRD indicated that the alloy structure existed
for the BNPs. With enhancement of amount of Cu in the PdCu nanoalloy, the catalytic
activity increased in MOR, being Pd;Cu nanoalloy the best electrocatalyst.

Supported PdCu BNPs on graphene oxide (GO) have been prepared by Chen, Xing,
Gao and co-workers.?%> They used a two-step method (Scheme 25) with various Pd/Cu
ratios and studied its electrochemical activities and stabilities by cyclic voltammetry and
chronoamperometry in the electrooxidation of methanol and ethanol in alkaline media.
The high catalytic activity of PACu@GO was related to the existence of small PdCu core
restricted by a thin Pd-rich shell. TEM images of PACu@GO catalyst indicated a good
dispersion of PACu BNPs on the GO layers with narrow size distribution.

KoPdCly, CuSO4
sodium citrate

(CH,0H),, 160 °C,

® Palladium and copper core

@ Palladium rich shell on Pd-Cu core

Scheme 25 Synthesis of PACu@GO via a two-step method.

Liu, Tang, Luo and co-workers?®3 synthesized supported PdCu BNPs on vertically
oriented reduced graphene oxide (VRGO) and used it the methanol oxidation reaction
(Figure 15). This catalyst was prepared by using a facile cyclic voltammetric
electrodeposition method of graphene oxide. The structure and composition of
PdCu@VRGO catalyst were characterized by XRD, TEM, SEM, Raman spectroscopy,
and XPS. Cyclic voltammetry and chronoamperometry were used for investigation of
electrochemical properties. Excellent electrocatalytic activity of catalyst in MOR was
related to the unique vertical orientation of the sandwich-like PdCu@ VRGO nanoflakes
on the electrode. Also, SEM images of the PdACu@VRGO catalyst demonstrated that the
VRGO sheets sandwiched between the PdCu BNPs are nearly perpendicular to the
electrode substrate. Study of CO poison resistance of the catalysts PdCu@ VRGO showed
an excellent resistance and stability.
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Figure 15 Representation of MOR using PAdCu@VRGO as catalyst.

A bottom-up processing technique has been used by Kordas and co-wokers?% for the
preparation of multiwalled carbon nanotubes (MWCNTs) decorated with PdCu BNPs.
Copper particles were deposited on the surface of Pd decorated buckypaper (a thin sheet
made from an aggregate of MWCNTs) by chemical plating in which the Pd NPS act as
catalyst for initiating the reduction of Cu?" ions in the presence of formaldehyde. In a
subsequent step, the Cu particles were partially exchanged with Pd to obtain
PdCu@MWCNTs, by appling galvanic replacement reactions in aqueous solution of Pd**
ions. The electrochemical properties of the different electrode materials were evaluated
in the MOR. Copper seems to be mainly responsible for the oxidation, while palladium
is protecting copper from being oxidized.

Wu, Anandan and co-workers?®> have prepared the nanoalloy of PdCu by using
Triton X-100 as surface modifier with three various stoichiometry ratio (3:1, 1:1, 1:3) by
simple co-reduction process at 5 °C (Figure 16) and their electrocatalytic activity in the
methanol oxidation was investigated. Morphology and composition of the prepared
catalysts were examined by XPS, XRD, TEM, SEM and EDAX with selected area
electron diffraction (SAED) techniques showed that peak position in XRD analysis mean
pure Pd and Cu NPs, which indicated the formation of PdCu nanoalloy. Also, the SEM
images displayed that Pd and Cu are decided as a unified network in the PdCu nanoalloy.
PdCu nanoalloy catalyst (3:1) and demonstrated better catalytic activity and stability than
the other prepared catalysts. The high catalytic activity of the alloying of Pd with Cu is
related to the synergetic effect in MOR.
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Triton X-100 Pd-Cu seeds Pd-Cu nanoalloy

Figure 16 Representation of the preparation of Pd;Cu nanoalloy.

Porous bimetallic PdCu nanofinger suppoted on graphene oxide have been described
by Wang and co-workers.?®¢ Several PACu@GO catalysts with different Pd/Cu ratios
were synthesized by reaction of graphene oxide with an aqueous dispersion of CuCl, and
H,PdCl, under sonication. TEM and STEM images indicated the dispersed decoration of
spherical BNPs on graphene nanosheets. This monofinger-like architecture exhibited
large surface area and the Pd;Cu;@GO catalyst showed an enhanced electrocatalytic
activity and stability than Pd@C for MOR.

6.1.2. Electrochemical oxidation of ethanol

Ethanol has some advantages compared to methanol such as less toxicity, low
permeability, higher theoretical energy density and its production from biomass is less
dependent on fossil fuels. For these reasons, ethanol can be applied as an alternative fuel
source in direct alkaline alcohol fuel cells (DAAFCs). In direct ethanol fuel cells
(DEFCs), ethanol is converted into acetate on a Pd-based electrocatalysts involving a 4-
electron transfer giving acetaldehyde and then acetate.?®’ The selectivity on ethanol
oxidation reaction (EOR) takes place at strong alkaline media higher than 0.5 M NaOH.
This behavior contrast with Pt-based oxidation in acidic media, which gave acetic acid,
acetaldehyde and CO,.

Due to the Pd tendency to cleave C-C bonds, alloyed Pd-based materials have been
investigated in the last decade. The use of a PdCu bimetallic catalyst was described by
Wang and co-workers?®® as electrocatalyst towards EOR. This PdCu@C was prepared by
CO treatment at 470 K enhanced the catalytic activity about 190% due to the formation
of perfect alloy core@PdO shell structure. Zhang and co-workers?®® dealloyed a ternary
MgPdCu alloys to form ultrafine nanoporous PdCu alloys by treatment with a HCl
solution. These nanostructures were obtained with ligaments/channels of less than 10 nm.
These ultrafine nanoporous PdCu alloys exhibited high specific surface areas and superior
electrocatalytic performance towards electro-oxidation not only of ethanol but also of
methanol in alkaline media to be applied in DAAFCs.

