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Preface to ”Catalysis by Precious Metals, Past and

Future”

“Shiny, malleable, and resistant to corrosion” is the obvious definition of precious metals,

to which “expensive” and scarce “can” be added. Their use in jewellery, trade, and arts has led

to a new era in which metal catalytic potential has been discovered, and precious metals are now

key players in the chemical industry. Platinum, alone or in combination with rhodium, was the

first precious metal to be catalytically incorporated into the sulfuric and nitric acid production

processes. Gold has entered the group of catalytically active metals in the last few decades.

The use of all these metals in their bulk form was successively limited due to their high cost

and the highly dispersed and supported metal nanoparticles that appeared. The use of supports

improves the dispersion of the precious metals, thus reducing their quantity and decreasing the

cost of the final catalyst and also preventing metal sintering, loss of catalytically active sites,

and deactivation. Both support and precious metals cooperate in the formation of an efficient catalytic

machine. The precious metal–support interaction depends on many factors, like precious metal

contents, the nature of support and metal, employed preparation methods, and metal nanoparticles

morphology. The addition of small amounts of noble metals into the formulation of other transition

metals catalysts and the use of bimetallic noble metal catalysts are also attractive, since they can

enhance the precious metal–support interaction. Thus, the diversity of supported precious metal

catalysts is reflected in their versatility and enlarges their current and future horizons.

Marcela Martinez Tejada, Svetlana Ivanova

Special Issue Editors
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Received: 19 December 2019; Accepted: 13 February 2020; Published: 19 February 2020

Precious metal catalysis is often synonymous with diversity and versatility. These metals
successfully catalyze oxidation and hydrogenation due to their dissociative behavior towards
hydrogen and oxygen, dehydrogenation, isomerization and aromatization, propylene production, etc.
The precious metal catalysts, especially platinum-based catalysts, are involved in a variety of industrial
processes. Examples include the Pt-Rh gauze for nitric acid production, the Ir and Ru carbonyl complex
for acetic acid production, the Pt/Al2O3 catalyst for the cyclohexane and propylene production, and
Pd/Al2O3 catalysts for petrochemical hydropurification reactions etc. A quick search over the number
of published articles in the last five years containing a combination of corresponding “metals” (Pt, Pd,
Ru, Rh and Au) and “catalysts” as keywords indicates the importance of the Pt catalysts, but also the
continuous increase in Pd and Au contribution (Figure 1).

Figure 1. Number of published papers in the last 5 years, search directed on science direct page
(www.sciencedirect.com) using combinations of simple keywords relating to corresponding metals
(Pt, Pd, Ru, Rh or Au) and catalysts.

An important part of the Pt, Pd and Rh market includes the three-way catalyst (TWC catalyst),
although the last research of the last 5 years reflects to a greater extent their participation in more
fine chemistry reactions. The growth of the Pd catalyst market is reflected very well in this Special
Issue by reports dealing with homogeneous and heterogeneous applications. Hobart, Jr. et al. [1]
studied several palladium(II) bis-amino acid chelates for the oxidative coupling of phenylboronic acid
with olefins. Despite having modest enantioselectivity, the Pd-complexes present a multiple cross
coupling ability of the single substrate, providing a new horizon for the application of palladium
organometallic complexes. The heterogeneous palladium catalysis are represented to a greater extent.
González-Fernández et al. [2] described Pd/Al2O3 catalyst activity in the gas phase hydrogenation of
C4 alkynols. They found a special relationship between the hydrogenation rate and C-C bond polarity.

Catalysts 2020, 10, 247; doi:10.3390/catal10020247 www.mdpi.com/journal/catalysts1
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The rate increased following the order primary < secondary < tertiary alkynol. The secondary alkynol
transformation rate increased due to the preferable ketone formation via double bond migration.
Gao et al. [3] carefully designed Pd heterogeneous asymmetric catalyst for the hydrogenation of
acetophenone. This strategy allowed the authors to obtain a highly dispersed high-loading catalyst,
resulting in an important increase in the enantioselectivity. The ability of Pd/carbon nanotube catalysts
to catalyze the dodecahydro-N-ethylcarbazo dehydrogenation reaction was studied by M. Zhu et
al. [4]. The catalyst revealed its potential as a stable and well performing catalyst for hydrogen
production—5.6 wt.% of hydrogen was maintained after five catalytic cycles. S. P. Samudrala and
S. Bhattacharya [5] addressed the near future of the supported Pd catalysts, towards the sustainable
synthesis of added value chemicals, specifically the direct hydrogenolysis of glycerol to 1-propanol the
exemplified reaction. This study proposed a possible route to convert the biomass-derived glycerol
(rest from the biodiesel industry) into useful chemicals. The optimization of catalyst and reaction
parameters resulted in around 80% of total propanol yield.

On the other hand, A. Arevalo-Bastante et al. [6] compared the activity of the carbon-supported
Pd catalysts to their Pt and Rh homologues in the hydrodechlorination of dichloromethane. The Pd
catalyst in this case was taken over by Pt and Rh catalysts due to their higher stability upon sintering
and their ability to maintain the active site unaltered during the treatment prior reaction and therefore.
X. Auvray and A. Thuault [7] chose the Pt/Al2O3 catalyst to study the effect of microwave pretreatment
over precious metal dispersion. The microwave heating was compared to the conventional method of
drying and calcination. It was found that microwave heating is only beneficial during drying but the
conventional method was necessary to maintain acceptable metal dispersion. J. W. Jung et al. [8] also
concentrated on the effect of reduction treatment over bimetallic Pt-Sn catalyst and its behavior in the
reaction of propane dehydrogenation. Different Pt-Sn alloys were identified according to the reduction
procedure. Well-dispersed Pt3Sn alloys were found to allow reaction acceleration together with coke
migration and active sites preservation.

Ru was also represented in this Special Issue. M. Nishi et al. [9] designed a series of Cs-Ru catalysts
supported on mesoporous carbon for ammonia synthesis. The catalytic results show an important
dependence on Ru particle size and reduction behaviour, the latter being especially important to obtain
the catalytically active phase metallic Ru with adjacent CsOH species. The ammonia synthesis utility of
Cs-Ru catalysts was demonstrated for the first time, using CO2-free hydrogen from renewable energy
with intermittent operation in Fukushima Renewable Energy Institute (FREA) of AIST, Japan.

The last group of publication involves different gold catalysts for photo and catalytic purposes.
O. H. Laguna et al. [10] used Au/TiO2 catalyst for photodegradation of phenol and CO oxidation.
The gold catalysts prepared by photodeposition presented an important photoactivity due to the
inhibited titania anatase–rutile transition. However, the prepared catalysts were less active in the gas
phase oxidation of CO due to the sintering of the active phase. The importance of preserving gold
nanoparticle size appears also to be a key factor in the study proposed by Chenouf et al. [11] where
preformed gold colloids were stabilized by polymeric or solid-state protecting agents and immobilized
on various ceria based oxides. The catalyst series was employed in two catalytic reactions, one in the
gas phase and other in the liquid phase. In both reactions, the use of montmorillonite as a stabilizing
agent resulted in very active catalysts due to different metal electronic state.

The review proposed by G. Ferreira Teixeira et al. [12] crowned the Special Issue and revised the
role of precious metals in the perovskite photocatalytic and electrocatalytic processes. Silver and gold
are the most employed metals to promote perovskites photoactivity, where the future points to the use
of metal/perovskite hybrids for pollutants degradation or even for water splitting.

Let us finish as we start: the future of the precious metals is “shiny and resistant”. Although judged
expensive and potentially replaceable by transition metal catalysts, precious metal implementation
in research and industry shows the opposite. Literally, every year new processes catalyzed by these
metals appear, the best example being the important variety of biorefinery reactions or photocatalytic
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water splitting. Their versatility reflects their diversity and enlarges their current and future horizons
of application.

Author Contributions: All authors contribute in a similar manner. All authors have read and agreed to the
published version of the manuscript.
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Conflicts of Interest: The authors declare no conflict of interest.
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Gas Phase Catalytic Hydrogenation of C4 Alkynols
over Pd/Al2O3

Alberto González-Fernández, Chiara Pischetola and Fernando Cárdenas-Lizana *
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Abstract: Alkenols are commercially important chemicals employed in the pharmaceutical
and agro-food industries. The conventional production route via liquid phase (batch) alkynol
hydrogenation suffers from the requirement for separation/purification unit operations to extract the
target product. We have examined, for the first time, the continuous gas phase hydrogenation (P = 1
atm; T= 373 K) of primary (3-butyn-1-ol), secondary (3-butyn-2-ol) and tertiary (2-methyl-3-butyn-2-ol)
C4 alkynols using a 1.2% wt. Pd/Al2O3 catalyst. Post-TPR, the catalyst exhibited a narrow distribution
of Pdδ- (based on XPS) nanoparticles in the size range 1-6 nm (mean size = 3 nm from STEM).
Hydrogenation of the primary and secondary alkynols was observed to occur in a stepwise fashion
(-C≡C-→ -C=C-→ -C-C-) while alkanol formation via direct -C≡C-→ -C-C- bond transformation
was in evidence in the conversion of 2-methyl-3-butyn-2-ol. Ketone formation via double bond
migration was promoted to a greater extent in the transformation of secondary (vs. primary) alkynol.
Hydrogenation rate increased in the order primary < secondary < tertiary. The selectivity and
reactivity trends are accounted for in terms of electronic effects.

Keywords: gas phase hydrogenation; alkynols; 3-butyn-1-ol; 3-butyn-2-ol; 2-methyl-3-butyn-2-ol;
alkenols; triple bond electron charge; Pd/Al2O3

1. Introduction

The bulk of research on -C≡C- bond hydrogenation has been focused on the transformation
of acetylene (to ethylene) over Pd catalysts where the main challenge is to selectively promote
semi-hydrogenation with -C=C- formation [1]. Product distribution is influenced by alkyne
adsorption/activation mode [2]. Associative adsorption (through a π/σ double bond) on Pd
planes [2] follows the Horiuti-Polanyi model, consistent with a stepwise alkyne→ alkene→ alkane
transformation [3,4]. Alternatively, dissociative adsorption via H + three point σ bond [3] or H +
π-allyl specie [5] on electron deficient edges/corners of palladium nanoparticles [6] can lead to direct
alkyne→ alkane hydrogenation [7] or double bond migration [8]. The electronic properties of the
palladium phase and the electron density of the -C≡C- bond functionality can influence the alkyne
adsorption/activation which, in turn, impact on olefin selectivity. Taking an overview of the published
literature, unwanted over-hydrogenation and double migration are prevalent over electron deficient
(Pdδ+) nanoparticles that promote strong complexation with the (electron-rich) -C≡C- bond [9,10].
The triple bond charge has also a direct role to play and can be affected by inductive effects (i.e.,
electron transfer from/to additional groups in poly-functional alkynes). The literature dealing with
-C≡C- bond polarisation effects in hydrogenation of multifunctional alkynes is limited. It is, however,
worth noting published work that shows increasing activity (over Pd(II) complexes [11] and Pd-Ru
catalysts [12]) for hydrogenation of substituted acetylenes with electron donating (e.g., -R=H, -C6H5,
-CH3) functional groups [12]). Terasawa and co-workers [11], investigated the catalytic response for

Catalysts 2019, 9, 924; doi:10.3390/catal9110924 www.mdpi.com/journal/catalysts5
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a series of functionalised alkynes over polymer bounded Pd(II) complexes catalyst and concluded
that -C=C- selectivity is sensitive to the nature of the substituent (i.e., increased olefin selectivity in
the presence of electron withdrawing substituents (-Cl, -OH) vs. electron donating (-C6H6) functional
groups [12]).

Alkenols have found widespread applications in the manufacture of pharmaceutical (e.g.,
intermediates for vitamins E, A, K [13] and anti-cancer additives [14]) and agro-food (e.g.,
dimethyloctenol and citral [13,14]) products. Industrial synthesis involves selective hydrogenation of
the correspondent substituted alkynol [15]. Alkynols can be categorised with respect to the number of
carbons bonded to the carbon bearing the -OH group (C-α in Figure 1), i.e., primary (one C directly
attached; labelled C-β1), secondary (C-β1 and C-β2) and tertiary (C-β1, C-β2 and C-β3).

C- 3 H3

C-H C-

C- 1H2

C-H2

OH

3-Butyn-1-ol

C-H C- 1

C-H

C- 2

OH

3-Butyn-2-ol

C-H C- 1

C-

C- 2

OH

2-Methyl-3-butyn-2-ol

H3

H3

(B)

(C)

(A)

Figure 1. Classification of (A) primary, (B) secondary and (C) tertiary C4 alkynols. Note: Arrows
represent associated charge transfer effect.

Work to date has focused on batch liquid mode hydrogenation of saturated (tertiary) alkynols
(e.g., 3-methyl-1-pentyn-3-ol [13]) using pressurised (up to 10 atm) reactors [16] with limited research
on the selective hydrogenation of primary [17,18] and secondary alkynols [19]. Gas phase continuous
operation facilitates control over contact time, which can influence product selectivity [20,21]. We were
unable to find any study in the open literature on gas phase hydrogenation of primary or secondary
alkynols and only one published paper in the transformation of tertiary alkynols [22]. In this work, we
set out to gain an understanding of the mechanism involved in the production of primary alkenols,
considering continuous gas phase hydrogenation of 3-butyn-1-ol over a commercial Pd/Al2O3 catalyst,
as a model system. We extend the catalyst testing to consider secondary and tertiary butynols and
prove possible contributions to catalytic performance (i.e., hydrogenation rate and selectivity) due to
the position of the hydroxyl group.

6
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2. Results and Discussion

2.1. Catalyst Characterisation

The Pd/Al2O3 catalyst used in this study bore, post-H2-temperature programmed reduction
(H2-TPR) to 573 K, metal nanoparticles with diameters ranging from≤1 nm up to 6 nm (see representative
scanning transmission electron microscopy (STEM) image (A) and histogram derived from microscopy
analysis (B) in Figure 2) and a number weighted mean diameter of 3 nm. An enhanced intrinsic
alkenol selectivity for palladium nanoparticles of 3 nm has been reported elsewhere in the liquid
(dehydroisophytol over Pd colloids [23]) and gas phase (2-methyl-3-butyn-2-ol using Pd/SiO2 [22])
hydrogenation of alkynols. The STEM images reveal a pseudo-spherical morphology, the most
thermodynamically stable configuration [6], indicative of a small area of contact at the interface
between the Pd nanocrystals and the Al2O3 support.

Figure 2. (A) Representative scanning transmission electron microscopy (STEM) image with
(B) associated Pd particle size distribution and (C) X-ray photoelectron spectroscopy (XPS) spectrum
over the Pd 3d region for Pd/Al2O3. Note: Raw data is shown as symbols (�) while curve fitted (residual
standard deviation = 0.14) and envelope is represented by dashed and solid lines, respectively.

X-ray photoelectron spectroscopy (XPS) measurements were carried out to provide insight into
the electronic character of the supported Pd phase. The resulting spectra over the Pd 3d binding energy
(BE) region is shown in Figure 2C. The XPS profile exhibits a doublet with a main Pd 3d5/2 signal at

7
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334.9 eV, that is 0.3 eV lower than that characteristic of metallic Pd (335.2 eV, [24]), a result that suggests
partial electron transfer from OH- groups on the alumina support [25]. This is consistent with reported
(electron-rich) Pdδ- (4–5 nm) on Al2O3 [26]. High (94–97%) butene selectivity has been observed
in the hydrogenation of butyne over palladium nanoparticles with a partial negative charge [3]. In
contrast, the formation of butane and 2-hexene through undesired over-hydrogenation and double
bond migration, respectively, has been reported in the hydrogenation of 1-butyne [8] and 1-hexyne [9]
ascribed to the presence of (electron-deficient) Pdδ+ nanocrystals. In addition, the profile shows a
weak doublet (12%) with curve-fitted values at higher BE (Pd 3d5/2 = 337.0 eV; Pd 3d3/2 = 342.2 eV) that
can be ascribed to Pd2+ as a result of passivation for ex situ characterisation analyses [27]. A similar
(10–12%) percentage value was reported by Weissman et al. [28] attributed to oxygen chemisorption
on Pd (111) following a passivation step.

2.2. Reaction Thermodynamics

The calculated change in Gibbs free energy of formation at 373 K for each reaction step (ΔG(I-VII))
are included in Figure 3.

 
Figure 3. Reaction scheme with Gibbs free energies (ΔG(I-VII)) for each step in the hydrogenation of
primary (3-butyn-1-ol) alkynol: Reaction conditions: T = 373 K, P = 1 atm.

The ΔG(I-VII) values serve as criteria in the evaluation of thermodynamic feasibility, where
reactions can occur spontaneously when ΔG < 0. Each reaction step exhibits negative ΔG indicating
that all products considered are thermodynamically favourable. Under our reaction conditions, a
thermodynamic analysis of 3-butyn-1-ol hydrogenation established full conversion predominantly to
1-butanol (S1-butanol > 99%) with trace amounts of butyraldehyde. Formation of alkanol can result from
-C=C- reduction in 3-buten-1-ol (step (II) in Figure 3) or direct alkynol hydrogenation via step (III).
Hydrogenation of the intermediates, that result from alkenol double bond migration (crotyl alcohol
(step (IV)) and keto-enol tautomerisation (butyraldehyde (step (V)), also generates 1-butanol (steps
(VI–VII)).
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2.3. Gas Phase Hydrogenation of 3-Butyn-1-ol

Dependence of hydrogenation path can be effectively proved from a consideration of selectivity as
a function of 3-butyn-1-ol conversion; the corresponding data for reaction over Pd/Al2O3 is presented
in Figure 4.

Figure 4. Variation of selectivity (Sj (%), j= 3-buten-1-ol (�), 1-butanol (�), crotyl alcohol+ butyraldehyde
(�) with conversion (X (%)) in hydrogenation of 3-butyn-1-ol over Pd/Al2O3. Note: solid lines provide
a guide to aid visual assessment. Reaction conditions: T = 373 K, p = 1 atm.

At low conversions (<25%), product composition deviates from predominant 1-butanol generation
under thermodynamic equilibrium, indicative of operation under catalytic control. 3-Buten-1-ol and
1-butanol were the predominant products of partial and full hydrogenation, respectively, but double
bond migration (to crotyl alcohol and butyraldehyde) was also detected with a selectivity ≤10%.
Formation of 3-buten-1-ol and 1-butanol has been previously reported in the liquid phase (P = 1–6 atm;
T = 300–348 K) hydrogenation of 3-butyn-1-ol over MCM-41 [29], Fe3O4 [30] and Fe3O4 coated SiO2 [18]
supported Pd catalysts. Production of crotyl alcohol and butyraldehyde observed in this work can be
linked to reaction temperature (373 K), where T < 353 K serve to avoid double bond migration [31].
A decrease in 3-buten-1-ol selectivity was accompanied by increased formation of 1-butanol at high
conversions, indicative of a sequential hydrogenation route (i.e., Horiuti-Polanyi mechanism) from
-C≡C-→ -C=C-→ -C-C-, typical for gas phase alkyne hydrogenations [32].

2.4. Gas Phase Hydrogenation of 3-Butyn-2-ol and 2-Methyl-3-butyn-2-ol

Reaction pathways in the hydrogenation of secondary (3-butyn-2-ol) and tertiary
(2-methyl-3-butyn-2-ol) C4 alkynols are shown in Figure 5.

Both alkynols can undergo sequential (alkynol → alkenol → alkanol, steps (I-II)) and direct
(alkynol→ alkanol, step (III)) hydrogenation. Alkenol double bond migration in the transformation
of 3-butyn-2-ol generates 2-butanone, (step (IV) in Figure 5A) but this step is not possible in the
conversion of 2-methyl-3-butyn-2-ol as the C-α (Figure 1) is fully substituted. Alkynol consumption
rate at the same degree of conversion (X = 25%) for the three alkynols is presented in Figure 6A
where activity decreases in the order: tertiary > secondary > primary. This sequence matches that of
decreasing the number of methyl substituents bonded to the C-α (Figure 1), i.e., 2-methyl-3-butyn-2-ol
(C-β1, Cβ2 and C-β3) > 3-butyn-2-ol (C-β1 and C-β2) > 3-butyn-1-ol (C-β1). Alkyne hydrogenation has
been proposed to proceed via an electrophilic mechanism [12,33]. Reactive hydrogen is provided by
dissociative chemisorption of H2 on Pd [34]. The hydroxyl function can serve to deactivate the triple
bond for electrophilic attack through inductive effects by decreasing the overall electron density due to
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-C≡C-→ -OH electron transfer [35,36]. The presence of (electron donating [37]) methyl substituent(s)
bonded to the C-α serves to decrease the “electron-release” from the triple bond (see charge transfer in
Figure 1) which favours the electrophilic attack. Our results are in line with the work of Karavanov
and Gryaznov [12] who studying the liquid phase hydrogenation of functionalised tertiary alkynols
over a Pd-Ru alloy membrane catalyst reported a (40%) enhanced activity as the electron donating
character of the substituent increased (i.e., -CH2OH < -H < -CH3).

 
Figure 5. Reaction schemes for the hydrogenation of (A) secondary (3-butyn-2-ol) and (B) tertiary
(2-methyl-3-butyn-2-ol) alkynols.

The results of product selectivity as a function of alkynol conversion for the three C4 alkynols
under consideration are presented in Figure 6B,C. We observe 100% selectivity in terms of -C≡C-
→ -C=C- bond reduction in the transformation of 3-butyn-1-ol and 3-butyn-2-ol at low conversions
where the alkenol selectivity vs. conversion profiles (Figure 6B) for secondary and tertiary alkynols
follow a linear decrease of the intermediate concentration as conversion increases, suggesting that
they follow the same consecutive hydrogenation route as the primary (steps (I-II) in Figures 3 and
5A,B). In each case, regardless of the degree of conversion, greater alkenol selectivity was recorded
in the transformation of the primary ~ secondary > tertiary. The lower alkenol selectivity recorded
for the tertiary alkynol can be ascribed to direct formation of 2-methyl-butan-2-ol (S2-Methyl-butan-2-ol

= 14% at X ~5%) following step (III) in Figure 5B. Semagina et al. [38] using monodispersed Pd
nanoparticles in the liquid phase hydrogenation of 2-methyl-3-butyn-2-ol reached a similar conclusion
and suggested direct hydrogenation to 2-methyl-butan-2-ol based on the S2-Methyl-3-buten-2-ol < 99%
at low X. Alkynol dissociative adsorption on (low coordination) Pd sites [39] can lead to direct
-C≡C-→ -C-C- bond hydrogenation [7] following hydrogen attack of the surface (multi-coordinated)
alkilidyne intermediate [3]. This intermediate is generated by H abstraction at the “external” carbon in
the -C≡C- bond (e.g., C-δ in 3-butyn-1-ol, Figure 1). Alternatively, double bond migration [8] with
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aldehyde/ketone formation (steps (IV–V) in Figure 3 and (IV) in Figure 5A) can occur as a result of
hydrogen addition to the surface π-allyl intermediate generated by hydrogen removal from the carbon
bonded to the triple bond functionality (e.g., C-β1 in 3-butyn-1-ol) [40]. The lower activation energy
for the formation of the π-allyl (vs. alkylidyne) intermediate [41,42] can account for the absence of
direct -C≡C- → -C-C- bond hydrogenation in the conversion of 3-butyn-1-ol and 3-butyn-2-ol. In
contrast, hydrogen abstraction in 2-methyl-3-butyn-2-ol is only possible at the (external -C≡C- carbon)
C-γ (i.e., no C-α hydrogen) to generate 2-methyl-butan-2-ol. Alkenol double bond migration (via
hydrogen addition to the external carbon, i.e., C-δ in 3-butyn-1-ol and C-γ in 3-butyn-2-ol, Figure 1,
of the π-allyl intermediate [5]) was promoted to a lesser extent in the transformation of 3-butyn-1-ol
vs. 3-butyn-2-ol, i.e., higher selectivity to 2-butanone relative to crotyl alcohol + butyraldehyde at
all conversions (Figure 6C). Likewise, Bianchini et al. [43] reported a lower isomerisation yield in
the liquid phase hydrogenation of 3-buten-1-ol (relative to 3-buten-2-ol) over a Rh complex catalyst.
We examined crotyl alcohol and butyraldehyde reactivity in order to assess 1-butanol formation via
hydrogenation (steps (VI) and (VII), respectively, in Figure 3) and probe selectivity responses. Under
similar reaction conditions, we recorded no conversion of butyraldehyde, a response that is consistent
with the low capacity of -C=O group (e.g., methyl vinyl ketone and benzalacetone [44]) hydrogenation
by Pd [45]. Conversion of crotyl alcohol generated 1-butanol as the sole product but at an appreciable
higher (by a factor of 2) rate when compared with that recorded for the 3-butyn-1-ol reaction. The
lower double bond migration in terms of crotyl alcohol + butyraldehyde (vs. 2-butanone) generation
must result from a more facile transformation of the crotyl alcohol intermediate. Indeed, lack of activity
was observed for the conversion of 2-butanone over Pd/Al2O3. We acknowledge that catalytic response
may not governed by inductive effect alone and the dynamics of surface interactions by the hydrogen
reactant can have a major bearing. Future work will be carried out to evaluate the effect of H2 content
in the feed (i.e., Alkynol: H2 molar ratio) on catalytic performance.

 
Figure 6. Cont.
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Figure 6. (A) Reaction rate (R, molAlkynol gPd
−1 h−1) and variation of selectivity (Sj, %) as a function of

conversion (X, %) for products from (B) −C≡C−→ −C=C− bond partial reduction and (C) hydrogen
bond migration/reduction in the hydrogenation of primary (solid bar and solid symbols), secondary
(open bar and open symbols) and tertiary (hatched bar and crossed symbols) C4 alkynols over Pd/Al2O3;
3-buten-1-ol (�),1-butanol (�), crotyl alcohol + butyraldehyde (�), 3-buten-2-ol (�), 2-butanol (�),
2-butanone (�), 2-methyl-3-buten-2-ol (×) and 2-methyl-butan-2-ol (+). Note: solid lines provide a
guide to aid visual assessment. Reaction conditions: T = 373 K, p = 1 atm.

3. Materials and Methods

3.1. Catalyst Characterisation

A commercial 1.2% wt. Pd/Al2O3 (Sigma-Aldrich, Saint Louis, MO, USA) served as model
catalyst. Before use, the catalysts were sieved (ATM fine test sieves) to mean particle diameter = 75 μm
and thermally treated in 60 cm3 min−1 H2 (BOC, Beijing, China, ≥99.99%) at 2 K min−1 to 573 K to
ensure reduction to Pd0 [46]. Post-activation, the sample was cooled to ambient temperature and
passivated in 1% v/v O2/He (30 cm3 min−1) for 1 h for ex situ characterisation. Metal particle size
and shape was examined by scanning transmission electron microscopy (STEM) using a JEOL 2200FS
operated at an accelerating voltage of 200 kV and employing Gatan Digital Micrograph 1.82 for data
acquisition/manipulation. The sample was deposited on a holey Cu grid (300 mesh) after dispersion in
acetone. The number weighted mean Pd diameter (d) was determined as described elsewhere [47]
from a count of 800 particles. X-ray photoelectron spectroscopy (XPS) analyses were conducted on
an Axis Ultra instrument (Kratos Analytical, Manchester, UK) under ultra-high vacuum conditions
(<10−8 Torr) employing a monochromatic Al Kα X-ray source (1486.6 eV). The emitted photoelectrons
(source power = 150 W) were sampled from a 750 × 350 μm2 area at a take-off angle = 90◦. The survey
(0–1000 eV) and high-resolution spectra (Pd 3d5/2 and 3d3/2) were collected with analyser pass energies
of 80 and 40 eV, respectively. Charging effects were compensated using the adventitious carbon 1s peak
calibrated at 284.5 eV as an internal standard. Curve-fitting served to identify/quantify Pd species with
modified electronic properties using CasaXPS software in which the Pd 3d spectra were fitted with
abstraction of the Shirley background using the Gaussian–Lorentzian function with a fixed full width
at half maximum (FWHM) of 2.4 and Pd 3d5/2 intensity of +1.5-fold with respect to Pd 3d3/2 peak [48].
The goodness of data fitting was based on residual standard deviation; acceptable value ≤ 0.71 [49].

3.2. Catalytic Procedure

All reactions were carried out at T = 373 K at P = 1 atm in situ after activation (in H2) in a
continuous flow fixed bed vertical tubular glass reactor (15 mm i.d.). The operating conditions
and catalytic reactor were selected to ensure negligible heat/mass transport limitations. A layer
of borosilicate glass beads (1 mm diameter) served as a pre-heating zone. A butanolic solution of
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the alkynol (3-butyn-1-ol+2-butanol; 3-butyn-2-ol+1-butanol; 2-methyl-3-butyn-2-ol+1-butanol) was
vaporised and reached 373 K before contacting the catalyst. In order to maintain isothermal conditions
(±1 K) the catalyst bed was diluted with ground glass (75 μm diameter). Reaction temperature was
monitored continuously using a thermocouple inserted in a thermowell within the catalyst bed. The
reactant was delivered at a fixed calibrated flow rate via a glass/teflon air-tight syringe and Teflon
line using a microprocessor-controlled infusion pump (Model 100 kd Scientific). A co-current flow of
H2/N2 (PH2 ~ 7 × 10−2 atm) and alkynol was maintained at GHSV = 1 × 104 h−1. The flow rate was
continuously monitored with a Humonics (Model 520) digital flowmeter. Molar metal Pd (n) to inlet
alkynol molar feed rate (n/F) spanned the range 3 × 10−5 – 368 × 10−4 h. In blank tests, reactions in the
absence of catalyst or over the Al2O3 support alone did not result in any measurable conversion. The
reactor effluent was condensed in an ice-bath trap for analysis on a Perkin-Elmer Auto System XL gas
chromatograph equipped with a programmed split/splitless injector and a flame ionisation detector
using a Stabilwax (fused silica) 30 m × 0.32 mm i.d., 0.25 μm film thickness capillary column (RESTEK,
Bellefonte, PA, USA). Data acquisition and manipulation was performed using the TotalChrom
Workstation Version 6.1.2 (for Windows) chromatography data system. The solvents (2-butanol (Alpha
Aesar, Haverhill, MA, USA, 99%) and 1-butanol (Fisher, The Hamptons, NH, USA, 99.4%)), reactants
(3-butyn-1-ol (Aldrich, Beijing, China, 97%), 3-butyn-2-ol (Aldrich, 97%) and 2-methyl-3-butyn-2-ol
(Aldrich, 98%)) and products (3-buten-1-ol (Aldrich, 96%), 1-butanol (Aldrich, 99%), crotyl alcohol
(Aldrich, 96%), butyraldehyde (Aldrich, 96%), 3-buten-2-ol (Aldrich, 97%), 2-butanol (Aldrich, 99.5%),
2-butanone (Aldrich, 99%), 2-methyl-3-buten-2-ol (Aldrich, 98%), 2-methyl-butan-2-ol (Aldrich, 99%))
were used without further purification. Reactant and product molar fractions (xi) were obtained using
detailed calibration plots (not shown). Catalytic performance is considered in terms of conversion (X)
at steady state after 3 h on-stream:

X(%) =
[Alkynol]in − [Alkynol]out

[Alkynol]in
× 100 (1)

while selectivity to product j (Sj) was obtained from:

Sj(%) =

[
Productj

]
out

[Alkynol]in − [Alkynol]out
× 100 (2)

where the subscripts “in” and “out” represent the inlet and outlet streams. Catalytic activity is also
quantified in terms of alkynol consumption rate (R, molAlkynol gPd

−1 h−1) according to the procedure
described elsewhere [50]. Reactions were repeated with the same batch of catalyst delivering a carbon
mass balance and raw data reproducibility within ±6%.

3.3. Thermodynamic Analysis

The thermodynamic analysis of catalytic processes provides critical information in terms of highest
conversion/selectivity possible under specific operating conditions. All the reactant and products
involved in the hydrogenation of 3-butyn-1-ol (as representative) were considered (3-butyn-1-ol,
3-buten-1-ol, 1-butanol, crotyl alcohol, butyraldehyde and H2). The inlet 3-butyn-1-ol was set at 1 mol
and product distribution determined at equilibrium where T = 373 K, P = 1 atm and H2: Alkynol
molar ratio = 2 to mimic catalytic reaction conditions. Aspen Plus was used to make the equilibrium
calculations [51] in order to extract product distribution in a system with minimised Gibbs free energy
using the method of group contribution [52].

4. Conclusions

We have examined the effect of -OH group position on catalytic gas phase hydrogenation of
C4 alkynols over Pd/Al2O3 (Pdδ- nanoparticles with mean (number weighted) size = 3 nm). A
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correlation between the number of electron-donating (-CH3) groups and catalytic activity has been
established consistent with the following decreasing activity sequence: tertiary (2-methyl-3-butyn-2-ol)
> secondary (3-butyn-2-ol) > primary (3-butyn-1-ol). The conversion of primary and secondary
alkynols follows a stepwise (alkynol→ alkenol→ alkanol) reaction mechanism while direct alkynol→
alkanol transformation was a feature of 2-methyl-3-butyn-2-ol hydrogenation. Double bond migration
is promoted to a greater extent in the transformation of 3-butyn-2-ol relative to 3-butyn-1-ol consistent
with crotyl alcohol hydrogenation. The results in this work establish the role of -C≡C- polarity in
determining the activity/selectivity pattern for the synthesis of valuable alkenols.
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Abstract: Palladium(II) acetate reacts with proline and proline homologs in acetone/water to yield
square planar bis-chelated palladium amino acid complexes. These compounds are all catalytically
active with respect to oxidative coupling of olefins and phenylboronic acids. Some enantioselectivity
is observed and formation of products not reported in other Pd(II) oxidative couplings is seen. The
crystal structures of nine catalyst complexes were obtained. Extended lattice structures arise from
N-H••O or O••(HOH)••O hydrogen bonding. NMR, HRMS, and single-crystal XRD data obtained
on all are evaluated.
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1. Introduction

Oxidative coupling reactions are some of the most utilized reactions in modern synthetic chemistry,
and transition metal catalyzed oxidations are well known [1]. Palladium(II) oxidative coupling catalysis
is a huge field [1–6], and this introduction cannot give even a cursory overview of it [7–13]. Some
recent reviews may be the best way of relaying important background information. Focusing on the
general, reactions such as the Heck, Suzuki, and Sonogashira couplings are known to proceed via a
Pd0 species, with oxidative addition/reductive elimination yielding the desired products. Oxidative
palladium(II) catalysis differs from these in that it utilizes molecular oxygen to regenerate the active
catalyst in palladium(II) catalyzed coupling reactions. There are two proposed mechanisms for the
catalytic cycle [14–20].

There are many different types of coupling reactions noted to proceed via palladium(II) oxidative
catalysis. There are hundreds of examples in the current literature of carbon-carbon [2,5,21–39],
carbon-oxygen [40–47], carbon-nitrogen [47–55], carbon-sulfur [42,56,57], and carbon-phosphorous [58]
couplings that are catalyzed by palladium(II) oxidative catalysis. These coupling reactions are used in
the manufacture of many pharmaceuticals, natural products, fine chemicals, and polymers. In addition,
palladium catalysts are known for their functional group tolerance, mild reaction conditions, and low
sensitivity to air and water. Pairing these advantages with an abundant and easily accessible oxidant
source shows the great utility and economic benefit that these systems can provide.

Also important for this discussion is a significant history of using amino acids as chelating ligands,
especially for Pd(II) and Pt(II). Wolfgang Beck has had a five-decade career publishing the series
“Metal Complexes of Biologically Important Ligands,” consisting of over 175 articles [59]. Many of
those papers deal with amino acid complexes of metals including palladium. Recently, proline has
come to the fore as a “co-catalyst” used along with palladium in a number of organic reactions [60].
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More specifically related to this paper are recent publications that describe a bis-proline complex of
palladium as catalyst for various organic transformations. Blum et al. [61] show that proline complexes
of Pd(II) catalyze various coupling reactions, while Chatterjee et al. [62] showed that bis-proline pd(II)
complexes were useful in the Suzuki-Miyaura cross-coupling reaction in water. The formation of biaryl
products from palladium-catalyzed cross-couplings is well known, and there are examples from the
literature [21,50,63–67] that demonstrate that these biaryls can be formed as desired reaction products
or as undesired side products. For reactions where the cross-coupled product is desired, the formation
of biaryls is an unwanted side reaction and catalyst systems of this type where the biaryl formation is
minimized or eliminated are preferred.

This paper describes the synthesis and catalytic activity of palladium(II)-amino acid chelates where
proline, N-methylproline, 4-fluoroproline, 4-hydroxyproline, 2-benzylproline, azetidine-2-carboxylic
acid, and pipecolinic acid were used as the chelating ligands. In earlier work, we showed that the amino
acid complexes of rhodium and iridium piano stools were useful for asymmetric hydrogenation [68].
We have previously reported on the simpler glycine complexes [69], and these proline and proline
homologs represent another unique subset of amino acid ligands where the R-group of the amino acid
is a cyclic ring moiety. Subsequent papers will discuss our work with beta-amino acid complexes and
amino acids where the R-group is a linear substituent.

2. Results and Discussion

2.1. Characterization and Hydrogen Bonding Interactions

In the following discussions, compounds 1–9 (Figure 1, above) were synthesized as shown in the
reaction scheme in Figure 2:

 

Figure 1. Compound structures and numbering scheme for proline and proline homolog complexes.
Stereochemistry is shown at all chiral centers.
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Figure 2. General reaction scheme for the synthesis of cis and trans palladium(II)
proline/cyclic complexes.

The most common of the cyclic amino acids is L-proline, one of 20 naturally occurring α-amino
acids. Compound 1 was prepared as the cis isomer and confirmed by X-ray crystal structure analysis
(Figure 3).

Figure 3. Thermal ellipsoid plot of the molecular structure of crystalline cis-bis(L-prolinato)palladium(II),
1. Atoms labelled “i” are generated by a C2 rotation. Thermal ellipsoids are shown at the 50% probability
level. CCDC:1913626.

The complex crystallizes in the C2221 space group. Pd-N and Pd-O bond lengths are 2.0105 Å
and 2.0193 Å, respectively. N-Pd-O bond angles are 82.65◦ for each chelate ring and 96.27◦ between
the chelate rings (O-Pd-O). There were no unusual bond lengths and angles in complex 1 (see the
Supplementary Materials for the full listing). Intermolecular hydrogen bonding is common for
palladium amino acid complexes; the exact nature is dependent on the amino acid and any substitution
on the amino acid backbone. For complex 1, intermolecular hydrogen bonding is observed in the
crystal lattice between the amine protons and the non-coordinated carboxyl oxygen atoms (Figure 4).
In this case, the palladium complex molecules arrange themselves and can approach closely enough
for this purely complex to complex H-bonding. This compound was reported previously by Ito et
al., but at room temperature in a non-standard space group [70]. The bond lengths and angles of the
compounds reported here may be compared with those reported previously in the literature [71–74].

The 1H NMR spectrum in D2O shows three multiplets at δ 4.08–3.63, 3.37–2.73, and 2.28–1.52,
with integrated ratios of 1:2:4, respectively. Palladium’s isotope distribution pattern was observed in
the HRMS spectrum (see Supplementary Materials).

D-proline was used to prepare cis-bis(D-prolinato)palladium(II), compound 8. Characterization
data for 8 was the same as that seen for 1, with the stereochemistry of the chiral carbon reversed (see
Supplementary Materials), as is expected for enantiomeric species.
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In N-methylproline the amine proton in proline is replaced with a methyl group. The resultant
complex formed with this ligand is trans bis-(N-methylprolinato) palladium(II) (Figure 5), confirmed
by X-ray crystallographic analysis.

Figure 4. Crystal packing diagram for complex 1 viewed along [001] showing the intermolecular
hydrogen bonding motif.

Figure 5. Thermal ellipsoid plot of the molecular structure of crystalline trans-bis-(N-methylprolinato)
palladium(II) dihydrate, 2. Thermal ellipsoids are shown at the 50% probability level. CCDC:1913622.
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As with the glycine complexes, replacement of the amine hydrogen atom with a methyl group
results in a degree of steric crowding that disfavors formation of the cis isomer [69]. All attempts
to synthesize the cis isomer from PdCl2 were unsuccessful. Complex 2 crystallizes in the P212121

space group with Pd-N and Pd-O bond lengths of 2.051 Å and 1.9900 Å, respectively. N-Pd-O bond
angles are 83.90◦ in the chelate ring. N-Pd-O bond angles between the chelate rings are 95.42◦. There
were no unusual bond lengths and angles in complex 1 (see Supplementary Materials for full listing).
Because there are no H-bonding donors in the molecule due to the N-methyl substitution, there is
no intermolecular hydrogen bonding between complex molecules in the lattice. However, water
is now incorporated in the lattice and there is hydrogen bonding between water molecules and
complex molecules (Figure 6). Intermolecular hydrogen-bonded water molecules are observed to
bridge between the coordinated carboxylate oxygen atom of one complex molecule and the carbonyl
oxygen of an adjacent complex molecule. It is also interesting to note that both of the pyrrolidine rings
are turned down such that they are orientated towards the same face of the chelate plane.

Figure 6. Crystal packing diagram of (2) as viewed along [010] showing the intermolecular hydrogen
bonding motif.

The 1H NMR spectrum in D2O shows the expected singlet for the methyl protons at δ 2.71 ppm.
The remaining proton resonances are present in the expected ratios; however, the splitting patterns are
complex. Palladium’s isotope distribution pattern is observed in the HRMS spectrum with peaks at
361.0526, 362.0542, 363.0532, 365.0531, and 367.0541 amu.

Hydroxyproline and fluoroproline have more electron-withdrawing substituents on their
backbones than their strictly alkyl homologs, and this influence was probed by synthesizing their
respective complexes 3 and 4. Cis-bis-(trans-4-hydroxyprolinato)palladium(II) was synthesized
(Compound 3, Figure 7) using trans-4-hydroxyproline as the ligand.

21



Catalysts 2019, 9, 515

Figure 7. Thermal ellipsoid plot of the molecular structure of crystalline cis-bis-(trans-4-
hydroxyprolinato)palladium(II) trihydrate, (3). Thermal ellipsoids are shown at the 50% probability
level. CCDC:1913624.

Complex 3 crystallizes in the P21 space group with 3 hydrogen bonded water molecules per
complex molecule in the lattice. The addition of another H-bond donor and acceptor complicates
the H-bonding picture in the crystal lattice. There is intermolecular hydrogen bonding between one
of the 4-hydroxyl group hydrogen atoms and the carbonyl oxygen of an adjacent molecule. The
hydroxyl oxygen atom is hydrogen bonded to a lattice water molecule that in turn hydrogen bonds to
a coordinated carboxylate oxygen of the adjacent molecule. The other 4-hydroxyl group is hydrogen
bonded to two lattice water molecules that also hydrogen bind to carbonyl oxygen atoms on adjacent
complex molecules in the lattice. The amine hydrogens are hydrogen bonded to lattice waters.

Pd-N and Pd-O bond lengths are 2.0153 Å and 2.0006 Å, respectively. N-Pd-O bond angles are
83.92◦ in the chelate ring with N-Pd-N bond angles between the chelate rings are 97.84◦. All bond
lengths and angles are within the ranges reported for similar d8 metal chelates (see Supplementary
Materials). The 1H NMR spectrum in D2O shows a singlet at 4.41 ppm, indicating that the hydroxyl
proton does not exchange, or exchanges very slowly. All other resonances are as expected. Palladium’s
isotope distribution pattern is observed in the HRMS.

Cis-bis-(trans-4-fluoroprolinato)palladium(II) (Figure 8) crystallizes in the C2 space group. As is
the case with the parent complex 1, pure complex-to-complex H-bonding occurs and there are no water
molecules in the lattice; the hydrogen bonding arrangement is quite different from that seen with the
hydroxyproline complex. For the fluoroproline complex, there is hydrogen bonding from each amine
hydrogen atom to a carbonyl oxygen atom on separate, adjacent complex molecules in the lattice (See
Supplementary Material). The fluorine atoms do not participate in a hydrogen bonding interaction.

The Pd-N and Pd-O bond lengths in compound 4 are 2.006 Å and 2.017 Å, respectively. The
N-Pd-O bond angle in the chelate ring is 82.092◦, with the N-Pd-N bond angle between the chelate
rings at 98.544◦ (see Supplementary Materials). As with the previous complexes, these values are in
good agreement with other square planar palladium N,O chelates.

The proton NMR spectrum of complex 4 shows a complicated set of multiplets due to 1H-1H
and 1H-19F coupling; however, integration does show the expected ratios of protons. The 13C NMR
spectrum is somewhat easier to interpret, showing the expected five carbon resonances with 19F
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coupling constants observed on the order of 130–170 Hz. The 19F NMR shows a singlet at −179.33 ppm
with 13C-19F coupling of 141 Hz. HRMS shows the expected palladium isotopic pattern.

2-Benzylproline adds additional steric demands to the proline ligand. Compound
5, trans-bis-(2-benzylprolinato)palladium(II) (Figure 9), was prepared using 2-benzylproline
hydrochloride as the ligand.

Figure 8. Cis-bis-(trans-4-fluoroprolinato)palladium(II), (4). Thermal ellipsoids are drawn at the 50%
probability level. Atoms labeled with superscript “I” are generated by a C2 rotation. CCDC:1913621.

Figure 9. Thermal ellipsoid plot of the molecular structure of crystalline trans-bis-(2-
benzylprolinato)palladium(II), 5. Thermal ellipsoids are shown at the 50% probability level.
CCDC:1913619.
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Crystallizing in the P212121 space group, trans-bis-(2-benzylprolinato)palladium(II) has Pd-N
bond lengths of 2.024 Å and 2.037 Å. Pd-O bond lengths are 2.006 Å and 2.004 Å (see Supplementary
Materials). The chelate rings are slightly twisted out of the square plane. The N-Pd-O angles between
the chelate rings are 98.3 and 97.2◦. The N-Pd-O angles in the chelate rings are 82.6◦. The benzyl groups
on the ligands are oriented up and away from the proline ring, with one of the benzyl groups laying over
the square plane. This is the same arrangement reported by Sabat [75] for the palladium(II)-tyrosine
complex; however, in the case of 5 the second benzyl group does not lie over an adjacent metal center,
but rather in the lattice space between complex molecules. This arrangement does suggest that there is
a π-d interaction occurring between the metal and the aromatic ring of the ligand. Two of the carbon
atoms in the benzyl ring lie closer to the metal center than their calculated Van Der Waals radii. The
Pd-C(19) contact distance is 3.452 Å and the Pd-C(24) contact distance is 3.472 Å. The calculated Van
Der Waals radius [76] for a Pd-C bond is 3.91 Å, or approximately 0.45 Å more than what is observed in
the crystal structure. This reduction in the Pd-C contact distances suggests an energetically favorable
interaction between the π electron cloud of the benzyl ring and the empty dz

2 orbital on the metal
center. The other Pd-C contact distances within the benzyl ring are in the range of 4.009–4.565 Å.
Hydrogen bonding occurs between the amine hydrogen atoms and the coordinated carboxylate oxygen
atom of the adjacent molecule (see Supplementary Materials). There are no water molecules in the
lattice, which is not surprising given the hydrophobicity of the benzyl groups.

The 1H NMR spectrum of complex 5 is somewhat complicated. The aromatic benzyl protons
show a multiplet at 7.25 ppm with the benzyl methylene protons resonating as a pair of doublets at
3.42 and 3.00 ppm. The integrated ratio of the benzyl protons is the expected 5:2. The pyrrolidine ring
protons show multiplets at 3.29, 2.43, 2.02, and 1.87 ppm in a ratio of 2:1:2:1. The expected mass and
isotopic splitting pattern is once again observed in the HRMS for complex 5 with the [M+H]+ peak at
515.1175 amu.

The proline ring is a five-membered moiety, and both four- and six-membered ring homologs
are known. The four-membered ring homolog, L-azetidine-2-carboxylic acid, was used to prepare
trans-bis-(L-azetidine-2-carboxylato)palladium(II) (Compound 6, Figure 10). The crystal structure of
this compound shows some unique phase-change characteristics and will be the subject of a separate
crystallographic paper. The 1H NMR data show the expected ratios of integrated resonances, and the
13C NMR spectrum shows possible evidence of aquo complex formation. As seen with the glycine
complexes [69] discussed in a prior paper, the carbon NMR data for 6 shows two peaks for each carbon.
The HRMS is as expected for a palladium complex.

Figure 10. Molecular structure of trans-bis-(L-azetidine-2-carboxylato)palladium(II), (6).

The six-membered ring homolog, L-pipecolinic acid, was used to prepare cis-bis-(L-
pipecolinato)palladium(II) (Compound 7, Figure 11). This complex crystallizes in the C2 space
group. Pd-N and Pd-O bond lengths are approximately equivalent at 2.01–2.03Å, comparable to the
other complexes discussed within. The piperidine ring adopts the classic “chair” formation seen in
cyclohexyl ring systems.
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Figure 11. ORTEP plot of cis-bis-(L-pipecolinato)palladium(II), (7). Thermal ellipsoids are shown at the
50% probability level. CCDC:1913623.

There are four hydrogen bonded water molecules per complex unit in the lattice that form a
pentagonal ring structure with a carbonyl oxygen of the complex. One amine hydrogen atom is
hydrogen bonded to the opposite carboxyl oxygen of the adjacent molecule in the lattice. The other
amine hydrogen is hydrogen bonded to one of the water molecules within the pentagonal water
structure. While the specific features of these hydrogen-bonding motifs in the solid state say little
about solution-state structures, they do indicate that H-bonding is most likely taking place in any
solvent that contains either an H-bond donor or an H-bond acceptor or both.

D-pipecolinic acid was used to prepare cis-bis(D-pipicolinato)palladium(II), Compound 9.
Characterization data for 9, as expected, is the same as that seen for 7, but with the stereochemistry of
the chiral carbon reversed (Figure 12).

Figure 12. ORTEP plot of cis-bis(D-pipicolinato)palladium(II), (9). Lattice water molecules have been
removed for clarity. Thermal ellipsoids are shown at the 50% probability level. CCDC:1913625.
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2.2. Catalytic Activity

Asymmetric carbon-carbon bond formation is one of the most useful transformations in synthetic
chemistry [77]. A palladium(II) catalyzed coupling reaction between phenylboronic acid and methyl
tiglate was chosen as a model to evaluate the catalytic reactivity of these new palladium(II) -amino
acid complexes and whether or not any asymmetric induction was possible (Figure 13).

 
Figure 13. Bis(amino acid)Pd(II) catalyzed cross-coupling of phenylboronic acid and methyl tiglate.

2.3. Oxidative Coupling of Phenylboronic Acids and Alkenes

The standard coupling reaction that was used to evaluate the catalytic potential for each of the
catalyst complexes was the aforementioned methyl tiglate and phenylboronic acid coupling [29,30].
This substrate was chosen because of the literature references already available to allow for comparison.
All of the complexes described in this paper, except the N-methylproline complex, catalyzed this
reaction and those data are summarized in Table 1 below. We have previously postulated that only the
cis complexes are catalytically active, based on our observations with the glycine complexes described
in a previous paper [67]. We see here, however, that the azetidine complex catalyzes the reaction even
though it exists as the trans isomer. This suggests that N-alkylation, and not cis/trans geometry, may
be the limiting factor in the catalytic ability of these complexes.

Table 1. Coupling reaction product distributions for catalysts 1, 2, 3, 4, 5, 6, 7.

Complex R/S Yield, % % ee E/Z Yield, % Biaryl, %

1

42 24 28 30

2

No Reaction Observed

3

91 14 9 0

4

94 11 6 0

5

33 2 67 0
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Table 1. Cont.

Complex R/S Yield, % % ee E/Z Yield, % Biaryl, %

6

66 11 30 4

7

97 1 2 1

Some general observations regarding product distributions and catalyst structure can be made
based on our results. The presence of an electronegative group, –F or –OH, on the proline ring leads
to a decrease in the formation of the E/Z products. The presence of purely alkyl functionality on the
proline ring leads to an increase of the E/Z yield with corresponding loss of R/S product. The exception
here is with the pipecolinic acid complex. This complex generates almost all R/S product, albeit
with no enantioselectivity, and very little E/Z or homocoupled product. These general observations
notwithstanding, there is still a great deal of variability in the product distributions that does not seem
to follow any general trend. This suggests that the particular steric environment about the metal center
during the catalytic cycle likely plays an important role in determining which products will form. As is
often the case in examining various ligands for catalysis, it is difficult to separate the interplay between
steric and electronic effects.