Multiwalled carbon nanotubes (MWCNTSs) supported Pd, PdCu (1:1 ratio) PdSn (1:1
ratio) and PdCuSn (1:1:1) catalysts have been prepared by chemical reduction with
NaBH, of the precursor salts by Wang and co-workers.?’® PACuSn@MWCNTs provided
the best catalytic activity enhancement in MOR and EOR as compared with the binary
PdCu@MWCNTs, PASn@MWCNTs and the monometallic PA@MWCNTs.
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Guo and co-workers?’! synthesized a Cu@PdCu@C catalyst with the core shell
structure by galvanic replacement between Pd** ions and Cu particles. These NPs are
composed of the Cu core and PdCu alloying shell with a thickness of ca. 0.5 nm. The
peak current density of ethanol oxidation on Cu@PdCu@C is 166.0 mA cm which is
ca. three times higher than that on Pd@C catalyst. In addition, durability and poisoning
tolerance of this catalyst are also significantly improved.

PdCu nanocrystals supported on reduced graphene oxide (RGO) have been prepared
by Wang, Feng and co-workers.?’?> They used a solvothermal strategy to prepare this
catalyst by adding PdCl, and Cu(NOs3); to a solution of CTAB in ethylene glycol followed
by Na,COj; addition to reach pH = 6 and then GO. Final heating at 160 °C in an autoclave
gave the corresponding PACu@RGO catalyst. This nanocomposite exhibited a enlarged
surface area of Pd showing improved electrocatalytic activity and stability towards EOR.
Graphene nanosheets have been used as support for PdCu BNPs by Zhao and co-
workers.?”3 This catalyst has been prepared by a electroless deposition route to anchor Cu
nanoseeds on graphene nonosheets followed by deposition of Pd. A significant enhanced
tolerance to poisoning was observed on EOR in alkaline media.

Haan and co-workers?’* have prepared Pd;Cu@C and Pd@C via a metal salt
reduction method (NaH,PO,) in the presence of activated carbon (Vulcan XC-72). The
bimetallic catalyst revealed higher catalytic activity in EOR in alkaline medium when
compared to monometallic catalyst. These results demonstrate that the addition of Cu
induces and electronic effect on the Pd surface contributing to the increase in the
oxidation rate.

Monodisperse PdCu nanocrystals with tunable compositions and controlled sizes
have been prepared by Wang and co-workers?’> using ODA. In the case of EOR, PdCu
with a 1:1 ratio exhibited the highest mass activity which is about four times higher than
Pd black and 1.7 times higher than Pd;Cu;. Submicrometer-sized PdCu networks have
been easily prepared using NaBH, as reducing agent at rt in aqueous medium by Liu,
Chen and co-workers.?’® The composition-optimized Pd;;Cu,; was compared with a
commercial available Pd@C catalyst showing superior electrocatalytic performance with
a 178% enhancement in Pd-based mass activity for EOR.

Supported PdCu BNPs prepared by one-pot reduction and co-reduction of respective
metal precursors at rt have been reported by Dasgupta, Bhattacharya and co-workers.?’”
Spectroscopic and microscopic studies revealed that the BNPs are agglomerated and
interconverted spherical shaped nanoalloy with a radius in the range of 17 to 25 nm.
Electrochemical experiments on anodic oxidation of ethanol in alkaline media showed
that PdyCu@C was the best catalyst for EOR and was highly stable at rt. The authors
proposed the mechanism depited on Scheme 26.

Pd + EtOH ==———=> Pd-(EtOH).qs
Pd-(EtOH),qs + 3 OH® ——— Pd-(CH3CO),4s + 3H,O + 3e”
Pd-(CH3CO)aqs + M-OHuqs ——— Pd-CH3;CO,H
Pd-CH3CO,H + OH" ———— Pd-CH;CO, + H,0
PdCO + Cu(OH), Pd + Cu + 2H* + CO,*>
PJHCO + Cu(OH),== Pd + Cu + 3H* + CO,% + &

Scheme 26 Mechanism proposed for the electrooxidation of ethanol with PAdCu BNPs.
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Dong and co-workers?”® have prepared porous bimetallic PdCu alloy nanosponges
(BANSs). These well-defined three-dimensional (3D) PdCu-BANs with highly porous
structure were synthesized by reduction of the corresponding salts H,PdCl,, CuCl, and
also A1(NOs3); with NaBH, with different compositions. The best catalyst was PdCu (1:1
ratio), which presented higher catalytic activity and stability than Pd@C towards EOR.
The use of aluminum plays a critical role in facilitating the final morphology of the highly
porous BANS.

In section 4.1.1 about ORR it has been described that ordered trimetallic PdCuCo
NPs exhibit higher activity than Pt@C and Pd@C.!%° The same catalyst showed enhanced
activity and stability also in EOR.

Mao, Huang and Yu?” used a surface rich Pd,Cu,@C catalyst for methanol and
ethanol oxidation in alkaline medium. They used wet chemical reaction conditions using
ethylene glycol as solvent and soluble (polyvinyl)pyrrolidone (PVP) K-30 polymer for
the preparation of BNPs on active carbon (Vulcan XC-72) and final calcination at 200 °C
for 3 h. The values of x and y, determined by ICP-AES, were PdCu, Pd, sCu, Pd,Cu and
Pd, sCu. Catalyst with a Pd/Cu 2:1 ratio showed the highest activity in MOR and EOR.

Using a surfactant free strategy, Han and co-workers?%? synthesized a 3D nanochain
PdCu alloy for EOR. The composition-optimized Pd4Cu 3D nanochain catalyst exihited
an increased electrochemically active surface area and mass activity over a commercially
available Pd@C catalyst.

Carbon supported oxide-rich PdCu BNPs, prepared by the NaBH, reduction method,
with different compositions have been reported by Li and co-workers.?#! Among them,
oxide-rich PdyCu@C exhibited the highest electrocatalytic activity on EOR. About 74%
of Cu atoms are in their oxide form, either as CuO or Cu,0O. The decreased Pd 3d electron
density disclosed by XPS was ascribed to the formation of CuO,, which decreased the
adsorption of CH3CO,4 intermediates enhancing the activity.

Recently, Li, Du and co-workers?®? described ternary PdCu-SnO, nanowires (NWs)
for efficient EOR. PdCu alloy and PdCu-SnO, NWs were prepared by using a galvanic
displacement method. They have a one-dimensional structure, rough surfaces with non-
homogeneous edges. Electrochemical measurements revealed that PdCu-SnO, NWs
exhibited a 7-fold higher mass activity than Pd@C and that SnO, was introduced in the
interface which promoted the oxidation of ethanol.

The mentioned recent findings in Section 6.1.1 and 6.1.2 on MOR and EOR with
different PdCu based-catalysts will contribute to the development of efficient DMFCs
and DEFCs.

6.1.3. Electrochemical oxidation of isopropanol

The electrooxidation of isopropanol has been mainly performed on PtPt and PdPd alloys.
Isopropanol can be used as an alternative fuel to methanol and ethanol due to its high
volumetric power density. However, only one example has been described using PdCu
alloys as catalysts. Atanassov and co-workers?® introduced the palladium—copper
catalysts by sacrificial support method (SSM) in combination with a chemical reduction
method. The sacrificial support method is based on the implementation of silica or
alumina materials instead of conventional carbon supports (Figure 17). They prepared
three atomic ratio of PdCu including 1:3, 1:1 and 3:1 by chemical reduction (NaBH,) of
Pd(IT) and Cu(II) nitrates to provide highly dispersed NPs with high surface area. They
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were characterized by XRD, SEM, TEM and BET analyses. The surface area of all
materials was around 50 m? g'. SEM images showed well developed 3D porous structure
and TEM images well distributed nanoparticles. The best catalyst Pd;Cu exhibited the
highest mass activity and was more tolerant to acetone compared to PdNi.?84

Suspension of
silica in solution of
metal precursors —

nitrate salts

Reducing metal
precursors with
boron hydrate

Dissolution of
silica and releasing
the catalysts

Figure 17 Schematic representation of PdCu BNPs by a sacrificial support method.

6.1.3. Electrochemical oxidation of polyalcohols

Three polyalcohols have been the focus of recent work, ethylene glycol, propylene glycol
and glycerol. All of them can be obtained from renewable sources, ethylene and propylene
glycols from cellulosic feedstock and glycerin is a byproduct of biodiesel production.
However, they produce less power density in DAAFCs than the other alcohols and
therefore more efficient catalysts than Pd should be developed.

Arriaga and co-workers?®® prepared PdCu@C (Vulcan XC-72) by a previously
described chemical method using ethylene glycol as reaction medium, PVP as surfactant
and NaBHj, as reducing agent.?8¢ This material is formed by semi-spherical BNPs with a
particle distribution around 6 nm and with a mass composition of 92% of Pd and 8% of
Cu. Its electrocatalytic activity was evaluated by cyclic voltammetry experiments towards
ethylene glycol and glycerin oxidation in 0.3M KOH as electrolyte. This catalyst showed
superior performance compared to commercial Pd, maintaining 3- and 2-fold higher
current density.

Other carbon-supported catalyst Pdg;Cu;3@C, previously used in EOR,?7* was also
used by Haan and co-workers?®’ for the electrochemical oxidation of ethylene and
propylene glycols. This catalyst showed electrochemical oxidation rates 4 times higher
than Pd@C and 3 times higher for glycerin. Indeed, the combination of the bifunctional
and electronic effects led to enhancement in oxidation rate. The maximum power
densities of glycerin and ethylene glycol fuel cells increased by 75% and 32%,
respectively. However, oxidation rates of polyalcohols were weaker than the
monoalcohols such as ethanol. The same group?®® synthesized PACu@C catalysts with
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different compositions such as PdgCuz;@C, PdgCusy@C, PdysCun@C  and
Pd;;Cugy@C and compared with Pd@C in the electrochemical oxidation of polyols. The
greatest activity for ethylene glycol oxidation was observed on PdysCu;,@C, 7 times
faster than Pd@C. For propylene glycol, Pd;Cugo@C was 12 times faster, and for
glycerin Pdg;Cus;@C was 14 times faster than Pd@C.

6.2. Formic acid oxidation

Formic acid has been used as an alternative fuel source in polymer electrolyte membrane
(PEM)-based fuel cells, which are referred to as direct formic acid fule cells (DFAFCs).
In comparison with DAFCs, some advantages of formic acid oxidation reaction (FAOR)
over MOR and EOR include decrease crossover effects through the proton exchange
membrane and also increase eletrooxidation rates, low toxicity and low-temperature
operation. However, DFAFCs exhibit low volumetric energy density.!”3 The mechanism
involved in FAOR occurs via a direct oxidation (eq 1) or by an indirect pathway (eq 2)
(Scheme 27).

HCO,H CO, + 2H" + 2e (1)
COugs + HHO —— CO, + 2H* +2¢°  (2)

HCO,H

Scheme 27 Mechanisms proposed for the electro-oxidation of formic acid.

Palladium-based catalysts have superior performance than Pt catalysts but exhibit
significant decay subsequent to discharging for several hours. Dai and Zou?® reported
that PdCu BNPs, formed through a galvanic replacement process, enhanced FAOR. They
showed much higher FAOR activities than pure Pd and are much more resistant to the
surface CO poisoning. This behavior has been attributed by the formation of more active
sites by dissolution of Cu from the particle surfaces. Layered PdCu BNPs, prepared by a
vapor deposition method, with different thickness of Pd supported on glassy carbon have
been used in FAOR by Hu, Scudiero, Ha and co-workers.??-2°2 By XPS a charge transfer
from Pd to Cu produces a positive binding energy shift for the overlayer Pd 3d and an
opposite shift for Cu 2p. This electronic perturbation of the PdCu material produces a
drastic increase in current density and an improved stability for FAOR.

Carbon-supported PdCu catalysts with different compositions have been applied by
Lu and co-workers?® for FAOR. Among all catalysts Pd;Cu@C gave the best
electrocatalytic performance. On the other hand, Pd;Cu@C, used by Haan and co-
workers?’* for EOR, has been showed high activity towards FAOR than monometallic
Pd@C.