2.4. Proposed Mechanism of Pd-AA2 Oxidative Coupling

The following mechanism is proposed for the palladium(II)-amino acid complex catalyzed
oxidative coupling of phenylboronic acids to olefins (Figure 14, below). Step 1 involves the
transmetallation of phenylboronic acid onto the palladium center. This is accomplished by an
associative mechanism whereby the carboxylate group of one of the ligands de-coordinates to maintain
a four-coordinate intermediate. The now-free carboxylate acts as a base towards the free boronic acid
group, thus no addition of a base is required as is seen in a typical Suzuki coupling. The lack of catalytic
activity of complex 2, the N-methylated version of L-proline, shows the importance of the N-H bond
for activity and the proposed mechanism suggests that H-bonding to a substrate is needed in this cycle.

DFT calculations show that the transmetallated intermediate has a geometry such that the metal
center is completely occluded with the exception of a lobe of the empty dz

2 orbital that lies above the
palladium atom (Figure 15).

The dissociated carboxylate end of the aminoacidato ligand wraps under the metal and covers the
other dz

2 lobe. The remaining empty dz
2 lobe is then free to coordinate a neutral olefin, maintaining

charge neutrality. Insertion of the phenyl group into the olefin double bond, followed by β-hydride
elimination, yields the observed products. There are two possible pathways for beta-hydride elimination.
Hydride elimination from the methyl carbon yields the R/S product, while hydride elimination from the
methine carbon yields the E/Z product. To regenerate the catalyst and begin the cycle again, molecular
oxygen abstracts the hydride, generating a peroxide. Qualitative peroxide test strips do indicate the
presence of minute quantities of peroxide in the 0–25 ppm range.
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Figure 14. Proposed mechanism of the palladium(II) -amino acid complex catalyzed oxidative coupling
of phenylboronic acids to olefins.

Figure 15. DFT-optimized geometry of the transmetallated intermediate. The non-occluded lobe of the
dz

2 orbital projects out of the page towards the reader.

2.5. Biaryl Formation

Biaryl formation results from the coupling of two phenyl boronic acid substrates. Biaryl formation
was noted to occur for every catalyst; however, the degree of biaryl formation varied greatly. Steric
considerations about the metal center must therefore allow for both of these groups to orient themselves
cis to each other. The mechanism proposed above can be slightly modified to allow for this possibility.
If we consider a second transmetallation step to occur rather than olefin coordination, the two phenyl
groups are oriented cis to each other. Elimination of the biaryl yields a Pd0 center, which is then
oxidized by molecular oxygen back to a PdII center. It is not clear which factors may dampen biaryl
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formation, but all of the substituted L-proline complexes as well as the pipicolinate and azetidine
showed little to no biaryl formation, a useful feature for an atom-economic process.

2.6. Multiple Insertions

A unique aspect of this coupling/catalyst system is the ability for the products to undergo
additional coupling cycles. The initial alkene products of the coupling reaction can in turn enter the
catalytic cycle again and undergo an additional phenylboronic acid addition. This second product can
also re-enter the cycle for a third phenylboronic acid addition. We have observed one, two, and three
phenylboronic acid addition products for these catalyst systems; however, a fourth addition product
has not been observed for any catalyst. This is likely due to steric concerns whereby the third coupling
product is simply too bulky to coordinate to the metal center. Given that the initial reaction conditions
begin with a 3:1 excess of alkene to phenylboronic acid, noting products from multiple additions is
particularly fascinating and suggests that the product of the first addition is activated toward further
additions, a finding that will be the focus of a future study. In order to maximize additional couplings,
the ratio was reversed to be 3:1 excess of phenylboronic acid to methyl tiglate. In the GC-MS of these
coupling reactions, we observe three peaks of mass 190.2, six peaks of mass 266.3, and two peaks of
mass 342.4; the fourth coupling product would have a mass of 418.5 if formed (Figure 16). For the
actual chromatograms, see the Supplementary Materials.

 
Figure 16. Postulated structures of multiple phenylboronic acid additions to the products of the
bis(amino acid)Pd(II) catalyzed coupling of phenylboronic acid and methyl tiglate. First addition =
black, second addition = red, third addition = blue.
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2.7. Temperature Effects

Temperature has a significant effect on the enantioselectivity of the coupling reaction. The coupling
reaction was carried out with the standard set of reaction conditions using the bis-proline complex as
the catalyst at temperatures of 0, 25, and 65 ◦C. Enantioselectivities were noted to increase significantly
with decreasing temperature as shown in Table 2, below. The equipment available for this study did
not allow the reaction to be carried out below 0 ◦C and this could be an interesting study for the future
with the proper equipment.

Table 2. Enantioselectivity versus temperature for the bis(amino acid)palladium(II) catalyzed oxidative
coupling of phenylboronic acid to methyl tiglate.

Reaction Temperature, ◦C %ee

65 ~1

25 20

0 41

2.8. Solvent Effects

The standard coupling reaction was carried out in N,N-dimethylformamide, toluene,
dichloromethane, and water solvents using the bis-proline complex as the catalyst. By far, DMF proved
to be the superior solvent for this system. As a polar aprotic solvent, DMF has a hydrogen bond
acceptor that greatly facilitates dissolution of the catalyst, which has unusually poor solubility in most
common solvents. Subsequent trials were made with DMSO and acetonitrile as the solvents, but
neither of these solvents gave appreciable product formation. As coordinating solvents, it is highly
likely that solvent coordination to the complex blocks the active sites on the metal center required
for reactivity. DMF, as a poorly-coordinating solvent, does not suffer this effect. No reaction was
noted for either the dichloromethane (DCM) or toluene systems. DCM is a slightly polar aprotic
solvent but lacks a hydrogen bond acceptor/donor, and toluene is a non-polar solvent. Neither of these
solvents were observed to dissolve the catalyst, therefore the lack of any observed reactivity is not
surprising. Water proved to be an interesting solvent choice. The catalyst is soluble in water, as is the
phenylboronic acid substrate, but biphenyl formation was noted as the only reaction product. Methyl
tiglate is extremely water-insoluble and the lack of PBA-MT cross-coupling products can be attributed
to the lack of alkene solubility in water. This suggests that water may indeed be a “green” solvent
choice for these systems so long as appropriate water-soluble substrates can be identified. Water as a
solvent was used successfully for biaryl formation with a Pd(II) proline complex [78].

2.9. Pd(II)-Amino Acid Complexes as Polymerization Catalysts

Given the observation that these catalysts facilitate multiple substrate additions, it was hoped that
they might also serve as novel polymerization catalysts. A suitable monomer containing both alkene
and phenylboronic acid moieties, 4-(trans-3-methoxy-3-oxo-1-propen-1-yl)benzene boronic acid, was
identified (Figure 17) and obtained for study.

 
Figure 17. 4-(trans-3-methoxy-3-oxo-1-propen-1-yl)benzene boronic acid monomer.

The polymerization reaction was performed under conditions identical to the normal
phenylboronic acid-methyl tiglate coupling using the cis-bis-(L-pipecolinato)palladium(II) complex as
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the catalyst. This complex was chosen due to the fact that it exhibited the least amount of homocoupling.
While high molecular weight polymer was not isolated from the reaction, high-resolution time-of-flight
mass spectrometric analysis of the reaction provides evidence of oligomer formation. Mass spectral
peaks corresponding to oligomer masses where n = 2, 3, 4, 5, and 6 were observed (n = number of
monomeric repeat units) (Figure 18). The cis-bis-(L-pipecolinato)palladium(II) catalyst once again
showed no formation of homocoupled monomer.

 
Figure 18. Proposed oligomer structures corresponding to HR-TOF MS data. From top left, n = 2, 3, 4,
5, and 6 where n = number of monomer units in the oligomer.

2.10. Other Coupling Substrates

There are hundreds, if not thousands, of possible boronic acid/olefin combinations that could be
studied with our palladium(II)-amino acid catalytic systems. In an effort to probe some of the other
possibilities of these systems, several substituted phenyl boronic acids and olefins were also examined
as substrates for the coupling reaction.

An electron-withdrawing group on the phenyl boronic acid was introduced in the form of the
trifluoromethyl group in 4-(trifluoromethyl)phenylboronic acid. The coupling reaction between this
boronic acid and methyl tiglate was carried out as before with the bis-(L-prolinato)palladium(II)
catalyst. The reaction proceeded smoothly with complete consumption of the phenylboronic acid
substrate within the 48-hour reaction time. Product distributions were as follows: 71% R/S product
with an enantiomeric excess of 11%, 24% homocoupled biaryl, 1% of the Z-alkene, and 4% of the
secondary addition product (Figure 19).

 
Figure 19. Reaction scheme and product distributions of the coupling reaction between
4-(trifluoromethyl)phenylboronic acid and methyl tiglate.
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The same coupling reaction was also carried out with a phenylboronic acid with an electron
donating group in the para position. In this case 4-methoxyphenylboronic acid was used (Figure 20).

Figure 20. Reaction scheme and product distributions of the coupling reaction between
4-methoxyphenylboronic acid and methyl tiglate.

In this case, as before, complete consumption of the phenylboronic acid was observed. Interestingly,
there was no evidence of homocoupling, alkene formation, or multiple phenylboronic acid additions
noted for this reaction. The only product detected was the R/S product with an enantiomeric excess
of 6%.

Methyl tiglate is considered to be an activated alkene, and it was hoped that our catalysts would
also be useful for coupling non-activated alkenes. To this end cis-cyclooctene, 1,5-cyclooctadiene, and
1,5-hexadiene were evaluated with phenyl boronic acid in the standard coupling reaction. To our
delight, all three alkenes coupled with phenylboronic acid when the reaction was catalyzed by the
cis-bis-(L-prolinato)palladium(II) catalyst. The cis-cyclooctene coupling can generate four possible
products (Figure 21), and four product peaks of the correct mass are observed in the GC-MS analysis of
the reaction. The 1,5-cyclooctadiene coupling has two possible products (Figure 22), and here again we
see two peaks of appropriate mass in the GC-MS trace. Finally, the 1,5-hexadiene coupling also has
two possible products (Figure 23) and two peaks of correct mass are observed by GC-MS.

 ZE Z Z

Figure 21. Possible product structures for the coupling reaction between phenylboronic acid and
cis-cyclooctene.
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 Z ZE Z

Figure 22. Possible product structures for the coupling reaction between phenylboronic acid and
1,5-cyclooctadiene.

 Z

E

Figure 23. Possible product structures for the coupling reaction between phenylboronic acid and
1,5-hexadiene.

3. Materials and Methods

All reagents were purchased from commercial suppliers and used as received. Palladium(II) acetate
was obtained from Pressure Chemical, Pittsburgh, PA, USA. Proline, N-methylproline, azetidine,
and pipecolinic acid were purchased from Sigma-Aldrich, St. Louis, MO, USA. 4-fluoroproline,
4-hydroxyproline, and 2-α-benzylproline were purchased from Chem-Impex International, Inc., Wood
Dale, IL, USA. Reagent grade solvents (ether, acetone, ethyl acetate, DMF) were purchased from
Sigma-Aldrich. Deuterated solvents for NMR spectroscopy were obtained from Cambridge Isotope
Laboratories, Tewksbury, MA, USA.

1H and 13C NMR spectra were collected on either a Varian MR-400 or a Bruker Avance III 600
MHz NMR spectrometer. High-Resolution Mass Spectra (HRMS) were collected on an Agilent 6220
(Santa Clara, CA, USA). Accurate Mass TOF LC-MS. X-ray crystallographic data were collected at
100 K on an Oxford Diffraction Gemini diffractometer with an EOS CCD detector and Mo Kα radiation.
Data collection and data reduction were performed using Agilent’s CrysAlisPro software (Yarnton,
Oxfordshire, UK) [79]. Structure solution and refinement were performed with ShelX [80,81], and
Olex2 was used for graphical representation of the data [82].

All molecular modeling calculations were performed using Gaussian 09[83] using the WebMO
interface. Full geometry optimizations and single-point energy calculations of all structures in
water were performed via density functional theory (DFT) with the Becke three-parameter exchange
functional [84] and the Lee–Yang–Parr correlation functional [85,86]. Because palladium is not covered
in the cc-pVDZ basis set used, computations involving Pd employed Stuttgart/Dresden quasi-relativistic
pseudopotentials [87].

3.1. General Procedure for the Synthesis of Palladium(II) Amino Acid Complexes

All reactions proceeded in very much identical ways and the following is the general procedure
for all synthesis: An appropriately sized vial was fitted with a magnetic stir bar and charged with
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palladium(II) acetate and an appropriate volume of 50/50 (v/v) acetone/water. The mixture was stirred
until all solids had dissolved. To this we added the amino acid and stirred the mixture overnight. The
reaction solutions turned from a clear red-orange to a clear pale-yellow supernatant with a pale-yellow
precipitate. The supernatant was transferred via pipette to a clean vial and allowed to evaporate
to give clear yellow needles. The pale-yellow precipitate was washed with water and dried under
a vacuum. The combined yield of single crystals and precipitate was measured and the resulting
solid was characterized by 1H, 13C, HRMS, C,H analysis, and single-crystal X-ray diffractometry
where possible.

3.2. Synthesis of cis-bis-(L-prolinato)palladium(II) (1)

Following the general procedure, the following amounts were used: 55.7 mg palladium(II) acetate
(0.2481 mmol), 3.0 mL of 50/50 (v/v) acetone/water and 57.1 mg L-proline (0.4960 mmol). Yield: 79.3 mg
of product (0.2369 mmol, 96% yield). Cis-Pd(C5H8NO2)2 (1) was identified on the basis of the following
data: 1H NMR (400 MHz, D2O) δ 4.08–3.63 (m, 1H), 3.37–2.73 (m, 2H), 2.28–1.52 (m, 4H). 13C NMR (101
MHz, D2O) δ 186.49, 64.89, 52.58, 29.31, 24.68. HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C5H8NO2)2,
335.0218; found, 335.0224. Anal. Calcd. for Pd(C5H8NO2)2: C, 35.89%; H, 4.82%; N, 8.37%. Found: C,
35.98%; H, 4.83%; N, 8.35%. X-ray crystallographic data -CCDC: 1913626.

3.3. Synthesis of trans-bis-(N-methyl-L-prolinato)palladium(II) (2)

Following the general procedure, the following amounts were used: 35.2 mg palladium(II) acetate
(0.1568 mmol), 3.0 mL of 50/50 (v/v) acetone/water and N-methyl-L-proline (42.7 mg, 0.3306 mmol).
Yield: 53.6 mg of product (0.1477 mmol, 94% yield). Trans-Pd(C6H10NO2)2 (2) was identified on the
basis of the following data: 1H NMR (400 MHz, D2O) δ 3.28 (dd, J = 10.4, 7.0 Hz, 1H), 3.12 (ddd,
J = 10.9, 7.0, 2.8 Hz, 1H), 2.71 (s, 3H), 2.61–2.47 (m, 1H), 2.42–2.13 (m, 3H), 1.99 (dtt, J = 12.9, 6.7, 3.4 Hz,
1H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C6H10NO2)2, 363.0531; found, 363.0532. Anal. Calcd.
for Pd(C6H10NO2)2·2H2O: C, 36.15%; H, 6.07%; N, 7.03%. Found: C, 37.61%; H, 5.85%; N, 7.29%. X-ray
crystallographic data -CCDC: 1913622.

3.4. Synthesis of cis-bis-(trans-4-hydrox-L-yprolinato)palladium(II) (3)

Following the general procedure, the following amounts were used: 59.4 mg palladium(II) acetate
(0.2646 mmol), 2.0 mL of 50/50 (v/v) acetone/water and 77.1 mg 4-hydroxy-L-proline (0.5880 mmol).
Yield: 94.3 mg of product (0.2572 mmol, 97% yield). Cis-Pd(C5H8NO3)2 (3) was identified on the basis
of the following data: 1H NMR (400 MHz, D2O) δ 4.41 (s, 1H), 4.10 (t, J = 9.1 Hz, 1H), 3.35–3.28 (m,
1H), 3.27–3.15 (m, 2H), 3.10 (d, J = 12.7 Hz, 1H), 2.22–2.06 (m, 2H). HRMS/ESI+ (m/z): [M+H]+ calcd
for Pd(C5H8NO3)2, 367.0116; found, 367.0130. Anal. Calcd. for Pd(C5H8NO3)2: C, 32.76%; H, 4.40%.
Found: C, 32.88%; H, 4.42%. X-ray crystallographic data -CCDC: 1913624.

3.5. Synthesis of cis-bis-(trans-4-fluoro-L-prolinato)palladium(II) (4)

Following the general procedure, the following amounts were used: 49.6 mg palladium(II) acetate
(0.2209 mmol), 3.0 mL of acetone and 64.6 mg trans-4-fluoro-L-proline (0.4853 mmol). Yield: 78.1 mg of
product (0.2107 mmol, 95% yield). Cis-Pd(C5H7FNO2)2 (4) was identified on the basis of the following
data: 1H NMR (400 MHz, D2O) δ 5.26–5.09 (m, 1H), 4.16–4.00 (m, 1H), 3.45–3.14 (m, 2H), 2.54–1.89 (m,
3H). 13C NMR (101 MHz, D2O) δ 186.09 (d, J = 140.5 Hz), 92.48 (d, J = 174.5 Hz), 62.48 (d, J = 150.3 Hz),
56.87 (dd, J = 131.2, 21.7 Hz), 36.10 (dd, J = 28.7, 21.6 Hz). 19F NMR (471 MHz, D2O) δ −179.33 (d,
J = 140.9 Hz). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C5H7FNO2)2, 371.0029; found, 371.0036. Anal.
Calcd. for Pd(C5H7FNO2)2: C, 32.41%; H, 3.81%; N, 7.56%. Found: C, 32.99%; H, 3.92%; N, 7.53%.
X-ray crystallographic data -CCDC: 1913621.
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3.6. Synthesis of trans-bis-(2-benzylprolinato)palladium(II) (5)

Following the general procedure, the following amounts were used: 21.2 mg palladium(II)
acetate (0.0944 mmol), 3.0 mL of 50/50 (v/v) acetone/water and 50.2 mg 2-benzylproline hydrochloride
(0.2077 mmol). Yield: 44.7 mg of product (0.0868 mmol, 92% yield). Trans-Pd(C12H14NO2)2 (5) was
identified on the basis of the following data: 1H NMR (400 MHz, D2O) δ 7.32–7.15 (m, 5H), 3.42 (d,
J = 14.6 Hz, 1H), 3.36–3.23 (m, 2H), 3.00 (d, J = 14.6 Hz, 1H), 2.48–2.37 (m, 1H), 2.09–1.96 (m, 2H), 1.87
(pd, J = 9.7, 8.8, 3.6 Hz, 1H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C12H14NO2)2, 515.1157; found,
515.1175. Anal. Calcd. for Pd(C12H14NO2)2: C, 55.98%; H, 5.48%; N, 5.44%. Found: C, 55.95%; H,
5.52%; N, 5.37%. X-ray crystallographic data -CCDC: 1913619.

3.7. Synthesis of trans-bis-(L-azetidine-2-carboxylato)palladium(II) (6)

Following the general procedure, the following amounts were used: 49.9 mg palladium(II)
acetate (0.2223 mmol), 2.0 mL of 50/50 (v/v) acetone/water and 51.2 mg L-azetidine-2-carboxylic acid
(0.5064 mmol). Yield: 66.7 mg of product (0.2175 mmol, 98% yield). Trans-Pd(C4H6NO2)2 (6) was
identified on the basis of the following data: 1H NMR (400 MHz, D2O) δ 4.44 (dt, J = 17.3, 8.8 Hz, 1H),
3.75–3.64 (m, 2H), 2.81–2.68 (m, 1H), 2.67–2.55 (m, 2H). 13C NMR (101 MHz, D2O) δ 187.86, 186.59,
63.36, 61.42, 50.32, 48.79, 24.61, 24.58. HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C4H6NO2)2, 515.1157;
found, 515.1175. Anal. Calcd. for Pd(C4H6NO2)2: C, 55.98%; H, 5.48%; N, 5.44%. Found: C, 55.95%; H,
5.52%; N, 5.37%.

3.8. Synthesis of cis-bis-(L-pipecolinato)palladium(II) (7)

Following the general procedure, the following amounts were used: 107.5 mg palladium(II) acetate
(0.4788 mmol), 3.0 mL of 50/50 (v/v) acetone/water, and 126.6 mg L-pipecolinic acid (0.9802 mmol).
Yield: 152.4 mg of product (0.4202 mmol, 88% yield). Cis-Pd(C6H10NO2)2 (7) was identified on the
basis of the following data: 1H NMR (400 MHz, D2O) δ 3.78–3.57 (m, 1H), 2.96–2.63 (m, 2H), 1.94–1.08
(m, 6H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C6H10NO2)2, 363.0531; found, 363.0543. Anal. Calcd.
for Pd(C6H10NO2)2·4H2O: C, 33.15%; H, 6.49%; N, 6.44%. Found: C, 33.30%; H, 6.50%; N, 6.45%. X-ray
crystallographic data -CCDC: 1913623.

3.9. Synthesis of cis-bis-(D-prolinato)palladium(II) (8)

Following the general procedure, the following amounts were used: 50.2 mg palladium(II) acetate
(0.2236 mmol), 2.0 mL of 50/50 (v/v) acetone/water, and 58.7 mg D-proline (0.5099 mmol). Yield: 71.1 mg
of product (0.2124 mmol, 95% yield). Cis-Pd(C5H8NO2)2 (8) was identified on the basis of the following
data: 1H NMR (400 MHz, D2O) δ 3.79 (dd, J = 9.1, 7.6 Hz, 1H), 3.10–2.96 (m, 2H), 2.17–2.06 (m, 1H),
1.99–1.78 (m, 2H), 1.67–1.54 (m, 1H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C5H8NO2)2, 335.0218;
found, 335.0222. Anal. Calcd. for Pd(C5H8NO2)2: C, 35.89%; H, 4.82%; N, 8.37%. Found: C, 36.10%; H,
4.72%; N, 8.45%. X-ray crystallographic data -CCDC: 1913620.

3.10. Synthesis of cis-bis-(D-pipecolinato)palladium(II) (9)

Following the general procedure, the following amounts were used: 112.8 mg palladium(II) acetate
(0.5024 mmol), 2.0 mL of 50/50 (v/v) acetone/water and 132.2 mg D-pipecolinic acid (1.0235 mmol).
Yield: 151.9 mg of product (0.4188 mmol, 83% yield). Cis-Pd(C6H10NO2)2 (9) was identified on the
basis of the following data: 1H NMR (400 MHz, D2O) δ 3.75–3.56 (m, 1H), 2.97–2.66 (m, 2H), 2.08–1.08
(m, 6H). HRMS/ESI+ (m/z): [M+H]+ calcd for Pd(C6H10NO2)2, 363.0531; found, 363.0520. Anal. Calcd.
for Pd(C6H10NO2)2·4H2O: C, 33.15%; H, 6.49%; N, 6.44%. Found: C, 35.09%; H, 6.02%; N, 6.85%. X-ray
crystallographic data -CCDC: 1913625.
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3.11. General Procedure for Catalytic Reactions

The couplings were carried out in DMF solvent under an O2 atmosphere with a 3:1 alkene:boronic
acid ratio and 5 mol % catalyst loading, based on the boronic acid. Coupling reactions were stirred
under O2 for 48 h. The reaction work-up consisted of dilution with water followed by extraction with
ethyl acetate and drying over anhydrous magnesium sulfate. Analysis included chiral GC using an
Agilent CP-ChiralSil-Dex CB column (Agilent Technologies, Santa Clara, CA, USA).

In order to better analyze the multiple coupling products, the methyl tiglate to boronic acid ratio
was changed to make the alkene:boronic acid ratio 1:3.

4. Conclusions

Nine palladium(II) bis-amino acid chelates with aliphatic ring structures for their R-group
have been synthesized, characterized, and tested for catalytic activity for the oxidative coupling
of phenylboronic acid with olefins. The amino acids employed include L-proline, D-proline,
N-methylproline, azetidine, L-pipecolinic acid, D-pipecolinic acid, 2-α-benzylproline, 4-hydroxyproline,
and 4-fluoroproline. The N-methylproline, 2-α-benzylproline, and azetidine complexes exist as the
trans isomer, with all other complexes being cis. All of these complexes are square planar, C2

symmetric molecules that exhibit varying degrees of intermolecular hydrogen bonding. All complexes
are catalytically active with respect to the oxidative coupling of phenylboronic acids to olefins,
with the exception of the N-methylproline complex. Enantioselectivities are modest with the best
example, cis-bis(prolinato)palladium(II), yielding an enantiomeric excess of 24% with enantioselectivity
increasing with decreasing temperature. These complexes couple a wide variety of both electron-rich
and electron-deficient phenylboronic acids and activated and non-activated olefins. The finding
of multiple cross-couplings on a single substrate is a fascinating finding that will be the subject of
future studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/6/515/s1,
Figure S1: Example of mass spectrum showing Pd isotope pattern, Figure S2. Packing diagram for Complex 3
showing hydrogen-bonding motif; Figure S3. Packing diagram for Complex 4 showing hydrogen-bonding motif;
Figure S4. Packing diagram for Complex 5 showing hydrogen-bonding motif. Figure S5. Packing diagram for
Complex 7 showing hydrogen-bonding motif; Figure S6. Typical GC-MS trace of the first oxidative coupling of
phenylboronic acid with methyl tiglate; Figure S7. Typical GC-MS trace of the second oxidative coupling products
of phenylboronic acid with methyl tiglate; Figure S8. Typical GC-MS trace of the Third oxidative coupling products
of phenylboronic acid with methyl tiglate; Report I. Complete crystallographic experimental parameters and tables
of bond lengths and angles for complex 1. Report II. Complete crystallographic experimental parameters and tables
of bond lengths and angles for complex 2. Report III. Complete crystallographic experimental parameters and
tables of bond lengths and angles for complex 3. Report IV. Complete crystallographic experimental parameters and
tables of bond lengths and angles for complex 4. Report V. Complete crystallographic experimental parameters and
tables of bond lengths and angles for complex 5. Report VI. Complete crystallographic experimental parameters
and tables of bond lengths and angles for complex 6. Report VII. Complete crystallographic experimental
parameters and tables of bond lengths and angles for complex 8. Report VIII. Complete crystallographic
experimental parameters and tables of bond lengths and angles for complex 9. Example of HRMS showing Pd
isotope pattern, figures showing crystal lattice hydrogen-bonding motifs for select complexes, GC-MS traces
showing the multiple cross-coupling analysis and full experimental data and complete listing of bond lengths and
angles for compounds 1-9. In addition, CCDC numbers 1913619-1913626 contain the full supplementary .cif files
for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures.
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Abstract: Heterogeneous enantioselective hydrogenation is an ideal method for synthesizing
important chiral compounds in pesticides and pharmaceuticals. Up to the present, supported
noble-metal catalysts are most widely studied in heterogeneous enantioselective hydrogenations.
However, it is found that the weak interactions existing on the surface of support may have negative
effects on the enantioselectivity. Herein, a new category of TiO2 (Aeroxide® P25) supported Pd
catalyst with ultrathin Pd shell was successfully prepared via a simple strategy based on the reduction
of PdI carbonyl complex. Characterization results show that a well-dispersed ultrathin Pd shell
with an average thickness of ~1.0 nm and a Pd loading of 36 wt.% was formed over the surface of
P25 support. By excluding the negative weak interactions from the support, the P25@Pd core-shell
catalyst with unique electronic properties of Pd exhibits higher activity and enantioselectivity than
that of Pd/P25 catalyst prepared by the impregnation method and unsupported Pd black catalyst in
the enantioselective hydrogenation of acetophenone.

Keywords: P25@Pd; core-shell; heterogeneous enantioselective hydrogenation; acetophenone

1. Introduction

With the wide application of optically pure chiral compounds in pesticides, pharmaceuticals
and fragrances, it is particularly important to develop effective preparation methods for synthesizing
single-enantiomer compounds [1–3]. Among the many established methods, enantioselective
hydrogenation over heterogeneous catalysts is one of the most ideal strategies owing to its inherent
operational and economic advantages, e.g., atom economy, easy separation and recovery of catalysts.
Therefore, it has shown great potential in industrial research and caused extensive concern in academic
circles [1–4].

The enantioselective hydrogenation of acetophenone is a probe reaction widely chosen for
heterogeneous asymmetric hydrogenation studies, since it is a good example of competitive reaction
and its target product (chiral 1-phenylethanol) is related to the production of pharmaceutical
intermediates [5–9]. However, the enantioselectivity reported so far over traditional supported
noble-metal (e.g., Pd, Pt) catalysts is generally low and further improvements are still needed.

Nowadays, chirally modified supported noble-metal catalysts have been most widely used
in heterogeneous enantioselective hydrogenations [2–7,9–14]. It is well known that the catalytic
performance of the supported metal catalysts strongly depends on the metal particle size. Thus,
to make the metal nanoparticles disperse well for achieving high activity, the metal loading of the
catalysts studied in the literature is generally less than 5 wt.%. However, it is found that the various
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weak interactions (such as hydrogen bond, physical adsorption and van der Waals force) existing
on the surface of the support are in the same energy range with the energy difference between the
two transition states of R- and S-products in chiral reactions (<15 kJ/mol), which may affect the chiral
recognition process and thus have a negative effect on the enantioselectivity [15]. Baiker et al. found
that the acidity and basicity of the support could significantly affect both the chemoselectivity and
the enantioselectivity in the enantioselective hydrogenation of activated ketones [16]. Therefore, the
exposure of support surface adds the complexity in elucidating the nature of the chiral recognition
on metal catalysts in heterogeneous enantioselective hydrogenation reactions. Thus, to reduce the
difficulty in heterogeneous asymmetric hydrogenation studies and achieve higher enantioselectivity, it
is highly desirable to exclude the negative weak interactions existing on the surface of the support.

It is well known that supported metal catalysts with core-shell structure have attracted much
attention because of their unique structure and better performance in some catalytic reactions [17,18].
Therefore, if we could form an ultrathin metal layer on the surface of the support, it may not only
eliminate the adverse effect of weak interactions from the support on heterogeneous asymmetric
hydrogenations, but also affect the electronic properties of noble-metal catalysts, which is of great
significance in both fundamental and practical aspects.

In this work, a new category of TiO2 (Aeroxide® P25) supported Pd catalyst with unique core-shell
structure (P25 core and Pd ultrathin shell, denoted as P25@Pd) was tactically prepared by a facile
strategy under mild conditions based on the reduction of PdI carbonyl complex [19] over the surface
of the P25 support. The as-prepared P25@Pd catalyst exhibits a well-dispersed ultrathin Pd shell
with an average thickness of ~1.0 nm and a Pd loading of 36 wt.%. The formation of the ultrathin
Pd shell over the surface of the P25 support excludes the negative weak interactions from support
and the resulting P25@Pd core-shell catalyst exhibits improved activity and enantioselectivity in the
enantioselective hydrogenation of acetophenone. The unique electronic properties of Pd influenced by
the interaction between the ultrathin Pd shell and the P25 support also probably have a positive effect
on the enantioselectivity. The new category of supported noble-metal catalyst with ultrathin metal
shell could be promising for heterogeneous asymmetric catalytic studies.

2. Results and Discussion

2.1. Morphology of the P25@Pd Catalyst

Figure 1 shows the representative transmission electron microscopy (TEM) images of the P25
support and the as-prepared P25@Pd core-shell catalyst. The P25 support displays a nanoparticle
morphology with an average particle size of ca. 21 nm (Figure 1a). As compared to the P25 support,
the much darker outlines of the nanoparticles in P25@Pd catalyst (Figure 1b) indicate that Pd metal
is deposited over the surface of the P25 support. To further visualize the core-shell structure of the
P25@Pd catalyst, a high angle annular dark field scanning TEM (HAADF-STEM) image is presented in
Figure 1c, which clearly exhibits the coverage of the Pd shells (brighter areas in contrast). The average
thickness of the Pd shell calculated based on the statistic calculation (Figure 1d) is ca. 1.0 nm. Figure 1e
provides a typical high resolution TEM (HRTEM) image of a P25@Pd nanoparticle. The interplanar
spacing of 0.23 nm can be observed in the Pd shell on the P25@Pd nanoparticle, ascribable to (111)
lattice spacing of face-centered cubic (fcc) Pd [20]. A d-spacing of 0.35 nm observed in the P25 core
corresponds to the (101) planes of anatase TiO2 [21]. Figure 1f presents the typical elemental mapping
images of the P25@Pd catalyst. The results clearly demonstrate the successful coverage of Pd shell over
the surface of the P25 support, unambiguously confirming the P25 core/Pd shell structure. As detected
by inductively coupled plasma atomic emission spectroscopy (ICP-AES), the weight percentage of Pd
in the P25@Pd catalyst is 36%, which is in good accordance with the energy dispersive X-ray emission
(EDX) analysis (Pd/Ti molar ratio of 0.43).
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Figure 1. Transmission electron microscopy (TEM) images of (a) P25 support and (b) P25@Pd core-shell
catalyst; (c) high angle annular dark field scanning (HAADF-STEM) image, (d) Pd shell thickness
distribution, (e) high resolution TEM (HRTEM) image, and (f) elemental mapping results of P25@Pd
core-shell catalyst.

2.2. Structural Properties of the P25@Pd Catalyst

The Brunauer–Emmett–Teller (BET) specific surface area of the P25@Pd catalyst is 53.4 m2 g−1,
which is slightly larger than that of the parent P25 support (49.7 m2 g−1). The X-ray diffraction (XRD)
measurements were carried out to identify the phase and lattice structures of the parent P25 support
and P25@Pd core-shell catalyst. As shown in Figure 2a, there are several diffraction peaks in the
parent P25 support, which can be fully indexed to anatase and rutile TiO2 (JCPDS card no. 89–4921,
89–4920) [21]. In addition to the diffraction peaks of the parent P25 support [21], two additional broad
diffraction peaks at 2θ of 40.0, and 46.5◦ can be clearly observed, corresponding to (111) and (200)
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reflections of fcc Pd (JCPDS card no. 89–4897). The lattice constant of Pd in P25@Pd core-shell catalyst
calculated by peak fitting (Figure 2b) is ca. 0.389 nm, which is similar to that of the Pd black sample.
According to the fitting results, the intensity ratio of the Pd(111) and Pd(200) peaks is 4.14, which is
1.8 times that of the Pd black sample (2.27), indicating that the ultrathin Pd shell in the P25@Pd catalyst
has (111) preferred orientation.

 
Figure 2. X-ray diffraction (XRD) patterns of parent P25 support and P25@Pd core-shell catalyst:
(a) Experimental data, (b) peak fitting results.

2.3. Study on the Formation of P25@Pd Core-Shell Structure

In order to investigate the formation of P25@Pd core-shell structure, a set of comparative
experiments were carefully carried out. Without the addition of P25 support, only ultrathin Pd
nanosheets are formed by the reduction of PdI carbonyl complex [19] (Figure 3a). In the presence of P25
support, the reduction of PdI carbonyl complex [19] completely occurs on the surface of P25 support to
form the P25@Pd core-shell catalyst and no isolated Pd nanosheets could be observed. However, when
we replace the P25 support with mesoporous carbon, γ-Al2O3 or SiO2 support, instead of forming
core-shell structure, isolated ultrathin Pd nanosheets aggregated together or small Pd nanoparticles
located on the surface of the support are observed (Figure 3b–d). Thus, the preferred deposition of
Pd over the P25 support to form the core-shell structure could be possibly attributed to the unique
interaction between Pd and the P25 support [22–24]. Due to the interaction between Pd and the P25
support, the PdI carbonyl complex [19] is prone to be reduced over the surface of each P25 nanoparticle,
facilitating the uniform coating of Pd ultrathin shell over the P25 nanoparticle surface to form the
core-shell structure. The detailed formation mechanism of the core-shell structure still requires further
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study. For comparison, we also synthesized Pd/P25 catalyst with the same Pd loading by impregnation
method with N2H4·H2O as the reductant. As shown in Figure 3e, Pd nanoparticles on P25 support are
varied in size and tend to aggregate together in the Pd/P25 catalyst, which is totally different from that
of the P25@Pd core-shell catalyst. The molar ratio of Pd/Ti is similar to that of the P25@Pd catalyst as
verified by EDX analysis (Figure 3f).

 

Figure 3. TEM images of (a) Pd nanosheets obtained in the absence of P25 support, (b, c, d) Pd catalyst
prepared by the same reduction procedure except using mesoporous carbon, commercial γ-Al2O3, and
SiO2 as support, respectively; (e) TEM image and (f) energy dispersive X-ray emission (EDX) results of
Pd/P25 catalyst prepared by traditional impregnation method.

2.4. Electronic Properties of the P25@Pd Catalyst

X-ray photoelectron spectroscopy (XPS) was utilized to detect the electronic state of elements in
P25@Pd catalyst. Figure 4a presents the Pd 3d core level spectrum of the P25@Pd core-shell catalyst. The
Pd 3d core-level line could be fitted with two main doublets with the binding energy (BE) of the Pd3d5/2

peaks at 334.9 and 336.1 eV, corresponding to metallic Pd and Pdδ+ species, respectively [23,25,26]. The
Ti 2p spectrum of P25@Pd core-shell catalyst (Figure 4b) is dominated by species in the Ti4+ oxidation
state at the BE of 458.8 and 464.5 eV, which is consistent with the typical Ti 2p3/2 and Ti 2p1/2 values for
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P25 support [27–29]. The surface Pd/Ti atomic ratio of the P25@Pd catalyst derived from XPS data is
evaluated to be 0.99, which is more than twice that of the bulk composition measured by ICP and EDX,
reflecting the surface enrichment of the Pd shell.

To investigate whether the presence of Pdδ+ species is mainly due to the electron transfer from
Pd to P25 support [23,25,30] or just Pd oxidation, cyclic voltammeter (CV) studies of P25@Pd catalyst
were performed. Cyclic voltammograms (Figure 5) show that there is no Pd reduction peak in the first
cycle while obvious Pd reduction peak at 0.47 V is clearly observed in the second cycle. The results
indicate that the presence of Pdδ+ species is unlikely due to Pd oxidation but rather to electron transfer
from Pd to P25 support, which is similar to previous literature reports [23,25,30].

 
Figure 4. (a) X-ray photoelectron spectroscopy (XPS) Pd 3d spectra of P25@Pd core-shell catalyst. Circle
symbols are experimental data. Pd0 peaks at 334.9 eV and 340.2 eV, and Pdδ+ peaks at 336.1 eV and
341.4 eV are fitting results. (b) XPS Ti 2p spectra of P25@Pd catalyst and P25 support.
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Figure 5. Cyclic voltammograms at a scanning rate of 50 mV s−1 measured on a glass carbon electrode
modified with P25@Pd core-shell catalyst in a 0.5 M H2SO4 solution.

2.5. Enantioselective Hydrogenation of Acetophenone

The catalytic performance of P25@Pd catalyst was evaluated by utilizing the enantioselective
hydrogenation of acetophenone as a probe reaction. As an α,β-unsaturated ketone, both the aromatic
ring and the carbonyl group may undergo hydrogenation. As shown in Scheme 1, the selective
hydrogenation of acetophenone involves several competitive and consecutive reactions, which may
produce side products such as acetylcyclohexane, ethylbenzene and 1-cyclohexylethanol in addition to
the target product, 1-phenylethanol [31–33]. Therefore, it is a great challenge to develop a catalyst with
both high chemoselectivity and enantioselectivity to chiral 1-phenylethanol.

 

Scheme 1. Reasonable products in selective hydrogenation of acetophenone.

Figure 6 shows the catalytic performance of the P25@Pd catalyst in the enantioselective
hydrogenation of acetophenone. For comparison, the catalytic behaviours of Pd/P25 with the
same metal loading and unsupported Pd black catalysts were also tested under the same reaction
conditions and the catalytic results are shown in Figure 6. Over P25@Pd catalyst, the yield of
1-phenylethanol increases steeply up to ∼100% in a reaction time of 165 min and then keeps unchanged
at a prolonged reaction time, demonstrating the excellent selectivity of the P25@Pd catalyst to the
C=O group. Our previous study showed that, under the present reaction conditions, the liquid phase
hydrogenation of acetophenone is zero-order for acetophenone [34], which is consistent with other
literature reports [35,36]. Therefore, we calculated the reaction rate from the slope of the acetophenone
conversion versus time plots based on our previous report [34]. The reaction rate is 36.5 mmol h−1

gPd
−1 on P25@Pd core-shell catalyst (Table 1, Entry 1), which is 36.5 and 30.2 times that of impregnated
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Pd/P25 (1.00 mmol h−1 gPd
−1, Table 1, Entry 2) and Pd black catalysts (1.21 mmol h−1 gPd

−1, Table 1,
Entry 3), respectively, demonstrating the superior activity of the P25@Pd catalyst.

 
Figure 6. Catalytic results of acetophenone enantioselective hydrogenation over (a) P25@Pd, (b) Pd/P25,
and (c) Pd black catalysts. Reaction conditions: 273 K, 7 mg of catalyst, 20 μL of acetophenone, 400 mg
of S-proline, 17 mL of methanol, and H2 (60 mL·min−1).

Table 1. Catalytic performance of P25@Pd, Pd/P25 and Pd black catalysts in the enantioselective
hydrogenation of acetophenone.

Entry Catalyst
Reaction Rate

(mmol h−1 gPd
−1)

e.e.
(%)

Dominant Enantiomer

1 P25@Pd 36.5 30 R
2 Pd/P25 1.00 20 R
3 Pd black 1.21 13 R

Reaction conditions: 273 K, 7 mg of catalyst, 20 μL of acetophenone, 400 mg of S-proline, 17 mL of methanol, and H2
(60 mL·min−1).

As shown in the inset of Figure 6, the impregnated Pd/P25 catalyst gives an average
enantioselectivity of ~20% (R-enantiomer dominant) which is similar to the value of supported
Pd or Pt catalysts reported in literature [5–7]. Under the same reaction conditions, the P25@Pd
core-shell catalyst exhibits an average enantioselectivity of 30% (R-enantiomer dominant), which
is 50% higher than that of the impregnated Pd/P25 catalyst. The improved enantioselectivity of
P25@Pd core-shell catalyst as compared to the impregnated Pd/P25 catalyst in the heterogeneous
enantioselective hydrogenation of acetophenone could probably be attributed to the exclusion of
negative weak interactions existing on the surface of support. As for the unsupported Pd black catalyst,
the enantioselectivity is only 13% (R-enantiomer dominant), which is 43% of the value on P25@Pd
core-shell catalyst. This demonstrates that the electronic properties of Pd in the P25@Pd core-shell
catalyst affected by the interaction between the ultrathin Pd shell and the P25 support probably also
play a positive role in the improvement of enantioselectivity. If we could further replace commercial
P25 by pure anatase or rutile TiO2 support with specific facets, the electronic state of Pd may be tuned
by changing the interaction between Pd and the specific TiO2 facets, which may be promising in
heterogeneous enantioselective hydrogenations.
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3. Materials and Methods

3.1. Chemicals and Materials

Commercial TiO2 (Aeroxide® P25) was purchased from ACROS (Geel, Belgium). γ-Al2O3 was
purchased from Alfa Aesar (Tewksbury, MA, USA). Mesoporous carbon was synthesized based on the
method reported by Ryoo et al. [37]. Palladium chloride (PdCl2) was purchased from J&K Scientific
Ltd. (Beijing, China). Hydrochloric acid, SiO2, N2H4·H2O and dimethyl formamide (DMF) were
purchased from Sinopharm Chemical Regent Co. Ltd. (Shanghai, China). The aqueous solution of
H2PdCl4 (1.0 M) was perpared by dissovling PdCl2 in a concentrated hydrochloric acid solution.

3.2. Catalyst Synthesis

P25@Pd catalyst: The synthesis of the P25@Pd core-shell catalyst was based on the reduction of
PdI carbonyl complex [19]. In a typical synthesis, 40 mg of P25 was added in 8.00 mL of distilled water
and then ultrasonicated for 60 min to obtain well-dispersed P25 aqueous suspension. Next, 240 μL of
H2PdCl4 aqueous solution (1.0 M) was added to 80 mL of anhydrous DMF in a three-necked glass
flask at ambient temperature under stirring, and a brownish red solution was obtained. Then, carbon
monoxide at atmospheric pressure with a flow rate of 100 mL min−1 was purged through the solution
for 20 min and the brownish red solution turned bright yellow due to the reduction of H2PdCl4 to PdI

carbonyl complex [19]. Then, 8.00 mL of ultrasonicated well-dispersed aqueous suspension of P25 was
added to the bright yellow solution and dark blue suspensions were formed due to the reduction of
PdI carbonyl complex to metallic Pd [19]. After 20 min, the dark blue suspensions were centrifuged.
The final catalyst was washed with methanol three times, and dried in a vacuum for activity test.

Pd/P25 catalyst: The Pd/P25 catalyst is synthesized by a traditional impregnation method. First,
26.4 μL of H2PdCl4 (1.0 M) was pipetted and diluted with 1.0 mL of distilled water. Then, 5 mg of
commercial P25 support was added and the mixture was ultrasonicated at ambient temperature for 1 h.
The mixture was evaporated and dried at 393 K for 2 h. The resulting brown powders were reduced by
10 mL of aqueous solution of N2H4·H2O (30%) with stirring at ambient conditions. The products were
washed with distilled water three times and then with methanol three times. The catalyst was kept in
methanol for activity test.

Pd black catalyst: 468 μL of H2PdCl4 (1.0 M) was pipetted and diluted with 20 mL of distilled
water. Then, 200 mL of aqueous solution of N2H4·H2O (30%) was added dropwise under stirring at
ambient conditions. The black suspensions were centrifuged and the obtained Pd black catalyst was
washed with distilled water three times and then with methanol three times. The catalyst was kept in
methanol for activity test.

3.3. Characterization

The transmission electron microscopy (TEM), the high-resolution TEM (HRTEM) images, the
scanning transmission electron microscopy (STEM), and the energy dispersive X-ray emission (EDX)
mapping results were obtained on a field-emission transmission electron microscope (FEI Tecnai G2 F20
S-Twin, Hillsboro, OR, USA, 200 kV). The element content of catalysts was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Thermo Elemental IRIS Intrepid, Waltham,
MA, USA). The Brunauer–Emmett–Teller (BET) specific surface areas were analyzed by N2 adsorption
on a Tristar II 3020 apparatus (Norcross, GA, USA). The sample was degassed under N2 flow at 383 K
for 2 h before the measurement. The X-ray diffraction (XRD) patterns were acquired on a Bruker AXS
D8 Advance X-ray diffractometer (Karlsruhe, Germany, Cu-Kα radiation, λ = 0.15418 nm, 40 kV, 40 mA)
with a scanning rate of 1◦ min−1 at 2θ ranging from 20◦ to 90◦. X-ray photoelectron spectroscopy (XPS)
was utilized to detect the electronic state of the samples on a Perkin–Elmer PHI 5000C instrument
(Waltham, MA, USA, 14 kV, 250 W) with Mg Kα (hν = 1253.6 eV) as the excitation source. Prior to
the measurement, the samples were degassed at 298 K for 12 h in a vacuum chamber. The binding
energy (BE) values were calibrated by referring to the C 1s peak (284.6 eV) of contaminant carbon.
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Cyclic voltammeter (CV) with a scanning rate of 50 mV s−1 was performed in a N2-saturated 0.5 M
H2SO4 solution at ambient temperature by using a standard three-electrode electrochemical cell on a
Bio-Logic science instrument (SP-300, Grenoble, France). Then, 10 μl of suspension containing P25@Pd
core-shell catalyst (Pd 0.55 mg mL−1) was pipetted onto a polished glass carbon electrode (d = 5 mm)
and dried in air at ambient temperature. Then, 5 μl of Nafion solution (1 wt.%) was pipetted onto it
and the Pd working electrode was obtained. A conventional three-electrode cell was used, including a
saturated calomel electrode (SCE) as the reference electrode, a graphite rod as the counter electrode
and the as-prepared Pd electrode as the working electrode. The Pd loading was 28 μg cm−2.

3.4. Activity Test

Similar to our previous report [34], the liquid phase enantioselective hydrogenation of
acetophenone was carried out at 273 K in a three-necked glass flask under atmospheric H2 pressure
(60 mL·min−1). First, 400 mg of S-proline and 7 mg of catalyst were dispersed in 17 mL of methanol.
Then, 20 μL of reactant acetophenone was pipetted into the mixture. The reaction was stirred with a
rate of 1000 rpm for the elimination of diffusion effects. In the reaction process, the supernatant was
sampled at intervals and detected with a gas chromatography (Agilent 7820A, Waltham, MA, USA)
equipped with a chiral capillary column (CP-CHIRASIL-Dex CB, 25 m × 0.25 μm × 0.32 mm) and a
flame ionization detector (FID). The retention times of products were identified with the standard
chemicals. The enantiomeric excess was expressed as e.e. % = |(R − S)|/(R + S) × 100.

4. Conclusions

P25@Pd core-shell catalyst with an ultrathin Pd shell of ca. 1 nm and a high Pd loading of ~36 wt.%
was successfully prepared by a facile strategy under mild conditions based on the reduction of PdI

carbonyl complex on the surface of the P25 support. By excluding the negative weak interactions
existing on the surface of the support, the P25@Pd core-shell catalyst exhibits higher activity and
enantioselectivity than that of the impregnated Pd/P25 catalyst in the enantioselective hydrogenation
of acetophenone. The much higher enantioselectivity over the P25@Pd core-shell catalyst than that
on unsupported Pd black catalyst indicates that the presence of the P25 core is necessary to affect the
electronic properties of Pd, which also probably have a positive effect on the enantioselectivity. The
work provides understanding for the designed synthesis of effective enantioselective supported metal
catalyst for heterogeneous asymmetric catalysis, which also opens up a new strategy for the synthesis
of supported noble-metal catalyst with both high metal loading and well-dispersed metal.
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Abstract: Pt–Sn/Al2O3 catalysts were prepared by the direct reduction method at temperatures from
450 to 900 ◦C, denoted as an SR series (SR450 to SR900 according to reduction temperature). Direct
reduction was performed immediately after catalyst drying without a calcination step. The activity of
SR catalysts and a conventionally prepared (Cal600) catalyst were compared to evaluate its effect
on direct reduction. Among the SR catalysts, SR550 showed overall higher conversion of propane
and propylene selectivity than Cal600. The nano-sized dispersion of metals on SR550 was verified
by transmission electron microscopy (TEM) observation. The phases of the bimetallic Pt–Sn alloys
were examined by X-ray diffraction, TEM, and energy dispersive X-ray spectroscopy (EDS). Two
characteristic peaks of Pt3Sn and PtSn alloys were observed in the XRD patterns, and these phases
affected the catalytic performance. Moreover, EDS confirmed the formation of Pt3Sn and PtSn alloys
on the catalyst surface. In terms of catalytic activity, the Pt3Sn alloy showed better performance
than the PtSn alloy. Relationships between the intermetallic interactions and catalytic activity were
investigated using X-ray photoelectron spectroscopy. Furthermore, qualitative analysis of coke
formation was conducted after propane dehydrogenation using differential thermal analysis.

Keywords: direct reduction; propane dehydrogenation; Pt–Sn/Al2O3; Pt3Sn alloy; PtSn alloy

1. Introduction

Light olefins such as ethylene and propylene are important chemical intermediates, and demand
for these materials has increased continuously [1,2]. Propane dehydrogenation (PDH) is used to
produce propylene and has drawn interest from researchers. As the price of propane has fallen,
propylene supply is also becoming important. In addition to the steam cracking of light olefins or
naphtha, the dehydrogenation of light alkanes is also popular nowadays. Since the 2010s, increasing
shale gas exploitation has motivated the development of dehydrogenation processes because significant
amounts of propane and butane are generated (although the main product of shale gas is methane).
The commercial PDH process uses Pt/Al2O3 catalysts or Cr/Al2O3 catalysts [3–6], but the demand for
highly active catalysts is still growing. In this paper, we refer to Al2O3 without differentiating its α-, γ-,
and θ-phases because the effect of the Al2O3 phase is not the objective of this study.