Xu, Qiu and co-workers?** have reported the preparation of nanoporous PdCu alloys
by selective dealloying of PACuAl alloys in an alkaline solution.?>> These materials were
synthesized with different Pd/Cu compositions, 1:1 and 3:7 with a ligament size of 6 nm
and 15 nm, respectively. The presence of Cu enhances the activity and stability of these
nanoporous materials towards FAOR specially Pd/Cu with a 1:1 ratio. When the Cu
contents is lower than 50%, FAOR occurs mainly through the direct pathway (Scheme
27, eq 1) and when the contents reaches 70% the CO pathway increases (Scheme 27, eq
2).

As mentioned in Sections 6.1.1 and 6.1.2, Wang and co-workers?’® concluded that
PdCuSn@MWCNTs was the best catalyst compared to bimetallic PACu@MWCNTs and
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PdSn@MWCNTs for MOR and EOR. They also reported that specially for ethanol and
formic acid oxidation the promotion effect of Sn is very important. The excellent activity
of this trimetallic catalyst was attributed to the bifunctional and electronic mechanism of
action based upon the depletion of surface Cu atoms as well as widely-embedded PdSn(0)
nanoclusters on the surface. The adsorption of oxygen or hydroxyl radicals on Sn sites
adjacent to the reacting species enhances the oxidation reaction of either the fuel or the
poisoning intermediate.

Wan and co-workers?®® have described PdCu BNPs prepared by potentiostatic
electrodeposition from a mixture electrolyte formed by H,PdCl; and CuSO,. This
material was used to fabricate a glass carbon electrode (GCE) PdCu@GCE, which
exhibited higher activity towards FAOR than PdA@GCE. They concluded that increasing
the Cu contents the formic acid oxidation peak decreases.

A facile synthesis of PdCu tripods with purity higher than 90% was carried out by
adding CuCl, and KBr to Na,PdCl, in aqueous medium by Xia and co-workers.?*” The
bromide ions could strongly bind to the three (100) side faces of a triangular seed forcing
the Pd atoms to grow from the three corners of a seed to generate a tripod. When compared
with commercial Pd black, this PdCu tripods showed enhanced activity (almost eight
folds) towards the FAOR.

Carbon-supported Au-decorated PACu NPS have been reported as catalyst towards
FAOR by Zhang and co-workers.??® This material was prepared by a two-step process,
firstly the PdCu alloy was synthesized by co-reduction of Pd and Cu ions in ethylene
glycol using sodium citrate as reducing and stabilizing agent. Gold was decorated on the
surface of the PdCu alloy through spontaneous replacement of Pd and Cu by Au. This
PdCu@Au-C exhibited higher activity than PdCu@C and Pd@C. Nanostructured PdCu
alloy decorated Cu nanotubes (NTs) have been described by Gao, Cheng and co-
workers.??® This new catalyst PACu@CuNTs showed also improved activity and
durability towards FAOR compared with PdACu@C and Pd@C.

Hosseni and co-workers3? performed an efficient FAOR using PdCu supported on
porous poly(2-methoxyaniline) film, prepared in the presence of sodium docecyl sulfate
(P2MA-SDS). In this case, the PdCu alloy was synthesized trough a galvanic replacement
reaction between Pd(II) ions and Cu particles.

Bimetallic PdCu multipods have been described by Yang and co-workers3?! towards
FAOR and ORR. They prepared these multipods mainly consisting of tripods, tetrapods,
pentapos and hexapods by synthesizing first Cu NPs as sacrificial templates. Then,
galvanic replacement reaction between Pd?>* ions and Cu NPs together with the reduction
of the generated Cu?" ions by oleylamine took place.These multipod structure contains
abundant active edges/corner atoms showing a remarkable improvementof the
electrocatalytic performance not only for FAOR but also for ORR compared with PdCu
alloy nanospheres and commercial Pd@C catalysts. Recently, Yazdan-Abad, Noroozifar
and co-workers*?? reported a PACu@RGO modified electrode towards FAOR. They used
also a galvanic reduction method for the preparation of PdCu alloy by Zn/2% HCI.
Electrochemical measurements revealed that the catalytic current density of this catalyst
was 4.7 fold higher than commercial Pd@C.

6.3. Other oxidation reactions
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Formaldehyde oxidation has been studied mainly to understand methanol oxidation
because it is produced by its partial oxidation. Due to its toxicity formaldehyde is not
suitable for fuel cells. However, formaldehyde oxidation is used in electroless copper
plating and textile industry. Raoof, Aghajani and co-workers3?? have prepared bimetallic
PdCu particles deposited at the surface of carbon nanotube paste electrodebypartial
galvanic replacement process for the oxidation of formaldehyde in 0.1M NaOH solution.
The same group®** have described the same oxidation in 0.5M H,SO, using spherical
bimetallic PdCu BNPs deposited on poly(2-methoxyaniline) film modified
electrochemically pretreated carbon paste electrode.

Wang and co-workers?”> applied PdCu nanocrystals with different compositions and
controlled sizes in the EOR (Section 6.1.2) and styrene epoxidation. Styrene oxide is
being applied extensively in the synthesis of fine chemicals and pharmaceuticals and
industrial important organic intermediates. Generally, in the styrene epoxidation process,
three products are obtained in which styrene oxide is main product and benzaldehyde and
benzoic acid are produced as byproducts. This material was prepared in an
octadecylamine with different compositions (Pdy.,Cug g, Pdy3Cuq 7, PdysCug s, Pdy.7Cug 3
and Pd,.sCug,) and controlled sizes (5.2 nm, 6.8 nm, 8.1 nm, 16.4 nm). The Pd.;Cuy
catalyst with 16.4 nm size demonstrated the best activity with a significant increasing in
both styrene conversion (75%) and styrene oxide selectivity (70%) during 8 h better than
other PdCu NCs with other Cu/Pd molar ratios. Indeed, the styrene conversion increased
continually by increasing the reaction time and could attain as high as 93% for 16 h. The
selectivity to styrene oxide enhanced from 51% to 70%.

7. Oxygen-assisted water gas shift reaction

The development of catalysts for water gas shift (WGS) reaction is an important issue
for hydrogen production as a future fuel.!”® The presence of CO in the feed gas causes
irreversible poisoning of the catalyst in the electrode and consequently the WGS reaction
(Scheme 28) contributes to CO clean-up. Sekizawa and co-workers393-3% reported that the
addition of less than 1 mol% of oxygen enhances the removal of trace CO from reformed
fuels without consuming significant amount of hydrogen. This oxygen-assisted water gas
shift (OWGS) reaction (Scheme 28) has been efficiently performed using high surface
area ceria-supported PdCu bimetallic catalysts by Song and co-workers.3?” They prepared
PdCu@CeO, with different compositions and found out that the catalyst containing 1
wt% Pd and 30 wt% Cu exhibited a maximum CO conversion, close to 100%. Results
indicated that Pd and Cu loaded by incipient wetness impregnation revealed better
catalytic performance than that prepared by the deposition-precipitation method. A direct
relation between BET surface area of ceria support and CO conversion was also observed.
The nanocrystalline ceria was synthesized by the urea gelation method.

CO + H,0
(14x) CO + H,0 +x/2 O,

CO, + H, WGS reaction

(1+x) CO, + H, OWGS reaction

Scheme 28 WGS and OWGS reactions.
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The same group studied the catalytic activity of this PdCu@CeO, in comparison to
Pd@CeO, and Cu@CeO, in the OWGS reaction under hydrogen rich conditions.’?® A
higher activity and stability of the bimetallic catalyst was attributed to the existence of a
synergistic interaction between Pd and Cu in the ceria support. Extended X-ray absorption
fine structure (EXAFS) analysis indicated that a PdCu alloy was formed at the Pd edge,
which explained the stability and durability over the monometallic counterparts. EXAFS,
TPR and XPS analyses suggested that Pd addition helps to keep the Cu in reduced state
improving the catalystic activity. In a subsequent study, the effect of oxygen addition to
WGS reaction at various temperatures and contact time was studied.??® Small amounts of
oxygen enhanced WGS reaction on PdCu@CeO; and PtCu@CeO, catalysts at 200 to 300
°C during short contact time (less than 10 min) where unreacted oxygen exists. It was
proposed that the addition of oxygen partially oxidizes chemisorbed CO leading to vacant
sites for H,O adsorption and reaction. TPR and oxygen storage capacity (OSC)
measurements revealed strong interactions between Cu and Pd or Pt, which makes the
bimetallic catalysts less pyrophoric than nanometallic Cu catalyst. This is due to the high
dispersion of the noble metals in Cu. The presence of Cu in PdCu@CeO, facilitates CO,
desorption decreasing the carbonatation of the ceria surface. The role of the metal
components in PdACu@CeO, and PtCu@CeO; catalysts for OWGS was also analyzed.3!°
Among the monometallic, bimetallic and trimetallic catalysts examined, the PdCu
combination showed uniquely high activity in OWGS and the suitable composition was
2 wt% Pd and 5-10 wt% Cu. The higher activity of PdCu@CeO, was probably due to the
synergistic interaction between Pd and Cu evidenced by TPR, OSC and EXAFS.
According to EXAFS analysis, bimetallic PdCu and PtCu form alloy BNPs where the
noble metal is surrounded by Cu atoms. OSC meausrements point to higher resistance of
PdCu to oxidation showing that Pd keeped Cu in reduced state in air pulse conditions.
Form kinetic studies, Pd was found to promote CO shift, rather than CO oxidation by
increasing the number of active sites and by suppressing hydrogen activation. Transitient
response technique showed that Cu enhanced desorption of strongly chemisorbed CO, on
the catalyst surface in contrast to very slow desorption from the surface of monometallic
Pd. The excellent OWGS activity of PACu@CeO, can be due to the complementary role
of the two metals.

The role of the solid supports CeO, and Al,O; in OWGS reaction was also
investigated by Song group.’!! Better performance of CeO, than Al,O; as well as
enhancement of WGS upon oxygen addition were observed. Kinetic studies revealed that
ceria can readily activate H,O upon oxygen addition to OWGS reaction. FTIR spectra
indicated that surface species in CO atmosphere were contrasted between alumina and
ceria-supported catalysts, which suggested strong interaction at metal-ceria interface.
Ceria properties influence both dispersion of PdCu species and reducibility (metal-
support interaction) to control H,O activation.

8. Sensors

Transition metals are employed in sensing electrodes for oxidation or reduction of a target
molecule. Palladium has been used in the detection of hydrogen as well as hydrocarbons
and volative organic conpounds.'”3

For security reasons, the use of hydrogen fuel requires reliable hydrogen sensing
devices such as conductometric hydrogen sensors based on the change of electric
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conductivity upon exposure to hydrogen gas. Ayesh3'? reported hydrogen gas sensors
based on bimetallic PdCu nanoclusters. These materials were prepared by sputtering and
inert gas condensations inside an ultrahigh vacuum compatible system. This method
enabled the self-assembly of nanoclusters on SiO,/Si substrates with preformed electrical
electrodes. These sensors were sensitive at low hydrogen concentrations, work at room
temperature with high sensitivity, capable of detecting concentrations of hydrogen as low
as 0.5% in air and exhibit short response time much greater than conventional sensors.

Singh and co-workers®*'? have developed bimetallic PdCu nanostructures by a
sequential synthesis technique with trisodium citrate as a complexing agent and PVP as
a protecting agent giving nanorods with around 3 nm diameter (Scheme 29). These
nanorods showed improving sensitivity for liquefied petroleum gas (LPG). They prepared
films, via a spin-coating method, which sensitivity and sensor response towards LPG are
better in comparison to humidity and highly sensitive at room temperature.