The Pt catalyst used in the PDH process is often impregnated with Sn as a co-catalyst [7–11].
Because the Pt–alkene interaction is stronger than the Pt–alkane interaction, unwanted side reactions
such as hydrogenolysis and isomerization often occur [12]. When Sn is added to a Pt/Al2O3 catalyst,
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the Pt–alkene interaction is weakened and side reactions are suppressed [13–17]. Thus, Sn may enhance
the propylene selectivity of the PDH reaction [18,19]. It has also been reported that Sn plays important
roles in preventing Pt sintering, lowering the acidity of the oxide support, and removing the coke
generated during the PDH process [4,20]. Previously, Pt–Sn alloys that use SiO2 as a support have
been reported [10]. The formation of alloys and their catalytic activities depend upon the preparation
conditions. Alloys of Pt–Sn have several forms, for example, PtSn, Pt3Sn, and PtSn2.

Deng and coworkers [10,21,22] used a direct reduction method to prepare PDH catalysts, which
did not include a calcination step, unlike the conventional protocol for catalyst preparation involving
drying, calcination, and reduction. They applied a hydrogen reduction stage at high temperature
(800 ◦C) immediately after drying the catalyst without a calcination step. The direct reduction method
yielded a catalyst with much higher performance than the conventionally calcined catalyst considering
propane conversion, as well as propylene selectivity. They reported that the Pt3Sn alloy formed by
direct reduction was responsible for the observed enhancement in catalytic activity. However, the role
of the Pt3Sn alloy in promoting the PDH reaction is still controversial. For example, Vu [3] reported the
reverse result, that is, the Pt3Sn alloy may cause catalytic deactivation, but the PtSn alloy provides
active sites.

In our previous study [23], we reported that oxychlorination treatment was effective in regenerating
Pt–Sn/Al2O3 catalysts after the PDH reaction, and we observed that catalysts containing Pt3Sn alloys
after oxychlorination treatment showed improved PDH activity. When considering catalysts for
commercial PDH applications, an Al2O3 support is more favorable than SiO2 because of its superior
thermal and mechanical stabilities. Thus, the evaluation of the effects of the direct reduction of a catalyst
on an Al2O3 support for the PDH reaction is of significant value. In this study, direct reduction was
employed to prepare Pt–Sn/Al2O3 catalysts. The Pt–Sn/Al2O3 catalysts were prepared at temperatures
from 450 to 900 ◦C, and the catalytic performance was evaluated in terms of propane conversion and
propylene selectivity. As a reference, a calcined catalyst was also prepared. The catalysts characteristics
were examined by X-ray diffraction (XRD), transmission electron microscopy (TEM), energy dispersive
spectroscopy (EDS), thermogravimetric analysis (TGA)/differential thermal analysis (DTA), and X-ray
photoelectron spectroscopy (XPS).

2. Results

2.1. Catalyst Performance

Figure 1 shows the propane conversion for the PDH reaction over the SR catalysts prepared by the
direct reduction method, as well as that for the Cal600 catalyst prepared by conventional calcination.
The SR550 catalyst showed the best performance in propane conversion over 5 h. The conversion
of SR550 was initially 41.2%, but this gradually decreased to 31.6% over the 5 h period. The second
best catalyst was SR500, which showed good performance for 4 h. The SR500 catalyst showed 38.8%
initial conversion, which decreased to 29.1% after 5 h. Meanwhile, the reference catalyst, Cal600,
had a conversion of 32.3%, making it the third best concerning initial conversion. The conversion
subsequently decreased to 28.5%, making it the second best after 5 h. The remainder of the catalysts
showed conversion values in the order of SR600 > SR450 > SR800 > SR900. Of the SR catalysts,
higher conversion values were achieved after direct reduction for 500 and 550 ◦C. It was observed that
reduction temperatures higher than 600 ◦C had a negative effect on the propane conversion.

As shown in Figure 2, the propylene selectivity values determined after 1 h were in the order
of SR500 > SR550 > SR600 > Cal600 > SR450 > SR800 > SR900. Similar to the trends in Figure 1, the
selectivity values of SR500 and SR550 were similarly high until 180 min, after which SR550 showed
slightly superior selectivity to SR500 until 5 h reaction time. As mentioned, the direct reduction method
was first reported by Deng and coworkers [10,21]. They prepared Pt–Sn/SiO2 catalysts and evaluated
the effects of the direct reduction method. On comparison with the activity of a conventionally calcined
catalyst, they observed higher activity after direct reduction at 800 ◦C. However, because we are
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considering commercial applications, in our study, an Al2O3 support was chosen. Al2O3 is more
favorable than SiO2 because Al2O3 is durable and more stable under the high temperature conditions
of the PDH reaction. The main objective of this study was to verify whether Pt–Sn/Al2O3 prepared by
a direct reduction will show similar superiority to the conventional catalyst for the PDH reaction.

Figure 1. Propane conversion over Pt–Sn/Al2O3. Reaction conditions: catalyst weight, 0.1 g; reaction
temperature, 600 ◦C; and flow rate, H2:C3H8 = 32:32 (mL/min).

 
Figure 2. Propylene selectivity of Pt–Sn/Al2O3. Reaction conditions: catalyst weight, 0.1 g; reaction
temperature, 600 ◦C; and flow rate, H2:C3H8 = 32:32 (mL/min).

2.2. Catalyst Characterization

2.2.1. X-ray Diffraction Analysis

Figure 3 shows the XRD patterns of the five SR catalysts (SR450, SR500, SR550, SR600, and SR800)
and the Cal600 catalyst. As shown in Figure 3, two different alloys, PtSn and Pt3Sn, were detected
between 38◦ and 46◦ in 2θ. The peaks located at 2θ values of 41.71◦ and 44.01◦ are related to the PtSn
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alloy, and the peaks located at 2θ values of 39.16◦ and 45.51◦ correspond to the Pt3Sn alloy [10,21]. It
has been reported that the Pt3Sn alloy is only formed when precursor’s molar ratios of Pt/Sn is higher
than 1 [21]. In this study, both PtSn and Pt3Sn are clearly indicated by the XRD patterns. The precursor
ratio was fixed to 3 to 1.8 by weight (1:1 by mole). Interestingly, the SR catalysts showed a slight shift
to a higher angle in the characteristic Pt3Sn peak near 45◦. Here, we infer that the PtxSny (x/y >3) alloy
is possibly formed, and a small amount of Sn can be excluded from the existing Pt3Sn alloy phase, as
reported previously [10,21]. After reduction (Figure 4), the characteristic peaks of the PtSn alloy are
not present in the XRD patterns of SR450, SR500, SR550, and SR600, although they were observed in
the XRD pattern of SR800. As shown in Figure 4, the intensities of the characteristic peaks of PtSn
alloy were reduced as the reduction temperature increased from 450 to 550 ◦C, and the peaks grew
sharper as the reduction temperatures increased from 600 to 800 ◦C. Considering the results of the
catalytic activity tests and the XRD analysis, we inferred the presence of PtSn alloy, which must affect
the PDH reaction negatively. Meanwhile, the intensities of the characteristic peaks of the Pt3Sn alloy
did not change much with increasing direct reduction temperature. The characteristic Pt3Sn peak
shifted slightly to the characteristic peaks of PtxSny (x/y > 3) near 45.5◦. Conceivably, the abundant Pt
in Pt3Sn or PtxSny (x/y > 3) provides more active sites for the PDH reaction. Thus, the activity for the
PDH reaction was increased not by the increasing amount of PtSn alloy but the increasing amount of
Pt3Sn or PtxSny (x/y > 3) alloy. In addition, the presence of broad peaks in the XRD patterns implies
that the Pt3Sn alloy is more amorphous or dispersed and nano-sized [21]. In the case of Cal600, the
characteristic peaks of both PtSn and Pt3Sn alloys were very sharp, as shown in Figure 4f. Thus, both
Pt3Sn and PtSn alloys are highly crystalline in the Cal600 catalyst. Therefore, even though Pt3Sn alloy
in Cal600 was present as a highly crystalline phase with large particle sizes, the presence of the PtSn
alloy negatively affected the PDH reaction. After the PDH reaction, we found that the XRD peaks
maintained similar peak intensities, as shown in Figure 4.

Figure 3. XRD patterns of Pt–Sn/Al2O3 catalysts after catalyst preparation.

56



Catalysts 2019, 9, 446

Figure 4. XRD patterns of Pt–Sn/Al2O3 catalysts after pre-reduction at 600 ◦C for 1 h under a
hydrogen atmosphere.

2.2.2. TEM

Figure 5 shows TEM images of SR450, SR500, SR600, and Cal600. Images of each catalyst are shown
at four magnifications. Compared to Cal600, the SR catalysts contain much smaller alloy particles. In
particular, the Pt–Sn particles of SR550 are the smallest and also distributed rather uniformly. This is
consistent with the XRD results shown in Figure 3. Thus, the SR550 catalyst has well-dispersed Pt–Sn
alloys, which are responsible for the high activity for the PDH reaction. In addition, large particles of
Pt–Sn alloys were observed in Cal600.

Figure 5. Cont.

57



Catalysts 2019, 9, 446

 
Figure 5. TEM images of (a) SR450, (b) SR550, (c) SR900, and (d) Cal600.

In Figure 6, EDS analyses of the SR550 and Cal600 catalysts are shown. Figure 6a shows the
atomic percentages of Pt and Sn in SR550 catalyst (77.20 at.% Pt and 22.79 at.% Sn), which are close to
the percentages of Pt and Sn in Pt3Sn alloy. In the case of the Cal600 catalyst, the atomic percentages
(56.05 at.% Pt and 43.94 at.% Sn) are close to those of the PtSn alloy. Interestingly, different amounts
of Pt in SR550 were observed at the edge as well as in the core of a metal alloy particle as shown in
Figure 6b. Pt contents were 50.45 at.% at the edge and 58.26 at.% in the core of a metal (alloy) particle.

 
Figure 6. EDS analysis of (a,b) SR550 and (c,d) Cal600.
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In the case of the SR550 catalyst, the difference in Pt contents was 50.45 at.% at the edge and
58.26 at.% in the core of a metal particle.

2.2.3. DTA Analysis

After the PDH reaction, coke is deposited on each catalyst, and this was characterized by DTA
analysis. The amount of coke is summarized in Table 1 (in the Discussion section). As the direct
reduction temperature increased from 450 to 550 ◦C, the amount of coke increased and then decreased
again at 600 ◦C. The amount of coke gradually increased with increasing catalyst activity. As shown
in Figure 7, the SR catalysts showed the first peak at 417–454 ◦C, and the second peak occurred at
482–503 ◦C during coke oxidation.

Table 1. Amount of coke and XRD peak ratios in the Pt3Sn and PtSn alloys after catalyst preparation,
direct reduction, and PDH reaction.

Catalyst
XRD (IPt3Sn/IPtSn)
After Preparation

XRD (IPt3Sn/IPtSn)
After Reduction

XRD (IPt3Sn/IPtSn)
After Reaction

Coke (wt.%)

SR450 9.15 1.08 1.58 5.85
SR500 5.16 1.55 1.58 7.86
SR550 4.12 7.79 2.33 8.60
SR600 6.97 2.48 3.21 7.04
Cal600 1.62 1.63 1.54 4.00

Figure 7. DTA curves of the Pt–Sn/Al2O3 catalysts. Inflection points of SR450 were observed at 417.62
and 494.38 ◦C, SR500 = 454.29 and 492.97 ◦C, SR550 = 439.61 and 482.68 ◦C, SR600 = 429.71 and
503.27 ◦C, and Cal600 = 450.16 ◦C.

It has been reported [24] that the first peak near 417 ◦C can be attributed to coke combustion on
either Pt or Pt–Sn alloy sites, whereas the second peak near 494.4 ◦C is due to the “drain-off” effect.
Here, drain-off is the case of the coke on metal sites migrating to the oxide support. The drain-off effect
is known to be greater when Sn is added to Pt [5]. Comparing the results for the SR catalysts to that of
Cal600, the second peak of the SR catalysts was larger. This is indirect evidence that the bimetallic
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catalysts induced the cokes to move from the metal sites to the surface of the catalyst support when
coke accumulates. In particular, there are two inflection points of equal magnitude in the DTA curve
of SR550. The first peak in the DTA curve of SR550 is relatively strong and is related to the large
amount of coke on metal sites. Note that SR550 has the highest activity of all the catalysts for the PDH
reaction. We suspect that the interaction between propane and the Pt–Sn alloys is greater for the Pt3Sn
alloy than the PtSn alloy. Thus, the greater number of interactions enhances the PDH reaction and
more coke is formed. When coke accumulates, the metal sites become covered, which could inhibit
the PDH reaction. If drain-off occurs, the active sites of catalysts are recovered. Unlike that of SR550,
the DTA curve of Cal600 showed a single peak at 450.2 ◦C. Thus, no drain-off effects occurred in the
Cal600 catalyst.

2.2.4. XPS Analysis

XPS spectra of the Pt 4f and Sn 3d regions of SR550 and Cal600 are shown in Figure 8. Peak
deconvolution was conducted, and the overlap of the Pt 4f and Al 2p peaks was considered. The
dashed curves show the Al 2p and Pt 4f peaks in Figure 8. The binding energies of Pt 4f 7/2 and 4f 5/2

peaks were 71.6 and 74.8 eV, respectively. On the basis of this binding energy, it can be confirmed that
the state of Pt in both SR550 and Cal600 catalysts is zero valent (metallic Pt). A comparison of the Pt 4f
peak areas between the catalysts reveals that Pt was distributed less on the surface of SR550 than that
of Cal600. As shown in Figure 8c,d, the binding energies of the Sn 3d 5/2 peaks were 487 and 485 eV,
and deconvolution was performed to compare the contents of Sn(II, IV) and Sn(0). Because the relative
intensity of the Sn(II, IV) of Cal600 is greater than that of SR550, Sn may cover the surface of the Pt or
Pt–Sn alloy in the SR550 catalyst

 
Figure 8. XPS Pt 4f spectra of (a) SR550, (b) Cal 600 and Sn 3d spectra of (c) SR550, and (d) Cal 600.

XPS spectra after depth-profiling sputtering with Ar ions for SR550 and Cal600 catalysts are
shown in Figure 9. The results support the hypothesis that the surfaces of both metallic Pt or Pt–Sn
alloys in the SR550 catalyst are covered with Sn. There was no change in the peak area of the Pt 4d
for Cal600 catalyst after Ar ion sputtering for 6 and 18 s. On the other hand, the Pt 4d peak area of
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the SR550 catalyst after 18 s of Ar ion sputtering is larger than that after 6 s of Ar ion sputtering. The
effect of Sn enrichment on the Pt particle surface has been reported elsewhere [9,22]. Zhu et al. [9]
reported a Sn-surface-enriched Pt–Sn bimetallic nanoparticle catalyst prepared on a MgAl2O4 support
using an organometallic chemistry concept, and the catalyst exhibited high selectivity and stability
during the PDH reaction. Experiments by Deng and colleagues have shown that highly dispersed
Sn-surface-enriched Pt–Sn alloy nanoparticles are formed when Pt–Sn/SiO2 catalysts are prepared by
direct reduction [22]. In addition, when Pt is in a very electron-rich state, the dehydrogenation activity
of n-butane could be greatly improved by the strong interaction of Pt and SnO2 (SMSI). Therefore, we
can propose that the synergistic effect of the interaction of Pt and Sn covering the surface of Pt, as well
as the accessible Pt sites, could improve the dehydrogenation performance of the catalyst prepared by
the direct reduction method.

Figure 9. XPS Ar sputter profile Pt 4d spectra of (a) SR550 6s, (b) SR550 18s, (c) Cal600 6s, and (d)
Cal600 18s (B.E. = binding energy).

3. Discussion

The reduction time in the direct reduction method is less than the typical time required for
calcination. In addition, the catalyst might be affected by the Pt and Sn precursors left behind because
of the omission of a calcination step. According to Arteaga [25], the dispersion of Pt particles is due
to oxychlorination with chlorine compounds followed by reduction. It was hypothesized that the
calcination method may remove a considerable amount of chlorine originating from the Pt and Sn
precursors. This can cause oxychlorination before the reduction treatment. However, in the direct
reduction method, oxychlorination and reduction occur simultaneously in the presence of chlorine
from the precursors, which enhances the Pt dispersion and results in the formation of the Pt3Sn alloy.

The XRD intensity ratios are listed in Table 1. These values were determined from the peak area
of reflections at 39.2◦ for the Pt3Sn alloy and 41.7◦ for the PtSn alloy. The peak areas were measured
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after baseline adjustment for the individual XRD patterns. The effects of catalyst preparation, direct
reduction, and the PDH reaction were considered and compared. It should be noted that the XRD
intensity ratio values for SR catalysts changed significantly but showed a mixed trend for each stage,
unlike the Cal600 catalyst. In the case of the SR450 catalyst, the initial XRD intensity ratio value was
9.15, the highest value, but this rapidly decreased to 1.08, the lowest value, after direct reduction. As
shown in Figure 4a, the characteristic XRD peaks of the Pt3Sn and PtSn alloys were all sharp, which
can be attributed to an increase in size of both alloy particles. Larger metallic sites would result in
reduced catalytic activity. This trend is similar to that of the SR500 catalyst. In the case of the SR550
catalyst, the highest value of the XRD peak ratio was obtained after direct reduction. In Figure 4c, XRD
characteristic peaks of Pt3Sn and PtSn alloys are not sharp but broad, indicating an amorphous-like
state. The dominance of Pt3Sn alloy over PtSn alloy also induced the greatest production of coke after
the PDH reaction. This result is consistent with the high propane conversion and propylene selectivity
of the SR550 catalyst. Lower catalytic performance was observed for the SR600 catalyst. The XRD peak
ratio values were decreased significantly in the SR600 catalyst.

In Figure 10, hypothetical models of the catalyst dispersion are shown. In the case of the Cal600
catalyst, the large metal alloy particles are dispersed over the support, which may be covered with Sn
and/or SnO2. Meanwhile, smaller alloy particles and a support only partly covered with SnO2 is shown
for the SR550 catalyst. Based on Figure 8, the population of Pt3Sn alloy particles may be greater in the
SR550 catalyst. In addition, metallic Sn could be present on the alloy surface. We have interpreted the
presence of zero-valent Sn in Figure 8B as evidence of both Sn in alloys and isolated Sn particles.

Figure 10. Hypothetical models of dispersed metals on Al2O3 support. (a) Conceptual metal dispersion
after direct-reduction for SR550 catalyst. (b) Conceptual metal dispersion for Cal600 catalyst.

4. Materials and Methods

4.1. Catalyst Preparation

Hydrogen hexachloroplatinate, (H2PtCl6·5.5H2O, Kojima Chemicals, Saitama, Japan) and stannous
chloride (SnCl2, Sigma Aldrich, St. Louis, MO, USA) were used as metal precursors for the supported
Pt–Sn catalysts. Al2O3 (γ-Al2O3, PURALOX® supplied by SASOL, Hamburg, Germany) was used as a
catalyst support. H2PtCl6·5.5H2O and SnCl2 were dissolved in ethanol (C2H5OH, 99.5%, Daejung,
Seoul, Korea), and Al2O3 was co-impregnated with these precursors. The co-impregnated Pt–Sn/Al2O3

catalyst was dried at 110 ◦C for 12 h. Subsequently, the Pt–Sn/Al2O3 catalysts were prepared by direct
reduction at temperatures from 450 to 900 ◦C under H2:N2 flow (90 mL/min). The Pt content was
controlled to be 3 wt.%, and the Sn content was 1.8 wt.%. It should be noted that direct reduction was
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performed immediately after drying the catalyst without calcination. Each SR sample was kept at the
final reduction temperature for 30 min. Then, the sample was cooled or heated to 500 ◦C (10 ◦C/min)
under H2, N2 flow (90 mL/min). Then, the catalyst samples were kept at 500 ◦C for 60 min again. For
comparison, a calcined catalyst was also prepared (Cal600). Calcination was performed at 600 ◦C for
240 min in air.

4.2. Catalytic Activity Measurements

The catalytic activity during the PDH reaction was evaluated in a fixed-bed reactor (quartz, inner
diameter 18 mm) using 0.1 g of each catalyst (20–40 mesh). The PDH reaction was carried out at
600 ◦C for 5 h at atmospheric pressure in the presence of C3H8 (30 mL/min), H2 (30 mL/min), and N2

(70 mL/min). Before the PDH reaction, the samples were heated to 600 ◦C at 10 ◦C/min in the presence
of H2 (30 mL/min) and N2 (100 mL/min). The reaction product was collected at various time intervals,
subsequently being analyzed by gas chromatography (flame ionization detector, 5890 Series2 Plus,
Hewlett Packard, Wilmington, DE, USA). A 50 m × 0.53 mm GS-Alumina capillary column was used.

4.3. Characterization

XRD patterns were measured using a SMART LAB X-ray diffractometer (Rigaku, Tokyo, Japan)
with Cu-Kα radiation. The X-ray tube was operated at 40 kV and 200 mA. XRD patterns were obtained
from 2θ = 34◦ to 48◦ at a scanning speed of 4◦/min. TEM images were obtained using an FEI TEM
(TitanTM 80–300, Hillsboro, OR, USA) operating at an accelerating voltage of 300 kV. In addition,
XPS spectra were obtained with a PHI 5000 Versa Probe spectrometer (Ulvac-PHI, Kanagawa, Japan)
equipped with a monochromatic electro analyzer and a monochromatic Al-Kα 150 W X-ray source.

5. Conclusions

Pt–Sn/Al2O3 catalysts were prepared by direct reduction at temperatures from 450 to 900 ◦C,
denoted SR450 to SR900 according to the reduction temperature. Direct reduction was performed by
reduction treatment of the catalysts immediately after drying without conventional calcination. The
effect of direct reduction was analyzed by comparison of the activity with that of a conventionally
prepared catalyst (Cal600). Concerning catalytic performance, the SR catalysts showed overall higher
values for the conversion of propane, as well as propylene selectivity, compared to Cal600. Of the SR
catalysts, SR550 showed the highest activity. The direct reduction method results in the formation
of different Pt–Sn alloys, and PtSn and Pt3Sn alloys were identified. A larger amount of Pt3Sn and a
smaller amount of PtSn alloy was formed after direct reduction when the precursor ratio of Pt/Sn was
3 to 1.8 by weight (1:1 by mole), which is consistent with the literature [21]. This might be attributed
to the difference in catalyst support. In our case, Al2O3 may provide more favorable conditions to
form the Pt3Sn alloy than the SiO2 support during direct reduction. However, we agree that PtSn alloy
can be formed on both supports, but the rearrangement of different alloys may occur when a direct
reduction process is employed. Cal600 was found to contain larger metal particles, whereas the SR
catalysts have nano-sized metal particles. Possibly, metal redistribution occurred during hydrogen
reduction. The formation of smaller metal particles formed during reduction can result in increased
interactions between nano-sized Pt and nano-size Sn particles. From a stoichiometric point of view,
more Pt particles than Sn particles can interact to form a Pt3Sn alloy. In this study, the highest activity
was obtained when a reduction temperature of 550 ◦C was used. In addition, the coke behavior was
analyzed by DTA. The DTA curve for Cal600 has one inflection point. However, the DTA plots of the
SR catalysts contained two inflection points, and the second peak is related to the coke “drain-off”
effect. When the PDH reaction proceeds, coke is generated. High activity catalysts could generate
more coke, which would accumulate and cover the catalyst active sites. The well-dispersed Pt3Sn alloy
may accelerate the PDH reaction and generate more coke. However, the coke can migrate to the edge
of Pt3Sn alloy and/or PtxSny (x/y > 3) alloy, resulting in the preservation of active sites, allowing the
PDH reaction to proceed for longer.
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Abstract: The Cs-promoted Ru nanocatalysts supported on mesoporous carbon materials (denoted as
Cs-Ru/MPC) and microporous activated carbon materials (denoted as Cs-Ru/AC) were prepared for
the sustainable synthesis of ammonia under mild reaction conditions (<500 ◦C, 1 MPa). Both Ru and
Cs species were homogeneously impregnated into the mesostructures of three commercial available
mesoporous carbon materials annealed at 1500, 1800 and 2100 ◦C (termed MPC-15, MPC-18 and
MPC-21, respectively), resulting in a series of Cs-Ru/MPC catalysts with Ru loadings of 2.5–10 wt %
and a fixed Cs loading of 33 wt %, corresponding to Cs/Ru molar ratios of 2.5–10. However, the Ru
and Cs species are larger than the pore mouths of microporous activated carbon (shortly termed
AC) and, as a consequence, were mostly aggregated on the outer surface of the Cs-Ru/AC catalysts.
The Cs-Ru/MPC catalysts are superior to the Cs-Ru/AC catalyst in catalysing mild ammonia synthesis,
especially for the 2.5Cs-10Ru/MPC-18 catalyst with a Ru loading of 10 wt % and a Cs/Ru ratio of 2.5,
which exhibited the highest activity across a wide SV range. It also showed an excellent response
and stability during cycling tests over a severe temperature jump in a short time, presumably due to
the open mesoporous carbon framework and suitable surface concentrations of CsOH and metallic
Ru species at the catalytically active sites. This 2.5Cs-10Ru/MPC-18 catalyst with high activity,
fast responsibility and good stability has potential application in intermittently variable ammonia
synthesis using CO2-free hydrogen derived from electrolysis of water using renewable energy with
fast variability.

Keywords: sustainable ammonia synthesis; ruthenium; caesium; porous carbons; renewable hydrogen

1. Introduction

The latest U.S. Energy Information Administration (EIA) report has projected that the world
energy consumption will grow by 28% between 2015 and 2040 due to a continuous increase in human
population and improvement in living standards [1]. Fossil fuels will contribute to more than 75% of
the energy required through 2040; the inevitable consequence is that large amounts of greenhouse
gases (GHGs), especially carbon dioxide (CO2) and particulate matter, would be produced, causing
global warming, air pollution and extreme climates. To create a sustainable society with a low carbon
economy for future generations, the Paris agreement was adopted in 2015. Its major objective is to limit
the increase of global temperature below 2 ◦C above the pre-industrial levels or if possible, to less than
1.5 ◦C [2]. Following up on the Paris agreement, Japan promised to reduce 26% of its CO2 emissions by
2030 as compared to those in 2013 and further reduce them by 80% by 2050 as part of its long-term
plan [3]. This ambitious goal has motivated scientific research and industrial development in the fields
of new energy resources, such as carbon dioxide (CO2)-free hydrogen and energy-effective processes to
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build a low-carbon society [4]. CO2-free hydrogen can be synthesized by the electrolysis of water using
renewable electricity, decomposition of methane combined with carbon capture and storage (CCS)
techniques or other well-known methods [5,6]. However, hydrogen is difficult to store, transport and
utilize due to its very low boiling point (−252.8 ◦C), high flammability and price (particularly when
hydrogen is produced by renewable energy). These technical problems have hindered the extensive
use of hydrogen, especially renewable hydrogen, as a primary energy source.

The incorporation of hydrogen in chemical compounds that can be easily stored, transported and
utilized, the so-called hydrogen carriers, is an alternative method to preserve and utilize hydrogen
with a high level of safety and security. Ammonia of high hydrogen content (17.6 wt %) and a
relatively high boiling point (−33 ◦C at the standard condition) is a promising hydrogen carrier [7–10].
The ammonia industry, which had a production capacity of 140 million tons in 2018, is a mature
industry with vast infrastructure for the production, storage, transportation and utilization, especially
in agriculture and fine chemical chains [11]. However, ammonia is conventionally synthesized by the
Haber-Bosch process using Fe3O4-K-Al2O3-based catalysts under severe reaction conditions (>450 ◦C
and 20 MPa), which consumes around 1%–2% of the global energy and releases a massive amount
of CO2 (1.2 ton CO2 per ton of NH3) [12–14]. Recent studies mainly aim at sustainable ammonia
synthesis, catalysed by novel nanostructured materials with enhanced energy efficiency and durability
and a reduced carbon footprint under mild conditions using renewable hydrogen as a feedstock.
Pioneering works by the Ozaki and Aika research groups and other renowned research groups
demonstrated that activated carbon-supported Ru catalysts were superior to conventional Fe-based
catalysts in catalysing ammonia synthesis, especially when mild reaction conditions were used [15–21].
An advanced ammonia synthesis reaction with enhanced energy efficient catalysed by a graphitized
carbon-supported Ru-based catalyst was commercialized by Kellogg Brown Root (KBR) in the 1990s;
this is the so-called Kellogg Advanced Ammonia Process (KAAP) [22]. The activity of Ru-based
catalysts for mild ammonia synthesis can be further improved by the addition of promoters, such as Ce
and Ba, or by using new supporting materials with tuneable electronic and structural properties such
as the oxides of alkaline, rare-earth elements and transition metals, novel electrolytes and mesoporous
carbons with open structures [23–32]. For example, Ru catalysts supported on Pr2O3 [23] and a
composite material of La0.5Ce0.5O1.75 [24] exhibited a higher activity for mild ammonia synthesis
than conventional Ru-based catalysts. Novel materials of 12CaO·7Al2O3 and Ba-doped Ca(NH2)2

could be used as supporting materials to fabricate next-generation Ru catalysts for mild ammonia
synthesis [25,26]. The recent study further demonstrated that the composite materials of K/Ru/TiO2−xHx

were effective in sustainable ammonia synthesis using a solar thermal approach under atmospheric
pressure [27]. On the other hand, Cs- and Ba-promoted Ru catalysts supported on microporous
carbons with enhanced activity have also been reported for the mild synthesis of ammonia [28–31].
The microporous carbon-supported Cs-promoted Ru catalysts might be suitable for sustainable
ammonia synthesis using a water-rich hydrogen feedstock derived from electrolysis of water powered
by renewable energy whereas the deactivation was observed for the Ba-promoted counterparts [32].
However, homogeneous impregnation of nanosized Ru particles into microporous carbons with small
pore mouths is a difficult task. The recent study found that the activated carbon-supported Ru catalyst
was deactivated seriously during ammonia synthesis due to the sintering of surface Ru particles [33].
This deactivation process can presumably be avoided by replacing activated carbon with mesoporous
carbon materials with an open-pore structure at the nanoscale; these mesopores are expected to firmly
confine nanosized Ru particles. In addition, mesoporous carbon materials are superior to the analogues
of silica and alumina in ammonia synthesis due to their higher electronic properties and structural
stability under the reaction conditions [34–43]. In this study, a series of mesoporous carbon-supported
Cs-Ru nanocatalysts with different pore structures and graphite crystallinities were prepared for
energy efficient and intermittently variable ammonia synthesis under mild conditions (280–450 ◦C
and <1 MPa); their performance was contrasted with that of a microporous carbon-supported Cs-Ru
catalyst. We paid special attention to the influence of the structures of mesoporous carbon supports
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and the catalytically active sites on the performance of the prepared Cs-Ru catalysts with various Ru
loadings and Cs/Ru ratios for mild ammonia synthesis. In addition, ammonia synthesis with rapid
changes in the reaction conditions, such as reaction temperature and a wide space velocity (SV) range,
was analysed to evaluate the catalytic performance of the prepared Cs-Ru catalysts. Such study is
crucial for analysing their potential in intermittently variable ammonia synthesis, where CO2-free
hydrogen derived from water electrolysis powered by renewable energy can be used.

2. Results and Discussion

2.1. Characterizations

Figures 1 and 2 show the X-ray diffraction (XRD) patterns and N2 adsorption-desorption isotherms
of the carbon supports and prepared Cs-Ru catalysts, respectively. In the diffraction patterns of the
three MPC supports, several peaks were observed at 25.8◦, 26.4◦, 42.5◦, 53.5◦ and 77.6◦, corresponding
to graphite (PDF card number: 9008568). With an increase in annealing temperature, all the diffraction
peaks increased to higher values and that of the (002) plane split into two peaks at 25.8◦ and 26.4◦, owing
to the growth and crystallization of the mesoporous carbon framework through the heterogeneous
graphitization of turbostratic and graphitic structures [44]. In contrast, the AC support exhibits no
diffraction peaks in the wide-angle region, suggesting that the carbon framework is amorphous in
nature. The N2 physisorption data of the three MPC supports exhibit a classical type IV isotherm with
a wide hysteresis loop in a relatively large P/P0 range of 0.5–0.9, corresponding to large mesoporous
structures. Meanwhile, the AC support exhibits a classical type I isotherm with no hysteresis loop at
relatively high P/P0 regions, indicating the presence of microporous structures with pores smaller than
2 nm.

Figure 1. Wide-angle X-ray diffraction (XRD) patterns of (A) carbon materials—(a) AC,
(b) MPC-15, (c) MPC-18 and (d) MPC-21 and (B) the prepared Cs-Ru catalysts—(e) 2.5Cs-10Ru/AC,
(f) 2.5Cs-10Ru/MPC-15, (g) 10Cs-2.5Ru/MPC-18, (h) 5Cs-5Ru/MPC-18, (i) 2.5Cs-10Ru/MPC-18 and (j)
2.5Cs-10Ru/MPC-21. The “asterisk” peaks are associated with the carbon materials. The peaks of
samples (d) and (j) are enlarged and inserted in Figure 1A,B, respectively.

In the case of the prepared Cs-Ru catalysts, the amount of nitrogen uptake decreased, and the
diffraction peaks associated with the graphite structure weakened, indicating that the mesoporous
carbon framework is slightly influenced by the thermal treatment used for impregnation. A series
of diffraction peaks gradually appear with an increase in the Ru loading, which is associated with
the formation of crystalline RuO2 species (PDF card number: 1,000,058). However, no diffraction
signals corresponding to the Cs species can be found in the wide-angle XRD patterns. The size of the
RuO2 crystallites is too small to be estimated from their diffraction peaks using Scherrer’s equation.
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This suggests that the Ru and Cs precursors thermally decomposed into nanosized RuO2 particles
with low crystallinity (<ca. 5 nm) and amorphous Cs species, respectively, on the carbon materials.

Figure 2. N2 adsorption-desorption isotherms of (A) carbon materials—(a) AC, (b) MPC-15, (c) MPC-18
and (d) MPC-21 and (B) the prepared Cs-Ru catalysts—(e) 2.5Cs-10Ru/AC, (f) 2.5Cs-10Ru/MPC-15,
(g) 10Cs-2.5Ru/MPC-18, (h) 5Cs-5Ru/MPC-18, (i) 2.5Cs-10Ru/MPC-18 and (j) 2.5Cs-10Ru/MPC-21.

High-resolution transmission electron microscope (HRTEM) and high-angle annular dark-field
scanning transmission electron microscopy-scanning transmission electron microscopy (HAADF-STEM)
analyses were performed to understand the microstructure of the prepared Cs-Ru catalysts and the
sizes and size distributions of Ru and Cs species; the results are compared with those of carbon
materials. The MPC supports contain many graphite grains which aggregate to form mesoporous
carbon framework with open-pore structure, whereas the AC support contained large aggregates with
an amorphous structure and no visible mesopores (Figure S1, electronic supplementary information
(ESI)). In the case of the prepared Cs-Ru/MPC catalysts, the HRTEM images in Figure 3b–d show that
the dark spots of nanosized RuO2 particles—ca. 2–3 nm in size—are uniformly impregnated into the
mesoporous carbon framework with open-pore structure and the influence of the impregnation is
hardly found. It should be noted that the dark spots observed in the HRTEM images are mostly Ru
particles as supported by the HAADF images (the bright spots in Figures S2–S4, ESI). The size and size
distribution of nanosized RuO2 particles increased slightly in the 2.5Cs-10Ru/MPC-21 catalyst, probably
due to the decrease in surface area and porosity at high annealing temperatures. The HAADF-STEM
images further show that the Cs species are also impregnated into the mesoporous carbon framework
and they are presumably accumulated near to nanosized Ru particles (Figures S2–S4, ESI). Microporous
carbon-supported Cs-Ru catalysts also contain nanosized RuO2 particles with a narrow size distribution;
these particles are surrounded by the Cs species (Figure 3a and Figure S5 (ESI)). However, the Ru
particles on the 2.5Cs-10Ru/AC catalyst are close to each other, suggesting that they are presumably
impregnated on the outer surface of the AC support.
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The structural properties of the carbon materials and the corresponding Cs-Ru catalysts are listed
in Table 1. The AC support has a high surface area (SBET = 1260 m2 g−1) and a moderate pore volume
(VTotal = 0.62 cm3 g−1), which is mostly related to its microporous structure. In contrast, the MPC
supports with mesopores 5–7 nm in size have surface areas of 270–1180 m2 g−1 and pore volumes
of 1.28–2.94 cm3 g−1, respectively; such reduced values can be attributed to the growth of graphite
structures as the annealing temperature increased. In the prepared Cs-Ru/MPC catalysts, the overall
surface area and pore volume decreased upon impregnation; further, the size of the mesopores also
varied. In contrast, the pore sizes of AC and 2.5Cs-10Ru/AC are nearly unchanged, which suggests that
the Cs and Ru species are mainly impregnated on the outer surface of the AC support. The elemental
analysis of carbon, hydrogen and nitrogen (CHN) and the X-ray Fluorescence (XRF) data show that Cs
and Ru are indeed impregnated on the MPC and AC supports; however, the Ru loadings and Cs/Ru
molar ratios in the fresh samples are slightly different from those of the recipes. It indicates that the
compositions and chemical environments of the prepared Cs-Ru catalysts are presumably affected by
their nature upon impregnation; however, they are hardly estimated by conventional techniques of
CHN elemental and XRF analyses, which are similar to the literature reports [45,46].

 
Figure 3. HRTEM images and Ru particle size distributions of freshly prepared catalysts. (a) 2.5Cs-10Ru/
AC, (b) 2.5Cs-10Ru/MPC-15, (c) 2.5Cs-10Ru/MPC-18 and (d) 2.5Cs-10Ru/MPC-21.

By analysing more than 100 particles in the HRTEM images, the RuO2 size and size distribution
in 2.5Cs-10Ru/AC, 2.5Cs-10Ru/MPC-15, 2.5Cs-10Ru/MPC-18 and 2.5Cs-10Ru/MPC-21 were found to
be (1.6 ± 0.4) nm, (1.9 ± 0.6) nm, (2.1 ± 0.4) nm and (3.2 ± 0.8) nm, respectively; they were found to be
inversely proportional to the surface area of the carbon support and Ru loading (Table 2). The HRTEM
analysis is consistent with the XRD study, which previously indicated that the RuO2 sizes of the
prepared Cs-Ru catalysts should be smaller than 5 nm. The prepared Cs-Ru catalysts with reduction
pre-treatment at 450 ◦C were further studied using the CO chemisorption and CO2-TPD methods.
Noted that the reduction pre-treatment was carried out by the same procedure as described in the mild
ammonia synthesis. The sizes of metallic Ru nanoparticles calculated by the CO chemisorption method
are similar to those by the HRTEM analysis, except the 2.5Cs-10Ru/AC catalyst. The uptakes of CO2 over
the prepared Cs-Ru/MPC-18 catalysts are around 2.4–2.7 mmol g−1, which values are smaller than that
of the 2.5Cs/MPC-18 catalyst and larger than that of 2.5Cs-10Ru/AC catalyst. In combination with CO
chemisorption, CO2-TPD analysis and several characterizations as aforementioned, it can be suggested
that nanosized RuO2 particles partially laid on the Cs species can be homogeneously impregnated
into the mesoporous carbon framework of MPC supports and they can be reduced to corresponding
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Ru metals with similar sizes after the reduction pre-treatment. In contrast, the sintering of Ru and
Cs species is presumably occurred for those supported on the AC support with microporous carbon
framework, suggesting that the Ru and Cs species in the 2.5Cs-10Ru/AC catalyst with microporous
carbon framework are relatively unstable.

2.2. Temperature-Programmed Studies

The TPR technique was employed to analyse the compositions and chemical environments of the
prepared Cs-Ru catalysts and their nature (i.e. reducibility, activation, stability, etc.) in the reduction
atmosphere at ambient pressure. The TPR profiles recorded by TCD are shown in Figure 4A and
those recorded by MS are shown in Figure 4B–F) and Figures S10 and S11 (ESI). The TPR profiles of
ruthenium oxide (RuO2), MPC-18, 10Ru/MPC-18 and 2.5Cs/MPC-18 as the reference materials were
also measured using the same procedures (Figures S6–S9, ESI). No signals could be observed in the
MPC-18 sample, suggesting that the unimpregnated mesoporous carbon framework does not react in
the reduced environment [47]. A one-step reduction of RuO2 to metallic Ru (Equation (1)) on the RuO2

standard and the 10Ru/MPC-18 sample was observed at temperature below 200 ◦C [19].

 

 

 
Figure 4. (A) Temperature-programmed reduction equipped with a thermal conductivity detector
(TPR-TCD) and (B–F) temperature-programmed reduction equipped with a mass spectrometer
(TPR-MS) profiles of freshly prepared catalysts. (a) 2.5Cs-10Ru/AC, (b) 2.5Cs-10Ru/MPC-15,
(c) 2.5Cs-10Ru/MPC-18 and (d) 2.5Cs-10Ru/MPC-21.

This result once again suggests that RuO2 is formed over the 10Ru/MPC-18 sample by the thermal
decomposition of the Ru precursor in an N2 atmosphere, which is consistent with the XRD and HRTEM
studies. It should also be noted that the reduction of RuO2 over the 10Ru/MPC-18 sample was observed
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at relatively low temperatures (ca. 100 ◦C), suggesting that the nanosized RuO2 species can be easily
dispersed on the MPC-18 support and its size is smaller than that of the bulk RuO2 standard. On the
other hand, small amounts of CH4 and H2O are gradually formed over the 10Ru/MPC-18 sample
in the temperature range of 200–700 ◦C; this is accompanied by a continuous consumption of small
amounts of hydrogen. This observation might be attributed to the methanation of surface oxygenated
groups, such as carboxylic acid (-COOH) or carbonyl (-CO) catalysed by the metallic Ru species in
the reduction atmosphere to form the clean surface of carbon materials (Equation (2)) [19]. Noted
that those superficial oxygenated compounds are presumably formed by surface reaction of nitrate
ions and carbon species during the impregnation of Ru(NO)(NO3)3. These gas molecules were only
observed by reduction of freshly prepared Cs-Ru catalysts in our study and they were undetectable in
the subsequent ammonia synthesis, which will be discussed hereafter. In the industry, the Ru-based
catalysts are usually activated at 400–500 ◦C, which is close to the temperature region of the TPR
study as mentioned previously. It speculates that the activation of the Ru-based catalysts used in
the ammonia synthesis is not only to form metallic Ru species as the catalytically active sites but
also to make metallic Ru species contact with graphite structure of clean surface more. When the
temperature is higher than 600 ◦C, thermal decomposition of the mesoporous carbon framework occurs
over 10Ru/MPC-18 and consequently a large amount of CO is formed (Equation (3)) [48]. Similar
phenomena are observed for other Cs- and Ru-containing samples, suggesting that the stability of
carbon supports in the presences of Cs and Ru species is up to ca. 600 ◦C under a reduced atmosphere.

RuO2(s) + 2H2(g)→ Ru(s) + 2H2O(g) (1)

C(s)-COOH + 4H2(g)→ C(s)-H + CH4(s) + 2H2O(g) (2)

C(s)-C=O + 0.5H2(g)→ C(s)-H + CO(g) (3)

In the 2.5Cs/MPC-18 sample, desorption of physically adsorbed H2O and CO2 was observed at ca.
100 and 160 ◦C, respectively. The decomposition of Cs2(CO3) in the presence of H2 to form CsOH and
CO2 (Equation (4)) occurred at 350–550 ◦C [49]. When the temperature was higher than ca. 420 ◦C,
CO and H2O were formed accompanied by a continuous decrease in hydrogen; however, CH4 was
not present. This result might be attributed to the decomposition of surface carboxylic groups on the
mesoporous carbon framework. The reaction is catalysed by CsOH species in the reduced atmosphere
(Equation (5)). It implies that the Cs species might take part in making clean surface of carbon supports,
which are able to contact firmly with metallic Ru species after the activation process as mentioned
above. Similarly, CO is formed due to the thermal decomposition of mesoporous carbon framework at
higher temperatures (Equation (3)).

Cs2(CO3)(s) + H2(g)→ 2CsOH(s) + CO2(s) (4)

C(s)-COOH + H2(g)→ C(s)-H + CO(g) + H2O(g) (5)

The TPR-TCD and TPR-MS profiles of the prepared Cs-Ru catalysts can be divided into three
parts—α, β and γ regions in the temperature ranges of 50–200 ◦C, 200–550 ◦C and 550–800 ◦C,
respectively. The positive TCD signal centred at ca. 120–130 ◦C is due to the reduction of RuO2 to
metallic Ru species (Equation (1)); this observation is also supported by the MS signals (α1 in Figure 4B
and α3 in Figure 4D corresponding to RuO2(s) + 2H2(g)→ Ru(s) + 2H2O(g) (Equation (1), also see
Table S1, ESI)). Compared with the 10Ru/MPC-18 sample, the reduction temperatures of RuO2 over the
prepared Cs-Ru catalysts shift to higher values, suggesting that the Ru and Cs species co-existed in the
mesoporous carbon framework are strongly interacted. Note that the baselines of the TPR-TCD profiles
in the α region are slightly different. The MS signals marked as α2 (ca. 90 ◦C) in Figure 4D and α4

(120–160 ◦C) in Figure 4F indicate that the variation in baselines is due to the desorption of physically
adsorbed H2O and CO2 from the prepared Cs-Ru catalysts, respectively (also see Table S1, ESI). On the
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other hand, CH4 is visible in the case of the 2.5Cs-10Ru/MPC-15 and 2.5Cs-10Ru/MPC-18 catalysts with
relatively high surface area and porosity, presumably due to the decomposition of ethanol residues
trapped in the mesopores.

In the β region, S-shaped curves (Figure 4A,B), associated with a balance between several surface
reactions involving H2 production (β1 in Figure 4B) and consumption (β2 in Figure 4B), can be observed.
When the temperature is lower than ca. 420 ◦C, corresponding to a MS signal of H2 production in
the β1 region, CH4 (marked as β3 in Figure 4C), CO (marked as β5 in Figure 4E) and CO2 (marked as
β6 in Figure 4F) are formed; at the same time, a small amount of H2O can be observed (Figure S11,
ESI). The increase in H2 concentration in the downstream is presumably due to the desorption of H2

molecules previously adsorbed on metallic Ru particles during the TPR process (Equation (6)) [50].
A large amount of CH4 is formed over the prepared Cs-Ru catalysts, indicating that the dissociation
of H2 and subsequent methanation of surface oxygenated groups can be facilitated in the presences
of Cs and Ru species (Equation (2)). Similarly, CO is largely formed due to the decomposition of
surface carboxylic groups before methanation (Equation (5)). It is to be noted that the amounts of CH4

and CO decreased upon increasing the annealing temperature whereas their signals shift to higher
temperature regions, particularly for the 2.5Cs-10Ru/MPC-21 catalyst. It is a fact that the amount
of surface oxygenated groups on the MPC-21 support is low due to its high annealing temperature.
On the other hand, CO2, which is a co-product of the decomposition reaction of Cs2(CO3) to form
CsOH in the presence of H2 (Equation (4)), gradually moved towards lower temperature regions for
the 2.5Cs-10Ru/MPC-18 and 2.5Cs-10Ru/MPC-21 catalysts. It is presumable that this reaction was
facilitated by the Cs and Ru species impregnated on mesoporous carbons with a highly crystalline
graphite structure. These observations further assume that the activation of the prepared Cs-Ru
catalysts in ammonia synthesis is associated with adsorption of H2 molecules on the metallic Ru
species, spillover to the interfaces of Ru, Cs and C species and consequently to form active phases of
metallic Ru species and CsOH species close to each other on the clean surface of graphite structure.
We are currently conducting more surface characterization research using the diffuse reflectance
infrared Fourier transform (DRIFT) and extended X-ray absorption fine structure (EXAFS) techniques
to prove this assumption and the results will be discussed in our future reports. On the other hand,
CH4 (marked as β4 in Figure 4C), corresponding to the β2 region in Figure 4B gradually moved to
higher temperature regions upon increasing the annealing temperature, especially in the case of the
2.5Cs-10Ru/MPC-21 catalyst. This is another indication that the surface oxygenated groups on MPC-21
hardly converted to CH4 due to the high annealing temperatures it is subjected to.

Ru-* + H2 � 2Ru-H (6)

In the γ region, an intense MS signal corresponding to CO could only be observed up to ca. 800 ◦C
(Figure 4E), which temperature shifts to higher regions by increasing the annealing temperatures
of MPC samples. This is another indication that the mesoporous carbon framework with its higher
annealing temperature contain relatively low amounts of surface oxygenated groups and thus it is
highly stable when subjected to thermal treatment in the reduced atmosphere [48].

Ammonia synthesis over the prepared Cs-Ru catalysts was further examined by the
temperature-programmed method at ambient pressure. A mixed gas of N2 and H2 (H2/N2 ratio = 3,
flow rate = 30 mL min−1) was used as a feedstock. The ramp rate was kept at 5 ◦C min−1 up
to 800 ◦C. Prior to the temperature-programmed measurement, freshly prepared samples (around
50 mg) were reduced by a H2 flow (50 mL min−1) at 450 ◦C, followed by cooling to 100 ◦C under
an atmosphere of Ar (50 mL min−1). The results are shown in Figure 5, in comparison to those of
the 10Ru/MPC-18 and 2.5Cs/MPC-18 catalysts. For the Cs-Ru/MPC catalysts, ammonia could be
synthesized in the temperature range of 300–500 ◦C with maxima MS signals at around 380–390 ◦C
and methane was formed at the higher temperature region (>540 ◦C). The other gases, such as H2O,
CO and CO2, were not detectable under N2 and H2 atmosphere using in the temperature-programmed
measurement. In contrast, ammonia synthesis over the 10Ru/MPC-18 catalyst was observed at high
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temperature region (>450 ◦C) whereas no ammonia was detectable for the 2.5Cs/MPC-18 catalyst.
The results speculate that nanosized Ru metals impregnated in the mesoporous carbon materials
are active in ammonia synthesis and the addition of Cs as the promoter was necessary to carry out
mild ammonia synthesis. The 2.5Cs-10Ru/AC catalyst could only catalyse ammonia synthesis at high
temperature region (350–550 ◦C) and the signal of ammonia was significantly weakened, indicating
that the 2.5Cs-10Ru/AC catalyst with microporous carbon framework was inefficient in mild ammonia
synthesis. Besides, methane over the 2.5Cs-10Ru/AC catalyst was formed at relatively low temperature
region (<390 ◦C), suggesting that ammonia synthesis and methane formation over the 2.5Cs-10Ru/AC
catalyst compete each other.

Figure 5. (A) TPR-TCD profile, (B) TPR-MS profile recorded by a m/z ratio of 13, and (C) TPR-MS
profile recorded by a m/z ratio of 17 for the ammonia synthesis over freshly prepared catalysts.
(a) 2.5Cs-10Ru/AC, (b) 2.5Cs-10Ru/MPC-15, (c) 2.5Cs-10Ru/MPC-18, (d) 2.5Cs-10Ru/MPC-21, (e) 10Ru/
MPC-18 and (f) 2.5Cs/MPC-18.
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2.3. Mild Ammonia Synthesis

Ammonia synthesis on the prepared 2.5Cs-10Ru catalysts with different porosities and
graphite-structure crystallinities was carried out in a stainless-steel fixed-bed reactor under mild
conditions (280–450 ◦C and <1 MPa) at an SV value of 9000 h−1. The Ru loading and Cs/Ru molar ratio
were kept at 10 wt % and 2.5, respectively. The downstream flow was analysed using an online GC-TCD
instrument after a specific reaction time, where ammonia as a product was detected in addition to N2

and H2 molecules. Noted that the prepared Cs-Ru catalysts were reduced at 450 ◦C for 2 h at an SV
value of 10,000 h−1 using a pure H2 flow prior to the ammonia synthesis. Similar to the TPR study,
several gas molecules (H2O, CO, CO2, CH4) were present in the downstream of the catalyst bed during
this activation process but they were undetectable during the ammonia synthesis. It suggests once
again that the activation process is to produce metallic Ru and CsOH species as the catalytically active
sites on the clean surface of carbon supports, which should be stable under the reaction conditions as
aforementioned, through several surface reactions as discussed in the TPR study. Figure 6 shows that
the rate of ammonia synthesis over the Cs-Ru catalysts was influenced by the reaction temperature
and the type of carbon material used as the supporting material. The rates of ammonia synthesis
over 2.5Cs-10Ru/AC, 2.5Cs-10Ru/MPC-15, 2.5Cs-10Ru/MPC-18 and 2.5Cs-10Ru/MPC-21 reached their
maximum values of 2.2 mmol g−1 h−1 at 400 ◦C, 8.1 mmol g−1 h−1 at 370 ◦C, 10.2 mmol g−1 h−1 at
360 ◦C and 7.3 mmol g−1 h−1 at 360 ◦C, respectively; however, the rates decreased beyond these
temperatures as the reverse reaction of ammonia decomposition can occur rapidly [51]. The three
mesoporous 2.5Cs-10Ru/MPC catalysts yielded higher rates for ammonia synthesis at lower reaction
temperatures, in comparison to the microporous 2.5Cs-10Ru/AC catalyst. The HRTEM images show
that the Ru particle sizes and size distributions in the used 2.5Cs-10Ru/MPC catalysts are akin to those
of fresh samples, whereas the 2.5Cs-10Ru/AC catalyst is unstable and large Ru crystallites (>10 nm) can
be seen (Figure S12, ESI), which is consistent with the study of CO chemisorption. Previous studies
demonstrated that Ru clusters, 1.8–3.5 nm in diameter, are rich in surface steps or B5 sites, which are
defined as highly active structures for ammonia synthesis [52]. Moreover, the promoter of Cs preferable
in the form of the CsOH species, is presumably present at the vicinity of the Ru surface, at which the
N2 dissociation as the rate determining step of ammonia synthesis can be facilitated [53]. The present
study further demonstrates that mesoporous carbon materials are suitable supporting materials for the
homogeneous dispersion of nanosized Cs and Ru species, which give strong synergetic properties
and stability in ammonia synthesis and the molecular diffusion through these open mesoporous
structures can be facilitated. In contrast, sintering of Ru particles over the 2.5Cs-10Ru/AC catalyst is
observed (Figures S5 and S12), indicating that the Cs and Ru species are too big to be impregnated
inside the microporous framework and their synergetic effect is suppressed due to serious deactivation
by aggregation. This result is supported by the XRD pattern, which shows that large Ru0 particles
(ca. 20 nm) were formed in the used 2.5Cs-10Ru/AC catalyst (Figure S13).