Pd(NO3)»-H,0 (174.8 mg)
CuS0O,4 5H50 (7.8 mg)
H,O (50 mL)

\

Trisodium citrate
PVP (0.5 g)

CH,0 (0.5 mL)
H,0 (5 mL)
1M NaOH (2 mL)

——————

PdCu nanorods

Scheme 29 Sequential technique for the synthesis of PACu nanorods.

Nanoporous silica-based support SBA-16, prepared from tetraethoxysilane and a
ternary combination of surfactants, has been used to fabricate PACu@SBA-16 by Azizi
and co-workers.?!'* The corresponding electrochemical sensor was prepared using the
galvanic replacement method to provide a highly sensitive sensor for formaldehyde
determination by oxidation in alkaline solution. The nanoporosity of the support favoured
the formation of PdCu BNPs and more active sites for formaldehyde oxidation. The
electrochemical performance of this sensor was very efficient including wide linear range,
low detection limit, rapis response and high sensitivity and selectivity for formaldehyde
determination.

Glucose sensing is required for the controlled monitoring of glucose levels specially
in blood. Bimetallic-based catalysts have been developed to enhance the sensitivity and
selectivity of sensors and as alternative to glucose oxydases biosensors.!”3 Liu and co-
workers3!3 described PdCu BNPs decorated three-dimensional graphene hydrogel
(PdCu@GE) for non-enzymatic amperometric glucose sensors. For the preparation,
Pd(IT) and Cu(II) salts, with different mass ratios, glutamate, graphene oxide and ethylene
glycol were mixed and the resulting aqueous dispersion was sealed on an autoclave and
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heated at 100 °C for 3 h. The PdCu BNPs were dispersed and encapsulated within the GE
layers. This material showed significant electrocatalytic activity towards glucose
oxidation in alkaline solution containing chloride ions compared to the monometallic
Pd@GE. In addition, the PACu@GE modified electrode exhibited resistance against
poisoning by commonly interfering species such as dopamine, ascorbic acid, uric acid, 4-
acetamidophenol and some monosaccharides.

Coral-structurated bimetallic PdCu nanozyme has been reported by Niu, Lan, Zhang
and co-workers.3!¢ This material exhibited enhanced peroxidase activity and efficiency.
It was prepared by a microwave-assisted wet-chemical method composed of assembled
PdCu branches and showed better ability than Pd to catalyze the reaction of colorless
tetramethylbenzidine to its blue oxide in the presence of H,O,. It was further found that
thiocyanate could exhibit the color reaction by decreasing their activity of PdCu
selectivity. On the basis of this principle, thiocyanate anion could be detected in the range
0f 0.001 to 100 uM.

Biosensors based on enzymes exhibit highly sensitive performance. However, these
systems have some drawbacks including complex enzyme immobilization and
stabilization, easy activity degradation and high cost.!”® For these reasons, Pd-based
nanomaterials have been selected for the modification of biosensor electrodes. Phenolic
compounds are widespread contaminant compounds due to theis toxicity and possible
accumulation in the environment. A phenol sensor based on laccase immobilized on
reduced graphene oxide supported PACu nanocages has been prepared by Wang and co-
workers.>!” This material PACu@RGO was synthesized by a one-pot solvothermal
method and used as electrode material for laccase. The biosensor allowed rapid detection
of catechol with high selectivity, low detection time, good reproducibility and high anti-
interference ability.

9. Other applications

During the last decades several catalysts based on transition metals have been developed
for alkynes hydrosilylation to provide vinylsilanes, which are valuable building blocks.?!®
Cai and co-workers®!® reported an efficient, recyclable PdCu,@SiO, catalyst for the
regio-and steroselective syn-hydrosilylation of terminal and internal alkynes. The reaction
was carried out with triethylsilane using 0.4 mol% of catalyst loading, 1 equiv of Nal and
THEF as solvent at room temperature giving the corresponding silane in good yield and dr
(Scheme 30). Comparative studies with pure Pd or Ni and bimetallic catalysts (PdCu,
PdNi) with different compositions revealed that PdCu,@SiO, showed the best activity
and selectivity. In addition, this catalyst can be reused at least during 5 cycles. The
enhanced catalytic activity may be originated from the ultrasound size and homogeneous
distribution of the supported BNPs.

P i .4 mol¥ i
RI_—=— R + HSiEt, dCu,@SiO, (0.4 mol%) RKYSIE%
Nal, THF, rt R2
87-99%

Z/E = 85:15- >99:1
R' = Ar,3-Py, 2-thienyl, Cy(OH), n-Bu

R? = H, Ph, n-Bu

Scheme 30 Hydrosilylation of alkynes catalyzed by PdCu,@SiO..

Page 68 of 87



Page 69 of 87

Catalysis Science & Technology

64

In addition to chemical and electrochemical applications PdCu BNPs have shown
antimicrobial activity. Jaiswall and co-workers?? prepared a series of PdCu bimetallic
nanostructure-based nanofluids with the aim of investigating their antimicrobial activity.
They used different molar ratios such as 20:1, 1:1 and 1:20 following a similar method
described in Scheme 29.313 Results of antimicrobial activity revealed that the prepared
nanofluids possessed a good antibacterial and antimicrobial activity.

Using the same methodology Ullah and co-workers3?! prepared monometallic Pd and
Cu and bimetallic PdCu NPs. The bimetallic PdCu material showed the highest activity
for the reduction of nitrophenol in the presence of NaBH,4. Concerning their physiological
activity towards different microorganism strains, the PdCu BNPs showed the maximum
antibacterial activities as compared to monometallic Cu and Pd NPs even higher than the
standard drug offoxacin.

10. Conclusions

Synergic and cooperative interactions between Pd and Cu affords superior catalytic
performance than monometallic catalysts, because of the reduction in size and increase
surface area. In addition, using these types of bimetallic catalysts the noble metal loading
can be reduced. Given the electronegativy of Pd (2.20) is higher than Cu (1.90) both
electron-rich site and charge site exist on the catalyst surface explaining the excellent
redox properties. Unsupported highly active PACu BNPs can be prepared with different
shape, size and structure, for instance nonocrystals can be prepared using long chain
aliphatic amines as coordinating ligands, which allowed to control the co-reduction of Pd
and Cu salts giving different morphologies as well as by galvanic replacement of Cu by
Pd. Supported PACu BNPs can be mainly prepared by sequential impregnation of by co-
impregnation methods.