The influence of Ru loading (2.5–10 wt %) on the activity of the prepared Cs-Ru/MPC-18 catalysts
with a Cs loading of 33 wt % and Cs/Ru molar ratio in the range of 2.5–10 during ammonia synthesis
was studied. The reaction conditions were 280–450 ◦C and 0.99 MPa at 9000 h−1. Figure 7 shows that the
rate of ammonia synthesis over Cs-Ru/MPC-18 catalyst is negatively related to the Ru loading whereas
the reverse is true for the corresponding reaction temperature. Once again, the 2.5Cs-10Ru/MPC-18
catalyst with a Ru particle size of 2.4 nm calculated by the CO chemisorption method results in
the highest activity. The other two catalysts, 5Cs-5Ru/MPC-18 and 10Cs-2.5Ru/MPC-18, with their
smaller Ru particles result in relatively low rates of ammonia synthesis at relatively high temperatures,
probably due to a decrease in the number of B5 sites when the Ru size is lower than 2 nm [54].
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Figure 6. Rate of ammonia synthesis as a function of reaction temperature over the prepared Cs-Ru
catalysts at an SV value of 9000 h−1.

Figure 7. Rate of ammonia synthesis as a function of Ru loading over Cs-Ru/MPC-18 catalysts.

The correlation between the Ru size, the rate of ammonia synthesis and the TOF value as a function
of surface Ru concentration over the prepared Cs-Ru/MPC catalysts is further discussed. The Ru sizes
in the metallic state were determined by the CO chemisorption method. Figure 8a shows that the Ru
sizes of the Cs-Ru/MPC catalysts are increased almost linearly from 1.3 nm to 2.5 nm by increasing the
surface Ru concentration to 3.2 μmol m−2 and slightly increased to 3.7 nm at a high Ru concentration
of 12 μmol m−2. Nano-sized Ru particles in the 1–4 nm region can be easily impregnated on the
MPC supports in a wide range of surface Ru concentration and its sizes are highly associated with
the Ru loading and the structural property of mesoporous carbon framework. However, the surface
Cs concentration has no significant influence on the Ru sizes of prepared catalysts, particularly for
10Ru/MPC-18 and 2.5Cs-10Ru/MPC-18. The correlation between the rate of ammonia synthesis and
the surface Ru concentration forms a volcano-shape curve for the prepared Cs-Ru/MPC catalysts
(Figure 8b). The 2.5Cs-10Ru/MPC-18 catalyst with a surface Ru concentration of 3.2 μmol m−2 and a Ru
size of 2.4 nm gives the highest rate of ammonia synthesis, similar to the discussion aforementioned.
The rate of ammonia synthesis over the 10Ru/MPC-18 catalyst with a surface Ru concentration of
1.4 μmol m−2 and a Ru size of 2.1 nm is significantly reduced by ca. 80% and the 2.5Cs/MPC-18
catalyst is inactive in ammonia synthesis (Figure S14, ESI). It is another evidence that the co-existing Ru
and CsOH impregnated on the mesoporous carbon framework give the synergetic effect in ammonia
synthesis, which can be maximized by optimizing the structural parameters of surface Ru concentration
(~3.2 μmol m−2), Ru size (2.4 nm) and surface Cs/Ru ratio (~1). Regarding to the other Cs-Ru/MPC
catalysts, the rates of ammonia synthesis are reduced, presumably due to an improper combination
of Ru size, surface Ru concentration and surface Cs/Ru ratio. Nevertheless, the TOF values over the
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prepared Cs-Ru/MPC catalysts remain nearly unchanged (Figure 8c), presuming that the B5 sites of
nanosized Ru particles impregnated on the CsOH-containing mesoporous carbon frameworks are
fully accessible. In contrast, the 2.5Cs-10Ru/AC catalyst gives a low rate of ammonia synthesis and a
small TOF value because the B5 sites were lost by the sintering of nanosized Ru particles on the outer
surface of CsOH-containing AC support and the molecular diffusion through the microporous carbon
framework is hindered.

Figure 8. (a) The Ru size; (b) ammonia synthesis rate; and (c) TOF as a function of surface Ru
concentration over the prepared Cs-Ru/MPC catalysts, in comparison to those of 10Ru/MPC-18 and
2.5Cs-10Ru/AC catalysts.

For sustainable ammonia synthesis using CO2-free hydrogen as a feedstock, Ru-based catalysts
must be subjected to a short warm-up and shut-down period to cooperate with the variable production
rates of renewable hydrogen from electrolysis of water through intermittently available electricity,
such as wind and solar powers. The potential of the 2.5Cs-10Ru/MPC-18 catalyst for sustainable
ammonia synthesis was examined across a wide SV range and its performance was compared with
that of the 2.5Cs-10Ru/AC catalyst. Figure 9a shows that the rate of ammonia synthesis over the
2.5Cs-10Ru/MCP-18 catalyst was high and stable across an SV range of 3000–20,000 h−1 and reaction

79



Catalysts 2019, 9, 406

temperatures in the range of 320–360 ◦C. Figure 10 further shows that the rate of ammonia synthesis over
the 2.5Cs-10Ru/MPC-18 catalyst can be quickly tuned within a short response time period (<30 min)
at a temperature jump of 60 ◦C for around 15 cycles. It can be said that the 2.5Cs-10Ru/MPC-18
catalyst has a high potential in sustainable ammonia synthesis using CO2-free hydrogen generated
from renewable energy resources. In comparison, the 2.5Cs-10Ru/AC catalyst exhibits lower activity
and leads to a larger variation in ammonia synthesis when the SV values change (Figure 9b). It also
suffers from a slow response time and low rate of ammonia synthesis when the reaction temperature is
quickly varied. The rate of ammonia synthesis varied after each temperature jump, implying that the
structure of the 2.5Cs-10Ru/AC catalyst might have changed during the reaction and it requires a long
activation time for ammonia synthesis.

Figure 9. Rate of ammonia synthesis as a function of space velocity (SV) over the prepared Cs-Ru
catalysts: (a) 2.5Cs-10Ru/MPC-18 and (b) 2.5Cs-10Ru/AC.

Figure 10. Intermittently variable ammonia synthesis over the prepared Ru-Cs catalysts: (a) 2.5Cs-10Ru/
MPC-18 and (b) 2.5Cs-10Ru/AC.

80



Catalysts 2019, 9, 406

T
a

b
le

2
.

H
R

TE
M

im
ag

e
an

d
ga

sc
he

m
is

or
pt

io
n

st
ud

ie
d

on
th

e
R

u
an

d
C

ss
pe

ci
es

of
th

e
pr

ep
ar

ed
C

s-
R

u
ca

ta
ly

st
sa

nd
th

ei
rc

at
al

yt
ic

pe
rf

or
m

an
ce

si
n

am
m

on
ia

sy
nt

he
si

s.

S
a

m
p

le
s

R
u

C
o

n
c.

(μ
m

o
l

m
−2

)

R
u

S
iz

e
(n

m
)

C
s

C
o

n
c.

(μ
m

o
l

m
−2

)

C
O

2
U

p
ta

k
e

(m
m

o
l

g
−1

)
3

A
m

m
o

n
ia

S
y

n
th

e
si

s
A

ct
iv

it
y

H
R

T
E

M
1

C
O

C
h

e
m

.
2

M
a

x
im

u
m

R
a

te
(m

m
o

l
g
−1

h
−1

)
4

T
O

F
(h
−1

)

2.
5C

s-
10

R
u/

A
C

2.
3

1.
6
±0

.4
5.

8
(1

6%
)

3.
0

1.
6

2.
2

(4
00

)
10

2.
5C

s-
10

R
u/

M
PC

-1
5

2.
0

1.
9
±0

.6
2.

5
(3

6%
)

2.
2

2.
4

8.
1

(3
70

)
17

2.
5C

s-
10

R
u/

M
PC

-1
8

3.
2

2.
1
±0

.4
2.

4
(4

0%
)

3.
5

2.
4

10
(3

60
)

19
5C

s-
5R

u/
M

PC
-1

8
1.

8
1.

6
±0

.3
1.

6
(5

9%
)

3.
8

2.
6

8.
5

(3
80

)
18

10
C

s-
2.

5R
u/

M
PC

-1
8

0.
95

1.
2
±0

.3
1.

3
(7

9%
)

3.
5

2.
5

6.
2

(4
20

)
17

2.
5C

s/
M

PC
-1

8
-

-
-

4.
2

3.
5

0
-

10
R

u/
M

PC
-1

8
1.

4
2.

1
±0

.6
2.

1
(4

4%
)

-
0

2.
0

(5
10

)
4.

0
2.

5C
s-

10
R

u/
M

PC
-2

1
12

3.
2
±0

.8
3.

7
(3

1%
)

13
2.

7
7.

3
(3

60
)

18
1

D
et

er
m

in
ed

fr
om

th
e

H
R

T
E

M
im

ag
es

.
2

D
et

er
m

in
ed

fr
om

th
e

C
O

ch
em

is
or

p
ti

on
.

T
he

d
is

p
er

si
on

w
as

sh
ow

n
in

th
e

p
ar

en
th

es
es

.
3

D
et

er
m

in
ed

fr
om

th
e

C
O

2-
T

P
D

m
ea

su
re

m
en

t.
4

Th
e

m
ax

im
um

ra
te

of
am

m
on

ia
sy

nt
he

si
s

w
as

de
te

rm
in

ed
fr

om
Fi

gu
re

s
6

an
d

7.
Th

e
co

rr
es

po
nd

ed
te

m
pe

ra
tu

re
w

it
h

a
un

it
of

C
el

si
us

de
gr

ee
(◦

C
)w

as
sh

ow
n

in
th

e
pa

re
nt

he
se

s.

81



Catalysts 2019, 9, 406

3. Materials and Methods

3.1. Synthesis of Mesoporous Carbon Material-Supported Cs-Ru Catalysts

Mesoporous carbon materials (a series of commercial CNovel®P(3)010 products denoted as
MPC-xx) used in this study were prepared with a hard-template method at Toyo Tanso Co., Ltd., Osaka,
Japan and were used as received [55]. Here, “xx” represents the annealing temperature. In other
words, the notations MPC-15, MPC-18 and MPC-21 imply that their annealing temperatures were
1500, 1800 and 2100 ◦C, respectively. In a typical synthesis process, MPC-xx supports (1 g) were
dispersed in 70 mL of an ethanol solution (50%, v/v) containing 0.31 g of nitrosylruthenium(III) nitrate
(Ru(NO)(NO3)3), Ru assay = 31.4 wt %, Mitsuwa Chemicals Co., Ltd., Osaka, Japan) and slowly heated
to around 70–80 ◦C until the solvent evaporated completely. The resulting solids were calcined at
400 ◦C for 3 h in N2 at a ramp rate of 5 ◦C min−1 to produce Ru-impregnated MPC-xx samples. Caesium
carbonate (Cs2(CO3), 0.40 g, Cs = 81.6 wt %, Alfa Aesar, Lancaster, UK) was then impregnated into the
Ru-impregnated MPC-xx samples by the same procedure as described above but without calcination.
Note that the Ru loading was varied at 2.5–10 wt % while the Cs loading was kept constant at 33 wt
% in the MPC-xx supports. The freshly prepared Cs-Ru catalysts were labelled as yCs-zRu/MPC-xx,
where y and z represent the Cs/Ru molar ratio and Ru loading, respectively. For example, the notation
2.5Cs-10Ru/MPC-18 signifies that mesoporous carbon material annealed at 1800 ◦C (namely MPC-18)
was impregnated with a Ru loading of 10 wt % at a Cs/Ru molar ratio of 2.5, corresponding to a Cs
loading of 33 wt % based on the carbon content.

3.2. Synthesis of Reference Catalysts

Microporous activated carbon (denoted as AC, product code HG15-119, Osaka Gas Chemical
Co., Ltd., Japan) was used as received and after mild thermal treatment at 500 ◦C for 3 h in an H2

environment. Ru and Cs species were impregnated into the AC support using the same procedures
as described in the previous section. Thus, a 2.5Cs-10Ru/AC reference catalyst with a Ru loading of
10 wt % and a Cs/Ru molar ratio of 2.5 was prepared. Further, a 10Ru/MPC18 sample with a Ru loading
of 10 wt % and a 2.5Cs/MPC18 sample with a Cs loading of 33 wt % were also prepared for comparison.

3.3. Characterization

The specific surface area and porosity of the prepared catalysts were analysed by N2 physisorption
on a BELSORP-max instrument (MicrotracBEL Corp., Osaka, Japan) at 77 K. The pore size distribution
(PSD) was calculated using the nonlinear density function theory (NLDFT) using a slit-pore model.
The crystallinity of the prepared catalysts was determined on a Rigaku MiniFlex600 diffractometer
(Tokyo, Japan) with Cu Kα radiation (λ= 0.15418 nm) and operating at 40 kV and 15 mA. The Ru particle
size and size distribution were statistically analysed by high-resolution transmission electron microscopy
(HRTEM) on a TOPCON EM002B instrument (Tokyo, Japan) operating at 120 kV. The microstructure
of the prepared Cs-Ru catalyst was captured and mapped using a FEI Tecnai Osiris instrument (Santa
Clara, CA, USA) equipped with an electron-dispersive X-ray spectroscopy (EDS) (Oregon, USA).
High-angle annular dark-field scanning transmission electron microscopy-scanning transmission
electron microscopy (HAADF-STEM) images were captured and analysed using the Bruker Esprit
software (Massachusetts, USA). Temperature-programmed reduction (TPR) measurements of the
prepared Cs-Ru catalysts were recorded on a BELCATII instrument equipped with a thermal conductive
detector (TCD) and a BELMass mass spectrometer (MS) (MicrotracBEL Corp., Osaka, Japan). Freshly
prepared samples were finely packed in a quartz tube and connected to the BELCATII instrument;
purging was carried out with a standard gas of 5% H2 in Ar at a flow rate of 30 mL min−1 until the
TCD signal was stable. The TPR-TCD and TPR-MS profiles were recorded without using a molecular
sieve at the downstream in the temperature range of 50 to 800 ◦C at a ramp rate of 5 ◦C min−1.
The temperature-programmed desorption of carbon dioxide (CO2-TPD) of the prepared Cs-Ru catalysts
were also measured by a BELCATII instrument. Before the CO2-TPD measurement, freshly prepared
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samples were reduced at 450 ◦C for 2 h, followed by purging with an Ar flow (50 mL min−1) until the
temperature was decreased to 50 ◦C. The reduced samples were then treated by a mixed gas of 10%CO2

in Ar (50 mL min−1) at 50 ◦C for 30 min, followed by purging with an Ar flow (50 mL min−1) until the
TCD signal was stable. The uptakes of CO2 over the reduced samples were calculated by the CO2-TPD
profiles recorded in the range of 50-800 ◦C at a ramp rate of 5 ◦C min−1. The pulse chemisorption
of carbon monoxide (CO) was determined by an Ohkura Riken R6015 instrument (Saitama, Japan).
For the pre-treatment, freshly prepared samples were reduced at 450 ◦C for 2 h, followed by purging
with an Ar flow (50 mL min−1) until the TCD signal was stable. After the pre-treatment, a sequential
pulse using a standard gas of 10%CO in He was injected to the reduced samples at 50 ◦C until no
CO was adsorbed. Carbon, hydrogen and nitrogen (CHN) elemental analysis was performed on a
PerkinElmer 2400II instrument (Massachusetts, USA). X-ray fluorescence (XRF) analysis was conducted
on a Rigaku EDXL300 instrument (Tokyo, Japan) to monitor the Ru and Cs contents in the prepared
and used Cs-Ru catalysts.

3.4. Mild Ammonia Synthesis

Typically, ammonia synthesis over the prepared Cs-Ru catalysts was carried out on a fixed-bed
reactor at mild reaction conditions (280–450 ◦C, <1 MPa). It is specially noted that high pressure gas
safety act of Japan has defined that “high pressure gas” is the pressure of the compressed gas equal to
or higher than 1 MPa at 35 ◦C [56]. In this study, we specifically carried out mild ammonia synthesis at
the reaction pressure of lower than 1 MPa using G1 grade N2 and H2 standard gases as feedstocks.
The H2/N2 ratio in the feed gas was kept at 3. Typically, for ammonia synthesis, the prepared Cs-Ru
catalysts sandwiched in between quartz woods were finely packed in a quartz inlet and inserted
into a stainless-steel cylindrical reactor controlled by an automatic reaction test system (Taiyo system
Corp., Kanagawa, Japan). Prior to the reaction, the prepared Cs-Ru catalysts were reduced on-line
at 450 ◦C for 2 h using a H2 flow (SV = 10,000 h−1). To start ammonia synthesis, a mixed gas of
hydrogen and nitrogen (H2/N2 ratio = 3) was fed and the downstream was quantitatively analysed
with an online Shimadzu gas chromatograph (GC-2014) equipped with a TCD detector and a column
of Thermon-3000 + KOH (2 + 2)% Sunpak-N 60/100 mesh (2.1 m length and 3.2 mm internal diameter,
Shinwa Chemical Industries Ltd., Kyoto, Japan). For intermittently variable ammonia synthesis, the
influence of SV (3000–20,000 h−1) was studied. Further, cycling tests of a temperature jump (ca. 60 ◦C)
were conducted to monitor the activities of 2.5Cs-10Ru/MPC-18 and 2.5Cs-10Ru/AC for mild ammonia
synthesis. The procedures for pre-reduction treatment and downstream analysis were the same as
described earlier. The SV value was kept constant at 9000 h−1 during these processes. The heating and
cooling rates were maintained at 5 ◦C min−1.

4. Conclusions

Nanostructured Cs-Ru catalysts supported on mesoporous carbon materials with different
porosities and crystallinities of the graphite structure were prepared by a wet impregnation method
and thermal treatment in an inert atmosphere. The studies of CO chemisorption and HRTEM-HAADF
images showed that the prepared Cs-Ru/MPC catalysts contained nanosized Ru particles (around
2–3 nm) close to the Cs species, which were homogeneously impregnated inside mesoporous carbon
materials of different degrees of crystallinity, which in turn were influenced by the annealing
temperature. TPR studies showed that nanosized RuO2 particles were formed in the mesoporous
pores of the prepared Cs-Ru/MPC catalysts and they could be reduced to metallic Ru particles at
around 100–200 ◦C—this reduction temperature was higher than the pure RuO2 particles due to the
strong interaction between Cs and Ru species. Moreover, gaseous CO2, CH4 and CO were observed at
200–500 ◦C, corresponding to the activation temperature region for ammonia synthesis, due to the
conversion of the Cs precursor to form CsOH species and methanation of surface oxygenated species
to form clean carbon surface. As a result, the metallic Ru and CsOH species close to each other as the
catalytically active sites for ammonia synthesis could be confined firmly inside the mesoporous carbon
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framework. At higher temperatures (>600 ◦C), CO gas was formed due to the thermal decomposition
of carbon materials; however, it could be reduced by increasing the annealing temperature of the carbon
materials. For ammonia synthesis, the prepared Cs-Ru/MPC catalysts exhibited high activity under
mild reaction conditions; in particular, the 2.5Cs-10Ru/MPC-18 catalyst with a proper size of metallic
Ru nanoparticles (2.4 nm), which were co-impregnated with CsOH species inside the mesoporous
carbon framework and surface Ru and Cs concentrations of ca. 3–4 μmol m−2 corresponding to a
surface Cs/Ru ratio of ca. 1 exhibited excellent activity at lower temperatures (7.3–10.2 mmol g−1

h−1 at 360–370 ◦C). Ru particle size and size distribution in the fresh and used 2.5Cs-10Ru/MPC-18
catalysts were similar, whereas those of the microporous catalyst (2.5Cs-10Ru/AC) changed significantly,
resulting in a low activity and stability for ammonia synthesis due to serious deactivation by Ru-particle
sintering. Moreover, the 2.5Cs-10Ru/MPC-18 catalyst with its mesoporous carbon framework and
small Ru size and narrow size distribution showed high responsibility and durability in intermittently
variable ammonia synthesis in a wide SV region and in cycling tests with a large temperature variation.
Therefore, we are demonstrating, for the first time, that sustainable ammonia synthesis can be carried
out by the nanostructured Cs-Ru catalysts under mild conditions using CO2-free hydrogen derived
from renewable energy with intermittent operation in Fukushima Renewable Energy Institute (FREA)
of AIST, Japan and the results will be reported in the near future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/5/406/s1,
The TPR analysis, electronic microscopy and supplementary of catalytic tests of prepared catalysts, in comparison
to those of reference catalysts. Table S1: TPR-MS data of the prepared Cs-Ru catalysts, Figure S1: HRTEM
images of carbon supports (a) AC, (b) MPC-15, (c) MPC-18 and (d) MPC-21, Figure S2: HAADF-STEM
images of 2.5Cs-10Ru/MPC-15 catalysts. (a) Fresh and (b) used samples, Figure S3: HAADF-STEM images
of 2.5Cs-10Ru/MPC-18 catalysts. (a) Fresh and (b) used samples, Figure S4: HAADF-STEM images of
2.5Cs-10Ru/MPC-21 catalysts. (a) Fresh and (b) used samples, Figure S5: HAADF-STEM images of 2.5Cs-10Ru/AC
catalysts. (a) Fresh and (b) used samples, Figure S6: TPR-TCD and TPR-MS profiles of RuO2, Figure S7: TPR-TCD
and TPR-MS profiles of MPC-18, Figure S8: TPR-TCD and TPR-MS profiles of 10Ru/MPC-18 obtained by the
dispersion of MPC-18 (1 g) in 70 mL of ethanol (50%, v/v) containing 0.31 g of nitrosylruthenium(III) nitrate
(Ru(NO)(NO3)3) and slowly heating to around 70–80 ◦C until the solvent completely evaporated. This was followed
by calcination at 400 ◦C for 3 h in N2 at a ramp rate of 5 ◦C min−1, Figure S9: TPR-TCD and TPR-MS profiles of
2.5Cs/MPC-18 obtained by the dispersion of MPC-18 (1 g) in 70 mL of ethanol (50%, v/v) containing a 0.40 g of caesium
carbonate (Cs2(CO3) and slowly heating to around 70–80 ◦C until the solvent completely evaporated, Figure S10:
TPR-MS profiles of freshly prepared catalysts (a) 2.5Cs-10Ru/AC, (b) 2.5Cs-10Ru/MPC-15, (c) 2.5Cs-10Ru/MPC-18
and (d) 2.5Cs-10Ru/MPC-21, Figure S11: TPR-MS profiles (m/z = 18) of freshly prepared Cs-Ru catalysts,
Figure S12: HRTEM images and Ru particle size distributions of the used catalysts. (a) 2.5Cs-10Ru/MPC-AC,
(b) 2.5Cs-10Ru/MPC-15, (c) 2.5Cs-10Ru/MPC-18 and (d) 2.5Cs-10Ru/MPC-21, Figure S13: Wide-angle XRD patterns
of used catalysts. (a) 2.5Cs-10Ru/AC, (b) 2.5Cs-10Ru/MPC-15, 2.5Cs-10Ru/MPC-18 and (d) 2.5Cs-10Ru/MPC-21,
Figure S14: Rate of ammonia synthesis as a function of reaction temperature over the 10Ru/MPC-18 and
2.5Cs/MPC-18 catalysts at an SV value of 9000 h−1.
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Abstract: For this present work, a series of Au-metallized TiO2 catalysts were synthesized and
characterized in order to compare their performance in two different catalytic environments: the
phenol degradation that occurs during the liquid phase and in the CO oxidation phase, which
proceeds the gas phase. The obtained materials were analyzed by different techniques such as XRF,
SBET, XRD, TEM, XPS, and UV-Vis DRS. Although the metallization was not totally efficient in all
cases, the amount of noble metal loaded depended strongly on the deposition time. Furthermore, the
differences in the amount of loaded gold were important factors influencing the physicochemical
properties of the catalysts, and consequently, their performances in the studied reactors. The addition
of gold represented a considerable increase in the phenol conversion when compared with that of
the TiO2, despite the small amount of noble metal loaded. However, this was not the case in the
CO oxidation reaction. Beyond the differences in the phase where the reaction occurred, the loss
of catalytic activity during the CO oxidation reaction was directly related to the sintering of the
gold nanoparticles.

Keywords: phenol photo-degradation; CO oxidation; Au–TiO2; gold catalysts; titania

1. Introduction

During the last decade, different chemical reactions which have focused on environmental
pollution remediation have been extensively studied, with the aim of removing pollutants from the
atmosphere and water. Regarding gaseous pollutants whose elimination has been studied to a greater
extent, CO is one of the most relevant. In fact, in 2002 Haruta and coworkers [1] suggested that CO
oxidation could be the most extensively studied reaction in the history of heterogeneous catalysis,
and this fact has been confirmed in recent years due to the fundamental role of such a reaction in the
cleaning of the air and the control of emissions produced by the automotive sector [2–5].

Up until now, several systems have been analyzed and different approaches for the design of
feasible catalysts for CO abatement have been proposed [6]. Particularly, the results of the noble
metal-based catalysts have been attractive due to their tolerance to the presence of water [7], and
although high temperatures are often required for the catalysts to achieve optimal performance, the CO
oxidation induced by noble metal nanoparticles is a widely studied reaction, taking into account that it
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is a sensitive surface structure reaction. Therefore, the main lines of research on this topic have been
focused on the development of optimized catalysts for obtaining the maximum CO conversion using
low temperatures and short periods of time [1–3]. Additionally, the use of different noble metals [8],
such as Au and Pt, which have demonstrated high activity and selectivity in oxidation reactions.
Nevertheless, their catalytic performance, especially in the case of gold, largely depends on the particle
size, and this is a parameter that should be controlled during synthesis by selecting the most suitable
noble metal precursor, procedures of deposition, and temperatures of calcination in order to avoid
sintering and loss of the electronic properties of the metal nanoparticles [9–11].

Another aspect of obtaining active catalysts for oxidation reactions based on noble metals is the
selection of a suitable support, and some ceramic materials such as Al2O3 and SiO2 have been widely
used. However, TiO2, which has attracted increasing attention in the electronics industry due to its
high dielectric and semi-conducting properties, is a very interesting system as a support for catalytic
reactions due to its electronic properties [12]. In fact, there is evidence that TiO2, as a catalyst support,
enforces an electric interaction between the d electrons of Ti3+ cations with those of noble metals
supported over its surface, and this results, for instance, in a decrease in the adsorption energy of CO
intermediates [13–15].

The TiO2 has also been widely studied in photo-catalytic oxidation processes, and the addition of
noble metals over this oxide has demonstrated an enhancement in its photo-catalytic performance.
This is thanks to the decrease in the recombination rate of photo-generated charges in the systems
since the noble metals act as electron collectors. Within the different photo-degradation processes [10],
phenol oxidation is more widely studied since this pollutant may contaminate water and generate
other compounds even more contaminant than the bare phenol. Therefore, its mineralization is the
main goal. In fact, in a previous study, we examined the photo-catalytic phenol oxidation in Au/TiO2

catalysts prepared from sulphated TiO2 by means of a photo-deposition of gold. We observed that the
conditions during the preparation of the materials (light intensity and photo-deposition time) were
determinant for controlling the properties of the gold deposits over the surface of the TiO2.

It is clear that the differences during the preparation of the gold photo-catalysts resulted in
alterations of their surface and structural properties that control their catalytic performance in an
aqueous medium. However, the interaction between gold and TiO2 has been demonstrated to be also
closely related to the presence of structural defects such as the oxygen vacancies that also modify
the electronic properties of Au/TiO2 and which have been studied in CO abatement reactions [2,16].
Subsequently, the following question arises: could these properties generated in photo-catalysts be
applied in a different catalytic environment such as a gas phase oxidation process where there is no
light irradiation? Therefore, the present work proposes the exploration of a series of different gold
catalysts prepared by the photo-deposition method over TiO2 in both the phenol photo-oxidation
process and the CO oxidation reaction. Special attention is paid to the study of the electronic properties
of the prepared materials and their effect on the catalytic performance in the cited reactions.

2. Results and Discussion

2.1. Physicochemical Characterization of the Obtained Materials

The real content of noble metal measured by XRF is presented in Table 1, as well as other
physico-chemical features of the materials. It has to be noted that the amounts of deposited gold were
notably lower than the theoretical values in all cases. However, regardless of the poor loading of gold,
it was found that the real content of deposited noble metal increased with the deposition time in both
cases, with 2 and 5 wt.%. Regarding the efficiency of the deposition of noble metal, in a previous
work, it was observed that the loading of gold was strongly connected with the light intensity and the
irradiation time during the photo-deposition [17].
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Table 1. Miscellaneous physico-chemical properties of the prepared materials including: noble metal
content, specific area BET, band gap, and particle sizes of the metal nanoparticles.

Sample
Noble Metal
Content (Au

wt.%)

Area BET
(m2/g)

Direct Band
Gap (eV)

* Crystallite
Size of the

Metallic
Species (nm)

Δ Average
Particle Size of

the Metallic
Species (nm)

S–TiO2 - 58 3.20 - -
2Au-15 0.28 53 3.56

not detected

4.8
2Au-120 0.77 53 3.53 6.4
5Au-15 0.43 50 3.51 5.6
5Au-120 0.73 48 3.51 6.2

2Au-15C 0.28 32 3.16 29 22
2Au-120C 0.77 35 3.02 25 27
5Au-15C 0.43 33 3.03 17 16
5Au-120C 0.73 34 3.04 30 22

* Crystallite size of Au species calculated by XRD results and using the Scherrer equation for the calcined solids.
Δ Average particle size of Au species calculated from the analysis carried out over the TEM micrographs of the
non-calcined and calcined solids.

As indicated in the experimental section, after synthesis, a certain portion of all the catalysts was
calcined at 300 ◦C, and in order to evaluate the effect of temperature on the surface area of the obtained
catalysts, N2 adsorption–desorption measurements were carried out before and after calcination. Prior
to the calcination, the metalized solids presented similar specific surface areas around 53 m2/g and
no large differences can be appreciated after the metallization process in all cases (Table 1). The BET
area values were in agreement with those reported in the literature for similar sulfated titania [18].
However, after the calcination at 300 ◦C, all the materials exhibited a decrease in the specific area
around 20 m2/g, which may possibly be due to the powder’s particles’ agglomeration during the
calcination process, thus leading to a decrease in the SBET value. The similarity in the decrease of the
specific area values for all the materials confirmed once again that no large differences concerning the
textural properties were generated during the metallization process regardless of the nature of the
noble metal or its amount.

The XRD profiles of the support and the catalysts, prior to and after the calcination at 300 ◦C, are
presented in Figure 1. Before calcination (Figure 1A), all the materials presented had a similar profile
where the principal reflections coincided with those of the anatase phase (JCPDS no. 00-021-1272).
This result agrees with the fact that the sulphation of TiO2 stabilizes the anatase phase, avoiding the
Rutile formation during the support synthesis (S–TiO2) [18]. Moreover, no clear signals of the presence
of gold prior to the calcination were observed. This could indicate a high dispersion of the noble metal,
although considering the poor loading of this, the main gold peak corresponding to the crystal plane
(111) located at 2θ = 38.18◦ could be overlapped with the reflections (004) and (112) of the anatase,
therefore, it cannot be clearly observed.

After the calcination, the XRD pattern of the support (S–TiO2) exhibited the evolution of the
reflections due to the presence of the rutile phase (JCPSD no. 00-021-1276) along with those of the
anatase (Figure 1B). However, this new phase of the TiO2 was not observed in the XRD patterns of the
metallized catalysts that preserved the main reflections of the Anatase phase.

The presence of gold was noticeable in the XRD patterns after calcination through the evolution
of the reflections associated to this metal, thus indicating the increase in the crystalline domain. An
evolution of the crystal plane (111) of the gold was observed; however, it is still not clear, due to the
overlap with the crystalline planes (004) and (112) of the anatase. However, in the materials 2Au-120C
and 2Au-15C, a low-intensity peak was observed at a 2θ~44◦, which could correspond to the crystalline
plane (200) of gold (JCPDS No. 00-004-0784).
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Figure 1. XRD patterns of the prepared materials: (A) before calcination at 300 ◦C; (B) after calcination
at 300 ◦C.

The crystallite sizes of the metal particles in the calcined catalysts are presented in Table 1 and the
systems loaded with 2 wt.% showed practically the same gold crystallite size, while for the catalysts
with 5 wt.%, a superior size of the nanoparticles was achieved for the solid submitted to the longer
photo-deposition procedure (120 min). Calcined and non-calcined catalysts were also analyzed by
means of TEM, and in this case, a particle size distribution was obtained for both families of solids.
Thus, representative micrographs of the studied materials are presented in Figure 2.

Regarding the non-calcined materials, these had a similar morphology and the clusters of
gold (confirmed by EDX analyses and highlighted by yellow circles) presented sizes below ~10 nm.
Although the gold average particle size was similar for all the catalysts, the 2Au-120 solid exhibited a
higher population of gold nanoparticles below 3 nm.

The calcined materials presented a similar morphology of small irregular agglomerates. In all
cases, the majority of the black spots with higher contrast corresponded to clusters of gold (confirmed
by EDX analyses), and for establishing the particle size distributions, several particles were measured,
including those of micrographs not presented in the manuscript. In this sense, the agreement between
the crystallite sizes obtained by the Scherrer equation and the average particle sizes established from
the TEM micrographs needs to be noted (See Table 1). A broader particle size distribution was produced
with the longer photo-reduction treatment that promoted the growth of the gold nanoparticles.

The surface elemental composition of the materials was analyzed by XPS (Figure 3). It can be
observed that O (1s) peaks in all materials (Figure 3a,d,g,j), can be formed by the contribution of two
peaks, where the smallest contribution varies between 12% and 15%. It is notable that these higher
percentages were produced in materials with a longer photo-deposition time of Au. The contribution
of the peak at 530 eV can be assigned to the lattice oxygen of the TiO2, while the peak to 531 eV can be
assigned to hydroxyl groups or chemisorbed O species [19].

On the other hand, all the materials show Ti 2p1/2 and Ti 2p3/2 peaks, located at 465.5 eV and
458.8 eV, respectively; the distance between the Ti 2p peaks was 5.7 eV, which was induced by the
coupling spin-orbital, indicating the presence of Ti4+ on the surface [19]. In all samples (Figure 3c,f,i,l),
peaks were found centered around 87.6 eV and 84.0 eV, which can be assigned to Au 4f5/2 and Au
4f7/2, respectively, the distance between the peaks was about 3.6 eV, which confirms the presence of
metallic Au particles deposited on the surface of TiO2 [20].
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Figure 2. TEM micrographs of the non-calcined and calcined catalysts including the corresponding
particle size distributions of the metal nanoparticles.

Although metallic Au was present in all the materials, it was remarkable to observe that for 2 wt.%
nominal percentage, the amounts of deposited metal showed around 0.12%, while ~0.08% for materials
with 5 wt.% nominal percentage, possibly due to an inverse relationship between the concentration of
photo-deposited metal and the size of the Au particle on the TiO2 surface [21,22].

The XPS spectra also confirmed the presence of S (2p) located at 168.9 eV, which corresponds
to S6+, which could indicate a substitution of Ti4+ cations by S6+ on the surface, due to the large size
of the S6+. It is a viable candidate to replace the Ti site and would be able to compensate the Ti4+

deficiencies [19]. The atomic percentage of all samples was 0.5% (data not shown).
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Figure 3. (a–c) 5Au-120; (d–f) 5Au-15; (g–i) 2Au-120; (j–l) 2Au-15.

By means of XPS analysis, it was also possible to calculate the O/Ti atomic ratio (Table 2). For the
S–TiO2 support, the O/Ti ratio was 1.70, thus the O/Ti atomic ratio of these species was below the
stoichiometric one. Therefore, a certain number of oxygen vacancies on the surface of the material
should be expected. This is because at the calcination temperature of 650 ◦C used in the S–TiO2

preparation, the elimination of sulfate groups promotes the creation of several oxygen vacancies,
which have been reported as preferential sites for noble metal adsorption [23,24], this being one
of the main reason for the application of sulphation treatment on the titania surface in this study.
Furthermore, it is important to note that after gold photo-deposition, the O/Ti ratio increased to
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values around 1.83–1.95, suggesting that oxygen vacancies were partially annihilated during the metal
deposition process.

Table 2. Binding energies of the Ti (2p3/2) and O (1s) peaks, and the O/Ti atomic ratio for the
prepared catalysts.

Catalyst
Binding Energy (eV) O/Ti

Atomic RatioTi (2p3/2) O (1s)

S–TiO2 458.5 529.8 1.70
2Au-15 458.6 530.0 1.83
2Au-120 458.5 529.8 1.85
5Au-15 458.9 530.2 1.86
5Au-120 458.5 529.9 1.95

The UV-Vis DR spectra of the catalysts prior to and after calcination are presented in Figure 4. In
all cases, the characteristic sharp absorption threshold of TiO2 around 350 nm was observed [25,26].
Furthermore, a broad signal around 546 nm was observed for the catalysts with gold. This absorption
in the visible region agrees with the purple color of the solids, whose hue depends on the gold content
being more intense for the solids with the highest loadings of gold. The modifications in the hue of the
colors of the powders, which is a qualitative feature, was confirmed by the variable intensity of the
band in the visible region, this being more intense for the 5Au-15 and 5Au-120 solids.

A

B

Figure 4. DR/UV-Vis spectra of the prepared catalysts: (A) before calcination at 300 ◦C; (B) after
calcination at 300 ◦C.

The absorption band around 550 nm was associated with the localized surface plasmon of
resonance of gold nanoparticles supported on TiO2 [25–27], and this signal intensified as the loading of
gold increased. Different authors have reported a close relationship between the size of the clusters of
gold and the position, shape, and intensity of the absorption band [28]. Furthermore, other aspects such
as the dielectric constant of the support, and the surrounding medium may affect the position and shape
of the surface plasmon resonance in the spectrum [27]. The alteration of the electronic environment of
TiO2 produced by the modification with the noble metals may be observed in the change of the band
gap values presented in Table 1. Before calcination, all the systems which contained gold presented a
superior band gap to the bare support. Nevertheless, the calcined catalysts demonstrated a decrease in
their band gap values. The surroundings of the TiO2 that were in contact with the metal depended
on the amount of this and the size of the obtained nanoparticles. In this sense, if the calcination
produces alterations in the size of the metal nanoparticles, it is to be expected that their interaction
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with the support will also be modified. Therefore, the catalytic performance, which in this sort of
materials is strongly related to their electronic properties, will depend on whether or not the materials
were calcined.

2.2. Catalytic Activity Measurements

-Catalytic activity during the phenol photo-catalytic oxidation: The photo-catalytic activity was
evaluated with the degradation of a contaminating substrate such as phenol using different percentages
of photo-deposited metallic Au on TiO2. Figure 5 shows that all materials evaluated had a phenol
conversion greater than 95% after two hours of treatment. These results are in agreement with those
reported in previous studies [17,29,30].
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Figure 5. Catalytic activity of the prepared catalysts during the phenol photo-catalytic oxidation.

However, at short illumination times (40 min), it can be observed that the material with the
best photo-catalytic behavior was 2Au-120, reaching a conversion higher than 60%, followed by the
material 2Au-15, with a percentage lower than 50%. With respect to the materials 5Au-15 and 5Au-120,
their behavior was lower still than the two previously described, with values lower than 40% and
both very similar. The superior activity of the 2Au-120 material may be related to the size of the gold
nanoparticles, since this material presented a superior population of smaller particles (below 3 nm) as
was observed by means of TEM.

It is possible that the metallized materials with Au had an improved photo-catalytic activity, since
the photo-deposited nanoparticles on the surface of the TiO2 act as sinks for the photo-generated
electrons after the excitation with UV radiation. Generally, the Fermi levels of the photo-deposited
noble metals were lower than those in the TiO2 conduction band [29], causing electrons to be efficiently
transferred from the gold nanoparticles to the TiO2 conduction band, thus preventing the recombination
of the charge carriers and generating a more efficient photo-catalytic process [31]. However, as can be
observed at higher percentages of Au, it is possible that a greater recombination process of the h+/e-

pairs is present, as suggested by K. Sornalingam et al. [32] at higher percentages of photo-deposited
noble metals which can generate recombination processes by decreasing the photo-catalytic activity
of the material [31,33]. In addition, at a high particle size, the active centers of TiO2 can be blocked,
thus decreasing the photo-catalytic activity. Additionally, the blocked active centers may turn into
recombination centers, which also results in the decrease in the catalytic activity [17].

Gold has a high affinity to suffer photo-deposition, where a direct relationship between the size of
the nanoparticles and the nominal amount of the metal is observed. In addition, the photo-reduction
of this metal is very fast, especially in the TiO2’s vacancies that stabilize gold deposits due to the
high-adhesion energy that is generated between the Au and TiO2 [17,34]. This is why the leaching of
gold was not observed in the prepared materials, according to the XRF analysis of the post-reaction
catalysts (not presented data) that exhibited the same amount of noble metal than that of the catalysts
prior to the catalytic activity measurements.
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-Catalytic activity during the CO oxidation: The performance of the prepared catalysts during the
CO oxidation reaction is presented in Figure 6.
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Figure 6. Catalytic activity of the prepared catalysts during the CO oxidation.

The bare support did not show activity in the CO oxidation reaction, while the CO conversion was
noticeable after the deposition of noble metals. Furthermore, for all the catalysts, the CO conversion
increased along with the temperature, although the performance of the calcined materials was lower
than that of the non-calcined ones. For this last fact, the first explanation that arises and agrees with
that reported in the literature [35] is that the additional thermal treatment applied over the calcined
catalysts resulted in the agglomeration of the gold nanoparticles, even though it has been proposed that
the our calcination temperature (300 ◦C) was within a temperature range where strong sintering was
not expected [35]. In this sense, the activation process itself may alter the size of the gold nanoparticles
making them probably different to those presented in Table 1. This is a fact that has to be confirmed
since it may allow establishing a clearer relationship between the size of the gold nanoparticles and
the catalytic performance.

Another relevant aspect that has to be considered about the activation process is the reductant
character of the applied atmosphere, since the use of H2 may result firstly in the total reduction of all
gold species. Therefore, despite the possible negative effect of the thermal treatment, in the present
work, the total reduction of the gold species was aimed at, since it has been demonstrated that Au0

species are more active in the activation of the reactants involved in CO oxidation [36–38].
The effects of the reductant conditions of the activation atmosphere may also modify the support,

since TiO2 is a reducible oxide and the generation of Ti3+ species may result in the generation of
oxygen vacancies. These punctual defects, generally stabilized in the surface of the oxide, are closely
related with the role of this material in the activation of oxygen molecules during the oxidation of
CO [39]. In addition, it has been demonstrated that these may enhance also the interaction between
gold and the surface of the oxide [2]. Consequently, the reduction of the catalyst could counteract
the sintering produced by the increase in temperature, taking also into account the possible dynamic
re-dispersion of deposited gold nanoparticles in different supports depending on the atmosphere
reported in literature [2,40,41]. However, this has to be confirmed and deeply analyzed through further
experiments revealing more insights about the effects of the activation process in the studied catalysts.

Moreover, an approach to understanding the different performance of the catalysts, regardless of
whether this performance is measured prior to or after the calcination, could be based on the different
amounts of loaded noble metal. In this sense, the systems with higher amounts of gold (2Au-120 and
5Au-120) should be the most active systems, but this was not the case. Therefore, the particle size of
the metal clusters, and consequently their interaction with the electronic properties of the support,
have to play a more determinant role than the total amount of gold loaded. Different examples of
studies combining DFT calculations have demonstrated alterations in the performance of the Au
and Pt catalysts during the CO oxidation depending on the electronic environment of the metallic
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clusters [42,43]. Therefore, the different catalytic behaviors may be produced not only by the different
loadings of noble metals but also by the interaction between these and the support. In fact, such
interaction has been confirmed by means of the different characterization techniques discussed above.
For instance, the strong interaction noble metal-support seemed to inhibit the evolution of the rutile
phase (see Figure 1) of the prepared materials. In this sense, the surface O/Ti atomic ratio was also
altered by such interaction (see Table 2), and consequently the electronic environment, resulting in the
modification of the band gap values (see Table 1).

Bamwenda et al. [14] studied the effect of the preparation method of Pt and Au catalysts for the
CO oxidation, supported on the TiO2. Furthermore, the deposition–precipitation and photo-deposition
approaches were used by them and the former resulted in the more active systems. In fact, the gold
catalysts prepared by the deposition–precipitation method presented a superior activity than the
platinum catalysts. This agrees not only with the relatively low activity of the solids studied in the
present work prepared by photo-deposition, but also with the fact that the synthesis procedure may
determine the interaction between the noble metal and the surface of TiO2.

Regarding the calcined catalysts, the systems 2Au-120C and 5Au-120 that presented a comparable
gold content (see Table 1), exhibited differences in their performance. In this case, it has to be remarked
that the particle sizes obtained by means of the Scherrer equation and with the TEM micrographs (see
Table 1) were very similar for these two solids. Therefore, the dispersion of gold in these two solids
should be comparable, demonstrating that the electronic environment may be being influenced by
other aspects such as the synthesis procedure that resulted in modifications of the support’s structure.
This has also been remarked on by Bamwenda et al. [14] and other authors [44,45] that highlighted the
structure sensitivity of Au/TiO2 catalysts due to the contribution from the perimeter interface between
Au nanoparticles and the surface of the support.

3. Materials and methods

3.1. Synthesis of the Different Materials

The synthesis of the catalysts has previously been reported by Hidalgo et al. [17]. Firstly, the
TiO2 was prepared through the hydrolysis of titanium tetraisopropoxide (Aldrich, 97%) dissolved
in isopropanol solution (1.6 M), by means of the slow addition of distilled water (volume ratio
isopropanol/water 1:1). The generated precipitate was filtered afterward and dried at 110 ◦C overnight.
Then, the TiO2 powder was sulfated by immersion in H2SO4 (aq.) 1 M for 1 hour, and finally calcined
at 650 ◦C for 2 hours (S–TiO2).

Concerning the synthesis of the Au-modified solids, the photo-deposition method was
applied following the procedure previously described [46] and using Gold (III) chloride trihydrate
(HAuCl4.3H2O, Aldrich 99.9%) as metal precursor. Therefore, under an inert atmosphere (N2), a
suspension of 5 g/L S–TiO2 in distilled water containing 0.3 M isopropanol (Merck 99.8%) which acts
as sacrificial donor was prepared. Then, the appropriate amount of metallic precursor was added to
obtain the desired loading of gold. Two loadings of noble metal (2 and 5 wt.%) were proposed. The
photo-chemical deposition in every system was performed by illuminating the suspension with an
Osram® Ultra-Vitalux lamp (300 W), with a sun-like radiation spectrum and the main emission line
in the UVA range at 365 nm. Two different photo-deposition times were applied (15 and 120 min).
Furthermore, the light intensity on the TiO2 surface was 0.15 W/m2 for Au photo-chemical deposition.
After the noble metal depositions, the powders were recovered by filtration and dried at 110 ◦C
overnight [17]. In all cases, a portion of the catalysts was calcined at 300 ◦C for 2 h in air. The materials
have been labelled as follows: indicating firstly, the intended wt.% of noble metal it was indicated;
secondly, the noble metal, and finally the deposition time in minutes (2Au-15, 2Au-120, 5Au-15,
5Au-120). Additionally, regarding the calcined materials, the letter C was added: 2Au-15C, 2Au-120C,
5Au-15C, 5Au-120C.
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3.2. Characterization of the Obtained Materials

The chemical composition and the total noble metals content in the samples was determined
by X-ray fluorescence spectrometry (XRF) in a Panalytical® AXIOS sequential spectrophotometer
(Malvern Panalytical, Malvern, United Kingdom) equipped with a rhodium tube as the source of
radiation. The XRF measurements were performed onto pressed pellets (sample included in 10 wt.%
of wax).

The specific surface area BET measurements were carried out using low-temperature N2

adsorption in a ASAP 2010 instrument (Micromeritics, Norcross, GA, USA). Degasification of the
samples was performed at 150 ◦C for two hours under vacuum.

The XRD analyses were carried out on a Siemens® D500 diffractometer (Siemens, Munich,
Germany) using the Cu Kα radiation (40 mA, 40 kV). The patterns were recorded with a 0.05◦ step size
and 300 s of step time. Furthermore, the crystallite sizes of the metallic particles were calculated by
means of the Scherrer equation.

Transmission electron microscopy (TEM) was performed with a Philips CM200 instrument
(Philips, Amsterdam, Netherlands) and the samples were dispersed in ethanol using an ultrasonicator
and dropped on a carbon grid prior to the analysis. With regards to the analysis of the micrographs,
the different particle sizes of the metallic clusters were measured with the program ImageJ 1.51g, and
afterwards, the corresponding histograms were made, following the Sturges’ rule for the establishment
of the categories [47].

X-ray photoelectron spectroscopy (XPS) studies were carried out on a Leybold–Heraeus LHS-10
spectrometer (Leybold, Cologne, Germany), working with constant pass energy of 50 eV. The
spectrometer main chamber, working at a pressure <2 × 10−9 Torr, was equipped with an EA-200MCD
hemispherical electron analyzer with a dual X-ray source working with Al Kα (hν = 1486.6 eV) at
120 W and 30 mA. C 1s signal (284.6 eV) was used as internal energy reference in all the experiments.
Samples were outgassed in the pre-chamber of the instrument at 150 ◦C up to a pressure <2 × 10−8

Torr to remove chemisorbed water.
The light absorption properties of the samples were studied by means of the diffuse reflectance

UV–Vis spectrophotometry (DR/UV-Vis) using a Varian® spectrophotometer model Cary 100 (Varian,
Palo Alto, CA, USA), equipped with an integrating sphere and using BaSO4 as reference. All the
spectra were recorded in diffuse reflectance mode and transformed into a magnitude proportional
to the extinction coefficient through the Kubelka–Munk function, (Fα). Concerning the direct band
gap, this may be estimated from the adsorption edge wavelength of the inter-band transition using
the Tauc function. For insulators and semiconductors, the square root of the Kubelka–Munk function
multiplied by the photon energy is depicted versus the photon energy and extrapolating the linear
zone of the rising curve to zero [48].

3.3. Catalytic Activity Measurements

3.3.1. Phenol Photo-Catalytic Oxidation

The phenol photo-catalytic oxidation was carried out following the procedure previously reported
by Hidalgo et al. [17]. Briefly, an aqueous suspension that contains 50 ppm of phenol and the
photo-catalyst (1 g/L) was magnetically stirred in a 400-mL Pyrex batch reactor foiled with aluminum
in the presence of a continuous oxygen flow for 20 minutes in the dark, in order to favor the
adsorption–desorption equilibrium, since in this type of liquid phase systems it is important to
reach equilibrium in order to obtain a high interaction between the adsorbate and the surface of the
photocatalyst [34], and thus obtaining a better performance during the photocatalytic process, avoiding
errors while the decrease of Phenol concentration was followed.