Synthetic applications as catalysts in C-C bond forming reactions has been mainly
performed with PdCu nanowires, which allowed to perform the S-M reaction of
arylboronic acids with aryl chlorides. For the S-H reaction supported PdCu@MgO-PVI
composites and PACu@GQD@Fe;0, allowed the alkynylation with aryl chlorides with
high recyclability. In the case of the H-M alkenylation reaction, PdACu@MMT-K10 is an
excellent catalyst for the arylation of acrylates and styrenes with aryl iodides and
bromides as well as of acrylates with anilines. For the Guerbert reaction of alcohols for
producing fuels and chemicals, Pd;Cu@HT is the catalyst of choice. In the case of the
three-component A3-coupling (aldehyde, amine and alkyne), PdCu nanowires showed
high efficiencyand recyclability for the synthesis of propargylamines.

Among chemical reduction reactions, nitrates elimination for water purification has
became an extremely important application of PdCu BNPs as catalysts. Several supported
catalysts such as PdCu@Al,O;, PAdCu@TiO,-Al,0;, PdCu@C, PdCu@ZSM-15 and
PdCu@hematite revealed efficiency under hydrogenation conditions, whereas the resin
supported catalyst PACu@WA30 has a remarkable activity allowing its simultaneous
regeneration. Iron is an alternative reductant to hydrogen using PACu@GR as catalyst.
For hydrodechlorination hydrogenation reactions, PdCu BNPs supported on silica or
hydrotalcite and active carbon are very efficient and selective catalysts. Hydrogenation
of CO, to methanol can be performed with PdCu BNPs supported in silica or titania,
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whereas to ethanol Pd,Cu@TiO, has shown excellent selectivity. Semihydrogenation of
alkynes to alkenes can be performed with PACu@Al,O; and with PACu@CNTs with
higher selectivity than Lindlar catalyst. Hydrogenation of 1,3-butadiene to purify butene
has been selectively carried out with PdACu@Mn,0O; prepared by sol-immobilization.
Selective hydrogenation of furfural to furfuryl alcohol can be achieved using PdACu@SiO,
or PAdCu@MgO as catalysts. Hydrogenolysis of glycerol to 1,2-propanediol has been
accomplished with supported PACu@MgAl,O or PACu@TiO, as recyclable catalysts,
whereas sorbitol was hydrogenated to ethylene glycol and propylene glycol under
PdCu@ZrO; catalysis. Other hydrogenations such as levulinic acid to y-valerolactone and
succinic acid to y-butyrolactone has been carried out with PdCu BNPs supported on
zirconia and alumina, respectively. In the case of styrene oxide hydrogenation to 2-
phenylethanol, PdCu encapsulated with polyurea in supercritical CO, has been employed.
Nitroaromatics have been reduced to aromatic amines under hydrogenation conditions
using PdCu BNPs stabilized by poly(N,N)-diethylacrylamide grafted poly(acrylonitrile-
styrene) polymeric microspheres.

Electrocatalytic reductions can be accomplished with bimetallic PdCu catalysts with
comparable and even better results than Pt@C. In the case of oxygen reduction reactions
PdCu@C in alkaline media as well as unsupported PdCu nanocrystals and nanosponges
and supported PdCu nanocrystals on graphene oxide nanosheets can be used as catalysts.
Electrochemical reduction of CO, to CO has been mainly carried out with PdCu@C or
graphene but the best catalytic activity has been found with spherical Pd,;Cu; BNPs. For
electroreduction of CO, to ethanol PdCu BNPs dopped with a pyridine derivative gave
high activity and recyclability. However, for methanol Pdg;Cu;; aerogel is the best
selective catalyst better than Cu. Transformation of CO, to hydrocarbons has been
performed with concave rhombic dodecahedral PdCu; catalyst which favours the
formation of methane. For CO, electroreduction to formate Pd NPs covered with Cu
atomic layers has shown higher activity than Pd NPs. Several PdCu BNPs have revealed
higher activity than Pt-based electrocatalysts for hydrogen generation from water
splitting. This is the case of PdCu@Pd nanocubes as well as monodispersed
Pd;;Cuyo@Cwith an averagesize about 4,7 nm. Cu metal covered by a PACu deposit has
been used as a cathode with higher activity than Pd for reductive dehalogenation of
organic halides to the corresponding hydrocarbons. Reduction of aryl and alkyl chlorides
has been successfully carried out with PACu BNPs supported on glassy carbon.

Catalytic oxidation of CO by oxygen at low temperature, usually carried out with
Wacker catalysts, has been performed efficiently with supported PdCu BNPs at ceria and
alumina prepared avowing to start from PdCl, and CuCl, as precursors. In the case of the
oxidation of benzylic alcohols to aromatic aldehydes PdCus@celite and TEMPO can be
used as catalysts and PdCu BNPs in the presence of iodide ions for the oxidation of
ethanol to acetaldehyde. Cyclopentanone can be prepared from cyclopentene by means
of oxygen in the presence of 1 wt% of PACu@C as catalyst. The oxidation of cyclohexane
to cyclohexanone and cyclohexanol takes place with H,O, using multipods PdCu@TiO,
as catalyst. Vinyl acetate can be prepared from ethylene, acetic acid and oxygen under
PdCu@ZrO, catalysis. Benzene can be transformed into phenolby using a mixture of
hydrogen and oxygen with Cu supported on an aluminosilicate zeolite modified by Pd,
PdCu@ZSM-5.
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Electrocatalytic oxidation reaction of alcohols used for direct alkaline alcohol fuel
cells can be accomplished with PdCu BNPs as an alternative to Pt@C catalyst. In the case
of methanol, mainly supported PdCu materials on active carbon graphene oxide and
vertically oriented reduced graphene oxide. For ethanol fuel cells, PACu supported on
carbon, multiwalled carbon nanotubes (MWCNTs) and reduced graphene oxide showed
enhanced activity compare to Pt@C. Pd;Cu BNPs on silica or alumina as sacrificial
supports catalyzed the electrooxidation of isopropanol. For polyalcohols PdCu@C
catalyzed the oxidation of glycerol and ethylene glycol fuel cells. For direct formic acid
fuel cells PACu BNPs supported on carbon or MWCNTs, but also PdCu tripods and
multipods with catalytic current density higher than Pd@C. Formaldehyde oxidation has
been efficiently carried out with PdCu nanoparticles deposited on the surface of carbon
nanotube paste. For styrene epoxidation Pd;Cu; nanocrystal gave the highest selectivity
and conversion values.