The light source used was an Osram Ultra-Vitalux lamp (300 W). The intensity of the incident
UVA light on the solution was 140 W/m2, using a UV-transparent Plexiglas®top window with the
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threshold absorption at 250 nm. This parameter was determined with a PMA 2200 UVA photometer
(Solar Light Co.).

The HPLC technique was used for monitoring the phenol concentration during the photo-catalytic
activity, using an Agilent Technologies 1200 device, equipped with an Elipse XDB-C18 column (5 μm,
4.6 mm × 150 mm), with the water/methanol (65:35) mobile phase, and a flow rate of 0.8 mL/min.

3.3.2. CO Oxidation Reaction

The catalytic activity measurements were carried out on a fixed-bed cylindrical stainless-steel
reactor with an internal diameter of 0.9 mm, coupled to a Microactivity Reference Unit (PID
Eng&Tech®), which allowed for the temperature to be controlled, as well as the composition of
the different feed-streams passed through the samples. For every experiment, 100 mg of catalyst
(particle size 100 < ø < 200 μm) was diluted with SiC VWR Prolabo® (particle size 0.125 μm) to achieve
a bed of about 5 mm in height.

Firstly, the catalysts were activated under a 100 mL/min total flow of H2 (50 vol.%) and N2 (50
vol.%) at 300 ◦C for 2 h. Subsequently, the catalysts were cooled and the temperature was stabilized at
50 ◦C, and then the feed-stream of activation was replaced by the mixture of the reaction (100 mL/min:
CO 3 vol.%; O2 15 vol.%; N2 82 vol.%). The reactants and products were analyzed and quantified (from
50 to 300 ◦C every 25 ◦C) by gas chromatography on a micro GC (Varian® CP-4900), equipped with a
Porapak® Q, a Molecular Sieve 5A, and two TCD detectors. The carrier gas for the chromatographic
analyses was He. The CO conversion was calculated according to Equation (1), where Fin,CO and
Fout,CO refer to the molar flow rates at the reactor inlet and outlet, respectively.

CO conversion = 100 × Fin,CO − Fout,CO

Fin,CO
(1)

4. Conclusions

A series of Au–TiO2 catalysts were successfully prepared by means of the photo-deposition
method. Although the loading of noble metal in all cases was low, compared with the intended
value, a strong interaction between the deposited metallic species and TiO2 was noticed. One of
the remarkable consequences of such interaction was that in all cases, the presence of noble metal
inhibited the transition from anatase–rutile, preserving the anatase as the main phase in the calcined
catalysts. Moreover, the spectroscopic characterization of the studied materials showed alterations
of the electronic properties appreciable in the modification of the UV-Vis spectra that also resulted in
different band gap values depending on the loading and particle size of the deposited nanoparticles. In
all cases, the calcination of the materials generated considerable changes in their electronic properties
due to the sintering of the noble metal clusters.

Regarding the catalytic activity studies, on the one hand, the uncalcined materials showed
considerable activity during the photo-catalytic degradation of phenol, with the 2Au-120 systems being
the most active one. On the other hand, during the CO oxidation reaction, although the uncalcined
materials also exhibited catalytic activity, this seemed to be below that of other gold catalysts reported
in literature. Furthermore, an important reduction of the catalytic activity was obtained after the
calcination of the catalyst principally due to the sintering of the metal clusters.

Therefore, the studied materials present structural and electronic properties that seem to be more
determinant in photo-oxidation reactions rather than in the CO oxidation. Despite this, it is clear
that the cited properties also determine the catalytic performance during the CO oxidation reaction.
Therefore, the challenge is to increase the number of active sites without sacrificing the dispersion of
the metallic phase, optimizing the synthesis parameters to also improve the noble metal load, while
aiming to obtain more active systems for heterogeneous solid–gas reaction environment.
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Abstract: The influence of the protecting agent’s nature on gold particle size and dispersion was
studied in this work over a series of gold-based catalysts. CO and glucose oxidation were chosen
as catalytic reactions to determine the catalyst’s structure–activity relationship. The nature of the
support appeared to be the predominant factor for the increase in activity, as the oxygen mobility
was decisive for the CO oxidation in the same way that the Lewis acidity was decisive for the glucose
oxidation. For the same catalyst composition, the use of montmorillonite as the stabilizing agent
resulted in better catalytic performance.

Keywords: gold nanoparticles; clay; PVA; stabilizing agent; glucose oxidation

1. Introduction

The use of renewable feedstocks to produce platform chemicals as an alternative to the classical
petrochemical route is attracting more and more scientific attention [1,2]. The number of possibilities
to convert lignocellulosic biomass into value-added chemicals is continuously increasing, focusing the
research interest on this topic. New technologies have arisen, but the majority of these processes are
still under investigation. One example of such a process is the production of gluconic acid, industrially
available as an enzymatically catalyzed process. It is a process with great potential to become a
heterogeneously catalyzed process in the future [3–5]. Gluconic acid and its salts are extensively used
as detergents, food and beverage additives, and intermediates for the pharmaceutical and cosmetic
industries [6,7]. Glucose to gluconic acid conversion goes through selective oxidation of the aldehyde
function in anomeric position (C1), where all other alcoholic groups (C2-C6) must remain unaltered.
Therefore the choice of a robust and highly selective catalyst is crucial to avoid side products [8].

Gold catalysts are often reported to be good candidates for oxidation reactions due to their
remarkable oxidation ability and resistance to oxygen poisoning [9]. In a liquid phase, gold catalysts
are especially useful, making it possible to use cheap and non-corrosive oxidants (air instead of KMnO4

or H2O2) [10,11]. Gold catalysts are, in fact, reported to be promising for the selective production of
gluconic acid [12–15].

Although they are very stable and effective in the presence of a base [16], gold catalysts deactivate
rapidly in base-free conditions due principally to metal leaching and sintering [12]. The base-free
conditions present some advantages and are highly desirable from a technological point of view. They
are based on green chemistry principles and present some economic advantages due to the absence of
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time and money spent on reaction steps, such as gluconate salt separation and conversion to acid. This
is why the most important requisite for using gold catalysts is to improve their stability in base-free
conditions. For this purpose, the use of nanoparticle stabilizing agents, or a highly specific surface
support could be useful to prevent both gold leaching and sintering.

On the other hand, nanoparticle homogeneity is of great importance to establish a correlation
between catalytic activities, the nature of the active species, support and their interactions. Although
several methods for the preparation of gold catalysts have been reported, the gold colloidal route seems
to be one of the most appropriate to obtain homogeneous and reproducible gold nanoparticle size
distribution. This route includes the utilization of stabilizing agents influencing the nucleation/growth
mechanisms during the nanoparticle formation process. The stabilization of gold nanoparticles
(AuNPs) can be achieved using surfactants [17], polymers [18,19] and metal oxides [20–22].

Recently, clay minerals have been reported as stabilizing agents of nanoparticles [23,24]. Clay
minerals are natural materials that are environmentally benign, costless and abundant. They are
largely used as sorbents [25,26] or in catalysis, for glycerol dehydration [27] and aromatic hydrocarbon
production [28]. Their use as support for gold nanoparticles is also reported [28–32].

In this study, two different agents were used to stabilize gold nanoparticles prepared by the
colloidal route, i.e. clay (montmorillonite (Mt)) and polymer (polyvinyl alcohol (PVA)). The catalytic
performance in CO and glucose oxidation reactions of those nanoparticles immobilized over a series of
supports were used to determine the influence of the stabilizing agent on gold particle size, dispersion
and activity.

2. Results and Discussion

The specific surface areas, particle size and gold contents are reported in Table 1. A total of 25
to 50% of gold loss is observed within the series and it is hardly related to the nature of the supports
and/or the specific surface area. Nevertheless, it could be explained by the stability of the gold colloids,
depending on the nature of the protecting agent. The higher the stability of the colloids, the lower
the quantity of gold deposited during the immobilization. It appears that PVA as a “liquid state”
stabilizing agent (polymer completely dissolved within the media) helps particle adsorption and
results in a higher final gold loading. As for the Mt stabilizer, the higher gold loss could be assigned
either to a greater colloid stabilization or to a decrease of the metal adsorption rate caused by the
changes produced in the isoelectric point of the supports with the addition of the clay material. The use
of clays as the stabilizers of gold particles is also prone to higher experimental errors due to the delicate
execution of the procedure.

Table 1. Catalysts metal loadings and structural properties.

Samples
Au Loading,

wt.%
BET

(m2/g)
Pore Size

(nm)
Pore Volume

(cm3/g)

Mean Particle Diameter
dp(nm) TEM

± 1.2

CeO2 - 137 6.5 0.23 -
Au-Mt/Ce 1.5 128 6 0.21 4 (6.8 *)

Au-PVA/Ce 1.6 137 5.5 0.21 3.9 (7 *)
50Ce50Zr - 55 11 0.18 -

Au-Mt/50CeZr 1.2 50 10.4 0.16 5.1
Au-PVA/50CeZr 2.2 47 10.6 0.15 5.7

20CeAl - 186 6.9 0.42 -
Au-Mt/20CeAl 1 168 7.7 0.36 5.6

Au-PVA/20CeAl 1.7 154 8.1 0.37 5.7

* particle size of the spent catalysts

The The Brunauer-Emmett-Teller (BET)-specific surface areas of the catalysts were similar to those
of the corresponding supports. The use of different stabilizing agents did not significantly influence
this parameter. All samples were mesoporous solids with a pore size within the 5–10 nm range and
pore total volume increasing in order 50 CeZr < Ce < 20 CeAl.

106



Catalysts 2019, 9, 125

XRD analysis of all samples, as seen in Figure 1, showed the presence of one dominating phase,
the cubic fluorite CeO2 structure (JCPDS #00-034-0394). With the addition of Zr (50CeZr sample),
the fluorite diffractions shifted to higher 2θ angles, an effect caused by the formation of a solid
solution. The shift is also indicative of the ceria lattice contraction due to the replacement of Ce4+

(0.098 nm ionic radii) with smaller Zr4+ cations (0.084 nm). Thus, the observed diffractions for this
sample corresponded to the cubic Ce-Zr solid solution (JCPDS #00-028-0271). For the 20CeAl sample,
the presence of g- alumina (JCPDS #00-048-0367) was also detected.

Figure 1. X-Ray diffractograms of supports and catalysts: (A) Mt- and (B) Polyvinylalcohol
(PVA)-protected solids, insets zoom on Au (111) diffraction.

For all clay-stabilized samples, the presence of Mt was not evident, probably due to the high
intensity of the ceria phase diffractions. Nevertheless, for the 20CeAl support two additional
diffractions at 19 and 26 º 2Q appeared, which could be attributed to the Mt phase but also to g-alumina.

For the catalysts, diffractions corresponding to gold phases were not detected, suggesting an
average gold particle size inferior to 4 nm. The in-zone XRD analysis (36–40 2θ range) also suggested
important gold dispersion. Only for the Au/20CeAl catalyst did a diffraction situated at the typical
angle of Au(111) plane appear, but it could also be ascribed to the overlapping g-alumina phase.
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Figure 2. TEM micrographs and particle size distributions of (A) Mt- and (B) PVA-solids.
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The TEM analysis, seen in Figure 2, showed that the calculated average particle size, seen in
Table 1, was not affected by the stabilizing agent but by the support. The gold particles were smaller
on the bare ceria support than on its mixed analogues.

The reaction of CO oxidation is often described as very sensitive to the gold metal state (loadings
and dispersion) and to the nature of the support [33,34]. The CO oxidation activity in terms of the light
off conversion curves is presented in Figure 3.

Figure 3. CO conversion (%) over (A) Mt-solids and (B) PVA-solids.

It was observed that the activity was especially influenced by the support composition. Whereas
the Ce and 50CeZr-supported samples attained almost full conversion at the lowest temperature of
measurement, the 20CeAl-supported catalyst was active at a higher temperature, regardless of the
stabilizing agent. Taking into account the different gold loadings and dispersion for every catalyst,
a normalization of the catalytic activity was made for comparison. The specific activity was expressed
in millimoles of CO converted per gram of catalyst and second, as well as the turnover frequency
(TOF), which was defined as the number of moles of CO converted per mole of surface gold atom and
second, were calculated for all samples at 50 ◦C. The results are summarized in Table 2. The required
dispersion was calculated using the mathematical model for cuboctahedral particles [35,36], which is
also presented in Table 2.

Table 2. Catalyst’ specific activity and gold particles dispersion.

Sample
Specific Reaction Rate,

mmolesCOconv. gcat
−1. s−11

TOF(CO), s−11

×102
TOF(Glucose)
×103, s−11 Dispersion

Au-Mt/Ce 0.69 41.3 4.7 0.32
Au-PVA/Ce 0.58 34.4 3.8 0.33

Au-Mt/50CeZr 0.77 58.5 6.3 0.26
Au-PVA/50CeZr 0.45 37.9 3.9 0.23
Au-Mt/20CeAl 0.13 10.5 8.5 0.23

Au-PVA/20CeAl 0.031 2.6 6.5 0.23
Au/Ce [13] - - 1.7 0.33

Au/20CeAl [13] - - 2.6 0.38
Au/50CeZr [13] - - 1.6 0.38

The normalization of the activity by the active phase loading (specific activity) and dispersion
(TOF) presents the same main trend. It is clear that the catalyst activity depends on the nature of
both the support and the stabilizing agent. However, the predominant factor is the nature of the
support, over catalytic activity. The CO oxidation over ceria-based catalysts proceeds via the Mars van
Krevelen mechanism, where the support participates in the reaction, supplying active oxygen species.
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The increase in oxygen mobility, reported to occur with Zr addition [37,38], results in a better catalyst
(Au/Ce50Zr > Au/Ce > Au20CeAl). As long as the ceria surface oxygen is accessible and abundant,
the catalyst activity is higher.

As for the nature of the stabilizing agent, the use of Mt is more important than the use of
polymer (PVA). A few probable causes for this, is the existence of some carbonaceous residues after
the calcination procedure, a change of the gold–support interaction in the presence of organic agents
and/or the electronic effect of metal. A more detailed study is needed to distinguish between the
causes. Contrary to a gas phase reaction (CO oxidation), where the oxidant is continuously renewed,
the liquid phase oxidation (glucose oxidation) depends on the concentration of dissolved oxygen in the
media, which is more affected by the pressure than by the temperature. Higher partial pressures and
lower temperatures promote a full glucose conversion. In order to observe and evaluate the real effect
of the stabilizing agent and support nature, we decided to decrease the conversion by using higher
temperatures and atmospheric pressure. The temperature did not affect the glucose conversion over
the Au-Mt/Ce catalyst (Figure 4), but produced interesting changes in selectivity. An increase in the
temperature promoted lactic acid formation, disfavoring the glucose to fructose reaction. Both products
affected the gluconic acid selectivity, with the best activity/selectivity ratio observed at 100 ◦C.

Figure 4. (A) Glucose conversion (%) as a function of the temperature over Au-Mt/Ce (600 rpm, 18 h);
(B) yield (%).

As the major changes in selectivity occurred at 120 ◦C, this temperature was chosen for all other
experiments. The glucose conversion and calculated TOF at the final time of the reaction (18 h) are
summarized in Figure 5 and Table 2, respectively.

Figure 5. Glucose conversion (A) and product yields (B) as a function of support.

The glucose conversion did not follow a clear trend. However, the TOF values (calculated as mole
of converted glucose per mole of exposed Au sites (moles Au*dispersion) and per hour) showed that
the PVA-stabilized samples were less active than the clay-stabilized materials. The observed CO-TOF
values were slightly inferior to those reported for other gold catalysts [34]. As for the glucoseTOF
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values, the use of gold-stabilized colloids resulted in higher specific activity in comparison to very
similar catalysts over the same supports, as presented in Table 2. It appears that this method of metal
deposition was more effective, especially for the liquid phase reactions. However, the Au-Mt/Ce
and Au-PVA/Ce catalysts were less active than the Au/C systems prepared by the same colloidal
immobilization method used in this study [39].

This was true for both reactions, CO and glucose oxidation, which means that they were influenced
in the same manner. Taking into account that the variable here was the stabilizing agent and that all the
samples had similar particle size, we propose two more reasons explaining this variation: (i) electronic
state stabilization, and/or (ii) the presence of carbonaceous leftovers covering the active sites.

As expected, the type of support also played an important role, and the order of activity was
20 CeAl > 50 CeZr > Ce. The activity trend did not correlate with the surface area. However, the larger
pore size appeared to be beneficial to obtain higher conversion. On the other hand, a similar activity
trend, previously reported for similar Au catalysts, was related to the decrease in the strength of the
Lewis acid sites in the same order as the activity (20 CeAl > 50 CeZr > Ce) [13]. The product yield
distribution was similar, suggesting that the selectivity was a function of temperature and not catalyst
state, as seen in Figure 5B.

The addition of base, as seen in Figure 6, promotes glucose conversion and changes the selectivity
balance whatever the nature of catalyst. An important effect of the base addition was the complete
absence of gold metal leaching, observed for the spent samples, which on first sight appeared
satisfactory. However, this fact and even the slight increase in glucose conversion in the base conditions
did not justify their use since a decrease in the gluconic acid yield in favor of fructose formation was
observed [40].

Figure 6. (A) Glucose conversion (%) in NaOH presence, glucose: NaOH molar ratio 1:2 (600 rpm,
18 h); (B) yield (%).

Four cycles of utilization were carried out over the Au-Mt/Ce catalyst with a constant
glucose-to-catalyst ratio, as seen in Figure 7. This sample was selected to representing all of the
samples, as a similar trend was observed in all cases. Between the cycles, the catalysts were recovered
by centrifugation, washed in water and dried overnight prior to their re-utilization. A decrease in the
initial activity was observed after the first cycle and remained constant afterwards. Our previous study
of gold catalyst recycling in base-free reactions proposed three reasons for catalyst deactivation: (i) gold
particle size, (ii) gold leaching, and (iii) catalyst surface covered with reaction intermediates [12]. The
third reason was quickly discarded, and only the change of gold metal state (loadings and dispersion)
was considered as the major reason for catalyst deactivation. In the case of the Au-Mt/Ce catalyst,
both factors should be considered. The size of the gold particles increased to 6.8 nm after the first
cycle, and the same was observed for the Au-PVA/Ce sample (7 nm). However, the excessive metal
leaching detected after the first cycle (around 20% occurring between the 1st and the 2nd cycle and not
changing after this) suggests that the probable main reason for this activity change was gold metal
loss, which was also observed for the gold catalysts supported over mineral supports [13].
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Figure 7. Reusability study over the Au-Mt/Ce catalyst.

3. Experimental

3.1. Stabilizing Agents

Polyvinylalcohol (PVA) (Sigma Aldrich, Mw 31000, San Luis, MO, USA) and natural bentonite,
obtained from the Roussel deposit of Maghnia (Algeria), were the stabilizing agents.

Prior to use, the natural bentonite underwent purification by sedimentation to remove all
impurities (mostly sand, feldspar and calcite). In a typical preparation, 10 g of bentonite were
vigorously stirred in 1 L of distilled water for 3 h and left to sediment for 24 h. A total of 2/3 of
the uppermost supernatant portion was then separated and dried overnight at 80 ◦C. The purified
bentonite, mainly montmorillonite, was subsequently transformed to its homoionic Na-exchanged
form by treatment with 1 M sodium chloride solution. As the stabilizer, only the <2 mm fraction of
Na-montmorillonite was retained. The sample label was Mt.

3.2. Gold Catalysts

HAuCl4 (Johnson Matthey, 49.99%, London, UK) and NaBH4 (Sigma Aldrich, 98%, San Luis, MO,
USA) were used as gold precursor and reducing agent, respectively. Three commercial ceria-based
solids were used as supports for the gold nanoparticle immobilization: CeO2(20%wt)/Al2O3 from
Sasol (denoted as 20CeAl) and pure CeO2 and CeO2(50%wt)/ZrO2 sample from Daiichi Kigenso
Kagaku Kogio Co., Ltd. (Osaka, Japan) (denoted as Ce and 50CeZr, respectively).

3.2.1. Mt as Stabilizing Agent

Catalysts with a nominal gold loading of 2 wt%, were prepared via the colloidal route. A total of
50 mL of a 10−3 M HAuCl4 solution was reduced with 10 ml NaBH4 aqueous solution (1 mmol) in
the presence of Mt montmorillonite (0.5 g) as the stabilizer. Finally, the obtained gold colloids were
immobilized over the corresponding supports at a pH lower than its isoelectric point (4.8), with the
pH adjusted by the addition of 0.1 M HCl. After centrifugation, washing, and drying (overnight at
80 ◦C) the catalysts labeled Au-Mt/Ce, Au-Mt/50CeZr and Au-Mt/20CeAl were used directly in
the reactions.

3.2.2. PVA as Stabilizing Agent

A similar colloidal route was used for the samples using PVA (Sigma Aldrich, Mw 31000, San Luis,
MO USA) as the stabilizing agent (2 wt% Au, nominal value). A total of 10−3 M HAuCl4 solution
was reduced with NaBH4 in presence of PVA in Au:PVA, mass ratio of 1.5:1 and the obtained colloid
was immobilized over the supports. The solids were then filtered, washed and dried at 80 ◦C for 24 h
and calcined in air at 350 ◦C for 4 h with 3 ◦C/min−1 heating rate. The catalysts received the labels
Au-PVA/Ce, Au-PVA/50CeZr, and Au-PVA/20CeAl, respectively.
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3.3. Catalytic Test

3.3.1. CO Oxidation

The activity measurements were carried out at atmospheric pressure in a cylindrical stainless steel
fixed bed reactor (7.5 mm inner diameter). The catalysts (100 mg) were activated in 50 mL min−1 air
flow at 300 ◦C, for 1 h (heating rate of 10 ◦C.min−1). Then, the system was cooled down to 50 ◦C and
the reactive mixture, composed of 3.4% CO (Air Liquide, 99.997%), and 21% O2 (Air Liquide, 99.999%)
balanced in nitrogen, was introduced into the reactor. The total gas flow employed in the catalytic
test was 42 mL/min−1 corresponding to a weight hourly space velocity (WHSV) of 31.5 L g(cat)

−1 h−1.
The catalytic activity was measured at each temperature increase of 50 ◦C up to 300 ◦C. The inlet and
outlet of the reactor gas concentrations were quantified by the online gas chromatograph Agilent® 6890
equipped with HPLOT Q and HP-5 columns and a TCD detector. The CO conversion was calculated
according to Equation (1).

COconversion =
COin − COout

COin
× 100 (1)

where COin is the inlet CO concentration and COout is that of the outlet.

3.3.2. Glucose Oxidation

D-(+)-Glucose (anhydrous, 99%) purchased from Alfa Aesar was used as received for the catalytic
test performed in a glass batch reactor (50 mL) equipped with Young valve and magnetic stirrer.
The reactor containing 5 mL 0.2M glucose solution and catalyst in Glucose/Au molar ratio of 100 was
contacted and saturated with oxygen at atmospheric pressure (approximate P(O2) of 0.1 MPa). The
reaction occurred upon constant stirring (600 rpm) at different temperatures (80 ◦C–120 ◦C range)
in base free conditions as a function of time. After reaction, a 500 μL aliquot from the final mixture,
diluted in 500 μL of MilliQ water, was immediately analyzed by HPLC, in a Varian 360-LC instrument
equipped with a refractory index detector and Hi- Plex H column preheated at 40 ◦C using water as
the mobile phase with a 0.4 mL.min−1 flow rate.

Conversion, selectivity and yield calculations were based on the HPLC measurements.
The reported conversions were obtained after comparing the glucose concentration before and after
the reaction, as shown in Equation (2). On the other hand the selectivity was calculated on the basis
of the analyzed carbon moles, as described in Equation (3). Finally, the yields were calculated by
Equation (4).

conversion =
[glucose]i − [glucose]f

[glucose]i
× 100 (2)

selectivity =
ni

nT
× 100 (3)

Yield =
conversion

100
× selectivity (4)

where [glucose]i and [glucose]f are the initial and final number of glucose moles and ni and nT are the
C moles of the i products and the total number of analyzed C moles.

3.4. Characterization

BET-specific surface areas and pore diameter, calculated by the Barrett-Joyner-Halenda (BJH)
method, were obtained using the Micromeritics Tristar II equipment. The samples were outgassed
before analysis at 250 ◦C in vacuum 2 h prior to N2 adsorption.

The XRD analyses were performed on an X’Pert Pro PANanalytical instrument (Almelo,
The Netherlands) using CuKa radiation in the 5–80◦ 2θ range with a 0.01◦ step size and 300 s step time.

X-ray Fluorescence (XRF) using Panalytical AXIOS spectrometer (Almelo, The Netherlands) with
an Rh tube as the source of radiation determined the actual gold loadings.
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The transmission electron microscopy (TEM) analysis was carried out on the TOPCON-002B
apparatus (Tokyo, Japan). Prior to analysis, all samples were dispersed in ethanol and deposited on a
holey carbon copper grid. The particle size distribution was estimated to be over 30 micrographs and
the mean gold particle diameter was considered based on its homogeneity over an important number
of particles (>100 counted particles).

4. Conclusions

Gold nanoparticles were successfully prepared and stabilized using montmorillonite and PVA as
the protecting agents. A similar particle size and distribution was observed in both cases. The catalytic
activity of the samples depends strongly on the support nature. The presence of mobile oxygen species
was very important for the gas phase CO oxidation. Meanwhile, the Lewis sites strength and the
rate of oxygen dissolution were the predominant parameters for the glucose liquid phase oxidation.
In both reactions, the use of montmorillonite as the stabilizing agent resulted in more active catalysts
tentatively ascribed to a different gold electronic state and/or to the presence of carbonaceous leftovers
influencing the gold/support interaction and subsequent CO/glucose adsorption step.
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Abstract: This study analyzes the effect of the reduction temperature on the properties of Rh, Pt and
Pd catalysts supported on activated carbon and their performance in the hydrodechlorination (HDC)
of dichloromethane (DCM). The reduction temperature plays an important role in the oxidation state,
size and dispersion of the metallic phase. Pd is more prone to sintering, followed by Pt, while Rh
is more resistant. The ratio of zero-valent to electro-deficient metal increases with the reduction
temperature, with that effect being more remarkable for Pd and Pt. The higher resistance to sintering
of Rh and the higher stability of electro-deficient species under thermal reductive treatment can
be attributed to a stronger interaction with surface oxygen functionalities. Dechlorination activity
and a TOF increase with reduction temperature (250–450 ◦C) occurred in the case of Pt/C catalyst,
while a great decrease of both was observed for Pd/C, and no significant effect was found for Rh/C.
Pt0 represents the main active species for HDC reaction in Pt/C. Therefore, increasing the relative
amount of these species increased the TOF value, compensating for the loss of dispersion. In contrast,
Pdn+ appears as the main active species in Pd/C and their relatively decreasing occurrence together
with the significant decrease of metallic area reduces the HDC activity. Rh/C catalyst suffered only
small changes in dispersion and metal oxidation state with the reduction temperature and thus this
variable barely affected its HDC activity.

Keywords: precious metals; reduction temperature; hydrodechlorination; XPS; dispersion; turnover
frequency

1. Introduction

Catalysis plays a crucial role on the path of building a more sustainable industrial chemistry and
diminishes the impact of the industrial processes in the environment. Synthesizing novel, more stable,
active and selective catalysts, or effectively improving the existing ones, is a fundamental task.

Chloromethanes are chlorinated volatile organic compounds with serious environmental impact,
due to their carcinogenic and highly toxic character, in addition to the production of photochemical
smog, the depletion of ozone and global warming [1–4]. Regardless of their noxious effects, some of
these compounds, like dichloromethane (DCM) and chloroform (TCM), remain irreplaceable in some
of their applications because of their singular chemical and physical properties (high stability, volatility
and solvent capacity, and low flammability). Hence, they are still extensively used in industry, and
large amounts are discharged into the environment through gaseous and liquid streams.
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Catalytic hydrodechlorination (HDC) is a promising technology for the treatment of these
contaminated streams. It allows the conversion of organochlorinated species like chloromethanes into
harmless chlorine-free compounds under relatively mild conditions. It is effective within a wide range of
concentrations, and thus presents environmental and economic advantages over other techniques [5–7].
Furthermore, it may be applied ‘in situ’, in combination with other physical separation processes like
adsorption, for the end-of-pipe treatment of residual streams generated in different industries [8].

A wide diversity of catalysts has been used in the HDC of several chlorocarbons and
chlorofluorocarbons. Those based on noble metals supported by a porous material like alumina, silica or
activated carbon, are the most common [6,9,10]. Among the publications related to the HDC with activated
carbon-based catalysts, metals like Pd, Pt, Rh, Ru or Ni are the most frequent active phases found, with Pd
being by far the most preferred one, due to its high capacity for the hydrogenolysis of C-Cl bonds [11–13].
This metal, as well as Pt and Rh, have demonstrated high activity and dechlorination capacity [12,14–23].
Several authors have reported relationships between the catalyst performance and different properties,
like metal particles structure, catalyst porosity or surface chemistry. However, there is no consensus on the
trends observed, being highly dependent on the reactants and the catalytic systems used. Several authors
relate better HDC performances to small metal particle sizes [24–29]. On the contrary, higher turnover
frequency (TOF) values were obtained when increasing metal particle size in other HDC studies [30–33].
The optimum particle size seems to depend on the particular reaction. Diaz et al. [25] associated Pd and
Rh particles of sizes within 3–4 nm with higher activities in the HDC of 4-chlorophenol. The same reaction
was studied by Baeza et al. [28] using size-controlled Rh nanoparticles within the 1.9–4.9 nm range. They
reported the highest activity with the smaller nanoparticles, in agreement with the optimum size found by
Ren et al. [27], who claimed that small and uniform Rh particles of 1.7 nm induced higher activity. Dantas
Ramos et al. [30], found a decrease of TOF with increasing dispersion in the HDC of CFC-12 and TCM,
and Bedia et al. [31] observed a TOF decrease in the HDC of DCM when decreasing metal particle size
(from 2.26 to 1.86 nm). The metal oxidation state also affects the catalyst performance. A higher proportion
of zero-valent Rh0 has been associated with higher activity and selectivity towards cyclohexanol in the
HDC of 4-chlorophenol, while a higher proportion of electro-deficient Rhn+ induced a higher selectivity
to phenol [28]. Cobo et al. [34] also found that a higher Rh0/Rhn+ ratio favors the HDC of trichloroethane
with catalysts supported on CeO2. But with reduced graphene oxide, Rhn+ better interacts with the surface
functional groups of the support, favoring the HDC [27]. In previous studies of our group [12,19,35],
four different activated carbon-supported catalysts (Ru/C, Rh/C, Pd/C and Pt/C) were compared for
the gas phase HDC of chloromethanes, finding attractive results in terms of catalytic activity. All the
catalysts were considerably active, showing Rh/C, Pd/C and Pt/C have the best dechlorination capacity,
although with significant differences in terms of activity, selectivity and stability. Pt/C led mainly to
methane formation, while Rh/C and Pd/C were more selective to higher hydrocarbons (C2 and C3).
Besides, with Rh/C higher amounts of olefins were obtained [12,14,16,19]. On the other hand, while
Pt/C showed itself to be highly stable (demonstrated in long-term experiments up to 26 days on stream),
the other two metallic catalysts experienced a progressive loss of activity [16,19,36]. This exceptional
stability was also found for a catalyst supported on sulfated zirconia with a bimetallic Pd-Pt active phase
during the HDC of dichloromethane (DCM) [37]. In all of the cases, the characterization of the catalysts
revealed important differences in their physico-chemical properties. In particular, the oxidation state and
particle size of the metallic active phase were revealed as determinant properties on the selectivity, activity
and stability of the catalysts [19,36,37]. Higher proportions of electro-deficient metallic (Mn+) species
combined with lower metal dispersions favored the selectivity to olefins and alkanes other than methane.
On the contrary, higher proportions of zero-valent species (M0) and high metal dispersions promoted
better stability. Understanding how these properties are conferred to the catalysts and their optimization
to achieve a better performance in the HDC reaction is of crucial interest. These properties can be, to some
extent, modulated varying the reduction conditions during the preparation of the catalysts, which may be
used as an easy strategy for improving the catalytic activity or tuning the reaction selectivity.
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Hence, in the current study, the effect of the reduction temperature (Tred) of Rh/C, Pd/C and
Pt/C catalysts on their properties and behavior in the HDC of cloromethanes is analyzed, using DCM
as the target compound.

2. Results and Discussion

2.1. Characterization of the Catalysts

The reducibility of the metallic phase in each catalyst was determined in a previous work by
temperature-programmed reduction (TPR) [14]. In that study, it was shown to be a single reduction
peak for Pd and Pt corresponding to the reduction of M2+ to M0, centered at 233 and 244 ◦C, respectively.
Rh/C displayed three peaks, centered at 86, 125 and 222 ◦C. From these results, 250 ◦C was selected as
the minimum reduction temperature to be tested and the range of 250–450 ◦C was covered.

The metal content of the non-reduced and reduced catalysts, as determined by mass spectrometry
with inductive coupling plasma (ICP-MS), was always close to the nominal value (1.0% w/w) and no
significant loss of metal occurred at any of the reduction temperatures. The reduction of the catalyst
even at the highest temperature did not alter significantly the amount of metallic phase.

As can be seen in Table 1, all the catalysts showed an important BET surface area (SBET),
above 1200 m2 g−1, and no considerable differences were observed after reduction at any of the
temperatures tested.

Table 1. BET surface area (m2·g−1) of the catalysts reduced at different temperatures.

Tred (◦C) Pt/C Pd/C Rh/C

250 1236 1200 1210
350 1266 1246 1253
450 1247 1251 1209

The most significant effects associated with the reduction temperature were observed in the
dispersion and the oxidation state of the metal on the surface of the catalyst (Table 2). The metal
dispersion values, as determined by CO chemisorption, prove that Rh was well dispersed with only some
slight dispersion decrease at the highest reduction temperature. Pt/C and Pd/C yielded significantly
lower dispersion values, although were still quite good at the lowest reduction temperatures. Increasing
reduction temperature caused a gradual dispersion decrease, more marked in the case of Pd/C. The lowest
reduction temperature led in the three cases to the highest dispersion. This temperature allows the
reduction of most of the metal particles, as confirmed by the TPR profiles [14].

Table 2 also presents the relative distribution of the surface metallic species (zero-valent and
electro-deficient) at the different reduction temperatures tested. These results were achieved from
the deconvolution of the Pt 4f, Pd 3d, and Rh 3d X-ray photoelectron spectroscopy (XPS) profiles
(see Figures S1–S3 in the supplementary material). Both metallic species exist in all of the reduction
temperatures tested, even at the highest one, although, as expected, the relative occurrence of M0

increased with the reduction temperature. However, this effect is of a significantly different intensity
depending on the catalyst, being much more noticeable in the case of Pt/C and Pd/C, and showing
lower significance for Rh/C. Moreover, in the latter, the electro-deficient species always remains the
most abundant. This can be attributed to a different interaction of the metal precursor with the support,
as pointed out by the TPR results, where three peaks of H2 consumption were observed with Rh/C, in
comparison with the single peak of Pd/C and Pt/C. The higher amount of Mn+ species points to a solid
interaction of rhodium particles with the activated carbon, allowing a higher stability of Mn+ species
even at the highest reduction temperature. This would also explain the very low change of dispersion
upon reduction. It is noteworthy that in Pt/C, most of the metal appears as zero-valent species, even at
the lowest reduction temperature, in good agreement with other carbon-supported platinum catalysts
reported in previous works, where platinum was reduced at 250 and 300 ◦C [14,16,19,38].
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Table 2. Dispersion values, surface metal (MXPS) and oxygen (OXPS) atomic concentrations, relative
distribution of the surface metallic species (M0/Mn+) and OCOOH/Ototal ratios of the catalysts reduced
at different temperatures.

Catalyst Tred Dispersion MXPS M0/Mn+ OXPS OCOOH/Ototal

Pt/C

250 28 0.06 2.8 5.05 0.20
300 26 0.07 2.9 6.70 0.21
350 23 0.05 3.2 4.11 0.20
400 19 0.06 5.1 4.11 0.22
450 12 0.07 7.5 4.35 0.23

Pd/C

250 23 0.08 1.0 5.65 0.28
300 22 0.09 1.3 4.96 0.29
350 16 0.13 1.5 4.96 0.27
400 13 0.09 2.4 4.89 0.34
450 10 0.08 2.4 3.93 0.36

Rh/C

250 51 1.5 0.7 6.86 0.12
300 48 1.5 0.8 6.64 0.11
350 49 1.4 0.8 6.86 0.12
400 48 1.4 0.9 7.00 0.12
450 45 1.3 0.9 6.46 0.13

The values of oxygen atomic concentrations on the surface of the catalysts are also included in
Table 2. A higher amount of surface oxygen can be observed for Rh/C, which also remains more stable
under reduction, while some significant decrease is observed in Pd/C and Pt/C at increasing reduction
temperatures. O 1s orbital was also deconvoluted according to literature [39] as shown in Figure 1.
The following groups were assessed: C=O (531.1 eV), C-OH (532.3 eV), C-O-C (533.3 eV), C-OOH
(534.2 eV) and H2O (535.9 eV) [39]. All the XPS profiles are included in Figures S4–S6 of supplementary
material. The OCOOH/Ototal ratio (Table 2) represents the proportion of carboxylic groups (C-OOH)
with respect to the total concentration of surface oxygenated groups. It provides information of the
surface acidity of the catalysts. The amount of surface groups of the catalysts and their acid-base
character may have some important effects on the changes occurring during the H2 treatment. A higher
amount of surface oxygen groups favors the interaction between metal and support [40,41], avoiding
the sintering of particles. On the other hand, the low ratios of carboxylic groups (Table 2) indicate
that all the catalysts have a basic character on the surface, suggesting the prominent role of basic
groups in the formation of electro-deficient species. Furthermore, Rh/C catalyst, which show the
higher distribution of electro-deficient species, presents the higher amount of surface oxygen (OXPS)
and the lowest OCOOH/Ototal ratio, which does not vary with reduction temperature, suggesting a
stronger interaction of Rh precursor with the support that results in a higher resistance of Rh particles
to sintering, in accordance with the results obtained. In contrast, Pt/C and Pd/C show a lower amount
of surface groups and a lower basic character, observing some variations with reduction temperature.

Some representative transmission electron microscopy (TEM) images and the corresponding
metal particle size distributions of the catalysts reduced at 450 ◦C, are shown in Figure 2. The images
reveal smaller metallic particles in Rh/C, showing a mean particle diameter of 1.9 nm and a narrower
distribution. These results agrees with the dispersion values calculated from CO chemisorption
included in Table 2. The mean metal particle size obtained for Pd/C (6.0 nm) after reduction at 450 ◦C
was significantly higher than the one previously reported [38] after reduction at 250 ◦C (1.9 nm),
consistent with the loss of dispersion at increasing reduction temperatures (Table 2). Other authors
have reported similar behavior in carbon-supported Pd catalysts [30]. With regard to Pt/C, the mean
particle size after reduction at the highest temperature is 2.5 nm, also higher than the 1.6 and 1.7 nm
previously obtained for the catalyst reduced at 250 ◦C [23,38]. Therefore, it can be concluded that
sintering of metallic particles takes place during reduction at increasing temperatures, although to
different extents, in the cases of Pt and Pd catalysts.
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Figure 1. Deconvolution of O 1s spectra of Pd/C catalyst reduced at 300 ◦C.

Figure 2. TEM images (left) and metal particles size distributions (right) of catalysts reduced at 450 ◦C:
(A) Pt/C; (B) Pd/C; (C) Rh/C.
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The X-ray diffraction (XRD) profiles of the catalysts reduced at different temperatures (Figure 3)
show the characteristic peaks of the carbon support (dash lines) at 2θ values nearly 26◦ (planes 002),
43◦ (planes 100, 101 and 102, indistinguishable) and 80◦ (planes 110) [42–44]. As can be seen, XRD
profiles were similar regardless of the reduction temperature. The peaks associated with zero-valent
metal, which should be centered at 39.9◦, 40.1◦ and 41.1◦, respectively [12,14,44,45], were not observed
in these patterns, supporting the small particle size of these metals for all the reduction temperatures
investigated, as observed by TEM (Figure 2). In addition, in all cases, one peak appeared at 35◦ (*)
at the lowest reduction temperature (250 ◦C), associated with the presence of metal chlorides (PtCl2,
PdCl2, and RhCl3) from the precursors used in the preparation of the catalysts. Furthermore, these
compounds seem to disappear at higher reduction temperatures, since this favors the desorption of Cl
from the surface of the activated carbon.

Figure 3. XRD diffractograms of: (A) Pt/C; (B) Pd/C; (C) Rh/C.
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2.2. Hydrodechlorination Results

Figure 4 shows the results obtained in the HDC of DCM with the Pt/C catalyst reduced at different
temperatures, within the range of 150–250 ◦C reaction temperature. As can be seen, increasing the
reduction temperature improves moderately overall dechlorination, in spite of the decrease of Pt
dispersion. Therefore, some other effect must be compensating for the loss of dispersion. As shown in
Table 2, the relative amount of zero-valent Pt (Pt0) rises significantly with the reduction temperature.
These Pt0 species have proven to be the most active on the HDC of DCM with Pt/C catalyst in previous
studies [16,23]. Figure 4 includes the evolution of TOF with the reduction temperature of the catalyst.
The TOF values are compared at a 150 ◦C reaction temperature, where conversion throughout the
reactor becomes low so that initial reaction rate values can be taken. A significant increase in TOF
can be observed with the reduction temperature, the higher proportion of Pt0 then compensating the
activity loss due to the dispersion downturn. This effect is clearly observed in Figure 4, which shows
the TOF, metal dispersion and Pt0/Ptn+ ratio values of Pt/C reduced at different temperatures.

Figure 4. Results on the HDC of DCM within 150–250 ◦C reaction temperatures, at 0.6 kgcat·h·mol−1

space-time, with the Pt/C catalyst reduced at different temperatures.

As in previous works with platinum catalysts [14,16,19], the HDC of DCM with Pt/C only yielded
methane (selectivity > 85%) and methyl chloride (MCM) (see also Table S1 of supplementary material),
independently of the reduction temperature used, due to the high zero-valent proportion of platinum.
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No significant variations of selectivity with the reduction temperature were found other than some
slight increase towards methane, in accordance with the higher contribution of the Pt0 species in the
dissociation of hydrogen during HDC.

Figure 5 shows the results with the Pd/C catalyst. Substantially different trends are observed with
respect to Pt/C. As can be seen, in contrast with Pt/C, overall dechlorination decreased dramatically at an
increasing reduction temperature, with the effect being more pronounced at higher reaction temperatures.
This can be attributed to the combination of two negative effects (see Table 2): (i) the decrease of the
concentration of electro-deficient species, which are known to be the most active species in the HDC
of DCM with palladium catalysts [12,19,38], and (ii) the decrease of palladium dispersion. Among the
catalysts tested in this study, Pd/C has been proven to be the most prone to sintering. Then, raising
the reduction temperature of Pd/C results in an important loss of accessible metallic surface, and
the subsequent loss of activity observed. This results in a decrease in DCM conversion (Table S2 in
Supplementary Material). In previous studies, it was stablished the optimum Pd0/Pdn+ ratio around 1 for
HDC reactions with Pd/C catalysts [19,36]. This is the value found in this study for the catalyst reduced
at the lowest temperature. Despite the important loss of metal dispersion, no change in TOF is detected at
reduction temperatures higher than 400 ◦C, where Pd0/Pdn+ ratio also remains constant.

Figure 5. Results on the HDC of DCM within 150–250 ◦C reaction temperatures, at 0.6 kgcat·h·mol−1

space-time, with the Pd/C catalyst reduced at different temperatures.
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With Pd/C, the HDC of DCM yielded mainly methane, ethane and MCM. At the highest reaction
temperatures, small amounts of propane were also formed (Table S2 of supplementary material).
The catalyst reduced at the lowest temperature yielded small amounts of hydrocarbons higher than
methane (C1+), as can be observed in Figure 5. According to previous studies, this is favored by a
higher electro-deficient to zero-valent palladium proportion [14,19], due to the particular ability of
electro-deficient Pd to dissociate H2. This was evidenced by molecular simulation studies [46], where the
preferred adsorption of hydrogen in electro-deficient Pdn+ species was reported when studying DCM and
H2 interactions with Pd clusters by DFT. This would explain the decrease in methane selectivity. Hence,
the concentration of MCM increases, it negatively affected the dechlorination obtained.

The results obtained with Rh/C are depicted in Figure 6. No significant effects of the reduction
temperature can be pointed out, consistently with the almost unaltered characteristics given in Table 2.
This catalyst yielded by far the best performance in terms of dechlorination, being almost complete
at a 250 ◦C reaction temperature. The selectivity towards hydrocarbons higher than methane (C1+)
was much higher than the obtained with the other two catalysts. Ethane was the most abundant
among those hydrocarbons, but propane and even some smaller amounts of butane were also formed
(see Table S3 of supplementary material).

Figure 6. Results on the HDC of DCM within 150–250 ◦C reaction temperatures, at 0.6 kgcat·h·mol−1

space-time, with the Rh/C catalyst reduced at different temperatures.
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3. Materials and Methods

3.1. Catalysts Preparation

The catalysts were synthesized by incipient wetness impregnation. A commercial activated carbon
(Erkimia S.A., SBET = 1200 m2 g−1, pH slurry = 6.4 [42]), was impregnated with aqueous solutions of
H2PtCl6, PdCl2, and RhCl3 (all supplied by Sigma-Aldrich, Madrid, Spain) to get 1 wt.% active phase
nominal concentration. After 12 h at room temperature, the catalysts were dried at 100 ◦C (20 ◦C h−1),
for 2 h. They were named Pt/C, Pd/C, and Rh/C.

The catalysts were activated by heating (10 ◦C min−1) up to the desired temperature (reduction
temperatures between 250 ◦C and 450 ◦C were tested) under H2 flow (50 Ncm3 min−1, delivered by
Praxair, Madrid, Spain, minimum purity of 99.999%) for 2 h.

3.2. Catalysts Characterization

N2 adsorption-desorption analysis were performed at −196 ◦C (Tristar II 3020, Micromeritics,
Alcobendas, Spain) to characterized the porous texture of the catalysts. Previously, the samples were
outgassed for 12 h at 150 ◦C (VacPrep 061, Micromeritics, Alcobendas, Spain). The BET equation was
used to determine the surface areas.

The metal content (platinum, palladium and rhodium) of the synthesized catalysts was
determined by ICP-MS with an Elan 6000 (Perkin-Elmer, Tres Cantos, Spain). Previously, the samples
were dissolved in HNO3:3HCl, and digested for 15 min at 180 ◦C in a microwave oven (Milestone
Ethos Plus, Madrid, Spain).

Metal dispersion was determined by CO chemisorption (PulseChemiSorb 2705, Micromeritics,
Alcobendas, Spain), assuming a stoichiometry of 1:1 for the adsorption of the CO molecules on the
metallic atoms [43–45,47].

The elements present on the surface of the catalysts and their concentrations were determined by
XPS (5700C Multitechnique System, Physical Electronics, Madrid, Spain), scanning up to a binding
energy (BE) of 1200 eV, using Mg-Kα radiation (1253.6 eV). In order to rectify the shift in BE produced
by sample charging, the C 1s peak (284.6 eV) was used as an internal standard. To estimate the chemical
state of Pt, Pd, Rh and O on the catalyst surface, the BE of the O 1s, Pt 4f7/2, Pd 3d5/2, and Rh 3d5/2
core levels and the full width at half maximum data were used, deconvoluting the peaks by mixed
Gaussian–Lorentzian functions (least-squares method) [48].

TEM was carried by a JEOL JEM-3000F microscope (300 kV, point resolution of 0.17 nm, Madrid,
Spain), equipped with a high-angle annular dark field (HAADF) detector and a 1k x 1k ULTRASCAN
multi sweep CCD camera. Chemical analysis was done by Energy Disperse X-ray Spectroscopy (XEDS)
using an Oxford Instruments INCA Energy TEM 250 (Madrid, Spain). Previously, the catalysts were
dispersed in ethanol and placed onto holey carbon-coated Cu grids (Aname, Madrid, Spain).

The XRD patterns of the catalysts at different reduction temperatures (250, 350 and 450 ◦C) were
driven in a X’Pert PRO Panalytical Diffractometer (Madrid, Spain), scanning up to a 2θ of 100◦ (step
size of 0.020◦, 5s collection time), using CuKα monochromatic radiation (k = 0.15406 nm) and a Ge
mono filter.

3.3. Catalytic Activity Experiments

The HDC experiments were performed in a Microactivity Pro (Tres Cantos, Spain) reaction system
described previously [49], consisting of a quartz fixed bed micro-reactor operating under continuous
flow. In order to analyze the reaction products, the system was coupled to a gas-chromatograph with a
flame ionization detector (FID).

The experiments were conducted at atmospheric pressure. The total flow rate (DCM + H2 + N2)
used was 100 Ncm3 min−1. Finally, a DCM inlet concentration of 1000 ppmv and a H2/DCM molar
ratio of 100 were employed. Reaction temperatures of 150–250 ◦C were evaluated. All the experiments
were performed by triplicate, using a space-time (τ) of 0.6 kg h mol−1.
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The catalysts were evaluated in terms of overall dechlorination, metallic intrinsic activity or TOF,
DCM conversion and selectivity to the different reaction products.

4. Conclusions

From the results obtained it follows that Pd is more prone than Pt and Rh to sintering and,
therefore, increasing the reduction temperature provokes a dramatic decrease of activity, leading to
poor dechlorination of DCM even at the highest reaction temperature investigated (250 ◦C). Sintering
was of lower significance in the case of Pt and almost did not occur with Rh. On the other hand, by
increasing the reduction temperature, the ratio of zero-valent to electro-deficient species increased
significantly in the Pd/C catalyst and to a lower extent in Pt/C, while remaining basically unchanged
in Rh/C. This led to a significant increase of TOF in Pt/C since in this catalyst Pt0 is the main active
specie for HDC, thus compensating for the loss of dispersion at a higher reduction temperature.
In contrast, the decrease of Pdn+ (main active center for Pd/C) together with the significant decrease of
dispersion caused a remarkable drop of TOF and overall dechlorination. Meanwhile, no significant
changes occurred in the case of Rh/C consistently with its stable properties upon reduction at different
temperatures. This higher stability of Rh/C can be ascribed to a higher concentration of surface oxygen
groups, particularly of basic character, which favors the metal-support interaction, avoiding metal
sintering and protecting the electro-deficient species.

It can be concluded that 250 ◦C is the optimum reduction temperature for Pd/C, while for Pt/C
better results were obtained after reduction at 450 ◦C, and no significant effects were observed in the
case of Rh/C.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/12/664/s1,
Figure S1. XPS deconvolution of Pt 4f on Pt/C catalyst reduced at: 250 ◦C (A), 300 ◦C (B), 350 ◦C (C), 400 ◦C
(D) and 450 ◦C (E); Figure S2. XPS deconvolution of Pd 3d on Pd/C catalyst reduced at: 250 ◦C (A), 300 ◦C (B),
350 ◦C (C), 400 ◦C (D) and 450 ◦C (E); Figure S3. XPS deconvolution of Rh 3d on Rh/C catalyst reduced at: 250 ◦C
(A), 300 ◦C (B), 350 ◦C (C), 400 ◦C (D) and 450 ◦C (E); Figure S4. XPS spectra of O 1s on Pt/C catalyst reduced
at different temperatures; Figure S5. XPS spectra of O 1s on Pd/C catalyst reduced at different temperatures;
Figure S6. XPS spectra of O 1s on Rh/C catalyst reduced at different temperatures; Table S1. Initial conversions
and selectivities to reaction products in the HDC of DCM with Pt/C catalyst reduced at different temperatures;
Table S2. Initial conversions and selectivities to reaction products in the HDC of DCM with Pd/C catalyst reduced
at different temperatures; Table S3. Initial conversions and selectivities to reaction products in the HDC of DCM
with Rh/C catalyst reduced at different temperatures.
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Abstract: Hydrogen storage in the form of liquid organic hydrides, especially N-ethylcarbazole,
has been regarded as a promising technology for substituting traditional fossil fuels owing
to its unique merits such as high volumetric, gravimetric hydrogen capacity and safe
transportation. However, unsatisfactory dehydrogenation has impeded the widespread application
of N-ethylcarbazole as ideal hydrogen storage materials in hydrogen energy. Therefore, designing
catalysts with outstanding performance is of importance to address this problem. In the present
work, for the first time, we have synthesized Pd nanoparticles immobilized on carbon nanotubes
(Pd/CNTs) with different palladium loading through an alcohol reduction technique. A series of
characterization technologies, such as X-ray diffraction (XRD), inductively coupled plasma-atomic
emission spectrometer (ICP-AES), X-ray photoelectron spectroscopy (XPS) and transmission electron
spectroscopy (TEM) were adopted to systematically explore the structure, composition, surface
properties and morphology of the catalysts. The results reveal that the Pd NPs with a mean diameter
of 2.6 ± 0.6 nm could be dispersed uniformly on the surface of CNTs. Furthermore, Pd/CNTs
with different Pd contents were applied in the hydrogen release of dodecahydro-N-ethylcarbazole.
Among all of the catalysts tested, 3.0 wt% Pd/CNTs exhibited excellent catalytic performance with the
conversion of 99.6% producing 5.8 wt% hydrogen at 533 K, low activation energy of 43.8 ± 0.2 kJ/mol
and a high recycling stability (>96.4% conversion at 5th reuse).

Keywords: palladium catalysts; CNTs; dodecahydro-N-ethylcarbazole; dehydrogenation; hydrogen
storage

1. Introduction

Among numerous alternative energy, hydrogen has been deemed as one of the most important
and ideal energy sources owing to its distinct merits, such as a high calorific value, non-toxic
environmentally, sustainable and cost-effective [1–4]. As is known, a complete energy system
that utilizes hydrogen as an energy source is composed of producing, storing, transporting and
utilizing hydrogen. However, it is difficult for hydrogen to be stored and transported owing to its
low density [5,6]. Therefore, the technology of hydrogen storage has been regarded as one of the
bottlenecks for promoting the large-scale application of the hydrogen energy [5–8]. To search for new
hydrogen storage technology satisfying the U.S. Department of Energy (DOE) requirements with
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minimum gravimetric of 5.5 wt% and volumetric capacity of 40 g L−1 remains a challenging issue for
the large-scale application of hydrogen.

Among various hydrogen storage materials, such as formic acid, cyclohexane, and ammonia
borane, [9–12] organic liquid hydrides have emerged as a preferred approach in existing vehicle
hydrogen storage systems for its virtues like high H2 storage density and safe transportation [12–14].
Especially, reversible hydrogen storage and release can be catalytically achieved under relatively moderate
conditions [15,16]. Currently, hydrogenation reactions have been extensively studied in the previously
reported literature [17–19]. Compared with the traditional organic liquid hydrides, the substitution
of a heteroatom in heterocyclic aromatic molecules, such as in N-ethylcarbazole, can decrease the
endothermicity of the reaction and bring down the dehydrogenation temperature [20,21]. Therefore,
N-ethylcarbazole, with a gravimetric density of 5.8 wt.%, has been identified as the most prospective
candidate for hydrogen storage (Scheme 1). Although there are many studies about the dehydrogenation
reaction from calculations and experiments [20–28], the dehydrogenation reaction is still the key to limit
its large-scale application, especially, the development of dehydrogenation catalysts with outstanding
activity and stability is the hotspot of current research.

Scheme 1. Dehydrogenation pathway for dodecahydro-N-ethylcarbazole.

A large number of dehydrogenation catalysts have been extensively investigated, including
homogeneous catalysts and the heterogeneous catalysts [29–35]. For the homogeneous catalysts,
Wang et al. firstly reported the synthesis of homogeneous Ir-complex catalysts and explored
its performance for the hydrogen release of dodecahydro-N-ethylcarbazole at 473 K but the
dehydrogenation results were unsatisfactory [34]. However, the heterogeneous catalysts exhibited a
notable advantage over homogeneous ones with respect to catalytic activity. For the heterogeneous
catalysts, the supporting materials and NPs (Nanoparticles) are the two key factors influencing
the catalytic performance. Yang et al. [36] have studied the dehydrogenation activity of
perhydro-N-ethylcarbazole over a series of noble metal catalysts and the kinetics of dehydrogenation
of dodecahydro-N-ethylcarbazole over a 5 wt% Pd/Al2O3 catalyst. The results revealed that the
order is Pd > Pt > Ru > Rh according to the initial catalytic activity of the investigated noble metal
catalysts in the dehydrogenation process and the rate-limiting step of the entire reaction process is the
transformation from tetrahydro-N-ethylcarbazole to N-ethylcarbazole. Furthermore, Kustov et al. [37]
confirmed that the catalytic activity of the catalysts can be improved under microwave activation.
Although Pd based catalysts supported several supports, such as alumina, silica, TiO2, MoO3

and carbon [29–33,35–38], have been systematically investigated for producing hydrogen from
perhydro-N-ethylcarbazole, there are no reports about CNTs as the supporting material in the hydrogen
release from perhydro-N-ethylcarbazole.

In recent years, CNTs, as a one-dimensional nanomaterial, have received considerable attention
as a catalyst support material due to their high specific surface area, superior electrical conductivity
and outstanding chemical and thermal stability [39,40]. In addition, CNTs can endow beneficial
interactions between support and metal NPs, thus improving the catalytic activity. As is well known,
the synthesis method for Pd NPs, such as doping or through a supramolecular strategy, an alcohol
reduction method, is another key factor for improving the dehydrogenation performance of the
catalysts [35,41–44]. Fang et al. [42] have successfully synthesized Pd/rGO using ethylene glycol
as a reductant for the hydrogen production of dodecahydro-N-ethylcarbazole. Constructing Pd NP
catalysts using an alcohol reduction method for the dehydrogenation of dodecahydro-N-ethylcarbazole
has rarely been reported.
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Herein, in this work, for the first time, we have utilized an alcohol reduction method
to construct CNT-supported Pd NPs (Pd/CNTs) as the catalyst for hydrogen generation from
dodecahydro-N-ethylcarbazole. The catalyst has been characterized by many characterization methods,
such as XRD, ICP-AES, XPS and TEM to investigate the structure, composition, surface properties and
morphology of the catalysts. The dehydrogenation process of dodecahydro-N-ethylcarbazole over
Pd/CNTs catalyst is also discussed.

2. Results and Discussion

The Pd/CNTs with different Pd contents were fabricated via an alcohol reduction route,
as schematically shown in Scheme 2 [45,46]. Typically, PVP (Poly (N-vinyl-2-pyrrolidone))-Pd NPs
were obtained by refluxing a solution containing H2PdCl4, ethanol, H2O and PVP at 363 K for 3 h.
Subsequently, the as-synthesized PVP-Pd NPs were put in the CNTs solution under magnetic stirring
for 24 h. Then, the above-mentioned solution was evaporated, the catalyst was dried and calcined.
The obtained products were denoted the X wt% Pd/CNTs catalysts.

Scheme 2. A fabrication diagram for the preparation of Pd/CNTs.

Powder X-ray diffraction (XRD) patterns were collected to explore the phase and crystal structure
of the acid-treated CNTs, Pd/CNTs with different Pd contents. As shown in Figure 1, a similar XRD
pattern was observed for all of the samples. All of the samples showed three obvious peaks at 25.9◦,
43.8◦, and 54.2◦, which could be ascribed to the (002), (100), and (004) reflections of graphite structure,
respectively. There was only the diffraction peak of the graphite structure for the Pd/CNTs with
different Pd loadings. However, no distinct characteristic diffraction corresponding to Pd NPs was
detected in the XRD patterns, probably owing to the fact that the Pd loading of Pd/CNTs was too
low. The diffraction peak ascribed to Pd (JCPDS (Joint Committee on Powder Diffraction Standards)
no. 46-1043) could be observed for Pd/CNTs with a higher loading (20 wt%) in Figure S1 (Supporting
Information). The accurate composition of Pd/CNTs was measured by an inductively coupled
plasma-atomic emission spectrometer (ICP-AES), which is close to their designed content (Table S1,
Supporting Information).

X-ray photoelectron spectroscopy (XPS) was performed to investigate the surface state of 3.0 wt%
Pd/CNTs. As seen in Figure 2, the peaks centered at 341.0 eV (3d3/2 state) and 335.8 eV (3d5/2 state),
lower than that of Pd/Rgo, can be ascribed to the Pd0 species, which is consistent with the previously
reported literature [39,40,42]. Furthermore, it is worth noting that the two small peaks appeared at
343.6 eV and 337.8 eV for the Pd3d spectra of 3.0 wt% Pd/CNTs can be attributed to Pd2+, may relate
to the sample treatment process for the XPS measurements [47]. The nitrogen adsorption-desorption
isotherms and pore-size distributions for the CNTs and 3.0 wt% Pd/CNTs are displayed in Figures S2
and S3 (Supporting Information). It can be seen that the samples present similar adsorption-desorption
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curves (type IV isotherms) and pore-size distributions. The BET (Brunauer–Emmett–Teller) surface
areas of the CNTs and 3.0 wt% Pd/CNTs were calculated to be 137 and 94 m2 g−1, respectively.
Furthermore, the microstructure of 3.0 wt% Pd/CNTs was further investigated using transmission
electron microscopy (TEM) measurements (Figure 3). As displayed in Figure 3, it can be observed that
the Pd NPs were uniformly dispersed on the CNTs and the small average diameter of the particle size
was 2.6 ± 0.6 nm, which is consistent with the previously reported results [39,40,45,46].

 
Figure 1. XRD patterns of (a) CNTs; Pd/CNTs with different Pd composition (b) 0.9 wt%, (c) 2.1 wt%,
(d) 3.0 wt% and (e) 4.1 wt%.

 
Figure 2. The high-resolution Pd3d peaks in the XPS spectra of 3.0 wt% Pd/CNTs.

Figure 4 shows the hydrogen release of dodecahydro-N-ethylcarbazole over Pd/CNTs with
different Pd loadings in the range of 0 wt%–4.1 wt% at 513 K. The hydrogen generation rate significantly
relied on the loading of Pd. As shown in Figure 4, 5.6 wt% hydrogen evolved at 90.4, 33.6, and 89.5 min
in the presence of the Pd/CNTs with a Pd loading of 2.1 wt%, 3.0 wt% and 4.1 wt%, respectively.
Hydrogen evolution catalyzed by 0.9 wt% Pd/CNTs only yielded 4.6 wt% hydrogen even at 97 min.
However, no gas was detected for the CNT support, implying that CNTs are inactive for hydrogen
production of dodecahydro-N-ethylcarbazole. Obviously, Pd/CNTs with a Pd loading of 3.0 wt%
exhibited excellent catalytic activity with a conversion of 96.4%, producing 5.6 wt% H2.
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Figure 3. TEM images of (a) 3.0 wt% Pd Pd/CNTs and (b) particle distribution.

Figure 4. Hydrogen release from dodecahydro-N-ethylcarbazole catalyzed by Pd/CNTs with different
Pd loadings at 513 K.

In order to explore the kinetics of the dehydrogenation of dodecahydro-N-ethylcarbazole
catalyzed by 3.0 wt% Pd/CNTs, a series of experiments were carried out under varying temperatures.
As displayed in Figure 5, when the temperature increased from 453 K to 533 K, hydrogen
release increase from 2.7 wt% to 5.8 wt%. It is generally accepted that producing hydrogen
from dodecahydro-N-ethylcarbazole is an endothermic reaction, a higher reaction temperature
may be favorable for hydrogen generation from dodecahydro-N-ethylcarbazole. It can be seen
in Figure 5 that the initial dehydrogenation rate and the amount of hydrogen recovery both
increased with an increasing reaction temperature; the higher the reaction temperature, the higher
the rate of dehydrogenation. First-order kinetics were established with the concentration of the
reactant, dodecahydro-N-ethylcarbazole, measured as a function of time using 3.0 wt% Pd/CNTs
catalyst [35,36,38,48,49]. The reaction rate was expressed as:

r = dC/dt = kC (1)

ln(C/C0) = −kt (2)
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where C represents the concentration of dodecahydro-N-ethylcarbazole, C0 denotes the initial
concentration of dodecahydro-N-ethylcarbazole.

 
Figure 5. Hydrogen release of dodecahydro-N-ethylcarbazole over 3.0 wt% Pd/CNTs versus time at
453, 473, 493, 513 and 533 K.

On the basis of Figure 5 and the above formula, a linear relation of ln(C/C0) vs. time is observed
in Figure 6a. The values of k under the different temperatures could be acquired, a smooth straight
line could be observed by lnk versus 1/T plot, as demonstrated in Figure 6b, and its linear correlation
coefficient was 99.6%. It is indicated that k and T(K) follow the Arrhenius equation:

lnk = −Ea/(RT) + lnk0. (3)

 
Figure 6. (a) ln(C/C0) versus time for 3.0 wt% Pd/CNTs at 453, 473, 493, 513 and 533 K; (b) lnk versus
1/T for 3.0 wt% Pd/CNTs at 453, 473, 493, 513 and 533 K.

Considering the slope of the straight line, the apparent activation energy of hydrogen production
of dodecahydro-N-ethylcarbazole over 3.0 wt% Pd/CNTs was calculated to be 43.8 ± 0.2 kJ/mol.

The durability of the catalyst was of significance for its practical application. Therefore,
the reusability of 3.0 wt% Pd/CNTs was investigated at 533 K. As revealed in Figure 7, the catalytic
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activity of 3.0 wt% Pd/CNTs shows no obvious decrease after five runs for hydrogen generation from
dodecahydro-N-ethylcarbazole. The reusability tests revealed that 3.0 wt% Pd/CNTs exhibits activity
in consecutive runs in the hydrogen release from dodecahydro-N-ethylcarbazole, demonstrating 96.4%
conversion and 5.6 wt% H2 at the fifth run.

Figure 7. Conversion and hydrogen release of the 3.0 wt% Pd/CNTs in successive runs for the
dehydrogenation of dodecahydro-N-ethylcarbazole at 533 K.

3. Materials and Methods

3.1. Materials

All of the chemicals, such as N-ethylcarbazole (purity ≥ 99.5%, Shanghai Infine Chemicals
Co., Ltd., Shanghai, China), ultra-high purity hydrogen (99.99999%, Minxing gas company), 5 wt.%
Ru/Al2O3 (reduced, Alfa aersa), C2H5OH (AR, Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China), Poly (N-vinyl-2-pyrrolidone) (PVP, Sinopharm Chemical Reagent Co., Ltd.), Palladium (II)
chloride (AR, Nanjing Chemical Reagent Co., Ltd., Nanjing, China) and carbon nanotubes (CNTs,
Φ 20–40 nm, Purity > 97%, Shenzhen Nanotech Port Co., Shenzhen, China), were utilized as purchased
without further purification.

3.2. Catalyst Preparation

CNTs were pretreated in a mixture of H2SO4 (90 mL) and HNO3 (60 mL) at 120 ◦C for 12 h.
The treated CNTs were obtained by filtration, washing several times, and vacuum drying at 140 ◦C for
8 h.

A series of Pd-based catalysts were synthesized through immobilizing the ethanol reduction
Pd nanoparticles (Pd NPs) onto the CNTs. In a typical synthesis, PdCl2 was dissolved in an HCl
aqueous solution to form an H2PdCl4 aqueous solution. Then, PVP (0.4 g), H2O (40 mL), H2PdCl4
aqueous solution (45 mL) and ethanol (60 mL) were refluxed at 90 ◦C for 3 h. The foregoing
solution was treated through vacuum rotary evaporation and re-dispersed in ethanol to obtain the
poly(N-vinyl-2-pyrrolidone)-stabilized Pd nanoparticles (PVP-Pd NPs) solution. Next, an appropriate
amount of treated CNTs was added into the above-mentioned PVP-Pd solution under stirring. After
another 3 h, the products were stirred to remove the excess solvent in the water bath. The obtained
catalyst was dried at 70 ◦C for 4 h in a vacuum oven and then the X wt% Pd/CNTs catalysts were
acquired after calcining at 550 ◦C for 3 h under a nitrogen atmosphere (X was the nominal Pd loading).
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3.3. Hydrogen Generation from Dodecahydro-N-ethylcarbazole

Dodecahydro-N-ethylcarbazole was synthesized via the hydrogenation process using 5 wt%
as catalysts for the dehydrogenation of N-ethylcarbazole. The detailed synthesis process has been
previously reported [50].

The dehydrogenation of dodecahydro-N-ethylcarbazole was performed in a 25 mL
round-bottomed flask in the presence of Pd/CNTs at a temperature ranging from 453 to 533 K.
Specifically, 25 mg Pd/CNTs was placed in the round-bottomed flask, which was heated the desired
temperature. Then, 5 mL of dodecahydro-N-ethylcarbazole was injected into the reactor under stirring.
The evolved gas was measured by recording the displacement of water.

Durability for the catalysts. For testing the recyclability of the Pd/CNTs, after completing the
dehydrogenation reaction, Pd/CNTs were separated from the reaction solution through centrifugation
and washed with ethanol and water several times. The recovered Pd/CNTs were dried for the next
experiment. The dehydrogenation reaction was repeated five times at the designed temperature.

3.4. Characterization

Powder X-ray diffraction (PXRD) patterns were obtained on a Bruker D8-Advance X-ray
diffractometer using a Cu Kα radiation source. X-ray photoelectron spectroscopy (XPS) was carried
out using an Escalab 250Xi spectrometer with an Al Kα source. BET surface areas were collected
from N2 adsorption/desorption isotherms at 77 K using automatic volumetric adsorption equipment
(Micromeritics ASAP2020) after pretreatment under vacuum at 200 ◦C for 5 h. Transmission electron
microscope (TEM) images were recorded on an FEI Tecnai F20 transmission electron microscope with
an operating voltage of 200 kV. The metal content of the materials was collected on an inductively
coupled plasma-atomic emission spectrometer (ICP-AES, Thermo iCAP6300). The exit gas composition
was monitored using a Hiden QIC-20 quadruple mass spectrometer. Liquid samples were analyzed
using a Shimadzu QP-2010S GC/MS with a Restek RTX5 30 m 0.25 mm capillary column according to
the temperature program (100 ◦C isotherm for 2 min, then heated to 260 ◦C with a ramping rate of
10 ◦C/min).

4. Conclusions

In summary, we have developed an alcohol reduction method for the fabrication of Pd/CNTs
with different palladium loadings. The as-synthesized 3.0 wt% Pd/CNTs exhibited outstanding
catalytic performance for hydrogen release of dodecahydro-N-ethylcarbazole at 533 K with a
conversion rate of 99.7% and 5.8 wt% H2. Furthermore, the activation energy for producing
hydrogen from dodecahydro-N-ethylcarbazole catalyzed by 3.0 wt% Pd/CNTs was found to be
43.8 ± 0.2 kJ mol−1. More importantly, the as-synthesized 3.0 wt% Pd/CNTs possess excellent
cycle stability for the dehydrogenation of dodecahydro-N-ethylcarbazole. The reusability tests
revealed that 3.0 wt% Pd/CNTs exhibited superior activity even five runs into the hydrogen evolution
of dodecahydro-N-ethylcarbazole providing 96.4% conversion and 5.6 wt% H2 at the fifth run.
In addition, this simple synthesis means may provide a new avenue for the noble-metal and CNTs in
dehydrogenation reaction.
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3.0 wt% Pd/CNTs, Table S1. The content of Pd in Pd/CNTs with different loading based on ICP-AES analysis.
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Abstract: The catalytic conversion of glycerol to value-added propanols is a promising synthetic
route that holds the potential to overcome the glycerol oversupply from the biodiesel industry. In this
study, selective hydrogenolysis of 10 wt% aqueous bio-glycerol to 1-propanol and 2-propanol was
performed in the vapor phase, fixed-bed reactor by using environmentally friendly bifunctional
Pd/MoO3-Al2O3 catalysts prepared by wetness impregnation method. The physicochemical
properties of these catalysts were derived from various techniques such as X-ray diffraction,
NH3-temperature programmed desorption, scanning electron microscopy, 27Al NMR spectroscopy,
surface area analysis, and thermogravimetric analysis. The catalytic activity results depicted that
a high catalytic activity (>80%) with very high selectivity (>90%) to 1-propanol and 2-propanol
was obtained over all the catalysts evaluated in a continuously fed, fixed-bed reactor. However,
among all others, 2 wt% Pd/MoO3-Al2O3 catalyst was the most active and selective to propanols.
The synergic interaction between the palladium and MoO3 on Al2O3 support and high strength
weak to moderate acid sites of the catalyst were solely responsible for the high catalytic activity.
The maximum glycerol conversion of 88.4% with 91.3% selectivity to propanols was achieved at an
optimum reaction condition of 210 ◦C and 1 bar pressure after 3 h of glycerol hydrogenolysis reaction.

Keywords: hydrogenolysis; glycerol; 1-propanol; 2-propanol; palladium catalyst

1. Introduction

Alternate sustainable energy resources are vital because of dwindling petroleum reserves and
mounting environmental alarms that are allied with fossil fuel exploitation. As a result, alternative
bio-based fuels have emerged as the long-standing solution as they are renewable and carbon dioxide
neutral [1]. Biodiesel is one such alternative fuel which has received much attention with both demand
and production tremendously increased over the last few years. However, along with biodiesel, also
known as alkyl esters of long chain fatty acids (C14–C24), a great deal of glycerol as a by-product is
also generated, typically equaling 10% of the whole production volume. The crude glycerol, if not
handled properly, ends up as a waste product that has low value and is costly to purify in addition
to jeopardizing the environmentally friendly nature of the whole biodiesel production process [2].
Valorization of glycerol is, therefore, necessary to enhance the sustainability of the biodiesel industry.

Glycerol, the simplest tri-hydroxy alcohol, is a highly versatile product, with many potential
applications. The biodegradability and multi-functional nature of glycerol makes it a promising
precursor for the production of high-value bio-renewable fuel/chemical products through various
processes involving heterogeneous catalysis, e.g., acetalization [3,4], esterification [5], etherification [6],
oxidation [7], dehydration [8], hydrogenolysis [9], and catalytic reforming [10]. The glycerol-derived
fuel and chemical products include liquid/gaseous fuels, fuel additives, and chemicals such
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as solketal, glycerol mono-esters, glyceric acid, 1,3-dihydroxyacetone, epichlorohydrin, glycidol,
tartronic acid, lactic acid, acrylonitrile, 1,2-propanediol, and 1,3-propanediol, etc. Catalytic
hydrogenolysis of glycerol is a promising approach, resulting in the formation of commodity
chemicals such as 1,2-propanediol, 1,3-propanediol, ethylene glycol, propanols (1-propanol and
2-propanol), lower alcohols, and hydrocarbons [11]. Significant efforts have been made to convert
glycerol into propanediols, but direct production of propanols via glycerol hydrogenolysis received
limited attention.

1-propanol (1-PrOH) and 2-propanol (2-PrOH) are valuable commodity chemicals conventionally
produced from fossil-based feedstocks ethylene and propylene by hydroformylation-hydrogenation
and hydration reaction processes, respectively [12]. 1-PrOH has potential applications, primarily as a
solvent in the pharmaceutical, paint, cosmetics, and cellulose ester industries, organic intermediate for
the synthesis of important chemical commodities, and considered as the next-generation gasoline to
petroleum substitute. 2-PrOH is extensively used as an industrial solvent and disinfectant, with major
applications in the pharmaceutical industry and auto industry [13]. Due to the growing demand of
these commodities, the production of 1-PrOH and 2-PrOH based on bio-based glycerol (Scheme 1)
appears to be an attractive approach regarding sustainability and energy efficiency compared to the
process based on petroleum-derived feedstocks.

 

Scheme 1. Synthetic routes to 1-propanol and 2-propanol.

Hydrogenolysis of glycerol generally takes place via the dehydration-hydrogenation pathway
over metal-acid bifunctional catalysts [8,14–16]. Noble metal-based catalysts have proven to be
highly effective for glycerol hydrogenolysis [17]. Very few catalytic systems based on Ni [18], Ir [19],
Rh [20,21], Pt [22,23], and Ru [24,25] based catalysts have so far been reported for the direct synthesis
of biopropanols from glycerol, both in batch and fixed bed reactors. Previous research by Zhu et al. [26]
on liquid phase glycerol hydrogenolysis to 1-propanol and 2-propanol over Pt-H4SiW12O40/ZrO2

bifunctional catalysts at 200 ◦C and 5 MPa H2 pressure revealed that appropriate metal-acid balance
is important to promote the double dehydration-hydrogenation ability of glycerol. In our earlier
study [27], we have explored the effect of different heteropolyacids on the glycerol conversion and
selectivity to propanols by using a Pt-HPA/ZrO2 catalytic system and a continuous flow, fixed-bed
reactor set-up under ambient pressure. It was found that the metal dispersion and acidity of the
catalyst attributed to the high activity. Lin et al. [28] reported the combined use of zeolite and Ni-based
catalysts as a sequential two-layer catalyst system and achieved good selectivity of 1-propanol in a
fixed-bed reactor.
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Despite significant research efforts, most of the reported processes were energy intensive, requiring
high hydrogen pressures and the use of organic solvents for the glycerol hydrogenolysis reaction,
thus making the process unsustainable. In addition, the conversion of glycerol and selectivities to
propanols are still not satisfied with these catalytic systems. Besides, the exact relation between the
catalyst acidity and selectivity to propanols in glycerol hydrogenolysis needs to be properly elucidated.
Hence, there is a large scope to improve the sustainability of the reaction process by making it energy
efficient and increasing the process profitability. It is also most important to find a highly stable, active,
and selective catalytic system that favors the production of propanols by one step hydrogenolysis of
glycerol under ambient reaction conditions.

In the present investigation, we report a viable catalytic strategy for the direct hydrogenolysis of
low-cost glycerol to valued bio propanols over bi-functional Pd/MoO3-Al2O3 catalysts in a fixed-bed
reactor without using an organic solvent. A series of 1–4 wt% Pd/10%MoO3-Al2O3 catalysts were
prepared, carefully characterized by different characterization techniques, and tested in vapor phase
glycerol hydrogenolysis at moderate temperature and atmospheric pressure. The effect of reaction
parameters on the catalytic activity was investigated to determine the optimized reaction conditions.
The stability of the catalyst has been analyzed to understand the changes in the catalytic activity.
The research work reported herein contributes to the development of sustainable biodiesel industry,
with the successful first use of alumina-supported palladium-molybdenum catalysts for the glycerol
hydrogenolysis to propanols.

2. Results and Discussion

2.1. Characterization Techniques

2.1.1. Structural Characterizations of the Catalysts

The X-ray Diffraction (XRD) patterns of Mo-Al and Pd/Mo-Al catalysts with various palladium
contents (1–4 wt%) are shown in Figure 1A, and Figure 1B shows the enlarged view XRD pattern of
Mo-Al catalyst. For all catalysts, the diffraction peaks of γ-Al2O3 were identified at 2θ = 45.8◦ and
67.1◦ [29] while the peaks at 2θ = 23.4◦ and 25.7◦ were assigned to the crystalline MoO3 phase [30].
In addition, other peaks at 2θ = 20.7◦, 22.0◦, 23.4◦, and 25.7◦ were identified, which are attributed to
the Al2(MoO4)3 phase. After the palladium addition, the characteristic diffraction peaks of MoO3 and
Al2(MoO4)3 were found to be diminished. This indicates the better dispersion of MoO3 on γ-Al2O3 in
amorphous form and saturated monolayer coverage on the catalyst surface. Also, a peak at 2θ = 33◦

and 59◦ [31] corresponding to PdO was detected, which was found to be significant at higher Pd
loadings and indicates fine dispersion at lower loadings.

Figure 1. (A) X-ray Diffraction (XRD) patterns of Mo-Al and various Pd/Mo-Al catalysts (B) XRD
patterns of Mo-Al catalyst in the enlarged view.
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High-temperature X-ray diffraction (HTXRD) of MoO3/Al2O3 support and dried
2Pd/MoO3-Al2O3 catalysts (the best catalytic system for this process) has been performed at
various temperatures up to 550 ◦C to understand the nature of Pd interaction with the support during
calcination, and its role in controlling the catalyst activity. As shown in Figure 2, There were not
many significant changes in the XRD patterns of MoO3/Al2O3 support at different temperatures,
which clearly indicate the stability of the support at calcination temperature. The peaks appeared at
2θ = 40◦, 46◦, and 67◦ were assigned to the (hkl) crystalline phases of orthorhombic MoO3/Al2O3.
However, the HT-XRD patterns of the dried 2Pd/MoO3-Al2O3 at different temperatures were found to
be slightly different as compared to the HT-XRD profiles of the support. The absence of any diffraction
patterns corresponding to metallic Pd indicated that there was no formation of metallic Pd on the
support. Relative intensities of the peak, as well as the peak width of these three peaks, corresponding
to the support, showed slight changes, which usually happens when a metal ion like Pd is part of the
MoO3-Al2O3 crystalline framework. The XRD analysis performed at various temperatures, therefore,
enabled us to test the stability of the catalysts and to determine the structure of the catalysts at different
temperatures varying from room temperature to 550 ◦C.

Figure 2. High-temperature X-ray diffraction (HTXRD) patterns of (A) uncalcined Mo-Al and (B)
2Pd/Mo-Al catalysts.

Scanning electron micrographs (SEM) were acquired to study the topographical morphology of
Mo-Al and 2 wt% Pd/Mo-Al catalysts. The semi-quantitative elemental analysis of the catalysts was
performed by Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray spectroscopy
(EDX). The SEM images and EDX profiles of Mo-Al and 2Pd-Mo-Al catalysts are displayed in Figure 3.
As can be seen from Figure 3, the micrographs reveal crystalline aggregates of MoO3 on γ-Al2O3 with
a monolayer coverage. In the case of 2Pd/Mo-Al catalyst, both dense and less dense regions of bigger
crystallites, along with highly dispersed palladium indicating a good coverage on the support [32],
was observed.

The elemental analysis data for Mo-Al and various loadings of Pd/Mo-Al catalysts are presented
in Table 1. Al2O3 was found to be the major component, with nearly similar atomic percentage
of molybdenum in all the catalysts. All Pd/Mo-Al catalysts with varying Pd content (1–4 wt%)
showed the presence of palladium, indicating the impregnation of palladium onto MoO3/Al2O3

catalysts. The atomic percentages of Mo and Pd from SEM-EDX results were found to be consistent
with the actual loadings used in the catalyst preparation. For a comparison, the Pd contents in a
series of 1–4 wt% Pd/Mo-Al catalysts was measured by Inductive Coupled Plasma-Atomic Emission
Spectrometer (ICP-AES), and the results are presented in Table 1.
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Figure 3. Scanning electron micrograph (SEM) images of Mo-Al and 2 wt% Pd/Mo-Al catalysts.

Table 1. Energy Dispersive X-ray spectroscopy (EDX) and Inductive Coupled Plasma-Atomic Emission
Spectrometer (ICP-AES) analysis data of Mo-Al, and various Pd/Mo-Al catalysts.

Catalyst
Weight Percentage (%) a ICP-AES b (wt%)

Mo Al O Pd N

Mo-Al 7.83 48.17 44.00 – – –
1Pd/Mo-Al 6.99 43.02 48.82 0.67 0.50 0.59
2Pd/Mo-Al 7.12 40.86 50.22 1.22 0.58 1.18
3Pd/Mo-Al 7.01 40.33 49.70 2.41 0.55 2.20
4Pd/Mo-Al 7.24 40.99 48.21 3.07 0.49 2.97

a Determined from SEM-EDX analysis; b Metal contents determined from ICP-AES analysis.

2.1.2. Physicochemical Properties of Catalysts

The N2 physisorption results of Mo-Al and various Pd/Mo-Al catalysts are listed in Table 2.
The pure Mo-Al catalyst exhibited a total surface area of 189 m2/g, with a pore diameter of 5.9 nm.
After incorporation of palladium into catalysts, the Brunauer–Emmett–Teller (BET) surface area,
the average pore volume, and the pore size of all catalysts were found to be smaller than the original
Mo-Al catalyst. This change is obvious because of the impregnation of Pd on the support that would
block the micropores of the catalysts [30].

Table 2. Physicochemical properties of Mo-Al and various Pd/Mo-Al catalysts.

Catalyst BET Surface Area (m2/g) Pore Size (nm) Pore Volume (cm3/g)

Mo-Al 189 5.9 0.29
1Pd/Mo-Al 181 5.8 0.28
2Pd/Mo-Al 170 5.6 0.28
3Pd/Mo-Al 162 5.3 0.26
4Pd/Mo-Al 158 5.3 0.23
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2.1.3. Acidity Measurement by NH3–TPD Analysis

Temperature programmed desorption (TPD) experiments of γ-Al2O3, Mo-Al and 1–4 wt%
Pd/Mo-Al catalysts were performed to determine the amount and strength of acid sites. The number
of acid sites calculated from the desorption TPD peak area is presented in Table 3. Agreeing with
the literature [33], three ranges of NH3 desorption temperature should be taken into account: 50–200,
200–350, and 350–550 ◦C, which correspond to weak, moderate, and strong acid sites, respectively.
The pure γ-Al2O3 catalyst exhibited weak to moderate acidity in the temperature regions of 150–350 ◦C.
The total acidity decreased with the addition of Mo, with a significant decrease in moderate acid
sites. This could be due to a decrease in surface area and blockage of acidic sites of γ-Al2O3. After
incorporation of Pd in Mo-Al catalyst, weaker to moderate acid sites remained in all catalysts, with no
generation of new acid sites. However, it is to be noted that there was an increase in the moderate acid
site in all Pd loaded catalysts compared to Mo-Al catalyst. This indicates that weak to moderate acid
centers of catalyst had a crucial role in facilitating the glycerol hydrogenolysis reaction.

Table 3. Acidities of γ-Al2O3, Mo-Al, and 1–4 wt% Pd/Mo-Al catalysts from Temperature programmed
desorption of ammonia (NH3-TPD) analysis.

Catalyst
NH3 Uptake (μmol/g)

Total NH3 Uptake (μmol/g)
Weak Moderate Strong

γ-Al2O3 298.7 426.2 – 724.9
Mo-Al 323.5 350.6 – 674.1

1Pd/Mo-Al 297.3 361.2 – 658.5
2Pd/Mo-Al 273.3 372.2 – 645.5
3Pd/Mo-Al 194.2 369.0 – 563.2
4Pd/Mo-Al 195.0 364.9 – 559.9

2.1.4. 27Al NMR Spectroscopy

Solid state 27Al nuclear magnetic resonance (NMR) spectroscopy is a non-invasive and
non-destructive technique vital to studying the structural modifications and coordination of aluminium
nuclei within the catalyst subjected to impregnation and calcination. The chemical analysis and
comparison of 27Al NMR spectra of Mo-Al and 1–4 wt% Pd/Mo-Al catalyst samples is presented
in Figure 4. The spectrum of Mo-Al consists of a single peak at a chemical shift of 54.1 ppm from
octahedral aluminium, characteristic of as-prepared catalysts. Similar results were obtained for all
the Pd/Mo-Al catalysts, indicating that palladium impregnation did not alter the basic aluminium
framework. However, upon impregnation of palladium onto Mo-Al catalyst, it was observed that
there was a slight change in the chemical shift of octahedral Al peak. At higher loadings, the peak
was markedly broadened, and the intensity of the peak was decreased. This is probably due to the
palladium interaction with the support material that causes the expulsion or distortion of aluminium
atoms from the framework sites [34].
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Figure 4. 27Al nuclear magnetic resonance (27Al NMR) spectra of Mo-Al and 1–4 wt% Pd/Mo-Al
catalysts.

2.2. Catalytic Studies

Glycerol hydrogenolysis is a complex reaction (Scheme 2) and is generally believed to proceed
via dehydration-hydrogenation route in two distinct pathways, which involve the formation of
intermediates (acetol and 3-hydroxypropanaldehyde (3-HPA)) by acid-catalyzed dehydration and
subsequent formation of propanediols (1,2-PDO and 1,3-PDO) over metal sites [35–39]. Thereafter, C-O
hydrogenolysis of 1,2-PDO results in the formation of 1-propanol (1-PrOH), while C-O hydrogenolysis
of 1,3-PDO gives rise to 2-propanol (2-PrOH). Another possible pathway is the formation
of glyceraldehyde and 2-hydroxy acrolein by the dehydrogenation-dehydration-hydrogenation
mechanism, in which acetol can be indirectly formed by this pathway. Direct hydrogenolysis of glycerol
to propanols in one step using a single catalyst, though highly challenging, would be consistent and
more preferential over a two-step process in terms of energy efficiency.

Scheme 2. Series and parallel network of reactions in hydrogenolysis of glycerol.

The present work focused on the investigation of hydrogenolysis of glycerol over highly efficient
Pd/MoO3-Al2O3 catalysts with various Pd loadings (1–4 wt%) in a continuous flow, fixed-bed reactor
at 210 ◦C under atmospheric pressure. The reaction successfully progressed to give propanols (1-PrOH
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+ 2-PrOH) as major products. Interestingly, the presence of weak to moderates acid sites in the
Pd/Mo-Al catalyst promoted the double dehydration and hydrogenation of glycerol to 1-propanol
and 2-propanol, respectively. Further analysis and optimization of the reaction process helped to
achieve the best glycerol conversion and selectivity to propanols. Optimisation of the reaction process
included adjusting various reaction parameters such as the effect of Pd loading, reaction temperature,
and hydrogen flow rate. All Pd/Mo-Al catalysts showed good activity in terms of glycerol conversion
and propanol selectivity in glycerol hydrogenolysis. However, the activity differed upon altering the
reaction parameters, which facilitated determining the best catalyst that resulted in the highest activity.

2.2.1. Effect of Pd Loading

Defining the ideal metal loading of a catalyst for glycerol hydrogenolysis is important, as metal
sites play a crucial role in the reaction mechanism. Therefore, the glycerol hydrogenolysis was
performed using Pd/Mo-Al catalysts with varying Pd loading (1–4 wt%), and the results obtained are
presented in Figure 5. In the absence of palladium over 10 wt% MoO3-Al2O3, only about 52% glycerol
conversion was observed, with 76% selectivity to total propanol. The incorporation of Pd into the
catalyst resulted in significant increase in the glycerol conversion and product selectivity. As can be
seen from Figure 5, a maximum of 88.4% glycerol conversion with a 91.3% selectivity to total propanol
was attained over 2 wt% Pd catalyst. Further, increase in Pd loading to 3 and 4 wt% showed a drop
in activity, which concludes that 2 wt% Pd/Mo-Al catalyst with an appropriate number of Pd sites
influenced the direct hydrogenolysis of glycerol to propanols. Thus, 2 wt% Pd catalyst has been chosen
to be the optimal catalyst for further investigations.

 

Figure 5. Effect of Pd loading on glycerol hydrogenolysis to propanols. Reaction conditions: Reaction
temperature: 210 ◦C, 0.1 MPa H2; H2 flow rate: 100 mL/min; 10 wt% aqueous glycerol; 0.5 g catalyst;
Reaction time: 6 h; 1-PrOH: 1-propanol; 2-PrOH: 2-Propanol; Total PrOHs: Total propanol.

2.2.2. Effect of Reaction Temperature

To assess the influence of reaction temperature on glycerol conversion and propanol selectivity,
the glycerol hydrogenolysis reaction was performed over 2 wt% Pd/Mo-Al catalyst at different reaction
temperatures going from 170 to 250 ◦C, and the results are shown in Figure 6. It is obvious that the
reaction temperature had a positive influence on the glycerol conversion, as suggested by previous
studies [40,41]. With the increase in the temperature from 170 ◦C to 230 ◦C, the glycerol conversion
increased steadily from 70.6% up to 92.6%. The highest total propanol selectivity of 91.3% was obtained
at a reaction temperature of 210 ◦C. Further increase of temperature to 250 ◦C caused a decrease in
glycerol conversion and 1-PrOH selectivity. However, it is noteworthy that the selectivity to 2-PrOH
elevated at a higher temperature. Therefore, the results suggest that a reaction temperature of 210 ◦C
promoted excessive C-O hydrogenolysis of glycerol to produce the highest amounts of 1-propanol and
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2-propanol, in addition to confirming that reaction temperature had a significant effect on the product
distribution of 1-PrOH and 2-PrOH.

 

Figure 6. Effect of Reaction temperature on glycerol hydrogenolysis to propanols. Reaction
conditions: Reaction temperature = 170–250 ◦C, Reduction temperature = 350 ◦C; 0.1 MPa H2; H2 flow
rate = 100 mL/min; 10 wt% aqueous glycerol; 0.5 g catalyst; Reaction time: 6 h; 1-PrOH: 1-propanol;
2-PrOH: 2-Propanol; Total PrOHs: Total propanols.

2.2.3. Effect of Hydrogen Flow Rate

Hydrogen is a key reactant in hydrogenolysis reaction, and it is important to understand the
influence of the hydrogen flow rate on glycerol hydrogenolysis. Optimising the hydrogen flow rate
will add value to the process and will balance the higher costs of high-pressure apparatus. Hence the
reaction was investigated by varying the hydrogen pressures at 60, 80, 100, and 120 mL/min over
2 wt% Pd/Mo-Al catalyst at 210 ◦C under atmospheric pressure. As can be observed from Figure 7,
the glycerol conversion and selectivity of 1-PrOH increased with an increase in hydrogen flow rate
from 60 to 120 mL/min. However, the total PrOH selectivity was found to be the highest at a hydrogen
flow rate of 100 mL/min. While when the hydrogen flow rate was 120 mL/min, total PrOH selectivity
slightly dropped, in spite of distinct increment in glycerol conversion, to 94%. This is probably because
at higher hydrogen flow rates excessive hydrogenolysis occurs, leading to the formation of degradative
products. A similar observation was made in previous studies [42]. Thus, 100 mL/min hydrogen flow
rate was considered to be optimum for this reaction, resulting in a maximum total PrOHs selectivity of
91.3% at 88.4% glycerol conversion.

 

Figure 7. Effect of Hydrogen flow rate on glycerol hydrogenolysis to propanols. Reaction conditions:
Reaction temperature = 210 ◦C; H2 flow rate = 60, 80, 100 & 120 mL/min, 0.1 MPa H2; 10 wt% aqueous
glycerol; 0.5 g catalyst; Reaction time: 6 h; 1-PrOH: 1-propanol; 2-PrOH: 2-Propanol; Total PrOHs:
Total propanols.
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2.2.4. Effect of Glycerol Concentration

The glycerol concentration serves as one of the most important parameters which has a significant
effect on the activity and selectivity of glycerol hydrogenolysis reaction. It is known that a low
concentration of glycerol is favorable to increase the glycerol conversion [17,43]. Figure 8 shows the
activity results at different glycerol concentrations (5–20 wt%), which was performed over 2 wt%
Pd/Mo-Al catalyst to identify the best activity. From the results, it was observed that by increasing
the glycerol concentration from 5 wt% to 20 wt%, both the glycerol conversion and selectivity to total
propanols declined. As the glycerol content increased, the glycerol conversion and the selectivity
towards propanols decreased considerably. With 5 wt% glycerol feed, 88% of glycerol converted,
with about 80% selectivity to total propanols. At 10 wt% glycerol feed, the selectivity to total propanols
was improved to 91.3% at nearly the same glycerol conversion, indicating the excessive hydrogenolysis
of glycerol to propanols. At higher glycerol concentration (15 and 20 wt%), it was observed that both
conversion and selectivity dropped considerably, which is ascribed to the fact that the reaction rate is
lowered due to high viscosity of the glycerol feed and the imbalance between the catalytically active
sites and the excess glycerol available to react at higher concentrations. Consequently, 10 wt% glycerol
feed was considered the optimal concentration to attain the highest glycerol conversion of glycerol
and selectivity to total propanols.

 

Figure 8. Effect of glycerol concentration on glycerol hydrogenolysis to propanols. Reaction conditions:
Reaction temperature = 210 ◦C; H2 flow rate = 100 mL/min, 0.1 MPa H2; 5–10 wt% glycerol feed; 0.5 g
catalyst; Reaction time: 6 h; 1-PrOH: 1-propanol; 2-PrOH: 2-Propanol; Total PrOHs: Total propanols.

2.2.5. Effect of the Partial Pressure of Glycerol

Figure 9 shows the effect of partial pressure of glycerol on glycerol conversion, and total propanols
selectivity for the 2 Pt/Mo-Al catalyst at 210 ◦C, 100 mL/min H2 flow rate, 10 wt% glycerol solution,
and at different glycerol feed flow rates of 0.5, 1.0, 1.5, and 2.0 mL/h. With the increase in partial
pressure of glycerol from 8.3–13.0 mm Hg, the conversion of glycerol decreased from 88.4% to 71%,
and the selectivity to total propanols decreased almost two-fold. This decrease in conversion and
selectivity can be attributed to a decrease in the number of active sites due to the increase in the flow
of glycerol feed [44].
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Figure 9. Effect of the partial pressure of glycerol on glycerol hydrogenolysis to propanols. Reaction
conditions: Reaction temperature = 210 ◦C; H2 flow rate = 100 mL/min, 0.1 MPa H2; 10 wt% aqueous
glycerol; 0.5, 1.0, 1.5 and 2.0 mL/h glycerol feed; 0.5 g catalyst; Reaction time: 6 h; 1-PrOH: 1-propanol;
2-PrOH: 2-Propanol; Total PrOHs: Total propanols.

2.2.6. Effect of Contact Time (W/F)

The dependence of the rate of glycerol hydrogenolysis on contact time (W/F) in the range of 0.4
to 2.0 g mL−1 h at 210 ◦C, 0.5 mL/h 10 wt% glycerol feed was studied over 2Pd/Mo-Al catalyst by
varying the weight of the catalyst. As can be noted from Figure 10, the glycerol conversion increases
steadily from 60% to 88.4% with an increase in the contact time. Similarly, the selectivity to total
propanols was also found to increase substantially from 68% to 91.3% upon increasing the contact
time. This observation suggests that greater contact time enables the strong adsorption of glycerol
on to the catalytically active sites and facilitates the excessive hydrogenolysis reaction of glycerol to
produce double dehydration-dehydrogenation products 1-propanol and 2-propanol, which is in good
agreement with the previous studies [27].

 

Figure 10. Effect of contact time on glycerol hydrogenolysis to propanols. Reaction conditions: Reaction
temperature = 210 ◦C; H2 flow rate = 100 mL/min, 0.1 MPa H2; 10 wt% aqueous glycerol; 0.5 mL/h
glycerol feed; 0.2–0.5 mg catalyst; Reaction time: 6 h; 1-PrOH: 1-propanol; 2-PrOH: 2-Propanol; Total
PrOHs: Total propanols.

From all the above sequence of experiments, the optimal set of reaction conditions to accomplish
the best possible glycerol conversion and total propanols selectivity over 2Pd/Mo-Al catalyst were
identified as 210 ◦C, 100 mL/min H2 flow rate, 10 wt% glycerol concentration, 8.3 mm Hg partial
pressure of glycerol, and at 1.0 g mL−1 h contact time. Under these best set of conditions, the most
active 2Pd/Mo-Al catalysts was tested for stability and reusability, and the results are analyzed.
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2.2.7. Time on Stream Experiment

Time on stream experiment for 8 h was conducted over the best catalyst 2 wt% Pd/Mo-Al
under the similar reaction conditions to investigate the stability and activity of catalyst (Figure 11).
The conversion of glycerol progressively increased from 82% and reached a maximum of 88.4% at
3 h and remained constant up until 6 h. Also, the selectivity to total PrOH also maximized at 3 h,
remained the same until 5 h, and presented a slight decline during 6–8 h. This decline in activity might
be probably due to the fact that the catalyst suffers slow deactivation during the reaction due to carbon
deposition. A similar finding was reported in our previous studies [8,35].

 

Figure 11. Time-on-stream experiment over fresh 2 wt% Pd/Mo-Al2O3 catalyst. Reaction conditions:
Reaction temperature = 210 ◦C; 0.1 MPa H2; H2 Flow rate = 100 mL/min, 10 wt% aqueous glycerol; 0.5
g catalyst; Total PrOHs: Total propanols.

2.3. Reusability of the Catalyst

To further understand the stability and reusability of catalyst, the spent 2Pd/Mo-Al catalyst was
regenerated by activating the catalyst in air flow (100 mL/min) at 500 ◦C for 2 h and then tested in
glycerol hydrogenolysis time-on-stream experiment under the similar reaction conditions used for
the fresh catalyst. The performance of 2Pd/Mo-Al catalyst upon re-use is illustrated in Figure 12A.
The results were reproduced over the used catalyst and demonstrated a similar pattern to that of the
fresh catalyst during 1–6 h. However, there is a slight decline in glycerol conversion and a significant
drop in the selectivity to total propanols at later hours. The cause for the decrease in activity might be
due to the catalyst deactivation over time due to agglomeration or carbon deposition. The used and
reactivated catalysts were further analyzed by various characterization techniques, and the results are
presented in Table 4 & Figure 12.

Table 4. Studies on the used 2Pd/Mo-Al catalyst.

Catalyst
Conversion

(%)
Selectivity of

Total PrOHs (%)
BET Surface Area

(m2/g)
Total Acidity
(NH3 μmol/g)

Fresh 88.4 91.3 170 645.5
Used 87.0 90.0 162 594.0

Reactivated 88.0 90.9 168 617.2
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Figure 12. (A) Time-on-stream experiment over used 2 wt% Pd/Mo-Al catalyst; (B) thermogravimetric
analysis (TGA) profile of fresh and used catalyst; (C) XRD pattern of fresh, used and reactivated
catalyst; (D) SEM image of used 2Pd/Mo-Al catalyst.

The XRD pattern, SEM image, BET SA, and total acidity from NH3-TPD analysis of the used
2Pd/Mo-Al catalyst showed no significant changes, indicating that the catalytic structure remained
intact during the course of the reaction. Thermogravimetric analysis (TGA) was used to characterize
the used catalyst to understand the mode of deactivation. The TGA measurements were performed
over a temperature range of 50 ◦C to 750 ◦C at a heating rate of 10 ◦C/min under a constant flow of
nitrogen (20 mL/min). The recorded TG curves of fresh and used catalysts presented as Figure 12B
consist of four mass loss processes common in both fresh and used catalysts and an additional mass
loss process observed in used catalyst. The first step (I) between 100 and 130 ◦C corresponds to removal
of physisorbed water; the second mass loss region (II) around 250 ◦C indicates the loss of coordinated
water molecules; the fourth weight loss step (IV) between 450–500 ◦C is attributed to the removal of
strongly bound hydroxyl groups from alumina matrix; and a small weight loss (V) above 700 ◦C is
due to the sublimation of molybdena [45]. In addition, a large weight loss region (III) extended above
380–500 ◦C in the used catalyst corresponds to the loss of carbonaceous materials [46], indicating
the deactivation of the catalyst by carbon deposition. The total weight loss due to heating at the
temperature range 50–750 ◦C for the used catalyst was found to be 4.0 wt% while it was just 2.2 wt%
for the fresh catalyst, which clearly indicates that the excess weight loss is due to the deposition of
carbon species and undesired materials on the catalyst surface during the reaction.
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3. Materials and Methods

3.1. Catalyst Preparation

A series of palladium catalysts on 10 wt% MoO3/Al2O3 with varying palladium loading from
1.0–4.0 wt% was prepared by wet impregnation method. Tetraammine palladium (II) nitrate solution
(10 wt% in H2O, produced by Sigma Aldrich Co., Ltd., St. Louis, MO, USA) was used as a precursor on
the support. 10 wt% MoO3/Al2O3 (2–5 mm pellets) was obtained from Riogen. The prepared catalysts
were dried overnight at 100 ◦C and subsequently calcined at 500 ◦C for 2 h in air. The prepared
catalysts were labelled as xPd/Mo-Al, where x refers to Pd loading, Mo refers to MoO3, and Al refers
to Al2O3.

3.2. Catalyst Characterization

The X-ray Diffraction (XRD) of catalysts was performed on a Miniflex X-ray diffractometer
(Rigaku, Neu-Isenburg, Germany) with Ni-filtered Cu-Kα radiation (λ = 1.392 Å). The angles of
scanning were from 2◦ to 90◦ with a rate of 2◦/min, with the beam voltage and a beam current of 30 kV
and 15 mA, respectively. High Temperature X-ray diffraction (HTXRD) profiles of the catalysts as a
function of temperature were carried out using Bruker D8 Advance X-ray diffractometer equipped
with the Anton-Parr heating accessory.