Oxygen-assisted water gas shift reaction, used for hydrogen production, can be
performed with supported PdCu BNPs on ceria with a composition of 2 wt% Pd and 5-
10 wt% Cu.

Concerning applications of PdCu BNPs as sensors for low concentration of
hydrogen, PdCu nanoclusters work at room temperature with high sensitivity and PdCu
nanorods for liquefied petroleum gas. In the case of formaldehyde detection nanoporous
silica-based support SBA-16 has been used to fabricate the PdCu@SBA-16 sensor.
Glucose sensors based on PdCu BNPs decorated 3D graphene hydrogel showed
significant electrocatalytic activity in alkaline solution containing chloride ions. For
thiocyanate sensing, coral-structurated bimetallic PACu material has been reported. A
phenol biosensor based on laccase immobilized on reduced graphene oxide supported
PdCu nanocages has shown rapid detection of catechol.

Other applications such as hydrosilylation of acetylene can be performed using
PdCu,@Si0, as catalyst to furnish regio- and seroselectively vinylsilanes. It has been
also found that PdCu BNPs showed better antimicrobial activity than the monometallic
Pd and Cu NPs.
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Direct alkaline alcohol fuel cells
1,4-Diazabicyclo[2.2.2]octane

Direct alkaline alcohol fuel cells

Direct alcohol fuel cells

Deposition of colloids stabilized with poly(vinylpyrrolidone
Direct ethanol fuel cells

Direct formic acid fuel cells

Density functional theory
Diisopropylethylamine
N,N-Dimetylacetamide

Direct methanol fuel cells
Deposition-precipitation with urea

Diffuse reflectance infrared Fourier transform spectra
4,4’-Di-tert-butylbiphenyl

Electroactive surface area
Ethylenediaminetetracetic acid disodium salt
Energy dispersed spectroscopy
Energy-dispersed X-ray

Encapsulated catalyst

Ethanol oxidation reaction

Electron probe microanalysis

Extended X-ray absorption fine structure
Formic acid oxidation

face-centered cubic

Faradaic efficiency

Fourier transformation infrared spectroscopy
Glass carbon electrode

Graphene hydrogel

Graphene quantum dots

Graphene
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GRO:
HAADF:
HAD:
HER:
HERFD:
H-M:
HRTEM:
HT:
ICP:
IE-R:
IPA:

lit.:
LPG:
LSV:
ML:
MMT:
MOF:
MOR:
MS:
MSI:
MW:

MWCNTs:

NCs:
NHC:
NPs:
NSs:
NTs:
NWs:
NZVI:
OAm:
ODA:
ORR:
OSC:
OWGS:
PAN:
P2MA.:
PDEAm:
PEMFCs:
PS:
PVI:
PVP:
PVPy:
PXRD:
PYD:
R:
RDS:
RIE-R:
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Graphene oxide

High angle annular dark field
Hexadecylamine

Hydrogen evolution reaction
High-energy resolution fluorescence detection
Heck-Mizoroki

High-resolution transmission electron microscopy
Hydrotalcite

Inductively coupled plasma

Ion exchange-regenation
Isopropanol

Literature

Liquefied petroleum gas

Linear sweep voltammetry
Monolayer

Montmorillonite

Metal organic framework

Methanol oxidation reaction
Molecular sieves

Metal-support interaction
Microwave

Multiwalled carbon nanotubes
Nanocrystals

N-Heterocyclic carbene
Nanoparticles

Nanosponges

Nanotubes

Nanowires

Nanoscale zerovalent iron
Oleylamine

Octadecylamine

Oxygen reduction reaction

Oxygen storage capacity
Oxygen-assisted water gas shift
Polyacrylonitrile
Poly(2-methoxyaniline)
Poly(N,N-diethylacrylamide)
Polymer electrolyte membrane fuel cells
Polystyrene

(Polyvinyl)imidazole
(Polyvinyl)pyrrolidone
(Polyvinyl)pyridine

Powder X-ray diffraction
4-[3-Phenyl-2,2-bis(phenoxymethyl)propoxy]|pyridine
Amberlite resin

Rate determining step

Reaction ion exchange-regeneration
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SAA: Single atom alloy
SBET: Specific surface area
SC: Supercritical
SDS: Sodium dodecyl sulfate
S-DVB: Polystyrene divinyl benzene matrix
SEM: Scanning electron microscopy
SI: Sol immobilization
SIMS-Tof: Time of flight secondary ion mass spectrometry
S-H: Sonogashira-Hagihara
S-M: Suzuki-Miyaura
SNCs: Sphere like nanocrystals
SSITKA:  Steady state isotopic transient kinetic analysis
STEM: Scanning transmission electron microscopy
STY: Space-time yields
TEM: Transmission electron microscopy
TEMPO:  2,2,6,6-Tetramethylpiperidine N-oxide
TOAF: Tetraoctylammonium formate
TOF: Turnover frecuency
TOP: Trioctylphosphine
TPD: Temperature-programmed desorption
TPR: Transient response technique
TSI: Two-step impregnation
UL Ultrasonic irradiation
UPD: Underpotential deposition
VAM: Vinyl acetate monomer
Vp: Pore volume
VRGO: Vertically oriented reduced graphene oxide
WGS: Water gas shift
XAS: X-Ray absorption spectroscopy
XPS: X-Ray photoelectron spectroscopy
XRD: X-Ray diffraction
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