Nitrogen physisorption analysis of the catalysts was carried at −196 ◦C under liquid N2

with a Quantachrome Autosorb 1 instrument. As a pretreatment of the N2 physisorption
analysis, each catalyst sample is degassed under vacuum for 6 h at 250 ◦C. The multi-point
Brunauer–Emmet–Teller (BET) method was used to calculate the specific surface areas of each catalyst
and the Barrett–Joyner–Halenda model (BJH) method was used to measure the average pore diameter
and pore volumes.

Scanning electron microscopy (SEM) was used to study the morphology of the catalyst samples,
and the elemental identification of the catalysts was performed by Energy Dispersive X-Ray Analyzer
coupled to Phenom XL scanning electron microscopy (SEM-EDX). Before analysis by SEM, each sample
was mounted on an aluminum support using double adhesive carbon tape. At 10 kV beam voltage
and 5000× magnification, the micrographs of the catalysts were captured using a backscatter electron
detector (BSD). The elemental analysis was performed at high resolution (15 kV of beam voltage) and
high vacuum pressure (1 Pa) with a secondary electron detector (SED), where the point and mapping
analysis for element identification was performed using a Phenom Pro Suite software.

The amount of Pd in all Pd/Mo-Al catalysts was quantitatively analyzed by Inductively coupled
plasma atomic emission spectrometry (Agilent Technologies-4200MP-AES, Santa Clara, CA, USA).
The samples were prepared by acid digestion of catalyst (~10 mg in 2 mL aquaregia) at 60 ◦C followed
by dilution to desired concentration.

Temperature programmed desorption of ammonia (NH3-TPD) experiments were conducted on
AutoChem 2910 (Micromeritics, Norcross, GA, USA) instrument. In a typical experiment, 100 mg of
oven-dried sample was pretreated by passage of high purity (99.995%) helium (50 mL min−1) at 200 ◦C
for one hour. After pretreatment, the sample was saturated with highly pure anhydrous ammonia
(50 mL min−1) with a mixture of 10% NH3–He at 80 ◦C for 1 h and subsequently flushed with He flow
(50 mL min−1) at 80 ◦C for 30 min to remove physisorbed ammonia. TPD analysis was carried out
from ambient temperature to 700 ◦C at a heating rate of 10 ◦C min−1. The amount of NH3 desorbed
was calculated using the GRAMS/32 software.

Solid state 27Al Nuclear Magnetic Resonance Spectroscopy (27Al NMR) technique was used to
identify the basic aluminium framework structure of catalysts on DD2 Oxford Magnet AS-500MHz
spectrometer (Agilent Technologies) using aluminium oxide (Aldrich) as a probe. The chemical shifts
(δ) are revealed in ppm.

Thermo gravimetric analysis (TGA) was performed using a Perkin Elmer TGA-7 from 35 ◦C to
700 ◦C with a heating rate of 10 ◦C per minute under the flow of nitrogen.
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3.3. Catalyst Testing

The glycerol hydrogenolysis experiments were conducted in the vapour phase under atmospheric
pressure in a vertical fixed bed quartz reactor (40 cm length, 9 mm i.d.) using 0.5 g of catalyst. Before
the reaction, the catalysts were pretreated at 350 ◦C for 2 h in flowing H2 (60 mL min−1). After cooling
down to the reaction temperature (210 ◦C), an aqueous solution of 10 wt% glycerol was introduced into
the reactor using a feed pump along with the flow of hydrogen (100 mL/min). The reaction products
were condensed in an ice–water trap and collected hourly for analysis on a gas chromatograph GC-2014
(Shimadzu, Kyoto, Japan) equipped with a DB-wax 123-7033 (Agilent) capillary column (0.32 mm i.d.,
30 m long) and flame ionization detector. The conversion of glycerol (1) and selectivity (2) of products
were calculated as follows:

Conversion (%) =
moles of glycerol (in)− moles of glycerol (out)

moles of glycerol (in)
× 100

Selectivity (%) =
moles of one product
moles of all products

× 100

4. Conclusions

A simple and highly efficient protocol of direct hydrogenolysis of glycerol to 1-propanol and
2-propanol over a series of 1–4 wt% Pd/MoO3-Al2O3 catalysts has been demonstrated. Pd/Mo-Al
catalysts were prepared by wetness impregnation method and characterized by XRD, SEM, NH3-TPD,
27Al NMR, and BET to evaluate the physical and chemical properties of catalysts. The hydrogenolysis
of glycerol was performed in vapour phase under atmospheric pressure. Among the catalysts tested,
2 wt% Pd/Mo-Al catalyst established high activity and selectivity in the glycerol hydrogenolysis,
with 91.3% total propanol selectivity at 88.4% glycerol conversion at best reaction conditions of
210 ◦C, 1 bar pressure, 100 mL/min H2 flow rate, 10 wt% aq. Glycerol, and 8.3 mm Hg partial
pressure of glycerol. The weak to moderate acidity of the catalyst was found to affect the degree
of glycerol dehydroxylation, and promoted double dehydration of glycerol to form 1-propanol and
2-propanol. A comprehensive study on reaction parameters revealed the optimized reaction conditions
and it was found that the reaction temperature, partial pressure of glycerol, and contact time had a
substantial influence on the glycerol conversion and propanol selectivity. Further, the time on stream
studies demonstrated that the catalyst remained stable for a longer period without great loss in the
conversion and selectivity to products. The activity results were well correlated with the results
obtained from catalyst characterization. The study signifies a sustainable technology that can not only
develop the opportunity of biodiesel industry, but also deliver a green chemical production route from
biomass-derived glycerol.
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Abstract: The effect of heating method employed for drying and calcination during the synthesis of
1 wt% Pt/Al2O3 catalyst was investigated. Conventional heating (CH) in resistive oven and microwave
heating (MW) in single mode were applied, and the Pt dispersion and Brunauer-Emmett-Teller
(BET) surface area were measured to characterize the samples. It was evidenced that the fast and
homogeneous heating offered by the microwave heating led to higher Pt dispersion. However,
this benefit was only achieved when the subsequent calcination was performed in a conventional
oven. The aging in microwave oven of conventionally prepared—as well as MW-prepared—catalysts
demonstrated the great ability of microwave irradiation to accelerate platinum sintering. After 1 h
at 800 ◦C under microwave, catalysts showed a dispersion of 5%. Therefore, microwave treatment
should be considered for accelerated catalyst aging but should be avoided as a calcination technique
for the synthesis of highly dispersed Pt/Al2O3.

Keywords: microwave; catalyst synthesis; Pt/Al2O3; aging; platinum dispersion; drying; DOC

1. Introduction

A common method to prepare supported noble metal catalyst is wet impregnation. It consists in
impregnating a porous metal oxide, with a high surface area, with a solution of noble metal precursor.
The solvent is then evaporated by a slow drying step while the remaining compounds from the
metal complex are decomposed by high temperature calcination. These two steps are crucial for the
resulting metal distribution and metal particle size. Drying is a complex process in which the solvent
is transferred from the pores to the liquid-gas interface, where it evaporates. The diffusion of solvent
from the inside to the outside of the support particle induces the transport of the dissolved metal
towards the exterior of the support particles, where it becomes more concentrated, especially when the
metal adsorption on the support is weak [1,2]. If the metal cannot diffuse back inward in the last stage
of the drying process, the formation of larger particles located within the outer layer of the catalyst
particle in a “egg-white” or “egg-shell” configuration occurs. Exposure to high temperature during
calcination brings about metallic particles mobility and coalescence, which also results in the formation
of large particles. To control the metal deposition uniformity and the metal particle size it is necessary
to limit the transport phenomena observed during drying in a conventional furnace based on resistive
heating, also called Joule heating. With this aim, other ways of drying impregnated catalysts have been
used such as spray drying [3] and freeze-drying [4,5], yielding high initial dispersion. The specificity
of microwave heating is its homogeneity. It has been shown that microwave drying leads to a more
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uniform distribution of metal particles than regular oven drying in the case of Ni/Al2O3 catalyst [2,6,7].
These results were explained by the unique volumetric heating provided by microwaves. Microwave
heating is also appreciated in zeolite synthesis [8–11] due to shorter time required, energy saving and
narrower particle size distribution. In ceramics science, microwave (MW) sintering can lead to higher
material density at lower temperature or after a shorter time than conventional oven sintering [12,13].

Although the impact of microwave treatment during catalyst preparation has been addressed,
little is known on the effect of microwave-assisted drying and calcination on the resulting particle
size. Moreover, the studies reporting on the effect of microwaves on metal distribution employed
household multimode pulsed microwave ovens which limit the electromagnetic field intensity and
does not allow temperature measurement. In the present study, microwave-assisted synthesis of
1 wt% Pt/Al2O3, widely used in automotive catalysis to carry out oxidation reactions, was performed.
The impact of microwave drying and calcination on the resulting platinum dispersion was compared
with conventional drying and calcination.

2. Materials and Methods

2.1. Catalyst Preparation

Platinum was deposited by incipient wetness method onto a pre-calcined γ-Al2O3 support to
obtain a Pt content of 1 wt%. Pt(NO3)2 (Sigma-Aldrich, St. Louis, MO, USA) precursor was used
and diluted in deionized water to obtain an aqueous solution, the volume of which corresponded
to the pore volume of the support. The samples were then dried either in a conventional oven at
110 ◦C overnight or in a microwave oven at 210 ◦C for 15 min (see the description of the set-up below).
The MW drying temperature was chosen for practical reasons as it was the temperature reached
by bare alumina irradiated with the minimum controlled power allowed by the generator (60 W).
The drying time was determined by MW drying of wetted alumina. 15 min appeared sufficient to
evaporate all water from the alumina pores, which was controlled by weighing the alumina after
drying. A short drying time was sought to study solely the drying stage and limit the catalyst exposure
to MW. Calcination of dried samples was carried out at 600 ◦C for 2 h and 30 min in conventional and
MW oven, respectively. Similarly, the MW calcination duration was determined during a calcination
test and kept as short as possible to limit unnecessary aging. The color change of the catalyst indicated
the decomposition of nitrate and the oxidation of platinum. The usual calcination was conducted
under air flow in a vertical tubular quartz reactor surrounded by a furnace. Aging was performed in
the same MW oven at 700 and 800 ◦C. The catalysts were maintained at these respective temperatures
for 1 h.

2.2. Microwave Set-Up

The apparatus used was a Sairem microwave oven (Neyron, France), equipped with a 2.45 GHz
cavity magnetron, a 2-kW generator and a single-mode microwave applicator (Figure S1). In this study,
the transverse electric mode (TE105) was used in order to heat the sample by direct interaction between
the matter and the electric field. The microwaves produced were in resonance within a standard WR340
rectangular waveguide. The generated power spanned from 60 to 2000 W. The catalyst was contained
in a low-absorption alumina crucible (height = 14 mm, Ø = 25 mm) surrounded by an in-house made
SiC ring acting as susceptor and a sample holder and thermal insulation made of fibrous alumina as
described in previous studies [14]. The sample holder was placed in a chamber where the intensity of
the electromagnetic field could be fine-tuned. This system allows to reach high temperature rapidly
and with low input power due to the resonance phenomenon. The temperature was monitored by
a pyrometer placed above the sample and pointing down to the sample. Two pyrometers with various
temperature range were used: 60–400 ◦C and 350–2000 ◦C. The pyrometers were calibrated with
conventional furnace and the emissivity used was 0.8, corresponding to alumina. Preliminary tests
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were performed on alumina or wet alumina to determine the power settings required to heat the
sample at a steady desired temperature.

2.3. Pt Dispersion Measurement

The platinum dispersion was measured by chemisorption of probe molecules on an ASAP2020
(Micromeritics, Norcross, GA, USA). Ca. 400 mg of catalyst was used to get sufficient available metal
to perform reliable measurement. After in situ oxidation (30 min at 350 ◦C in air) and subsequent
reduction (2 h at 450 ◦C in H2), the sample was evacuated, and stepwise CO adsorption was performed
at 35 ◦C to obtain an isotherm of the adsorbed quantity from 1 to 400 mmHg. The adsorption was
repeated after evacuation to quantify the amount of physisorbed CO. The difference of both isotherms
is a constant line, the value of which corresponds to the quantity of chemisorbed CO. An example
of CO adsorption isotherm is provided in Figure S2. The stoichiometry of CO adsorption on Pt
was set to 1 although the presence of bridged CO adsorbates would decrease the CO:Pt ratio and
lead to underestimation of the dispersion. H2–O2 titration was also employed to validate the CO
chemisorption results. The same instrument was used, and the pretreatment protocol was identical
as for CO chemisorption. The amount of H2 consumed by both reaction with oxygen adsorbed on
platinum and dissociative adsorption of H2 on platinum was obtained by extrapolation of the isotherm
at P = 0.

2.4. Surface Area Measurements

The surface area of the materials was measured by physisorption of N2 at 77 K with
a Micromeritics Tristar apparatus (Norcross, GA, USA). The catalysts were previously degassed
for 4 h at 250 ◦C. The surface area was calculated according to the BET method.

3. Results

To study the impact of microwave thermal treatment on Pt dispersion, a set of 1 wt% Pt/Al2O3

samples was prepared with different combinations of drying and calcination methods. Table 1
summarizes the synthesis conditions of each sample, as well as their aging treatment.

Table 1. Summary of 1 wt% Pt/Al2O3 samples synthesized.

1 2 3 4 5 6 7

Drying MW MW MW MW CH CH CH
Calcination CH MW MW MW CH CH CH

Aging (MW) – – 700 ◦C 800 ◦C * 600 ◦C 700 ◦C 800 ◦C

MW: Microwave Heating. CH: Conventional Heating. Samples 5, 6 and 7 come from the same batch, therefore
having the same dispersion after calcination. * MW treatment at 600 ◦C for 30 min, like MW calcination.

Some samples were entirely prepared with the help of a conventional oven, operating under gas
flow, where the heat was transferred to the sample via the surrounding atmosphere. Those samples
were then aged under microwave radiation at various temperatures in order to study the effect of
microwaves on already prepared catalysts. It should be noted that the normal aging time of 1 h, used
at 700 and 800 ◦C, was reduced to 30 min in the case of the aging at 600 ◦C to reproduce the same
treatment as the microwave-assisted calcination. One singular sample was dried under microwave and
calcined in conventional oven to investigate the effect of MW drying. Additional catalysts were both
dried, calcined and, when applicable, aged in MW oven. This addresses the effect of MW calcination
and allows to compare the impact of MW aging on MW-prepared and conventionally prepared 1 wt%
Pt/Al2O3 catalysts.
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3.1. Effect of Microwave Drying

The dispersion presented by the two fresh catalysts calcined in usual oven and dried in a different
way is shown in Figure 1. It can be seen that both CO chemisorption and H2–O2 titration reveal higher
Pt dispersion for the MW-dried sample. H2–O2 titration gave consistently higher dispersion values
than CO chemisorption which can be attributed to the underestimation of the dispersion measured by
CO chemisorption due to the chosen CO:Pt adsorption stoichiometric ratio. In addition, both samples
had similar BET surface area (147 m2/g), as reported in Table 2. In light of this result, one can conclude
that MW drying yields higher platinum dispersion than conventional resistive drying.

Figure 1. Comparison of Pt dispersion of samples conventionally dried (110 ◦C overnight) and dried
by microwave irradiation (210 ◦C, 15 min). The dispersion was measured by CO chemisorption and
H2–O2 titration. Both samples were calcined in conventional furnace.

Table 2. BET surface area of all prepared samples.

Catalyst
Drying CH MW MW CH CH CH MW

Calcination CH CH MW CH CH CH MW

Aging (◦C) – – – MW600 MW700 MW800 MW800

BET Surface Area (m2/g) 147 147 151 144 144 138 137

The higher dispersion measured on MW-dried catalyst can be attributed to the higher drying
temperature (210 ◦C vs. 110 ◦C) or to a specific effect of microwave irradiation and uniform heating.
Vallee and Conner investigated the sorption and sorption selectivity of various compounds on an oxide
surface under MW irradiation [15,16]. They found that adsorption of compounds depends on the
properties of the adsorbates, the adsorbents and the surface of adsorption. Desorption of compounds
with high permittivity, which reflects the ability to absorb microwave energy, was much greater
under MW heating than in the conventional oven. In the case of a mixture, this property leads to the
possibility of selective heating and selective adsorption/desorption depending on the compounds’
permittivity [16,17]. Since water has a significantly higher permittivity than Pt, water desorption is
enhanced in favor of Pt adsorption under MW irradiation. In addition, the fast and intense evaporation
of the solvent due to MW heating provokes deposition of the solute in situ [18] leading to the high
platinum dispersion measured. The higher dispersion measured after a fast drying indicates either
that the diffusion of platinum is extremely slow [19] or its interaction with the surface is strong [18].
As reported by Bond et al. [20], microwave drying of a Ni/Al2O3 catalyst after wet impregnation leads
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to a more homogeneous metal distribution and shorter time than conventional drying, which is in line
with our results.

3.2. Effect of Microwave Calcination

After impregnation and drying, a calcination step is necessary to decompose the counterions or
ligands of the metal precursor. It consists in a thermal treatment beyond the decomposition temperature
of the precursor for a sufficient time. However, care must be taken of metal migration and aggregation
due to high temperature. The use of microwave to perform this step was compared to the resistive
heating. In Figure 2, the effect of the calcination method can be compared on samples dried with
MW. It is clear that MW calcination is detrimental for platinum dispersion despite the shorter time of
exposure to 600 ◦C. During MW calcination, the catalyst lost near 30% of available platinum sites. This
result is found for both dispersion measurement techniques. As the H2 titration stoichiometry is known
(H/Ptsurface = 1), the amount of Pt surface atoms can be inferred for each catalyst and subsequently the
CO chemisorption stoichiometry can be assessed. Our results show consistently a CO/Pt ratio in the
range 0.71–0.79 for all samples, regardless of the dispersion or preparation method. This stoichiometry
corresponds to a ratio of linearly bonded CO and bridged CO of around 1. The BET surface area was
not decreased by MW aging (151 m2/g for the sample both dried and calcined by MW in Table 2).
MW heating presents therefore the ability to rapidly sinter Pt at relatively low temperature. This
implies great mobility of Pt nanoparticles on alumina surface during MW irradiation. It could be due
to a specific effect of the electromagnetic field on metallic particles and on their interaction with the
support [21], which enhances their mobility. Local hot spots in the catalyst bed are difficult to detect
but are likely to occur [22,23] and would cause platinum sintering. The elucidation of the enhanced
sintering mechanism will require further study.

Figure 2. Comparison of Pt dispersion of samples conventionally calcined (600 ◦C, 2 h) and calcined
by microwave irradiation (600 ◦C, 30 min). The dispersion was measured by CO chemisorption and
H2–O2 titration. Both samples were dried by microwave irradiation.

3.3. Effect of Microwave Aging

In practical applications, catalysts are often subjected to high temperatures or thermal treatment
that leads to morphological changes which are often studied in the laboratory. However, this leads to
noble metal sintering and/or loss of surface area due to support phase changes. Thermal and chemical
aging is often simulated in the laboratory to elucidate these mechanisms and evaluate the impact of
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aging conditions on catalytic activity [4,24,25]. Here, we attempted to use MW irradiation to provoke
accelerated aging of Pt/Al2O3. Alumina has very low dielectric constant (9) and dielectric loss (0.0063)
at 25 ◦C [26] which makes this material transparent to MW. However, these electrical parameters
increase with temperature and impurities in the material [27]. As a metal, Pt reflects MW and can
induce arcing. However, the dielectric parameters are temperature dependent and a SiC susceptor
was used in our experiment to ignite the temperature raise. Unlike for drying, where water filled the
alumina pores, and for calcination, where nitrate species could absorb and convert MW into heat,
Pt/Al2O3 was the sole medium to interact with the MW during aging. Ca. 1 g of sample was used for
aging and the temperature was reached, in all cases, in less than 20 min. Firstly, at the temperatures
tested, it was noted that alumina easily generated heat from MW absorption and consequently little
extra input power was needed to increase the temperature from 700 to 800 ◦C. Secondly, arcing was
not observed during MW aging due to the susceptor presence. High temperature MW treatment of
Pt/Al2O3 was therefore successfully performed. The dispersion measured after MW aging of MW
and CH prepared catalysts is depicted in Figure 3. It should be noted that the CH-prepared sample,
MW-aged 30 min at 600 ◦C, was previously CH-calcined for 2 h at 600 ◦C, while the MW-prepared
sample was only MW-calcined for 30 min at 600 ◦C. The CH sample has therefore been exposed
to 600 ◦C for a longer time (2.5 h) than the MW sample (0.5 h) and yet presents a slightly greater
dispersion. This highlights the strong effect of MW calcination at 600 ◦C on Pt dispersion.

Figure 3. Platinum dispersion of various MW-aged Pt/Al2O3 catalysts (30 min at 600 ◦C and 1 h at 700
and 800 ◦C). (a) CO chemisorption and (b) H2–O2 titration results.

The BET surface area of Pt/Al2O3 decreased moderately due to microwave aging. It dropped
from 147 to 138 m2/g and from 151 to 137 m2/g after 1 h at 800 ◦C (Table 2) for the conventionally
prepared catalyst and the microwave prepared catalyst, respectively. This indicates that γ-alumina
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phase transition was not promoted by the microwave treatment. It also illustrates that microwaves
specifically affect the metal nanoparticles, which could be a way to reach optimum particle size without
altering the pore structure and specific surface area of the support.

4. Conclusions

The utilization of microwave heating during the synthesis of Pt/Al2O3 catalyst was investigated
and compared to conventional heating (CH), with focus on resulting platinum dispersion. Higher
dispersion was obtained when drying of the impregnated alumina was performed under microwave
irradiation than under conventional heating. However, this result was only obtained when subsequent
calcination was done in a conventional oven. Indeed, MW calcination led to lower dispersion after both
MW and CH drying. Aging at 700 and 800 ◦C under microwave irradiation was also studied and the
results revealed platinum sintering on both MW- and CH-prepared catalysts. A 1 h exposure to 700 ◦C
yielded a dispersion of ca. 10% while at 800 ◦C, the dispersion dropped to ca. 5%, which is a very
low value based on the initial dispersion and the rather short aging time. Microwaves are capable of
accelerating Pt sintering. The BET surface area, however, was moderately affected by microwaves.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/9/348/s1,
Figure S1: Description of the single-mode microwave apparatus (Sairem). Figure S2: Example of a typical CO
adsorption isotherm: 1st isotherm corresponds to both physisorbed and chemisorbed CO, 2nd isotherm, measured
after evacuation, corresponds to physisorbed CO and the difference corresponds, therefore, to the amount of
chemisorbed CO.
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Abstract: The use of perovskite-based materials and their derivatives can have an important role
in the heterogeneous catalytic field based on photochemical processes. Photochemical reactions
have a great potential to solve environmental damage issues. The presence of precious metals in
the perovskite structure (i.e., Ag, Au, or Pt) may improve its efficiency significantly. The precious
metal may comprise the perovskite lattice as well as form a heterostructure with it. The efficiency of
catalytic materials is directly related to processing conditions. Based on this, this review will address
the use of perovskite materials combined with precious metal as well as their processing methods for
the use in catalyzed reactions.

Keywords: perovskite; photochemical; photodegradation; precious metals

1. Introduction

Perovskite-based materials have been extensively used in photocatalytic systems. The incorporation
of a precious metal on perovskite lattice or the use of these elements to modify the surface of perovskite
particles result in better light absorptions, which promotes the photochemical behavior required for the
catalytic process, such as photocatalysis and electrocatalysis; silver (Ag) and gold (Au) are the most
used precious metals for this purpose. In order to understand the advantages of using perovskite
structures associated with precious metals as photocatalysis in the catalytic process, this review addresses
considerations on photocatalysis principles, perovskite structure, and synthesis methods to obtain
a catalyst.

2. General Considerations on Photocatalysis

According to the IUPAC Gold Book [1], photocatalysis is defined as a change in the rate of
a chemical reaction or its initiation under the action of ultraviolet, visible or infrared radiation in
the presence of a substance—the photocatalyst—that absorbs light and is involved in the chemical
transformation of the reaction partners. Thereby, the photo term comprises the light (UV-vis, IR, etc.),
while the catalysis ones represent the process through which a catalyst compound or a substance
changes the reaction rate of chemical transformation by increasing the reaction kinetics without
modifying the overall standard Gibbs energy (ΔG0) alteration in the reaction [1]. Considering the
catalyst aspect, a photocatalyst is defined according to the IUPAC as a compound or a substance able to
produce, upon absorption of light, chemical transformations of the reaction partners. The excited state
of the photocatalyst repeatedly interacts with the reaction partners forming reaction intermediates and
regenerates itself after each cycle of such interactions [1]. Therefore, a photocatalytic process can be
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understood as a synergic process in which light radiation and the catalyst act jointly to support and
speed up a chemical reaction.

The photocatalytic processes are included in a broader and general category of chemical and
photochemical reactions known as advanced oxidation processes (AOPs), which apply powerful
oxidizing agents in order to degrade persistent organic pollutants as well as remove certain inorganic
pollutants. Through such process, the pollutants are converted partially or totally into simpler
and less toxic species resulting in easily degraded substances through the application of common
technologies [2–5]. The development of the AOPs started in the 1980s from new approaches for potable
water treatment that dispose of hydroxyl radicals (�OH) as major oxidizing agent [3–5]

Because of their non-selective nature, hydroxyl radicals may easily lead to the mineralization
of a wide range of potentially toxic organic species and depending on the operating conditions
(temperature, pH, pollutant concentration, etc.) transform them into less complex and harmful
intermediate products [5–7]. Although molecular ozone is a selective chemical oxidant and has a
good oxidizing capability, hydroxyl radicals can reach reaction rates of 1 million to 1 billion times
faster than those found in chemical oxidants and consequently display rate constants ranging from
106 to 1010 (M−1 s−1) [2,4,7]. Even though fluorine is a strong oxidizing agent, its use in drink water
treatment or to degrade organic pollutants is constantly intensively discussed due to the risk that
fluoride derivates may represent to the human health and biological systems [8,9], in addition to being
an expensive treatment technology on a large scale [10,11].

Most industrial waste and wastewater treatment processes employ classical treatment methods
from different physical, chemical, and biological processes, which only carry over organic compounds
from water to another phase generating hazardous sludge that results in secondary pollution [12–16].
Despite usually being high-cost technologies, AOPs emerge as an interesting solution to wastewater
treatment for presenting attractive characteristics such as versatile treatment —enabled before or after
conventional treatment or even during the main stage; mineralization of several chemical pollutants,
as well as intermediates; no generation of sludge hazardous (eco-friendliness technologies) as it
occurs in the physical, chemical, and/or biological processes; high reaction rate, and satisfactory
cost-effectiveness [13,14,17,18].

From the point of view of a chemical reaction, applying AOPs in wastewater treatments comprises
basically the following steps: (i) firstly, the generation of strong oxidizing agents (•0OH, HO•2, O•−2 ,
etc.) from the species into medium reactional (ions, molecules, catalyst, etc.); (ii) followed by the
oxidizing species reacting with organic contaminants molecules in solution, generally converting
them into easily degradable intermediary compounds; (iii) finally, the oxidation of these intermediates
leading to complete mineralization in water, carbon dioxide, and inorganic salts [3,4,18–20]. In contrast,
AOPs exhibit complex oxidation mechanisms due to the very large number of reactions that may
occur; therefore, it is laborious to predict all reaction pathways of products formed [5,18–20]. In this
regard, although AOPs display fast oxidation rates for many persistent organic pollutants, controlling
the formation of reaction products becomes impossible. In particular cases, depending on medium
conditions of the supports reaction, these products can be more toxic than parent molecules due to a
fast attack to the water contaminant molecules by some free radicals, just as other intermediate species
available in solution, such as short-lived species like hydroxyl radicals [5,19,20].

Although AOPs show many advantages in relation to other conventional oxidation processes,
an important consequence of most AOPs—regarded as a remarkable disadvantage to any oxidation
process based on hydroxyl radical attack—consists of the scavenging of •0OH radicals by scavenger
agents presents in the solution (HCO−3 , CO2−

3 , excess H2O2 and pH conditions) [2,5,18,21–23]. In this
regard, the scavengers trap the •0OH radicals decreasing their availability in the reactive medium
and consequently compromising the degradation efficiency, which lead others species to emerge
with much lower oxidizing power than the hydroxyl radical. It is worth highlighting that scavenger
species (ions, radicals, charge carriers, etc.) can act either in a favorable or harmful manner during the
degradation process.

170



Catalysts 2019, 9, 721

AOPs are classified as homogeneous and heterogeneous systems; in both cases, the hydroxyl
radicals are generated with or without the presence of a stimulus from an external source (UV,
ultrasound, microwave, etc.) [17,19,24]. In the homogeneous systems, a single phase is formed between
the catalyst and the substrate, whereas in the heterogeneous systems the substrate and the catalyst
present more than one phase, in which the catalyst can be found as a solid phase [19].

2.1. Heterogeneous Photocatalysis: TiO2 vs. Perovskite-based Materials

In the context of the AOPs systems, heterogeneous photocatalysis based on a semiconductor
photocatalyst is among the most explored procedures in the area of water and wastewater treatment.
The first experiments regarding AOPs were performed in the 1930s and used TiO2 in aqueous
suspension under UV irradiation in order to degrade dyes [25–27]. Nonetheless, the applications of
semiconductor photocatalysts are not limited to degradation of dyes and other potential pollutants
that are harmful to human health and the environment. Its application also involves the production
of hydrogen, purification of air, and antibacterial activity [12,26–30]. The evolution of photocatalysis
progressed in parallel to advances in researches on the investigation of TiO2 properties applied
to photoelectrochemical reactions. The advantages of using TiO2 include higher photoreactivity
and physical-chemical stability as well as lower cost and toxicity in relation to other photocatalyst
candidates [25,26,29,30]. Researchers investigating the use of TiO2 in photocatalytic processes were
boosted in the year of 1972 when Honda and Fujishima pioneered and reported the decomposition of
water into H2 and O2 through means of a photochemical experiment under sunlight irradiation [26,30].

In the photoactivation of the semiconductor, electrons located in the valence band maximum
(VBM) are photoexcited under hν ≥ Eg toward conduction band minimum (CBM) leaving positive
holes in the valence band. Subsequently, these charge carriers may have different destinations in
the photocatalytic process [23,25,31–35]. A photocatalyst will oxidize a species upon a less positive
oxidation potential (Eox) than the potential edge conduction band (CBM) and analogously reduces
it upon a more positive reduction potential (Ered) than the potential edge valence band (VBM) [36].
Thus, the positions of the electronic band-edge structures of the semiconductor can easily promote
both oxidation and reduction of the species presents in solution since the valence/conduction band gap
(Eg) is sufficiently large for encompassing the redox potentials of some species that are essential to the
photocatalytic process [25,33–37].

TiO2-based photocatalysts are undeniable the most studied material in the context of
photocatalytic applications. Nevertheless, its use as pristine TiO2 bulk is restricted to the UV
region since the TiO2 anatase electronic structure absorbs at ~3.2 eV and [25,26,38]. Complex
oxides systems—such as perovskite-based photocatalysts—emerge as an interesting alternative to
photocatalytic processes [39–41]. Among the different advantages of the photophysical properties
of perovskite, we can highlight: (i) their structures can be formed from a wide variety of elements,
although their basic structures are similar; (ii) their valency, stoichiometry, and vacancy can be
easily changed from the simple and non-laborious proceedings; (iii) possibility of a satisfactory
prediction of their surface properties since their bulk structures are very well characterized; (iv)
their crystal structures generally provide an appropriate electronic structure that shifts the band gap
energy to visible-light absorption; (v) their crystal structural arrangements allow lattice distortions,
strongly affecting the separation of photogenerated charge carriers and avoiding the recombination
processes [41,42]. Therefore, the possibility of controlling the physical-chemical properties of perovskite
structures allows unraveling the relationship between structural properties and photocatalytic activity,
which makes this material a good photocatalyst alternative to TiO2 [42].

2.2. Perovskite Structure

The perovskite-type structure term comes from mineral calcium titanate (CaTiO3), also called
perovskite. Materials under perovskite-type structure have a general chemical formula of type ABX3,
in which atoms A and B are metal cations and X atoms are non-metallic anions, so that upon the
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occupation of the site X with oxygen, this structure is called perovskite oxides (ABO3), as illustrated
in Figure 1. In addition, the A atom can be monovalent, divalent or trivalent, while the B atom can
be trivalent, tetravalent or pentavalent [43,44]. In a typical perovskite oxide structure, the lattice is
formed by small B cations that are six-fold coordinated to oxygen (BO6), while larger A cations are
twelve-fold coordinated by oxygen (AO12), so that BO6 octahedra are corner connected and AO12

clusters are arranged between the eight BO6 octahedra, resulting in a crystal structure that extends in
three dimensions and has excellent flexibility depending on the valence and ionic radii of the A and B
cations [43–45].

Figure 1. (a) ABO3 ideal cubic perovskite structure and (b) the perovskite framework Mishra, A.;
Prasad, R. Preparation and application of perovskite catalyst for diesel soot emission control: an
overview. Catal Rev. 2014, 56, 57–81. Copyright 2014 Taylor & Francis [46].

An ideal, fully ordered perovskite oxide structure shows a cubic crystal structure with space
group Pm3m; however, there are several cases in which the ideal structure is distorted. The distortions
observed in ABO3 structures can derive from (i) distortions in the BO6 octahedra, (ii) displacement of
the B-site cation within the octahedron, (iii) displacement of the A-site cation within the lattice, and (iv)
tilting of the corner-sharing octahedrons [47,48]. Therefore, the A and B cations can promote strain,
stress, and/or distortions under the perovskite structure according to the distortion degree, also known
as tolerance factor (t), depending on the ionic radii of the A and B cations [49,50].

Nevertheless, in general terms, the tolerance factor is not solely the unique variable able to
determine the formability and stability of a general perovskite structure since other non-geometric
factors, such as bond valence and chemical stability, should also be considered [51,52]. Thereby, the size
of the atoms constituting the structure must be adequate to make the perovskite structure geometrically
robust as well as less reactive under ambient conditions, for example, in the presence of moisture and
oxygen [51].
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Figure 2 shows two correlated metals with similar perovskite structures, whereby the difference
between the ionic radii of cations Sr2+ (118 pm) and Ca2+ (100 pm) promoted distinct degrees of
BO6 octahedral distortions, resulting in a more “distorted” crystal structure of CaVO3 in relation
to the SrVO3. Despite being similar perovskite structures, because of the variation in cation radii,
the crystal structure of SrVO3 is cubic (c = 3.842 Å), whereas CaVO3 is orthorhombically distorted
(c = 3.770 Å) [53].

Figure 2. Crystal structure of SrVO3 and CaVO3. Reprinted (adapted) with permission from Zhang, L.;
Zhou, Y.; Guo, L.; Zhao, W.W.; Barnes, A.; Zhang, H.-T.; Eatom, C.; Zheng, Y.; Brahlek, M.; Haneef,
H.F.; Podroza, N.J.; Chan, M.H.W.; Gopalan, V.; Rabe, K.M.; Engel-Herbert, R. Correlated metals as
transparent conductor. Nat. Mater. 2016, 15, 204–210. Copyright 2015 Spring Nature [53].

In terms of photocatalytic process, there are several factors assigned to structural properties that
affect the photocatalytic performance of ABO3-based photocatalysts. The main factors are related to
electron-hole separation as well as the carrier transport mechanisms within the crystal lattice, such as
exciton lifetime and diffusion length, exciton binding energy, and electron/hole effective mass [39,54].
Thereby, the lattice distortion and structural defects may change the electronic structure of perovskite
oxide materials remarkably, consequently affecting the carrier transport mechanisms [39,44,47,48].

The electronic structure in perovskite oxides is defined by a lattice of BO6 octahedra clusters,
whereby their B-O-B bonds build up an electrical conduce way along the crystal structure through which
the electrons and/or holes “flow” [43,45,55]. The lattice distortion degree of the pristine ABO3 induced
by ion doping may induce structural defects on the crystal structure generating and/or rearranging
energy state levels that change the electronic structure strongly. These lattice distortions affect the
separation of charge carriers avoiding the recombination processes and/or shifting the band gap energy
to enable visible-light absorption and tuning the band edge potentials to meet the requirement of
specific photocatalytic reactions [39,56,57].

2.3. Perovskite-based Photocatalysts Supported by Precious Metals: A Synergistic Effect on
Photocatalytic Performance

Aiming at achieving the best of the photocatalytic process, innumerous strategies can be applied.
Although other challenges are yet to be overcome in the photocatalytic universe, hampering the
electron-hole pair recombination is an essential strategy to ensure optimum photocatalytic efficiency.
In this regard, our review addresses one of the most interesting strategies to improve the photocatalytic
activity of perovskite-based semiconductor. This strategy is based on the modification of perovskite
structure by inserting a precious metal into its crystalline lattice through doping process or obtaining
precious metal/perovskite composite through modification of perovskite particles surface with a
precious metal in order to decrease and/or retard the recombination process of charge carriers, apart
from shifting the band gap values to visible-light absorption region.

Precious metals integrate a class of dopants widely used in the development of new photocatalysts
since their optical properties may allow the activity in visible light as well as decrease the electron-hole
pair recombination promoting a synergistic effect on the photocatalytic activity [58,59]. On the whole,
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individual precious metals nanoparticles (Ag, Au, Pt, Rh, Ir, etc.) or precious metals supported on
the photocatalyst surface exhibit a specific behavior when interacting with light at plasma frequency,
which enables the visible light absorption by the surface plasmon resonance (SPR) effect [60,61]. The
plasmon term can be understood as a wave coming from the collective oscillation of electrons on the
surface of metals. Basically, the electric field associated with light exerts a force on the outermost
electrons of the conduction band of metal redistributing the spatial electron density and generating
intense electric fields on the surface metal. In a given oscillation pattern at plasma frequency, when
the depth of light penetration is approximately equal to the size of the metallic nanoparticles, such
oscillation resonates with incident light resulting in a strong oscillation of the surface electrons that
change the absorption profile of metal [61,62].

The key point of the SPR is the frequency of incident radiation, which must be resonant with the
frequency of oscillation of the electrons on the metal surface. However, if the incident radiation is
lower than plasma frequency, it will be reflected because the electrons of metal filter the electric field
incident. In contrast, if the incident radiation is higher than the plasma frequency, the light will be
transmitted because the electrons are incapable of responding quickly to the electric field oscillation to
filter it [61].

The oscillations of electrons and electromagnetic fields under resonance frequency are defined
as located at the surface plasmonic resonance (LSPR), whereby electrons would oscillate with the
maximum amplitude. Nevertheless, for a same noble metal, the resonance frequency can be attuned
by means of change in size, shape, and nature of the surrounding medium and type of matrix
(photocatalyst) when the precious metal is a dopant on the photocatalyst surface [58,59,63]. In this
respect, silver and gold nanoparticles are good examples of metals that present an SPR effect due to
decreased particles size. A smaller particle size allows silver to absorb light at a visible frequency and
gold to absorb light at IR frequency [61].

Thus, the great interest in precious metals nanostructured for photocatalytic applications arise
from the localized surface plasmon resonance mechanisms since it is well-known that such plasmonic
effect can increase the cross-section absorption in photocatalyst through the process of strong field
enhancement, consequently shifting the light absorption to larger wavelengths, in addition to enhancing
the separation of charge carriers photogenerated in photocatalyst [58,60].

In this regard, for metallic nanoparticles supported on the semiconductor surface, the energy
generates by the electron oscillation via LSPR effect can be transferred to the semiconductor as
electromagnetic energy or as excited electrons. In the first case, the energy absorbed in the excitation
of the plastron band is quickly converted to heating, and then this energy is transferred to the
semiconductor via photothermal effect [58–60,62]. The second case involves a complex charge of
transfer mechanisms in which the surface plasmon resonance acts by amplifying the light absorption of
the metallic nanoparticles directly injecting photogenerated electrons from the metallic nanoparticles
to the semiconductor conduction band via direct transfer mechanism and/or through the resonance
electron transfer mechanism. The local electromagnetic field generated by LSPR, in turn, facilitates the
generation of electron-hole pairs close to semiconductor surface, in addition to creating a Schottky barrier
suppressing the recombination processes since the photogenerated electrons are quickly transferred to
the semiconductor conduction band [58,59,62,63]. In the case of our work, the semiconductors are the
perovskite compounds used as the catalyst.

Figure 3 illustrates a scheme presenting both direct electron transfer and resonance electron
transfer which have been proposed to explain the visible light activity of metallic nanoparticles on
the photocatalyst. In the scheme, Au is the metallic nanoparticles and TiO2 is the photocatalyst
semiconductor. However, this scheme can be applied to illustrate these electronic transfer effects
whenever a perovskite structure is used as a semiconductor. Details on the species formed during the
photocatalytic process can be found further in the reference section [63].
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Figure 3. The visible light activity of Au–TiO2 explained by two electron transfer mechanisms:
resonance energy transfer process (right) and direct electron transfer process (left). Reprinted with
permission from Nie, J.; Scheneider, J.; Sieland, F.; Zhou, L.; Xia, S.; Bahnemann. New insights into the
surface plasmon resonance (SPR) driven photocatalytic H2 production of Au-TiO2. RSC Adv. 2018, 8,
25881–25887. Copyright 2018 The Royal Society of Chemistry [63].

On the plasmonic point of view, the decision on the noble metals to be used should consider those
able to support a strong surface plasmon resonance effect at the desired resonance wavelength. The
ability of a metal to support an SPR depends on their dielectric properties, i.e., dielectric function (ε),
including its real (εr) and an imaginary (εi) part, as both of which vary according to the excitation
frequency [60]. Therefore, a resonance in the absorption occurs at the plasmon frequency when the real
part of the dielectric function reaches zero [61]. Thereby, among the noble metals, silver is undoubtedly
the most employed one in plasmonic applications for its unique electrical and optical properties, in
addition to low cost in relation to Au and Pt [60], for example.

In a hybrid structure applied in plasmonic photocatalysis, the charge-transfer mechanism between
metallic nanoparticles and semiconductors displays a fundamental role for noble metals to present
an intense SPR effect in the range of energy level states of the semiconductor conduction band in
order to enable the electron transfer between metal and semiconductor [64–66]. Generally, interband
transitions between Ag/semiconductor hybrid structures occur at high frequencies, therefore, silver
nanoparticles present an intense SPR effect in the range of 400–450 nm [65], whereas, for Au and Cu,
these transitions limit their SPR excitation to wavelengths above 500 and 600 nm, respectively [67].
It is worth mentioning that these interband transitions from the SPR effect in metal/semiconductor
hybrid structures strongly depend on the electronic band structure and mainly on the minimum
conduction band.

Therefore, plasmonic photocatalysis applications emerge as new and upgraded approaches on
the photocatalytic universe and combined with the structure-property relationship of perovskite
materials generate new structures of photocatalysts by blending the unique properties of perovskite
compounds and the optical and electrical properties of precious metals nanostructured highlighted by
the SPR effect.

The plasmonic effect caused by precious metals on the perovskite structure not only improves
the photocatalytic behavior of the material, the incorporation of metals such as Pt, Pd, and Rh into
a perovskite structure, also stabilizes the metal against sintering, metal-support interaction, and
volatilization. The catalytic activity and selectivity of perovskite in the exhaust cleaning process are
enhanced even if small amounts of precious metals are combined with the perovskite structure [68]. As
aforementioned and illustrated in Figure 4, the distortion of BO6 octahedral of perovskite is promoted
by ionic radii of cations present in the crystalline lattice resulting in a more distorted structure. Thus,
the same precious-doped perovskite matrix may suffer different distortion degrees according to the
kind of precious metal present in its structure. Thereby, the lattice distortion may change the electronic
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structure of perovskite oxide materials remarkably and consequently affect the carrier transport
mechanisms [39,44,47,48,55].

Based-perovskite plasmonic photocatalytic materials can be processed as powder or film. Our
work approaches the chemical synthesis method (bottom-up method) most commonly used to produce
perovskite powders. Through this method, it is possible to control the stoichiometry, shape, surface
area, and size of the particles, among other relevant features.

3. Chemical Synthesis for Perovskite Photocatalyst Obtaining

3.1. Solid-State Reaction

The solid-state reaction method is the oldest method to produce inorganic powders. It is the
simplest and most widely used method in the synthesis of compounds with perovskite structure. This
reaction consists of the combined heating of two or more non-volatile solids that react to form the
desired product. The reactants in the stoichiometric ratios should be very well mixed at the level of
individual particles on a scale around 1 μm or 10−3 mm [69]. An efficient mix process ensures the
maximum contact among the reactants minimizing the diffusion distance among them. The mix is
performed using a mortar or a mill for the precursors to be subsequently heated at high temperature
in a furnace for several hours in an alumina crucible [70]. The reaction can be slow and its speed
increases upon a higher temperature promoting the faster diffusion rate of the ions that compose the
final product. The reaction occurs at the interface of the solids (reactants); after the surface layer reacts,
the reaction continues as the reactant diffuse from the bulk to the interface [69,70].

Iwashina and Kudo obtained SrTiO3 powders doped with Rhodium at Ti sites (SrTiO3:Rh). We
performed the airborne calcination of precursor mixture according to the following two steps: firstly,
at 1173 K for 1 hour and then at 1373 K for 10 hours. X-ray diffraction patterns revealed that the
single phase of SrTiO3: Rh is obtained until 4 atom% of dopant. Small amounts of impurity phase
are obtained for 7 and 10% of atom dopant. After powder preparation, this one was employed in
photoelectrochemical water splitting by covering of an ITO electrode. Undoped SrTiO3 is an n-type
semiconductor and the doping process transforms it in a p-type semiconductor. The optimum material
was the one that doped with 7 atom% of Rhodium. The dopant contributes to the visible light absorber
and a recombination center for photogenerated electrons and holes because these factors are responsible
for the device efficiency in the photocatalysis process. Through diffuse reflectance spectra, we found
that SrTiO3:Rh (7 atom%) had visible light absorption bands that did not occur for the non-doped
material. The Faradaic efficiency for H2 and O2 evolution were 100% within experimental error and
stable cathodic photocurrent could be observed for a long period of time [71].

The (AgySr1−y)(Ti1−yNby)O3 was produced seeking to evaluate its efficiency in the photocatalytic
oxidation through the decomposition of gaseous 2-propanol under UV and visible light irradiations.
The products present a cubic crystalline structure with homogeneous SrTiO3 crystalline phase at least
up to y = 0.1. The band gap energy value (3.18 eV) was similar to (AgySr1−y)(Ti1−yNby)O3 and pure
SrTiO3. The density of states calculations for (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3, Nb 4d contributes to the
conduction band, but did not contribute to the valence band. In contrast, Ag 4d contributed only to the
valence band, meanwhile, we may consider that Ag 4d did not mix with valence band composed of
O 2p, but Ag 4d forms an isolated band in the forbidden above the valence band. We evaluated the
photocatalytic activity in the decomposition of gaseous 2-propanol by monitoring the acetone and CO2

concentration on the subjection of the photocatalyst under UV and visible lights. After adsorbed into
the semiconductor surface, the 2-propanol concentrations in presence of (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3

were 18 and 2.5 ppmv, respectively, showing that acetone and CO2 are generated when absorbing either
UV or visible light. In addition, the color of (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3 did not change at all after
photocatalytic test indicating the stability of the compound under light irradiation. The effective work
of photocatalyst at decomposing organic compounds occurs if photoexcited electrons are consumed
in the oxygen reduction. In the case of (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3, the Ag+ was attributed to the
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electronic structure of matrix valence band and not to that of its conduction band. If the Ag+ were
attributed to the electronic structure of the matrix conduction band, photoexcited electrons could not
be consumed in the oxygen reduction. Despite (Ag0.25Sr0.75)(Ti0.75Nb0.25)O3 presenting photocatalytic
activity under both UV and visible light irradiation, the formation of the Ag 4d isolated band above
the valence band composed of O 2p is responsible for making the efficiency of the compound under
UV light superior to that under visible light [72].

Saadetnejad and Yildirim studied the photocatalytic hydrogen production by water splitting
over Au/Al-SrTiO3. The Al-doped SrTiO3 was obtained from solid-state reaction and loaded with Au
via the homogeneous deposition-precipitation method. XRD patterns indicated that samples were
indeed SrTiO3 with good crystallinity, which contributes to an efficient migration of charge carriers
in the water-splitting process. The best performing catalyst was obtained by using a material with
composition equal to 1% Al doped, 0.25% Au loaded SrTiO3, in the presence of methanol as a sacrificial
agent, while 1% Al doped 0.50% Au was the best for the isopropyl medium. The relative performance
of methanol and isopropyl medium seems to depend on the alcohol concentration since the isopropyl
performs better at 10% and 30%, while methanol is better at 20%. Furthermore, the distinguished
results obtained from differences among concentrations and different alcohol types may be related to
the carbon number present in the alcohol molecules, which may result in different byproducts, the
redox potential of alcohol, and their OH scavenging behavior [73].

AgTaO3/AgBr heterojunction presents intense visible light absorption and consequently better
photocatalyst perform than individual AgTaO3 and AgBr in the methyl orange degradation. AgTaO3

showed no efficiency at dye degradation under visible light irradiation. After the heterojunction
formation, the photocatalytic activity efficiency significantly improves due to the enhanced interfacial
charge separation efficiency between AgTaO3 and AgBr. The heterojunction induced an efficient
transfer of photogenerated electrons from AgBr conduction band to AgTaO3 conduction band leading to
a better charge separation improving photocatalytic behavior. We applied solid-state reaction to obtain
Perovskite AgTaO3 and solution method to produce AgBr. Composites were processed by mixing
individual AgTaO3 and AgBr suspensions containing poly(ethyleneglycol)-block-poly(ethylene glycol)
NH3.H2O. After a photocatalytic test, an additional weak diffraction peak regarding cubic Ag was
observed in AgTaO3/AgBr heterostructure indicating the formation of the ternary AgTaO3/AgBr/Ag.
XPS results indicated that partial Ag+ ions present in the heterojunction were reduced to metallic
Ag nanoparticles to form the ternary AgTaO3/AgBr/Ag during the photocatalytic experiment. It was
evidenced that the photogenerated electrons may migrate from the conduction band of AgBr to the
conduction band of AgTaO3 [74].

Konta and co-workers investigated the photocatalytic application of SrTiO3:M(0.5%) (M =Mn,
Ru, Rh, Pd, Ir, and Pt ions) powders in H2 evolution from methanol solution and O2 evolution
from an aqueous solution nitrate solution under visible light irradiation. All material exhibited pure
phase of SrTiO3, except for SrTiO3:Pd(0.5%), since its Pd2+ ion radius are much larger than Ti4+ ion
radius. The diffuse reflectance spectra of materials revealed that all samples presented visible light
absorption. The spectra of the sample doped with Mn, Ru, Rh, and Ir, we found an absorption band
as a shoulder in addition to the absorption band regarding SrTiO3 indicating that the dopants had
created discontinuous levels in the forbidden band. The presence of two absorption bands as shoulders
in the diffuse reflectance spectra of SrTiO3:Rh powders result from some doping levels formed in
the forbidden band due to different oxidation numbers (Rh3+ and Rh5+). SrTiO3:Rh showed the best
photocatalytic activity in H2 evolution, while SrTiO3:Ru proved the best for O2 evolution. In contrast
to the higher O2 evolution for SrTiO3:Mn and SrTiO3:Ru, their low photocatalytic activity for H2

evolution would occur due to the surface states generated by Mn and Ru dopants below the conduction
bands, resulting in difficulty for the H2 evolution. Because SrTiO3:Rh showed the highest activity for
H2 evolution, further investigations should be carried out to approach this compound. We found the
occurrence of at least two different species of doped Rh (Rh3+ and probably Rh5+). Rh with higher
oxidation number acts as an electron acceptor because they can be easily reduced to Rh3+ at an early
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stage of the photocatalytic reaction; in addition, during the photocatalytic process, the Rh3+ acts as
an electron donor. The SrTiO3:Rh visible light response resulted from the electronic transition from
the electron donor level formed by Rh ions to the Ti 3d orbitals present in the conduction band of
SrTiO3 matrix. Despite its excellent performance in H2 evolution, the SrTiO3:Rh presented no activity
to O2 evolution. One of the reasons for no O2 evolution using SrTiO3:Rh as photocatalyst is the kinetic
limitation of the lack of active sites. The photocatalytic reaction may be efficient after reducing the Rh
with high oxidation number. However, these species cannot be reduced in an aqueous silver nitrate
solution medium because they act as recombination center in the absence of a hole scavenger, which is
another reason for the absence of photocatalytic activity in O2 evolution [75]. Table 1 shows both H2

and O2 evolution when using SrTiO3:M(0.5%) under visible light absorption as well as the respective
band-gap values of semiconductors.

Table 1. Photocatalytic activities of SrTiO3:M(0.5%) for H2 and O2 evolution from the aqueous solution
containing sacrificial reagents under visible light irradiation a. Reprinted with permission from Konta,
R.; Ishii, T.; Kato, H.; Kudo, A. Photocatalytic activities of noble metal ion doped SrTiO3 under
visible light irradiation. J. Phys. Chem. B 2004, 108, 8992–8995. Copyright 2004 American Chemical
Society [75].

M Eg/eV Activity/μmol h−1

H2
b O2

c

Mn 2.7 0.2 2.7
Ru 1.9 1.7 3.9
Rh 1.7 17.2 0
Ir 2.3 8.6 0.4

a Catalyst, 0.3 g; reactant solution, 150 mL; light source, 300 W Xe lamp with cutoff filter (λ > 440nm). b From
10 vol% aqueous MeOH; cocatalyst, Pt (0.5 wt %). c From 0.05 mol.L−1 aqueous AgNO3.

3.2. Sol–Gel Method

Sol–gel method also represents a widely used approach to produce perovskite particles.
This process consists in the transition of a solution system from a liquid known as “sol”, most
often a colloid liquid, into a solid phase named “gel”. Inorganic metal salts or metalorganic compounds
are usually employed as starting materials for the sol–gel method. To form the desired product,
it initially occurs the hydrolysis of a precursor metal to produce the metal hydroxide solution.
Subsequently, an immediate condensation occurs providing a three-dimensional gel that is dried by
removing the solvent. Depending on the way the solvent is removed, the formation of the Xerogel or
Aerogel occurs. If the solvent is removed slowly at room temperature, a Xerogel is formed. In contrast,
if the drying process is performed under supercritical conditions, the Aerogel is obtained [76–78].

Since the ion–codoped semicondutor has been improving photocatalytic activities under
visible-light irradiation, Zhang and co-workers studied the effect of monovalence silver and trivalence
lanthanum codoping CaTiO3 in the water-splitting process. The sol–gel method was chosen to provide
the perovskite material and the ultrasonic dispersing technique was used to enhance the properties of
the materials. XRD patterns showed the pure CaTiO3 orthorhombic phase even for doped samples.
Diffuse reflection spectra showed a shift to a longer wavelength when replacing Ca2+ by Ag+ with
La3+. Such behavior may result from the electronic transition between the electrons present in the Ag
4d5s orbital to the O 2p + Ti 3d hybrid orbital. The Ag–La codoped CaTiO3 introduces a band in the
visible light region due to the transition of Ag 4d5s electrons to the conduction band. The photocatalytic
efficiency increased until the amount of dopant equal to 3% and is much higher than the value obtained
from pure CaTiO3. Upon a doped concentration lower than the optimum value, the photocatalytic
activity increased because of the absence of enough capture traps of charge carriers in the photocatalyst
particles. In contrast, the recombination rate increases when the doped concentration is higher than
the optimal value, which promotes lower photocatalyst activity [79].
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ZnTiO3 is UV light active photocatalyst and the formation of a composite between this perovskite
and plasmonic metals (e.g., Au) represent satisfactory applications of this perovskite in visible light
assisted photocatalytic reactions. Gold is considered an efficient metal for this purpose due to its great
properties, such as surface plasmon resonance characteristics, electron storage effect, chemical stability,
and high catalytic activity. In this sense, Hemalata Reddy and co-workers obtained ZnTiO3 through
sol-gel auto combustion method and subsequently loaded the particles with Au nanoparticles using
the precipitation-deposition method forming Au/ZnTiO3 nanocomposites. The material was applied
in H2 generation from methanol solution under UV and visible light irradiation. Pure ZnTiO3 has
absorption in UV region and the addition of Au on ZnTiO3 surface promotes an additional absorption
in the visible region due to the surface plasmon absorption corresponding to the gold nanoparticles.
The photocatalytic tests were performed by using Au/ZnTiO3 nanocomposite with Au concentration
varying from 0.5 to .5 wt%. We achieved the best results for H2 evolution using the nanocomposites with
1 wt% of Au under visible light irradiation, while pure ZnTiO3 efficiency was practically insignificant.
In contrast, through UV as the radiation source, the photocatalytic efficiency increases with a higher Au
content up to 1.5% wt due to the separation of charge carriers in the interface between Au nanoparticles
and perovskite particles through the Schottky barrier. In addition, the interfacial defect sites in the
nanocomposites act as Au-induced charge separation effect that balances the recombination effect of
Au/ZnTiO3 in photocatalytic reaction from UV light irradiation [80].

The physicochemical properties and photocatalytic activity for the degradation of methylene
blue under simulated solar light were investigated in novel Au-induced nanostructured BiFeO3

homojunctions (Aux-BFO, x = 0, 0. 6, 1.2, 1.8, 2.4 wt%) obtained through in situ synthesis, despite
of a simple reduction method using spinning techniques and post-thermal processing. Among the
Aux-BFO structures, the Au1.2-BFO sample proved the best photocatalytic activity (85.76%) after 3h of
irritation, being much higher than pristine BFO samples (49.49%) considering the same experimental
conditions. The authors attributed the notorious improvement of photocatalytic activity primarily to
the SPR effect of Au NPs in the hierarchical of Au-BFO nanostructured homojunction and secondly to
the structural defects (Fe2+/Fe3+ pairs and oxygen vacancy) [81].

3.3. Hydrothermal Method

Another widely used synthesis route to grow perovskite structures is the hydrothermal method.
This reaction occurs in an aqueous solution into a close system under high pressure and temperature
above the boiling point. When the materials synthesis is performed in a nonaqueous solvent at relatively
high temperature, the process is known as the solvothermal method. In the hydrothermal/solvothermal
method, the temperature is relatively high, but lower than the temperature employed in the methods
explained above. In these methods, the crystallization process occurs directly in the solution, which
excludes the calcination step and contributes to the growth of particles with very well-controlled
morphology [82].

CaTiO3 orthorhombic nanocuboids with a size around 0.3–0.5 μm in width and 0.8–1.1 μm in
length were produced using the conventional hydrothermal method. After the CaTiO3 synthesis,
the hybridized Au nanoparticles were deposited on perovskite surface obtaining Au@CaTiO3

nanocomposite with an Au mass fraction of 4.3%. XPS spectrum indicated that Au species exist in
the metallic state on perovskite surface. We performed photocatalytic tests under simulated-sunlight,
ultraviolet, and visible light using Rhodamina B as pollutant model. After 120 minutes of
simulated-sunlight irradiation, the degradation of Rhodamine reached 76.4% using pure CaTiO3

and 99.9% when the photocatalyst was the composite. Under UV light irradiation, the efficiency
of CaTiO3 reached 95.7%, while the efficiency of Au@CaTiO3 was 99.9%. By irradiating the system
with a visible light source, the CaTiO3 efficiency had the worst result (15.1%), whereas the composite
presented 46.1% of efficiency. The presence of Au onto CaTiO3 enhanced visible-light absorption;
decreased charge-transfer resistance enhanced the photocatalytic performance of the material. CaTiO3

is excited under UV irradiation producing electrons in its conduction band and holes in its valence
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band. Even though Au nanoparticles could not be excited under UV irradiation, they can act as
electron sinks to capture the photogenerated electrons in CaTiO3. The electronic transfer between the
conduction band of CaTiO3 to Au nanoparticles promotes the spatial separation of the electron/hole
pair in perovskite. For this reason, more holes in the valence band of CaTiO3 are available in the
photocatalytic process. CaTiO3 cannot be directly excited to produce electron/hole pairs under visible
light irradiation. However, the located surface plasmon resonance (LSPR) of Au nanoparticles is
induced by visible-light absorption stimulating the generation of electron/hole pairs in CaTiO3 due to
electromagnetic field caused by LSPR effect. This is why Au@CaTiO3 nanocomposites also present
visible-light photocatalytic degradation of Rhodamine B. When simulated sunlight is used as irradiation
source, Au nanoparticles act as electron sinks and are responsible for the LSPR effect in the Au@CaTiO3

composites, improving the photocatalytic performance of nanocomposite under simulated sunlight
irradiation [83].

Malkhasian studied the photocatalytic performance of Pt/AgVO3 nanowires under visible light
irradiation in the photooxidation of atrazine. The author used the hydrothermal method to synthesize
β-AgVO3 nanowires posteriorly used to obtain the Pt/AgVO3 compound. For this purpose, Pt metal
was deposited on β-AgVO3 surface under UV-light irradiation using a photo-assisted deposition (PAD)
method. XRD patterns reveal that only the β-AgVO3 peaks are present in the samples indicating that Pt
content was well dispersed on the perovskite surface, which was confirmed through TEM analyses. In
contrast, higher Pt percentage decreases the crystalline size of β-AgVO3. Higher Pt weight percentage
of Pt from 0.2% to 0.6% also leads to improved photocatalytic efficiency. When using 0.6 g/L of the
0.6%wt Pt/β-AgVO3, the oxidation of atrazine was 99% after a 60-minute reaction time. The oxidation
time of atrazine decreases from 60 minutes to 40 minutes upon the use of 0.9 g/L of photocatalyst.
This behavior results from the higher number of available active sites to oxidize atrazine with higher
photocatalyst concentration. In addition, the photocatalyst can be used five times without losing its
stability [84].

Me-loaded NaNbO3 catalysts (Me = Fe, Ni, Co, and Ag) were prepared, aiming at producing H2

through the water-splitting process. The material was obtained by impregnating NaNbO3 (previously
synthesized through hydrothermal method) in an aqueous solution of cation nitrates followed
calcination. The formation of colored powders indicated the formation of metal oxidized on the
surface of perovskite particles. The samples presented similar morphologies composed by irregular
structures without significant modification caused by metal loading on NaNbO3. Photocatalyst results
showed that different metal oxides loaded with NaNbO3 have a different effect in the photocatalysis
for H2 evolution. Interestingly, only Ag/NaNbO3 proved superior efficiency than pristine NaNbO3

in the performed tests. This behavior was attributed to the fact that the difference between the
electronegativity of Ag and Nb is higher than the difference between the electronegativity of Nb and
the other metals employed on the surface of NaNbO3. Additionally, the Ag species on the perovskite
surface acts as active site for proton reduction, which can explain the highest photocatalytic activity of
Ag/NaNbO3 [85]. Ruthenium particles supported on hierarchical nanoflowers assembled by cubic
phase NaNbO3 have been applied to degrade Rhodamine B. The surface modification of NaNbO3 with
Ruthenium promotes the photosensitized degradation of dye, while Ru-dopping NaNbO3 inhibits the
photocatalytic effect. The photocatalyst activity improved with surface decoration due to efficienct
electron transfer and charge separation achieved by composite. The best results occurred for NaNbO3

with 0.5% of Ru species and the degradation of Rhodamine B follows pseudo-first order kinetics. In
addition, the photocatalyst can be used at least five times successively without losing its photocatalytic
efficiency. Interestingly, the degradation time reduces after reusing photocatalyst. After the catalyst
process, both crystalline structure and morphology of the perovskite do not change, which may indicate
the stability of photocatalyst posteriorly confirmed through the XPS analysis [86].

The presence of Ag nanoparticles onto KNbO3 nanowires drastically improved the photoreactivity
of the perovskite and the photodecomposition of Rhodamine B under UV and visible light irradiation.
The material begins to lose its activity after three cycles of aqueous organic compound degradation
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under UV or visible light irradiation. The use of p-benzoquinone, t-butyl alcohol, and ammonium
oxalate scavengers revealed that under UV illumination, ·O2

− and ·OH are the major active species in
the reaction. When visible light is used as an irradiation source, the major active species are·O2

− and
H+. During the photocatalytic process under UV irradiation, electrons present in the valence band of
KNbO3 are excited to the conduction band with hole generation in the valence band. Due to the energy
gap of Ag/KNbO3 composites, the photoexcited electrons could transfer from KNbO3 perovskite to
Ag nanoparticles, enabling the separation between photogenerated electrons and holes in KNbO3 to
promote the photocatalytic reaction. However, the excess of Ag on perovskite surface can act as a
recombination center and partly avoid the UV absorption of perovskite decreasing the photocatalytic
activity of the material. Visible-light irradiation promotes the photoexcitation of Ag nanoparticles
electrons through intraband excitations within the sp band. Furthermore, the photocatalytic process
under visible-light is driven by plasmonic sensitization due to an electron electron-transfer process
from Ag nanoparticles to KNbO3 via localized surface plasmonic resonance. In addition, researchers
revealed that the Ag/KNbO3 composites proved efficient not only for organic dye decomposition, but
also for application in other areas, like water splitting [87]. More recently, Xing et al. studied the new
application of Ag/KNbO3 nanocomposites in photocatalytic NH3 synthesis by converting N2 into NH3.
The presence of Ag on KNbO3 surface significantly enhances the photocatalytic behavior of perovskite.
The highest performance for NH3 generation is achieved when the Ag content in the sample is 0.5%,
which reaches about four times more than pure KNbO3. NH3 generation is related to Ag content since
the ammonium production increases with higher Ag and then reduces. Pristine KNbO3 has a poor
response on visible light irradiation due to its high band gap value and the formation of composite
with Ag nanoparticles significantly improves the performance of the material under visible light
exposure due to the photosensitization effect of Ag nanoparticles. In addition, the composites also
proved efficient at H2 generation under simulated sunlight radiation and photocatalytic Rhodamine B
degradation [88].

Ag-decorated ATaO3 nanocubes (A = K, Na) were prepared using the hydrothermal method in
order to evaluate their photocatalytic water-splitting activity under simulated and pure sunlight. The
photocatalytic water-splitting results revealed that both Ag-decorated KTaO3 and NaTaO3 nanocubes
exhibited a rate for H2 evolution from aqueous CH3OH solutions up to 185.60 and 3.54 μmol/hg under
simulated sunlight, receptively, which were more than two times of pristine NaTaO3 and KTaO3 in the
same experimental conditions. In contrast, under purely visible light illumination, the photocatalytic
performance of both Ag-decorated ATaO3 materials was lower, therefore, the highest H2 evolution of
25.94 and 0.83 μmol/h g for Ag-decorated KTaO3 and NaTaO3, respectively. The authors conclude
that the surface plasmonic effect of Ag nanoparticles was responsible for increasing appreciably the
quantum efficiency photocatalytic water-splitting activity of the Ag-decorated K, NaTaO3 materials [89].

As observed, several perovskites structures applied in photocatalysis are obtained from
hydrothermal synthesis. One of the most interesting advantages in the use of this method to
obtain semiconductor materials is the possibility of producing the same material with different
morphologies. Spherical shaped SrTiO3 with sponge-like mesoporous morphology [90], cubic-like
SrTiO3 [91,92], SrTiO3 dendritic particles, among other SrTiO3 morphologies, can be obtained from
hydrothermal method [93] (Figure 4). In this sense, the syntheses parameters can be controlled in order
to produce a material with different morphology. The work conducted by Kalyani et al. is a good
example of how synthesis parameters influence the product obtained since the authors developed a
comprehensive study on the SrTiO3 growth mechanism as a function of the synthesis conditions [93].
After the synthesis, the surface of the particles can be easily decorated with a precious metal through a
chemical solution process; in some cases, the metal deposition process may be photo-assisted [83,84].
Figure 5 from the work published by Kumar et al. exemplifies an easy chemical solution route to
deposit precious metal nanoparticles on the perovskite surface [93]. Kumar addressed the fabrication of
photoanodes of NaNbO3 nanorods and Ag decorated NaNbO3 nanorods across hydrothermal method
and chemical solution method. Due to the visible plasmonic effect, Ag nanoparticles are responsible for
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reducing the material optical band gap. Additionally, the Ag decorated NaNbO3 nanorods presented
the best photocurrent density because the surface plasmon mediated electron transfer from metallic
nanoparticles decorated NaNbO3 nanorods [94].

Based on the processing routes discussed here, any pure perovskite structure composed of precious
metal or precious metal/perovskite hybrid structure can be obtained aiming at the applicability in a
catalyst test.

Figure 4. (a) FE-SEM image of spherical shaped SrTiO3 with sponge-like mesoporous morphology.
Reprinted (adapted) with permission from Jayabal, P.; Sasirekha, V.; Mayandi, J.; Jeganathan, K.;
Ramakrishnan, V. A facile hydrothermal synthesis of SrTiO3 for dye-sensitized solar cell application. J.
Alloys Compd. 2014, 586, 456–461. Copyright (2013) Elsevier B.V. [90]; (b) SEM image of cubic-shaped
SrTiO3. Reprinted (adapted) with permission from Gao, H.; Yang, H.; Wang, S. Hydrothermal
synthesis, growth mechanism, optical properties and photocatalytic activity of cubic SrTiO3 particles
for the degradation of cationic and anionic dyes. Optik 2018, 175, 237–249. Copyright (2018) Elsevier
GmbH [91]; (c) TEM image of 0.5%Ag-SrTiO3 nanocomposites (the arrows indicate Ag nanoparticles).
Reprinted (adapted) with permission from Zhang, Q.; Huang, Y.; Xu, L.; Cao, J.; Ho, W.; Lee, S.C.
Visible-light-active plasmonic Ag-SrTiO3 nanocomposites for the degradation of NO in air with high
selectivity. ACS Appl. Mater. Interfaces 2016, 8, 4165–4178. Copyright (2016) American Chemical
Society [92]; and (d) SEM image of SrTiO3 dendritic particles. Reprinted (adapted) with permission
from Kalyani, V.; Vasile, B.S.; Ianculescu, A.; Testino, A.; Carino, A.; Buscaglia, M.T.; Buscaglia, V.;
Nanni, P. Hydrothermal synthesis of SrTiO3: role of interfaces. Cryst Growth Des. 2015, 15, 5712–5725.
Copyright (2015) American Chemical Society [93].
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Figure 5. Schematic representation of the different steps involved in the formation of perovskite
particles from the hydrothermal method and Ag decoration pervoskite surface by the chemical solution.
Reprinted with permission from Kumar, D.; Singh, S.; Khare, N. Plasmonic Ag nanoparticles decorated
NaNbO3 nanorods for efficient photoelectrochemical water splitting. Int. J. Hydrogen Energ. 2018, 43,
1–8. Copyright (2018) Hydrogen Energy Publications LLC. Published by Elsevier Ltd [94].

These materials can be also processed as film. Jeong and co-workers [91] developed a fully
solution-deposited nanocomposite photoanode from the impregnation of Ag NPs in the BiVO4 films
prepared through spin coating and post-annealing (500 ◦C for 2h) to evaluate the photocatalytic
water-splitting activity under simulated sunlight of 1 sun (100 mW/cm2) with Xe lamp. Ag
nanoparticles-incorporated BiVO4 nanocomposite, for optimum Ag concentration of 4.0 mM, exhibited
an appreciable improvement of photocatalytic performance at low potential (0.4 V), in addition to
generating a saturated photocatalytic current density 3.3 times higher than the pristine BiVO4 film.
Jeong et al. explain that these results can be associated with the SPR-induced enhancement mechanism,
once Ag NPs impregnated in BiVO4 films are responsible for promoting enhanced carrier generation
and separation. The performance of the films enhances the current density at low potentials and
improves the kinetics of the carrier generation and separation due to the efficient charge carrier
generation [95].

Zhang et al. [96] was approached by the role of charge transfer (CT) on the degradation of
Rhodamine B under UV (265 nm) and UV–Vis light (Xe lamp 500 W with a 420 nm optical filter)
using Ag-nanoparticle-dispersed BaTiO3 (Ag/BTO) composite films prepared through the sol-gel and
spin-coating methods. Among the BTO materials obtained, only the monolithic BTO did not exhibit
the absorption peak in the visible wavelength region of 450–600 nm, which is the peak associated with
the SPR effect of the Ag NPs. The optical absorption spectra revealed that as Ag content increases
until 25 mol%, a red-shift was observed, whereas a blue shift occurs with Ag content of 30 mol%. The
photocatalytic results showed that Ag25/BTO film was the best Ag/BTO composite films; therefore, its
photocatalytic efficiency was better under visible (62%) rather than UV–Vis (42%) light irradiation. The
authors attributed this improvement in photocatalytic activity of the Ag25/BTO film to the SPR effect of
the Ag nanoparticles derived from the maximum absorption profile of the band with slightly red-shift
trend from 517 to 523 nm. XPS and PL measurements provide great evidence on the synergetic effect
between the charge transfer from perovskite to Ag nanoparticles under UV light and charge transfer
from Ag nanoparticles to BaTiO3 under visible light irradiation [96].

Until now, we approached the photocatalysis as environmental contamination solution, however,
the electrocatalysis also represents an alternative to this purpose. Both processes involve oxidation and
reduction mechanisms from photochemical reactions. As explained, in the photocatalysis the redox
reaction is promoted by light absorption, while in the case of electrocatalysis, the redox process occurs
through the flow of an electric current through an external circuit in the reaction system, as in further
explanations below.
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4. Application of Perovskites in Electrocatalysis

Electrocatalysis is the study area concerning chemical reactions that occur on electrode surfaces.
It is strategical to develop devices and methodologies applied to produce clean energy and benefit a
response to the increasing worldwide energetic demand [97]. The most efficient electrocatalysts derive
from noble metals, e.g., Pt, Ru, Rh, and Ir based nanomaterials, but the high cost of these materials
makes the large-scale production of technologies aiming at sustainable energy production, conversion,
and storage a goal difficult to be achieved [98,99]. To overcome such issue, perovskites have been
gaining attention as promising materials to act as electrocatalysts for their exceptional thermal stability,
ionic conductivity, electron mobility, and redox behavior [100]. The perovskite electrocatalysts can be
applied to plenty of electrochemical reactions, such as oxygen reduction, oxygen evaluation, hydrogen
evaluation, alcohol oxidation, carbon dioxide reduction, water splitting, among others [101]. In this
section, we present some insights on the perovskites electrocatalysts containing precious metals and
their applications aiming at the development of energy generation devices.

The oxygen reduction reaction (ORR) and oxygen evaluation reaction (OER) have great importance
in the development of electrochemical energy-conversion devices such metal-air batteries, polymer
electrolyte membrane fuel cells (PEMFC), and other devices, e.g., in oxygen sensors. The large
overpotential associated with these processes, due their slow reactions kinetics, is one of the major
challenges to be overcome to develop high-performance catalysts [102]. Taking as an example the
PEMFC, which accounts for one of the most representative applications of oxygen electrocatalysis, the
oxygen could react through 2-electron or 4-electron pathways, as shown in the chemical equations
below [103]:

ORR in alkaline medium
O2 + 2H2O + 4e− → 4OH− (4-electrons process) −1

O2 + H2O + 2e− → HO2
− + OH− (2a)

H2O + HO2
− + 2e− → 3OH− (2-electrons process) (2b)

ORR in acid medium
O2 + 4H+ + 4e− → 2H2O (4-electrons process) −3

O2 + 2H+ + 2e− → H2O2 (4a)
H2O2 + 2H+ + 2e− → 2H2O (2-electrons process) (4b)

Currently, the most efficient catalysts for both anodic and cathodic electrochemical reactions in
PEMFC are the Pt-based electrocatalysts. However, the high costs involved in large scale production
represent an enormous problem. In this scenario, the perovskites structures arise as one alternative to
obtain cheaper electrocatalysts that exhibit the same features of the Pt electrocatalysts, like outstanding
catalytic and electrical properties and superior resistant characteristics to corrosion [104]. Recently,
perovskite-type oxides have gained noticeable popularity as cost-effective bifunctional oxygen catalysts
with promising catalytic activity and stability for the ORR and OER in an alkaline medium for their
excellent electrical properties and abundant active sites [105].

Zhang et al. [106] provide an example of a precious metal-containing perovskite catalyst applied to
ORR by using thermal treatments incorporated Ag-decorating nanoparticles into PBMO5 perovskites
nanofibers matrix, followed by a second thermal treatment, which allowed the Ag nanoparticles to
be exsolved from the crystal structure, establishing a strong interaction with the perovskite matrix
and generating the Ag-(PrBa)0.95Mn2O5+δ (Ag-PBMO5) catalyst, as illustrated in Figure 6a. This
catalyst has favorable ORR activity enhanced in relation to the PBMO5 and higher durability than the
state-of-art Pt/C catalyst in alkaline solution. The ORR electrocatalytic tests were performed using linear
sweep voltammetry (LSV) technique and the results revealed that Ag-PBMO5 catalyst demonstrated
considerably higher catalytic activity in comparison to the its predecessors with ORR Eonset and E1/2

of Ag-PBMO5 catalyst of 0.92 V and 0.81 V vs. RHE, and the ORR Eonset and E1/2 of PBMO5 catalyst

184



Catalysts 2019, 9, 721

of 0.84 V and 0.74 V vs. RHE, respectively. The use of a Koutecky–Levich analysis based on the
LSV experiments performed with a rotating electrode revealed that the Ag-PBMO5 electrocatalyst
reduces the oxygen completely and directly to OH− though a 4-electron reaction pathway, achieving
the highest energy efficiency in theory. The outstanding catalytic features of Ag-PBMO5 arises from
a sum of factors, like crystal structure of reconstructed perovskite with oxygen defects internally
ordered, which facilitates the charge transfer during the ORR through the perovskite structure and
the resulting Mn3+ valence with eg occupancy, which moderates the intermediate binding strength
on Mn sites and contributes to electrocatalytic activity of PBMO5. The contribution of exsolved Ag
nanoparticles was investigated using DFT calculations, which revealed a significant ligand effect
between the nanoparticles and PBMO5 and an increase in electron occupancy in s, p, and d orbitals on
Mn sites, which results in a charge transfer from Ag to Mn sites. In this case, the d-band orbitals of Ag
atoms are not completely filled and vacancies are generated, which consequently narrows the d-orbital
of Ag and up-shifts the d-band center of Ag atom. The Ag-atom with and up-shifted d-band center
is expected to adsorb O2 more strongly and split the O–O bond more efficiently. Therefore, charge
transfer plays a crucial role in the enhancement of the ORR activity.

Figure 6. (a) Synthesis steps for the obtention of Ag-PBMO5 electrocatalyst; (b) proposed scheme for
ORR at the electrocatalyst surface; c) HRTEM images of exsolved Ag2O nanoparticles bonded to the
perovskite surface and FESEM images of PBAMO3 nanofibers. Reprinted with permission from Zhang,
Y.Q.; Tao, H.B.; Liu, J.; Sun, Y.F.; Chen, J.; Hua, B.; Thundat, T.; Luo, J.L. A rational design for enhanced
oxygen reduction: Strongly coupled silver nanoparticles and engineered perovskite nanofibers. Nano
Energy, 2017, 38, 392–400. Copyright (2017) Nano Energy Publications LLC. Published by Elsevier
Ltd. [106].

Zhu et al. [107] reported another example of perovskite electrocatalyst with exsolved Ag
nanoparticles. The heterostructured Ag nanoparticle-decorated perovskite (denoted by e-SANC) was
obtained from the precursor Sr0.95Ag0.05Nb0.1Co0.9O3−δ (SANC) through an easy exsolving process.
The ORR activity was measured using the electrochemical impedance spectroscopy (EIS) technique and
data were calculated from impedance loops the area-specific resistance (ASR). Electrocatalysts with
lower ASR values show higher ORR activity. The e-SANC electrocatalyst exhibit very low area-specific
resistance (0.214 Ω cm2 at 500 ◦C), which is much lower than its precursor (0.363 Ω cm2 at 500 ◦C). To
illustrate the effect of Ag atoms in the perovskite structure, the results were compared to an electrode
prepared without Ag (SNC0.95). In this case, the e-SANC electrocatalyst also showed ASR values
at least 50% lower in addition to lower energy activation for ORR for the entire temperature range
studied. The analysis of the circuit model used for EIS experiments can offer some insights on the ORR
mechanism. The high-frequency resistance (RE1) is associated with the charge-transfer process and
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the results indicate that this feature is not affected in a significant way when comparing the catalysts
e-SANC and SNC0.95. The low-frequency resistance (RE2) is related to oxygen surface process, like
adsorption, desorption, dissociation at gas–cathode interface, and surface diffusion of intermediate
species. The RE2 value for e-SANC decreased greatly when compared to SNC0.95, indicating that
the Ag nanoparticles increase the velocity of the oxygen surface processes, an effect also found in kex

(surface exchange coefficient) measurements using electrical conductivity relaxation (ECR) technique.
The e-SANC electrocatalyst performance was evaluated in a solid oxide fuel cell (SOFC), in which
the material was used as a cathode; the system showed the power-density peak of 1116 mW cm−2,
having remained stable for 140 h at 500 ◦C. Furthermore, the cathode tolerance to CO2 was improved
in relation to the precursor. It is possible to find that the exsolving methods have great potential to
prepare precious metal nanoparticle-modified perovskites oxides as efficient catalysts towards fuel
cells applications [108].

Taking into account oxygen electrocatalysis, there are some cases of bifunctional catalysts, which
means that they act in ORR and OER. The bifunctional electrocatalysts are fundamental to the
development of regenerative fuel cells, which are devices that produce energy and electrolytically
regenerate their reactants by using stacks of electrochemical cells [109]. Retuerto and co-workers [110]
prepared the functional perovskite electrocatalyst La1.5Sr0.5NiMn0.5Ru0.5O6 (denoted as LSNMR) from
the mixture of La2O3, the Ru, Mn and Ni oxides, and SrCO3 at stoichiometric proportions. The
efficiency of LSNMR electrocatalyst towards ORR and OER was measured in alkaline medium using
the bifunctional index (BI) proposed by Schuhmann et al. [111]. The BI value determined to LSNMR
bifunctional electrocatalyst was approximately 0.83 V, while an ideal ORR-OER electrocatalyst must
show a BI value close to 0 V and the state-of-art bifunctional electrocatalysts shows values around
0.9 V. To the best of our knowledge, the LSNMR electrocatalyst appears to be the unique example
of bifunctional catalyst for ORR and OER containing a precious metal into a perovskite structure.
For comparison purposes, we can highlight the BI values of some bifunctional electrocatalysts, such
as La0.58Sr0.4Co0.2Fe0.8O3/FeNx−C (0.86 V) [112], La0.7(Ba0.5Sr0.5)0.3Co0.8Fe0.2O3−δ/C (0.88 V) [113],
La0.58Sr0.4Co0.2Fe0.8O3/N-CNT (0.826 V) [111], LaNi0.8Fe0.2O3 (1.02 V) [114], LaNi0.85Mg0.15O3

(1.15 V) [115], and the state-of-art catalysts RuO2 (0.8 V) and IrO2 (1.32 V) [112].
Water splitting has been arising interest for its possibility to generate hydrogen in a carbon-neutral

manner. This process can be achieved by using electrodes under a light source, converting H2O
to H2 and O2 through a photoelectrochemical (PEC) process [116]. Several transition metal oxides,
and oxygen and halide perovskites have been used in the PEC evaluation of H2 [117]. Kumar and
co-workers [94] provide an example after having developed an anode of NaNbO3 nanorods decorated
with plasmonic Ag nanoparticles applied to PEC H2 evaluation. The results showed that both bare
NaNbO3 and the Ag-decorated nanorods exhibit low current density due to H2 generation in dark
conditions, but when the system was irradiated with a halogen lamp, the Ag-decorated nanorods anode
exhibit 4-fold current density in relation to bare NaNbO3 catalyst. The origins of such an enhancement
were investigated using the EIS technique, which revealed that the decoration of NaNbO3 increases
its donor density, indicating the transfer of majority carriers from plasmonic Ag nanoparticles to
perovskite matrix resulting in a higher concentration of charge carriers.

5. Final Considerations

Photocatalysis and electrocatalysis have been great routes to degrade persistent organic pollutants
based on advanced oxidative processes. Because of their electrical and optical properties, perovskite
structured materials represent a good alternative to replace TiO2-based materials in environmental
treatment using AOPs. The perovskite properties are improved with the presence of precious metals
in its crystalline structure and/or the formation of a precious metal/perovskite structure hybrid
material. The most used precious metals for this purpose are silver and gold. This occurs due to the
surface plasmon resonance phenom presented by metals. These semiconductors can be processed as
powder and/or films. Chemical syntheses are efficient routes to produce these catalysts, especially
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hydrothermal synthesis. Based on the processing route discussed here, it is possible to obtain a catalyst
with appropriate characteristics to be applied in both the dye decomposition and water-splitting process.

Author Contributions: Bibliographical review about photocatalysis and the use of perovskites in this issue,
chemical synthesis survey and eletrocathalysis approach were done by G.F.T.; E.S.J. and R.V. under supervision of
M.A.Z. and F.C. All authors contributed to the manuscript preparation, and as the same way, all authors have
given approval for the final version of the review.

Funding: This research was funded by Chemistry Postgraduate Program of Federal University of Goiás, CAPES
(Process number 88882.306480/2018-1) and FAPESP-CEPID/CDMF 2013/07296-2

Acknowledgments: The authors would like to thank the Brazilian research agencies CAPES (Process:
88882.306480/2018-1), CNPq, (Process 554569/2010-8 and 475609/2008-5) and, FAPESP-CEPID/CDMF 2013/07296-2
for granting the support to research groups.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. IUPAC. Compendium of chemical terminology. In The Gold Book, 2nd ed.; McNaught, A.D., Wilkinson, A.,
Eds.; Blackwell Scientific Publications: Oxford, UK, 1997.

2. Deng, Y.; Zhao, R. Advanced Oxidation Processes (AOPs) in Wastewater Treatment. Curr. Pollut. Rep. 2015,
1, 167–176. [CrossRef]

3. Yang, L.; Yang, L.; Ding, L.; Deng, F.; Luo, X.-B.; Luo, S.-L. Principle for the application of nanomaterials in
environmental pollution control and resource reutilization. In Nanomaterial for the Removal of Pollutants and
Resource Reutilization; Luo, X., Deng, F., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 1–23.

4. Glaze, W.H.; Kang, J.-W.; Chapin, D.H. The chemistry of water treatment processes involving ozone, hydrogen
peroxide and ultraviolet radiation. Ozone Sci. Eng. 1987, 9, 335–352. [CrossRef]

5. Parsons, S. Advanced Oxidation Processes for Water and Wastewater Treatment; IWA Publishing: London, UK,
2004; pp. 1–347.

6. Fan, X.; Hao, H.; Shen, X.; Chen, F.; Zhang, J. Removal and degradation pathway study of sulfasalazine with
Fenton-like reaction. J. Hazard. Mater. 2001, 190, 493–500. [CrossRef] [PubMed]

7. Rehman, S.; Ullah, R.; Butt, A.M.; Gohar, N.D. Strategies of making TiO2 and ZnO visible light active.
J. Hazard. Mater. 2009, 170, 560–569.

8. WHO. Fluoride in drinking-water. In Guidelines for Drinking-Water Quality, 3rd ed.; WHO Press: Geneva,
Switzerland, 2006; Volume 1, pp. 375–377.

9. Ibrahim, M.; Asimrasheed, M.; Sumalatha, M.; Prabhakar, P. Effects of fluoride contents in ground water:
A review. Inter. J. Pharm. Appl. 2011, 2, 128–134.

10. Singh, J.; Singh, P.; Singh, A. Fluoride ions vs. removal technologies: A study. Arab. J. Chem. 2016, 9, 815–824.
[CrossRef]

11. Modi, S.; Soni, R. Merits and Demerits of different technologies of defluoridation for drinking water. IOSR J.
Environ. Sci. Toxicol. Food. Technol. 2013, 3, 24–27. [CrossRef]

12. Gupta, V.K.; Ali, I.; Saleh, T.A.; Nayak, A.; Agarwal, S. Chemical treatment technologies for waste-water
recycling—An overview. RSC Adv. 2012, 2, 6380–6388. [CrossRef]

13. Gogate, P.R.; Pandit, A.B. A review of imperative technologies for wastewater treatment II: Hybrid methods.
Adv. Environ. Res. 2004, 8, 553–597. [CrossRef]

14. Oller, I.; Malato, S.; Sanchez-Perez, J.A. Combination of advanced oxidation processes and biological
treatments for wastewater decontamination—A review. Sci. Total Environ. 2011, 409, 4141–4166. [CrossRef]

15. Esplugas, S.; Bila, D.M.; Krause, L.G.T.; Dezotti, M. Ozonation and advanced oxidation technologies to
remove endocrine disrupting chemicals (EDCs) and pharmaceuticals and personal care products (PPCPs) in
water effluents. J. Hazard. Mater. 2007, 149, 631–642. [CrossRef] [PubMed]

16. Saravanan, R.; Gracia, F.; Stephen, A. Basic principles, mechanism, and challenges of photocatalysis.
In Nanocomposites for Visible Light-Induced Photocatalysis; Khan, M.M., Pradhan, D., Shon, Y., Eds.; Springer:
Cham, Switzerland, 2018; pp. 19–40.

17. Serpone, N.; Horikoshi, S.; Emeline, A.V. Microwaves in advanced oxidation processes for environmental
applications. A brief review. J. Photochem. Photobiol. C 2010, 11, 114–131. [CrossRef]

187



Catalysts 2019, 9, 721

18. Legrini, O.; Oliveros, E.; Braun, A.M. Photochemical processes for water treatment. Chem. Rev. 1993, 93,
671–698. [CrossRef]

19. Huang, C.P.; Dong, C.; Tang, Z. Advanced chemical oxidation: Its present role and potential future in
hazardous waste treatment. Waste Manag. 1993, 13, 361–377. [CrossRef]

20. Pignatello, J.J.; Oliveros, S.E.; Mackay, A. Advanced oxidation processes of organic contaminant destruction
based of the Fenton reaction and related chemistry. Crit. Rev. Environ. Sci. Technol. 2006, 36, 1–84. [CrossRef]

21. Carraway, E.R.; Hoffman, A.J.; Hoffmann, M.R. Photocatalytic oxidation of organic acids on quantum-sized
semiconductor colloids. Environ. Sci. Technol. 1994, 28, 786–793. [CrossRef] [PubMed]

22. Neppolian, B.; Choi, H.S.; Sakthivel, S.; Arabindoo, B.; Murugesan, V. Solar light induced and TiO2 assisted
degradation of textile dye reactive blue 4. Chemosphere 2002, 46, 1173–1181. [CrossRef]

23. Reza, K.M.; Kurny, A.S.; Gulshan, F. Parameters affecting the photocatalytic degradation of dyes using TiO2:
A review. Appl. Water Sci. 2015, 4, 1569–1578. [CrossRef]

24. Lim, M.; Son, Y.; Khim, J. Frequency effects on the sonochemical degradation of chlorinated compounds.
Ultrason. Sonochem. 2011, 8, 460–465. [CrossRef]

25. Doodeve, C.F.; Kitchener, J.A. Photosensitisation by titanium dioxide. Trans. Faraday Soc. 1938, 34, 570–579.
26. Hashimoto, K.; Irie, H.; Fujishima, A. TiO2 photocatalysis: A historical overview and future prospects. Jpn. J.

Appl. Phys. 2005, 44, 8269–8285. [CrossRef]
27. Ameta, S.C.; Ameta, R. Introduction. In Advanced Oxidation Processes for Wastewater Treatment; Ameta, S.C.,

Ameta, R., Eds.; Academic Press: Oxford, UK, 2018; pp. 1–12.
28. Gaya, U.I. Principles of heterogeneous photocatalysis. In Heterogeneous Photocatalysis Using Inorganic

Semiconductor Solids; Gaya, U.I., Ed.; Springer Science: Dordrecht, The Netherlands, 2014; pp. 1–34.
29. Gratzel, M. Photoelectrochemical cells. Nature 2001, 414, 338–344. [CrossRef]
30. Fujishima, A.; Honda, K. Electrochemical photolysis of water at a semiconductor electrode. Nature 1972, 238,

37–38. [CrossRef]
31. Cowan, A.J.; Durrant, J. Long-lived charge separated states in nanostructured semiconductor photoelectrodes

for the production of solar fuels. Chem. Soc. Rev. 2013, 42, 2281–2293. [CrossRef]
32. Al-Ekabi, H.; Serpone, M. Kinetic studies in heterogeneous photocatalysis. 1. Photocatalytic degradation of

chlorinated phenols in aerated aqueous solutions over TiO2 supported on a glass matrix. J. Phys. Chem. 1988,
92, 5726–5731. [CrossRef]

33. Serpone, N. Brief introductory remarks on heterogeneous photocatalysis. Sol. Energy Mater. Sol. Cells 1995,
38, 369–379. [CrossRef]

34. Paramasivam, I.; Jha, H.; Liu, N.; Schmuki, P. A review of photocatalysis using self-organized TiO2 nanotubes
and other ordered oxide nanostructures. Small 2012, 8, 3073–3103. [CrossRef]

35. Shen, Y.; Guo, X.; Bo, X.; Wang, T.; Guo, X.; Xie, M.; Guo, X. Effect of template-induced surface species on
electronic structure and photocatalytic activity of g-C3N4. Appl. Surf. Sci. 2017, 396, 933–938. [CrossRef]

36. Ravelli, D.; Dondi, D.; Fagnoni, M.; Albini, A. Photocatalysis. A multi-faceted concept for green chemistry.
Chem. Soc. Rev. 2009, 38, 1999–2011. [CrossRef]

37. Liu, B.; Zhao, X.; Terashima, C.; Fujishima, A.; Nakata, K. Thermodynamic and kinetic analysis of
heterogeneous photocatalysis for semiconductor systems. Phys. Chem. Chem. Phys. 2014, 16, 8751–8760.
[CrossRef]

38. Henderson, M.A. A surface science perspective on TiO2 photocatalysis. Surf. Sci. Rep. 2011, 66, 185–297.
[CrossRef]

39. Grabowska, E. Selected perovskite oxides: Characterization, preparation and photocatalytic
properties—A review. Appl. Catal. B Environ. 2016, 186, 97–126. [CrossRef]

40. Zhang, G.; Liu, G.; Wang, L.; Irvine, J.T.S. Inorganic perovskite photocatalysts for solar energy utilization.
Chem. Soc. Rev. 2016, 45, 5951–5984. [CrossRef]

41. Rojas-Cervantes, M.L.; Castillejos, E. Perovskites as catalysts in advanced oxidation processes for wastewater
treatment. Catalysts 2019, 9, 230. [CrossRef]

42. Shi, J.; Guo, L. ABO3-based photocatalysts for water splitting. Prog. Nat. Sci. Mater. Inter. 2012, 22, 592–615.
[CrossRef]

43. Mitchell, R.H. Perovskites: Modern and Ancient; Almaz Press: Thunder Bay, ON, Canada, 2002; pp. 1–318.
44. Glazer, A.M. The classification of tilted octahedra in perovskites. Acta Crystallogr. Sect. B 1972, 28, 3384–3392.

[CrossRef]

188



Catalysts 2019, 9, 721

45. Tilley, R.J.D. Perovskites. Structure-Property Relationships; John Wiley & Sons Ltd.: Chichester, UK, 2016;
pp. 1–315.

46. Mishra, A.; Prasad, R. Preparation and application of perovskite catalyst for diesel soot emission control:
An overview. Catal. Rev. 2014, 56, 57–81. [CrossRef]

47. Knight, K.S. Structural phase transitions, oxygen vacancy ordering and protonation in doped BaCeO3:
Results from time-of-flight neutron powder diffraction investigations. Solid State Ion. 2001, 145, 275–294.
[CrossRef]

48. Woodward, P.M. Octahedral tilting in perovskites. I. geometrical considerations. Acta Crystallogr. Sect. B
Struct. Sci. 1997, 53, 32–43. [CrossRef]

49. Goldschmidt, V.M. Die Gesetze der Krystallochemie. Naturwissenschaften 1926, 14, 477–485. [CrossRef]
50. Shannon, R.D. Revised effective ionic radii and systematic studies of interatomie distances in halides and

chaleogenides. Acta Crystallogr. Sect. A Cryst. Phys. Diffr. Theor. Gen. Crystallogr. 1976, A32, 751–767.
[CrossRef]

51. Fan, Z.; Sun, K.; Wang, J. Perovskites for photovoltaics: A combined review of organic–inorganic halide
perovskites and ferroelectric oxide perovskites. J. Mater. Chem. A 2015, 3, 18809–18828. [CrossRef]

52. Yamada, I.; Takamatsu, A.; Ikeno, H. Complementary evaluation of structure stability of perovskite oxides
using bond-valence and density functional-theory calculations. Sci. Technol. Adv. Mater. 2018, 19, 102–107.
[CrossRef]

53. Zhang, L.; Zhou, Y.; Guo, L.; Zhao, W.W.; Barnes, A.; Zhang, H.-T.; Eatom, C.; Zheng, Y.; Brahlek, M.;
Haneef, H.F.; et al. Correlated metals as transparent conductor. Nat. Mater. 2016, 15, 204–210. [CrossRef]

54. Imran, Z.; Rafiq, M.A.; Hasan, M.M. Charge carrier transport mechanisms in perovskite CdTiO3 fibers.
AIP Adv. 2014, 4, 067137. [CrossRef]

55. Nikonov, A.V.; Kuterbekov, K.A.; Bekmyrza, K.Z.; Pavzderin, N.B. A brief review of conductivity and thermal
expansion of perovskite-related oxides for SOFC cathode. Eurasian J. Phys. Funct. Mater. 2018, 2, 274–292.
[CrossRef]

56. Yang, F.; Yang, L.; Ai, C.; Xie, P.; Lin, S.; Wang, C.-Z.; Lu, X. Tailoring band gap of perovskite BaTiO3

by Transition metals co-doping for visible-light photoelectrical applications: A first-principles study.
Nanomaterials 2018, 8, 455. [CrossRef]

57. Hwang, S.W.; Noh, T.H.; Cho, I.S. Optical properties, electronic structures, and photocatalytic performances
of bandgap-tailored SrBi2Nb2−xVxO9 compounds. Catalysts 2019, 9, 393. [CrossRef]

58. Linic, S.; Christopher, P.; Ingram, D.B. Plasmonic-metal nanostructures for efficient conversion of solar to
chemical energy. Nat. Mater. 2001, 10, 911–921. [CrossRef]

59. Linic, S.; Aslam, U.; Boerigter, C.; Morabito, M. Photochemical transformations on plasmonic metal
nanoparticles. Nat. Mater. 2015, 14, 567–576. [CrossRef]

60. Nycenga, M.; Cobley, C.M.; Zeng, J.; Li, W.; Moran, C.H.; Zhang, Q.; Qin, D.; Xia, Y. Controlling the
synthesis and assembly of silver nanostructures for plasmonic applications. Chem. Rev. 2011, 111, 3669–3712.
[CrossRef]

61. Wang, M.; Ye, M.; Iocozzia, J.; Lin, C.; Lin, Z. Plasmon-mediated solar energy conversion via photocatalysis
in noble metal/semiconductor composites. Adv. Sci. 2016, 3, 1600024. [CrossRef]

62. Hou, W.; Liu, Z.; Pavaskar, P.; Hung, W.H.; Cronin, S.B. Plasmonic enhancement of photocatalytic
decomposition of methyl orange under visible light. J. Catal. 2011, 277, 149–153. [CrossRef]

63. Nie, J.; Scheneider, J.; Sieland, F.; Zhou, L.; Xia, S.; Bahnemann. New insights into the surface plasmon
resonance (SPR) driven photocatalytic H2 production of Au-TiO2. RSC Adv. 2018, 8, 25881–25887. [CrossRef]

64. Liz-Marzán, L.M. Tailoring surface plasmons through the morphology and assembly of metal nanoparticles.
Langmuir 2006, 22, 32–41. [CrossRef]

65. Zhang, X.; Zhu, Y.; Yang, X.; Wang, S.; Shen, J.; Lin, B.; Li, C. Enhanced visible light photocatalytic activity of
interlayer-isolated triplex Ag@SiO2@TiO2 core-shell nanoparticles. Nanoscale 2013, 5, 3359–3366. [CrossRef]

66. Hou, W.; Cronin, S.B. A review of surface plasmon resonance-enhanced photocatalysis. Adv. Funct. Mater.
2013, 23, 1612–1619. [CrossRef]

67. Wang, H.; Tam, F.; Grady, N.K.; Halas, N.J. Cu nanoshells: Effects of interband transitions on the nanoparticle
plasmon resonance. J. Phys. Chem. B 2005, 109, 18218–18222. [CrossRef]

68. Musialic-Piotrowwska, A.; Landmesser, H. Noble metal-doped perovskites for the oxidation of organic air
pollutants. Catal. Today 2008, 137, 357–361. [CrossRef]

189



Catalysts 2019, 9, 721

69. Smart, L.E.; Moore, E.A. Solid State Chemistry, 3rd ed.; Taylor & Francis: Abingdon, UK, 2005; pp. 148–177.
70. West, A.R. Solid State Chemistry and Its Applications, 2nd ed.; Wiley: Chichester, UK, 2014; pp. 187–228.
71. Iwashina, K.; Kudo, A. Rh-doped SrTiO3 photocatalyst electrode showing cathodic photocurrent for water

splitting under visible-light irradiation. J. Am. Chem. Soc. 2011, 133, 13272–13275. [CrossRef]
72. Irie, H.; Maruyama, Y.; Hashimoto, K. Ag+ and Pb2+ doped SrTiO3 Photocatalysts. A correlation between

band structure and photocatalytic activity. J. Phys. Chem. C 2007, 111, 1847–1852. [CrossRef]
73. Saadetnejad, D.; Yıldırım, R. Photocatalytic hydrogen production by water splitting over Au/Al-SrTiO3. Int. J.

Hydrog. Energy 2018, 43, 1116–1122. [CrossRef]
74. Wang, F.; Wang, T.; Lang, J.; Su, Y.; Wang, X. Improved photocatalytic activity and durability of AgTaO3/AgBr

heterojunction: The relevance of phase and electronic structure. J. Mol. Catal. A Chem. 2017, 426, 52–59.
[CrossRef]

75. Konta, R.; Ishii, T.; Kato, H.; Kudo, A. Photocatalytic activities of noble metal ion doped SrTiO3 under visible
light irradiation. J. Phys. Chem. B 2004, 108, 8992–8995. [CrossRef]

76. Sajjadi, S.P. Sol-gel process and its application in Nanotechnology. J. Polym. Eng. Technol. 2005, 13, 38–41.
77. Rao, B.G.; Mukherjee, D.; Reddy, B.M. Nanostructures for novel therapy novel approaches for preparation of

nanoparticles. In Nanostructures for Novel Therapy; Fricai, D., Grumezescu, A., Eds.; Elsevier: Amsterdam,
The Netherlands, 2017; pp. 1–36.

78. Nayak, A.K.; Das, B. Introduction to polymeric gels. In Polymeric Gels. Characterization, Properties and
Biomedical Applications; Pal, K., Banerjee, I., Eds.; Elsevier: Duxford, UK, 2018; pp. 3–27.

79. Zhang, H.; Chen, G.; He, X.; Xu, J. Electronic structure and photocatalytic properties of Ag-La codoped
CaTiO3. J. Alloy. Compd. 2012, 516, 91–95. [CrossRef]

80. Reddy, K.H.; Martha, S.; Parida, K.M. Erratic charge transfer dynamics of Au/ZnTiO3 nanocomposites under
UV and visible light irradiation and their related photocatalytic activities. Nanoscale 2018, 10, 18540–18554.
[CrossRef]

81. Li, Y.; Li, J.; Chen, L.; Sun, H.; Zhang, H.; Guo, H.; Feng, L. In situ synthesis of au-induced hierarchical
nanofibers/nanoflakes structured BiFeO3 homojunction photocatalyst with enhanced photocatalytic activity.
Front. Chem. 2019, 6, 649–657. [CrossRef]

82. Feng, S.; Li, G. Hydrothermal and solvothermal syntheses. In Modern Inorganic Synthetic Chemistry, 2nd ed.;
Xu, R., Xu, Y., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 73–104.

83. Yan, Y.; Yang, H.; Yi, Z.; Li, R.; Wang, X. Enhanced photocatalytic performance and mechanism of Au@CaTiO3

composites with au nanoparticles assembled on CaTiO3 nanocuboids. Micromachines 2019, 10, 254. [CrossRef]
84. Malkhasian, A.Y.S. Synthesis and characterization of Pt/AgVO3 nanowires for degradation of atrazine using

visible light irradiation. J. Alloy. Compd. 2015, 649, 394–399. [CrossRef]
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